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In laser plasma acceleration, a strong laser pulse (red) generates a plasma wave (blue) in hydrogen gas by  
stripping electrons from gas molecules. The electrons (red) ride the wave like a surfer in the wake of a boat.  
This pushes them to high energies extremely quickly. The LUX facility at DESY has now continuously  
delivered more than 100 000 of these particle bunches in around 30 h.  
Picture: DESY, Science Communication Lab
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The year 2020 
at DESY
Chairman’s foreword

Figure 1

Part of the DESY staff in Hamburg hold up the DESY-60 logo.

2020 was a truly unusual year for the global society. In March, 
the coronavirus brought our accustomed everyday life to a 
standstill and mercilessly exposed the vulnerability of our 
modern society to such crisis. We will have to put many of our 
habits, which have finally proven to be unsustainable, to test 
and find new ways forward. We have already learned a great 
deal in recent months, most importantly that our society can 
rely on science and on decision makers who listen to scientists.

We at DESY reacted quickly and very cautiously to the  
pandemic and moved the research centre into a safe mode 
that kept the laboratories and our research largely in  
operation while protecting all staff from infection as efficiently 
as possible. 

These measures were critical with respect to the user  
operation of our large-scale research facilities PETRA III  
and FLASH. Especially the unique analysis capabilities at  
PETRA III have proven to be most important for the fight 
against the COVID-19 coronavirus. We have to ensure that 
these technologies will be even more targeted to molecular 
drug research and even more crisis-proven in the future.  
To this end, we have drawn up a major proposal for the  
establishment of a National Analysis Center for Molecular 
Infection Research, in which new digital and technical  
concepts, like artificial intelligence, remote control and  
robotics, are to be incorporated. “Digital DESY” has become 
a new building block in our DESY strategy, in response to  
the challenges of the current pandemic and of future crisis 
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Helmut Dosch
Chairman of the DESY Board of Directors

well as the Cherenkov Telescope Array (CTA) and its Data 
Centre, will be implemented. 

Promoting our top scientists and our young talents is an 
essential component of the DESY strategy. The new  
Helmholtz graduate school DASHH has been well established 
in 2020. The aim of the school is to educate the future  
generation of data scientists who can efficiently analyse 
measured data using e.g. artificial intelligence or machine 
learning. In 2020, we have implemented the COAST  
programme, which will assist our postdocs in shaping their 
individual career pathways. Our HR department has done a 
remarkable job in this respect. Over the coming months, we 
must and will develop concepts to offer our top academic 
performers new career paths within the research centre.

DESY celebrated its 60th anniversary in the Hamburg city hall 
at the beginning of 2020. Many congratulations came from the 
global science community and honoured DESY as a world-
leading centre in the exploration of matter. We are well prepared 
for the coming decades to continue the legacy of DESY.

Even in these challenging times, the extraordinary commit
ment of the DESY staff and all our users and partners, national 
and international, made research possible at DESY – I would 
like to thank all those who contributed to the joint efforts!

situations. We will also pay even greater attention to  
sustainable concepts in all our activities and future projects.

DESY is well on its way into this future. The priority project is 
PETRA IV, which has now entered the technical design phase. 
We are very pleased that with Riccardo Bartolini, who joined 
DESY in April 2020, we have been able to attract an  
internationally renowned accelerator physicist for this future  
project. In the next few years, the task will be to prepare all 
the logistical and personnel prerequisites for the upgrade of 
the synchrotron radiation source PETRA III and to raise the 
necessary financial resources for this complex project. Nearly 
all areas of DESY will be involved here in the upcoming decade. 

In 2020, we have made good progress in various projects, 
such as in the development of the Centre for Molecular Water 
Science (CMWS), the commissioning of the Detector Assembly 
Facility (DAF) and the construction of the Bahrenfeld Start-Up 
Labs, as well as in the Centre for X-ray and Nano Science 
(CXNS), which will open in 2021. An active innovation culture 
that interlinks basic research and fast transfer of innovative 
concepts to the market will remain an integral part of DESY’s 
future strategy.

In the coming years, further projects are on the agenda: Major 
new construction measures include the DESYUM visitor centre, 
the building for the accelerator division, the TECHNICUM for 
technical groups, the DESY Innovation Factory and the  
Wolfgang Pauli Centre (WPC) for theoretical physics. 

Important research and upgrade projects, such as the up
grade of the free-electron laser FLASH to FLASH2020+, the 
KALDERA-ATHENA project for future accelerator technologies, 
the Any Light Particle Search experiment ALPS II, the 
telescope in search of dark-matter particles BabyIAXO as 

Figure 2

Senate reception for  

the 60th anniversary of  

DESY in Hamburg:  

with forward-looking,  

cutting-edge research  

into the new decade.
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particular were often unable to come on site due to travel 
restrictions, beam time schedules were handled very flexibly 
and adapted to the availability and travel possibilities of the 
users. In addition, new beam time concepts were offered: In 
the “mail-in" procedure, experiments are carried out by DESY 
staff on site following instructions by the users, while in the 
“remote-access” procedure, users are allowed to control the 
experiment remotely from their home institute, with DESY staff 
installing the samples and setting up the remote control. 
Thanks to reduced travel of the users, these access modes 
contribute significantly to increasing the sustainability of our 
operations. As part of our DIGITAL DESY initiative, we are 
therefore planning to accelerate the digitalisation of our  
facilities’ operations using remote systems, artificial intelligence 
and robotics in order to better ensure resilient research opera-
tions with our international user community in the future.

Despite all the restrictions due to the pandemic, we thus  
managed to successfully run our current facilities and make 
decisive advances in our key projects for the future:

Our PETRA III synchrotron radiation source and our FLASH 
soft X-ray free-electron laser (FEL) reached record availabili-
ties of 98.8% and 98.6%, respectively, serving a broad  
spectrum of user experiments in spite of the pandemic. The 
European XFEL X-ray laser, the linear accelerator of which is 
operated by DESY, generated X-ray pulses with a photon 
energy of 25 keV, i.e. a wavelength of 0.05 nm, setting a new 
wavelength record for laser light. This was later pushed even 
further to 30 keV, or 0.04 nm. 

The beginning of 2020 marked a major milestone for the 
PETRA IV project – DESY’s new flagship project to build the 
world’s brightest hard X-ray ultralow-emittance storage  
ring – which officially entered the technical design phase. The 
project successfully underwent evaluation by the Research 
Infrastructure Commission (FIS) of the Helmholtz Association, 
and the assessment was concluded with a recommendation 
from the Commission for inclusion of PETRA IV on the  
German national roadmap for research infrastructures.

In December 2020, the FLASH2020+ upgrade programme 
was launched with a virtual kick-off meeting at which the 
international user community was introduced to the pro-

In early 2020, prospects looked bright for DESY. In January, 
we celebrated the 60th anniversary of DESY with a Senate 
reception in the Hamburg city hall, at which I presented our 
ambitious plans for the future of our research facilities – 
including both major upgrades to our existing particle accel-
erator facilities and new technologies that will enable more 
compact, efficient and cost-effective accelerators for novel 
applications. With our facilities successfully powering up after 
the winter shutdown, all seemed set for another productive 
year of research and discoveries at DESY.

Then came the COVID-19 pandemic, and with it the realisation 
that modern society with its ambitions and certainties is far 
more fragile and vulnerable than we had previously assumed. 
Quasi overnight, we had to overthrow our plans and adapt to 
the new situation. To avoid any further spread of the corona
virus, we decided to enter a reduced operating mode on  
16 March. Staff were asked to work from home as much as 
possible to minimise presence on site, the accelerators and 
other facilities were put in safe mode, and user operation at 
our X-ray sources PETRA III and FLASH, at our test beam 
facility and at the European XFEL X-ray laser was suspended 
until further notice. 

Thanks to the extraordinary commitment and dedication of all 
DESY groups, however, we managed to quickly adjust to the 
novel situation, with the shift to home office working remarka-
bly well. Just as quickly, we realised that our facilities could 
make a real difference in fighting the pandemic. DESY set up 
a fast-track access mode for COVID-19-related research,  
and PETRA III was powered up for such studies even during 
the reduced operating mode. Relevant projects included  
measurements that played a role in the development of the 
BioNTech/Pfizer vaccine, the screening of potential drugs in 
contact with crystallised viral proteins and investigations of 
infected lung tissue to understand the causes of lung failure  
in patients with severe COVID-19. 

The reduced operating mode was maintained until May for 
PETRA III and August for FLASH, after which user operation 
resumed with strict measures to minimise the risk of infection. 
The use of video conferencing tools between the main control 
room and office locations on and off site enabled effective and 
safe support by the shift crew. Since users from abroad in 

Accelerators at DESY
Introduction
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gramme’s scientific scope. The upgraded FLASH facility  
will offer higher electron beam energies combined with new 
tuneable-gap undulators, which will allow the oxygen K-edge 
to be reached with polarisation control. A new seeded  
beamline will provide fully coherent and reproducible pulses 
up to MHz repetition rates. 

Our multifaceted research portfolio also saw great success. 
The LUX beamline, a laser-driven plasma accelerator jointly 
developed and operated by DESY and Universität Hamburg, 
was run for 30 hours while continuously producing electron 
beams – a world first for laser plasma accelerators and a big 
step towards stable operation of this innovative accelerator 
technology. At our FLASHForward beam-driven plasma 
acceleration facility, a novel technique was developed that 
allows the shape of the accelerating field to be determined 
with a resolution of femtoseconds so the acceleration pro-
cess can be studied in detail, marking another step towards 
the new era of control and stability that plasma accelerators 
are entering. 

The ARES linear accelerator, an essential component of our 
new, long-term accelerator R&D facility SINBAD, reached its 
design energy, marking the transition of the facility from hard-
ware commissioning to beam optimisation and preparation 
for first experiments. These will aim to test advanced acceler-
ation schemes and develop novel diagnostic devices in ultra-
fast science. Both ARES and LUX will also play essential 
roles in our efforts to realise a fully autonomously operated 

accelerator with the help of artificial intelligence and machine 
learning approaches.

The development of KALDERA, a laser system with kHz repe-
tition rate and kW average power at the SINBAD facility, with 
sufficiently high stability and reproducibility to generate high-
quality electron bunches from a laser plasma accelerator at a 
repetition rate of 1 kHz, also made good progress in 2020. 
The prototype of the seed laser was completed and is being 
converted into a robust design. Construction work has begun 
on the KALDERA laser laboratory. KALDERA is a central part 
of the plasma accelerator structure at DESY to be built around 
the lighthouse project ATHENA, a new R&D platform on accel-
erator technology within the Helmholtz Association. 

The year 2020 has confronted global society with unprece-
dented challenges. I am all the more grateful that, thanks to 
the exceptional dedication of all DESY staff, our advisory 
committees and our users and partners, we have succeeded 
in making 2020 another fruitful year for science at DESY. The 
lessons we learned from the pandemic will help make our 
research operations more resilient, more sustainable and even 
more relevant to solving the great challenges of our time. 

Wim Leemans
Director of the Accelerator Division 

Outdoor “control room” of the LUX laser plasma accelerator in the pandemic summer 2020 (from left to right: Sören Jalas, Paul Winkler, Wim Leemans, Timo Eichner 

and Andreas Maier)
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January

Senate reception to celebrate DESY’s 60th anniversary   

On 16 January, about 500 guests attended the Senate  
reception in celebration of DESY’s 60th anniversary in the 
Hamburg city hall. On the occasion, Katharina Fegebank, 
Hamburg’s Second Mayor and Senator for Science, Research 
and Equality, paid tribute to the achievements of DESY: “As  
a world-class research centre, DESY has played a major role 
in shaping Hamburg as a centre of science in the past – and, 
as a driver of innovation and a fundamental component of  
the Science City Hamburg Bahrenfeld, it will continue to play 
an important role in Hamburg’s progress in the future. Like 
our city, DESY stands for cosmopolitanism, courage and 
innovative ideas for the world of tomorrow.”

Wolf-Dieter Lukas, State Secretary at the German Federal 
Ministry of Education and Research (BMBF), attributed 
another far-reaching significance to DESY’s accomplish
ments: “Basic research is not only the basis for innovation,  
it is above all an indispensable foundation of a democratic 
society and of knowledge-based debate in politics. We need 
research centres like DESY as ‘scientific fact guarantors’ in 
order to jointly find solutions for urgent challenges of the  
21st century, which pose enormous tasks for society and  
politics, economy and science.” 

Otmar Wiestler, President of the Helmholtz Association, 
appreciated DESY’s innovative drive: “DESY has evolved into 
a centre with enormous international appeal, especially with 
its new generation of research infrastructures. It thus makes 
an essential contribution to solving major societal challenges 
in line with the Helmholtz mission.”

About 500 guests attended the Senate reception in the Hamburg city hall. 

Current and former DESY Directors with State Secretary Wolf-Dieter Lukas  

(front, centre) and Helmholtz President Otmar Wiestler (middle row, second from right) 

News and 
events
A busy year 2020

Katharina Fegebank, Hamburg’s Second Mayor and Senator for Science, Research 

and Equality, acknowledged the achievements of DESY. 
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February

DESY is a finalist in Clusters4Future competition  

With its proposal “Tech2Med”, which relies on innovative 
X-ray technologies to accelerate drug development, DESY is 
one of the finalists of the Clusters4Future initiative to enter 
the concept phase. The ideas competition was set up by the 
German Federal Ministry of Education and Research (BMBF) 
as part of its high-tech strategy to quickly bring ground
breaking developments from basic research into application. 
The aim is to open up burgeoning fields of innovation and 
develop suitable solutions for the pressing challenges of 
our time.

In addition to plans for further improvements to the existing 
DESY facilities, Wim Leemans, Director of DESY’s Accel
erator Division, presented his vision of the future for DESY’s 
research on new types of compact accelerators: “We want to 
make future particle accelerators much smaller, more efficient 
and more cost-effective using new technologies such as 
plasma acceleration. This will allow us to use them more  
flexibly and more widely in environmental technology and 
medicine, among other areas.” If Leemans has his way, then 
“soon the X-ray device will come to the patient, wherever 
they are, and not the patient to the X-ray device” – just one 
example of applied research for the world of tomorrow.

“From the experience of the last 60 years, I am convinced 
that the centre is well positioned for the future,” summarised 
DESY Director Helmut Dosch. “We are constantly questioning 
and developing ourselves. But the original mission, to deci- 
pher the structure of matter – from the big bang to DNA –  
this remains.”

The cluster proposal “Tech2Med”, which was submitted 
under the coordination of DESY together with Universität 
Hamburg, aims to support the health sector with new  
technology developments and, in particular, to accelerate the 
development of drugs and new active ingredients. To this 
end, two DESY fields of expertise will be linked: X-ray analysis 
methods such as protein crystallography, which can provide 
blueprints for new active ingredients, and the development of 
compact particle accelerators, which can be used to set up 
X-ray sources for pharmaceutical research on a lab scale in 
order to make such X-ray analysis methods more easily and 
quickly accessible than is possible today. “Tech2Med” enters 
the concept phase with 15 other cluster initiatives selected 
among a total of 137 submissions.

Plasma cells like this one tested at DESY allow the construction of compact particle 

accelerators.
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The mini-accelerator uses terahertz radiation that can be recycled for a second 

stage of acceleration. 

Tiny double accelerator recycles energy 

A team of scientists from the Center for Free-Electron laser 
Science (CFEL) at DESY has built a miniature double particle 
accelerator that can recycle some of the laser energy fed into 
the system to boost the energy of the accelerated electrons a 
second time. The device uses narrowband terahertz (THz) 
radiation, which lies between infrared and radio frequencies 
in the electromagnetic spectrum. A single accelerating tube is 
just 1.5 cm long and 0.79 mm in diameter. 

The miniature size of the device is possible thanks to the 
short wavelength of THz radiation. This makes THz-based 
accelerators promising candidates for next-generation  
compact electron sources, which could enable applications 
where large particle accelerators are just not feasible or  
necessary. However, the technique is still at an early stage, 
and the performance of experimental THz accelerators has 
been limited by the relatively short interaction region between 
the THz pulse and the electrons.

March

Corona pandemic: DESY operates in reduced mode 

To contain the spread of the SARS-CoV-2 virus, the DESY accelerator control room 

was operated with reduced staff. 

For the new device, the team used a longer, multicycle pulse 
comprising many cycles of THz waves, which is fed into a 
waveguide lined with a dielectric material. Within the wave
guide, the pulse’s speed is reduced. A bunch of electrons is 
then shot into the central part of the waveguide just in time to 
travel along with the pulse. This scheme increases the inter
action region between the THz pulse and the electron bunch 
to the centimetre range – compared to a few millimetres in 
earlier experiments. Although the device did not yet produce 
a large acceleration, the team was able to prove the concept 
by showing that the electrons’ energy increased from 55 to 
about 56.5 keV. A stronger acceleration can be achieved by 
using a stronger laser to generate the THz pulses.

The setup is mainly designed for the non-relativistic regime, 
in which the electrons have speeds not too close to the 
speed of light. Interestingly, this regime enables a recycling of 
the THz pulse for a second stage of acceleration: Once the 
THz pulse leaves the waveguide and enters the vacuum, its 
speed is reset to the speed of light, meaning that the pulse 
overtakes the slower electron bunch in a couple of centi
metres. The team placed a second waveguide at just the right 
distance that the electrons entered it together with the THz 
pulse, which was again slowed down by the waveguide. In 
this way, they generated a second interaction region,  
boosting the electrons’ energies even further.

In the experiment, only a small fraction of the THz pulse could 
be recycled in this way. But the experiment shows that  
recycling is possible in principle, and the team is confident 
that the recycled fraction can be substantially increased.  
The multistage scheme will greatly reduce the requirements 
on the laser system needed for electron acceleration in the 
non-relativistic regime, opening up new possibilities for the 
design of THz-based accelerators.

As a measure against the further spread of the SARS-CoV-2 
virus, DESY entered a reduced operating mode on 16 March. 
Although the DESY sites in Hamburg and Zeuthen remained 
open, staff were asked to work from home as much as  
possible, so that staff presence on campus was reduced to 
what was absolutely necessary. Where possible, the particle 
accelerators and other facilities were put in safe mode, and 
user operation at the X-ray sources PETRA III and FLASH and 
at the test beam facility was suspended until further notice. 
PETRA III was powered up only for SARS-CoV-2-relevant 
measurements. To help fight the pandemic, DESY set up a 
fast-track access mode for corresponding research projects. 
The reduced operating mode was maintained until May for 
PETRA III and August for FLASH, after which user operation 
resumed with strict measures to minimise the risk of infection.
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Coronavirus research at DESY’s X-ray source PETRA III

May 

DESY begins transition to secured normal operation

After the decisions of the German federal and state  
governments on cautious relaxation of the corona measures, 
DESY started to adjust the reduced operating mode its 
research facilities had been in since March, switching step by 
step to secured normal operation. This included a restart of 
the facilities and a resumption of a large part of user operation 
with strict safety measures in place, such as adherence to 
hygiene and distancing rules and the wearing of protective 
masks. Through the increased use of “mail-in” and “remote-
access” experiments and a flexible adaptation of experiment 
times to the availability and travel possibilities of the user 
groups, it was possible to use almost the entire beam time 
available. 

Not least as a lesson learned from the pandemic, DESY will 
accelerate the digitalisation of the operation of its facilities 
using remote systems, artificial intelligence and robotics to 
better ensure resilient research operations with an interna
tional user community in the future.

COVID-19 research at DESY

DESY’s X-ray source PETRA III had continued to operate 
even in the reduced mode for essential research on the 
SARS-CoV-2 virus, such as measurements that played a role 
in the development of the BioNTech vaccine. Further 
COVID‑19-related studies included the screening of potential 
drugs in contact with crystallised viral proteins using macro
molecular crystallography and investigations of infected lung 
tissue with coherent X-ray imaging techniques in order to 
understand why the lungs of many patients with severe 
COVID-19 stop functioning, causing patients to die despite 
ventilation. DESY intends to focus more strongly on the  
analytics of infectious diseases in the future. 

April 

European XFEL reaches world-record photon energies

With a photon energy of 25 keV, corresponding to a wave
length of 0.05 nm, the European XFEL X-ray laser set a new 
wavelength record for laser light. Furthermore, by changing 
the setting of the undulator SASE1 – one of the X-ray  
generation devices of the facility – to 30 keV, DESY’s  
operations team for the European XFEL accelerator was able 
to push the limit even further, observing clear indications of 
free-electron laser (FEL) radiation on a scintillating screen.

The record European XFEL 

X-ray flashes on a scintillating 

screen

The photon energy of 25 keV surpasses the original design 
photon energy of the European XFEL by a factor of two and 
marks the far end of the anticipated design envelope. Since 
high-energy X-rays allow for larger penetration depths, this 
will enable the investigation of materials in complex, highly 
absorbing environments. These parameters will be crucial for 
studying, for example, dynamic processes in materials  
science and engineering, the structure and dynamics of  
liquids, melts and solutions, and matter at very high pressure 
in diamond anvil cells.

After the winter shutdown 2019/2020, the DESY accelerator 
experts focused on re-establishing the high electron energies 
that had been reached in 2018. With the help of piezo tuners 
that mechanically deform each of the 800 superconducting 
cavities ten times per second to counteract the shape  
variation inflicted by the electromagnetic forces of the pulsed 
radio frequency accelerating field, the frequencies of the  
cavities could be kept constant at so far unreached accuracy. 
This allowed stable operation at an electron energy of 
17.5 GeV for many hours and with the full design number of 
bunches.

The scientists took advantage of the high electron energies to 
test the photon energy boundaries of the facility. By setting 
the SASE1 undulator gaps accordingly, lasing at the world 
record energy of 25 keV could be observed with an energy 
measured to be around 100 μJ per X-ray pulse. A first user 
experiment with the accelerator operating at 16.5 GeV and 
with a photon energy of 24 keV was planned at the SASE2 
undulator for 2020.
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Ultrahigh-speed data connection between Germany and Poland 

On 12 June, a new, ultrahigh-speed data connection was 
opened between European XFEL, DESY and National Center 
for Nuclear Research (NCBJ) in Otwock-Swierk near Warsaw, 
Poland. It will be used to analyse data from experiments  
carried out at the European XFEL.

The new connection will enable data to travel at a speed of 
up to 100 Gbit/s – that’s about 400 times faster than a  
standard household high-speed internet connection, which 
can typically manage download speeds of about 250 Mbit/s. 
On a normal connection, it would take about a month to 
transfer the huge amount of data generated by an average 
experiment at the facility. The new connection will reduce this 
to just a few hours.

August

World record: Plasma accelerator operates around the clock 

A team of researchers at DESY has reached an important 
milestone on the road to the particle accelerators of the 
future. For the first time, a laser plasma accelerator has run 
for more than a day while continuously producing electron 
beams: The LUX beamline, jointly developed and operated  
by DESY and Universität Hamburg, achieved a run time of 
30 hours – a big step closer to stable operation of this  
innovative particle accelerator technology. 

Plasma wakefield acceleration promises to lead to a new 
generation of powerful and compact particle accelerators that 
offer unique properties for a wide range of applications, from 
fundamental research to medicine. In this technique, a laser 
or energetic particle beam creates a plasma wave inside a 
fine capillary filled with gas – in the case of LUX, a laser is 
fired at hydrogen gas. The laser pulses plough their way 
through the gas in the form of narrow discs, stripping the 
electrons from the hydrogen molecules and sweeping them 
aside like a snow plough. Electrons in the wake of the pulse 
are accelerated by the positively charged plasma wave in 
front of them, much like a wakeboarder rides the wave 
behind the stern of a boat.

This phenomenon allows plasma accelerators to achieve 
accelerating gradients that are up to a thousand times greater 
than what could be provided by today’s most powerful  
facilities. However, a number of technical challenges still 
need to be overcome before these devices can be put to 
practical use. Now that the LUX team is able to operate their 
beamline for extended periods of time, they will be in a better 
position to tackle these challenges.

During the record non-stop operation, the physicists  
accelerated more than 100 000 electron bunches, one every 
second. Thanks to this large data set, the properties of the 
accelerator, laser and bunches can be correlated and ana-
lysed much more precisely than before. Unwanted  

June 

New Helmholtz International Lab

With their ultrashort pulses that are more than a billion times 
brighter than those from any other X-ray source, X-ray FELs 
have opened up a new field of ultrafast X-ray research.  
However, these facilities are still largely reserved for pioneers 
with expert knowledge. In the Helmholtz International  
Laboratory on Reliability, Repetition, Results at the most 
advanced X-ray Sources (HIR3X), DESY and SLAC in the USA 
have joined forces to develop methods that will make X-ray 
laser investigations a routine task even for non-experts.  
European XFEL is a partner of the cooperation. 

The goals of HIR3X include the use of artificial intelligence for 
the detection and analysis of X-ray signals and the operation 
of X-ray lasers. Sample exchange robots are to be developed 
to achieve high sample throughput and thus optimal use of 
beam time. Joint solutions will enable standardisation of 
experiments and protocols, fostering collaboration in other 
areas and promoting reliability and ease of use. The devel
opments will improve the automatisation of many measure
ments, allowing remote access of experiments and improved 
operations while maintaining social distancing. 
 
 
 

The European XFEL is one of the world’s leading X-ray FELs.

In laser plasma acceleration at the LUX beamline at DESY, a strong laser pulse (red) 

generates a plasma wave (blue) in hydrogen gas by stripping electrons from gas 

molecules. The electrons (red) ride the wave like a surfer in the wake of a boat. This 

pushes them to high energies extremely quickly.
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variations in the electron beam can be traced back to specific 
points in the laser, for example, so that the scientists now 
know exactly where they need to start in order to produce an 
optimised particle beam. This approach lays the foundations 
for active stabilisation of the beams, as is deployed on every 
high-performance accelerator in the world.

The key to success was combining know-how from two  
different fields of expertise at DESY: plasma acceleration and 
stable accelerator operation. Numerous factors contributed 
to the accelerator’s steady long-term operation, from vacuum 
technology and laser expertise to a comprehensive and 
sophisticated control system. In principle, the facility could 
have kept running for even longer, but the team stopped it 
after 30 hours. 

“This work demonstrates that laser plasma accelerators can 
generate a reproducible and controllable output. This  
provides a concrete basis for developing this technology  
further in order to build future accelerator-based light sources 
at DESY and elsewhere,” summarised Wim Leemans,  
Director of DESY’s Accelerator Division. “The time is ripe to 
move laser plasma acceleration from the laboratory to  
practical applications.”

The LUX plasma cell (in the centre of the white mounting), where the electrons are 

accelerated, is just a few millimetres long. 

State Secretary Lukas visits DESY  

Wolf-Dieter Lukas, State Secretary at the German Federal 
Ministry of Education and Research (BMBF), paid a one-day 
visit to DESY to learn about the centre’s research and future 
planning. He was impressed by the interdisciplinary research 
programme and the state-of-the-art research facilities. In  
particular, he emphasised the dynamic development of an 
ecosystem in which basic research, a lively innovation  
process and efficient technology transfer are expertly  
intertwined: “DESY offers a unique concept for the future with 
this state-of-the-art research campus, where international 
and interdisciplinary expertise come together. This is where 
cutting-edge research meets the spirit of innovation with the 
aim of making basic research useful for society as a whole.”

Exchanged views on DESY’s future planning (from left): Volkmar Dietz, Sabine Carl 

(BMBF), Robert Feidenhans’l (European XFEL), Arik Willner (DESY), Wolf-Dieter Lukas, 

Barbara Ohnesorge (BMBF), Helmut Dosch and Christian Schroer (DESY).

DESY presents PETRA IV project to the neighbourhood 

On 2 September, DESY presented its planned large-scale 
PETRA IV project to the citizens in the neighbourhood. The 
unique 3D X-ray microscope was the main topic of the first 
Forum Bahrenfeld, which was broadcast live from the  
Hamburg-Bahrenfeld trotting track on the internet. The new 
forum serves as a platform for extensive citizen participation 
in the planning for the Science City Hamburg Bahrenfeld. 

The upgraded X-ray source PETRA IV will be the world’s best 
3D X-ray microscope: It will provide hundreds of times more 
detailed images of microscopic processes in new materials 
and future medical active ingredients than its predecessor, 
DESY’s existing high-brilliance X-ray source PETRA III. With 
PETRA IV, DESY is creating another basic research tool for 
innovative scientific progress in the fields of health, environ
ment and energy research. To realise the sustainably designed 
facility, an accelerator using the latest technology will be built 
into the existing PETRA ring tunnel. A new, largely under
ground experimental hall is also planned.
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Actually, it’s straight: Panoramic view of the ARES linear accelerator in the former 

DORIS tunnel (“fisheye” representation)

September

His Majesty the King’s Gold Medal for Carl Lindstrøm 

DESY scientist Carl Andreas Lindstrøm was awarded the 
Gold Medal of His Majesty the Norwegian King Harald V for 
outstanding young researchers from the University of Oslo. 
The Norwegian scientist, who works at DESY on future 
linear accelerators, was honoured for his doctoral thesis on 
new particle accelerator concepts. Among other things, he 
improved an innovative plasma lens for focusing particle 
beams and investigated the acceleration of positrons in a 
hollow plasma channel.

In active plasma lenses, a strong electric current passes 
through a plasma, creating a magnetic field vortex that can 
simultaneously focus the height and the width of a particle 
beam, making such lenses extremely attractive for use in 
particle accelerators. However, a key problem had so far 
prevented the deployment of plasma lenses: An optical 
flaw in the lens destroys the focus of the particle beam as it 
passes through the plasma cell. The team in which Lindstrøm 
was involved managed to eliminate this aberration by using 
argon gas instead of helium to create the active plasma lens.

For electrons, plasma wakefield acceleration achieves the 
properties needed to build the next generation of accelerators: 
Electrons can be accelerated as a tightly focused particle 
bunch in the plasma wake, they are accelerated quickly and 
beam quality is maintained. Positron bunches, in contrast, 
tend to lose their compact shape and their focus in the 
plasma environment. At SLAC in the USA, Lindstrøm and his 
colleagues therefore investigated the options of accelerating 
positrons in a hollow plasma channel, in which the positrons 
stayed tightly focused as they flew through.

Carl Andreas Lindstrøm at the award ceremony in Oslo

October

ARES accelerator reaches design energy  

One of the latest accelerators at DESY demonstrated its 
functionality at the end of October, as the ARES team was 
able to operate the facility for the first time at its design 
energy of 155 MeV. The linear accelerator ARES (Accelerator 
Research Experiment at SINBAD) is an essential component 
of the new, long-term accelerator R&D facility SINBAD (Short 
Innovative Bunches and Accelerators at DESY), located on 
the DESY campus in Hamburg within the ring of the former 
DORIS accelerator. Among other studies, SINBAD will enable 
accelerator research with ultrashort electron pulses, the 
development of new acceleration methods and beam  
manipulation using dielectric structures.

ARES, a conventional S-band electron linear accelerator, will 
produce and accelerate ultrashort electron bunches to up to 
155 MeV. Their arrival time at the end of the accelerator will 
remain almost constant, varying by less than 10 fs for the 
individual particle bunches. While the design is optimised for 
low-charge (picocoulomb), ultrashort (sub-/single femto
second) bunches, bunch charges of several tens of pico
coulombs can also be accelerated at the cost of longer 
bunch lengths. The achievement of the design energy, at a 
bunch charge of 1.5 pC, marks the transition of the facility 
from hardware commissioning to beam characterisation,  
optimisation and preparation for the first experiments. 
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November

Accelerate smarter with artificial intelligence  

Particle accelerators are universal tools: They help in  
production processes in industry, serve for tumour therapy  
in hospitals and enable unique discoveries and insights in 
research. However, growing demands on the stability and 
properties of particle beams make manual operation of these 
complex facilities increasingly challenging – and call for the 
highest possible level of automation to support the operators. 

A new project of DESY and Karlsruhe Institute of Technology 
(KIT) is taking first steps towards a fully autonomously  
operated accelerator. The Autonomous Accelerator collab
oration, which is supported by the Helmholtz Association, 
DESY and KIT within the Helmholtz Artificial Intelligence 
Cooperation Unit, brings “reinforcement learning” to the 
operation of two linear accelerators at the two research  
centres. Reinforcement learning involves measuring state  
values and adjusting control variables to determine their  
influence on each other. In this way, a control strategy is 
learned that also takes into account its effects in the future. 
In the long term, this will completely replace manual  
intervention.

For their experiments, the researchers use the test accel
erators ARES at DESY and FLUTE (Far-Infrared Linac and 
Test Experiment) at KIT. Both facilities are available for  
accelerator research within the Helmholtz research pro
gramme “Matter and Technologies” and offer sufficient test 
times for developing such algorithms. By using two such  
similar, compact, but not identical accelerators for the  
development of their artificial intelligence, the scientists are 
gaining valuable experience on the transferability of their 
algorithms to other, larger accelerators. This is important to 
be able to later implement such algorithms also at complex 
user facilities such as FLASH and the European XFEL.

The FLUTE accelerator at KIT

Measuring the wave  

Plasma wakefield acceleration promises to deliver a new  
generation of powerful and compact particle accelerators. 
Prior to applying this new technology, however, various 
obstacles must be overcome. In particular, precise control of 
the acceleration process itself must be achieved. Using an 
innovative technique, researchers at DESY succeeded in 
measuring the accelerating plasma wave with previously 
unattained precision. The method allows the shape of the 
effective accelerating field to be determined with a resolution 
on the order of femtoseconds so the acceleration process 
can be studied in detail, paving the way for the controlled and 
optimised operation of future plasma accelerators.

An electron bunch with varying energy (dark blue to orange) drives a plasma wave 

(white) with strong electric fields (red and blue). Removing thin slices from the tail of  

the electron bunch in a controlled manner allows the precise measurement of the 

electric fields.

At DESY’s FLASHForward beam-based plasma acceleration 
facility, bunches of electrons are fired into a plasma at close 
to the speed of light, creating a wake of plasma electrons that 
can be used to accelerate other electron bunches trailing 
behind them. The acceleration produced by the plasma wake 
can be up to a thousand times greater than that of today’s 
strongest conventional facilities. To achieve optimal accel
eration, however, the electron bunches and the wake need to 
be precisely tuned to each other. To this end, the shape of 
the wake needs to be measured precisely, which is very  
challenging due to its small dimensions of just a few micro
metres.

The FLASHForward team developed a method in which the 
accelerated electrons themselves are used to reveal the 
shape of the plasma wake’s accelerating field. To achieve 
this, the electron bunch is first rotated perpendicularly to the 
direction of flight by a magnetic chicane. Thin slices can then 
be removed from the bunch tail by transversely inserting a 
piece of metal. Finally, the electron bunch is rotated back 
again. As a result, the energy spectrum of the outgoing  
electron bunch is altered due to the missing electrons,  
allowing the strength of the accelerating field at the location 
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where part of the bunch was removed to be deduced. If the 
bunch is sliced thinly enough, the profile of the effective 
accelerating field in the plasma wake can be determined with 
a temporal resolution of femtoseconds. In the experiment, the 
scientists were able to achieve a resolution of 15 fs – corre
sponding to a spatial resolution of around 5 µm in the wake. 
The researchers believe that even higher resolutions are  
possible.

Using the novel technique, the interaction between the  
individual experimental components and the acceleration 
process can now be studied in detail. Other experimental 
plasma acceleration facilities also stand to benefit from the 
new technology, which is an important step on the path to a 
detailed understanding and optimisation of the plasma wake. 
The experiment thus paves the way for a new era of control 
and stability that plasma accelerators are entering.

View of the FLASHForward accelerator module. The plasma is generated in the narrow 

channel in the centre by a high voltage.

December

Kick-off meeting for FLASH2020+ project  

The FLASH2020+ upgrade programme of DESY’s FLASH 
free-electron laser (FEL) facility was launched on 9 December 
with a virtual kick‑off meeting at which the international user 
community was introduced to the programme’s scientific 
scope. The FLASH2020+ upgrade involves ambitious devel
opments for the entire FLASH facility, which are planned in 
several project phases. 

The FLASH accelerator tunnel

At the meeting, over 170 participants learned about the new 
physics and experiments that will be made possible by the 
improved properties of the upgraded facility and about the 
scope, structure and timeline of the project. Until 2025, the 
two FEL lines, FLASH1 and FLASH2, will be equipped with 
variable-gap undulators and variable polarisation. FLASH1 will 
be upgraded to offer a unique high-repetition-rate external-
seeding setup. The exchange of accelerator modules will 
extend the tuning range of operation for both FEL lines, and a 
new, flexible electron beam compression scheme including a 
laser heater system will improve the FEL properties and  
reliability. 

Plans also include new photon experiments and upgrades to 
accommodate specially designed monochromators within the 
existing experimental halls. In addition, the experimental  
stations will benefit from a new pump–probe laser system, 
which will provide high-energy, high-repetition-rate synchro
nised pulses across the whole optical spectrum and beyond.
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The electrons are accelerated in a plasma cell (centre). A laser beam coming from the 

right ignites the plasma in the cell. 

Artificial intelligence improves control of plasma accelerators 

An international team of accelerator experts including from 
DESY successfully demonstrated that an algorithm was able 
to tune the complex parameters involved in controlling the 
next generation of plasma accelerators. The algorithm  
optimised the accelerator much more quickly than a human 
operator could. The experiments, led by Imperial College 
London, were conducted at the Central Laser Facility at the 
STFC Rutherford Appleton Laboratory, UK. 

For plasma wakefield accelerators to become prevalent in 
scientific, industrial or medical applications, they need to 
move from research projects towards more plug-and-play 
devices. In particular, precise and reliable control of the 
acceleration process is mandatory, which is challenging for 
facilities that operate under such extreme conditions. Artificial 
intelligence or machine learning is one of the most promising 
approaches to achieve the required level of control. 

The scientists worked with laser plasma accelerators, which 
combine powerful lasers with a source of plasma to create 
concentrated beams of electrons and X-rays. Both the laser 
and plasma have several parameters that can be tweaked to 
control the interaction, such as the shape and intensity of the 
laser pulse or the density and length of the plasma. While a 
human operator can tweak these parameters, it is difficult to 
know how to optimise so many parameters at once. Instead, 
the team turned to artificial intelligence, creating a machine 
learning algorithm to optimise the performance of the  
accelerator.

The algorithm set up to six parameters controlling the laser 
and plasma, fired the laser, analysed the data and reset the 
parameters, performing this loop many times in succession 
until the optimal parameter configuration was reached. The 
data gathered during the optimisation process also provided 

new insights into the dynamics of the laser–plasma inter
action inside the accelerator, potentially informing future 
designs to further improve accelerator performance.

The work resulted in an autonomous plasma accelerator, the 
first of its kind. As well as allowing the team to efficiently 
optimise the accelerator, it also simplified its operation and 
enabled the researchers to spend more of their efforts on 
exploring the fundamental physics behind these extreme 
facilities. The computer was able to reliably optimise the 
plasma accelerator from scratch within minutes, which is  
difficult to achieve by “human learning” even for experienced 
operators. 

Similar experiments being conducted at the LUX accelerator, 
a joint project of DESY and Universität Hamburg, support the 
hypothesis that the application of artificial intelligence to  
control accelerators is currently being taken to a new level. 
With artificial intelligence and machine learning deployed on 
the current and next generation of accelerators at DESY and 
elsewhere, these facilities are expected to reach unprece
dented performance levels.

View of a fluorescence screen with which the energy distribution of the accelerated 

electrons can be measured
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User operation 
During the winter shutdown 2019/20, which ended in Febru-
ary 2020, a new undulator was installed for Beamline P62 in 
the Paul P. Ewald hall (Fig. 1). Thanks to essential efforts of 
all the technical groups, all shutdown activities could be fin-
ished on schedule. Regular user operation started on 2 March 
after about two weeks of commissioning. While 4944 h of 
beam time had originally been scheduled for the user run in 
2020, the plan had to be modified in view of the COVID-19 
pandemic. After a stand-by period of PETRA III from 20 to  
30 March, user operation resumed first for COVID-19-related 
research. Starting in May, the facility was then operated in a 

safe normal mode that incorporated additional measures to 
minimise the risk of infection. The use of video conferencing 
tools between the main control room and office locations on 
and off site, for example, enabled an effective and safe  
support by the shift crew. This and other precautions helped 
to avoid any further stand-by mode for PETRA III in autumn 
2020. In this way, good resilience of PETRA III user operation 
was achieved under the challenging pandemic conditions.

Finally, 4797 h of beam time were scheduled for the user run, 
which were delivered with a record availability of 98.8%. In 
total, including test run time, 5726 h of synchrotron radiation 

PETRA III
User operation with high availability and good resilience 

The year 2020 was a challenging, but also very successful year for DESY’s synchrotron radiation source PETRA III.  
In February 2020, beam operation resumed after a shutdown period that had started on 20 December 2019. During the 
shutdown, a new undulator was installed for Beamline P62 in the Paul P. Ewald experimental hall. Regular user operation 
began on 2 March after a short commissioning period of about two weeks. In 2020, 4944 h of beam time had initially been 
planned for the user run, but due to the COVID-19 pandemic, the plan was revised in favour of a stand-by mode of PETRA III 
from 20 to 30 March. After the stand-by period, user operation quickly restarted, first for COVID-19-related research and,  
from May on, in a safe normal operation mode taking into account additional measures related to the pandemic. Eventually, 
 4797 h of beam time were scheduled for the user run, which were delivered with a record availability of 98.8%.

Figure 1

In 2020, a new undulator was installed 

for Beamline P62 in the Paul P. Ewald 

experimental hall.
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Furthermore, maintenance work on the technical subsystems 
of PETRA III is scheduled in order to maintain the availability 
of the facility at the high level achieved in the last two years. 
All these plans can only be realised with a major effort from 
all the technical groups involved.

Figure 2

Distribution of the different machine states scheduled during the run period from  

2 March to 21 December 2020

Figure 3

Long-time development of the availability of PETRA III during user runs

Figure 4

Long-time development of the number of faults per 1000 h of user operation

beam time were provided to the users at the beamlines. The 
necessary maintenance was done in four dedicated service 
periods distributed over the year and additionally during the 
three-week long summer shutdown. On Wednesdays, user 
operation was interrupted by weekly regular maintenance or 
machine development activities as well as test runs for about 
24 h. The distribution of the different machine states in 2020 
is shown in Fig. 2. 

During user runs, the storage ring was operated in two  
distinct modes characterised by their bunch spacing. In the 
“continuous mode”, 120 mA were filled in 480 evenly distrib-
uted bunches, corresponding to a bunch spacing of 16 ns. 
The “timing mode” allows users to perform time-resolved 
experiments and is thus characterised by a considerably 
larger bunch spacing of 192 ns, corresponding to 40 evenly 
distributed bunches with a total current of 100 mA. In 2020, 
53% of the user beam time was allocated to the 480-bunch 
mode and 47% to the 40-bunch mode.

Record availability in 2020
High reliability is one of the key requirements for a synchro-
tron radiation facility. The main performance indicators are 
availability and mean time between failures (MTBF). In 2020, 
the weekly availability reached 100% for several weeks of the 
year. At the end of the user run, the average availability was 
98.8%, which is a new record for PETRA III. This availability 
statics is based on a metrics that is in agreement with inter-
nationally used metrics and does not include “warm-up” time 
after each fault. The long-time development of the availability 
of PETRA III during the user run is shown in Fig. 3. The aver-
age MTBF at the end of 2020 was 75 h, which is a further 
improvement with respect to the previous years. In 2020, the 
overall performance of PETRA III thus again reached a level 
that meets the high international standards for highly availa-
ble synchrotron light sources. 

The number of faults normalised to 1000 h of user operation 
decreased during the last six years (Fig. 4), indicating that the 
process to improve the technical reliability of PETRA III made 
significant progress, assisted by an internal review process to 
monitor the availability of the facility and guarantee a good 
root cause analysis of all faults during the user run. Activities 
to harmonise the quality standards in the technical groups 
with respect to quality control and process documentation 
continued in 2020.
 

Plans for the next operation period
During the winter shutdown 2020/21, it is planned to start the 
installation of front-end components for the dipole beamline 
P66 in the north-east of the PETRA III ring. One of the quad-
rupole magnets will have to be replaced with a different type 
to enable the installation of a new vacuum chamber with an 
outlet for the synchrotron radiation from a dipole. 



Figure 1

FLASH operation statistics in 2020
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Operation
The two undulator beamlines FLASH1 and FLASH2 deliver 
self-amplified spontaneous emission (SASE) radiation in  
parallel to the experimental halls “Albert Einstein” and “Kai 
Siegbahn”, with beam parameters that can be freely chosen 
to a certain extend for each beamline. The third electron 
beamline FLASH3 was set up for the beam- and laser-driven 
plasma wakefield acceleration experiment FLASHForward.

In 2020, beam time for users at FLASH was again allocated in 
two user periods, numbered 15 and 16, with three user 
blocks each and a total allocated beam time of about 4600 h 
(FLASH linac). Due to the COVID-19 lockdown, however, two 
user blocks had to be cancelled. About 60 to 70 proposals 
for user experiments are regularly submitted each year, of 
which 30 to 40 are approved. Of the 36 experiments sched-
uled for 2020, 17 unfortunately had to be postponed to 2021. 
FLASH resumed user operation in August with a rearranged 
schedule. Due to travel restrictions, however, not all users 
were able to be on site to perform their experiments. Among 
those who conducted their experiments remotely with local 

support were mostly users from German institutions, plus a 
few Swedish users and an experiment led by French users. 

Notwithstanding all the corona restrictions, the user feedback 
from the second half of 2020 was very positive. FLASH ran 
very reliably, and owing to the new weekly schedule – accor
ding to which each experiment was conducted for five or six 
days in a row – the experiments were able to take data contin-
uously with very little interruptions. Hence, all ended up with 
good data statistics and very satisfied users and local teams.

Despite the COVID-19 lockdown, the FLASH linear accelera-
tor delivered beam for 5101 h. Of these, 3024 h were devoted 
to user experiments, partially in parallel operation of FLASH1 
and FLASH2. In addition, FLASH provided 1732 h of beam 
time for FEL-related studies and preparation of user experi-
ments and another 345 h for general accelerator R&D, mostly 
for FLASHForward (Fig. 1). 

The beam time for users includes the time required for setup 
and tuning of the experiments. Every experiment has its own 
wish list of photon properties and its own demands regarding 
high-quality and stable beams. The FLASH team has worked 
hard to streamline all the related procedures. As a result, the 
setup and tuning time could be pushed down to a record low 
of 8 to 10% of the user beam time. The availability of the  
facility reached a new record high of 98.6% overall, and the 
downtime for users dropped to a low 1.4% for FLASH1 and 
1.3% for FLASH2. Figure 2 shows the development of the 
availability from 2014 to 2020. For comparison, 21% of the 
user beam time was required for tuning in 2014.

 
Cryogenic system low-pressure experiment
The FLASH superconducting acceleration structures are 
cooled by liquid helium at a temperature of 2 K at a pressure 

FLASH
Bridging the corona shutdown while maintaining 
high availability for user experiments

DESY’s FLASH free-electron laser (FEL) facility features two undulator beamlines, FLASH1 and FLASH2, operated in 
parallel as a tandem. The FLASH3 beamline is used by the FLASHForward plasma wakefield acceleration experiment. In 
2020, the FLASH linear accelerator delivered beam for a total of 5101 h for user experiments, FEL studies, preparation of 
user experiments and accelerator R&D. In spring 2020, the facility had to be shut down because of the COVID-19 crisis, 
and two user blocks of nine weeks in total had to be cancelled. The FLASH team used this time to continue to explore new 
favourable ways to run the cryogenic system. User operation resumed in August with a rearranged schedule. Not all users 
were able to either be on site or conduct their experiments remotely, however. Nonetheless, despite the problems caused 
by lockdowns, the availability of FLASH has never been higher: 98.8% for FLASH1 and 98.4% for FLASH2. 



Figure 2

The setup and tuning time required for user experiments at FLASH1 was significantly 

reduced from 2014 to 2020. In addition, in 2020, the downtime of FLASH1 was at a 

record low of 1.4%.
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to be measured, albeit with only one streaking direction  
(vertical). 

The PolariX TDS (Polarizable X-band Transverse Deflection 
Structure) is an innovative design working in the X-band  
frequency range. Developed in a collaboration between 
CERN, PSI and DESY, the new design gives full control of  
the streaking direction. This allows tomographic-like full  
characterisation of the longitudinal phase space of the  
electron bunches by varying the transverse streaking angle.  
A prototype was installed in the FLASHForward beamline in 
2019. In the winter shutdown 2020/21, two additional  
structures were installed in the FLASH2 beamline (Fig. 3). 

of 30 mbar. During warm-up and cool-down and also during 
normal operation, the pressure could increase to several bar 
overpressure, secured by safety valves. The FLASH team 
used the lockdown time to continue to explore possibilities to 
run the cryogenic system at lower pressure, a more favoura-
ble operation mode. This experiment was possible because it 
could mostly be performed remotely with only a few persons 
on site. The experiment successfully showed that full opera-
tion not exceeding an overpressure of 0.5 bar is possible – 
during stable operation, warm-up and cool-down.

RF gun, photocathode and injector lasers
After 6.5 years of operation at FLASH, the radio frequency 
(RF) electron source numbered Gun 3.1 was replaced by  
Gun 4.4 in the winter shutdown 2019/20 due to an unrepaira-
ble water leak. The new gun is in steady and stable operation 
at nominal settings: a field of 50 MV/m on the cathode and  
a pulse length of 650 µs at a repetition rate of 10 Hz. The  
caesium telluride (Cs2Te) cathode (#105.2) has a stable  
quantum efficiency of 12% after two years of operation. 

All three photoinjector lasers are stable and very reliable in 
operation. During the last 10 years of continued operation, 
the Lasers 1 and 2 built in cooperation with MBI in Berlin 
have had a very low downtime of 1 h on average per year. 
However, because of the unavoidable wear-out of compo-
nents that are increasingly difficult to replace, a new laser 
system is being developed in-house. An optical cross corre
lator similar to the one in operation at Laser 2 has been 
installed at Laser 1 as well. Since Laser 1 is used more and 
more for pump–probe experiments, a drift stabilisation of its 
arrival time with respect to the gun RF below the 50 fs level 
(RMS) is required, which is now routinely achieved.

PolariX installed in FLASH2
For a couple of years, an S-band transverse deflecting struc-
ture called LOLA has been operated in the FLASH1 beamline. 
It allows the longitudinal phase space of the electron bunches 

Contact: Siegfried Schreiber, siegfried.schreiber@desy.de

At FLASHForward, very promising results have been 
achieved with the prototype TDS, showing an impressive 
reconstruction of the longitudinal phase space with femto-
second-scale resolution. The new PolariX structures at 
FLASH2 will further improve the longitudinal beam proper-
ties, with the new possibility to tailor the phase space using 
the bunch compressor installed at FLASH2 in summer 2019. 
Moreover, since the PolariX structures are located down-
stream of the undulators, it will also be possible to measure 
the longitudinal SASE radiation properties. For example, the 
SASE process increases the energy spread of the electron 
beam at the location where the photons pulses are formed.

Xseed
A new chicane has been installed in the former sFLASH  
section. In preparation for the FLASH2020+ external-seeding 
project, the new chicane will allow experiments on the  
generation of seeded FEL radiation using the echo-enabled 
harmonic generation (EEHG) process. The advantage com-
pared to the previously demonstrated high-gain harmonic 
generation (HGHG) scheme is the reach towards shorter 
wavelengths down to 4 nm.

The FLASH team is very grateful to the DESY support staff 
for making an exceptional machine performance possible.

Figure 3

Two new copper PolariX transverse deflecting structures installed in the FLASH2 

beamline



Figure 1

Gun 5.1 after the 

latest brazing step
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Development of electron sources 
Gun development
The L-band long-pulse radio frequency electron source (RF 
gun) used at DESY’s FLASH facility and at the European XFEL 
X-ray laser was further optimised to increase the RF pulse 
length from 650 µs to 1 ms in order to deliver more electron 
bunches per second. An RF field antenna for direct gun field 
measurement was included in the cavity for the first time for 
better regulation of the RF field stability. The fabrication of the 
first prototype, Gun 5.1, was significantly slowed down, how-
ever, by the lockdown due to the COVID-19 pandemic and by 
several unexpected technical problems. The final brazing of all 
the gun parts was done in mid-December 2020 (Fig. 1). The 
gun will be tuned in January 2021 and subsequently set up for 
installation, conditioning and first operational tests at PITZ.

At DESY, injector R&D is ongoing for a future continuous-
wave (CW) upgrade of the European XFEL. The main DESY 
option for a CW gun is a superconducting L-band gun. At 
PITZ, a 217 MHz single-cell normal-conducting RF gun is 
being conceptually designed as a backup option. The very-
high-frequency (VHF) gun physics design reached a stable 
solution, featuring a cathode field of 28 MV/m and a gun  
voltage of 830 kV with an RF power of 100 kW. The gun 
design was verified with start-to-end simulations, showing 
compelling beam qualities before the undulator. In August 
2020, the conceptual engineering design was started in 

collaboration with colleagues from LBNL in the USA, who built 
the first CW VHF gun for the CW X-ray FEL project at SLAC.

Cathode development
Besides the RF gun and photocathode laser pulse shaping, 
photocathodes have become the main bottleneck for increas-
ing electron source brightness. Therefore, photocathode 
development and characterisation in high accelerating fields 
are very important. The PITZ group is collaborating with INFN 
LASA in Milan, Italy, on developing photocathodes with high 
quantum efficiency (QE) (>5%) in the green wavelength range 
(515 nm). A recipe has been established for caesium potas-
sium antimonide (K2CsSb) cathodes in an R&D chamber, and 
a production chamber is being assembled in Milan. Testing 
these “green” cathodes in the high-field PITZ gun was 
planned for 2020, but the production was significantly delayed 
by the COVID-19 lockdown in Italy. 

Comprehensive cathode characterisation techniques have 
been established at PITZ, e.g. for measuring QE, thermal emit-
tance, dark current and their spatial and field dependences. 
These include a photocathode response time measurement 
technique that uses two short laser pulses with known tempo-
ral separation, which was set up at PITZ in 2020. Response 
times of different caesium telluride (Cs2Te) cathodes and a 
gold reference metal cathode were measured with an unprec-
edented time resolution of tens of femtoseconds (Fig. 2). The 
results show for the first time the exponential electron emis-
sion curve of the semiconductor cathode and its time con-
stant of around 200 fs. This is an important step towards  
better modelling of both the photocathode physics and the 
changes in the beam dynamics along the accelerator caused 
by high-frequency temporal modulations of the laser.
 
Laser systems
The beam emittance can be optimised by dedicated shaping of 
the photocathode laser pulses. The laser system for generating 
3D ellipsoidal pulses was continuously improved throughout 
2020, with the realisation of synchronisation, diagnostics in the 
infrared (IR) and ultraviolet (UV) range, high conversion effi-
ciency from IR to UV with flexible beam parameters, stable 

PITZ
Accelerator R&D and applications

In 2020, research on the development and applications of high-brightness electron sources continued at the  
PITZ photoinjector test facility at DESY in Zeuthen. Besides fundamental studies on photoinjector optimisation 
in general, a wide variety of R&D activities was undertaken, and the facility extension towards a proof-of-
principle THz self-amplified spontaneous emission (SASE) free-electron laser (FEL) made great progress.



Figure 3

Examples of dedicated shaping of laser pulses: in the IR, after the two-stage conver-

sion via visible (VIS) to UV, and as imaged with the electron beam.

Figure 2

Example of the measured time projection of an electron bunch pair emitted from a 

Cs2Te cathode. The red line shows the double bunch without RF streaking, the black 

line indicates the time-resolved bunches with the characteristic exponential tails.

Accelerator operation and construction | 27

beam transport to the photocathode and laser controls. The 
development of 3D laser shaping is still ongoing, but first flexi-
ble transverse shaping of electron bunches was successfully 
demonstrated (Fig. 3). The laser system is now routinely used 
as a photocathode laser at PITZ complementary to the MBI 
laser system, thereby greatly increasing the pulse shaping 
capabilities at PITZ.  

Applications of high-brightness electron beams
THz generation studies
The PITZ group is constructing a prototype of an accelerator-
based THz source for pump–probe experiments at the Euro-
pean XFEL. For proof-of-principle experiments, an LCLS-I 
undulator, on loan from SLAC, was delivered and will be 
installed in the extension of the PITZ tunnel in early 2021. The 
infrastructure preparations in the future accelerator tunnel 
were finished in 2020. The interlock system was successfully 
tested by the TÜV technical inspection association, and the 
extension of the operation permission is in preparation. The 
diagnostics components for the extended beamline have been 
designed to a large extend and are currently being machined. 
A bunch compressor, to be installed in the current accelerator 
tunnel, is also being built. It will allow high peak current values 
to be reached even for lower bunch charges, thus extending 
the range of possible applications of the PITZ beams. All 
hardware installations will be carried out during 2021.

Start-to-end simulations of the THz SASE FEL were done 
based on the measured undulator field and using electron 
beams with high peak current and bunch charge (e.g. 200 A 
and 4 nC) from the PITZ accelerator, resulting in a THz radia-
tion energy of ~1 mJ at a centre wavelength of 100 µm. Pre-
paratory experimental electron beam characterisation at high 
bunch charges and THz generation studies were performed in 
2020 and still continue – demonstrating the feasibility of high-
charge beam transport and matching towards the undulator. 

Simulations and experimental studies of THz FEL seeding by 
means of intensity modulations of the photocathode laser 
pulses also continued. Non-linear space charge oscillations of Contact: Anne Oppelt, anne.oppelt@desy.de

high-charge electron beams are considered for the generation 
of bunching factors required to stabilise the THz FEL (seeding). 

Plasma experiments
To further characterise the self-modulation instability of the 
electron bunches, plasma experiments with a lithium heat pipe 
oven were performed. For the first time, a unique setup with  
a side-coupled ionisation laser was used to conduct a series 
of measurements over a range of plasma channel lengths in 
order to characterise the growth of wakefields. In addition, 
plasma density steps can be introduced with this setup by  
tailoring the laser intensity. Data were taken, and the evalua-
tion is ongoing. 

R&D on radiation biology and eFLASH radiotherapy
Recent developments in radiation biology have shown that a 
major increase of the therapeutic window for cancer treatment  
– the range in which beneficial effects prevail over detrimental 
ones – can be obtained by using the so-called FLASH effect 
radiotherapy, i.e. the application of high dose rates in a short 
treatment time (referred to as eFLASH here to avoid confusion 
with DESY’s FLASH facility). Many aspects of the eFLASH 
effect are still to be understood, however, and treatment has 
to be optimised for different kinds of tumours. 

PITZ can provide a broad range of beam parameters, extend-
ing from conventional radiotherapy through state-of-the-art 
eFLASH radiotherapy experiments to as yet unexplored ultra-
high dose rates and ultrashort treatment times. Thanks to its 
ability to generate long bunch trains, PITZ offers unique R&D 
capabilities for conducting systematic studies on radiation 
biology and eFLASH radiotherapy. This activity has the poten-
tial to become a lighthouse far beyond Germany. A corre-
sponding proposal is being prepared together with biologists 
at TH Wildau and other national and international partners.



Figure 1

The new collimator tubes (encircled in red) are mounted on a positioning stage that 

allows precise control of their transverse position and angle.
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After termination of the plasma programme and substantial 
reorganisation of the managing structure, REGAE will once 
again concentrate fully on electron diffraction experiments.

Science case for REGAE 
In close collaboration with potential on-campus and external 
user groups, a new scientific programme has been developed 
for the future operation of REGAE. Compared to diffraction 
experiments with X-rays, MeV electron diffraction offers a five 
orders of magnitude stronger elastic scattering interaction 
with matter, in combination with tremendously reduced radia-
tion damage effects. This makes experiments with MeV elec-
trons the ideal tool for time-resolved diffraction experiments 
on low-Z materials with sub-micrometre sample sizes. 

In materials sciences, UED experiments at REGAE will allow 
the study of phase transformations and transition states in 
quantum materials after laser excitation of the sample. By 
matching the sample thickness to the penetration depth of the 
laser pump light, these experiments can be performed with 
much higher sensitivity than is currently possible with any 
other method. The stronger interaction of electrons with matter 
will further enable these studies to be extended to novel, 
promising low-Z materials, such as twisted bi-layered graphene 
and fullerenes (“bucky balls”), which currently cannot be stud-
ied with X-rays due to their poor scattering cross section.

In structural biology, electron microscopy and diffraction 
already allow 2D crystals and even single molecules to be 
investigated and structural details to be resolved at highest 
resolution. At REGAE, it will be possible to extend these 
investigations into the time domain with a time resolution 
down to the femtosecond range and to perform experiments 
at room temperature. This will enable irreversible transport 
reactions in 2D protein crystals to be followed and protein 
dynamics to be observed at a so far unrivalled level of detail. 

The ability to resolve the positions of hydrogen atoms will also 
allow a better understanding of enzyme reactions and of the 
binding of pharmaceutically relevant compounds, where 
hydrogen bonding and transfer reactions play an essential role 
for biological function. 

Further potential science areas include structural studies of 
water in collaboration with DESY’s new Centre for Molecular 
Water Science (CMWS) as well as gas diffraction experiments.  

Linearisation of the longitudinal phase space
The correlated higher-order energy spread that a sine-like 
radio frequency (RF) field imposes on the longitudinal phase 
space of an electron bunch limits both the minimal bunch 
length that can be reached by compression of the bunch and 
the minimal energy spread itself. While shortest bunches are 
required to investigate shortest time scales, the energy spread 
also becomes important for certain modes of operation, as for 
example the minimal beam size that can be reached is limited 
by chromatic effects. 

REGAE
Restart with new momentum

REGAE is DESY’s ultrafast electron diffraction (UED) facility. It provides MeV electron pulses with femtosecond duration 
that are ideally suited for time-resolved experiments. After a few organisational changes, a new science case for 
REGAE has been developed, with emphasis on quantum materials and structural biology. Several improvements to the 
facility, the integration of a new collimator and the installation of a Jungfrau 1 M pixelated detector for direct electron 
detection have significantly improved the achievable signal-to-noise ratio for UED experiments. Foreseen upgrades of 
the experimental chamber and the implementation of a novel 3 GHz bunch train mode for microelectron diffraction 
experiments will further extend the experimental capabilities of REGAE in 2021.



Figure 2

Single-shot diffraction patterns from a single-crystalline gold foil of 50 nm thickness 

recorded with the Jungfrau 1 M detector at REGAE with 2.7 MeV electrons, demon-

strating the improved signal-to-noise ratio now available at REGAE. Left: Diffraction 

patterns with all intensities truncated at values larger than 5 arbitrary units (a.u.) to  

highlight the very low achievable background levels. Right: The same diffraction image 

showing the full dynamic range, spanning more than three orders of magnitude, that  

is achievable with the detector.   
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ted into photons using a scintillator screen before they were 
imaged onto the chip of a suitable camera, they interact 
directly with the sensor material in the Jungfrau detector. It 
thus allows single MeV electrons to be detected while keeping 
noise levels to a minimum at the same time. Initially designed 
at PSI in Switzerland to record X-ray diffraction images at X-ray 
FEL sources, the Jungfrau detector has already shown its per-
formance for MeV electron detection in first experiments at 
REGAE (Fig. 2). A more detailed characterisation of the detec-
tor performance remains to be carried out, but the first results 
indicate a substantial improvement. In combination with the 
new collimators, a significantly improved signal-to-noise ratio 
is now available for diffraction experiments at REGAE.   

Anticipated upgrades of REGAE
To adapt to the proposed science case for REGAE, we foresee 
several upgrades in 2021. A new experimental chamber with 
extended capabilities is being designed, which will provide an 
on-axis viewing system for improved sample visualisation, a 
crystallography goniometer for high-precision sample orienta-
tion and the possibility of cryogenic sample cooling down to  
10 K, as well as a liquid-jet setup for diffraction experiments 
with liquids. A modular design will allow an easy exchange of 
components and offer the possibility for future upgrades. 

For microelectron diffraction experiments, we plan the imple-
mentation of a 3 GHz bunch train mode. One bunch train of 
1.5 μs duration will contain a total charge of about 100 fC, 
which can be focused down to a few micrometres while main-
taining a coherence length larger than 10 nm. This new bunch 
train mode will allow diffraction experiments to be performed 
with micrometre-sized samples and microsecond time resolu-
tion, which are currently not possible at REGAE. 

Contact: Klaus Flöttmann, klaus.floettmann@desy.de  
Alke Meents, alke.meents@desy.de

The compensation of correlated longitudinal emittance contri-
butions is thus of great interest. A new concept has therefore 
been developed that doesn't require additional hardware. It is 
based on a special tuning of the electron source (gun) and of 
the amplitudes and phases of the buncher cavity and involves, 
in the first stage, a controlled bunch lengthening in the section 
between the gun and the buncher cavity. 

The results achieved in simulations are extremely promising. 
However, they are also beyond the resolution limits of the 
diagnostics available at REGAE. With the complete compen-
sation of the second-order non-linearities, this proof of con-
cept has now been demonstrated. The low energy spread 
achieved with long bunches is one of the key elements for the 
realisation of the micro-UED experiments foreseen at REGAE. 

The second operation mode involving a linearised longitudinal 
phase space leaves the energy spread high, but compresses 
the bunches longitudinally down to below 1 fs. Since the reso-
lution of the transverse deflecting structure (TDS) installed at 
REGAE is about 10 fs, the shortest bunches cannot yet be 
measured directly. With the implementation of a THz streaking 
device at the beginning of 2021, higher resolution is in reach. 
Major progress has been made with preparatory work for this 
device, which is an experiment in itself. The generation of THz 
radiation by conversion of infrared laser light in cooled, peri-
odically poled lithium niobate crystals yields the required 
intensity level at the desired frequency, and the production of 
a suitable THz structure by means of 3D printing technology 
has been developed into a mature state. The integration of the 
complete setup into the REGAE facility and first tests are 
planned for early 2021.

Improved signal-to-noise ratio
Besides beam parameters such as bunch length, energy 
spread, transverse emittance etc., the signal-to-noise ratio of 
the diffraction images is a decisive factor for diffraction experi-
ments. In addition to noise from the detector itself, dark cur-
rent consisting of electrons released from the cavity walls, 
especially of the gun cavity due to the high electric field
levels, also contributes to the background noise. To inhibit the 
generation of dark current as much as possible, the cavities 
are carefully cleaned with a special dry-ice cleaning technique 
prior to installation so as to reduce the number of emission 
sites in the cavities. A second measure is to pass the electron 
beam through a set of collimators, usually metal sheets with a 
hole for the electron beam, so that dark-current electrons with 
off-axis trajectories are scraped off. With a set of newly 
installed dark-current collimators consisting of 3 cm long tubes 
with an inner diameter of ~0.5 mm (Fig. 1), the dark-current-
induced noise has been reduced by another factor of 5, and 
the background noise is now dominated by the detector noise. 

In addition, the detection efficiency and the achievable signal-
to-noise ratio have been significantly improved by the installa-
tion of a Jungfrau 1 M detector. Whereas, in previous detec-
tors installed at REGAE, electrons first needed to be conver- 



30 | Accelerator operation and construction

Summary of operation
The operation of the European XFEL accelerator is generally 
divided into the following categories: i) scheduled shutdown, 
ii) X-ray delivery to experiments, iii) facility development for 
the accelerator, FEL sources and photon systems, and  
iv) setup, a category that accounts for the restart of the facil-
ity after shutdown, repair accesses outside the scheduled  
maintenance periods, experiment setup times and the time 
needed for preparing different machine states.

The following table shows how the time in these different  
categories was impacted by the schedule changes in 2020, 
including the enforced shutdown from 20 March to 10 May:

delivery, with 1680 h actually delivered. The remaining opera-
tion time was dominated by setup and tuning, which included 
a total of three facility start-up procedures: after the winter 
shutdown, after the enforced shutdown and after the regular 
summer shutdown. 

X-ray delivery in the standard self-amplified spontaneous 
emission (SASE) configuration to all six scientific instruments 
was highly reliable. All scheduled 12-hour experiment shifts 
could be served. An automated analysis of the SASE intensity 
measurements yielded an availability (i.e. SASE intensity 
above a predefined threshold) of about 95%. Most notably, 
the performance of the SASE2 undulator could be improved 
during a dedicated tuning period and is now on the same 
level as SASE1. 

Commissioning and development of the superconducting 
accelerator take place predominantly during start-up times. A 
careful calibration of all probe signals at the beginning of the 
year allowed for a relatively straightforward recovery of the 
maximum reachable electron energy of 17.5 GeV. While  
operating at this electron energy, world-record SASE photon 
energies of 30 keV were demonstrated. Most of the time, 
however, the accelerator is operated at 14 GeV, which is a 
good compromise to satisfy the requirements of both the 
hard and soft X-ray experiments. 

Another achievement for the superconducting accelerator 
was the full commissioning and hand-over to operation of the 
piezo control that allows for fast tuning of the radio frequency 
(RF) cavities during an RF pulse and of two different elec-
tronic modules that stabilise the electronics against external 
and internal drifts. These measures yielded an arrival time 
stability of the electron bunches at the end of the linear 

European XFEL accelerator
Stable beams for X-ray delivery 

In 2020, the operation of the European XFEL accelerator – which is run by DESY – was strongly influenced by 
measures to prevent the spread of the new coronavirus. This included a forced shutdown of the facility from the 
end of March until the beginning of May and a very reduced user programme, with only remote access for most of 
the users from outside Germany. Nevertheless, the accelerator was operated for more than 5600 h with excellent 
availability. In total, the facility had to be restarted three times after a complete shutdown, which was time-
consuming but helped to further develop standard procedures. Possibilities for remote operation and support were 
extensively exploited. Facility development activities focused on enhancing the free-electron laser (FEL) sources 
SASE1, SASE2 and SASE3, with excellent results obtained with a new hard X-ray self-seeding setup at SASE2 and 
a newly installed magnetic delay chicane at SASE3.

In mid-March, the DESY Directorate and the European XFEL 
Management Board decided to shut down the European 
XFEL accelerator and take precautions to avoid irreparable 
damage in case of failure of supporting infrastructure (cryo-
genic and cooling systems) during lockdown times, when ser-
vice personnel would not be able to access the facility. This 
required a special mechanical detuning of the approximately 
800 cavities, a procedure that was intended for use only in 
case of a warm-up of the cold, superconducting accelerator. 

As a consequence, of the 6888 h originally scheduled for 
accelerator operation, 5640 h were actually executed. Within 
this operation time, 3144 h had been scheduled for X-ray 



Figure 2

Comparison of the horizontal and vertical 

electron beam jitter in the SASE1 undulator 

with (blue) and without (orange) feedback 

systems in operation

Figure 1

Magnetic chicane as installed in the SASE3 beamline
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accelerator, relative to a reference signal, of below 20 fs 
RMS. This value can be further reduced to about 6 fs RMS 
through a beam-based feedback, which is currently in test 
operation.

Despite the difficult working circumstances, major upgrades 
to the facility were performed in parallel with standard main-
tenance during the summer and winter shutdown periods. A 
magnetic chicane was installed in the SASE3 beamline that 
will allow the control of the temporal delay between two  
photon pulses created from the same electron bunch (Fig. 1). 
Behind the SASE3 undulator, about 30 m of electron beam-
line were altered to install so-called APPLE-X undulators in 
order to produce SASE radiation with variable polarisation. 
Programmable kicker magnets were added in the beam  
distribution section to improve the compensation of eddy  
current effects in the beam distribution kicker magnets. 

During facility development, important strategic goals were 
pursued. These included investigations to better understand 
the undulator system using new diagnostics as well as inter-
disciplinary studies throughout the entire facility to further 
improve the photon beam stability. In this context, the trans-
versal electron beam stability was characterised. By means of 
slow and fast feedback systems, the electron beam position 
was maintained within 3 µm RMS. This corresponds to the 
specified value of about 10% of the electron beam size in the 
undulator (Fig. 2). 

Increasingly, facility development now focuses on expanding 
the experimental possibilities by commissioning special 
methods for generating X-ray light. These include hard X-ray 
self-seeding at SASE2, a method to increase the spectral  
brilliance of the X-ray light, and the operation of SASE3 to 
deliver photon pulses with two different X-ray energies and 

adjustable time offset using the newly installed chicane. Both 
methods will be available to users from 2021. Another set of 
studies concerned the generation of short photon pulses, 
either through operation at reduced electron bunch charge, 
i.e. with shorter bunches of the same electron density, or 
through non-linear manipulation of the longitudinal phase 
space, enabling a smaller and shorter fraction of the electron 
bunch to lase.

Contact: Winfried Decking, winfried.decking@desy.de



32 | Highlights · New technology · Developments



Highlights · New technology · Developments

Highlights · New technology · Developments | 33

º	 PETRA IV	 34
º	 FLASH2020+	 		  36
º	 LLRF CW R&D at DESY and European XFEL	 38
º	 European XFEL high-power RF system   	 40 
º	 Beam position monitor performance		  42
º	 FEL science highlights at the European XFEL	 44
º	 Oscillator-amplifier seeded FEL	 46
º	 Two-colour operation of FLASH2	 48
º	 FLASH2020+ injector upgrade	 50 
º	 Arrival time stabilisation at FLASH	 52
º	 PolariX TDS at FLASH	 		  54
º	 Measuring the wake	 56
º	 PLASMED X	 58
º	 The SINBAD-ARES linear accelerator	 	 60
º	 LUX	 62
º	 KALDERA	 64



34 | News and events34 | Highlights · New technology · Developments

Goals of the project  
The PETRA IV project aims to develop an ultralow-emittance 
storage ring for hard X-ray radiation that will provide electron 
beams of unprecedented brightness, allowing the production 
of X-rays with exceptional brilliance and coherence. These 
will yield 3D images of matter at unmatched spatial and  
temporal resolution. This goal will be achieved by upgrading 
the existing PETRA III facility with recent pioneering develop-
ments in accelerator and undulator technologies. 

The gain in brightness, which is the key parameter to charac-
terise the quality of X-ray beams, will be a factor of 100 for 
hard X-rays at 10 keV and almost 1000 for high-energy  
photons up to 150 keV. The high spatial coherence provided 
by the source, particularly at high photon energies, will allow 
for nearly diffraction-limited focusing capabilities without 
severe loss of photon flux. This will result in high sensitivity 
and high spatial and temporal resolution for operando and  
in-situ studies of complex systems.

Given the extreme international competition with other  
light sources in the USA, China and the rest of the world, 
PETRA IV will be built to restart operation in 2027, keeping 
Germany and Europe at the forefront of photon science 
research for the next decades.

The PETRA IV conceptual design report (CDR) was published 
in November 2019, and the technical design report (TDR) 
phase started at the beginning of 2020. Dedicated work 
package groups began tackling specific aspects of machine 
design and prototyping for key technology systems, such as 
magnets, vacuum systems, precise support structures, beam 
diagnostics and feedbacks. A similar R&D effort is ongoing 
on the design of photon beam delivery and transport systems 
as well as sample environment systems, labs, technical  
infrastructure, scientific computing and experiment control, 
ultra-precision mechanics and detectors. 

To support this activity, DESY initiated a strong recruitment 
campaign. The TDR phase of the project aims to develop the 
design of the facility so as to be ready to launch the calls for 
tender by 2023.

PETRA IV
The ultimate 3D X-ray microscope

The PETRA IV project is the upgrade of DESY’s synchrotron radiation source PETRA III into a diffraction-limited  
hard X-ray radiation source. Its highly brilliant and coherent photon flux will be made possible by a new type of magnetic 
lattice design, the hybrid multibend achromat (HMBA), pioneered at the European Synchrotron Radiation Facility (ESRF)  
in France for the ESRF-EBS upgrade. However, thanks to its unique ring circumference of around 2.3 km, PETRA IV can  
be diffraction-limited up to a photon energy of 10 keV. In brightness mode with 200 mA beam current, the planned H7BA 
lattice will deliver an electron beam with an emittance of ε < 20 pm rad and, in timing mode with 80 mA in 80 bunches,  
ε < 50 pm rad. Electron beam lifetimes of 3–4 h in brightness mode and 1 h in timing mode can be reached in the 
presently foreseen design, based on on-axis swap-out injection. With these exceptional characteristics, PETRA IV is 
envisioned to be the ultimate 3D X ray microscope.

Figure 1

Layout of the PETRA IV storage ring
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Crucial for the success of such an ultralow-emittance ring is 
the availability of highly accurate diagnostic systems that pro-
vide comprehensive information on the electron and photon 
beam behaviour. The electron beam should be measured and 
stabilised to sub-µm, sub-µrad accuracy over a bandwidth 
that extends up to 1 kHz, as set by modern detector sam-
pling rates. In this framework, the PETRA IV project team is 
developing an integrated feedback concept that takes care of 
the electron and photon beams as one system, modelling 
and controlling the stability of the photon characteristics at 
the sample, all the way up to the electron beam at the source 
point in the ring. This integrated approach requires modelling 
of the whole process of radiation generation and transport 
from the insertion device to the sample.

PETRA IV outlook
The PETRA IV project team has completed the first year of 
the TDR phase. Continuous improvements of the lattice are 
ongoing to design a diffraction-limited (up to 10 keV) hard 
X-ray source that will be world-leading. After assessment of 
the possible lattice types, the final decision and the lattice 
freeze are due in 2021. In parallel, the design of the pre-
accelerator chain has started, including the lattice of the 
DESY IV booster synchrotron and the transfer line for the bunch 
injection into the storage ring. In this context, parallel opera-
tion of the DESY II Test Beam Facility can be maintained. 

In addition, collaboration with DESY groups developing laser 
plasma wakefield accelerators is planned. In parallel with 
LINAC II, a 500 MeV laser plasma injector could be installed 
to bring this new accelerator technology to maturity. As a final 
step, a 6 GeV laser plasma injector is envisioned for PETRA IV.

Figure 2

Optical function of the PETRA IV lattice

Optimising the storage ring lattice
The world-leading performance of PETRA IV relies on an 
ultralow-emittance lattice based on the HMBA concept  
pioneered at ESRF-EBS. In the hybrid seven-bend achromat 
(H7BA) lattice described in the PETRA IV CDR, a total of  
64 HMBA cells are distributed in eight octants of the storage 
ring. Taking advantage of the large circumference of the ring 
(2.3 km, Fig. 1), the H7BA lattice (Fig. 2) will deliver electron 
beams with emittances of ε < 20 pm rad in brightness mode 
(200 mA in multibunch mode) and ε < 50 pm rad in timing 
mode (80 mA in 80-bunch mode). The design is based on  
on-axis swap-out injection and foresees a beam lifetime of 
3–4 h in brightness mode and in excess of 1 h in timing 
mode. 

The lattice design and optimisation will continue in the TDR 
phase to improve the ring performance, possibly exploring 
off-axis injection and increasing the beam lifetime. To this 
end, two main decisions were taken in 2020. First, the current 
PETRA III undulator canting schemes are not possible any-
more, meaning that all the source points of the ring and all 
the beamlines on the experimental floor have to be moved. 
Second, the portions of the ring that won’t host insertion 
devices were significantly modified, resulting in the so-called 
combi lattice, to allow more freedom in the design and opti-
misation of the facility.

To deal with the complex non-linear beam dynamics, the 
optimisation is performed using the most advanced numerical 
tools, with simulations based on particle tracking, genetic 
algorithms and artificial-intelligence, neural-network 
approaches. A common feature of ultralow-emittance lattices 
is the strong focusing required for the magnetic elements. 
PETRA IV will need quadrupole gradients in excess of 90 T/m 
and sextupole gradients above 3000 T/m2. The design of 
such magnets requires small apertures (12.5 mm radius) and 
a careful control of the mechanical precision in manufacturing 
(less than 20 µm pole profile errors) and in the installation and 
alignment (less than 30 µm, magnet-to-magnet offset). Follow-
ing the ESRF-EBS concept, PETRA IV will make extensive 
use of permanent magnets. This choice is well aligned with 
DESY’s support for developing sustainable accelerators with 
reduced power consumption. The magnet design is carried 
out in collaboration with the Efremov Institute in St. Peters-
burg, Russia, and ESRF.

A consequence of the small-aperture magnets is the need  
for a reduced cross section of the vacuum chamber and the 
associated difficulties in creating an average vacuum pres-
sure of 10–9 bar along the ring. For these reasons, the design 
will make extensive use of non-evapourable getter (NEG) 
pumps, and most of the copper vacuum chamber will be 
coated. R&D work will be carried out in the TDR phase to 
define the properties of the coating, the activation procedure 
and its robustness to repeated activation cycles.



Figure 1

Timeline of the FLASH2020+ 

project
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Project goal and timeline
After the approval of the CDR, a new project structure has 
been created with the goal to continue the work initiated 
with the FLASH2020+ CDR and to identify all the solutions 
required to achieve the project target and write the technical 
design report (TDR). Appropriate funds have been identified 
and provided to the project management for the next five 
years to complete the facility upgrade. 

Initial upgrades of the FLASH2 FEL beamline have already 
started with the installation of a dedicated bunch compres-
sor and of two PolariX transverse deflecting cavities for lon-
gitudinal electron beam characterisation in 2020. The major 
upgrades for FLASH2020+ will begin in 2022 (Fig. 1). By 
replacing two accelerating structures, the maximum electron 
beam energy delivered by the linear accelerator will be 
increased to 1.35 GeV, allowing an extension of the tuning 
range of operation of both FELs, FLASH1 and FLASH2.  
Furthermore, new flexible electron beam compression 

FLASH2020+
Preparing the next-generation soft X-ray facility

Recent progress in photon science has sparked a growing interest from the user community in highly coherent pulses in the  
soft X-ray spectral range at high repetition rates. These needs have driven the studies for the upgrade of DESY’s FLASH 
free-electron laser (FEL) facility, leading to the publication of the FLASH2020+ conceptual design report (CDR) in 2019. In 2020, 
the FLASH2020+ project was launched with the goal to progressively extend the current capabilities of the FLASH facility. Higher 
electron beam energies combined with new tuneable-gap undulators will allow the oxygen K-edge to be reached with polarisa-
tion control. The new FLASH1 seeded beamline will provide fully coherent and reproducible pulses up to MHz repetition rates.  
To manage the complex transition while keeping FLASH running for users, a new project structure has been created.

schemes, including a laser heater system capable of miti-
gating microbunching instability, will enable an improvement 
of the electron beam quality and hence of the FEL proper-
ties and reliability. 

The second important upgrade phase is planned for 2024. 
At the FLASH1 beamline, APPLE-III undulators with variable 
gap and variable polarisation will be combined to realise a 
unique high-repetition-rate external seeding scheme. At 
FLASH2, a further upgrade aiming at shorter pulses and  
variable polarisation is also envisioned.

In parallel to the accelerator and FEL upgrade, the experi-
mental stations will be upgraded to accommodate tight 
focusing optics and specially designed monochromators. 
The upgrade will be completed by new pump–probe laser 
systems providing high-energy, high-repetition-rate  
synchronised pulses across the whole optical spectrum  
and beyond. 



Figure 2

Left: Simulated FEL power growth along the APPLE-III undulators of the seeded 

FLASH1 beamline in EEHG at 4 nm. Right: Temporal and spectral profiles. 
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Next-generation photocathode laser
The properties and the quality of the electron beam from the radio 
frequency photocathode electron source (RF gun) of FLASH can 
be influenced by ultraviolet (UV) laser pulses from an injector 
laser. To increase reliability and offer more flexibility in electron 
bunch generation, a new injector laser platform is being devel-
oped for FLASH2020+. The next-generation photocathode laser 
NEPAL will produce two independent trains of UV pulses con-
tained in a long burst repeated at 10Hz. Each section of the burst 
will consist of a train with up to 500 tailored UV laser pulses at 
1 MHz repetition rate with variable pulse duration, energy and 
temporal spacing. With these flexible and remotely controllable 
bursts, a large variety of operation modes and thus more flexi-
bility in the operation of FLASH will be possible. 

The future injector laser will be installed in a newly constructed 
building, connected to the main FLASH hall (Building 28).  
This building will feature two independent temperature- and 
humidity-controlled laser labs, which will also include space to 
accommodate a drive laser for a laser heater system. Both 
laser systems are scheduled for installation in the second 
quarter of 2022. First electron gun tests with these new lasers 
will take place at the end of 2022 after completion of the laser 
beamline and restart of the facility after the shutdown.  

Seeded FLASH1 FEL
With the unique external seeding scheme to be realised at 
FLASH1 in the second upgrade phase starting in 2024, 
FLASH2020+ aims at covering the spectral range from 60 nm 
down to 4 nm with fully coherent pulses at the full repetition 
rate of the facility. The scheme will rely on echo-enabled har-
monic generation (EEHG) for short wavelengths and high-gain 
harmonic generation (HGHG) for long wavelengths. The deve
lopment of a new seed laser capable of providing the high 
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quality and intensity required for seeding at the repetition rate 
of the FLASH linear accelerator is a major part of the project. 

In EEHG, the interaction of two seed lasers with the electron 
beam in undulator magnets called modulators, in combina-
tion with two dispersive sections, allows the charge density 
distribution in the electron beam to be manipulated so as to 
induce bunching at higher harmonics of the second seed 
laser pulse. After entering the radiator, the seeded electron 
beam starts to emit coherent radiation, which is further ampli-
fied in APPLE-III undulators, which feature both a variable 
gap and variable polarisation.

As a result of the seeding, the length of the lasing region in 
the electron bunch is defined by the length of the manipu-
lated region, which is in turn determined by the duration of 
the second seed laser pulse. Compared to self-amplified 
spontaneous emission (SASE), a clear spectrum with a sharp 
spike is generated (Fig. 2). 

Xseed
The hardware currently available at the existing FLASH seed-
ing beamline allowed important experience to be gained with 
external seeding over the last few years, enabling tests of 
some of the methods and techniques required to operate the 
future seeded FEL facility. At the end of the winter 2020/21, 
an upgrade of the beamline will be completed with the instal-
lation of a new chicane that will also enable the implementa-
tion of EEHG. 

Together with an improved seed laser beamline, the new 
setup, named Xseed, will offer great flexibility in operation 
modes, which will be beneficial for the development of 
advanced seeding schemes. Moreover, in combination with 
the next upgrades of the FLASH accelerator, the Xseed setup 
will be a powerful tool for characterising the electron beam 
quality and help in the commissioning and optimisation of 
important systems, such as the laser heater and the new 
bunch compressors. 

Innovation, technology transfer and sustainability
In line with DESY’s mission, sustainability, innovation and 
technology transfer are important components of the 
FLASH2020+ project structure. The operation of research 
facilities is very energy-intensive. In terms of sustainability, 
special attention is therefore paid to reducing consumption, 
increasing efficiency, recovering waste heat and achieving 
smarter energy management. Ongoing research in the areas 
of matter, energy and key technologies further supports these 
developments. The DESY Innovation and Technology Trans-
fer (ITT) group supports the transfer of scientific results into 
products and processes to make them available to third  
parties outside the research community.



Figure 1

(a) Estimation of cavity bandwidth at the European XFEL and (b) corresponding cavity 

amplitude, for a nominal (blue) and quenched (orange) RF pulse. An increment of the 

orange bandwidth trace during the decay phase reveals the presence of a quench.
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European XFEL CW LLRF challenges
Thanks to recent advances in superconducting RF technol-
ogy, interest has been growing worldwide in realising CW 
superconducting X-ray free-electron lasers (FELs). The main 
advantages of a CW X-ray FEL compared to short-pulse  
(SP) facilities with duty factors on the order of 1% are an  
increased bunch repetition rate and more flexibility for light 
detectors in user experiments. A long-pulse (LP) mode of 
operation with duty cycles of some 10% also offers a  
compromise between the high energies realised in SP mode 
and the repetition rates achieved in CW mode. Therefore, for 
some years now, a proposal has been under discussion to 
add a CW mode and an LP mode, alongside the existing  
SP mode, to the European XFEL. 

From the cavity control perspective, the upgrade presents 
multiple challenges. The quench detection and detuning esti-
mation techniques, which rely on the RF pulse decay, cannot 
be used in CW mode. Yet catching quenches is essential to 
avoid excessive power dissipation in the cryogenic bath, 
resulting in potential machine downtimes. Simultaneously, 
detuning estimations from the control system are needed to 
operate the cavities at their maximum efficiency. Therefore, a 
new online method to estimate cavity parameters indepen-
dently of the RF pulse shape has been developed. 

For the CW upgrade, the accelerating cavities will be oper-
ated with loaded quality factors (QL) of more than 107 to limit 
the required RF power to a few kilowatts. This modification 
will result in cavity bandwidths of a few tens of hertz. These 
narrow bandwidths will make the accelerating gradient more 
sensitive to mechanical microphonic vibrations and pondero-
motive instabilities. New controller algorithms are then 
required to minimise cavity detuning during operation and 
avoid incurring gradient drops. Additionally, automated setup 
strategies are under study to simplify accelerator operation.

LLRF CW R&D at DESY and European XFEL
Present status and future research programmes for the European XFEL CW upgrade

The continuous-wave (CW) upgrade of the European XFEL X-ray laser facility planned by European XFEL and DESY offers 
exciting new research opportunities. The new CW and long-pulse modes of operation will add unprecedented flexibility in 
terms of the X-ray pulse parameters that can be realised at the European XFEL. The upgrade will require significant 
changes to the existing accelerator and its control system. To this end, an ongoing R&D programme aims to develop new 
techniques and methods to control all the superconducting accelerating European XFEL cavities in a safe and reliable  
way. This article highlights the current status of the R&D programme for the CW low-level radio frequency (LLRF) control 
system, with results obtained at the European XFEL and using the XM50.1 accelerating module at the CryoModule Test 
Bench (CMTB) at DESY, and gives an overview of the future development plan for the LLRF resonance control system.    

Cavity parameter estimation
The accelerating cavities have to be cooled to 2 K to maintain 
their superconducting state. While operating in CW mode, the 
typical cavity heat dissipation will be on the order of a few 
watts. However, when a quench event happens, the heat load 



Figure 2

Ponderomotive effects on the cavity resonance curve at different gradients:  

(a) field amplitude and (b) phase. At higher gradients, an instability zone is generated. 

This in turn results in potential gradient and phase jumps (arrows).
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can increase by orders of magnitude. It is therefore of utmost 
importance to stop the cavity drive as soon as a quench is 
detected. Moreover, the detection system has to discriminate 
between quenches, beam loading and detuning events to 
avoid stopping the beam acceleration unnecessarily. 

For this reason, a new quench detection component was 
developed in the field-programmable gate array (FPGA) logic 
of the LLRF system. This component uses an inverse cavity 
model to compute cavity bandwidths at a sample rate of  
72 kHz with a delay of 170 µs, making it more than three 
orders of magnitude faster than the current quench detection 
system. Particular care was taken to allow the realisation of 
up to 16 cavity channels for the LLRF system in order to 
make it compatible with the vector sum control scheme used 
at the European XFEL. As an additional benefit, the compo-
nent is able to compute the cavity detuning, which makes it 
valuable as input stage for resonance control algorithms. 

Tests performed at the European XFEL and at CMTB at  
DESY show that the component is able to catch quenches 
and estimate detuning with an error of just a few hertz (Fig. 1). 
Additional tests conducted in collaboration with HZDR in 
Dresden-Rossendorf at their ELBE accelerator demonstrate 
that the component can compute detuning in the presence of 
beam loading of several hundred microamperes without 
increase in the estimation error.
 

Resonance control
With bandwidths of a few tens of hertz, cavities will be sus-
ceptible to mechanical deformations. These deformations  
can be due either to external sources, such as environmental 
noise or pressure changes in the cryogenic bath, or to the 
radiation pressure that the electromagnetic field inside the 
cavity exerts on the cavity walls. For this last disturbance 
source, a positive feedback loop between the cavity’s 
mechanical and electromagnetic dynamics can lead to  
strong detuning oscillations or gradient drops. 

For this reason, a new resonance controller is being devel-
oped to prevent these effects. Piezoelectric tuners will be 
used as actuators to modify cavity detuning. The new  
resonance controller will rely on different control strategies 
depending on the detuning disturbance to be regulated. A 
detuning integrator will compensate for slow mechanical 
drifts with a spectrum below 5 Hz. A recent analysis has also 
shown how this controller policy can prevent ponderomotive 
gradient jumps or monotonic instabilities (Fig. 2).

Future studies will explore the possibilities to improve the 
integrator with a linear parameter-varying control policy to 
address non-linearities in the cavity resonance plot generated 
by Lorentz force detuning. A narrow-bandwidth active noise 

control (NBANC) policy will regulate periodic microphonic 
noise, mostly produced by rotary machines (e.g. fans, 
pumps). Measurements at CMTB show that, with NBANC, it 
is possible to reduce the detuning to 0.5 Hz RMS. Compared 
to the previous implementation, the new NBANC will auto-
matically find the actuator phase delay, thus simplifying setup 
procedures. Possible improvements include automatic track-
ing of the disturbance centre frequency.

Finally, the FeedBack ANC (FBANC) will address the problem 
of regulating wide-bandwidth microphonics and ponderomo-
tive oscillations. To perform this task, the FBANC will use the 
least mean square algorithm to find its control parameters in 
an automated way. The new controller will be deployed in 
2021 and tested at CMTB.
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New transport vehicle for the European XFEL tunnel, loaded with a klystron 
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Optimisation of availability 
In 2019, the causes of failures that had accounted for the 
longest downtime during the first three years of operation of 
the European XFEL were addressed: 
•	The RF stations were made resistant to power outages and 	
	 power surges. 
•	The flow monitors of the waveguide cooling system were 	
	 made insensitive to pressure fluctuations of the cooling 		
	 water.
•	A remote power cycle for a modulator measurement 		
	 system (YAU41) was implemented in the tunnel.
•	 In the winter 2018/19, water hoses burst in three klystrons 	
	 during operation. The water hoses, which had been 
	 designed too weakly by the manufacturer, were replaced 
	 by more robust types in all klystrons of this kind. 
These measures, which were implemented in 2019, were 
100% effective. The faults no longer occurred and did not 
cause any tunnel access or other downtime in 2020. 

One remaining task was the design and construction of a 
klystron transport vehicle together with the DESY installation 
group, in cooperation with industry (Fig. 1). The transport 
vehicle used so far had been designed to install modules and 
other heavy components during the installation phase of the 

In the past years, a sophisticated monitoring system was developed to monitor the high-power radio frequency (RF) 
systems of the European XFEL X-ray laser. This made it possible to identify the causes of failures in the first three years of 
operation and to precisely quantify their effects on the operation of the facility. Based on these findings, a bundle of 
measures was implemented to optimise availability. This article discusses the effectiveness of these measures especially 
in the case of failures caused by a loss of communication within the control system of the high-voltage modulators.

European XFEL. It is oversized for pure klystron transport. 
Due to its size, three days are required to get it into and out 
of the tunnel. With the new, much smaller vehicle, which will 
be available from 2021 on, this can be done in less than a day. 

Fortunately, only two klystrons had to be replaced so far 
because of the water hose problem mentioned above. The 
water hoses were repaired outside the tunnel. After four years 
of operation, none of the klystrons was permanently broken, 
which might be attributed to the very thorough incoming tests 
of the klystrons prior to their installation in the European XFEL 
tunnel.

A new challenge
In 2020, more than half of the downtime of the high-power  
RF system was caused by a fault in the control system of the 
high-voltage modulators. The first appearance of this type of 
failure dated back to the commissioning phase in 2016/17. 
During the first years, it appeared very rarely, with only a 
slight increase in the failure rate: In 2016 and 2017, it 
occurred seven times, yielding a mean time between failure 
(MTBF) of 104 days. In the following two years, 2018 and 
2019, it occurred 40 times, and the MTBF rose to 18 days. 
This meant that it was still a small problem compared to other 
failure causes, and solving other problems had priority. In 
2020, however, there was an unexpected, sharp increase in 
the frequency of errors. The fault occurred approximately 
every two days and thus dominated.

Consequently, the focus was then placed on the “red spider” 
problem – called like this because a red spider appears on 
the display when a communication error occurs in the 
modulator electronics (Fig. 2). As soon as this error occurs, 
communication is stopped completely and, as a result, the 
modulator fails. It can be restarted only by means of a power 
cycle of the entire control system. This fault was difficult to 
find because it occurred randomly in about two-thirds of the 
26 modulators, with no discernable pattern. The related 

European XFEL high-power RF system
Optimisation results and a new challenge



Figure 2

The display in the  

modulator control  

system that gave the 

communication error  

its name

Figure 3

Top: Eye diagram with the USB cable previously used in the modulator control system. 

Bottom: Eye opened wider due to the much lower attenuation of the new USB cable.
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electronic components were replaced several times without 
lasting success. 

The modulator control system consists of two electronic 
boards and a server, which communicate with each other by 
USB cable. Since it was suspected that the problem occurred 
on this communication path, a USB analyser was procured 
that could record the data exchange, and analysis of the 
communication between the server and one of the boards 
that was particularly sensitive to the error began. The 
communication then ran via the USB analyser, and the hope 
was to find out what happened on the data line in the event 
of an error. But the setup, which showed the error several 
times a day without the analyser, worked perfectly. The test 
setup seemed to solve the problem; the question was why. 

On closer inspection, it became clear that the USB analyser 
was not only recording what was being transmitted on the 
line, but was also reading out the signals, passing them on to 
the output in a processor and generating new electrical USB 
signals there for transmission. The working hypothesis was 
then formed that the USB analyser improved the signal 
quality and that therefore no more bit errors occurred in the 
modulator electronics. 

This hypothesis needed to be tested. For this purpose, a 
complex measurement setup consisting of an oscilloscope 
with a bandwidth of several GHz, a special board for the 
signal taps and the appropriate software was required. With 
the help of this measurement setup, eye diagrams of the USB 
signals could be recorded, which were used to assess the 
signal quality (Fig. 3). Such an eye diagram consists of a 
superimposition of several hundred to several thousand bits. 
Basically, one can say that the wider the eye is open, the 
better the signal quality. Theoretically, the eye opening of a 
USB 2.0 signal should be 800 mV. In practice, however, the 
vertical eye opening is reduced due to amplitude noise, and 
the attenuation of a connected USB cable decreases the 
opening even further.
 
We compared different USB devices and noticed two things. 
First, the eye diagram of the modulator server and the boards 
was 5 to 9% less wide open vertically than for other typical 
USB devices. Second, the cable used at that time reduced 
the eye opening by a further 8 to 11%. As a general rule, 
reducing the eye opening leads to an increase in the bit error 
rate. For a typical USB application, the resulting bit error rate 
would probably not be a problem, as such applications do 

not have to run error-free for a long time. In this case, 
however, the increased bit error rate led to a communication 
error every one to two months, which caused the failure of a 
modulator and thus of the entire RF station. With 26 RF 
stations in the European XFEL, this resulted in an MTBF of 
two days. During the reconstruction of the signal, the USB 
analyser opened the eye so much that no more bit errors 
occurred. The same effect can be achieved by reducing the 
cable attenuation.

So the problem was understood, and we started looking for a 
USB cable with lower attenuation. This was not easy, but we 
finally found a cable with a barely measurable insertion loss.

Figure 3 shows a USB signal at the end of the transmission 
with the originally used cable (top) and the new cable 
(bottom). With the new cable, the eye is about 10% more 
open vertically. All modulators have now been equipped with 
these cables, which significantly improved the signal quality. 
Since then, the “red spider” problem has not reappeared.
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The European XFEL BPM system
At the European XEL, electron bunches are generated and 
accelerated to produce high-brightness free-electron laser 
(FEL) light in three undulators through the self-amplified 
spontaneous emission (SASE) process. To transfer the bun
ches from the bunch generation section through the accelera-
tor to the undulators and on to the beam dump, the position 
of the beam in the vacuum system needs to be measured 
with high precision. A resolution below 1 µm in the undulators 
is required to be able to overlap the electron bunches with 
the emitted FEL light in order to enable a reliable SASE pro-
cess. For the whole facility, a dedicated BPM system was 
developed, which has been in operation from the first day. 

The European XFEL BPM system consists of various monitors 
and corresponding electronics. The different monitor types 
are button and cavity BPMs provided by DESY. In addition, 
each of the installed 96 cryogenic accelerator modules is also 
equipped with a BPM, with 24 of them being re-entrant cavity 
BPMs from CEA Saclay. All in all, about 500 BPMs are 
installed along the vacuum system. All BPMs measure the 
individual position and charge of up to 2700 bunches in one 
bunch train separated by a minimum spacing of 222 ns, with 
a train repetition rate of 10 Hz. 

Each BPM is connected to a modular BPM unit (MBU),  
supplied by PSI, which is responsible for processing the  
signals from the monitor so as to provide the beam position 
and charge. The MBU consists of front-end electronics for 
down-converting the signals and field-programmable gate 
arrays (FPGAs) for data processing, including recalculating 
the values in physical units (the front-ends for the re-entrant 
cavities were supplied by CEA Saclay). All the front-end  
electronics are designed to minimise the signal-to-noise ratio 
of the specially developed monitors by using low-noise  
amplifiers and active temperature regulation. The internal  
analogue-to-digital converters (ADCs) operate in their 

Beam position monitor performance
BPM system for the European XFEL provided by DESY, CEA and PSI 

The European XFEL X-ray laser includes a beam position monitor (BPM) system provided by DESY, CEA in Saclay, 
France, and PSI in Villigen, Switzerland. One main requirement the system has to meet is the specified resolution, 
i.e. the signal-to-noise ratio in units of length. This value represents the smallest change of position that the system 
can measure. The BPM system fulfils the European XFEL resolution requirement and offers a range of additional 
features, such as single-bunch measurement, self-trigger mode, multibunch signal processing, fast data transfer  
for feedbacks and connection to the machine protection and dosimeter systems. 

optimum range thanks to the application of attenuators with 
automatic gain control. Altogether, this results in the good 
measured resolution shown in Fig. 1. The data are transferred 
by fibre links to the MicroTCA system and visualised using 
the DESY-internal control system DOOCS. 

The MBUs are structured in a modular setup to be able to 
include all different kinds of BPMs. Beside the front-end  
electronics, they are equipped with a timing system and a 
digital input–output card, which offer additional features, as 
described below. A second data connection via network is 
available for maintenance support because the electronics 
are installed in the tunnel and not accessible during facility 
operation. 

Achievable resolution
The different BPM types provide different resolutions, as can 
be seen in Fig. 1. The button BPMs (red) are more numerous, 
as they are more cost-efficient than the re-entrant (green) and 
cavity (blue) BPMs. The cavity BPMs are more expensive due 
to their more extensive design, but give a better resolution. 
They are installed at positions where a better resolution is 
required. 

The higher (i.e. worse) resolution values at the end of the 
beamline in Fig. 1 are caused by sweeper magnets, which 
change the beam position so that different parts of the beam 
dump are hit, thus distributing the deposited beam energy 
over a larger area. This worsens the resolution in the present 
analysis scheme. 

Except for these BPMs at the dump, all resolution values at 
the bunch charge of 250 pC shown in the figure meet the 
European XFEL requirement. All in all, the resolution was 
demonstrated to fulfil the specified requirement in a charge 
range from a few pC up to 1 nC. 



Figure 1

Diagram of the bunch charge measurement, beam position measurement and position resolution of each BPM from the injector (INJ) over the accelerator section L1, the bunch 

compressor B1, the accelerator section L2, the bunch compressor B2, the accelerator section L3, the collimator section (Coll), the distribution section (Distrib) and the SASE  

sections 1 and 3 on to the beam dump. Red: button BPMs, green: re-entrant BPMs, blue: cavity BPMs. The values in mm in the lower panel indicate the inner diameter of the 

beam pipe. The upper panel shows the measured bunch charge (in nC), the middle panel the measured beam position (in mm), and the lower panel the position resolution (in µm) 

of each BPM along the European XFEL. 
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Additional features
The MBUs offer additional features beside the measurement 
of the beam position and charge values. One important  
feature is the self-trigger mode, which starts the data  
processing when the signal exceeds a threshold. This  
provides the capability to measure the bunch position and 
charge during beamline commissioning without any external 
trigger, which was very helpful on the first day of operation. In 
this mode, the resolution is reduced but acceptable because, 
during commissioning, the goal is the transmission of the 
beam and not the precise measurement of each bunch. 

Another feature is the measurement of a single generated 
bunch without a bunch train or repetition rate. Here, measur-
ing the beam properties by applying the automatic gain  
control is difficult because the ADC would go into saturation. 
The single-bunch measurement feature switches the auto-
matic gain control off, so that the last settings with beam of 
the attenuators are fixed and a single bunch with similar 
properties will generate a signal that does not exceed the 
ADC limit. This mode ensures that the restart of the accelerator 
after a short break can be controlled with a single bunch, 
reduces the radiation load and therefore protects the  
components in the tunnel.  

For fast feedback, the MBUs are equipped with special fast 
data processing and fast connections to be able to react 
depending on the beam properties within one bunch train. 
This is used in the intra-beam feedback system, where the 
bunch position is successfully corrected by fast kicker  
magnets to minimise the beam jitter within the train. This fast 
link is also used for the low-level radio frequency system for 
beam loading compensation. 

Each MBU can be connected to the machine protection sys-
tem so that, if the beam exceeds certain thresholds, opera-
tion can be stopped automatically for safety. This connection 
is already in operation at the hard X-ray self-seeding (HXRSS) 
experiment at the European XFEL, where the inserted crystal 
needs to be protected when the beam is close to it. Each 
MBU includes an online dosimeter system, which can meas-
ure the radiation dose during operation. 

In addition to a good resolution, the BPM system thus offers 
many more features to support the successful operation of 
the European XFEL. 
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Figure 1

Average self-seeding spectra at 13 keV for two different optimisation cases. Blue: nominal 

SASE operation. Black: setup optimised for spectral purity. Red: setup maximising the 

spectral flux.

Figure 2

Hard X-ray self-seeding setup installed at the European XFEL
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Hard X-ray self-seeding 
Hard X-ray self-seeding is an active-filtering technique  
allowing for nearly Fourier-limited X-ray FEL pulses [1]. It  
offers increased longitudinal coherence, higher spectral flux 
and a spectral brightness that is much higher compared to 
self-amplified spontaneous emission (SASE), the usual 
standard operation mode (Fig. 1). Furthermore, it allows 
operation at higher repetition rate when monochromatisation  
in the experimental hutches is required. In fact, in this case, 
monochromator operation is limited by the heat load, which is 
reduced in self-seeded mode. By providing a rapid train of 
extremely short, yet very bright X-ray pulses, this technique 
opens the door for various new scientific advancements.

The working principle of self-seeding is to generate and 
amplify an initially weak seed photon pulse, thereby enhancing 
longitudinal coherence and narrowing the spectra. The seed 

In 2020, the free-electron laser (FEL) R&D group at DESY achieved a variety of scientific advancements. Most prominent 
was the maturing of the hard X-ray self-seeding technique from demonstration to being ready for pulse delivery for  
user experiments, establishing new intensity records on the way. A second, equally significant achievement was the first 
delivery of two-colour X-ray pulses with a scannable delay for user operation at the European XFEL X-ray laser, including 
the important zero-delay crossing. Furthermore, proof-of-principle experiments on frequency mixing and harmonic lasing 
paved the way for a future extension of the European XFEL X-ray wavelength range in both directions.

photon pulse is created from a standard SASE pulse in a  
first undulator part by spectral filtering with a single-crystal 
diamond and subsequent temporal windowing. This last 
operation is achieved through the interaction of the X-ray  
pulse and the electrons in the subsequent undulator line.

Two cascading setups (Fig. 2 shows one of these) are installed 
within one of the European XFEL undulator lines, allowing for 
an increased signal-to-noise ratio, which could lead to 
potentially cleaner spectra and mitigation of heat load effects 
in case of high average photon flux on the filtering crystals.

First self-seeding was observed in September 2019. Today, 
the technique allows the generation of seeded X-ray beams 
with an average pulse intensity of more than 800 μJ within  
0.7 eV FWHM at a photon energy of 9 keV (1.3 mJ including 
wide-bandwidth background). Furthermore, high-repetition-
rate capabilities have been demonstrated by running at  
4000 pulses per second with minimal effects on the pulse 
intensity and the spectral properties compared to lower pulse 
rates. Therefore, self-seeding is now ready for X-ray delivery  
to users in the upcoming run, and there are many users 
interested in this operation mode.
 
Further exploring the potential of self-seeding, a proof-of-
principle experiment showed that second-harmonic radiation 
with improved longitudinal coherence could also be generated, 
reaching a photon energy of 18 keV. In addition, multiple self-
seeded colours within the FEL bandwidth could be created 

FEL science highlights at the  
European XFEL
Record self-seeding power and two-colour X-ray pulse  
delivery for user operation



Figure 3

Zero-delay crossing of two 

X-ray pulses demonstrated 

through different delays of 

the electron chicane. The 

red line corresponds to 

the photons produced in 

the first undulator part, the 

purple line to the photons 

produced in the second 

undulator part. The relative 

optical delay was meas-

ured using photoelectron 

energy sidebands.
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simultaneously in the non-linear regime, indicating the 
generation of attosecond pulse trains [2]. These results 
demonstrate the power of the technique and suggest that we 
are still very much at the beginning of this journey through all 
that self-seeding has to offer.

 
Two colours
Splitting the undulator into two parts allows the generation of 
two distinct X-ray pulses with different colours. This two-colour 
operation mode is particularly useful for pump–probe experi
ments. Adding a scannable delay between the two pulses 
enables molecular movies to be created with both pump and 
probe pulses being high-intensity X-rays.

The two X-ray pulses are generated from the same electron 
bunch, which emits the first colour in the first undulator part 
(U1) and the second colour in the second undulator part (U2). 
To control the delay between the pulses, a chicane between 
the two undulator parts is used to adjust the arrival time of the 
electrons at U2 relative to the arrival time of the photons that 
were emitted in U1.

One of the major challenges is the zero-delay crossing, since 
the chicane can only delay electrons but not photons. This 
issue was overcome by selectively suppressing the lasing 
process in parts of the electron beam, so that the electrons 
from the rear of the bunch emit the first colour and the 
electrons from the front of the bunch the second colour. In this 
way, the pulse from the second undulator part will be in front 
of the pulse generated in the first undulator part, unless the 
electrons are delayed by the chicane (Fig. 3). In other words, 
initially there is a “negative” delay [3].
 

Harmonic lasing and frequency mixing
To extend the photon wavelength range of the European XFEL, 
techniques of harmonic lasing and frequency mixing have been 
investigated. The facility features a single linear accelerator 
serving multiple undulator lines. Therefore, parallel operation 
requires compromises in the choice of the electron energy, 
which translate into constraints on the wavelength that can be 
simultaneously offered to the users. These advanced 
techniques can be used to relax these constraints. Further-
more, while the tuneable-gap undulators allow for a wide 
tuning range of the photon energy at a given electron energy, 
even their reach is limited.

One approach to increase the photon energy is to use two 
colours that are harmonics of one another. The first undulator 
part, tuned to the fundamental wavelength, will create a 
bunching at both fundamental and higher-harmonic 
frequencies. The second part, tuned at one of these higher 
harmonics, will then only amplify the already existing higher 
X-ray photon energy while ignoring the fundamental. This 
allows an extension of the wavelength reach with only a few 
additional undulator segments suited to such high photon 
energies. For this purpose, four superconducting undulators 

are planned to be installed in one of the European XFEL 
undulator lines.

Proof-of-principle experiments at shorter wavelengths showed 
that the European XFEL has the required beam quality to 
achieve third-harmonic lasing at 1.5 keV. Relevant photon 
energies above 25 keV will require further R&D to quantitatively 
measure and cleanly transport the photon beam to the 
experimental hutches.

One way to decrease the photon energy, or increase the 
wavelength, is frequency mixing. The idea behind this 
technique is to alternate the undulator setting between two 
resonance frequencies. Non-linearities create a signal at the 
difference (and sum) in photon energies between the colours. 
An undulator used as an afterburner will then be able to further 
amplify this signal. Like harmonic lasing, this allows the photon 
wavelength range to be extended with only minimal hardware 
investment.

Several proof-of-principle experiments were conducted 
between 500 eV and 1100 eV, as first demonstrations of this 
technique in a SASE X-ray FEL
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Figure 1

In the SASE process, an electron beam with randomly distributed electrons enters 

an undulator and follows a sinusoidal path. After a while, the electrons form periodic 

microstructures in the longitudinal space and can emit partially coherent radiation.

Figure 3

In seeding, the electrons interact with a seed laser in the modulator, allowing the  

chicane downstream to form microbunches. The bunched electron beam can then 

emit fully coherent radiation in the amplifier at the repetition rate of the seed laser.

Figure 2

Comparison of the FEL radiation spectrum generated by SASE and  

seeding. The seeded FEL radiation consists of an intense single spike.  

In contrast, the SASE spectrum features several individual spikes that are  

more than two orders of magnitude less intense compared to seeding.
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From SASE to seeding 
FELs such as FLASH and the European XFEL provide tuneable 
X-ray radiation with wavelengths down to fractions of a nano-
metre for user experiments. The radiation is generated by 
self-amplified spontaneous emission (SASE), which is  
initiated by the random stochastic fluctuations of the electron 
distribution in the beam. The electrons follow a sinusoidal 
path in an undulator and individually emit radiation that is 
summed incoherently. After some distance, they self-organise 
in the longitudinal space (Fig. 1), so that the individual micro-
bunches start to emit radiation coherently. The result is that 
the final FEL radiation has a high degree of transverse, but 
not longitudinal coherence. This is reflected in the resulting 
broad spectrum with various spikes (Fig. 2). One of the most 
promising methods to significantly improve the longitudinal 
coherence is the use of the seeding technique.

With seeding, the electron bunch is pre-shaped before entering 
the undulator in order to emit coherent radiation immediately. To 
do so, an intense laser pulse is overlapped with the electrons, 
and they travel together in a short undulator called a modulator 
(Fig. 3). As a result of the mutual interaction, the electron beam 
energy becomes periodically modulated. A chicane down-
stream of the modulator converts the energy modulation into a 
density modulation of the electron bunch. Finally, the bunch 
enters the undulator, which in this scheme is called an ampli-
fier, and emits coherent radiation directly, as the microbunches 
formed in this process emit radiation in a correlated manner. 
The high degree of coherence exhibited by lasers can thus be 

Oscillator-amplifier seeded FEL
New option for a multi-MHz repetition rate externally seeded FEL

Free-electron lasers (FELs) can deliver fully coherent radiation with enhanced control thanks to external seeding 
techniques. One main aspect of these techniques is that they are heavily based on the characteristics of the external 
seed laser, which initiates the process and determines the characteristics of the final FEL radiation. While this means that 
coherence, stability and pulse characteristics are under control, the repetition rate and the wavelength cannot be tuned 
arbitrarily. To overcome this limitation, the combination of a seed laser with an optical cavity that facilitates recirculating 
the light pulses is being investigated at DESY. This relaxes the demands on the seed laser systems and enables 
considerably higher repetition rates in the multi-MHz range.

transferred to the final FEL radiation, resulting in a single-
spiked narrow spectrum that has more than 100 times the 
intensity of a single SASE spike (Fig. 2). 
 
 
Repetition rate of the FEL radiation
While longitudinal coherence is an important figure of merit of 
the FEL radiation for many user experiments, the number of 
photon pulses generated per second can be crucial too. Each 



laser pulses circulate in the oscillator with a high repetition rate that is not possible with the standard seeding shown in Fig. 3.  

This makes an externally seeded FEL with multi-MHz repetition rate possible.   

Figure 4

In a seeded oscillator amplifier, 

laser pulses are recirculating  

in a laser cavity. The advantage  

is that, using a low-repetition- 

rate laser compatible with  

existing technology as a source, 

Figure 5

Spectra of 100 consecutive light pulses generated in a seeded oscillator 

amplifier. All successive electron bunches are seeded and generate 

spectra that consist of a single bright spike.
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electron bunch generates one photon pulse; therefore, it is 
important to ensure that:
•	Each photon pulse is fully coherent.
•	As many photon pulses per second as possible are  
	 generated.
The first aspect is fulfilled with seeding, while the second 
refers to the repetition rate. Currently, accelerators can 
deliver thousands of electron bunches per second at MHz 
repetition rates. For instance, FLASH currently provides up to 
5000 SASE photon pulses per second to user experiments 
(up to 1 MHz bursts with a length of up to 0.8 ms at 10 Hz, 
serving two beamlines simultaneously). 

For seeded operation, the maximum repetition rate is deter-
mined by the repetition rate delivered by the current seed 
laser technology. As an example, the currently installed laser 
of the Xseed setup at FLASH operates at 10 Hz and, there-
fore, only 10 electron bunches per second can be used for 
seeded operation. With the upcoming upgrade of FLASH 
within the FLASH2020+ project, it is planned to exploit a seed 
laser of 100 kHz in the first stage, with a final goal of 1 MHz. 
This repetition rate of the seed laser sets the ultimate upper 
limit for external seeding, and it drives the state of the art of 
seed laser sources.
 

Seeded oscillator amplifier: an option for high- 
repetition-rate seeding
In order to overcome the limitations induced by the seed 
laser repetition rate, the seeding technique can be combined 
with an optical cavity to recirculate the seeding light pulse 
(Fig. 4). In our case, an external seed laser pulse is first 
injected into the cavity where it is overlapped with an electron 
bunch. Now two processes occur: i) The electron bunch gets 
energy-modulated by the laser pulse, and ii) the laser pulse 
gets amplified thanks to the interaction with the wiggling 
electron bunch. While the modulated electron bunch can then 
be extracted from the cavity, the amplified laser pulse is recir-
culated to the entrance of the modulator. The following  
electron bunches are then overlapped with the recirculated 
light pulse and, when steady-state conditions are satisfied, 
they maintain the light pulse intensity constant over the 
bunch train while they get seeded. Downstream of the in- 
cavity modulator, the process for the electrons is the same as 
in the standard seeding shown in Fig. 3. Their energy modu-
lation is converted into a density modulation in the chicane, 
and coherent emission is possible in the amplifier.

Simulation of high-repetition-rate seeded FEL pulses 
Numerical simulations were implemented to verify the feasibility 
of this proposed high-gain harmonic generation (HGHG) seeding 
scheme. In this scheme, the seeded FEL radiation can be varied 
between 4.167 nm and 60 nm. The seeding process was  
evaluated for 100 consecutive electron bunches seeded by the 
light stored in the optical cavity. The final spectrum is bright 
with a narrow single spike as a result of the improved longitu-
dinal coherence compared to SASE (Fig. 2). Figure 5 shows 
the evolution of the spectral intensity for all the 100 simulated 
passes. The spectrum is reasonably stable in wavelength and 
intensity, since all successive electron bunches are seeded. 

The simulation results suggest that the seeded oscillator 
amplifier can generate fully coherent and high-repetition-rate 
seeded FEL radiation with a seed laser that is compatible 
with already existing technology. In this scheme, the repeti-
tion rate can be increased to match the electron bunch repe-
tition rate without limitations, by simply adjusting the cavity 
length to achieve synchronism between the recirculated radi-
ation pulse and the arriving electron bunches. This would 
allow FELs to offer seeded radiation even beyond the 1 MHz 
repetition rate of FLASH2020+. User experiments would 
greatly benefit from the high flux of fully coherent radiation in 
a wide range of experiments. 
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Figure 1

Tuning of the gaps of the undulator segments in the two-colour lasing scheme 

with alternating undulator tunes
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Principle of two-colour lasing with alternating  
undulator gap tunes 
The FLASH2 undulator beamline consists of twelve 2.5 m 
long tuneable-gap undulator segments. The lasing wave-
length (colour) of a SASE FEL is defined by the undulator 
parameter K, which depends on the electron beam energy 
and can be controlled at FLASH2 by the undulator gap width. 
This tuneability allows the application of different lasing 
schemes and increases the parameter space. Some photon 
experiments require two different soft X-ray wavelengths. In 
the lasing scheme tested at FLASH2, in order to generate two 
colours, some undulator segments are tuned to one wave-
length and the rest to the other one. 

Compared to the frequency doubler scheme [1], which was 
also demonstrated at FLASH2, this scheme has the advan-
tage that the two wavelengths can be chosen more indepen-
dently from one another, which is important for many photon 
experiments. The two-colour lasing can be set up in different 
configurations, but a scheme based on alternating tunes, 
where all odd undulator segments are tuned to the wave- 

The FLASH2 undulator beamline at DESY’s FLASH soft X-ray free-electron laser (FEL) facility comprises variable-gap 
undulators, which allow the application of advanced lasing concepts. Two-colour lasing is a popular operation mode of 
self-amplified spontaneous emission (SASE) X-ray FEL user facilities. At FLASH2, in 2020, a two-colour operation mode 
was tested and successfully used for a pilot experiment. The scheme, which is based on alternating tunes of the 
undulator segments, has several advantages compared to a more standard one based on the successive generation of 
two colours in two consecutive sections of the undulator line. First, the source positions of the two FEL beams are close 
to each other, making it easier to handle them. Second, the amplification is more efficient in this configuration since 
the segments with respectively “wrong” wavelength still act as bunchers. In addition, new methods for online intensity 
measurements of the two colours were developed at FLASH, and the simultaneous measurement of the spectral and 
temporal properties of two pulses with different wavelengths became possible.

length λ1 and all even segments to λ2, was found to be  
beneficial. Figure 1 shows a schematic of this undulator  
configuration [2]. 
 
With respect to the amplification of the electromagnetic wave 
with the wavelength λ1, the FEL process is disrupted as soon 
as the electron beam leaves an λ1 segment and enters a 
“wrong” segment tuned to the wavelength λ2. However, 
energy modulations in the electron bunch, accumulated due 
to its interaction with the electromagnetic field in the λ1 seg-
ment, continue to get converted into density modulations, 
which are the basis of the lasing process. Due to its longitudi-
nal dispersion, the additional bunching in the λ2 segment 
quickly radiates a stronger field than the one coming from the 
previous λ1 segment, which is diffracted in addition, and the 
FEL process continues with higher amplitudes. 

For FLASH2, this means that alternating the undulator tunes 
generates a higher pulse energy for both colours than tuning 
all segments at the beginning of the undulator to λ1 and the 
last ones to λ2. A further advantage of this scheme is that the 
source positions of the two colours are close to each other, 
which is important for the experiments using the two colours. 

Operation of the two-colour scheme
The operation of the two-colour scheme requires a special 
control of the undulators, phase shifters and quadrupoles. 
The undulator control was modified for two-colour operation 
so as to assign to each undulator segment the wavelength λ1 

Two-colour operation of FLASH2
Preparing two-colour lasing for user operation



Figure 2

Spectral measurement of two-colour lasing using a grid spectrometer: spectral 

distribution (top) derived from the camera image of the spectrometer (bottom)
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or λ2. Thus, it was possible to adapt the corresponding  
undulator optics and correct the focusing effect of the  
undulator using the corresponding quadrupole magnets.  
An important feature of two-colour operation for many  
experiments is that both colours can be aligned indepen-
dently on the same optical path. This alignment was  
successfully tested, and a setup procedure was established. 

At an electron beam energy of 750 MeV, two-colour opera-
tion was performed for various wavelength combinations 
between 15 nm and 34 nm. Figure 2 shows a spectral meas-
urement for one of the combinations (24.3 nm and 25.8 nm) 
using a grid spectrometer.

In addition, the photon diagnostics needed to be adapted to 
this special operation mode. The photon pulse energy is 
measured using different gases in X-ray gas monitor detectors 
(XGMDs) with known cross sections for λ1 and λ2. For an 
exact measurement using this system, it is important to  
identify the transmission value from the XGMD located in the 
accelerator tunnel to the one in the experimental hall inde-
pendently for both colours. The determination of the trans-
mission is a touchy process since the bunching effect needs 
to be preserved while detuning one wavelength. 

The implementation of the two-colour mode in the FLASH 
XGMD software was successfully commissioned and tested, 
as was the ability to scan wavelengths. The online photoioni-
sation spectrometer’s (OPIS) two-colour tool performed 
extremely well, but it is very specific and has to be adapted 
after parameter changes. A separate adjustment of the  
photon beam intensity was implemented, and an online 
measurement tool of the SASE pulse energy of both colours 
was developed, in which XGMDs and OPIS are linked. 

Pilot user experiment
In September 2020, a pilot photon experiment, which  
analysed the L2-edge of a silicone membrane using the  
two colours generated with the scheme based on alternating 
tunes, was successful performed. The photon energies of 
about 126 eV (corresponding to a wavelength of about  
10 nm) and 96 eV (about 13 nm) were produced using  
electron bunches with a beam energy of about 1100 MeV. 
The 10 nm pulses were used to excite the sample, while  
the 13 nm pulses served as probes. 

The saturation length for 10 nm is longer than for 13 nm. To 
achieve a reasonably equal photon pulse energy for both 

wavelengths, seven undulator segments were tuned to 10 nm 
and five segments to 13 nm. Although the photon wavelength 
of the pump pulse was optimised for 13 nm, it could be 
scanned from 9.9 nm to 13.75 nm. Both colours were 
focused onto the experimental interaction region. A pulse 
duration shorter than 50 fs for both colours was required for 
successful performance. The pulse duration was determined 
to be (40 ± 10) fs for both colours using the THz streaking 
technique. To achieve such short pulses, electron bunch 
charges below 100 pC were used. 
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Figure 1

Layout of the new laser heater 

section for the suppression of 

microbunching effects
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Low-energy injector part with laser heater 
The present injector lasers will be replaced by a new, versatile 
and up-to-date laser system that will be better maintainable. 
The radio frequency photocathode electron source (RF gun), 
the initial superconducting 1.3 GHz accelerator module, the 
third-harmonic compression lineariser and the adjacent  
normal-conducting feedback cavity will stay in their present 
configuration. The new laser heater section (Fig. 1) will start 
directly downstream of the feedback cavity.

An efficient high-gain FEL process requires electron bunches 
of both high transverse and high longitudinal charge density. 
Such bunches cannot be maintained at low energy starting 
from the cathode. Instead, the bunches are created with 
moderate longitudinal charge density at the gun and com-
pressed later in successive stages during acceleration. The 
compression mechanism employed at FLASH facilitates  
longitudinal dispersion, which is generated in magnetic bunch 
compression chicanes. 

The FLASH2020+ project to upgrade DESY’s FLASH free-electron laser (FEL) facility consists of several stages, of which 
the injector upgrade will be realised first. The aim of this stage is to enhance the capability of the injector to reproducibly 
provide electron bunches of highest brilliance at an increased energy of about 550 MeV. In addition, the injector must be 
capable of simultaneously enabling high-gain harmonic generation (HGHG) and echo-enabled harmonic generation (EEHG) 
seeding at the FLASH1 beamline as well as self-amplified spontaneous emission (SASE) at the FLASH2 beamline. The 
three key ingredients to achieve this goal are installing a laser heater, replacing the two oldest accelerator modules by 
state-of-the-art European XFEL-type modules and rebuilding the second bunch compression section. 

However, in each compression stage, this mechanism  
supports an unwanted effect. Coherent collective forces 
potentially generate energy modulations inside the bunch, 
driven by small initial density modulations. These energy 
modulations in turn drive density modulations via the disper-
sion of the chicane. The initial modulation at certain wave-
lengths can thus be amplified, a process that is referred to  
as microbunching. Unfortunately, microbunching typically 
occurs at early stages in the accelerator and at unwanted 
wavelengths, thus potentially degrading the FEL perfor-
mance. The degradation is particularly harmful for the deli-
cate beams needed for seeded FEL operation. 

A laser heater, located upstream of the first compression  
chicane, generates a controllable energy modulation at a 
wavelength that is short enough to be strongly overfolded in 
the downstream chicane. It thereby produces a controlled 
amount of uncorrelated energy spread. This energy spread 
can be optimised so as to blur the energy modulation caused 

FLASH2020+ injector upgrade
First upgrades to the FLASH accelerator for brighter electron beams



Figure 2

CAD drawing of the new second bunch compression chicane with movable chicane legs and quadrupole / beam position monitor / skew quadrupole units for correcting  

longitudinal–transverse correlations in the centre of each leg
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by the coherent interaction that drives the microbunching. 
The laser heater thus supplies a means of mitigating the  
otherwise unavoidable microbunching gain.

The layout of the laser heater section (Fig. 1) follows the origi-
nal proposal, first published almost 20 years ago, and differs in 
some aspects from the common layout implemented at many 
other FEL facilities. For instance, a dedicated laser system will 
be used to generate laser pulses at a comparatively short 
wavelength of 532 nm, which allows efficient suppression of 
the microbunching gain. The laser will be coupled into the 
accelerator beamline and deflected by 90° onto the nominal 
electron beam axis using an in-vacuum mirror. A short four-
dipole chicane (denoted D1–D4 in Fig. 1) will be used to guide 
the electron beam around the in-vacuum mirror. Two screen 
stations equipped with Chromox scintillation screens will  
enable the simultaneous measurement of the laser and elec-
tron beam to achieve a spatial overlap of both beams in a short 
tuneable-gap undulator with 11 magnet periods and a period 
length of 43 mm. Once the undulator gap is tuned to the 
matching resonance condition, the laser will imprint an energy 
modulation on the electron bunch, which will develop the 
desired energy spread for suppression of the microbunching 
gain in the subsequent compression chicane. The amount of 
induced energy spread can be controlled by the laser power.  

The control of the electron beam optics is crucial for best FEL 
performance. The installation of the laser heater requires a 
shortening of the beam diagnostic section downstream of the 
first chicane. In order to maintain the capability to match the 
space-charge-dominated beam from the RF gun into the 
optics of the downstream beamline, the magnetic lattice  
supports two different optics: one for transporting the beam 
through the linear accelerator in normal FEL operation and a 
measurement optics for matching. In matching mode, a five-
screen beam optics reconstruction with 150° phase coverage 
is possible, as are (multi-)quadrupole scans.

The two oldest accelerator modules (Number 2 and 3) will be 
replaced by refurbished, modern modules initially designed 
as prototypes for the European XFEL. Together with an  
optimised waveguide distribution system, the new modules 
will provide an energy upgrade from 1.25 GeV to 1.35 GeV.

Medium-energy injector part with modified second 
compression chicane
The current beamline with the second bunch compression  
chicane does not allow a rematching of the optics before  
feeding the electron bunches into the main linear accelerator 
and the subsequent FEL beamlines. In order to enable 
rematching, the new design reserves space to build up the 
betatron phase advance required for measuring the beam 
parameters using a multiquadrupole scan. To achieve this, the 
new second chicane (Fig. 2) was designed to be 3.5 m shorter 
than the old one. It will be equipped with quadrupoles and 
skew quadrupoles in the legs on each side of the chicane. 
These magnets can be used to compensate linear correlations 
between the longitudinal and transverse degrees of freedom 
by employing the transverse dispersion inside the chicane and 
the energy chirp of the bunch. Quadrupoles, on the other hand, 
have a circular bore and do not work well with the usually flat 
vacuum chambers in chicanes. In order not to compromise the 
flexibility of the compression parameters, round, movable vac-
uum chambers and movable dipoles on rails will be installed.

Most of the electron diagnostics installed at FLASH have 
already been upgraded in recent years. For the injector 
upgrade, the screen stations will be replaced with a modern 
type, compatible with the ones installed at the European 
XFEL and at the FLASH2 beamline. The stations are based on 
optical transition radiation screens and achieve a resolution 
of 10 µm for most electron beams.
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Scheme of FLASH with 

the different L-IBFB 

locations, the supercon-

ducting modules (ACC), 

the normal-conducting 

BACCA cavity, the 
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distribution of the optical 

synchronisation system 
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Introduction
Femtosecond synchronisation between external lasers and 
FEL pulses is required e.g. for pump–probe experiments. To 
stabilise the arrival of the FEL photon pulses, an L-IBFB  
system adjusts the electron bunch energies in front of a  
magnetic bunch compression chicane, which introduces an 
energy-dependent path length. The relative arrival times of 
the electron bunches, with a bunch-to-bunch spacing of up 
to 1 MHz, are measured by BAMs against a femtosecond-
stable optical reference system that is also used to precisely 
synchronise the external lasers. 

A low-level radio frequency (LLRF) controller regulates the  
1.3 GHz RF field of the SRF cavities in amplitude and phase. 
The LLRF controller provides different control strategies, e.g. 
a second-order multiple-input multiple-output (MIMO) feed-
back controller to react within a bunch train and a learning 
feedforward controller to minimise the repetitive control error 
from one bunch train to another bunch train. A combination 
of beam-based measurements, e.g. the arrival time, and field 
information is included in the LLRF control strategy and used 
by the L-IBFB to stabilise the arrival time. Since SRF cavities 
typically have only a few 100 Hz bandwidth, a short normal-
conducting bunch arrival corrector cavity (BACCA) was 

Arrival time stabilisation at FLASH
Using a normal-conducting bunch arrival corrector cavity (BACCA) 

For seeding and pump–probe experiments at free-electron lasers (FELs), femtosecond-precise arrival time stability of the 
electron bunches is mandatory. At DESY’s FLASH FEL facility, a longitudinal intra bunch train feedback (L-IBFB) regulates the 
arrival time, measured by a bunch arrival time monitor (BAM), with femtosecond resolution. To compensate fast arrival time 
fluctuations within a bunch train, the electron energy is modulated by the accelerator’s superconducting radio frequency (SRF) 
cavities ahead of a bunch compression chicane. In 2020, a novel broadband normal-conducting RF cavity was installed in front 
of the first bunch compression chicane, which is used as a fast energy corrector cavity. First measurements show arrival time 
stabilities of the electron bunches down to 5 fs (RMS) at the exit of the linear accelerator if the normal-conducting cavity acts 
together with the SRF cavities in the L-IBFB system. 

installed to allow for small but fast energy corrections in order 
to push the arrival time stability down to 5 fs (RMS). 

Longitudinal intra bunch train feedback at FLASH
The schematic in Fig. 1 shows the FLASH facility with the 
SRF accelerator modules, diagnostic units and the laser-
based reference synchronisation system. BACCA is located 
in front of the first bunch compression chicane (BC1). The 
beam-based feedback strategy at FLASH includes three 
feedback loops (denoted "FB" in the green boxes in Fig. 1). 
The arrival time measurement of the BAM after BC1 (BAM.1) 
is used to stabilise the arrival times. The RF field of the SRF 
module ACC1 is modulated for slow corrections (< 40 kHz), 
the RF field of BACCA for fast corrections (40 kHz to 250 kHz). 
In addition, a second beam-based feedback loop regulates 
the RF field of the SRF modules ACC2 and ACC3 to stabilise 
the arrival times after the second bunch compression chicane 
(BC2) using a third BAM (BAM.2) as sensor. 

The arrival time measurement of the very first BAM (BAM.0) 
shows the incoming arrival time jitter from the injector, but is 
not influenced by the L-IBFB. Accelerator modules after the 
second bunch compression chicane increase the beam 
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Figure 3

Mean free arrival time after the second bunch compression chicane (measured by 

BAM.2) and standard deviation of the arrival time of 600 bunch trains

Figure 4

Standard deviations of the arrival time of 600 bunch trains (BAM.0, BAM.1 and BAM.2)
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energy, but have no influence on the arrival times for the 
FLASH1 beamline. The readout electronics of the LLRF control 
system and the BAMs are based on the MicroTCA.4 electronics 
standard. Real-time data processing of the L-IBFB is carried 
out on field-programmable gate arrays (FPGAs) of both the 
diagnostic unit and the controller unit. The measured arrival 
time is transmitted via an optical low-latency link to provide the 
data from the diagnostic unit to the controller with low latency.

BACCA is a four-cell normal-conducting cavity. Fig. 2 shows 
a picture of the cavity, which is installed after the third- 
harmonic accelerator module (ACC39). To keep the length of 
the cavity short, due to the limited beamline space, the cavity 
operates at 2.9972 GHz. The main design requirements are a 
maximum feedback loop latency of 700 ns, an energy correc-
tion of about ±50 keV and a cavity half bandwidth of 500 kHz. 
The cavity is driven by a 1 kW solid-state RF amplifier. To 
drive the input, a MIMO controller with proportional integral 
(PI) properties is used.

The BAMs provide the arrival time bunch by bunch with low 
latency. The main elements of a BAM are an RF pickup, an 
electro-optical modulator and a data acquisition unit. Four pick-
ups are used to capture the electromagnetic field induced by 
an electron bunch. Timing-stabilised laser pulses are provided 
by the optical synchronisation reference system for the electro-
optical unit. The RF signal from the pickup modulates the refer-
ence laser pulses so that the strength of the modulation is pro-
portional to the arrival time variations of the electron bunches. 
The reference laser pulses also drive the clocks for the data 
acquisition system. The optimisations and developments of the 
past years for the BAMs and for the laser-based synchronisa-
tion system have led to a resolution in the sub-10 fs range.

Measurement results
The measurement data were taken with 400 bunches per 
bunch train, a bunch repetition rate of 1 MHz and a charge of 
0.4 nC. The repetition rate of the bunch trains was 10 Hz. All 
measurement results are related to the FLASH1 beamline. 
The L-IBFB was activated for the SRF module ACC1 together 
with BACCA and the SRF module ACC23. 

Figure 3 shows the mean free arrival time measured by 
BAM.2 after the second chicane. The grey lines are the meas-
ured arrival times of 600 subsequent bunch trains. The arrival 
times of two highlighted bunch trains, #100 and #550, are 
shown as examples. The green dashed lines represent the 
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standard deviation of the 600 bunch trains for every bunch. 
Due to time delays and limited closed-loop controller band-
width, the first bunches cannot be controlled, so the arrival 
time jitter at the beginning of the bunch train is comparable 
only to the RF accelerator field control. These values can be 
used as reference and give an impression of how the L-IBFB 
significantly reduces the peak-to-peak value of the arrival 
time from bunch to bunch (grey lines) and thus minimises the 
arrival time jitter (green dashed lines). 

Figure 4 shows the changes in the arrival time jitter along the 
accelerator. BAM.0 (black solid line) indicates an incoming 
arrival time jitter of around 30 fs (RMS). After the first bunch 
compression chicane, the arrival time jitter is pushed down to 
around 8 fs (RMS) by the L-IBFB at ACC1 together with 
BACCA (BAM.1, blue solid line). BAM.2 (green dashed line) 
shows the results if the three feedback loops operate 
together. The arrival time stability increases significantly from 
22 fs (RMS) down to 5 fs (RMS) at the beginning of the bunch 
train, with a slight increase along the bunch train. This results 
in a mean arrival time stability of the entire bunch train of 
around 6 fs (RMS), which corresponds to an increase in  
stability by a factor of 3.5 compared to the first bunches.  



Figure 1

Image of electron 

bunches streaked at 

12 different angles 

using the PolariX TDS 

at FLASHForward
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The PolariX TDS 
The PolariX TDS (Polarizable X-band Transverse Deflection 
Structure) project is a collaboration between CERN, PSI and 
DESY [1]. Within the scope of this project, a novel design for a 
TDS was developed and a prototype was built, which was 
installed in the FLASHForward beamline in 2019 [2].

TDSs are used in accelerators to impose a transverse streak 
on the electron bunch. This streak is correlated to the longitu-
dinal position of the individual electrons within the bunches, 
such that a direct measurement of their longitudinal coordi-
nate is possible. While standard TDS cavities are confined to  
a streak in a predefined direction through the introduction of a 
controlled defect into the cavity design, the PolariX TDS offers 
the possibility to streak the bunch in arbitrary transverse 
directions by removing this defect and controlling the polari-
sation with a phase shifter. 

This is a desirable feature, as one cannot assume axial  
symmetry after bunch compression in FLASH due to coherent 

In 2019, a prototype of a PolariX transverse deflecting structure (TDS) was installed in the beamline of the FLASHForward 
plasma wakefield acceleration experiment at DESY’s FLASH facility. Using this device, a direct measurement of both  
the longitudinal phase space density and the longitudinal current profile of an electron bunch in any transverse plane is 
possible. In addition, it also enables advanced measurements such as the 3D charge density of the bunch. Since the 
installation of this novel cavity, a lot of effort has been put into commissioning the structure in various measurement 
campaigns. The FLASHForward TDS is now routinely used in the setup of plasma wakefield experiments. Additionally, two 
new structures for the FLASH2 beamline were constructed and arrived at DESY in late 2020. They were installed down-
stream of the FLASH2 undulators in early 2021 to enable online measurements of the photon pulse duration at FLASH2.

synchrotron radiation (CSR) influencing predominantly the 
horizontal plane. Such an assumption would quickly run into 
trouble given the interaction of the bunch with the kT/m 
focusing fields produced in plasma at FLASHForward, which 
would rapidly amplify any asymmetries in the beam. To study 
all these influences, it is therefore of the utmost importance to 
be able to measure more than just the longitudinal coordinate 
with respect to a single transverse plane.

Since the successful radio frequency (RF) conditioning of the 
PolariX TDS at FLASHForward, many measurement campaigns 
have been conducted to test all the features of the system 
and enable operation during regular FLASHForward shifts [3]. 
In 2020, the cavity was routinely used to reliably set up the 
beam for plasma wakefield experiments [4].

Two additional structures were produced for installation at 
FLASH2 and arrived at DESY in December 2020, ready to be 
installed in the winter shutdown 2020/21. 

Variable streaking direction
The key feature of the PolariX TDS is, as previously men-
tioned, the possibility to streak the bunch in arbitrary trans-
verse directions. This enables the observation of x–z as well 
as y–z space. With this functionality, it is possible to measure 
the slice emittance in both planes using just a single cavity. 
Additionally, a tomographic reconstruction of the 3D charge 
density is possible.

Figure 1 shows the screen images of consecutive electron 
bunches streaked in 12 different directions, with the tail of the 
bunch in each case artificially located close to the origin of 
the coordinate system. In principle, it is possible to produce 
nearly continuous streaking, only limited by the RF stability 
and the step motor moving the RF components.

PolariX TDS at FLASH
Commissioning with beam at FLASHForward  
and new structures for FLASH2



Figure 2

Longitudinal phase space density of an electron bunch. The bunch is scraped in the 

central part to be used for plasma wakefield experiments.

Figure 3

3D tomographic reconstruction of the charge distribution of an electron bunch, using 

the images in Fig. 1 
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Longitudinal phase space density
To image the longitudinal phase space density (LPSD), the 
streak produced by the PolariX TDS is combined with a dipole 
that deflects the bunch perpendicular to the streaking direc-
tion. Figure 2 shows an example LPSD. In this case, the  
electron bunch was bisected into a bunch pair using a scraper 
system located in a dispersive section of the FLASHForward 
beamline. By previously introducing an energy chirp to the 
beam, the transverse coordinate in the dispersive section 
relates to the longitudinal one. A wedge is then moved in to 
block the electrons in the central part of the bunch, resulting 
in the shown LPSD. Such a bunch pair can then be used for 
plasma wakefield experiments, with the first bunch acting as a 
wakefield driver and the second as a witness to the driven 
plasma wakefields. This shows how crucial such a device is to 
the reliable setup of plasma wakefield experiments requiring 
micrometre-level precision. With a direct measurement of the 
LPSD, it becomes possible to precisely shape the bunch pair, 
paving the way for exciting, new science.
 

3D tomography
The novel feature of variable polarisation opens up new 
opportunities for measurements. By streaking bunches at  
different angles (Fig. 1) and combining them with tomographic 
reconstruction, it is possible to reconstruct the 3D charge  
distribution of the beam [5].

During the commissioning of the FLASHForward TDS in 2020, 
a lot of effort was dedicated to data taking at different working 
points for 3D tomography. Figure 3 shows the result of a 
tomographic reconstruction. As can be seen, in the vertical 
plane the bunch is rather straight. In the horizontal plane, 
however, the aforementioned influence of CSR is clearly  
visible: The bunch has acquired a banana-like shape and the 
head of the bunch has increased in size. These observations 
helped to deepen our understanding of the underlying beam 
dynamics in the FLASH accelerator.

 
PolariX structures for FLASH2
The next stage of the project was to equip FLASH2 with two 
PolariX cavities to directly measure the bunch length and  
indirectly measure the photon pulse duration [6]. The resolu-
tion of the measurement using a TDS is mainly influenced by 
two parameters: the beam optics and the total deflecting  
voltage. At FLASH2, it is necessary to measure the longitu
dinal coordinate with a resolution better than 5 fs. Due to the 
constraints of a pre-existing beamline, there are limited  

In preparation for this installation, the FLASH2 beamline 
downstream of the undulator section underwent a significant 
design change in summer 2020. This redesign included the 
integration of new magnets, a beam kicker and a new screen 
station, as well as the clearing of space for the new structures. 
Both structures arrived at DESY in late 2020 (Fig. 4) and were 
installed in the FLASH2 beamline in the winter shutdown 
2020/21. Commissioning has started with first promising 
results. The goal is to have both structures operational for 
experiments in summer 2021.
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possibilities to change the beam optics in the undulator area. 
Therefore, to maximise the deflecting voltage, it was decided 
to use two PolariX TDSs to reach this goal. Additionally, a  
barrel-open cavity (BOC)-type pulse compressor was inte-
grated into the RF system to further boost the resolution. This 
BOC will enable the compression of the RF pulses, increasing 
the input power (resolution) by a factor of 4 (2).



Figure 1

Wakefield sampling method. (a) The energy collimation of a linearly chirped bunch 

enables effective bunch tail cutting. (b) The beam–plasma interaction imprints an energy 

spectrum onto the phase space of the incident bunch that is characteristic for the wake-

field shape. (c) By causality, the wakefield experienced by the bunch remains unaltered 

by removing the bunch tail. The removed charges experienced the original wakefield. [1] 
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Plasma wakes and their shapes 
Beam-driven plasma wakefield acceleration is a promising  
avenue of exploration for future particle accelerators, holding 
the potential to reduce their size by orders of magnitude and by 
that also the associated costs. The fundamental capability to 
accelerate particles with high efficiency as well as high average 
power while maintaining exquisite beam quality makes this tech
nology particularly interesting for future high-energy accelerator 
facilities. Following the demonstration of the basic concept, the 
research focus is rightly shifting towards beam quality control. 

The resulting energy spectrum and the efficiency of the  
acceleration process strongly depend on the shape of the 

Plasma wakefield acceleration schemes have received much interest over the last decades due to their inherently large accelerating 
gradients on the GV/m level. Important milestones within the research field are the optimisation of the transfer of energy during 
acceleration as well as the preservation of high beam quality, which both depend on the exact nature of these GV/m electric fields.  
A wakefield measurement technique is therefore needed that is suitable to support the process of acceleration optimisation through 
precise field tailoring. At the FLASHForward plasma wakefield acceleration experiment at DESY’s FLASH facility, such a method has 
been developed, which is particularly powerful due to its operational simplicity and femtosecond resolution. The unique insights this 
technique reveals herald a new era of beam-driven plasma wakefield acceleration: precision operation.

wakefield. As a result, and similarly to conventional accelera-
tor structures, the control and optimisation of the acceleration 
are fundamentally linked to the ability to fine-tune the wake-
field structure. A prerequisite for this is the ability to measure 
the wake. The challenge is that, unlike with conventional 
accelerators, the small size of the plasma cavity requires  
diagnostic tools with femtosecond resolution.

How to sample the wake
During the interaction with the plasma, a characteristic energy 
distribution is imparted on the original longitudinal phase 
space of the incident electron bunch (Fig. 1). In principle, the 
plasma-accelerated bunch contains complete information 
about the wakefield with which it has interacted: The head of 
the bunch transfers its energy to the wake; the rear extracts 
the energy from the wake. Measuring the energy spectrum of 
an electron beam is a simple task; the challenge to overcome 
is to extract the timing information. For this purpose, the newly 
developed technology [1] uses the ultrarelativistic property of 
the electron beam: Removing the tail of the bunch does not 
alter the wakefield in front of the cut. The wakefield measure-
ment principle then becomes: Remove the bunch tail gradually 
and observe the corresponding change in the energy spectrum 
of the outgoing bunch. 

The achievable time resolution now depends on the ability to 
precisely remove the bunch tail. This can be realised by using 
a linearly chirped bunch, in which the longitudinal positions of 
the particles within the bunch are linearly correlated to their 

Measuring the wake
FLASHForward enters state of precision operation



Figure 2

Experimental results. (a) The wakefield of the nominal beam and plasma is sampled with a 6 μm granularity. Error bars represent the shot-to-shot standard deviation. The solid 

line shows the corresponding particle-in-cell (PIC)-simulated wakefield. (b) The measurement is repeated with the same beam current profile and an 80% higher plasma density, 

producing a shorter-wavelength wakefield. (c) At the nominal density (same as in (a)), the beam current is notch-collimated into a double-bunch profile, producing a wakefield  

that is identical at the head, but strongly altered at the tail of the bunch. [1]
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energy. In a transversely dispersive section, i.e. a magnetic 
chicane, the energy and thus also the effective longitudinal 
position within the bunch are translated to an offset in the 
transverse plane of the beamline. 

At FLASHForward, an advanced collimator device has been 
developed and installed in such a dispersive section for 
sophisticated beam current manipulation [2], which also 
allows for effective bunch cutting from the tail (Fig. 1a). The 
temporal measurement of the wakefield is now reduced to a 
high-resolution calibration of the collimator position to an 
effective longitudinal intra-bunch position, which must be  
carried out only once and prior to the wakefield optimisation 
campaign. The advantage of this technology is evident: The 
generally challenging femtosecond-resolution measurement is 
completely decoupled from the relatively simple measurement 
of the energy spectrum. Furthermore, the time measurement 
is outsourced to a calibration procedure of the collimator that 
can be performed with the non-interacting electron bunch.

FLASHForward gets precise
To measure the plasma wakefield in its entirety, a bunch was 
used that fills all phases of the plasma cavity. Plasma wake-
fields with GV/m-level amplitudes were measured whilst 
achieving a resolution of 15 fs (Fig. 2a). Thanks to the robust-
ness of the developed measurement technique, the change in 
the wakefield shape – which depends on the plasma and 
beam parameters – could be investigated for the first time. 

The increase in plasma density leads to the expected 
decrease in size of the plasma cavity (Fig. 2b). The reduction 
in charge load after the peak decelerating phase drastically 
changes the wakefield shape and, in particular, reduces the 
size of the plasma cavity too. This is the first direct observa-
tion of the underlying effect of beam loading in plasma wake-
fields. Simulations performed for this broad constellation of 
beam and plasma parameters demonstrate strong agreement 

with the data, which is only possible through precise modelling 
of the experimental environment. 

Simulations become reality
Confirming precision measurements with simulations requires 
careful modelling of the experimental environment. Conse-
quently, an unparalleled effort was made to determine both 
the beam properties and the plasma properties at the time 
and location of the interaction. The plasma density profile 
along the acceleration path was accurately examined in a test 
stand [3]; the full 6D phase space of the electron bunch at the 
entrance of the plasma channel was inferred using a combina-
tion of different diagnostic tools, one of which was recently 
developed and prototyped at FLASHForward [4]. This new 
understanding of the experimental setup resulted in a huge 
advance in agreement between experiment and simulation, 
with the method becoming the blueprint for the precision 
modelling of the beam–plasma interaction at FLASHForward 
in the future.

This newly developed wakefield measurement technique is 
now routinely used at FLASHForward for a simple and quick 
feedback on the qualitative status of the acceleration process, 
it accompanies the common optimisation of the acceleration 
process and is ultimately used for the quantitative precision 
measurement of the plasma wakefield. The path towards the 
ultimate stage of a high-gradient, highly efficient and quality-
preserving beam-driven plasma wakefield accelerator is paved!
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Figure 1

Schematic layout of the PLASMED X experiment. A laser plasma accelerator (LPA) is 

driven by a laser pulse, generating an electron beam in a gas jet plasma source. The 

electron beam is refocused using an active plasma lens, and a second laser pulse is 

scattered off the electrons at the focus of the lens. A dipole magnet deflects the  

electron beam, leaving a low-divergence X-ray beam.
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The PLASMED X project 
X-ray imaging is a standard diagnostic tool nowadays, with 
billions of examinations performed every year. However, as 
every single scan involves exposing the patient to ionising 
radiation, there is a constant drive to reduce the dose  
delivered to the patient while extracting as much diagnostic 
information as possible. The promising technique of XFI, 
which allows for a reduced dose deposited in the patient 
while boasting high spatial and temporal resolution, has 
recently been studied in more detail with the participation of 
DESY scientists [1]. 

XFI involves imaging the distribution of functionalised nano-
particles inside the patient by exciting the nanoparticle mate-
rial with X-ray radiation around its K-edge (81 keV for gold,  
50 keV for gadolinium) and then measuring the fluorescence 
signal. The X-ray absorption coefficient is lower at such high 
X-ray energies, which can result in a smaller dose deposition. 
By scanning the pump beam across the patient, a 3D image 
of the distribution of the nanoparticles can be constructed. A 
narrow-bandwidth X-ray beam is required to ensure the 
unique detection of the fluorescence signal. A hard X-ray 
source with tens of keV energy, low divergence and narrow 
bandwidth is thus needed for XFI [1]. While all these 

PLASMED X is a demonstration setup at DESY of a compact, all-optical source of bright and hard X-ray beams suitable 
for X-ray fluorescence imaging (XFI). A laser plasma accelerator is used as an electron beam source, with a fraction  
of the 25 TW drive laser energy used to Thomson scatter off the generated electron beam to produce X-rays. The use of 
active plasma lenses allows for limiting the bandwidth of the generated X-ray beam. The setup has been commis-
sioned, and many milestones, such as the demonstration of long-term robust operation of the laser plasma accelerator, 
the demonstration of narrowing of the width of the energy spectrum of the X-ray beams and the measurement of the 
fluorescence signal, have been completed, setting the stage for the demonstration of XFI with the PLASMED X source.

requirements are fulfilled by third- and fourth-generation light 
sources, a compact and affordable X-ray source would be 
needed to allow a widespread adoption of this imaging 
modality. 

Laser plasma accelerators can accelerate electron beams  
to 100 MeV-scale energies in mere millimetres, as the accel
erating field supported by the plasma is on the order of  
100 GV/m. Thomson scattering allows the generation of 
X-rays with energies of tens of keV by scattering optical  
photons off electrons of such energies. In Thomson scatter-
ing, incident laser photons of energy E0 are upshifted to an 
energy given by where γ is the relativistic factor 
of the electrons. These two mechanisms provide the founda-
tion for constructing an all-optical X-ray source. 

The PLASMED X project will demonstrate a compact, fully 
laser-driven hard X-ray source with narrow bandwidth using 
an all-optical setup where a fraction of the drive laser  
generates the electron beam and the remaining laser energy 
is used for scattering. Recent theoretical work led by DESY 
[2] has shown that the bandwidth of the scattered X-rays can 
be controlled by using an active plasma lens [3] to tailor the 
effective energy spread and divergence of the electron beam. 
This reduces the stringent requirements on the electron beam 
spectrum and allows the use of simpler, more robust injection 
methods, while the ultrahigh focusing strengths of active 
plasma lenses make it possible to maintain the compact foot-
print of the source. 

PLASMED X
Compact plasma-based X-ray source  
for novel imaging applications



Figure 2

Experimentally measured X-ray spectrum with and without active plasma lens. Using an active plasma 

lens results in the FWHM bandwidth being reduced by nearly a factor of 5. The inset shows a waterfall 

plot of electron spectra, demonstrating reliable injection and stable generation of electron beams over 

a duration of 8 h.

Figure 3

Measured fluorescence signal from a vial filled with a solution of gado-

linium nanoparticles, irradiated with X-rays from the PLASMED X source
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A schematic layout of the PLASMED X experiment is shown 
in Fig. 1, highlighting the key elements of the source, which 
were carefully commissioned in 2020.  

Narrow-bandwidth X-ray beams
The first milestone in developing the X-ray source was obvi-
ously the demonstration of stable electron beams. The inset 
in Fig. 2 shows a waterfall plot of more than 70 000 laser 
shots, taken in sequence at a repetition rate of 2.5 Hz.  
Corresponding to a run time of more than 8 h, the electron 
beam delivered by the source is seen to be stable, with a 
charge of 14.5 ± 3.8 pC injected using the robust ionisation 
injection technique. 

After commissioning of the electron source, the Thomson 
scattering beam was installed and overlapped with the  
electron beam right after its exit from the plasma, without 
using a plasma lens. The size of the electron beam at the 
scattering plane was about 10 µm, with the scattering laser 
focus being of similar size. In addition to the obvious difficul-
ties of overlapping an electron beam and a laser pulse in 
space to micrometre-level precision, the femtosecond pulse 
duration of both beams requires similar accuracy overlap also 
in the temporal domain. This onerous task was completed by 
developing novel diagnostics. The measured X-ray spectrum 
generated by scattering the laser off electrons right after their 
exit from the plasma is plotted as the red line in Fig. 2. The  
full-width-at-half-maximum (FWHM) width of the spectrum is 
denoted by the red shaded area, corresponding to a relative 
bandwidth of about 80%.

To control the energy bandwidth of the X-ray beam, an active 
plasma lens was then integrated into the setup, as schemati-
cally shown in Fig. 1. The focused electron beam was again 
overlapped with the scattering laser pulse in both space and 

time, with more diagnostics commissioned to make this  
possible. The X-ray spectrum measured with the active 
plasma lens is shown in Fig. 2 as the blue line. A clear  
narrowing of the energy spectrum is observed, with the  
relative FWHM bandwidth highlighted by the blue shaded 
area now being 17%, a nearly fivefold reduction. The suc-
cessful commissioning of the active plasma lens was the  
last step in demonstrating the use of the setup as a hard  
and narrow-band X-ray source.

Upcoming first imaging experiments
The demonstrated X-ray beams were then used to perform  
a proof-of-principle measurement of the fluorescence signal 
from gadolinium nanoparticles. The X-ray spectrum meas-
ured with a detector placed perpendicular to the beam  
propagation direction is shown in Fig. 3. A clear signature of  
gadolinium fluorescence can be seen, highlighted by the red 
ellipse, demonstrating that the PLASMED X source is indeed 
suitable for exciting fluorescence in nanoparticles commonly 
used for medical purposes.
 
The next milestone is to use the PLASMED X source to image 
an industry standard imaging target, a mouse phantom that 
can be filled with different nanoparticle solutions. The setup 
will undergo some further optimisation to increase the photon 
yield, after which the unique PLASMED X source will be used 
to take an XFI image of the mouse phantom.
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Figure 1

Panoramic view (“fisheye” representation) of the ARES linear accelerator installed in the former DORIS tunnel (installation status at the end of 2020). The gun area is to the right, 

the experimental area in the middle, and the beam dump to the left.
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Beam operation at ARES
Starting in 2015, DESY’s old DORIS accelerator and its  
outdated infrastructure were removed, and the newly designed 
SINBAD facility for dedicated accelerator R&D has been 
implemented in the refurbished space. One part of SINBAD  
is occupied by the ARES linear accelerator (linac), which will 
produce and accelerate electron bunches up to 155 MeV 
while compressing them to few-femtosecond bunch length. 
This is the first of multiple experiments in the SINBAD area. 

At the end of 2019, a team of young DESY scientists detected 
the first electrons from the ARES photoinjector. These electron 
bunches with a momentum of 3.5 MeV/c were characterised 

The SINBAD-ARES linear accelerator
New tool for accelerator R&D reaches design energy

The ARES (Accelerator Research Experiment at SINBAD) linear accelerator is a major part of the new, long-term dedicated 
accelerator research facility SINBAD (Short Innovative Bunches and Accelerators at DESY), hosted in the premises of the 
former DORIS accelerator at the centre of the DESY campus in Hamburg. ARES aims to produce and accelerate ultrashort 
electron bunches with an energy of up to 155 MeV and an arrival time jitter below 10 fs (RMS). While the design is optimised 
for low-charge (pC-level), ultrashort (sub-/single-fs) bunches, bunch charges with several tens of picocoulombs can also be 
accelerated. The few-femtosecond-long electron bunches are an R&D topic in itself, but ARES will also offer the possibility to 
test accelerator components and advanced acceleration schemes and develop novel diagnostic devices in ultrafast science.

in the diagnostic section of the electron source (gun) before 
being sent to the next stage – a linac consisting of two S-band 
travelling-wave accelerating structures, able to accelerate the 
bunches up to their design energy. This goal was reached and 
exceeded on 29 October 2020, with an energy of 155 MeV, a 
repetition rate of 10 Hz and a bunch charge of 1.5 pC at the 
spectrometer magnet located at the end of the linac. The 
experimental area and a new electron gun were also installed 
in 2020 (Fig. 1).

In the following weeks, the beam was further characterised, 
and the bunch charge was increased to 20 pC. In 2020, all the 
accelerator components were put into operation, tested and 



Figure 2

ACHIP setup in the experimental chamber

Figure 3

CAD model of the ARES linear accelerator with bunch compressor and two X-band TDSs
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optimised. The relative momentum stability was measured to 
be 2.8 x 10-4 over 62 h of beam operation at 156 MeV/c, which 
is already excellent compared to other S-band linacs. 

In the coming years, the ARES accelerator will be used to  
produce and optimise high-brightness ultrashort electron 
beams. The longitudinal beam parameters will be measured 
with single-femtosecond resolution by two novel polarisable 
X-band transverse deflecting structures, which will be installed 
in early 2021. These PolariX TDS devices were conceived, 
developed and procured in collaboration with CERN and PSI 
in Switzerland. Their novel polarisation feature will allow the 
streaking of the bunch characteristics with femtosecond  
resolution in 3D, instead of 1D with a conventional TDS.

Thanks to their tuneable characteristics, their stability and 
their reproducibility, the high-brightness ultrashort electron 

bunches from ARES will be ideally suited to test accelerator 
components as well as novel accelerating schemes, e.g. using 
laser-driven dielectric structures, or to develop new diagnostic 
devices for ultrafast science. 

First user experiment at ARES
The first experiment at ARES, involving dielectric laser accel-
eration (DLA), will be performed in the context of the Accelera-
tor on a CHip International Program (ACHIP). Its main goal is 
to demonstrate for the first time an energy spectrum shift of 
about 1 MeV for relativistic electron bunches externally 
injected into a DLA structure (Fig. 2). 

Despite 12 weeks of COVID-19-related downtime, five  
dedicated shifts for ACHIP-related experiments were granted 
for the first time at the end of 2020. During these five shifts, 
essential equipment was commissioned (final focus quadru-
pole triplet, screen at the interaction point, 6D positioning  
system, motorised parts in the drive laser beamline, etc.). The 
team also tried to show first electron transmission through the 
2.3 µm aperture of one of the installed DLA structures. Although 
no clear electron transmission was recorded, experimental 
procedures could be tested and optimised on both the electron 
and laser side, making these shifts nonetheless a success. A 
second week dedicated to ACHIP was scheduled for the 
beginning of 2021.

In 2021, the ARES linac will be further upgraded with a  
magnetic bunch compressor and the two PolariX X-band 
TDSs to produce and characterise the ultrashort pulses, 
respectively (Fig. 3). Also, a set of seven beam position  
monitors will be installed to improve the beam handling. An 
additional gun solenoid will be set up to allow the production 
and guidance of high-charge bunches above 100 pC.

Contact: Florian Burkart, florian.burkart@desy.de



Figure 1

Schematic of the LUX laser plasma accelerator. The drive laser (red) is focused into a plasma cell target, where it ionises hydrogen gas to form a plasma. A trailing plasma wave 

traps and then accelerates electrons from the plasma to an energy of several hundred MeV over a distance of only a few millimetres. After the target, the laser is extracted from the 

beam axis for diagnosis. The electron beam is captured and transported using quadrupole magnets and corrector dipoles. Retractable scintillating screens and cavity-type beam 

position monitors are used to diagnose the beam. For clarity, only a few of the many laser diagnostics are shown.

62 | News and events62 | Highlights · New technology · Developments

The LUX beamline is being developed and operated within a 
close collaboration of DESY and the accelerator physics 
group at Universität Hamburg. Its mission is to advance the 
state of the art of the field and push the limits of laser-
plasma-accelerated electron beams towards the reliable 
and reproducible generation of high-quality beams.

In LUX, electron beams are generated by the interaction of 
ultrashort (few 10 fs) pulses of the 200 TW ANGUS laser 
system with a small volume of hydrogen gas (Fig. 1). The 
laser drives a plasma wave, which traps electrons from the 
plasma background (Fig. 2) and, in typical operation, accel-
erates them to an energy of 300 MeV within only a few  
millimetres. After generation, the beams are captured by a 
transport optic and carefully diagnosed.  

LUX
A laser plasma accelerator

The Laser-Plasma Driven Undulator X-Ray Source (LUX) is a laser plasma accelerator that combines the state  
of the art in novel plasma acceleration with DESY’s modern accelerator technology and diagnostics. As such,  
LUX is a test bed aiming to turn the promising concepts of plasma acceleration into a technology ready to drive 
real-world applications. In 2020, the LUX team reported the first 24-hour operation of a laser plasma accelerator. 
Based on an extensive data set, the main contributors to energy variability in the plasma electron beam could  
be identified and linked to variations in the drive laser. These insights open the path to implementing active 
feedback in order to stabilise the accelerator performance at a level suitable for applications.

The whole facility, including the drive laser and the  
plasma accelerator, is integrated in the DESY accelerator 
control system to record data and the facility status in  
real time.

In 2020, the LUX team was able to publish a study reporting 
the first continuous 24-hour operation of a laser plasma 
accelerator [1]. The experimental campaign resulted in a 
large data set that provided detailed insights into the 
sources of electron energy variability, which could mainly  
be attributed to fluctuations in the drive laser parameters  
(Fig. 3). Correlating laser and electron measurements, a 
parameterisation could be derived that predicted the  
plasma electron beam properties from the measured drive 
laser parameters. This predictive modelling is a first step 



Figure 2

Artistic representation of the plasma 

wave in the LUX accelerator 

Figure 3

a) 100 000 consecutive electron spectra recorded at 1 Hz repetition rate. b) The variations of the electron peak energy (dots) can be attributed to variations in the drive laser  

properties. Correlations of the drive laser and electron parameters enable a parameterisation of the electron beam properties using the measured laser data. They form the basis 

for future active stabilisation of the plasma accelerator performance. 

towards implementing active stabilisation and feedback,  
as is deployed in any modern accelerator worldwide.

In addition, the capability to operate the facility steadily for 
an extended period of time forms the very basis for using 
more complex and advanced plasma target designs, which 
promise dramatically improved electron beam properties. An 
example for such a more advanced target design separates 
the injection, i.e. formation, of the electron beam from the 
subsequent acceleration. Although this concept requires a 
tightly integrated plasma target design, it promises kilo
ampere-level peak currents and beams with sub-percent 
energy spread, which would already be suitable to drive first 
applications. The LUX team has started an experimental 
campaign to test such novel designs at the facility.

In parallel, the LUX beamline was upgraded to demonstrate 
first free-electron laser gain from a plasma-driven undulator. 
For this upgrade, which was almost completed by the end 
of 2020, many more quadrupoles and diagnostics were 
added to the beamline. In the future, the LUX electron beam 
will be first captured and then slightly decompressed, i.e. 
stretched, to reduce the local beam energy spread at the 
cost of a moderate decrease in peak current. Afterwards, 
the beam will be matched to a new cryogenic undulator. The 
emitted soft X-ray undulator radiation will interact with the 
electron beam and thereby amplify the emitted radiation. 
This effect will be very difficult to verify, however. The 

steady and continuous operation of the LUX beamline, 
which the team could demonstrated in 2020, will be a  
crucial foundation for this and other increasingly complex 
experiments to come.
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Reference: 
[1]	A. R. Maier et al., Phys. Rev. X 10, 031039 (2020)



Figure 1

KALDERA will be part of the SINBAD  

accelerator R&D facility within the former 

DORIS accelerator complex. The laser lab,  

a fully air-conditioned 400 m2 ISO6  

cleanroom, will be located next to an  

accelerator tunnel (red area) that will house 

a laser plasma test accelerator. The high-

quality, kHz-level repetition rate KALDERA 

drive laser will enable active feedback and 

stabilisation mechanisms to improve the 

quality of laser plasma electron beams to  

a level suitable to drive first applications.
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Laser plasma acceleration has made great progress in recent 
years. Not least through intensive research at DESY, valuable 
insights have been gained into how exactly the drive laser 
pulse and the plasma interact to generate high-energy electron 
bunches. However, for any form of application, reliable and 
reproducible beam properties are essential. Although plasma 
accelerators have already impressively demonstrated their 
ability to generate high beam energies over extremely short 
distances of only a few millimetres, improvements in stability 
and reproducibility are still needed before the technology is 
ready for use in concrete applications.

Recently, the influence of shot-to-shot fluctuations of the drive 
laser on the generated electrons has been studied in detail at 
DESY. This has made it possible to uncover important mecha-
nisms that are responsible for the reliability of the generated 
plasma electron beams. A fundamental finding of these inves-
tigations is that laser plasma accelerators will have to be  
operated at significantly higher repetition rates in the future.

Laser plasma acceleration has seen rapid progress over the past few years. The next big step for the field  
will be the implementation of active feedback loops and stabilisation to improve the reproducibility of the  
generated plasma electron beams to a level where they can readily drive first applications. With the KALDERA  
project, DESY is building a novel high-repetition-rate laser to drive subsequent plasma accelerator stages at  
unprecedented average power. Delivering up to 1000 pulses per second, KALDERA will enable active  
stabilisation techniques and thus high-quality plasma electron beams.

It is common practice at modern accelerators, such as the 
European XFEL or DESY’s synchrotron PETRA III, to counteract 
fluctuations in the beam parameters by active control. Certain 
quantities, such as the path of the electron beam, are meas-
ured many times per second. In the event of any deviations of 
the electron path from the nominal value, it is then corrected 
immediately. However, this can only compensate for fluctua-
tions that vary more slowly than the frequency with which the 
deviations are measured. It is therefore important to have 
electron beams with the highest possible repetition rate in 
order to correct deviations precisely. At the European XFEL, 
which can deliver up to 27 000 electron bunches per second, 
this requirement is usually met.

In today’s laser plasma accelerators, only one electron bunch 
is usually generated per second due to the design of the drive 
laser. This makes it very difficult to stabilise the laser system 
and thus the generated electron beams: Disturbances and 
fluctuations of beam properties are caused, among other 

KALDERA
High-average-power laser plasma acceleration



Figure 2

Status of the construction of the  

new KALDERA laser laboratory at  

the end of 2020

Figure 3

Development of the 

KALDERA laser has 

already started. The 

picture shows a 

close-up of the new 

seed laser, generating 

the initial high-quality 

pulses that will be 

amplified to full 

energy in a series 

of subsequent laser 

amplifiers. 
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things, by vibrations and oscillations in the laser setup,  
which occur at a few 10 to 100 Hz.

To bring the field of laser plasma acceleration a major step 
closer to application-ready plasma electron beams, DESY has 
therefore launched the KALDERA project on the initiative of 
Wim Leemans. KALDERA comprises the construction of a 
new laser laboratory, the development of a drive laser with a 
kilohertz repetition rate and the construction of a laser plasma 
test accelerator (Fig. 1). The very high repetition rate will make 
it possible for the first time to transfer the concepts of active 
stabilisation, which are being used very successfully at DESY’s 
modern accelerator facilities, to laser plasma acceleration.

KALDERA is being implemented under the leadership of the 
newly established DESY MLS group and with the involvement 
of a large number of technical groups at DESY, as well as 
national and international partners. Construction of the new 
laser laboratory (Fig. 2), a nearly 400 m2 cleanroom in which 
the KALDERA laser will be developed once the lab is com-

pleted, began in 2020. The laboratory is part of the  
SINBAD accelerator R&D facility at DESY and will be built  
in the hall of the former DORIS synchrotron, which has been 
extensively renovated and equipped with renewed infra
structure for this purpose.

The development of the laser is scheduled for five years and 
has already begun (Fig. 3). Once completed, the laser will 
operate at a repetition rate of up to 1000 pulses per second. 
This will make it possible to stabilise the main sources of fluc-
tuations of the electron beam properties. The laser beams will 
then power the LUX2 test accelerator, which will be built in a 
part of the former DORIS accelerator tunnel directly adjacent 
to the laser laboratory. The ultimate goal is to demonstrate 
electron beams of sufficient quality to drive a plasma-based 
free-electron laser in the vacuum ultraviolet wavelength range.

Much of the knowledge that informs the construction and 
development of KALDERA comes from experiments at the 
LUX plasma accelerator, which is currently in operation. 
Two recently published articles [1, 2] have shown a way to 
improve the electron beams through machine learning and 
active stabilisation. Until completion of KALDERA, LUX will 
therefore be operated in parallel to continue research at the 
forefront of the field and to test technologies and concepts  
for use in KALDERA at a very early stage.

References: 
[1]	S. Jalas et al., Phys. Rev. Lett. 126, 104801 (2021)
[2]	M. Kirchen et al., Phys. Rev. Lett. 126, 174801 (2021)
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