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Higher energy for FLASH
The aim of the FLASH2020+ project is to significantly improve the photon beams  
available to the users of the FLASH facility. A key feature of the upgrade is an  
increase of the electron beam energy from 1.25 GeV to 1.35 GeV. This will allow 
FLASH to lase at about 20% shorter wavelengths than before, thus reaching  
deeper into the water window – the wavelength region in which water is trans-
parent to soft X-rays – and paving the way for new scientific breakthroughs. The 
energy upgrade is being realised by replacing two old accelerator modules with 
two improved ones that provide a higher average accelerating gradient of over  
30 MV/m – a much better performance than before.
Picture: Freddy Lachmund, DESY
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PETRA IV – anchor facility 
for the Science City  
Hamburg Bahrenfeld
Artist’s view of the DESY campus in Hamburg with the PETRA IV 
storage ring (dashed line) and the planned experimental Hall 
West (left). The storage ring will be built using a “hybrid six-
bend achromat” lattice with nine lattice cells per arc. This will 
allow the sector structure in the existing experimental halls in 
the east of the storage ring to be maintained in order to reuse 
the existing infrastructure. In addition, it allows for accommo-
dating two more sectors in the new Hall West, making the 
whole facility even more efficient (more info: see p. 36).

Picture: Science Communication Lab, DESY

Contents
º Introduction 4
º News and events 8
º Accelerator operation and construction 22
º Highlights · New technology · Developments  34
º References 90 



4 | Introduction Introduction | 5

The year 2021 
at DESY
Chairman’s foreword

Helmut Dosch
Chairman of the DESY Board of Directors

Figure 1

DESY tour during the Karl Heinz Beckurts Prize ceremony in October 2021 (from left): Oliver Seeck, Wim Leemans, Roland Busch (Siemens), Helmut Dosch, Ingmar Hoerr 

(formerly CureVac), Vasilis Ntziachristos (Helmholtz Zentrum München and TU München), Venetia Ntziachristos, Christian Stegmann, Arik Willner

Figure 2 

The newly opened 

Start-up Labs 

Bahrenfeld building 

close to the PETRA III 

experimental hall 

“Max von Laue”

German Nobel Laureates in physics and chemistry in 2020 
and 2021 and the rapid development of a COVID-19 vaccine 
through the outstanding research and development work in 
the BioNTech company: These are spectacular scientific 
breakthroughs that impressively show the strong German 
role in worldwide fundamental and applied research.

To open up completely new possibilities of knowledge  
generation, DESY has a highly ambitious future plan at its 
two sites to shape the research campus of the 21st century. 
Here, applied research that leverages the potential of  
cutting-edge research infrastructures and rapid transfer  
to industry and society will be promoted and shaped in a 
smart “ecosystem”.

To implement this plan in a highly competitive environment, 
we need to get important construction projects under way 
quickly in the current funding period so as not to fall behind 
internationally. This applies to the various construction 

projects in the areas of research, transfer and knowledge 
communication on the DESY sites in Hamburg and Zeuthen, 
but especially to the PETRA IV project, the world-leading 
lighthouse in research with synchrotron radiation. With the 
newly developed revolutionary storage ring technology, 
the hybrid six-bend achromat (H6BA) lattice, we are push-
ing the performance of German and European light sources 
ahead of those in the USA and China.

The lessons learned from the coronavirus pandemic and 
the acute climate crisis are forcing us to leave our comfort 
zones. For us at DESY, this means that we are questioning 
the daily life we have become used to. How will we work 
and conduct research at DESY in the future? How and how 
much will we travel in the future? How will we organise a 
sustainable research campus in the future? How do we 
coordinate climate-friendly operation for users at our large-
scale research facilities without any compromises in quality? 
Will it then still be possible to be appealing to new user 

groups from academia and industry? If we find the right 
answers and smart solutions, I am convinced that DESY will 
remain a future-oriented research centre, perhaps even more 
diverse and even more climate- and family-friendly, and 
continue to attract the best talents from all over the world. 

In October 2021, we were privileged to host the award  
ceremony for this year’s Karl Heinz Beckurts Prize at DESY. 
The Karl Heinz Beckurts foundation, which confers the 
prize, was established by the Helmholtz Association 
together with Siemens AG. Alongside the prize winner 
Vasilis Ntziachristos (Helmholtz Zentrum München and TU 
München), Ingmar Hoerr (formerly CureVac), Uğur Şahin 
and Özlem Türeci (BioNTech) were also honoured with a 
special prize. The guests included Roland Busch, CEO of 
Siemens, who was very impressed by the tour of the DESY 
site. Personally, I was touched by the first names of the 
award winners: Vasilis, Ingmar, Uğur, Özlem. There is no 
shorter or better way to show where our future lies – 
DESY has lived this diversity since its foundation.

This year, DESY signed the Diversity Charter (“Charta der 
Vielfalt”), thus becoming part of Germany’s largest diver-
sity network. DESY is actively committed to a diverse and 
prejudice-free working environment and to the apprecia-
tion of all employees regardless of their gender and  
gender identity, nationality, ethnic origin, religion or belief,  
disability, age, sexual orientation and identity. Here at 
DESY, we attach great importance to an appreciative  
working atmosphere, the equality of all employees and a 
better work–life balance.

Since September 2021, the Start-up Labs Bahrenfeld, a 
project jointly managed by DESY, Universität Hamburg and 

the City of Hamburg, has been the new place for science 
entrepreneurship on DESY’s research campus. The variety 
of fields covered by our young entrepreneurs is huge, 
ranging from synchronisation systems to individualised 
tests for diagnosing cancer.

DESY and the Hamburg University of Applied Sciences 
(HAW Hamburg) agreed on a new strategic Cooperation for 
Application and Innovation (KAI) with a focus on joint 
research and development programmes, dual education as 
well as innovation and technology transfer. KAI will help 
shape Hamburg’s structural transformation into a science 
and innovation metropolis in northern Germany.

Finally, I would like to mention our public outreach format 
“Wissen vom Fass” (Science on tap), in which scientists from 
Universität Hamburg and DESY explain science topics to 
the public and answer exciting questions from the world of 
research. This year, the event was purely digital, but it was 
just as entertaining and enjoyable for everyone as before.

In these challenging times, I would like to thank our staff 
and all our national and international users and partners 
for their valuable contribution to DESY. Please remain very 
careful in this tricky winter period and beyond. I wish you 
all the best!
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DESY’s pioneering FLASH facility has offered intense laser-
like extreme ultraviolet and soft X-ray beams for the past 
two decades. This is also the facility where much of the 
technology underlying the European XFEL X-ray laser was 
first developed and tested. The upgrade project called 
FLASH2020+ is now in full swing. Since July 2020, the  
project had been led by seeding expert Enrico Allaria. In 
September 2021, Lucas Schaper, who worked shoulder to 
shoulder with Enrico since the start of the project, took 
over the project lead from Enrico, who moved back to Italy 
for personal reasons. The project will significantly improve 
the photon beams available to the users. The upgrade 
includes modernising the accelerator chain by installing 
two refurbished higher-gradient superconducting modules 
(gracing the cover of this highlight brochure) to reach 
higher electron beam energies – and hence photon ener-
gies extending into the oxygen K-edge. The core of the 
upgrade will be the implementation of external seeding at 
the full repetition rate of 1 MHz in burst mode in order to 
make FLASH the first high-repetition-rate FEL with full  
longitudinal coherence. A major goal for external seeding 
at FLASH was recently achieved by a proof-of-principle 
experiment demonstrating the parallel operation of seeded 
and self-amplified spontaneous emission (SASE) FEL opera-
tion. Finally, novel FEL lasing concepts based on variable 
undulator configurations will be exploited at the FLASH2 
beamline to shorten the pulse duration and enable atto-
second experiments. Progress is on track to resume  
operations by August 2022 after the first shutdown for  
the FLASH2020+ upgrade. 

Plasma accelerator research at DESY is focusing on the 
development of mature plasma accelerators to deploy 
them in DESY’s core research areas in the future. Our 
activities span plasma theory and simulation, beam-driven 
plasma accelerators and laser-driven plasma accelerators. 
Beam-driven plasma accelerators may hold the key to the 
future of high-energy physics and photon science with the 
promise to accelerate particle bunches to higher energies 
over shorter distances than conventional accelerators. Key 
to the deployment of these novel accelerators is under-
standing how to maximise the energy transfer efficiency 
and the beam quality. 

Research at the FLASHForward electron-beam-driven 
plasma accelerator focused on the conservation of longi - 

As this highlight brochure 2021 underlines, despite a  
pandemic, we had another very productive and successful 
year for the Accelerator Division across all facets of our 
activities: operations, projects, R&D into new methods and 
concepts, and strengthening our institutional resilience. 
Hence, I would like to start out by stating how very proud 
we can all be of all our achievements. During the current 
COVID-19 pandemic, accelerator-based photon science 
facilities such as DESY’s PETRA III synchrotron radiation 
source as analytic tools have played a key role in vaccine 
development and potential drug discovery, and DESY’s 
dedicated staff have again demonstrated their commit-
ment and passion for the work at DESY during the tough 
pandemic-imposed restrictions and rules in 2021. I am  
personally extremely grateful to our staff, and I want to 
wholeheartedly thank everyone who contributed!

As the COVID-19 pandemic swept across Germany in  
March 2020, the DESY accelerators were put in safe mode, 
and regular user operation at PETRA III and the FLASH 
free-electron laser (FEL) facility was suspended until  
further notice. To help fight the pandemic, virologists and 
biologists contacted us, and in response DESY set up a 
fast-track access mode for SARS-CoV-2-relevant research,  
with PETRA III powered up especially for such studies  
just a week after the temporary shutdown. We are proud 
that, in April 2021, results from the joint efforts of a 
research team led by DESY and of our accelerator and 
beamline staff, who enabled the key research, were  
published in Science, reporting promising candidates for 
COVID-19 drugs. 

The PETRA IV project – DESY’s new flagship project to build 
the world’s brightest hard X-ray ultralow-emittance  
storage ring – completed its second year of the technical 
design report (TDR) phase. The new hybrid six-bend achro-
mat (H6BA) lattice for the storage ring has been well 
received, as it tremendously improves the overall perfor-
mance of the planned facility and also simplifies the 
required logistics. A dedicated team, consisting of both 
plasma acceleration experts and conventional-accelerator 
experts, has been exploring options for a plasma-based 
injector for PETRA IV to complement the conventional 
injection chain. This has led to a publication of a proof- 
of-principle concept that promises a significantly more 
compact and energy-efficient injection system. 

tudinal and transverse beam phase space. Significant  
progress has been made through the development and 
deployment of a suite of novel diagnostic devices required 
to optimise the acceleration process, which should make it 
possible to preserve the beam quality of a further-acceler-
ated beam in the near future. Through careful tuning of the 
plasma and beam conditions, energy efficiency can be maxi-
mised while achieving very high beam quality. We are very 
proud that our colleague Jens Osterhoff received the 2021 
Bjørn H. Wiik Prize in recognition of the many successes the 
team has achieved in advancing plasma wakefield accelera-
tion concepts. 

In the area of laser-driven plasma accelerators, we are also 
quickly reaching the verge of driving real-world science 
appli cations. We have deployed machine learning tech-
niques at the LUX laser plasma accelerator at DESY and 
recently demonstrated autonomous tuning of the beam 
quality using intelligent optimisation algorithms and surro-
gate modelling. Analysing the experimental data with neural 
networks provided important insights into the root causes 
of remaining parameter variations in the system. The results 
guide the development of KALDERA, the next-generation 
high-repetition-rate laser plasma accelerator at DESY. 

On the operational front, we have also focused on increas-
ing the resilience of our research facilities and developing 
ever more robust, sustainable and flexible solutions that 
can ensure continuous operation. The COVID-19 crisis  
created a focus on DESY’s digital ways of working – and 
the concept of DIGITAL DESY was born in response. This 
includes improved remote user operation, also with a focus 
on sustainability through reduction of the need for travel, 
infrastructure monitoring including fault diagnosis and  
prevention, machine learning efforts and intelligent control 
algorithms towards our goal of autonomous accelerators. 

Wim Leemans
Director of the Accelerator Division 

Accelerators at DESY
Introduction

Figure 1

Inspecting the new  

improved accelerator 

modules for the 

FLASH2020+ project  

in the FLASH hall (from 

left: Lucas Schaper,  

Siegfried Schreiber,  

Wim Leemans and  

Edgar Weckert)

A virtual workshop (AIRA: Artificial Intelligence and Robot-
ics for Accelerators) was held on 5–8 July 2021, bringing 
together experts in artificial intelligence (AI), robotics tech-
nology, big-data science and industry leaders with those in 
particle accelerators to determine how the state of the art 
in robotics must be adapted to the special requirements of 
accelerator facilities. AI offers the potential to enable the 
autonomous operation of accelerators and to deliver opti-
mised, finely tuned phonon beams à la carte for the experi-
ments. A workshop report has been completed, and a  
follow-up workshop is planned. 

At the time of writing, we are all shocked that a senseless 
war has been launched in Ukraine that is causing tremen-
dous human suffering to its population. This attack on a 
democratic nation, in the heart of Europe, led by the Russian 
government is a violation of international law and the 
European peace order. It also damages the trustful and 
successful cooperations with Russian institutions that exist 
in the scientific world. Despite DESY’s long tradition of col-
laborating on various of our projects, all cooperations with 
Russian institutes had to be suspended, effective immedi-
ately. This affects our work on PETRA IV, the European XFEL, 
FLASH, ARES and further projects, but all this is dwarfed  
by the pain and suffering that millions of innocent people 
have to endure. The wave of support and compassion 
around the world, including at DESY, is heartwarming to 
see, and hopefully peace will soon return. We stand united 
with Ukraine and pledge to do everything we can to help.
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Learning how to  
control plasma-based  
accelerators
Plasma acceleration at LUX: An intense laser pulse (red) in an 
ionised gas drives a bubble-shaped plasma wave consisting of 
electrons (light pink). An electron bunch (centre) riding this 
wave like a surfer is thus accelerated to high energies over 
extremely short distances.

The energy distribution of the accelerated electron bunches 
was significantly reduced by adding nitrogen to the plasma, 
and much more stable operation was achieved by applying 
artificial intelligence. The rendering is based on real simulation 
data from the LUX experiment (more info: see p. 64).

Picture: DESY, Science Communication Lab, Sören Jalas and 
Manuel Kirchen, LUX

News and events
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News and 
events
A busy year 2021

January

Flattening the wave

The technology of plasma-based acceleration promises to 
deliver a new generation of powerful and compact particle 
accelerators. An international research team made a major 
step forward at DESY’s FLASHForward facility by creating 
precisely tailored particle bunches to ensure optimal 
acceleration. For the first time, the researchers were able 
to preserve a sharp energy spectrum within the accelerated 
particle bunch while simultaneously accelerating particles 
with record high energy efficiency – both prerequisites for 
a future application of plasma accelerators in compact 
next-generation colliders and brilliant photon sources.

Plasma-based accelerators promise to drastically reduce 
the size of particle accelerator facilities, such as linear 
colliders and free-electron lasers. A high-energy laser or 
particle beam shot through a plasma can cause a strong 
electromagnetic wakefield, which can be used to accelerate 
charged particles. At FLASHForward, the wakefield in the 
plasma is formed by an electron bunch fired into the 
plasma at close to the speed of light. The electrons of this 
drive bunch force the freely moving plasma electrons to 
oscillate, resulting in strong electric fields. These fields 
accelerate electrons in the trailing bunch travelling right 
behind. The acceleration produced by the plasma wake can 

be up to a thousand times higher than that of conventional 
systems, promising a new generation of more powerful, 
compact and versatile accelerators that could be used for 
scientific research as well as in industrial or medical 
applications.

However, today’s experiments at accelerators and colliders 
demand high energy efficiency and have strict requirements 
for beam quality, such as the spread of energies within the 
bunch. This is particularly challenging in plasma accelerators 
as their high-frequency wakefields typically vary significantly 
over the length of even short particle bunches, resulting in 
a spread of the electric fields that accelerate the electrons, 
again leading to a spread of energies within the bunch. 

The theoretical solution to this problem was identified 
already in the 1980s, shortly after the discovery of plasma 
wake fields: precise tailoring of the time structure of the 
trailing bunch. If done correctly, the trailing bunch can drive 
its own wakefield to destructively interfere with the 
wakefield from the drive bunch in such a way that all the 
particles in the trailing bunch are accelerated uniformly. 
The FLASH Forward team has achieved this goal for the 
first time.

For their experiments, the researchers made use of high-
quality, ultrastable electron bunches from the accelerator 
of DESY’s FLASH free-electron laser facility, which supplies 
FLASHForward with electrons. Using a magnetic chicane, 
the team divided a FLASH bunch in two – one drive bunch 
that creates the plasma wakefield and one trailing bunch 
that is accelerated. Using a new technique for measuring 
the wave in the plasma very precisely, which they had 
recently developed, the researchers were able to shape 
the trailing bunch so precisely that the gradient of its 
wakefield was flattened over the area where the bunch 
was accelerated. The plasma was thus ideally prepared to 
uniformly and efficiently accelerate the electrons.

As a result, the team succeeded in accelerating the 1 GeV 
electrons of FLASH by 45 MeV while preserving the energy 
spread within the bunch in the permille regime. In addition to 
leading to a “flattened” wakefield, the tailored trailing bunch 
also resulted in a high energy efficiency: In these initial 

April

Promising candidates for COVID-19 drugs identified at PETRA III 

A research team led by DESY identified several candidates 
for drugs against the SARS-CoV-2 coronavirus at DESY’s 
synchrotron radiation source PETRA III. They bind to an 
important protein of the virus and could thus be the basis 
for a drug against COVID-19. 

A 50 mm long plasma accelerator module in operation. The blue light is produced 

during the recombination of argon plasma after a high-voltage discharge. The 

magnification shows a simulated plasma wakefield corresponding to that of the 

FLASHForward experiment. It is generated by a leading electron bunch moving to  

the right; a trailing electron bunch is accelerated quickly and efficiently in it. 

experiments, the efficiency of energy transfer from wake-
field to particles was more than 40%, a factor of almost 2 
better than before, which the team aims to improve even 
further. The result shows that plasma accelerators can be 
designed to preserve energy spread and operate with high 
efficiency – yet another key step on the way to creating 
plasma accelerators for practical applications.

Hamburg supports DESY’s PETRA IV project  

Hamburg will support the technology development for 
DESY’s planned large-scale project PETRA IV with 
2.85 million euros over the next two years. Funding is 
provided for the detailed technical planning phase – the 
technical design report (TDR) – as a pre condition for a 
decision on the inclusion of the project in the German 
National Research Infrastructure Roadmap and for the 
application for funding of the overall project. 

PETRA IV is set to become the world’s best 3D X-ray micro-
scope, providing images of microscopic processes in new 
materials and in future medical agents that will be hundreds 
of times more accurate than previously possible. PETRA IV 
will be the scientific beacon project in the planned Science 
City Hamburg Bahrenfeld. 

Further important financial support with a federal share of 
90% is available to DESY from institutional funding by the 
German Federal Ministry of Education and Research (BMBF), 
supplemented by a federal state share of 10%.

In an X-ray screening, the researchers quickly tested 
almost 6000 known active substances that already exist 
for the treatment of other diseases. After analysing about 
7000 samples, the team was able to identify 37 substances 
that bind to the main protease of the virus, as the scientists 
reported in Science. Seven of these substances inhibit the 
activity of the protein and thus slow down the multiplication 
of the virus. Two of them do this so promisingly that they 
are being further investigated in preclinical studies. The 
drug screening – probably the largest of its kind – also 
revealed a new binding site on the main protease of the 
virus to which drugs can couple.

As the COVID-19 pandemic swept across Germany in March 
2020, the DESY accelerators were put in safe mode, and 
regular user operation at PETRA III and FLASH was suspended 
until further notice. To help fight the pandemic, DESY set 
up a fast-track access mode for SARS-CoV-2-relevant 
research, and PETRA III was powered up especially for such 
studies. Alongside the screening of potential drugs, these 
included investigations of infected lung tissue and measure-
 ments that played a role in the development of the BioNTech 
vaccine.

DESY researcher Alke Meents during drug screenings at PETRA III Beamline P11
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In laser plasma acceleration, an intense laser pulse (red) travelling through an 

ionised gas drives a bubble-shaped plasma wave consisting of electrons  

(light pink). An electron bunch (centre) riding this wave like a surfer is accelerated 

to high energies over extremely short distances. The rendering is based on real  

simulation data from the LUX experiment. 

This is what DESY’s Building 36 will look like in a few years’ time. 

At LUX, the acceleration takes place in a plasma channel 
just a few millimetres long. A laser pulse generates a wave 
within the channel, which can capture and accelerate 
electrons from the plasma. This compact ness is both a 
blessing and a curse: Plasma wakefield acceleration 
promises to give rise to a new generation of extremely 
compact and versatile accelerators. However, since the 
acceleration takes place in a space that is up to 1000 times 
smaller than in conventional, large-scale facilities, it occurs 
under truly extreme conditions. A number of challenges 
thus still has to be overcome before the technology is 
ready for series production.

The LUX team achieved a first key milestone by devising a 
way to significantly narrow the energy distribution of the 
accelerated electron bunches. To do this, they used a new 
type of plasma cell, whose channel is divided into two 
regions. The plasma is generated from a mixture of 
hydrogen and nitrogen in the front part of the cell, which is 
about 10 mm long, while the region behind it is filled with 
pure hydrogen. As a result, the researchers were able to 
obtain the electrons for their particle bunch from the front 
part of the plasma cell, which were then accelerated over 
the entire rear part: As they are more tightly bound, the 
electrons in the nitrogen are released a little later, which 

May

DESY und KEK sign new cooperation agreement  

The directors of DESY and the High Energy Accelerator 
Research Organization KEK in Tsukuba, Japan, signed a 
new framework agreement to put their traditionally close 
cooperation on a new basis. DESY and KEK have many 
overlapping research topics, and the directorates and 
scientific heads of both centres meet regularly to exchange 
information on existing and future projects and develop 
new ideas. 

In addition to cooperating in particle physics, both centres 
also operate photon sources and are very active in the 
development of future accelerators. Alongside scientific 
computing and the development of high-performance 
detectors, research into superconducting and compact 
particle accelerators is to be a major focus of the joint 
efforts.

DESY building is pilot project for Hamburg’s green facades

April

Milestones in laser plasma acceleration 
 
The LUX team at DESY celebrated two milestones in the 
development of laser plasma accelerators. The scientists 
from Universität Hamburg and DESY tested a technique 
that allows the energy distribution of the generated 
electron beams to be kept particularly narrow – one of the 
most essential properties for many potential applications. 
They also used artificial intelligence to program a self-
learning autopilot for the LUX accelerator, which auto-
matically optimises it for maximum performance.

makes them ideal for being accelerated by the plasma 
wave. The electron bunch also absorbs energy from the 
plasma wave, changing the shape of the wave. The team 
was able to take advantage of this effect and adjust the 
shape of the wave so that the electrons reached the same 
energy regardless of their position along the wave.

Based on this recipe for achieving high electron beam 
quality, the scientists then scored a second success: They 
used artificial intelligence (AI) to modify an algorithm that 
controls and optimises the complex plasma accelerator. To 
do so, they provided the algorithm with a functional model 
of the accelerator and a set of adjustable parameters, 
which the algorithm then optimised on its own. Essentially, 
the system modified five main parameters, including the 
concentration and density of the gases and the energy and 
focus of the laser, and used the resulting measurements to 
search for an operating point at which the electron beam 
had the optimum quality. 

In the course of this balancing act in five-dimensional 
space, the algorithm constantly learned and very quickly 
refined the model of the accelerator further and further. As 
a result, the AI took about an hour to find a stable optimum 
operating point for the acceler ator; by comparison, the 
team estimated that human beings would need over a 
week. A further advantage was that all the parameters and 
measured variables continued to train the accelerator’s AI 
model, making the optimisation process faster, more 
systematic and more targeted. 

This latest progress means that the scientists at LUX are 
well on their way to trying out initial applications for test 
purposes. Ultimately, their aim is to use plasma-accelerated 
electron bunches to operate a free-electron laser.

On the campus in Hamburg, DESY and the Hamburg 
environmental authority launched one of the city’s largest 
projects for greening buildings. Around 4600 m2 of the 
facade and flat roof of DESY’s Building 36 – an experi-
mental hall of the Accelerator Division – will be planted 
with around 25 000 grasses, perennials and climbing 
shrubs. The Hamburg environmental authority is funding 
the project with a total of 410 000 euros, with DESY 
contributing a similar amount.

The project is part of the programme “Green DESY” with 
which DESY is contributing to environmentally friendly 
urban development. In the coming years, DESY plans to 
increas ingly use roof and facade areas for greening and 
solar energy at both sites in Hamburg and Zeuthen.

Innovation for light sources in Europe 

On 20 and 21 April, an online kick-off meeting with over 
140 participants marked the launch of LEAPS-INNOV, a 
project under the EU’s Horizon 2020 programme. It will 
implement the technology roadmap of the League of 
Accelerator-Based Light Sources (LEAPS) and enhance 
partnership with industry by offering joint technological 
developments and advanced research capabilities with 
LEAPS members for industry. 

A kick-off meeting in April marked the official start of LEAPS-INNOV.

LEAPS is a European research consortium established in 
2017 to foster synergies across Europe’s accelerator-
based light source facilities. In the context of open innova-
tion, the LEAPS-INNOV pilot project will contribute to 
solving key technological challenges for the next genera-
tion of photon sources, the upcoming diffraction-limited 
storage rings and the still novel X-ray free-electron lasers. 

The project’s work packages encompass advanced 
accelerator technology, improvement of European 
capabilities for production of high-performance X-ray 
mirrors and diffraction gratings as well as efficient sample 
delivery systems with higher spatial and temporal 
resolution. All of these are required to generate and 
maintain nanometre-focused beams for users of 
synchrotron radiation and free-electron lasers.

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

are accelerated, is just a few millimetres long. 
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In a next step, the scientists plan to increase the energy of 
the electrons so they can investigate thicker samples. With 
the prototype setup, the silicon sample had to be sliced to 
a thickness of 35 nm. Adding another acceleration stage 
could give the electrons enough energy to penetrate 
30 times thicker samples with a thickness of up to 1 µm. 
For even thicker samples, X-rays are normally used. While 
X-ray diffraction is a well established and very successful 
technique, electrons usually do not damage the sample as 
quickly as X-rays do, as the energy deposited is much 
lower when using electrons. This could prove useful when 
investigating delicate materials.

August

Table-top electron camera catches ultrafast dynamics of matter 

Scientists at DESY have built a compact electron camera 
that can capture the inner, ultrafast dynamics of matter. 
Their ultrafast electron diffractometer fires short bunches 
of electrons at a sample to take snapshots of its inner 
structure and is the first to use terahertz radiation for 
pulse compression. The development team from the 
Center for Free-Electron Laser Science (CFEL) validated 
the diffractometer by investigating a silicon sample.

Electron diffraction is a way to investigate the inner 
structure of matter: When the electrons hit or traverse a 
solid sample, they are deflected by the electrons in the 
solid’s inner lattice. From this diffraction pattern, the 
structure of the internal lattice can be calculated. To detect 
dynamic changes in this structure, the electron bunches 
must be sufficiently short and intense. Typically, ultrafast 
electron diffraction uses bunch lengths of some 100 fs.

Such short, high-quality electron bunches can be routinely 
produced by state-of-the-art particle accelerators. However, 
these are often large and bulky, partly due to the gigahertz 
radio frequency radiation used to power them. The DESY 
team used terahertz radiation instead with roughly a 100 
times shorter wavelengths, meaning that the accelerator 
components can be a 100 times smaller too.

For their proof-of-principle study, the team fired electron 
bunches at a silicon crystal heated by a short laser pulse. 
The bunches were about 180 fs long and clearly revealed 
how the crystal lattice of the sample expanded within a 
picosecond after the laser hit the crystal. The behaviour of 
silicon under these circumstances is well known, and the 
measurements fitted the expectation perfectly, validating 
the device. The team estimated that, in an opti mised setup, 
the electron bunches could be compressed to significantly 
less than 100 fs, allowing even faster snapshots.

On top of its reduced size, the terahertz electron diffracto-
meter has another advantage. The system is perfectly 
synchronised, as it uses just one laser for all steps: 
generating, manipulating, measuring and compressing the 
electron bunches, producing the terahertz radiation and 
heating the sample. In this kind of ultrafast experiment, 
synchronisation is key. If both the start of the experiment 
and the electron bunch and its manipulation are triggered 
by the same laser, synchronisation is intrinsically given.

June 

Helmholtz Photon Science Roadmap presented

Three research centres of the Helmholtz Association – 
DESY, HZB and HZDR – have jointly developed a national 
strategy for upgrading the accelerator-based light sources 
they operate in Hamburg, Berlin and Dresden. The improve-
ments proposed in the strategy will provide unique research 
opportunities in Germany in areas such as high-tech 
materials, environmental issues, energy sources, infor-
mation technology, medicine and cultural heritage. 

At DESY, the strategy includes the upgrade of the 
synchrotron radiation source PETRA III to the worldwide 
unique 3D X-ray microscope PETRA IV. Another measure is 
the modernisation of the FLASH free-electron laser facility 
to FLASH2020+, which will be world-leading among free-
electron lasers for soft X-rays and terahertz radiation. The 
strategy paper was presented on 28 June at the Helmholtz 
Symposium “Research Infra structures of the Future” as 
part of the Helmholtz Roadmap.

The national strategy for the upgrading of accelerator-based light sources was 

presented in June. 

The terahertz ultrafast electron diffractometer fits on a lab table. It is adjusted 

with the help of an optical laser (green). 

Schematic setup of the terahertz ultrafast electron diffractometer

July

DESY welcomes summer students from 25 nations 

Almost 80 students of physics and related sciences took 
part in DESY’s summer student programme 2021. The 
majority of them participated remotely via online tools due 
to the COVID-19 pandemic, while seven students were 
integrated in the research groups on site in Hamburg. 

The DESY summer student programme has been running 
for several decades and is one of the largest of its kind in 
Europe, offering insights into particle physics, photon 
science, accelerator technology, computing and astro-
particle physics. In 2021, for the first time, most of it took 
place online – a new experience for all involved. The pro-
gramme included a series of online lectures on research at 
DESY, which was available to everyone and was followed 
by several hundred participants from all over the world.

DESY signs Diversity Charter

By signing the Diversity Charter (“Charta der Vielfalt”), 
DESY became part of Germany’s largest diversity network. 
The Diversity Charter is an initiative that aims to promote 
diversity in companies and institutions. Since its inception 
in 2006, it has been signed by over 4500 organisations 
with a total of more than 14.6 million employees. 

DESY stands for open-mindedness and tolerance. It is 
committed to a diverse, prejudice-free working environment 
and appreciates all employees regardless of their gender 
and gender identity, nationality, ethnic origin, religion or 
belief, disability, age, sexual orientation and identity.
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The Start-up Labs Bahrenfeld, a joint innovation centre of DESY, Universität 

Hamburg and the City of Hamburg

Science cooperation with China 

A joint two-year project of DESY and the German Institute 
for Global and Area Studies (GIGA) is to draw up guidelines 
for scientific cooperation with China. The WIKOOP-INFRA 
project, funded by the German Federal Ministry of Education 
and Research (BMBF), focuses on cooperation at large-
scale research facilities, such as particle accelerators and 
X-ray, laser and neutron sources, in China and Europe. 

Current global challenges, such as the COVID-19 pandemic 
and climate change, demonstrate that scientific cooperation 
with China is more important than ever for Germany and 
many EU countries. However, amid concerns about patent 
and copyright infringement, one-sided technology transfer, 
scientific misconduct and lack of access to important 
research infrastructure and data, the framework for such 
collaborations is anything but straight forward. There have 
also been reports of China exerting increasing political 
influence on science and of a growing conflation of military 
and civilian research. Competition between the USA and 
China for technological leadership is also a potential source 
of tensions. 

So far, no systematic guidance has been available to 
scientists and research institutions when assessing 
opportunities for cooperation, nor have there been 
recommendations as to how to deal with sensitive issues. 
The WIKOOP-INFRA project (Ensuring safe, transparent and 
mutually beneficial collaboration with China at analytical 
research infrastructures) will develop evidence-based 
guidelines to provide international protagonists, especially 
from Germany and the EU, with greater orientation and 
certainty on how to act in the face of sensitive issues when 
cooperating with China in research at large-scale facilities. 

Researchers from China and Europe are collaborating on large-scale facilities, 

such as the Shanghai Synchrotron Radiation Facility (SSRF).

Start-up Labs Bahrenfeld opened  

The Start-up Labs Bahrenfeld, a project jointly managed 
by DESY, Universität Hamburg and the City of Hamburg, 
were opened on the DESY campus. The innovation centre 
offers deep-tech start-ups in the fields of physics and 
biophysics laboratories, workshops, offices and meeting 
rooms. Demand is high – almost all the premises at the 
Start-up Labs had been leased by the time they opened. 
The topics covered by the companies range from synchro-
nisation systems to individualised tests for diagnosing 
cancer. 

Brandenburg’s Science Minister visits DESY in Zeuthen  

Brandenburg’s Science Minister Manja Schüle visited DESY 
in Zeuthen to learn about the history and developments of 
the campus as well as ongoing and planned projects. 
During a tour of the photoinjector test facility PITZ, the 
only research particle accelerator in Brandenburg, the 
minister heard about the current state of research in 
accelerator development and plans to realise an R&D 
platform for new forms of cancer therapy, such as electron 
FLASH (eFLASH) and very-high-energy electron (VHEE) 
radiation therapy and radiation biology.

Brandenburg’s Science Minister visits PITZ, the only research particle 

accelerator in Brandenburg.

September

Hamburg’s Science Senator and Innovation Senator visit DESY  

Hamburg’s Senator for Science Katharina Fegebank and 
Senator for Economy and Innovation Michael Westhage-
mann visited DESY to learn more about the centre’s 
innovation activities. The focus was on the cooperation 
between industry and science and on plasma acceleration 
technology, which has a high potential for innovations in 
medicine and materials research.

Hamburg Science Senator Katharina Fegebank and Hamburg Innovation Senator 

Michael Westhagemann with DESY Director Helmut Dosch (far left) and DESY’s 

Chief Technology Officer Arik Willner (far right)

Several groups at DESY are working on making the 
complex technology of laser plasma acceleration more 
flexible to use, for example for investigating materials and 
active substances with atomic resolution. The aim is to 
shrink football-field-long accelerator facilities to about the 
size of a van and make their operation easier and more 
automated. The compact accelerators are to be developed 
specifically for various applications in science and industry 
and, in the long term, will complement large-scale research 
facilities such as DESY’s synchrotron radiation source 
PETRA III. 

Science on (digital) tap

At the “Science on tap” event, scientists from DESY and 
Universität Hamburg talk about their everyday work, 
usually in bars and pubs. In 2021, the popular talks took 
place online because of the pandemic – a superspreading 
event of a different kind. Five videos are available online, 
offering fascinating insights into various research areas, 
from particle physics through communication science to 
virology, and answering all kinds of questions. Whether 
online or offline – such entertaining knowledge transfer 
from scientific experts to the interested public is more 
important than ever.
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October

Karl Heinz Beckurts Prize awarded at DESY  

Vasilis Ntziachristos, head of the Institute of Biological and 
Medical Imaging (IBMI) at Helmholtz Zentrum München and a 
professor at Technische Universität München, was awarded 
the 2021 Karl Heinz Beckurts Prize for his pioneering work 
in biomedical imaging, in particular the development of 
multispectral optoacoustic tomography (MSOT). For the 
first time, the Karl Heinz Beckurts Founda tion also awarded 
Medals of Honour, to Uğur Şahin and Özlem Türeci (BioNTech) 
and Ingmar Hoerr (formerly CureVac) for their outstanding 
achieve ments in mRNA vaccine development. 

The Karl Heinz Beckurts Foundation was established by the 
Helmholtz Association, together with Siemens AG, in 
memory of the German physicist and manager Karl Heinz 
Beckurts. The presentation of the award took place at 
DESY. 

Award ceremony of the Karl Heinz Beckurts Prize (from left): Roland Busch 

(Chairman of the Managing Board of Siemens AG and member of the Beckurts 

Foundation Board), Ingmar Hoerr (formerly CureVac), awardee Vasilis 

Ntziachristos, Christian Stegmann (DESY Director in charge of Astroparticle 

Physics and Chairman of the Beckurts Foundation Board), on screen: Uğur Şahin 

and Özlem Türeci (BioNTech)

Lucas Schaper takes over as head of FLASH2020+  

FLASH2020+ is DESY’s project to upgrade its FLASH free-
electron laser in order to increase the flexibility of the 
facility and enable the production of even brighter radiation 
for users. Since July 2020, the project had been led by 
seeding expert Enrico Allaria, who decided to return to his 
former workplace, the FERMI free-electron laser in Trieste, 
Italy, for personal reasons. In September 2021, he handed 
over the project management to Lucas Schaper, who had 
worked together with him since the start of the project. 

Lucas Schaper (left) takes over the management of the FLASH2020+ project 

from Enrico Allaria (right).

Under Enrico Allaria’s leadership, the team established the 
conceptual approaches and framework to manage and 
keep the timeline of this important, time-critical project. 
The new project leader, Lucas Schaper, had been working 
at FLASH since 2011, heading the development of the new 
externally seeded FLASH1 beamline since April 2020. He 
took over the project management shortly before the start 
of the upgrade of the FLASH accelerator in a dedicated 
nine-month shutdown from November 2021 on. A second 
shutdown is planned for 2024 to install new undulators, 
lasers and the external seeding system to enhance the 
brightness of the photon source.

DESY and HAW Hamburg agree on new cooperative venture KAI

DESY and the Hamburg University of Applied Sciences 
(HAW Hamburg) agreed on a new strategic Cooperation for 
Application and Innovation (KAI). The cooperative venture 
focuses on dual education programmes and teaching, 
research and development as well as innovation, technology 
and knowledge transfer. KAI will strengthen the joint 
training of urgently needed highly qualified engineers and 
scientists and help to shape Hamburg’s structural trans-
formation into a science and innovation metropolis in 
northern Germany, through applied research and the 
development of sustainable and digital technologies. 

The areas of cooperation range from real-time control 
technologies for accelerator facilities, through visual 
simulation and robotics, efficient energy systems, scientific 
computing, intelligent sensor systems, spectroscopy and 
data processing, embedded electronics and electronics 
development, all the way to scientific illustration. 

From left: DESY Director Helmut Dosch, Hamburg’s Science Senator Katharina 

Fegebank and HAW Hamburg President Micha Teuscher at the launch of the 

cooperation KAI

Horst Schmidt-Böcking (right), representative of the Horst Klein 

Foundation of the University of Frankfurt and the Physikalischer Verein 

Frankfurt, congratulates Peter Schmüser (left) on the award. 

September

Horst Klein Research Award for Peter Schmüser 

Together with the Horst Klein Foundation of the Physika-
lischer Verein Frankfurt, the Working Group on Accelerator 
Physics of the German Physical Society (DPG) awarded 
Peter Schmüser the Horst Klein Research Prize 2021 for 
outstanding scientists in accelerator physics. The long-time 
DESY researcher and professor emeritus at Universität 
Hamburg was honoured for his remarkable scientific 
achievements in the application of superconductivity in 
accelerator physics.

Peter Schmüser’s work opened up new technological 
territory for the development of superconducting magnets 
for the proton storage ring of DESY’s former electron–proton 
collider HERA and decisively advanced the develop ment of 
high-energy ring accelerators for particle physics. The same 
applies in the field of light sources based on linear accele-
rators, where he made pioneering contri butions to the 
optimisation and use of super conducting accelerator cavities. 
This research, which began as part of studies for the linear 
collider project TESLA, was ultimately of great importance 
for the success of the European XFEL X-ray laser.

At the award ceremony, the jury particularly emphasised 
that Peter Schmüser was not only able to implement his 
ideas with outstanding success, but also communicated 
them to a large number of young scientists through 
excellent review articles, textbooks, lectures and contri-
butions at summer schools.
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December

ALPS magnets cooled to –269°C  

The superconducting magnets used in the ALPS II particle 
physics experiment at DESY were cooled to their operating 
temperature of –269°C (4.2 K), marking the completion of 
an important step in the experiment’s commissioning. After 
an interruption of more than 14 years, helium thus once 
again flowed through the tunnel of DESY’s former electron–
proton collider HERA, which houses the experiment. 

In late 2020, the last of the superconducting ALPS magnets were installed in the 

tunnel. Meanwhile, the entire chain has been cooled to –269°C with liquid helium.

The aim of the “light-shining-through-a-wall” experiment 
ALPS (Any Light Particle Search) is to detect extremely 
light particles that could make up dark matter. The inter-
national team uses 24 recycled superconducting HERA 
dipole magnets, laser beams and an extremely sensitive 
detector to search for axion-like particles. 

After the last of the magnets was installed in the tunnel, 
the super conducting cables, cryo genic pipes and vacuum 
insulation were connected, and the modules were linked to 
the power supply and the cryogenic system to be filled 
with liquid helium. After the mandatory pressure test, 
the helium valves were opened on 20 November. On 
15 December, the stable state of –269°C was reached.

The mode of operation of the cryogenic cooling is the 
same as for HERA: The magnetic coils are completely 
surrounded by single-phase supercritical helium, which is 
kept cold by controlled evaporation of helium.

Initial tests showed that the optical system of the experi-
ment remained stable throughout the cooling. The next 
step was to test how the superconducting magnets behave 
when some 5600 A of current flow through their coils as 
they generate the strong magnetic field. Data taking of 
ALPS II is scheduled to begin in 2022.

First-class DESY trainees 

Two DESY apprentices were honoured by the Hamburg 
Chamber of Commerce as best trainees in their fields: Lena 
Anton in industrial mechanics and Raphaela Renner in 
electronics for devices and systems. DESY was again 
honoured for outstanding achievements in dual training.

Lena Anton, a newly qualified industrial mechanic, has 
known DESY since her school days, when she came here 
to conduct vacuum experiments in the school lab. After her 
apprenticeship, she joined the Superconducting Accele-
rator Technology (MSL) group in the Accelerator Division, 
where she is in charge of quality testing. She would like 
to stay at DESY in the long term and train young people 
herself. 

Raphaela Renner, an electronics technician for devices and 
systems, would also like to stay at DESY. She first came to 
the research centre for the Open Day in 2015 and, already 
back then, found it very exciting. Since completing her 
training, she has been working in the Electronics Service 
Centre.

Raphaela Renner and Lena Anton are among Hamburg’s best trainees.

November

Jens Osterhoff receives Bjørn H. Wiik Prize 2021  

DESY physicist Jens Osterhoff was awarded the Bjørn H. 
Wiik Prize 2021 in recognition of his outstanding contribu-
tions to the field of plasma acceleration. Under his leader-
ship, a team at DESY is conducting research into plasma 
accelerators – a new generation of accelerators that are 
much more compact and less expensive than conventional 
facilities, yet extremely powerful. 

Bjørn H. Wiik prizewinner Jens Osterhoff with a plasma cell

For example, at the FLASHForward experiment at DESY’s 
FLASH free-electron laser facility, Osterhoff and his team 
succeeded in accelerating particle bunches with previously 
unattained efficiency while maintaining a very small spread 
of the energy distribution within the accelerated particle 
bunch.

Jens Osterhoff has been conducting research at DESY since 
2010, first in particle physics and since 2019 in accelerator 
physics. The Bjørn H. Wiik Prize is DESY’s most important 
science award. It is presented on the DESY Science Day in 
memory of the former Chairman of the DESY Board of 
Directors Bjørn H. Wiik, who died in 1999. 

DESY Science Day 2021 

The DESY Science Day 2021 took place in November under 
strict hygiene and distancing rules in the auditorium and 
was broadcast online via livestream at the same time. 
Presentations covered research news from the past 
months and promising developments for the coming years. 
In addition, tributes were paid to the lifetime achievements 
of DESY employees. 

Albrecht Wagner and Jochen Schneider – two outstanding 
personalities who have had a significant impact on the 
development of DESY – were awarded the DESY Golden 
Pin of Honour. Wagner was DESY Research Director from 
1991 to 1999 and Chairman of the DESY Board of Directors 
from 1999 to 2009. Schneider was DESY Director in charge 
of Photon Science from 2000 to 2007. Both were pioneers 
in a special time after the sudden death of DESY Director 
Bjørn H. Wiik in 1999. They managed to keep the research 
centre thriving with a sustainable future – and the results 
of their efforts are still visible today.

The research 

highlights were 

presented by four 

scientists from  

DESY’s four divisions, 

among them  

Shan Liu from the 

Accelerator Division.

DESY Director Helmut Dosch (centre) congratulates Albrecht Wagner (left) and 

Jochen Schneider at the presentation of the Golden Pins of Honour. 
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Keeping our facilities 
at the forefront
Transport of one of the APPLE-X undulators in the European 
XFEL undulator tunnel (more info: see p. 32).

Picture: Suren Karabekyan, European XFEL
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Installation of a new dipole beamline 
During the winter shutdown 2020/21 and the summer 
shutdown 2021, a new beamline (P66) was installed close 
to the “Paul P. Ewald“ experimental hall in the north-east of 
the PETRA ring (Fig. 1). P66 is the first dipole beamline of 
the PETRA III facility, dedicated to vacuum-ultraviolet (VUV) 

luminescence and reflection spectroscopy experiments. 
Thanks to essential efforts of all the technical groups, all 
shutdown activities could be finished on schedule. First 
light from the dipole was directed to the absorber of the 
beamline on 30 July 2021. The experimental hutch is 
located in Building 47k on top of the PETRA III tunnel 

Contact: Rainer Wanzenberg, rainer.wanzenberg@desy.de
Michael Bieler, michael.bieler@desy.de

(480 bunches) or 192 ns (40 bunches). In 2021, 48% of the 
user time was allocated to the 480-bunch mode and 52% to 
the 40-bunch mode.

In 2021, the weekly availability reached 100% for several 
weeks of the year, while in one particular week only 88% 
was achieved. Due to several failures of subsystems at the 
end of the user run, the average availability was only 
97.3%, which is a good achievement, but significantly lower 
than in the previous years. The long-time development of 
the availability of PETRA III during user runs is shown in  
Fig. 3. The average mean time between failures (MTBF) at 
the end of 2021 was 53 h, and the mean time to recover 
(MTTR) was 1.5 h. The downtime in 2021 was dominated 
by a few events that caused longer downtime periods: a 
water leak at a magnet in the injector, a failure in the multi-
bunch feedback electronics and two power black-outs. The 
root cause analysis of all faults during the user run was 
assisted by an internal review process to monitor the avail-
ability of PETRA III, hopefully leading to an improved per-
formance in 2022. All these plans will only be realised with 
an essential effort from all the technical groups involved.

Plans for the next operation period
The winter shutdown 2021/22 will be dedicated to mainte-
nance work, while the plan for the summer shutdown 2022 
includes preparations for the installation of a new single-cell 
cavity and new beam current monitors to support the techni-
cal design for the planned upgrade of PETRA III to PETRA IV.

PETRA III
User operation with challenges and a new dipole beamline

In 2021, the operation of DESY’s synchrotron radiation source PETRA III faced several challenges to ensure good 
availability for the user community. The operation schedule had to be adapted due to the COVID-19 pandemic.  
At the end of February, beam operation resumed after a shutdown period that had started on 21 December 2020. 
Eventually, 4632 h of beamtime were scheduled for the user run, which were delivered with an availability of 
97.3%. During the winter and summer shutdown periods, a new dipole beamline (P66) was successfully installed 
close to the Paul P. Ewald experimental hall, marking the final milestone of the PETRA III extension project. 

Figure 2

Distribution of the different machine states in 2021

Figure 3

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

Figure 1

Dipole magnet and front-end components of the new dipole beamline P66 in the PETRA III tunnel

between the FLASH experimental hall “Kai Siegbahn” and 
the PETRA III experimental hall “Max von Laue”. The syn-
chrotron radiation from the dipole is guided by a mirror 
upwards from the accelerator to the experimental hutch.

User operation
Regular user operation resumed on 15 March 2021 after a 
short commissioning period of about two weeks. Originally, 
4824 h of beamtime had been planned for the user run in 
2021. However, due to the COVID-19 pandemic, the plan 
was revised in favour of a home office period at the begin-
ning of January, resulting in a delayed start of activities in 
the winter shutdown. Fortunately, any further impact of 
the pandemic on the installation work and user operation 
could be mitigated by implementing additional safety 
measures. As a result, good resilience of PETRA III user 
operation was again achieved despite the challenging  
conditions in this second year of the pandemic.

Eventually, 4632 h of beamtime were scheduled for the 
user run, which were delivered with an overall good availa-
bility of 97.3%. Necessary maintenance was done in five 
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 24 h in total. The distribution of the 
different machine states in 2021 is shown in Fig. 2. In addi-
tion to the 4632 h scheduled for the user run, 1003 h of 
test run time could be planned for the users. During user 
runs, the storage ring was operated in two distinct modes 
characterised by their bunch spacing of either 16 ns  



Figure 2

Shutdown work in the FLASH injector section. Two accelerator modules (left) are removed (right) to be replaced by upgraded modules. 

Figure 1

FLASH operation statistics in 2021. Despite  

restrictions due to the pandemic, a total of 

6716 h of accelerator beamtime could be  

delivered. Of these, 3857 h were devoted to 

user experiments. (Preparation, setup and 

tuning of experiments prior to handover is 

included in the yellow-coloured slice.) 
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Operation
In 2021, the pandemic situation still substantially hampered 
scientific user operation and accelerator R&D efforts at 
FLASH. Of the 31 photon experiments originally planned, 
eight already had to be cancelled in the first half of 2021. 
This was mostly due to the extended lockdown in Germany 
in early 2021 and to travel or quarantine restrictions for 
users from abroad. Of the remaining 23 experiments,  
19 were conducted with extensive support from FLASH 
staff. Only a few external users were allowed to come on 
site, but we all learned how to make the best use of video 
conferencing tools and remote access to the data. Unfortu-
nately, the reduced number of operable experiments also 
led to less potential overlap in parameters that would have 
allowed more parallel operation of FLASH1 and FLASH2. 
Thus, experiments could be matched for parallel operation 
in both experimental halls only in about 20% of cases. 

Usually, the parallel user operation quota would be around 
30–40%, yielding substantially more beamtime for users.
 
Accelerator R&D efforts concentrated on the preparation 
of the seeding scheme for the FLASH2020+ upgrade and 
on FLASHForward. In photon beamline R&D, a lot of work 
went into upgrading the photon beamlines and experimental 
stations. One example was the start of setup of a new 
beamline (FL23), which has a time-delay-compensating 
monochromator as a key element. A substantial upgrade of 
the pump–probe lasers in FLASH1 was also begun. The old 
burst mode pump–probe laser system, which had been in 
operation for many years, was disassembled to make 
space for next-generation lasers. A highlight of new scien-
tific opportunities was the first user experiment combining 
the FLASH2 self-amplified spontaneous emission (SASE) 
pulses with a high-harmonic generation (HHG) laser source 

frequent power glitches in August, failures of aged hard-
ware of control systems and one singular event involving a 
radio frequency (RF) station. Measures have been taken to 
avoid these failures in the future. 

  
Extending the capabilities of FLASH
The FLASH2020+ project aims to provide greatly improved 
experimental capabilities. It thus encompasses many major 
changes and upgrades to almost all sections of the acceler-
ator, the undulators, the photon beamlines and the photon 
diagnostics, including substantial work in the experimental 
halls. 

The FLASH accelerator team, together with the FLASH2020+ 
team and colleagues from the Accelerator and Photon  
Science support groups, are working hard to successfully 
realise major refurbishments and upgrades to complete 
Phase 0 of the FLASH2020+ project in a nine-month shut-
down that began in mid-November 2021. A key feature of 
the upgrade is the increase in electron beam energy to 
1.35 GeV, which will allow FLASH to lase at about 20% 
shorter wavelengths than before, thus reaching deeper 
into the water window – the wavelength region in which 
water is transparent to soft X-rays. The energy upgrade is 
realised by replacing two accelerator modules with two 
improved ones with much better performance (Fig. 2). 
Other important upgrade items are the installation of a 
laser heater system and the modification of bunch com-
pressors. FLASH2 will be equipped with a variable-polarisa-
tion third-harmonic afterburner undulator of APPLE III type, 
optimised to provide photon energies around the L-edges 
of iron, chromium and nickel, thus paving the way for  
studies in ultrafast magnetisation dynamics.

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

FLASH
High-performance photon and accelerator  
experiments in difficult times 

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 
2021, the FLASH linear accelerator delivered beam for a total of 6716 h for user experiments, FEL studies and develop-
ments, photon beamline and experimental station R&D as well as accelerator-related experiments. As in 2020, due to 
the COVID-19 pandemic, not all users whose experiments were selected by the review panel were actually able to come 
on site; some managed to perform their experiment remotely with the strong support of DESY staff operating the 
experimental stations. The availability of FLASH for user experiments stabilised at 97% for both beamlines.

at Beamline FL26. The SASE pump – HHG probe experiment 
was successfully conducted at the Reaction Microscope 
(REMI) experimental station.

Operation statistics
Despite the COVID-19 pandemic and shutdowns to sub-
stantially upgrade the facility, the FLASH accelerator deliv-
ered beam for 6716 h. In the planning in “normal” years, 
7500 h would be foreseen for operation, 4500 h of which 
are planned for user experiments, including setup and tuning 
according to the individual needs of the experiments. 
Another 2250 h of the beamtime are reserved for studies 
related to the progress of and R&D for FEL operation and 
photon beamlines, including experimental stations, as well 
as for preparatory experiments for the FLASH2020+ project. 
A further 750 h are reserved for general accelerator R&D. 

In 2021, 3857 h (57%) of the beamtime could be provided 
to user experiments, partially in parallel operation of 
FLASH1 and FLASH2. In addition, FLASH provided 2393 h 
(36%) of beamtime for FEL-related studies and another  
466 h (7%) for general accelerator R&D, mostly for FLASH-
Forward (Fig. 1). Additional beamtime for FLASHForward 
could be provided during user experiments at FLASH1. The 
beamtime for users includes the time required for setup 
and tuning of the experiments prior to the handover of the 
beam. 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 stream- 
line 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 beamtime. 

After the handover of the beam to experiments, major 
retuning is rarely required. In 2021, the availability of the 
facility stabilised at 97% overall. The downtime during user 
experiments was 3.2% for FLASH1 and 2.6% for FLASH2. 
The slight increase compared to 2020 was mainly due to Contact: Siegfried Schreiber, siegfried.schreiber@desy.de



Figure 1

Slice energy spread measure-

ments at PITZ show values 

much lower than those 

measured at higher-energy 

injectors (e.g. European XFEL, 

SwissFEL).

Figure 2

Left: THz installations in the PITZ tunnel extension. Right: 4 nC beam distribution measured at the virtual undulator entrance. 
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Photocathode R&D 
Multi-alkali photocathodes, which are sensitive in the green 
wavelength range, can potentially reduce cathode laser 
complexity and enhance beam brightness of the European 
XFEL photoinjectors. A collaboration between INFN LASA in 
Milano, Italy, and DESY delivered the first cathode box with 
three “green” cathodes to DESY in Zeuthen for testing in 
the PITZ gun. A two-week beam study revealed its perfor-
mance in terms of lifetime, quantum efficiency, thermal 
emittance and dark current. Its performance at the time 
was still far from the required user operation standards, 
but its thermal emittance was demonstrated to be 30 to 
40% lower than for caesium telluride (Cs2Te) cathodes at  
gradients up to 30 MV/m, as used for continuous-wave 
(CW) guns. This improved the beam brightness at 100 pC 
by 60%. The findings during operation at PITZ point out 
important directions for further cathode recipe improve-
ments, which are ongoing at INFN LASA. 

A THz source for the European XFEL
In an extension of the PITZ tunnel, the group is setting up  
a prototype of an accelerator-based high-power, high- 
repetition-rate THz source for user operation at the Euro-
pean XFEL. In 2021, an LCLS-I undulator was installed in the 
tunnel extension and first beamline components were 
placed in their frames (Fig. 2, left). Beamline modifications 
in the main PITZ tunnel are ongoing. The operation permis-
sion for the extended facility is expected in spring 2022, 
and both tunnels can then be connected. After completion 

High-brightness beam characterisation at PITZ
In 2021, the PITZ group continued to study the working 
points of the injector of the European XFEL X-ray laser at 
electron bunch charges of 100, 250 and 500 pC, respec-
tively. The beam emittance at 100 pC was optimised, 
resulting in a 4D brightness 30 to 40% higher than at  
250 and 500 pC. In addition to the transverse brightness, 
the group also studied the longitudinal brightness,  
especially the slice energy spread, at 250 pC and 500 pC.  
A new slit-based method was developed to enhance the 
measurement accuracy of the slice energy spread at the 
low-energy (≈20 MeV) photoinjector of PITZ. The slice 
energy spread measured at PITZ at 250 pC (Fig. 1) is  
more than a factor of 3 lower than that measured at the 
European XFEL injector, indicating a growth mechanism  
of the slice energy spread in the high-energy injector of 
the European XFEL. 

Contact: Anne Oppelt, anne.oppelt@desy.de

Gun development
The radio frequency (RF) electron source type Gun 5 is the 
new, optimised type of L-band long-pulse (1 ms) RF gun 
aimed at delivering more electron bunches per second to 
users at FLASH and the European XFEL. One of its features 
is an RF field antenna inside the cavity for direct gun field 
measurement in order to allow for better regulation of the 
RF field stability over the pulse train. Gun 5.1, the first  
electron gun of the new type, was installed at PITZ in late 
summer 2021, and RF conditioning of the cavity started on  
18 October. Conditioning progress was quick at the  
beginning, but is more time-consuming for the extraordi-
narily long RF pulse length. First photoelectrons were  
produced in December. The RF probe was taken into oper-
ation, and the measurement programme with Gun 5.1 will 
start with detailed studies of RF field measurement and 
regulation possibilities in early 2022.

PITZ
Accelerator R&D and applications

In 2021, research at the PITZ photoinjector test facility at DESY in Zeuthen focused on high-brightness 
photoinjector optimisation and the development of applications, such as the realisation of a proof-
of-principle THz self-amplified spontaneous emission (SASE) free-electron laser (FEL). Besides these 
activities, a proposal for future use of PITZ as an R&D platform for electron FLASH (eFLASH) and 
very-high-energy electron (VHEE) radiation therapy and radiation biology was submitted. 

of the beamline installations, the first electron beam 
through the undulator could be delivered in early summer 
2022. Simulations and experimental studies for character-
ising the electron beams for THz generation continued in 
parallel to the installation work. Since the high-charge elec-
tron beam transport through the undulator is challenging, 
an experimental procedure for electron beam matching 
into the undulator was developed and tested using the cur-
rent PITZ beamline while emulating the undulator entrance 
with an existing screen station (Fig. 2, right).

 
FLASHlab@PITZ
Work is currently under way to set up an R&D platform  
for electron FLASH (eFLASH) and very-high-energy  
electron (VHEE) radiation therapy and radiation biology 
(FLASHlab@PITZ). With its extremely flexible beam param-
eters and beam manipulation capabilities, PITZ can cover 
the current parameter range of successfully demonstrated 
eFLASH effects and extend it towards yet unexplored and 
unexploited short treatment times and high dose rates, 
which show much better sparing of healthy tissue than 
conventional radiation therapy. Although external funding 
for realising the full project is not yet settled, beam  
dynamics simulations for a dedicated R&D beamline to  
be installed in the PITZ tunnel extension and Monte Carlo 
simulations for estimating dose distributions in phantoms 
have begun. 



Figure 1

Powder diffraction patterns recorded at REGAE at 50 Hz repetition 

rate. Left: Sum of 250 single-shot diffraction patterns from nickel 

nanocrystals with a thickness of 100 nm grown on a 70 nm SiN 

membrane. Right: Corresponding radially integrated and indexed 

powder diffraction pattern with Miller indices highlighted in red. 

An elliptical correction was applied for generation of the radially 

integrated diffraction patterns to compensate for the observed 

distortions of the powder rings from an ideal circular shape  

(probably caused by magnetic interference from a component 

installed between the sample position and the detector).

Figure 2

Left: CAD drawing of the new experimental chamber for REGAE, which will allow 

easy change between setups for diffraction experiments with solid-state  

samples and liquids. Right: CAD drawing of the high-precision Roadrunner  

goniometer mounted in the experimental chamber together with the UHV-com-

patible high-resolution on-axis microscope for simultaneous sample visualisation 

with visible light and the option of on-axis laser excitation of the sample. The 

electron beam incident on the sample (black square) is highlighted in red.  
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right). The main component of the goniometer is a high-
precision rotation axis in the vertical direction with a 
sphere of confusion smaller than 1 µm, which can be tilted 
and rotated and which will make it possible to move differ-
ent samples mounted on one sample holder into the elec-
tron beam and to select interesting areas of the sample for  
diffraction analysis. For diffraction experiments with liquid 
samples, a special sheet jet setup will be installed in the 
experimental chamber, which can provide very thin liquid 
sheets with lateral dimensions of several hundred micro-
metres and a thickness smaller than 100 nm. The sheet jet 
setup will be compatible with the on-axis sample viewing 
microscope and the UHV quality required for the operation 
of REGAE. In addition to space for these two standard  
setups, a third setting is available for non-standard confi-
gurations, such as special setups provided by user groups.  

   
Outlook for 2022 
In addition to the installation of the new experimental 
chamber with extended capabilities, first experiments in 
the new 3 GHz bunch train mode will also be performed in 
2022. This new operation mode is currently being imple-
mented. The bunch trains with a duration of about 1.5 µs 
will make it possible to perform first microdiffraction 
experiments with an electron beam size of a few micro-
metres only. Thanks to the very small beam emittance, a 
sufficiently large coherence length can be provided for  
structural investigations on samples with large unit cells, 
such as protein crystals.

Upgrade to 50 Hz
The operation of REGAE was limited in the past by the 
nearby DESY II synchrotron, which ramps up the energy  
of injected particles with a 12.5 Hz cycle. Magnetic fields  
oscillating with this frequency are captured by the 
armouring of the surrounding building and leak out into 
the REGAE accelerator tunnel. Therefore, REGAE had to 
operate synchronously with DESY II at 12.5 Hz, so that 
every electron bunch in REGAE was affected by the same 

Contact: Alke Meents, alke.meents@desy.de
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field components from DESY II. At 50 Hz, the transverse 
beam position was not constant, but showed a fourfold 
pattern in accordance with the different phases at which 
the magnetic field was sampled. Previous attempts to  
mitigate this problem at the source, i.e. the DESY II  
synchrotron, by rerouting cables or installing magnetic 
shielding plates were not successful. Instead, an active 
compensation system was installed in 2021. The system 
is based on two orthogonal Helmholtz coils encompassing  

the complete facility, a high-precision field sensor and  
an electronic feedback system. 

Powder diffraction with MeV electrons 
To test the new capabilities of REGAE, powder samples 
were prepared from different metals, which were de- 
posited on silicon nitride (SiN) membranes. Diffraction  
patterns were recorded at an electron energy of 3.66 MeV 
on the ultrahigh-vacuum (UHV)-compatible Jungfrau 1M 
detector. The derived radially integrated powder diffrac-
tion patterns from a thin-film nickel sample could be well 
indexed (Fig. 1) and highlight the very good signal-to-noise 
ratio achievable at REGAE in the current configuration.

New experimental capabilities at REGAE
A new experimental chamber for REGAE has been designed 
and is expected to be delivered in 2022 (Fig. 2, left). It will 
be equipped with a large door on the front side and will 
provide much easier access to the sample area than previ-
ously possible. The door sealing will be differentially pumped, 
so that a high-quality vacuum in the 10-9 mbar range can be 
achieved. The new chamber can host three different experi- 
mental setups simultaneously, so that switching between 
configurations, e.g. between the solid-state diffraction 
setup and the setup for diffraction experiments with  
liquids, can be performed without removal of the setups. 
All experiments can be conducted in a time-resolved laser 
pump–probe fashion with femtosecond time resolution. 

For diffraction experiments with solid samples, a high- 
precision Roadrunner goniometer will be available (Fig. 2, 

REGAE
First diffraction experiments at  
50 Hz repetition rate

Experiments at DESY’s ultrafast electron diffraction (UED) facility REGAE were previously limited to a 
repetition rate of 12.5 Hz due to magnetic interference from the nearby DESY II synchrotron, which changes 
its magnetic fields with a frequency of 12.5 Hz. Thanks to the introduction of a compensation system, it is 
now possible to perform experiments at a repetition rate of 50 Hz. High-quality powder diffraction patterns 
recorded at 50 Hz using the integrating Jungfrau 1M detector highlight the potential of REGAE for time-
resolved pump–probe diffraction experiments with a time resolution in the single-digit femtosecond range. 



Figure 2

Transport of one of the APPLE-X undulators in the European XFEL undulator tunnel 

Figure 1

Centre: Distribution of yearly operating hours by category. Left: Availability during the scheduled photon delivery time in percent. Right: Distribution of development 

time in hours. Due to the parallel use of the facility for qualified activities, the sum of scheduled development hours exceeds the operating time scheduled for  

development (816 h in the central diagram).
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Summary of operation
In 2021, the European XFEL accelerator complex – consisting 
of the injector, the 17.5 GeV superconducting linear accel-
erator, the electron beam distribution and the beam  
transport system through the three undulators to the 
beam dumps – was operated for 6648 h. Photon delivery 
to the experiment hutches was scheduled for 4036 h, and 
the availability, measured as the fraction of time during 
which self-amplified spontaneous emission (SASE) photons 
are actually delivered within the scheduled period, was 
about 94% (averaged over all three FELs). This excellent 
number gives credit to the diligent and creative work of  

all the people involved in the operation, both at DESY and 
at European XFEL. 

The infrastructure required to support the operation – 
namely the cryogenic plant, but also power, water cooling, 
air conditioning, IT infrastructure and safety systems – has 
essentially been in operation 365 days per year. A notable 
achievement was the further reduction of vulnerability to 
short voltage variations in the main grid, resulting in less 
interruption of the European XFEL operation during the 
summer months compared to the other user facilities on 
the DESY campus.

New developments
The accelerator and the three FEL sources SASE1, SASE2 
and SASE3 have been improved both through optimised 
operation and through dedicated development activities. 
An outstanding achievement was the deployment of a lon-
gitudinal intra-train beam stabilisation system, in addition 
to the already operating transverse system, which allows 
the electron beam arrival time to be stabilised to below  
10 fs RMS both within the train and over long time periods. 
The FEL performance was improved in terms of photon 
energy (reaching 24 keV at SASE1 and 30 keV at SASE2), 
pulse energy (yielding 17 mJ at SASE3), pulse length 
(approaching <10 fs at SASE2 and SASE3 using various 
bunch shaping techniques) and spectral brightness (by 
delivering hard X-ray self-seeding to users, resulting in an 
increase in spectral brightness by up to a factor of 8 over 
standard SASE operation). Standard user operation also 
benefited from the development of an advanced photon 
safety system that allowed the limits imposed on the  
photon beam power to be raised by up to a factor of 50  
in certain cases. 

Installations
A regular operating year includes two maintenance periods 
totalling about six working weeks, which are used for new 
installations in the accelerator system in addition to the 
standard preventive maintenance and repair. The largest 
alteration in 2021 was the installation of four APPLE-X-
type undulators at the end of the SASE3 undulator. These 
devices will eventually produce polarised FEL beams.  
Preparations of the electron beam transport section had 
already started in 2020, and this year, the transport of 
these 8 t devices on air cushions to their position in the 
tunnels was a particular challenge. 

Behind the SASE2 undulator, a 5 m long corrugated struc-
ture was installed in the accelerator vacuum system. The 
wakefields produced in this structure by the electron bunch 
itself act back on the same bunch and allow its longitudinal 
structure to be observed on a downstream screen. With these 
diagnostics, insights into the lasing process can be gained. 

In 2021, the European XFEL accelerator complex – which is run by DESY – was reliable and stable in 
operation. The superconducting accelerator and its handling have largely matured, and the accelera-
tor delivers electrons with energies up to 17.5 GeV to serve the ever-varying operational needs of the 
European XFEL X-ray laser facility. In addition to regular X-ray photon delivery, important develop-
ments have been pursued both on the accelerator and on the free-electron laser (FEL) sources, 
yielding record FEL photon energies and intensities. New installations include four APPLE-X undula-
tors to create polarised FEL beams and a 5 m long corrugated structure to produce wakefields.

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

European XFEL accelerator
Routine accelerator operation and novel FEL source development
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Developing technology 
for future facilities
Test setup for characterising the KALDERA laser crystal 
(more info: see p. 66)

Picture: Juan González Díaz, DESY
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Goals of the project  
The multi-bend achromat storage ring optics has opened 
the door for electron storage rings to deliver ultralow-
emittance electron beams, which, travelling through undu-
lators, produce diffraction-limited photon beams well into 
the hard X ray spectral range. The first such user facilities 
already in operation are MAX IV (Sweden) and Sirius  
(Brazil) in the soft X-ray regime and ESRF-EBS for hard 
X-rays. More facilities are expected to come online within 
the decade, such as APS-U (USA), HEPS (China) and SLS-2 
(Switzerland). With PETRA IV, DESY plans to upgrade its 
existing PETRA III electron storage ring to a diffraction- 
limited X-ray light source with up to 10 keV photon energy.

The storage ring will utilise a number of advanced modern 
technologies: solid-state amplifiers to feed the radio  
frequency (RF) cavities, permanent magnets for the main 
storage ring to reduce power consumption, non-evapora-
ble getter (NEG)-coated vacuum chambers instead of more 
traditional pumps and nanosecond-range injection kickers. 
R&D towards a novel plasma-based injector is being  
pursued. Along with the new storage ring, the project will 
also upgrade the injector complex, adding a new low-emit-
tance booster ring (DESY IV). A new experimental hall of 
approximately 600 m length accommodating new experi-
mental stations will also be added (Fig. 1).

 
Project schedule update
At present, the upgrade project is in its technical design 
phase, which started at the beginning of 2020 and will end 
with a technical design report (TDR) planned for mid-2023 
(Fig. 2). Assuming full project approval in 2023, the project 
will continue with an upgrade preparation and procurement 
phase from mid-2023 until the end of 2025. Then, user 
operation of PETRA III will be stopped. Construction of 
PETRA IV will start at the beginning of 2026 and continue 
in 2026 and 2027. The technical commissioning will begin in 
mid-2027, and user operation is envisioned for the begin-
ning of 2028.

Improvement of storage ring performance with 
H6BA lattice
In 2021, the second year of the TDR phase, a substantial 
number of activities were initiated or expanded, with many 
new members joining the project across all DESY divisions. 
The expansion was most prominent in the technical groups. 

Contact: Riccardo Bartolini, riccardo.bartolini@desy.de
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strategically reviewed by external experts and the DESY 
Photon Science Committee (PSC). From all the ideas and 
the recommendations of the reviewers, 28 beamlines from 
the presently foreseen 33 beamline slots were allocated as 
a first beamline portfolio of PETRA IV, covering a broad 
range of applications from imaging on the nanoscale to 
automated high-throughput stations dedicated to indus-
trial applications.

Outlook
In 2022, the technical design of the new experiments and 
beamlines will start, and the process of defining the new 
beamline portfolio will be completed with the publication of 
the results in a report for the user community.

With the design of the storage ring lattice and the new 
beamlines defined, the focus of the project team will move 
on to the technical infrastructure, civil engineering and 
component production planning. A draft project proposal is 
expected to be ready by summer 2022, and the detailed 
TDR by mid-2023. After that, provided the bid for funding 
is successful, the project will be ready to go full steam 
ahead.

PETRA IV
The ultimate 3D X-ray microscope

The PETRA IV project is the upgrade of DESY’s PETRA III synchrotron radiation facility to a diffraction-limited hard 
X-ray radiation source. The delivery of high-flux coherent photon beams will be made possible with a new type of 
storage ring magnetic lattice design, the hybrid multi-bend achromat (HMBA), pioneered at the ESRF-EBS facility in 
Grenoble, France. With its large ring circumference of approximately 2.3 km, PETRA IV will deliver a horizontal  
emittance in the 20 pm rad range and will be diffraction-limited up to 10 keV photon energy, becoming the brightest 
source in its class. The technical design of the facility is gaining momentum, with many subsystems reaching a high 
degree of maturity and with the prototyping of a number of critical components under way or ready to start. Logistics 
and construction planning has been established. Assuming full project approval in 2023, construction could start in 
2026 and the first beam could be delivered to the users in 2028, ushering in a new era of X-ray science at DESY. 

Figure 2

Current schedule of the PETRA IV 

project, showing the shutdown of 

PETRA III in early 2025 and the  

resuming of user operation at the 

beginning of 2028

Figure 3

CAD model of the unit cell 

of the H6BA lattice 

The design review process was initiated, and a dedicated 
Technical Advisory Committee (TAC) composed of interna-
tionally renowned experts was established. 

In collaboration with colleagues from ESRF, the design 
team made significant advances on the lattice and compo-
nent design. A new lattice version was developed, reducing 
the number of bends per unit cell from seven to six. The 
new hybrid six-bend achromat (H6BA) lattice version 
shows superior beam dynamics performance compared to 
the previously considered H7BA version and even allows 
for nine cells per arc, thus preserving the beamline sector  
layout in the existing experimental halls in the east of the 
storage ring and adding two beamline locations in the 
planned Hall West.

Progress has been made on all technical subsystems: The 
preliminary magnet design (including permanent magnets) 
is in place, the RF system design is mature, the vacuum 
system and girder designs have made significant progress, 
and the engineering integration of all components is under 
development (Fig. 3). Mechanical stability, an issue of para-
mount importance for ultralow-emittance rings that is  
particularly challenging in an urban environment such as 
Hamburg, is being addressed by a dedicated taskforce. 

 
New beamline portfolio for PETRA IV
By the end of 2020, the international user community had 
submitted approx. 160 scientific instrument proposals to 
define a user-driven beamline portfolio for science and 
industry. Starting from this input, the project team in the 
DESY Photon Science division developed a first set of 
beamlines for PETRA IV, which were scientifically and 

Figure 1

Artist’s view of the DESY campus in Hamburg with PETRA IV and the planned 

new experimental Hall West (PXW) 

Reference: 
[1] https://petra4.desy.de/index_eng.html



38 | News and events News and events | 3938 | Highlights · New technology · Developments Highlights · New technology · Developments | 39

Rationale for an integration model  
The design of PETRA IV is highly complex and poses a 
number of challenges to the computer-aided design (CAD) 
processes and models. The PETRA programme will  
continue for decades, and CAD models are needed over 
the entire lifecycle of the facility as the basis for processes 
ranging from layout, detailed engineering and installation 
to maintenance, modifications and upgrades. Based on the 
Siemens NX CAD programme and Teamcenter product  
lifecycle management (PLM) system, we have set up an 
integration model to fulfil these requirements.

Methods and solutions
A centrally defined and maintained model structure is a  
key element to the success of the integration process.  
The top levels of the model structure reflect key decisions 
in the project, concerning project organisation and respon-
sibilities, work packages, project phases and design alter-
natives to be studied. The model structure has a hierarchy 
with levels corresponding to the product structure (e.g.: 
PETRA programme, accelerator complex, PETRA IV acceler-
ator facility, arc cell “U”), the configurations that are 
designed (PETRA III vs. PETRA IV-H6BA), the trades 

Contact: markus.huening@desy.de
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whole chain of pre-accelerators and transfer lines, the new 
and existing experimental halls, and how they fit into the 
DESY campus and their surroundings. The model structure 
reflects the overall product breakdown structure and is 
instrumental in cross-checking and completing it, whether 
it is a list of the buildings belonging to or affected by the 
project, or a list of accelerator components or subsystems.

CAD integration for PETRA IV
One model to bind them all together

Developing an advanced accelerator facility such as DESY’s planned PETRA IV diffraction-limited hard X-ray radiation 
source is a complex technical endeavour. It requires a coordinated effort of many technical fields that contribute to the 
overall design. Based on the experience from past accelerator projects, in particular the European XFEL X-ray free-
electron laser and the ARES accelerator at DESY’s SINBAD facility, an integration model encompassing the complete 
PETRA project has been set up by the PETRA IV team in charge of the technical coordination.

Figure 2

Sector 1 of the “Max von Laue“ hall, from top to bottom, in detail grades (DG):  

DG1 (outline), DG2 (with interfaces), DG3 (interior) with huts in DG1, DG3 with 

huts in DG2, DG3 in full detail. Yellow areas designate crane transport routes, 

green areas indicate escape routes.

Figure 3

From lattice parametrisation to 

the full cell. From top to bottom: 

Coordinate systems of lattice 

components, DG1 models of  

accelerator components inserted, 

accelerator component concep-

tual models, vacuum system and 

supports added.

involved (diagnostics, magnets, vacuum) and the design 
process (levels of detail DG1 to DG3). Figure 1 shows the 
overall model, with the four main complexes accelerator, 
photon science, buildings and campus.

Modularisation, combined with modelling in different levels 
of detail, is a second key concept. Units with a defined 
functional and spatial extent form modules that serve as 
building blocks for the integration model. Modules, such as 
an accelerator arc cell, occupy a certain space, which they 
own, and should have a set of defined interfaces. A coarse 
“shoe box” space model shows the approximate spatial 
extent (level of detail DG1), a more detailed model is good 
enough for clash checks and indicates interfaces (DG2), and 
the full internal details are available in the highest level of 
detail (DG3). This modular approach serves the same pur-
poses as similar approaches in software and systems engi-
neering, with en caps ulation, interface definitions, or black 
box / white box models. Not only do they address the per-
formance issue by providing light-weight, simplified models 
that are fast to load and display, but they show the overall 
layout structure without the clutter of too many details 
and they contain crucial information such as space for 
maintenance and movement as well as tolerance. Figure 2 
shows how the modularisation concept is applied to a  
sector of the “Max von Laue“ experimental hall.

Combining different levels of detail within the same model 
makes it possible to maintain and verify the consistency of 
these models at all times, which is of paramount impor-
tance during intense phases of design when the model 
changes often and it has to be ensured that all stakehold-
ers are aware of these changes at all times. 

Parametric models with a direct connection between a 
defining document (typically, a Microsoft Excel spread-
sheet) and geometric 3D entities, such as coordinate  
systems or volumes, are a third pillar of the integration 
model. Parameter tables as output of design processes, 
including simulations, calculations and other specifications, 
but also surveys and measurements, are ubiquitous, easily 
produced by a variety of tools and well suited for review, 
release and signoff processes. CAD models that define 
locations and properties of buildings, accelerator compo-
nents or interfaces, taking data directly from Excel docu-
ments managed in Teamcenter, ensure coherence and  
consistency of the mechanical design with the specifica-
tions and enable fast and faithful implementation of design 
changes. Processes within the PETRA IV project strongly 
rely on these mechanisms to aid the sharing of information 
and reduce the risk of error and miscommunication.

Results and benefits
We have set up a CAD integration model encompassing the 
complete PETRA programme. At the highest level, the 
model is already helping to develop a shared vision for the 
project, showing the extent of the PETRA ring including the 

Figure 1

View of the complete  

integration model.  

Left: Building complex,  

accelerator complex,  

photon science complex  

and campus map shown  

separately.
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BPM systems at PETRA III and PETRA IV  
Since its start of operation in 2009, PETRA III has been  
successfully operated using the Libera Brilliance Button 
BPM readout system developed and customised by the 
Slovenian company Instrumentation Technologies in  
cooperation with DESY’s Diagnostics and Instrumentation 
group. The readout technology is based on the proven 
crossbar-switching concept to level out signal drifts 
between all four button signals in the radio frequency  
(RF) input circuit of the readout electronics.

Even higher demands are placed on the properties of the 
new BPM system under development for the PETRA IV 
upgrade project, as summarised in Table 1.

Driven by the demands for significantly lower input signal 
drifts in the new button BPM readout electronics for 
PETRA IV, a pilot tone front-end signal compensation 

scheme developed by Sincrotrone Trieste for the ELETTRA 
accelerator [1] was tested at PETRA III and shown to exhibit 
significant conceptual disadvantages for use at PETRA IV. 

In consequence, DESY proposed an improved version of 
the front-end signal compensation scheme based on the 
proven crossbar-switching technology used in Instrumen-
tation Technologies’ Libera electronics [2]. This upgraded 
readout system concept aims to improve compensation  
by incorporating the RF front-end cables into the drift- 
compensated signal paths. This was successfully achieved 
by shifting the point of contact of the upfront crossbar
switches from the RF front-end towards the pickups in the 
accelerator tunnel, hence stabilising the cable paths. 

A further improved readout system based on MicroTCA.4, 
which is foreseen as the mandatory standard for use in 
future modular systems at PETRA IV, is currently under 

Contact: Frank Schmidt-Föhre,  
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First measurements with the new low-drift concept
As shown in Fig. 2, the long-term drifts in BPM position 
measurements in slow-acquisition data (conducted in 2021 
using the test setup of Fig. 1 at PETRA III) are well below 
the specification limit of 1 µm, as required for the opera-
tion of PETRA IV. The measurements were based on  
45 000 consecutive slow-acquisition samples at 0.1 Hz 
sampling rate taken from a normal PETRA III user run with 
40 bunches at 100 mA beam current. 

Such an improved BPM readout system based on MTCA.4 
will be used for the upcoming test and integration meas-
urements of the BPM and transverse fast orbit feedback 
(FOFB) systems within the current technical design report 
phase of the PETRA IV project. The modular system design 
enables further upgrades, such as the integration of FOFB 
systems. 

Modular low-drift BPM readout 
system for PETRA IV
Towards lowest drifts and modularity

The PETRA IV project at DESY aims to upgrade the present synchrotron radiation source PETRA III to an ultralow- 
emittance source. As the small targeted beam emittance of about 20 pm rad translates directly into much smaller 
beam sizes of 7 µm in both planes at insertion device source points than currently needed at PETRA III, stringent 
requirements are imposed on machine stability. A high-resolution beam position monitor (BPM) system of about  
800 monitors is under development at DESY, with readout electronics based on the modular MTCA.4 platform, in  
order to measure beam positions and control the orbit stability to the required accuracy level. An extended crossbar-
switching compensation scheme will enable long-term beam position drifts of less than 1 µm per week, as required. 

Figure 1

Test setup for long-term drift 

evaluation using adapted Libera Brilliance+ 

readout electronics with an external 

front-end switching box 

development in a close cooperation of Instrumentation 
Technologies and DESY. Evaluation measurements for this 
system were successfully carried out in 2021 at PETRA III 
[3], using an adapted version of the latest commercially 
available Libera Brilliance+ readout system within the 
extended crossbar-switching concept (Fig. 1).

Table 1

Summary of demands on the measurement performance parameters for the new PETRA IV button BPM system

Figure 2

Evaluation measurements with the adapted Libera Brilliance+ readout electron-

ics setup at PETRA III shown in Fig. 1, indicating that the long-term drifts in BPM 

position measurements in slow-acquisition data (0.1 Hz) over around four days 

in both transversal planes are well below the specification limit of 1 µm.

 Measurement performance parameter Conditions Required values
 Resolution on single bunch per turn 0.5 mA/bunch < 10 µm

 Resolution on closed orbit 200 mA in 1600 bunches at 1 kHz bandwidth < 100 nm (RMS)

 Beam current dependence 60 dB range, centred beam ± 2 µm

 Long-term stability Measured over 6 days, temperature span  < 1 µm 
  ± 1°C within a stabilised rack 
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Xseed – a major step towards FLASH2020+ external 
seeding  
In an outstanding experiment, the Xseed team has proven 
for the first time worldwide that parallel operation of self-
amplified spontaneous emission (SASE) on one beamline 
and high-gain harmonic generation (HGHG) external seed-
ing on a second beamline is actually possible. The two 
FLASH beamlines – FLASH1 and FLASH2 – are operated in 
tandem using the same radio frequency (RF) pulse with the 
full 10 Hz repetition rate. To a certain extent, the amplitude 
and phase of the RF can be different for FLASH1 and 
FLASH2 so as to be able to deliver electron bunches with 
different parameters adapted to the needs of the specific 
beamline. Previously, there had been the concern that the 
electron beam phase space required for seeding would be 
so different from that for SASE that it would be impossible 
to operate both beamlines in parallel. In an experimental 
campaign in 2021, the Xseed team has shown that tailoring 
the phase space for both beamlines is indeed possible, 
demonstrating HGHG seeding in FLASH1 in parallel with 
SASE in FLASH2 with 2000 bunches per second.

Progress towards echo-enabled harmonic generation 
(EEHG) seeding has also been made: Overlap of two laser 
beams with the electron beam – both transversely and in 
time – was successfully achieved in the modulator–chicane 
segments of the EEHG experiment (Fig. 1). The focus is also 
on analytical and simulation studies and tool developments 
to prepare the EEHG experiment.

 
PolariX – measuring the electron and FEL pulse  
duration with femtosecond precision
In the winter shutdown 2020/21, a pair of new PolariX [2] 
RF structures was installed directly downstream of the 
SASE undulators (see annual report DESY Accelerators 
2020). PolariX is a novel type of deflecting structure 
developed in a collaboration between DESY, PSI and 
CERN. Its new feature is the ability to change the streak 
direction. The structure basically streaks or kicks the  
electrons to the side, with the strength of the kick being a 
function of time. In the longitudinal phase space of the 
electrons, this allows for measuring both the energy pro-
file and the charge distribution along the electron bunch. 
The longitudinal charge distribution is also used to deduce 
the FEL pulse length with femtosecond resolution. Since 
the electrons lose part of their energy during FEL emis-
sion, their energy profile behind the undulators can be 
used to measure the FEL photon pulse length in a comple-
mentary fashion. The PolariX structure was conditioned 
during the year. Although the RF pulse compressor 
(X-BOC) required for best resolution has not yet been 
conditioned to full specifications, the PolariX structure is 
already serving user experiments. 

Vlasov systems for studying dynamics in FELs
Optimising the performance of FELs such as FLASH 
requires excellent understanding of the processes that 
determine the evolution of the beam parameters along 
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and the third harmonic. With a trick, combining HLSS and 
two-colour lasing, a tailored two-colour beam could be 
delivered to an experiment for the first time. 

FLASHForward – significant advances in plasma 
acceleration
2021 was a very productive year for the FLASHForward 
plasma wakefield acceleration experiment. After careful 
commissioning of the FLASHForward beamline in 2020, 
the year 2021 was devoted exclusively to experimenta-
tion. A great amount of data was collected over hundreds 
of hours. Most impressively, first results on operating 
plasma accelerators at high repetition rates were recorded, 
demonstrating for the first time the in-principle feasibility 
of accelerating millions of bunches per second in plasma 
[3]. The next step will be to consider how best to transfer 
this result to a practical plasma-based accelerator in the 
future. 

FLASH highlights
Seeking an even brighter future

DESY’s FLASH free-electron laser (FEL) facility is not only a unique FEL user facility, it also offers opportunities 
for versatile accelerator and photon science developments. The facility is continuously being developed 
through refurbishment and modernisation work. Some of the upgrades, such as a new bunch compressor in the 
FLASH2 beamline and PolariX, a transverse deflecting structure, are already in operation, others are on the way 
to realisation. The FLASH2020+ project [1] is a major upgrade of the facility offering many new opportunities, 
such as external seeding. FLASH also hosts the FLASHForward plasma wakefield acceleration experiment, 
which provides new and often surprising insights into the science of plasma acceleration. 

Figure 1

EEHG chicane in the Xseed section of the FLASH1 beamline

the accelerator. A key ingredient is the evolution of the 
longitudinal phase space density, in particular the effect 
of unwanted, though unavoidable collective effects, i.e. 
the effect of forces that the beam exerts on itself 
through the electromagnetic interaction among the parti-
cles in the beam. Dynamics of this type are described 
using a method that is well established in plasma physics: 
the Vlasov equation and its solutions based on the Liou-
ville principle. The FLASH Accelerator team analysed  
solvable examples and developed a special simulation 
software (libselav, SelaV1D). It is capable of sampling the 
particle densities with extremely high resolution without 
wasting memory in regions of sparsely populated phase 
space. This feature allows the dynamics to be simulated 
on small scales with an adequate resolution and without 
the inherent artificial noise from which the popular macro-
particle simulations suffer. The models and codes are 
used to better understand the microbunching mechanism 
in FLASH, which is essential input for the FLASH2020+ 
project.

Mixture of lasing schemes for tricky experiments
The flexibility of variable-gap undulators in the FLASH2 
beamline opens up a wide range of scientific opportuni-
ties. Different advanced lasing schemes have been tested 
in the past years, such as the frequency doubler scheme, 
two-colour lasing and harmonic lasing self-seeded (HLSS) 
FEL. A recent experiment required parameters never pro-
vided before: equal power in the fundamental wavelength 
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Project goal and timeline 
The FLASH2020+ project includes major upgrades to 
FLASH to provide a facility that is eagerly anticipated by 
the soft X-ray community for the next generation of 
experiments. The upgrades will be carried out in two long 
shutdown periods to ensure the availability of the facility 
for users, reduce the overall downtime and gain experi-
ence with operation. The final goal of the project is to 
deliver seeded FEL radiation at MHz repetition rate in burst 
mode. Even before the current shutdown, two subprojects, 
marked in light pink in Fig. 1, were successfully completed. 
The FLASH2 dedicated bunch compressor is already in 
daily operation, and the FLASH2 transverse deflecting 

structure, called PolariX, is currently being conditioned to 
deliver the highest possible time resolution in future 
experiments.

 
Project progress 
The FLASH2020+ project team began the year 2021 by 
finalising the technical details so that the accelerator 
upgrade could be completed on time. In November 2021, 
the nine-month shut down started, with focus on the accel-
erator section to enhance the electron beam properties 
and broaden the available parameter range for users. Work 
began with the superconducting accelerator modules  
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been assembled and is being continuously refined, with 
some of the finalised sections close to production. 

Progress has also been made in investigating the broad 
spectral window for future operation, spanning wave-
lengths from 60 nm down to 4 nm, through numerical  
simulations. The sensitivity to variations, commonly called 
jitter, in timing, compression and energy spread in parti-
cular is sufficiently small and demonstrates the feasibility 
of the concept. The results can already be tested at the 
existing facility using the infrastructure of the present 
Xseed experiment. In a proof-of-principle experiment, the 
feasibility of parallel operation of FLASH1 in externally 
seeded mode and FLASH2 in SASE mode was demon-
strated for the first time – a great success also for the 
future operation of FLASH2020+.

FLASH2020+
The bright future of the FLASH facility

The upgrade of DESY’s FLASH free-electron laser (FEL) facility, realised within the FLASH2020+ project, has successfully 
started. A nine-month shutdown from November 2021 to August 2022 allows for a complete overhaul of the accelerator 
section, and installation work is well on track. New accelerating modules will enable higher electron beam energy, and a new 
laser heater will make it possible to extend the parameter range for operation while allowing higher-quality photon beams to 
be produced. In a second installation phase in 2024, the FLASH1 beamline will be replaced. The new FLASH1 will feature 
external seeding, where the pulse properties of an ultraviolet (UV) laser beam are mapped onto the soft X-ray regime at MHz 
repetition rate. The FLASH2 beamline will be operated in self-amplified spontaneous emission (SASE) mode in parallel. With 
those two beamlines in combination, the FLASH facility will offer the broadest possible parameter range to future users.

Figure 2

Ongoing refurbishment of the FLASH linear accelerator. The section 

downstream of the first bunch compressor and the ACC2 and ACC3  

accelerator modules (top) were removed from the tunnel (middle) and 

are being replaced by a new first bunch compressor with laser heater 

and by European-XFEL-type accelerating modules (bottom), allowing for 

a higher accelerating gradient and thus shorter photon wavelengths.

being warmed up from their 2 K operation temperature, 
allowing for the exchange of two out of seven modules. 
They were replaced by two new, state-of-the-art modules 
following the European XFEL design (Fig. 2). The exchange 
will increase the maximum electron energy of FLASH by 
100 MeV to a total of 1.35 GeV. This will result in shorter 
photon wavelengths becoming available to users and 
extend the feasible experimental applications.

In addition to the new modules, new photoinjector lasers 
will be installed before the start of the next user run in 
2022 to improve the availability of the facility and reduce 
the overall downtime. To this end, a new annex to the 
existing building was constructed in 2021. This will house 
the new photoinjector lasers as well as the laser for the 
new laser heater, which will significantly reduce the insta-
bilities of the electron beam.

In the “Kai Siegbahn” (FLASH2) experimental hall, installa-
tion of the new time-delay-compensating monochromator 
beamline FL23 started. In the “Albert Einstein” (FLASH1) 
experi mental hall, the pump–probe laser hutch was cleared 
out to provide space for the new generation of pump–
probe lasers.

In autumn 2021, there was a smooth change in the leader-
ship of FLASH2020+: Lucas Schaper took over the project 
management from Enrico Allaria, who decided to move 
back to Italy for personal reasons and continues to be 
involved in FLASH2020+ as an external collaborator.

    
Seeded FLASH1 and Xseed
The current upgrade of the FLASH linear accelerator is 
paving the way for the upcoming renewal of FLASH1 to an 
externally seeded beamline with 1 MHz repetition rate in 
2024. This process requires a 12-month shutdown, during 
which the existing FLASH1 beamline will be completely 
removed and the corresponding tunnel segments will be 
refurbished and filled with 110 m of new beamline compo-
nents. The beamline structure was recently positively 
reviewed by an external expert panel. The proposed mild 
alterations allow for even better beam collimation and 
lower particle loss in the new radiator section, which has a 
free aperture of only 6 mm. In addition, improved energy 
resolution and better online measurement capabilities of 
the electron beam phase space were incorporated. A full 
computer-aided design (CAD) model of the beamline has 

Figure 1

Timeline of the 

subprojects of 

the FLASH2020+ 

project



Figure 1

Schematic representation of the 

FLASH beamlines with enlargement 

of the Xseed section. The most 

recently upgraded elements that 

have contributed to the successful 

demonstration of parallel operation 

of SASE and external seeding at 

FLASH are highlighted in blue.

Figure 2

The electron beam’s longitudinal distribution (a) and current profile (b) for FLASH1 during HGHG seeding are significantly different from the  

longitudinal distribution (d) and current profile (e) for FLASH2. Panel (c) shows the microchannel plate (MCP) detector signal at the sixth harmonic 

of the seed laser at 44 nm. The laser and the electron beam were switched off alternately to verify that the signal was not SASE. Panel (f) shows 

a 10 min time window of the FLASH2 SASE signal from the gas monitor detector (GMD) at 20 nm in long-bunch-train mode (200 bunches) while 

the setup and optimisation of the seeded signal in FLASH1 were ongoing. (Note: (a) and (d) were measured at opposite zero crossings.)

Figure 3

Relative sensitivity of the EEHG and HGHG  

settings to the initial energy spread for the 

same modulation amplitudes in the Xseed 

modulators (A1 = 1, A2 = 3) and the same  

R56 = 950 µm in the overshearing chicane.             
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New year, new beamline
In the past few years, alongside the main beamline upgra-
des at FLASH, the seeding section of the FLASH1 beamline, 
Xseed, has also been modified (Fig. 1). The most notable 
changes for R&D in external seeding include a modified 
seed laser and a new chicane specifically designed to 
enable the implementation of EEHG.
 

Two beams in one facility
One of the persistent concerns of the FEL user community 
has been to preserve the SASE operation of FLASH in  
parallel with external seeding. With the new, fully commis-
sioned bunch compressor in the FLASH2 beamline (FLASH2 
BC in Fig. 1) and PolariX, the new X-band transverse deflec-
ting cavity after the FLASH2 undulators, it has become 
possible to produce and measure two significantly different 
FEL beams in the FLASH1 and FLASH2 beamlines. This 
operational flexibility means that one of the working points 
for the FLASH2020+ upgrade, HGHG in the 44–27 nm 
wavelength regime, could now be tested. 

Xseed at FLASH
First-time parallel operation of SASE and seeded FEL

The seeding experiment Xseed, currently installed at DESY’s FLASH free-electron laser (FEL) facility, not only serves to 
perform research and experiments on novel seeding techniques; it also makes major contributions to testing concepts that 
could be implemented in the future within the FLASH2020+ upgrade project. One of the highlights of 2021 was the world’s 
first parallel operation of self-amplified spontaneous emission (SASE) and external seeding using the high-gain harmonic 
generation (HGHG) concept. In addition, the path towards more complex echo-enabled harmonic generation (EEHG), where 
the electron beam and the seed laser interact in two successive stages, was paved by successfully overlapping the laser 
and the electron beam in both interaction regions. 

For this purpose, the electron beam energy and charge 
were set to 665 MeV and 0.4 nC for FLASH1 and 655 MeV 
and 0.25 nC for FLASH2. The compression in the common 
FLASH bunch compressors (BCs) was moderate. The FLASH1 
electron beam profile was determined with the deflecting 
cavity LOLA (Fig. 2a and 2b). In the FLASH2 beamline, the 
beam was further compressed by the FLASH2 BC (Fig. 2d 
and 2e). The FLASH1 seeded HGHG radiation was mea-
sured with a microchannel plate detector, the FLASH2 
SASE radiation with the usual gas monitor detector. The 
data show a truly parallel operation of HGHG seeding and 
SASE in the FLASH1 and FLASH2 beamlines, respectively. 
This success is a world first and a positive answer to one 
of the concerns of the FLASH FEL user community.

Progress towards EEHG
The overshearing chicane was specifically designed to 
allow for an increased control over the longitudinal bunch 
properties needed to demonstrate EEHG at Xseed. During 
the experimental campaigns, HGHG seeding of the sixth  

to tenth harmonic of the 266.7 nm seed laser in both  
modulator–chicane segments was successfully established, 
indicating that all the technical and engineering efforts to 
overlap the electron and laser beams in both segments 
were effective. 

The first attempt at EEHG, however, yielded unexpected 
results. Instead of an amplification of the signal, a reduc-
tion of the signal level was consistently observed. Further 
work based on analytical approximation explained the 
results. For the same strength of the overshearing chicane, 
measured in a parameter called R56, the strength of the 
bunching chicane has to be adjusted correctly based on the 
initial energy spread to allow for both HGHG and EEHG  

(Fig. 3). This setting would yield optimised bunching, and 
higher power of the laser in the first modulator would  
maximise the EEHG signal. 

The time of the current FLASH shutdown is being used for 
multiple improvements that will allow us to successfully 
demonstrate EEHG in the next experimental campaigns. 
Theoretical and simulation work taking into account the 
control over the electron beam energy spread offered by 
the new laser heater to be installed in 2022, as well as 
work on an improved seed laser, are in progress.
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Figure 1

(a) Planned structure for full s2e 

simulations, incorporating the three 

main categories of electron beam, 

laser seed and output resonant 

radiation. (b) Example of an electron 

beam’s longitudinal phase space 

generated and accelerated in a 

simulation code for electron propa-

gation called impact-Z, showing the 

microbunching in the beam at two 

different points in the accelerator. 

(c) Laser beam profile simulated in 

Chi23D. (d) Pulse evolution along 

the radiator beamline simulated 

in Genesis 1.3v4 with a semi-ideal 

chirped electron beam.

Figure 2

HGHG and EEHG bunch-

ing maps from analytical 

calculations [2] at the 

seventh harmonic for 

Xseed, which will be 

relied on for the next 

beamtimes in 2022/23

Figure 3

Sensitivity of an EEHG simulation for 4 nm with tapered radiators to the energy spread at the exit of the linear accelerator.

Left: Power increase during propagation over 11 radiators. Centre: Power along the pulse behind the 11th radiator. Right: Spectrum at the end of the radiator beamline.
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Progress towards start-to-end simulations
Even though the transit time of electrons travelling down 
the FLASH accelerator at almost the speed of light is rela-
tively short, many effects can strongly influence the accel-
erator’s performance. Modelling the process of external 
seeding from the electron source and tracking the elec-
trons to the end of the accelerator by start-to-end (s2e) 
simulations is essential for understanding the detailed 
physics of seeding schemes. The s2e efforts at FLASH aim 
to take advantage of the available global software pool 
(Fig. 1) together with the abundant computing resources 
available today compared to the past decades. These simu-
lations allow the impact of instabilities of the electron 
beam to be studied in detail and include the complexities 

In-depth understanding of seeding
Supporting experimental work on seeding at FLASH through simulations  
and analytical studies

In the extreme-ultraviolet (XUV) and soft X-ray wavelength ranges, external seeding techniques significantly improve the 
longitudinal coherence of free-electron lasers (FELs) by initiating the amplification process with coherent light pulses from 
an external source and prebunching the electron beam before it has entered the radiators. To reach the 4 nm spectral 
range, the FLASH2020+ upgrade of DESY’s FLASH FEL facility foresees the use of two UV laser beams in an echo-enabled 
harmonic generation (EEHG) scheme, with the aim to lase at the 75th harmonic of the seed laser wavelength. Several effects 
can smear EEHG bunching at such high harmonics, and the imperfection of the seed lasers can also have undesired conse-
quences. Dedicated start-to-end simulations, optimisation scans with ideal or semi-ideal electron beams as well as analyti-
cal calculations significantly support current and future external seeding R&D at FLASH.

inherent to the seed laser pulses. This approach will benefit 
both current and future seeding R&D efforts at FLASH [1]. 

Since 1 May 2021, following a successful application for the 
allocation of computing time, the Jülich Supercomputing 
Centre has been providing the majority of the resources 
required for the FLASH seeding simulation efforts. 

Preparing for seeding experiments to come
The Xseed section in the FLASH1 beamline is currently 
used to verify seeding methods as part of preparations for 
the FLASH2020+ upgrade. Highlights of 2021 have been 
high-gain harmonic generation (HGHG) seeding in parallel 

with self-amplified spontaneous emission (SASE) operation 
in the FLASH2 beamline and HGHG seeding in both modula-
tor segments. The efficiency of HGHG is limited to har-
monic numbers up to roughly 20 and hence to longer 
wavelengths. EEHG allows for much higher harmonics and 
will thus enable the generation of 4 nm radiation from a 
300 nm seed laser after the FLASH2020+ upgrade. 

Follow-up experiments are scheduled at Xseed to show 
EEHG seeding at FLASH for the first time. These experi-
ments need support from extensive simulation efforts. A 
detailed understanding of “good” working parameters for 
setup and optimisation is essential. Analytical (Fig. 2) and 
simulation work supporting these efforts is ongoing for  
the past and upcoming Xseed experiments.

Working point optimisation and sensitivity studies 
for FLASH2020+
Three electron beam energies are required to cover the 
spectral range anticipated for FLASH2020+. Therefore, 
optimisation runs with an ideal electron beam have been 
performed in Genesis 1.3v4 for the EEHG method at 4, 10, 
20 and 30 nm. Work on optimising simulations for the 

HGHG method (30–60 nm) is ongoing. These simulations 
also define the design parameters of the APPLE III-type 
undulators, which offer different variations of polarisation 
states in the radiators. 

Tolerance studies on the electron beam parameters, espe-
cially for the 4 nm working point, are crucial to optimise the 
overall layout. The sensitivity studies performed so far for 
timing, peak current and energy spread (Fig. 3) were promis- 
ing. They suggest that any adverse effects due to such 
variations can be mitigated by properly adjusting the  
magnetic field in the sequence of radiators – a procedure 
called tapering. Another ongoing integral sensitivity study 
is taking into account the electron beam’s chirp, a linear  
variation of the electron beam energy with time (Fig. 1b), 
which complicates the simulations.
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Figure 1

Sketch of the solvable microbunching 

model for a series of two bunch  

compression stages, each comprising 

accelerator modules and a magnetic 

chicane, together with plots of the 

phase space density and charge 

density ρ. Due to the microbunching 

mechanism, a small modulation of the 

initial charge density is converted into 

intricate substructures in the longi-

tudinal phase space after the second 

stage.

Figure 2

Example of a two-dimensional gain function calculated for FLASH2020+. Higher-

order contributions are visible as additional bands next to the main diagonal.
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Vlasov systems
The “beam” – as a large system of completely equivalent, 
independently and identically distributed charged particles 
in a particle accelerator – is described by the probability of 
finding any of the particles inside an infinitesimally small 
volume in phase space, spanned by the spatial coordinates 
and conjugate momenta: the phase space density (PSD). 
The dynamics of such beams is governed by electromag-
netic fields from two types of sources: i) the external fields 
generated by the beamline components and ii) the fields 
generated by the charged particles themselves. The charge 
density and the current density, which are the source terms 
for these self-fields, are easily computed from the PSD by 
integrating out the momentum degrees of freedom. 

With only fields of the first type, the evolution of the PSD 
is governed by the (linear) Liouville equation. If fields of the 
second type are considered, the situation changes qualita-
tively, as the evolution of the PSD now depends on the 

Vlasov systems for studying dynamics  
in free-electron lasers
Vlasov equation from plasma physics extends insight into coherent collective  
processes in FELs

Optimising the performance of modern free-electron lasers (FELs) requires excellent understanding of the processes that 
determine the evolution of the beam parameters along the accelerator. The Vlasov equation, known from plasma physics, 
gives insight into processes that determine the evolution of the phase space density under the influence of the electro-
magnetic fields generated by the beam itself. DESY’s FLASH Accelerator team is studying longitudinal effects in FELs, in 
particular the so-called microbunching amplification process, analytically and numerically with high resolution and without 
the inherent artificial noise of macroparticle simulations. The findings are applied within the FLASH2020+ project.

PSD itself. This modified non-linear – and by far more  
complex – version of the Liouville equation is called the  
Vlasov equation. It describes interactions within the  
beam on the level of the mean field approximation.

FELs such as FLASH and the European XFEL generally  
rely on the principle of magnetic bunch compression,  
which makes it possible to overcome a challenge in the 
operation of FELs: On the one hand, the FEL process 
requires very high charge densities at the energy at which 
it is operated. On the other hand, at low energies, such 
high charge densities will cause strong repelling space 
charge forces between the particles, due to which the 
beam quality will quickly deteriorate. The solution is to 
generate bunches with an initially moderate charge density 
and incrementally compress them after they have been 
accelerated to energies at which the resulting space charge 
forces are tolerable. Magnetic chicanes are employed to 
this end. In these, particles with higher energy can overtake 

lower-energy particles because they are deflected less 
strongly and thus take “the inner lane” through the  
chicane. Combined with a correlation between the longitu-
dinal position and the energy of the particles in the bunch, 
which is induced by off-crest acceleration, this leads to  
a compression of the bunch. 

As far as longitudinal dynamics are concerned, the linear 
accelerator of the FEL looks like a sequence of long  
acceleration units, over which space charge forces act on 
the beam by modifying the local momentum distribution, 
and short compression units, on which space charge may 
be neglected to some extent, but which modify the spatial 
distribution according to the incoming momentum distribu-
tion [1]. In this model, an initial charge density modulation 
(a “microbunch” structure within the beam) first causes a 
momentum oscillation, which is then transformed back into 
a density modulation, potentially adding up to the initial 
modulation amplitude (microbunching gain). A beam falling 
apart into many microbunches is potentially extremely 
destructive to the FEL performance. Note that the simplified 
model of microbunching described above is in fact solvable 
in the sense that key quantities such as the microbunching 
gain can be evaluated with only moderate numerical effort.

 
Semi-Lagrangian methods for solving Vlasov  
systems involving exotic densities
To study less idealised models, simulation codes are 
required that can give insight beyond the limited features 
of the analytical models. It is generally agreed that the 
microbunching effect is predominantly a longitudinal  
process, so that we may restrict the simulation to the  
longitudinal phase space. While the traditional approach  
is to approximate the PSD by a macroparticle ensemble 
that follows the PSD’s distribution law, semi-Lagrangian  
techniques represent the PSD by interpolation on a  
two-dimensional grid. 

Liouville’s principle states that the PSD is preserved along 
particle trajectories. Hence, one can update to a later  
representation of the PSD by tracking the phase space 
coordinates of the grid points backwards in time and inter-
polating locally using the old PSD grid points neighbouring 
the back-tracked point. Time steps have to be chosen so 
that the evolution of the source terms of the field equa-
tions does not change too much. Large step sizes can be 
achieved for systems where the collective force affects 
only the momentum distribution, but depends only on the 
spatial distribution. This is true for so-called Poisson kicks. 
We found a slightly larger class of collective forces with 
the above-mentioned property [2].

Unfortunately, the longitudinal PSDs typical for FEL appli-
cations are rather exotic in the sense that they only pop-
ulate a very small fraction of their bounding rectangle, so 

that rectangular grids with high resolution are extremely 
wasteful in terms of computer memory. We used a tree-
based domain decomposition that only requires an actual 
grid in regions where the beam is sufficiently populated [3]. 
We implemented these methods in the library libselav and 
the program SelaV1D [4]. 

In Fig. 1, the SelaV1D tracking results are displayed for an 
example close to the solvable model. Figure 2 shows a 
two-dimensional gain function, i.e. the high-frequency-
compressed spectral content of the final PSD as a function 
of the artificial seed wavelength of the initial PSD for an 
example relevant to the FLASH2020+ upgrade project. The 
power of the method becomes clear, since it is generally 
difficult to observe the higher-order harmonics of the  
compressed seeding wavelength of the initial charge  
density modulation.

Especially in the lower-dimensional case, the semi-
Lagrangian approach combined with tree-based domain 
decomposition is a promising, if not superior, alternative to 
particle-tracking methods, allowing longitudinal collective 
dynamics to be studied with great precision and at rela-
tively low computational cost.
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Figure 1

The standard HGHG scheme consists of one modulator undulator, one chicane and an amplifier and requires tens to hundreds of MW seed laser peak power to obtain 

FEL radiation at harmonics of the seed laser wavelength. By simply using in addition the modulator and chicane (as highlighted in the figure) that already exist in 

seeded FEL beamlines, the peak power requirements can be reduced by two orders of magnitude, allowing seed laser systems to operate at a higher repetition rate. 

Figure 2

Comparison of the simulated output FEL radiation generated at the 15th harmonic of a 300 nm seed laser. A seed laser peak power of 61 MW was used for the stand-

ard HGHG scheme, while only 0.17 MW were required for the modified HGHG scheme.   
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Current state of the art and limitations
Self-amplified spontaneous emission (SASE) is currently 
still a dominant mode of operation at high-gain FELs, as it 
provides FEL pulses with wavelength tuneability down to 
hard X-rays and MHz repetition rates at superconducting 
FELs, such as FLASH at DESY. However, the temporal 
coherence of SASE radiation is poor because the initiation 
of the FEL process is based on spontaneous undulator 
radiation. In addition, the SASE radiation suffers from large 
shot-to-shot fluctuations. Since a wide range of experi-
ments depends on full coherence and benefits from shot-
to-shot stability, new techniques have to take over. 

High-repetition-rate seeded FEL
Increasing the repetition rate of seeded FEL radiation using existing beamlines

External seed lasers are used at free-electron lasers (FELs) to enable the generation of fully coherent FEL pulses in  
the soft X-ray regime. Despite the attractive stability and full coherence of seeded FEL radiation, the repetition rate 
of the FEL radiation is limited by the repetition rate of the seed laser. Instead of relying only on advances of the 
complex laser systems used in seeding, the work presented here takes advantage of already existing components 
of seeded FEL beamlines to implement the so-called optical klystron concept, which considerably reduces the peak 
power requirements of the seed laser. At this significantly lower peak power, the repetition rate of the seed laser can 
be increased and experiments can immediately benefit from fully coherent and high-repetition-rate FEL radiation.

External seeding techniques have already been success-
fully implemented; they depend on an external seed laser 
source and provide fully coherent FEL radiation at a  
harmonic of the seed laser wavelength. While stability and 
full coherence are given with these methods, the repetition 
rate of the FEL radiation is limited (to tens of Hz) by the 
availability of seed laser systems with sufficiently high 
peak powers in the ultraviolet range. Currently, the 
upgrade project of FLASH, FLASH2020+, is aiming to 
develop a novel seed laser system that will provide  
sufficient peak power for external seeding at 1 MHz in a 
burst mode. A further increase of the repetition rate of 

seed laser systems at this wavelength and peak power is, 
however, not possible with such technology in the near 
future.

Increasing the repetition rate of external seeding 
with no additional installations
To support the advances in seed laser technology towards 
achieving a high repetition rate, an alternative seeding 
scheme based on the concept of the optical klystron [1] 
was simulated. It was shown that, by simply using some 
additional components already existing in certain seeded 
FEL beamlines, the seed laser peak power requirements 
can be reduced by two orders of magnitude [2]. 

The study was based on FLASH2020+ parameters and the 
high-gain harmonic generation (HGHG) seeding scheme. 
Instead of the standard HGHG scheme, consisting of one 
modulator undulator and one chicane upstream of the 
amplifier, where a harmonic of the seed laser wavelength 
is amplified, one more chicane and modulator undulator 
were used (Fig. 1). This additional chicane and modulator 
already exist in seeded FEL beamlines, such as the one of 
FLASH2020+, as they are necessary to implement the 
echo-enabled harmonic generation (EEHG) seeding scheme.

To verify that comparable results can be obtained with the 
two schemes, simulations were performed with the Gene-
sis 1.3v4 code, and the FEL radiation was compared at the 
15th harmonic of a 300 nm seed laser wavelength (Fig. 2).

Both schemes generated FEL radiation at 20 nm character-
ised by full coherence and comparable bandwidth, peak 

power and pulse duration. While in a standard seeding 
scheme a seed laser peak power of 61 MW was required 
when interacting with the electron bunch, the modified 
HGHG scheme reduced the power by a factor of 360,        
down to 0.17 MW. Such a significant reduction in peak 
power allows the seed laser system to withstand higher 
repetition rates. In addition, it becomes possible to use 
lasers of shorter wavelengths, which are typically available 
at lower peak powers. In this way, the shortest wavelength 
generated by HGHG could be extended from the 20 nm 
assumed here to shorter wavelengths.

Accelerating science at FELs with high-repetition-
rate seeding
High-repetition-rate seeding will allow a wide range of 
experiments to obtain sufficient statistics, thus accelerat-
ing ongoing science at FELs. At the same time, the stability 
and full coherence of seeded radiation will enable accurate 
measurements and exciting possibilities that pave the way 
for new findings and a bright future for FELs.

Contact: Georgia Paraskaki, georgia.paraskaki@desy.de
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Figure 1

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

the HLSS scheme and a mixed scheme used to optimise the setup to meet  

special experimental requirements

Figure 2

Current density of the electron bunch measured 

using the PolariX TDS. The measurement was 

performed during lasing with 3 µJ at 5.9 nm and 

26 µJ at 17.7 nm using the mixed undulator  

configuration shown in Fig. 1 (bottom). 
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Mixture of lasing schemes for  
tricky experiments at FLASH
Combining a harmonic-lasing self-seeded FEL with two-colour lasing

DESY’s FLASH free-electron laser (FEL) facility can produce self-amplified spontaneous emission (SASE) FEL  
pulses in the extreme ultraviolet to soft X-ray region. The flexibility of the variable-gap undulators in the FLASH2 
beamline opens up a wide range of scientific opportunities. Different advanced lasing schemes have been tested in  
the past years, such as the frequency doubler scheme, two-colour lasing and the harmonic-lasing self-seeded (HLSS) 
FEL scheme. In 2021, a user experiment required parameters not yet provided at FLASH: a similar power in the 
fundamental and the third harmonic of the photon wavelength. Thanks to a trick, combining HLSS and two-colour 
lasing, a tailored two-colour beam could be delivered to the user experiment. 

Choice of appropriate lasing scheme
The FLASH2 undulator beamline contains 12 variable-gap 
undulator segments with a length of 2.5 m each. The 
tuneable gap allows the undulator parameter K and thus 
the lasing wavelength to be controlled in a certain range, 
depending on the electron beam energy. In addition to 
SASE operation at varying wavelength, different lasing 
schemes are used to increase the photon parameter 
space. As every experiment has its own requirements on 
photon pulse properties and its own demands on quality 
and stability, the FLASH team optimises each individual 
setup to provide all the requested parameters. 

Some photon experiments require two different soft 
X-ray wavelengths. Depending on the demands of the 
experiment, different schemes might be the best choice, 
such as the frequency doubler scheme, the HLSS scheme 
[1, 2] or two-colour lasing with different configurations. 
For two-colour lasing, a scheme based on alternating 
tunes of the undulator segments was found to be  
beneficial [3]. Figure 1 shows a schematic of the setup  
for two-colour lasing based on alternating tunes (top)  
and HLSS (middle). The HLSS scheme does not rely on  
the third harmonic of the fundamental, but produces the  
third harmonic from the “seed” directly – and thus with 
high power.

For a user experiment analysing the relaxation time 
scales in core-level photoexcited molecules, lasing at  
17.7 nm and 5.9 nm in parallel, both at full power, was 
required. Additionally, wavelength scanning in a small 

range and FEL pulse durations shorter than 50 fs in a 
bunch train of 40 bunches with 100 kHz repetition rate 
were asked for. On the one hand, previous studies at 
FLASH had shown that the FEL pulse energy in a HLSS 
configuration exceeds conventional SASE by 50% [1],  
so HLSS seemed to be a good choice. Unfortunately, the 
fundamental wavelength is eroded in this scheme and 
cannot be transported to the photon experiment since 
the focal points of the two different colours are far away 
from each other. On the other hand, two-colour lasing 
based on alternating tunes offers the possibility to  
generate the focal point of both wavelengths close to 
each other, but it does not use the third-harmonic relation 
of the two wavelengths to each other and hence lacks  
the high output power in the third harmonic. 

Therefore, the FLASH team decided to use a mixture of 
both configurations, shown in Fig. 1 (bottom). The first 
three undulators were tuned to 17.7 nm to allow the  
fundamental wavelength to gain intensity and to develop 
third-harmonic generation. Afterwards, two-colour lasing 
based on alternating tunes was applied to increase the 
intensity of the fundamental and the third harmonic and 
to get a source and hence later also a focal point at a  
similar position. 

Pulse properties
Two-colour operation was performed at an electron beam 
energy of 1.04 GeV, providing wavelengths of 5.9 nm  
and 17.7 nm. Using the mixed undulator configuration, a  

photon pulse energy of about 3 µJ at 5.9 nm and 30 µJ at  
17.7 nm was achieved. The photon pulse energy was 
measured using different gases in two X-ray gas monitor 
detectors with known cross sections. In order to achieve 
the required photon pulse duration below 50 fs, the 
bunch charge was reduced to 250 pC and measurements 
using a transverse deflecting structure (TDS) were per-
formed to characterise the FEL pulse. Figure 2 shows  
the measurement of the current density distribution of  
a lasing bunch, done after finalising the setup. The bunch 
had a high peak current. After an initial resonance scan, 
both wavelengths were fixed and could be provided very 
stably. 
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Figure 1

PolariX measurements with undulators open (top) and 

closed (bottom). Left: Phase space density. Right: Current 

density. The open-undulator case shows weak microbunching, 

while the closed-undulator case exhibits sharp current spikes 

and an enhanced local energy spread in the region around 

-200 fs, indicating that this region supported the actual 

SASE process. 

Figure 2

PolariX measurement during tuning for setup of a user experiment.  

Left: Phase space density. Right: Current density. The temporal resolution was 

optimised to 7.6 fs (2.3 µm) so that the short bunch almost fills the entire screen.

Figure 3

PolariX image of the longitudinal phase space density for an exotic, heavily  

microbunched bunch observed during dedicated microbunching studies 
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The physics behind TDS-based longitudinal  
diagnostics
Optimising the performance of sophisticated accelerator 
applications like FELs generally requires excellent knowl-
edge of the longitudinal distribution of the electron bunch 
parameters. If the bunches are short, in the femtosecond 
range, traditional electronic detectors do not offer enough 
bandwidth to resolve substructures inside the already 

PolariX advances FLASH2
Longitudinal phase space measurement with femtosecond resolution

Transverse deflecting radio frequency (RF) structures (TDSs) are state-of-the-art longitudinal diagnostic hardware for 
beams of very short particle bunches with lengths in the range from several to several hundreds of micrometres. The 
PolariX X-band (12 GHz) TDS is a project between CERN, PSI and DESY [1]. A first prototype was installed in the beam-
line of the FLASHForward plasma wakefield acceleration experiment in 2019 [2], commissioned and successfully used 
within the experimental programme. In early 2021, a new PolariX consisting of two RF structures was installed in the 
FLASH2 beamline together with an upgrade of the RF system shared by the FLASH2 and FLASHForward PolariX 
structures. The FLASH Accelerator team started conditioning the system and routinely used the new PolariX for 
self-amplified spontaneous emission (SASE) tuning and other related free-electron laser (FEL) studies at FLASH2.

short bunches. A TDS is an RF structure with an eigenmode 
that has a transverse electric field component and thereby 
deflects particles transversely depending on their arrival 
time with respect to the RF wave. It can be used as a fast 
kicker or a very powerful streaker. In the latter case, the 
streaked bunch evolves through a beamline with a given 
optics and thereby maps the initial longitudinal position 
inside the bunch onto a transverse position in the streak 
plane. A screen is positioned at this location so that the 
longitudinal coordinate translates to a transverse position 
on the screen along the axis of the streak plane. 

High amplitudes of the electric field and high RF frequency 
both enhance the displacement on the screen and thus  
the resolution. If the beamline upstream of the TDS builds 
up transverse energy dispersion at the screen, like in a  
magnetic spectrometer, and the dispersive plane is  
perpendicular to the streak plane, the complete longitu-
dinal phase space is mapped onto transverse positional 
space (x-y space). If such a TDS with dispersive beamline is 

placed downstream of an FEL undulator, the longitudinal 
portion of the bunch that actually supported the FEL  
process can be determined, and thus to some extent also 
the photon pulse duration of the FEL pulse. Exactly this 
scheme has been realised at FLASH2. 

PolariX – novel TDS design with variable polarisation
The PolariX is an X-band (12 GHz) TDS with the essential 
new feature that the polarisation of the transverse electric 
field can be varied by tuning the relative phases of two 
perpendicular in-coupling ports of the structure. This fea-
ture enables measurements of the longitudinal distribution 
of emittance and mismatch in both transverse planes and 
even phase space tomography [3]. At FLASH2, the only 
feasible and reasonable location for the PolariX is down-
stream of the SASE undulators and close to the beam 
dump. This implies strong constraints on the beam optics, 
so that even after efficient optimisation a fully satisfactory 
temporal resolution can only be achieved with a signifi-
cantly larger streaking amplitude than needed for the 
FLASHForward PolariX. Therefore, a design with two RF 
structures was chosen, and an RF pulse compressor was 
installed to increase the peak RF power, targeting 20 MW 
for 100 ns RF pulse duration. 

A “fresh” RF system needs conditioning to enable opera-
tion with high power without electric breakdowns. The 
tedious conditioning is still ongoing. Nevertheless, a power 
level of 6 MW for 100 ns has already been reached, equi - 
valent to what has been achieved at the FLASHForward 

PolariX. This is not yet optimal, but sufficient to perform 
phase space mappings with an already very good resolu-
tion below 10 fs. 

 
Applications of PolariX
Since mid-2021, the PolariX at FLASH2 has been routinely 
used for beam tuning for user experiments as well as for 
dedicated studies of electron beam dynamics and FEL  
processes. Figure 1 shows two bunches that have been set 
up almost identically, except that one (top) was measured 
with open undulators, while the other (bottom) was  
measured with closed undulators and 250 μJ SASE pulse 
energy at 21 nm wavelength. Figure 2 shows a bunch  
prepared for user operation with short pulses. Note the 
very good temporal resolution of 7.6 fs. Figure 3 is an 
exotic example of a heavily microbunched bunch observed 
during dedicated microbunching studies, demonstrating 
the power of the instrument for those studies.
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Figure 1

Design of the waveguide distribution between the RF station 1 and the  

accelerator modules ACC2 and ACC3

Figure 2

Isolator on the HPRF test stand

Figure 3

Complete waveguide distribution for one module on the LLRF test stand 
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Development of waveguide distributions for 
FLASH2020+ 
To achieve the shorter wavelengths foreseen for the 
FLASH2020+ upgrade by increasing the energy of the 
accelerator, new accelerator modules will be installed. 
The waveguide distributions for the modules have to be 
modified to reach the maximal accelerating gradient for 
each superconducting cavity, which requires a cavity 
power ranging from 142 kW to 387 kW.

RF waveguide distributions 
for FLASH2020+ 
Development, design and production of waveguide  
distributions for the FLASH upgrade

DESY’s FLASH free-electron laser (FEL) facility consists of a 1.3 GHz radio frequency electron source (RF gun)  
and seven 12 m long TESLA-type superconducting accelerator cryomodules (ACC) containing eight accelerating  
cavities each. Five RF stations with 5 MW or 10 MW klystrons supply the cryomodules with RF power through  
a waveguide distribution system. To realise the FLASH2020+ upgrade project, more than 80% of the  
waveguide distribution system needs to be modified and optimised.

RF waveguide distributions deliver the RF power gener-
ated by the klystrons of the RF stations to the individual 
cavities of the accelerator. During the winter shutdown 
2021/22, all five RF stations will be upgraded, two of 
them completely renewed, and the waveguide distribu-
tions will be modified to meet the requirements of the 
new modules. Figure 1 shows the layout of the RF  
waveguide distribution between the RF station 1 and  
the accelerator modules ACC2 and ACC3.

The klystron and connecting waveguide distributions for 
the RF stations 1, 4 and 5 and the waveguide distributions 
for the cryomodules ACC2, ACC3, ACC4 and ACC5 were 
developed, designed and tuned in the Waveguide  
Assembly and Test Facility (WaveATF). All key waveguide 
components, such as isolators, directional couplers and 
fixed phase shifters, were tested on the WaveATF high-
power RF (HPRF) test stand (Fig. 2). All the components 
for each cryomodule were tested and tuned separately 
before the complete waveguide distribution for each 
module was checked on the WaveATF low-level RF (LLRF) 
test stand (Fig. 3). During the LLRF test, the coupling ratio 
and the phase were tuned for each cavity. The input 
standing wave ratio (SWR) and the dynamic phase range 
were also optimised.

To reduce the installation time in the FLASH tunnel, the 
waveguide distributions for the cryomodules ACC2 and 
ACC3 were mounted directly onto the cryomodules in the 
Accelerator Module Test Facility (AMTF). The installation 
of ACC4 and ACC5 in the FLASH tunnel will be finished  
in spring 2022. The SWR of the entire system is largely 
determined by the isolators, which have an SWR of <1.2 
under operating conditions. The complete waveguide 

distribution systems were produced with a coupling ratio 
accuracy of 0.2 dB for each cavity with a maximum input 
SWR of 1.2.

A particularly high degree of accuracy was required when 
setting the phase. Since the modules have different space 
between the cavities (European-XFEL-type vs. FLASH-
type), the phase tuning was especially important and  
difficult to manage. The installation of all the klystron 

waveguide distributions will be realised without the use 
of sulphur hexafluoride (SF6). Airflow machines will be 
used as a much more reliable and efficient alternative. In 
addition, all RF switches will be coded to ensure safe and 
monitored handling.

Contact: Burcu Yildirim, burcu.yildirim@desy.de
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Figure 1

Left: Example of a 

FLASH Cs2Te photo-

cathode designed, 

produced and analysed 

in the cathode lab at 

DESY.  

Right: Active area of 

the Cs2Te photocathode 

after deposition on  

the molybdenum plug  

(front view, plug dia-

meter 16 mm, cathode 

diameter 5 mm).

Figure 2

Quantum efficiency (QE) of the 

photocathode #105.2 presently in 

operation at FLASH. The red square 

indicates the QE measured in the lab 

after production. The blue squares are 

the QE measurements performed in 

the electron RF gun. As of November 

2021, a charge of 23 C has been  

emitted (black line).
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Cs2Te cathodes at DESY 
The photocathode installed at FLASH is a thin film of Cs2Te 
on a molybdenum plug inserted from the back into the 
radio frequency (RF) electron source (gun). A laser system 
perfectly synchronised to the RF field of the gun sends 
bursts of picosecond-long ultraviolet (UV) laser pulses to 
the cathode. Through the well-known photoelectric effect, 
each laser pulse generates an electron bunch. The parame-
ters of the RF gun as well as the laser spot size and pulse 
duration are adjusted so as to generate an electron beam 
with high brilliance.

The choice to use Cs2Te cathodes at FLASH goes way back 
to the CLIC Test Facility at CERN and the TESLA Test Facil-
ity at DESY, with other labs also joining in the use of Cs2Te. 

Photocathodes at FLASH 
Cs2Te photocathodes with high quantum efficiency and long lifetime

The electron beam of DESY’s FLASH free-electron laser (FEL) facility starts at the 
photocathode – point zero. As a high-duty-cycle machine, FLASH accelerates thousands 
of electron bunches per second. Only a cathode with high quantum efficiency (QE) can 
meet this requirement, and high QE over a long time is an asset for a user facility. Over 
the past years, the caesium telluride (Cs2Te) photocathodes in operation at FLASH 
have demonstrated remarkably high QE, low dark current and long lifetime.

In cooperation with INFN LASA in Milano, Italy, such cath-
odes were already produced in 1997. At DESY, a cathode 
lab was set up in 2007 to manufacture cathodes for FLASH, 
the PITZ photoinjector test facility and the European XFEL 
X-ray laser. Nowadays, it also serves DESY’s REGAE  
ultrafast electron diffraction facility and the ARES linear 
accelerator. The lab is currently being extended for further 
cathode research (Fig. 1), especially in view of a continuous-
wave (CW) operation of electron sources. 

As the cathodes are sensitive to pollution, they have to be 
kept in ultrahigh vacuum at all times. The cathodes used in 
the last years at FLASH were produced at INFN LASA in 
2013 and at DESY. This shows that it is indeed possible to 
store such cathodes for many years. 

Quantum efficiency
The QE is defined as the ratio of the number of electrons 
emitted from the cathode to the number of photons 
impinging on it. The spectral response, i.e. the QE as a 
function of photon energy, was measured in the DESY 
cathode lab with a high-pressure mercury lamp scanning 
the photon energy from 3 to 5 eV (see annual report DESY 
Accelerators 2016). From these measurements, we deduced 
a work function of 3.5 eV, in agreement with the literature. 
This also revealed that the optimal laser photon energy in 
terms of high QE should be around 5 eV. FLASH uses two 
lasers based on Nd:YLF (1047 nm) and one based on 
Yb:YAG (1030 nm), with the fourth harmonic at 262 nm and 
257 nm, respectively, corresponding to about 4.7 eV. 

Figure 2 shows the QE of the photocathode #105.2, which 
has been installed in the FLASH RF gun since December 
2018. QE measurements have been performed continu-
ously at regular intervals. The RF gun is operated at its 
nominal RF power of 4.7 MW and at an RF phase of 38° off 
zero crossing. Zero crossing refers to the phase between 
the laser and the accelerating field through which electrons 
can be emitted and transported out of the RF gun. At 40% 
to 50%, the initial QE in operation in the RF gun was much 
higher than the QE measured right after production. The 
cathode had been stored for 4.5 years under ultrahigh  
vacuum and had apparently maintained good surface prop-
erties. During operation in the RF gun, the surface layer of 
the cathode changed, reducing the QE quickly to around 
15% (September 2019). Afterwards, a balance of degrada-
tion and regeneration by the UV laser during operation 
stabilised the QE at 15% (until August 2020) and later at 
6%. As of November 2021, a total charge of 23 C has been 
emitted from this cathode.

The previous cathode #73.2 was operated for 1413 days 
from January 2015 to December 2018 with an average QE 
of about 8% and a total emitted charge of 25 C.

 
Summary and outlook
All in all, the Cs2Te photocathodes in operation at FLASH 
show a remarkably high QE and long lifetime – no lifetime 
issues have occurred with Cs2Te cathodes over the last 
years. In order to maintain this outstanding performance, 
several improvements have been made. One example is a 
significant design change of the cathode transfer system. 
The new design not only facilitates compatibility and the 
handling of the photocathodes on different systems, but 
also features a very soft movement of the cathode holder 
during cathode transfers. The reduction in particles conta-
minating the systems that resulted from these improve-
ments is significant and one of the reasons why FLASH and 
the European XFEL operate with low dark current.

Within a collaboration between DESY in Hamburg, PITZ at 
DESY in Zeuthen and INFN LASA in Milano, an extension of 
the cathode lab at DESY will contribute to the development 
of cathodes with a high QE for green laser wavelengths. 
This kind of cathode would be an asset for CW-operation 
electron sources. 
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Figure 2

Experimentally derived radial plasma density profile as it evolves in time after the 

leading bunch has driven a wake.

Figure 3

Residuals between energy spectra and transverse bunch size of both unper-

turbed and perturbed probe bunches. The vertical dashed line indicates the point 

of recovery of the plasma.

Figure 1

Conceptual representation of the plasma probe process. The rendering was 

performed using VisualPIC [1].
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Repetition rates of modern accelerators 
The luminosity and brilliance demands in high-energy  
physics and photon science make the amount of acceler-
ated charge per second a key metric for many state-of-
the-art particle accelerators. In practical terms, this means 
optimising the temporal pattern of particle bunches for  
the chosen accelerator technology such that thousands of 
bunches may be accelerated per second. For example, in 
radio frequency (RF) accelerators, the bunch train pattern 
is often composed of long bursts of bunches with nano-
second to microsecond inter-bunch separations.

Plasma accelerators  
recover in a FLASH 
FLASHForward takes first step towards defining repetition  
rates of plasma-based facilities of the future

The GV/m accelerating gradients inherent to beam-driven plasma accelerators may hold the key to unlocking cost- 
effective accelerators, facilitating the acceleration of particle bunches to higher energies over shorter distances than 
is possible today with conventional facilities. However, in order to meet the luminosity and brilliance demands in 
high-energy physics and photon science, the plasma accelerators of the future must be capable of accelerating 
thousands of high-intensity bunches per second – many orders of magnitude more than the current state of the art. 
The first step towards answering whether or not plasma accelerators can meet this lofty goal is to define the minimum 
possible separation between acceleration events permitted by the fundamental physics of long-term plasma evolution. 
The many-nanosecond-level recovery time measured for the first time at DESY’s beam-driven plasma acceleration 
facility FLASHForward establishes the in-principle attainability of MHz acceleration rates in plasma.

Plasma wakefield accelerators represent a disruptive develop  - 
ment in accelerator technology due to their promise of 
multi-GV/m accelerating gradients – orders of magnitude 
higher than those achievable with RF. However, if this 
technology is to meaningfully compete with conventional 
technology in terms of luminosity and brilliance, it must also 
be capable of accelerating many particle bunches per second. 
The first step in addressing the feasibility of this challenge 
is to define the fundamental building block of repetition 
rate: the minimum possible separation between two bunches.

Probing the plasma
The electromagnetic fields in plasma, unlike those in RF 
cavities, are significantly damped after only a few oscilla-
tions, at which point the plasma wake collapses. Therefore, 
it is essential to utilise the first oscillation of the wakefield 
for acceleration, then wait for the perturbed plasma to 
recover to approximately its initial state before the next 
acceleration. This recovery time places an upper limit on 
the maximum achievable repetition rate of plasma acceler-
ators. A diagnostic technique analogous to pump–probe 
methodology (Fig. 1) has been developed at FLASHForward 
to ascertain for the first time the evolution and recovery 
time of the plasma with sub-nanosecond resolution.
 

Dynamics of long-term plasma evolution
After the leading bunch drives a wakefield in the unper-
turbed plasma, the perturbed plasma can be sampled with 
a series of later-arriving probe bunches. By analysing the 
energy spectra and transverse distributions of the probe 

bunches, it becomes possible to understand how the 
plasma evolves in time. Figure 2 shows the experimentally 
derived radial plasma density profiles from 0.77 to 50 ns 
after the first wakefield has been driven. 

At the very shortest times, an on-axis density peak de- 
velops, indicating that the homogeneous background of 
plasma particles has been drawn towards the axis of the 
leading bunch due to its extremely high transverse fields. 
In the subsequent nanoseconds, this peak evolves into a 
density trough as the electrons and ions impelled towards 
the leading bunch cross paths and continue off axis. At 
later times, the on-axis deficit of plasma particles starts to 
decrease due to an inwardly moving ion-acoustic wave of 
colder plasma particles until a flat, homogeneous back-
ground of plasma is reestablished.
 

Recovery time of a plasma accelerator
The recovery time of the plasma is defined as the point at 
which the properties of the probe bunches after interac-
tion with the perturbed plasma are consistent with those 
measured after interaction with an unperturbed plasma,  
i.e. in the absence of the leading bunch (Fig. 1). For the 
case at FLASHForward – using an argon plasma of density 
1.75 x 1016 cm-3 – all experimental observables indicate that 
the properties of the probe bunches are consistent to 
within errors by 63 ns after perturbation of the plasma by 
the leading bunch (Fig. 3). 

The recovery time for this operational state therefore 
translates to an upper limit of the inter-bunch repetition 

rate of O(10 MHz) [2]. In principle, plasma accelerators  
are therefore capable of accelerating millions of particle 
bunches per second – orders of magnitude more than 
required to meet the luminosity demands of, for example, 
future linear colliders [3].

In order to reach this upper limit with a practical accelera-
tor, however, robust developments in plasma source tech-
nology will be required. This will likely necessitate operat-
ing plasma accelerators with bunch patterns similar to 
those regularly deployed at FLASH, i.e. macropulses of 
long trains of bunches accelerated with MHz frequencies, 
in order to manage the high average power. Answering the 
questions of how to best overcome this challenge will form 
the basis of future experimentation at FLASHForward.
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Figure 1

Schematic of the LUX accelerator: The 100 TW ANGUS laser is focused into a plasma source where it ionises hydrogen gas and drives a plasma wave (circular inset). 

An electron bunch is injected into the wave in a first nitrogen-doped section of the plasma source and then accelerated to hundreds of MeV in pure hydrogen over the 

following few millimetres. To analyse the beam parameters, the accelerated electron bunch is captured by quadrupole magnets and transported to several diagnostic 

devices. Figure adapted from [1] and Science Communication Lab.

Figure 2

Application of machine learning at LUX: The left plot shows the evolution of the beam quality during the Bayesian optimisation procedure. As the algorithm does its 

work of maximising the objective, the spectra of the generated electrons (upper plot) become more and more narrow, resulting in a reduction of the energy spread. 

The right plot demonstrates the predictive capabilities of the neural network surrogate model. Using only the laser parameters as inputs, the model accurately  

predicts (green) the real measurements (blue) of the median electron energy. Figure adapted from [1] and [2].
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Compact accelerators
Thanks to their extreme accelerating gradients, laser 
plasma accelerators promise to add very compact facilities 
to the portfolio of accelerator technology. These poten-
tially small and inexpensive setups would greatly increase 
the availability of particle accelerators and thus open up 
possibilities for novel applications. To mature plasma accel-
erators for applications, however, significant improve-
ments in the quality, stability and reproducibility of the 
accelerated electron beams are still required. These key 
challenges are a consequence of the complex acceleration 
process, where an extremely intense laser drives a micro-
scopic wave in a plasma, which then acts as the accelerat-
ing structure. This process takes place on tiny length and 
time scales – of micrometres and femtoseconds – and 
makes it very difficult to observe and, more importantly,  
to control and improve the acceleration.

Machine learning at LUX
Leveraging intelligent algorithms to understand and  
improve plasma accelerators

Laser plasma accelerators are on the verge of driving real-world science applications. Machine learning techniques 
could prove decisive to exploit their full potential. The LUX laser plasma accelerator at DESY recently demonstrated 
autonomous tuning of the beam quality using intelligent optimisation algorithms and surrogate modelling. Analysing 
the experimental data with neural networks provided important insights into the root causes for remaining parameter 
variations in the system. The results fuel the development of KALDERA, the next-generation high-repetition-rate  
laser plasma accelerator at DESY.

At the LUX laser plasma accelerator at DESY (Fig. 1), which 
is developed and operated in close collaboration with  
Universität Hamburg, machine learning methods were 
recently leveraged to tune the output beam quality and 
make important progress in understanding and eventually 
reducing the causes of instabilities of the beam [1, 2].

 
Autonomous beam quality optimisation
A particular challenge on the way to using laser plasma 
accelerators as drivers for real-world applications is to 
reduce the energy spread of the generated electron beams. 
Specifically for this purpose, the LUX team developed a 
novel plasma source that enables targeted control of the 
injection and acceleration dynamics [1]. In this plasma 
source, a high-quality electron bunch is first injected into 
the plasma wave and then accelerated to higher energies. 

While absorbing energy from the plasma wave, the bunch 
deforms the accelerating field through a process known as 
beam loading. Under optimal conditions, this mechanism can 
be used to flatten the accelerating fields, which will pre-
serve the initially small sub-percent-level slice energy spread.

However, the entire non-linear process is sensitive to 
many tuning parameters, such as the energy of the laser, 
the laser focus position, or the density and shape of the 
plasma. Given the complexity of the system, it is typically 
not possible to predict the exact configuration of parame-
ters that will result in the best beam quality, and the sheer 
number of possible configurations makes testing and  
scanning a tedious task. 

Recent results at LUX [2] prove that machine learning algo-
rithms can master this complicated problem very well. For 
this, a method known as Bayesian optimisation uses online 
measurements of the machine parameters and the result-
ing electron beam to build a model that describes the rela-
tion between the tuning parameters and the electron beam 
quality. This model can be used as a map to find a configu-
ration that potentially gives better beam quality. The algo-
rithm iteratively tunes the accelerator, takes new measure-
ments and improves the model to eventually find the 
optimal configuration of the accelerator. At LUX, with the 
help of Bayesian optimisation, it was possible to reduce the 
energy spread of the electron beam to less than 1% (Fig. 2), 
which is a critical prerequisite for demanding applications 
such as a free-electron laser.
 

Predictive modelling for improved beam stability
Although it is now possible to find a configuration that – on 
average – produces high-quality electron beams, the beam 
parameters still deviate slightly from this optimum on a 
shot-to-shot basis. These variations are caused mainly by 

fluctuations in the drive laser system, such as small jitters 
in the energy or focus position of the laser pulse. Due to 
the low repetition rate (1 Hz) at LUX, it is difficult to stabi-
lise these variations, which are caused, for example, by air 
fluctuations or acoustic vibrations at much higher frequency. 
However, over the next few years, DESY will develop a 
next-generation drive laser for plasma applications, called 
KALDERA, which will operate at up to kHz repetition rates. 
It is thus extremely important to understand, differentiate 
and quantify the effects of jitters in different laser param-
eters on the electron beam already today in order to find 
the major sources of instability and to specifically guide the 
design of future facilities. 

A neural network that was trained on thousands of mea-
surements at LUX has learned the interplay between tens 
of laser parameters and the electron beam quality. The 
network acts as a surrogate model of the accelerator and 
can accurately predict the parameters of the electron 
beam when given the properties of the drive laser for each 
individual shot [1]. With this knowledge, it is now possible 
to quantify the effect of each of the laser parameters and 
define design constraints for the stability of KALDERA. 
Predictive models like this, in combination with the kHz 
repetition rate provided by KALDERA, form the foundation 
for active stabilisation and feedback control as an essential 
ingredient to drive real-world applications with plasma 
accelerators.

Contact: Manuel Kirchen, manuel.kirchen@desy.de
Sören Jalas, soeren.jalas@desy.de
Andreas Maier, andreas.maier@desy.de 

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



Figure 1

The KALDERA laser lab (light blue) is located next to the accelerator tunnel (red) that will host future laser plasma accelerator activities. 

Figure 2

Left: Construction of the basement (rack room). Right: After pouring the new concrete baseplate. The steel frame for the cleanroom has already been installed. 

Figure 3

Test stand for the characterisation of Ti:Sa laser crystals, carried out in close  

collaboration of the Lasers for Plasma Acceleration group at DESY and the  

Ultrafast Optics and X-rays group at CFEL
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Making headway
Throughout 2021, the DORIS hall (Building 30) has seen 
massive transformation (Fig. 1 and 2). The location of the 
former OLYMPUS detector is now the basement of the 
new laboratory, housing racks for the electronics and  
controls of the future KALDERA laser. The ceiling of this 
rack room forms the new lab floor. It is a single concrete 
slab, which was specifically designed to decouple the laser 
lab from outside vibrations. The team measured the 

KALDERA laser lab
New home for KALDERA laser development activities

With the support of 16 technical and infrastructure groups, DESY is currently building a new laser lab for the develop-
ment of the future KALDERA laser, i.e. the Kilowatt Average Power Laser at DESY for Revolutionary Accelerators. The 
new laboratory, which will be completed by mid-2022, features 400 m2 of class ISO5 and ISO6 cleanroom space to 
provide optimum conditions for the demanding development of a high-repetition-rate laser plasma acceleration drive 
laser. The laser lab is part of the ATHENA complex in the former DORIS hall and located right next to the accelerator 
tunnel where the future plasma accelerator experiment will be located.

vibration frequency spectrum of the DORIS hall and then 
engineered the eigenfrequency of the concrete slab to 
match a quiet range of this spectrum.

Today, the new floor already holds the cleanroom – a steel 
frame with sandwich walls. A total of 130 filter fan units in 
the plenum create a laminar flow in the lab space under-
neath. Air from the cleanroom is drawn through grid insets 
into the sandwich-type outer lab walls and then recir cu- 

 lated to the plenum. The air conditioning is located on the 
roof of the lab and mechanically isolated from the floor.

Building on the experience with other laser labs on campus, 
the temperature and humidity within the lab will be stabi-
lised to 21°C ± 0.1°C and 45% ± 5% relative humidity. Most 
of the power supplies and other electronics are removed 
from the lab and located in the rack room directly under-
neath, removing further vibrational stimuli and heat sources.

Laser development
The KALDERA laser development was launched in early 
2020 on initiative of Wim Leemans, DESY Director of the 
Accelerator Division. The basic challenge for KALDERA is to 
increase the repetition rate of the drive laser to the kHz 
level in order to enable laser-plasma-accelerated electron 
beams at competitive average power. Practically, this means 
developing a laser of kW-level average power, which is 
unexplored laser performance territory for the required 
pulse parameters (TW peak power at fs pulse duration). On 
the path to this challenging goal, the team will have to 
improve and highly customise almost all laser components 
commonly used in such systems. At the same time, the 
integration of the laser in a state-of-the-art control and 
machine protection system is challenging. Handling the 
constant stream of data at kHz-level repetition rates, pre-
processing data on device and optimising performance using 
modern machine learning techniques are timely topics that 
are shared with other forefront projects on campus.

To kick off the laser development, a new front-end was 
built in 2021. This front-end, called MALCOLM, is in its final 
stage of commissioning. It will be the first laser to be trans-
ferred to the new lab right away, and it will serve as the 
backbone for all future developments. First characterisation 
of the laser performance shows a very high pulse quality 

[1]. In parallel, the team started characterising the proper-
ties of selected Ti:Sa crystals that will be used in the future 
KALDERA laser. Procurement of some key components has 
started, and the team is establishing new collaborations to 
overcome current technology limitations.
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Figure 1

Schematic of laser plasma acceleration [2]. The laser (red) pushes away electrons (grey) so that a wakefield (green/purple) is created. 

Figure 2

First in situ measurements of 

the electron energy evolution 

inside an LPA. The results are in 

good agreement with  

simulations of the process. 
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Laser plasma acceleration in a nutshell
In an LPA, a high-intensity laser is shot into a plasma 
source to accelerate electrons to relativistic energies over 
small distances [1]. In the process, the gas in the plasma 
source is ionised by the laser to create a plasma, which 
means that the gas is split up into electrons and ions. 
Afterwards, the ponderomotive force of the laser pushes 
away the electrons from its path. The ions take longer to 
respond to the force as they are thousands of times 
heavier than the electrons and remain effectively static 

Thomson scattering diagnostics
Measuring laser plasma electron bunches in situ

Laser plasma acceleration is a promising technique to shrink accelerators from the tens or hundreds of metres 
required for radio frequency (RF) facilities to centimetre scales. However, while reaching similar energies compared to 
state-of-the-art RF accelerators, laser plasma accelerators (LPAs) have not yet achieved the same level of stability or 
energy spread. Detailed understanding of the acceleration process is crucial for further improvement. As measure-
ments of the acceleration process are very difficult, it has thus far mainly been studied theoretically using simulations. 
The Plasma Accelerators group has developed a new technique to measure the energy of an electron bunch during 
acceleration within the plasma at DESY’s FLASHForward facility, which can help to further understand and improve  
the quality of LPAs in order to reduce the footprint of future facilities.

over the time scale of the interaction. From this separation 
of electrons and ions, a wakefield is created (Fig. 1). In 
these wakefields, high electric fields of more than 100 GV/m 
are sustained, meaning that electrons can be accelerated 
to energies of 100 MeV over a distance of 1 mm.

Thomson scattering as a non-invasive diagnostic 
technique
Diagnostics are crucial for all accelerators – in industrial  

or medical applications as well as in research – in order  
to control the operation (e.g. the dose delivered to a 
patient) and to understand the processes involved. For 
plasma accelerators, many different diagnostic methods 
have been developed [3]. However, due to problems aris-
ing from the micrometre scales of the accelerator (as seen 
in Fig. 1), from electromagnetic pulses and from the high- 
intensity laser driver, these techniques can only measure 
properties of the electrons after the acceleration. 

Thomson scattering (TS) can be used to overcome these 
issues and can therefore function as an in situ diagnostic 
method for the electron bunch. TS can be described as 
scattering of electrons and photons, where the photons 
gain energy from the electrons. For head-on scattering 
between an electron and a photon, the energy of the  
photon after the scattering scales as 4 . γe

2  , where γe is the  
relativistic Lorentz factor of the electron – a measure of  
its energy. This dependence between electron energy and 
resulting photon energy therefore suggests the use of TS 
as a diagnostic method. After the interaction, the photons 
have an energy in the X-ray regime and can thus leave the 
plasma accelerator without further interaction, while  
containing information about the electron energy at the 
position of the interaction.

First in situ measurement of electron beam energy
The experimental realisation of this technique is very chal-
lenging. The length scales in plasma accelerators are just a 
few micrometres, and consequently the entire setup must 
be aligned and timed to micrometre and femtosecond pre-
cision, respectively. At the same time, the setup needs to 
be adjustable without losing the precise alignment in order 
to measure the electron beam energy at different positions. 

In experiments conducted using a 25 TW laser system at 
the FLASHForward facility [4], the electron bunch energy 
was measured using TS during acceleration of the bunch. In 
addition, a dipole electron spectrometer was used to moni-
tor the final electron beam energy. The results are shown 
in Fig. 2 together with simulations of the acceleration  
process. The agreement of the TS measurements with  
simulations confirms the possibility of accurately measuring 
the electron properties within the wakefield using TS. The 
constant level of the final electron energy measured using 
the spectrometer highlights the non-invasive nature of this 
diagnostic method, showing that the measurement does 
not alter the electron bunch. This technique can therefore 
also be used when the electron bunch is produced for a 
certain application and needs to be monitored. 

In the future, TS could enable the improvement of LPAs  
by precise tuning based on measurements of the electron 
evolution within the plasma. These studies could thus  
facilitate the use of LPAs in a wide range of scientific,  
medical and industrial applications, where the compactness 
of LPAs and their unique beam properties can lead to many 
exciting developments. 
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Figure 1

(a) Schematic layout of the plasma injector prototype beamline. (b) Particle-in-cell simulation of the laser plasma accelerator stage. (c) and (d) Electron beam spectra 

before and after energy compression, respectively. 
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Active energy compression for low energy spread 
and jitter
Laser plasma accelerators (LPAs) have been attracting 
attention in the community for years, promising unmatched 
accelerating gradients and compact, energy-efficient accel-
eration. In a synchrotron light source, an LPA injector could 
be used to top up the storage ring, significantly reducing 
the spatial footprint and energetic cost of the accelerator 
complex. To achieve this, the LPA injector must deliver  
sufficient charge within the small energy acceptance of the 
ring to compensate for beam charge losses. For example, 
DESY’s future flagship synchrotron light source PETRA IV 
could make use of 50–100 pC bunches with 10 µm rad or 
smaller normalised emittance and an RMS energy spread 
and jitter well below 1%. Achieving the latter poses a  
particular challenge.

A promising technique to reduce the energy variation is an 
active energy compression scheme [1]. It requires a simple 
magnetic chicane to stretch the bunch and create a linear 
correlation between the particles’ energies and their longi-
tudinal positions (chirp) as well as an active dechirper (e.g. 
a short laser-driven plasma stage or an RF cavity) to apply 
a linear energy kick and put the particles precisely on the 

Plasma injector prototype
Bridging the gap between plasma accelerators and synchrotron light sources

The present state of progress in laser plasma wakefield acceleration gives reason to consider it as a practical alternative 
to conventional particle accelerators. A promising application would be to use a laser plasma accelerator as an injector 
for a synchrotron light source. Yet, the energy spread and jitter of the laser plasma beam pose a significant difficulty for 
efficient injection. As a proof-of-concept study conducted at DESY shows, the energy spread and jitter of the electron 
beam can be reduced down to the sub-permille level using presently available conventional accelerator technology, such 
as magnetic chicanes and X-band radio frequency (RF) cavities. A prototype injector could demonstrate the required 
beam energy bandwidth and stability to enable efficient injection into state-of-the-art storage rings.

design energy. A crucial advantage of this method is that it 
reduces both the energy spread and the deviation of the 
central beam energy. For applications in synchrotron light 
sources, which do not require the ultrashort bunch lengths 
and high peak currents (1–10 kA) available from LPA 
beams, it is favourable to consider an RF dechirper, acting 
together with a large decompression chicane. This article 
briefly describes a proof-of-concept low-energy 500 MeV 
LPA injector with an energy compressor based on X-band 
RF technology; more details are available in Ref. [2]. 

Injector design
The prototype injector (Fig. 1a) consists of an LPA and a 
beamline composed of conventional accelerator compo-
nents that captures the LPA beam, corrects the chromatic 
emittance increase and reduces the energy variation. The 
configuration of the LPA is conceptually identical to that of 
the LUX experiment [3], where a specially tailored gas  
capillary target is used to control the injection and acceler-
ation in the optimal beam-loading regime in order to 
achieve electron beams with 1%-level energy spreads.  
The LPA is followed by a quadrupole triplet that captures 
the beam and matches it to a chicane, made up of dipoles 

and sextupoles, which reduces the chromatic emittance 
growth and slightly stretches the bunch. The beamline con-
tinues with another chicane to induce a large longi tudinal 
decompression and a linear energy–time correlation over 
the beam. This energy correlation is then cancelled  
by a short X-band RF cavity.

Expected beam quality
To confirm the beamline performance, a series of macro-
particle simulations was conducted with the Ocelot tracking 
code, using a realistic LPA beam from a simulation per-
formed with the FBPIC particle-in-cell code (Fig. 1b). In  
optimal conditions, the simulations yield bunches of about 
80 pC with a very low final projected energy spread of just 
0.005% and a normalised emittance of 2 µm rad. In a real-
world scenario, the mean energy and chirp of the LPA 
beam will vary, as shown in Fig. 1c, for example, due to 
variations of the bunch charge resulting in different levels 
of beam loading. Presently, a central energy stability of  
1% RMS can be expected in state-of-the-art setups. On top 
of that, one can realistically assume a 100 fs RMS timing 
jitter between the LPA drive laser and the RF. Taking into 
account both the energy and the timing jitter, the simu - 

lations predict a final beam energy variation of 0.04%, 
effectively compressing the initial energy output by a  
factor of 35 (Fig. 1d).

These results suggest that this low-energy plasma injector 
prototype can provide high-quality electron beams  
compatible with the injection requirements of future  
synchrotron light sources. The presented design is scalable 
to higher energies, in particular to 6 GeV, which would 
allow a top-up operation of PETRA IV. 
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Figure 2

A PIC simulation contains a mesh (blue) where 

the electric and magnetic fields are defined  

(6 cells in the figure, 10003 in production) and 

macroparticles (red) representing a collection of 

physical particles (1 macroparticle in the figure, 

10003 in production). At each time step,  

macroparticles and fields are advanced, and 

interpolations are made between them.

Figure 3

Performance comparison between a single GPU and many CPUs for a  

small problem (512 x 512 x 1024 cells, blue lines) and a large problem  

(2048 x 2048 x 1024 cells, red lines) on the JUWELS Booster, the fastest  

European supercomputer, at the Jülich Supercomputing Center. For the small 

problem, HiPACE++ is 10 times faster on 1 GPU than HiPACE on 1024 CPU  

cores. For the large problem, HiPACE++ is 20 times faster. Furthermore, the 

simulation cost (number of compute nodes multiplied by the simulation  

time) is 1000 times lower on GPU than on CPU.

Figure 1

Rendering of a 3D HiPACE++ simulation of the hosing instability. An intense beam of electrons, the driver (cyan corkscrew shape on the right), propagates from left to 

right at nearly the speed of light in a plasma and expels the plasma electrons from its path. The electron density (dark blue) is perturbed and a “bubble” with no plasma 

electrons forms behind the driver (in its wake), where the remaining ions create strong accelerating and focusing fields. Another beam of electrons, the witness (cyan 

elongated shape on the left of the driver) located in the bubble can be accelerated by these strong fields. Asymmetric effects like the hosing instability (which causes 

the driver to have a corkscrew shape) can have a deleterious effect on the quality of the witness beam; understanding them requires the use of 3D particle-in-cell 

codes. The rendering was done with VisualPIC [2].
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Simulating plasma acceleration with the particle- 
in-cell method
Plasma accelerators harness the multi-GeV/m fields  
routinely produced in plasmas to accelerate charged  
particles over short distances. Given further progress on 
beam quality and stability, they could help generalise the 
use of particle accelerators by making them much more 
compact and less costly. Since the emergence of plasma 
acceleration (Fig. 1), the community has strongly relied on 
numerical simulations to explore new ideas [1], propose 

HiPACE++
Plasma acceleration simulations become 10 times faster 
and 1000 times more efficient

Plasma accelerators have demonstrated compelling progress year after year, but simulations of such systems remain 
notoriously difficult and expensive. Combining efficient numerical methods and the latest high-performance computing (HPC) 
practices with the use of graphics processing units (GPUs), the HiPACE++ simulation code demonstrates a speed-up by orders 
of magnitude compared to competitors. HiPACE++, which was launched at DESY in mid-2021, is now an open-source GPU-
capable code available for the community for challenging 3D simulations of plasma acceleration in the quasi-static regime.

new concepts and interpret hard-to-diagnose experiments. 
Such simulations are very challenging as the plasma oper-
ates in a non-linear kinetic regime rather than a fluid 
regime, requiring in principle the mapping of a 6D position–
momentum phase space.

The particle-in-cell (PIC) method [3] is the method of choice 
for simulating such systems today. By mapping the fields 
on a 3D grid and capturing the plasma response with  
macroparticles (Fig. 2), the PIC method enables simulations 

of kinetic plasma dynamics at reasonable computing costs, 
in an algorithm well suited for GPU computing. Several 
variants of the PIC method have been developed. With the 
HiPACE code [4], DESY has been a leader in the quasi-static 
PIC method, a reduced model showing excellent accuracy 
and performance, although only implemented for central 
processing units (CPUs) so far.

Porting a quasi-static PIC code to GPU
In the past few years, the HPC landscape has been shifting 
towards more complex architecture, in particular accel- 

erated computing, where CPUs on compute nodes only 
serve as drivers to orchestrate much more powerful pro-
cessing units (called accelerators). In fact, seven out of the 
ten fastest supercomputers in the world rely on GPU accel-
erators today (see www.top500.org). The standard PIC 
method was ported to GPU recently, demonstrating a large 
speed-up, but the quasi-static PIC method had not yet 
been transferred.

Exploiting the particularities of the quasi-static PIC method, 
HiPACE++ is the first 3D quasi-static PIC code running 
entirely on GPU, written in C++. In particular, in this 
method, a 3D problem is computed as N 2D problems 
(where N is the longitudinal number of cells, on the order 
of 1000). The algorithm was rewritten so the 2D problems 
are solved on a single GPU rather than many CPU cores, 
drastically reducing communications and fully harnessing 
the power of GPUs (Fig. 3). After further adjustments of 
the parallelisation strategy, enabling simulations on many 
GPUs, HiPACE++ has all the capabilities of a modern quasi-
static PIC code at better performance: Running HiPACE++ 
on a few GPUs is 10 times faster and costs 1000 times less 
node hours than running a similar simulation on thousands 
of CPU cores. Such a gain in performance enables new  
simulation regimes, unprecedented high resolution and 
large machine-learning-based optimisation campaigns to 
improve the performance of plasma accelerators.
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Figure 1

Fish-eye view of the movable magnetic bunch compressor with four dipole magnets (green) and beam instrumentation, beam position monitor, collimators and 

screen station (from right to left)

Figure 2

Detail of the X-band TDS system, showing the two copper deflecting structures. 

The waveguide system is visible on the top right.

Figure 3

Charge measurement showing the transmission of 

the ARES electron beam through the 1 µm aperture 

of the ACHIP sample. The charge is measured by 

an intensity monitor downstream of the structure. 

When the beam is transmitted through the aperture 

(green area), the monitor measures the transmitted 

charge. In the purple area, electrons hit the sample 

and get scattered. In the grey area, the electrons 

are stopped by the sample holder.

74 | News and events News and events | 7574 | Highlights · New technology · Developments Highlights · New technology · Developments | 75

ARES upgrade shutdown and beam commissioning
Between March and July 2021, ARES underwent a long 
shutdown to install a movable magnetic bunch compressor 
(Fig. 1), two X-band transverse deflecting structures (TDS, 
Fig. 2), 17 additional magnets, additional beam instrumen-
tation (e.g. beam position monitors, intensity monitors and 
collimators) and the corresponding infrastructure (water 

The SINBAD-ARES linear accelerator
Accelerator R&D experiments and new challenges on the horizon

In 2021, the linear accelerator of the Accelerator Research Experiment at SINBAD (ARES) received a major upgrade.  
The aim of ARES is to accelerate ultrashort (sub-/single-femtosecond) electron bunches with an energy of up to 155 MeV 
and an arrival time jitter below 10 fs (RMS). To produce these bunches and diagnose them, a magnetic bunch compressor 
and two X-band transverse deflecting cavities were installed. The ARES linear accelerator is regularly used by internal 
and external groups to test and develop new accelerator components, e.g. for novel acceleration techniques, machine 
learning studies and beam instrumentation development in ultrafast science. ARES will also be modified for medical 
applications in cancer treatment in a collaboration with the Medical Center Hamburg-Eppendorf (UKE). 

cooling, power, cabling), effectively doubling the length of 
the facility. The second half of the year was dedicated to 
the commissioning of the new beamline devices. Unfortu-
nately, the modulators and klystrons for the X-band  
systems are still delayed due to pandemic-related delivery 
problems. The installation of these devices and the  
commissioning of the X-band TDSs will start in 2022. 

The beam parameters of ARES after the upgrade looked 
very promising, with a minimal measured bunch length of 
35 fs, which is the resolution limit of the currently installed 
beam instrumentation. During several long-term measure-
ments, ARES showed world-record energy stability and 
reproducibility, which have already been praised by several 
user groups.

Accelerator R&D at ARES
In 2021, ARES was used for various internal and external 
accelerator R&D projects, e.g. beam position monitor (BPM) 
development and tests of miniaturised beam screens. The 
DESY Beam Controls (MSK) group regularly uses ARES to 
perform studies on the Helmholtz project Autonomous 
Accelerator (see p. 76). The Accelerator on a CHip Interna-
tional Program (ACHIP) collaboration had three beamtimes 
at ARES to study novel acceleration techniques with dielec-
tric structures. A major achievement was the transmission 
of the ARES electron beam through the 1 µm aperture of 
such a dielectric structure (Fig. 3). The next milestone, 
which should be reached in a beamtime scheduled for  
February 2022, will be to achieve temporal overlap between 
the experiment’s laser and the ARES electron beam.
 

Outlook and new challenges
The main milestones for ARES in 2022 will be the comple-
tion of the X-band TDS installation and the next steps 
towards the generation and characterisation of ultrashort 
electron bunches. In terms of R&D projects, ARES will be 
used by several DESY groups, e.g. for waveguide window 
and extraction kicker magnet tests, BPM commissioning, 
photocathode laser development, autonomous-accelerator 
studies, novel master oscillator development and femto-
second synchronisation. The ACHIP experiments will 
continue, and a micro wirescanner from PSI in Villigen,  
Switzerland, will also be tested. In early 2022, an additional 

experimental chamber will be installed at ARES to test 
detectors in collaboration with the DESY Particle Physics 
division. ARES will also be fitted with a beam exit window 
to allow medical application studies for cancer treatment in 
a collaboration with UKE, with first tests to be performed in 
mid-2022.

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



Figure 1

RL control loop in the ARES experimental area 

Figure 2

Exemplary run of an RL agent tasked with focusing and centring the ARES beam on a diagnostic screen. The top row shows screen images of different steps during 

the optimisation process. The dashed line indicates the movement of the beam centre. The steps shown here are depicted as grey vertical lines in the plots below. 

The corresponding actuator settings (of the quadrupoles Q1, Q2 and Q3 and the corrector magnets Cv and Ch) are displayed in the lower left plot. The lower right plot 

shows the cumulative reward that the agent received during this run as well as the corresponding mean absolute error, i.e. the difference between the measured and 

desired beam parameters.   
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The Autonomous Accelerator project
The Autonomous Accelerator project is a collaboration 
between KIT in Karlsruhe and DESY, financed by the Helm-
holtz Artificial Intelligence (AI) Cooperation Unit with  
funding from the Association’s Initiative and Networking 
Fund [1], which aims to apply RL to accelerator operation. 
RL is a machine learning approach where a software agent 
iteratively learns to take actions on an environment based 
on observations in order to solve a given task by maxi-
mising a cumulative reward, i.e. taking the impact of the 
current action on the future performance into account. In 

Autonomous accelerators
Applying reinforcement learning to accelerator operation

Modern accelerator facilities are growing in complexity, with increasing demands on availability, reliability, flexibility 
and the number of operation modes. Pushing the performance of modern facilities to the limit results in further 
demands for advanced control methods in multidimensional parameter spaces – faster than any human operator can 
provide. Machine learning (ML) has emerged as an essential component in orchestrating the simultaneous operation of 
multiple subsystems and has also gained interest for accelerator control, mostly focusing on tuning optimisation. 
Although replacing an expert operator with an autonomous agent is still far from being achievable, the Autonomous 
Accelerator project aims to take the first steps in this direction by bringing reinforcement learning (RL) to accelerator 
operation.

accelerator operation, the learning is happening by “trying” 
different actions to find the best strategy that maximises 
the reward. In recent years, it has been shown that RL 
techniques are capable of solving tasks with superhuman 
performance that were previously thought beyond the 
ability of computers. Within the Autonomous Accelerator 
project, we focus on transverse beam optimisation at the 
research linear accelerators ARES [2] at DESY and FLUTE  
at KIT, with the long-term goal of autonomous start-up.
 

Real-world application of RL at a DESY accelerator  
ARES, the linear electron accelerator in the R&D facility 
SINBAD at DESY, provides an excellent test bed for investi-
gating the application of RL to accelerators. During the 
operation of ARES, the operators are frequently tasked 
with adjusting the electron beam size and position at a  
certain point in the accelerator, either for finding a trajec-
tory through the beamline or for setting up the beam for 
experiments. Automating this procedure, especially the 
beam setup in the experimental area, would facilitate the 
operation and is at the same time a well-delimited task for 
an RL agent. 

As a first step, we focus on the adjustment of the trans-
verse beam parameters in the ARES experimental area 
towards the size and beam position requested by the 
operator. The agent can act on the beam by adjusting the 
strength of three quadrupoles for focusing and two 

corrector magnets for horizontal and vertical deflection of 
the electron beam. The agent decides which action to take 
by observing the beam size and position on a diagnostic 
screen, the current magnet settings and the desired beam 
parameters. The complete RL control loop is shown in  
Fig. 1, which also includes a layout sketch of the ARES 
experimental area with the quadrupoles and corrector 
magnets. 

Training these RL agents requires many steps (>106). This 
means that training on the real accelerator is simply not 
feasible – a full training would take more than a year of 
continuous beamtime. Therefore, the agents are trained on 
a high-speed simulation and can then be deployed on the 
real accelerator. As no model is perfect, we need to include 
model imperfections and disturbances, e.g. the unmeasur-
able and unknown beam entering the experimental area,  
in the simulation. 

Results and outlook
During various measurement campaigns at ARES, in which 
the trained RL agents were challenged with different 
requested beam shapes and positions, the agents showed 
an overall good performance, as demonstrated by an 
exemplary run in Fig. 2. While the performance of the 
agent in this case reached almost human-like levels, only  
a factor of 2 worse than the resolution limit of the screen, 
the time for beam adjustment could be significantly 

reduced, by a factor of up to 2, as the RL agents rely on  
a different strategy compared to the human operators. 
While the agents move all the magnets at the same time, 
the human operators, in contrast, in a comprehensible 
human manner, split the problem into first the focusing and 
then the positioning task, while only using two of the three 
quadrupoles and only moving one magnet at any time.

While the focusing and positioning problem at ARES is a 
relatively simple, although useful task, we plan to go  
further and apply the knowledge gained to other tasks 
necessary for start-up and tuning at ARES, with the goal to 
finally support a fully autonomous procedure. Furthermore, 
we aim to transfer the results and experience to the more 
complex user facilities operated at DESY, such as FLASH 
and the European XFEL. First simple tests at FLASH show 
promising results in simulation, but also point out further 
challenges.

Contact: Oliver Stein, oliver.stein@desy.de
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Figure 1

Simplified block diagram of the carrier-suppression-based receiver  

Figure 2

Setup of a carrier-suppression-based receiver prototype

Figure 3

Phase noise limits for a standard receiver (blue curve) with sub-10 fs time resolu-

tion and for the carrier suppression interferometer prototype (black curve) with 

a time resolution of 10.76 as. The numbers above the graph correspond to the 

integrated jitter values per frequency decade.

Figure 4

Cryo Module Test Bench (CMTB) facility at DESY
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Prototype field receiver based on interferometry
Any continuous RF signal fluctuates in small deviations 
from its carrier frequency. These deviations are measured 
by monitoring the phase with respect to a reference signal. 
The phase fluctuation is typically expressed by the relative 
power spectral density (in dBc/Hz) for a given offset fre-
quency. In our context, we prefer to express these instabil-
ities in time through δt = δφ/2πf0, where δφ is the phase 
fluctuation in a specific offset frequency range, here 10 Hz 
to 10 MHz, and f0 is the carrier frequency, here 1.3 GHz. 

To measure these tiny RF phase variations δφ or times δt 
on an attosecond scale with RF receivers, understanding 
the underlying physical noise sources is essential. Typically, 

Attoseconds for accelerators
Applying carrier suppression interferometer for  
cavity field detection in accelerators

Modern linear accelerators can produce electron bunches with femtosecond pulse durations. To achieve stable  
bunch profiles and arrival time conditions for these ultrashort bunches, the radio frequency (RF) cavity fields must  
be controlled with femtosecond precision in phase and 0.0001% in amplitude. Even with lately improved RF control 
algorithms and state-of-the-art analogue-to-digital converters, attosecond resolution seemed unobtainable. To 
further push the limits, DESY’s Accelerator Beam Control group applied carrier suppression interferometry using a 
novel RF front-end together with the baseline system based on MicroTCA.4 technology, yielding a phase noise floor 
of -205 dBc/Hz and a resolution of 10.76 as. Compared to standard field detectors, the carrier-suppression-based 
receiver technology, which is especially suited for continuous-wave accelerators, improves the resolution by more 
than a factor of 500 and allows RF components to be investigated at sub-10 attosecond scale.

these noise processes are many orders of magnitude 
smaller than the amplitude of the carrier signal. The 
dynamic range of state-of-the-art electronics, especially 
analogue-to-digital converters, is limited, however, and not 
able to resolve these small noise signals in presence of a 
large carrier signal [1, 2]. To overcome this limitation, the 
carrier signal is eliminated by destructive interference. The 
noise signals of interest that remain can be amplified and 
finally detected using conventional RF receivers. 

This method is known as carrier suppression interferome-
try. The basic principle is sketched in Fig. 1; Fig. 2 shows 
the corresponding laboratory setup. In this configuration, a 
device under test (DUT) can be characterised in terms of its 
residual phase- and amplitude noise performance. The RF 
signal from a low-noise RF oscillator is split and recom-
bined. A special adjustable phase shifter and attenuator 
provide destructive interference after recombination. The 
electronics are shielded by an aluminium housing and 
realised using coplanar RF transmission lines. The yellow 
box in Fig. 2 shows the location of the DUT. To evaluate 
the setup noise floor, a coaxial cable is used as DUT. After 
recombination, the noise signal is strongly amplified and 
subsequently detected using a commercial MicroTCA.4 
heterodyne receiver.

 
Measurements on the attosecond level
Figure 3 shows the spectral resolution limit of the carrier-
suppression-based RF receiver (black curve), compared to 
the noise floor of the common MicroTCA.4 receiver (blue 
curve). At 1.3 GHz operating frequency with +30 dBm RF 

power, a phase noise floor of -205 dBc/Hz and a resolution 
of 10.76 as ≙ 4.6 x 10-6 deg was achieved within a 1 MHz 
bandwidth. The resolution was improved by a factor of 
more than 500. Additionally, the laboratory prototype 
allowed us to characterise the noise contribution of RF 
components at their physical limits. RF phase shifters 
based on different technologies, such as passive relays, 
micro-electromechanical system (MEMS) switches, barium 
strontium titanate (BST) capacitors and varactor diode 
types, were investigated with attosecond resolution. 

 
Future applications
The RF signal of the reference arm has to follow the RF 
signal under investigation to achieve destructive interfer-
ence. Obviously, this is much easier for continuous and 
uninterrupted RF signals, meaning that the method is much 
more suitable for a continuous-wave (CW) accelerator 
operation mode. We therefore plan to apply the carrier 
suppression receiver technology first in the Cryo Module 
Test Bench (CMTB) at DESY (Fig. 4), where superconducting 
cavities can be operated in CW mode. Since the cavity field 
control system in the accelerating structures typically 
measures absolute amplitude noise, as opposed to the 
carrier suppression receiver, which measures residual 
noise, the amplitude stability of the main oscillators will 
be very demanding.

Through careful selection of the active components in the 
phase shifters, the noise of the actuator can be further 
reduced, enabling single-digit attosecond levels. Applying 
cross-correlation to such receivers will further improve the 

resolution. Prospectively, this might allow measurements 
of residual phase- and amplitude noise in the sub-attosec-
ond range.
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Figure 1

Spectrogram of an earthquake detected with the optical fibres. It origi-

nated in China on 21 May 2021 and had a magnitude of 7.3. The band at 

approx. 0.2 Hz stems from ocean waves.

Figure 2

Car traffic on the DESY 

campus: signature of a 

car passing by (diagonal 

line from left to right)

Figure 3

Spectra for all positions along the 

European XFEL tunnel during opera-

tion. The 10 Hz frequency ladders 

where the RF stations are located 

can clearly be seen.
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Pilot test with iDAS 
A first measurement campaign was carried out in May 2021 
[2], using a total of 12.6 km of fibre optic cables intercon-
nected on the DESY campus and in the European XFEL tun-
nel. With a single device, called an interrogator, highly sen-
sitive measuring points can be read out in real time along 

Seismic networks for accelerators
Nothing will escape us in the future

The WAVE initiative is a cooperation between DESY, Universität Hamburg and GFZ Potsdam with the aim to evaluate 
the potential and foster the use of optical fibres for seismic networks. The intelligent Distributed fibre Acoustic 
Sensing (iDAS) principle [1] enables acoustic and seismic disturbances to be detected, identified and localised. iDAS is 
based on the phase coherent detection of Rayleigh backscattered light from short laser pulses transmitted at kHz 
rate through probing optical fibres. In this way, ten thousands of seismometers can be realised and read out simulta-
neously, opening up completely new possibilities to mitigate perturbing motions, which degrade accelerator perfor-
mance and limit experiments on the DESY campus already today.

the entire fibre every metre. In this first measurement cam-
paign, the linear spatial resolution was set to approx. 10 m. 
The individual measurements have an accuracy that other-
wise only sensitive and expensive seismometers can achieve. 
In this way, very large amounts of data can be recorded, 
which should one day be evaluated in real time, if possible. 

Vibrations, shocks and linear expansions due to temperature 
could be measured along the fibre optic cables. We were able 
to detect earthquakes (Fig. 1), micro-seismic events due to 
ocean waves and traffic on the streets that run next to the 
fibre optic lines (Fig. 2). Many technical infrastructures cause 
vibrations that can easily be detected and assigned, such as 
air conditioning aggregates, transformers, or vacuum pumps 
in the accelerator tunnel. For example, in the European XFEL 
tunnel, prominent sources of interference are the pulse 
transformers and klystrons of the radio frequency (RF) sta-
tions. These send out a characteristic 10 Hz signal with which 
the accelerator is operated (Fig. 3). The traffic on Rugenbarg 
street, which crosses the European XFEL tunnel 10 m above 
it, can also be seen in the data. For the first time, we could 
also track acoustic waves that propagate along the tunnel 
away from the source of interference. In this way, external 
and internal disturbances can be distinguished.

Using the spectral signature, we were able to detect cool-
ing water pumps (characteristic frequency: 24.8 Hz),  
transformers (50 Hz) as well as a strong source in a few 
kilometres distance causing interrupted periods of 5.2 Hz, 
which has not yet been identified.

With the help of a mobile vibrating truck (Vibro-Truck) [2], 
the subsoil was acted on at certain points. The wave prop-
agation in the ground was then recorded with the iDAS 
measuring method in addition to conventional methods 

(seismometers and geophones). From the data, the proper-
ties of the subsurface can be determined using sophi sti-
cated algorithms that allow the development of transfer 
functions to predict perturbations. In the future, ideas for 
novel algorithms based on machine learning techniques are 
to be developed in collaborations with several universities 
in Germany within the action plan ErUM-Data of the Ger-
man Federal Ministry of Education and Research (BMBF).

Future applications
In the future, it may be possible to use the measured 
wave forms to directly identify where suspected interferers 
are located. The technology has incredible potential. Geolo-
gists at the university could study the subsurface condi-
tions in the district, scientists in other disciplines could 
investigate civilisational influences such as traffic and the 
rhythm of life. With this measurement technique, we will 
always have an ear on the ground.

We also see further applications for accelerators, photon 
beamline experiments and sensitive microscopes (e.g. cryo 

or atomic force microscopes). Using the iDAS method, we 
cannot only identify, localise and then eliminate sources of 
interference, but also use the measurement signals directly 
for data gating or feedback control. The sensitivity is high 
enough that even the influences of ocean waves can be 
quantified. These influences are also observed as distur-
bances in the timing of the European XFEL. Maybe, in 
future, the iDAS signals could be used for compensation to 
allow for higher precision of the experiments.

Today’s computing capabilities in combination with modern 
artificial intelligence algorithms will enable these large data 
sets to be processed in real time and allow for applications 
that we cannot even think of at the moment. In addition, the 
interrogator technology has not yet been fully exploited, 
and special fibres (instead of standard single-mode optical 
fibres) could be used to greatly increase the sensitivity.

In infrastructure projects, such as the planned Science City 
Hamburg Bahrenfeld, we expect more and more fibre optic 
cables to be used for seismic monitoring for prototyping 
capabilities in smart cities. In the end, an increasingly dense 
network will emerge from an abundance of measuring points, 
whose data have previously unimagined potential. We want 
to continue to explore these possibilities in the future. 
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Figure 1

Researcher wearing a VST-HMD for laser safety

Figure 2

System overview and technology stack of the prototype VST-HMD for laser eye protection

Figure 3

(a) User operating an optics setup wearing conventional laser safety goggles. (b) View through the conventional laser safety goggles with 70% of visible light filtered 

out. (c) User aligning an optical setup wearing a VST-HMD. (d) View through the VST-HMD prototype with a virtual 3D model of the optical setup.
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Replacing traditional safety goggles – safety first
Conventionally, laser safety goggles use optical filters to 
protect users’ vision by reducing the intensity of laser light 
entering the human eye. The level of laser light attenuation 
is determined using the wavelengths and intensity of the 
laser – for working in a laser lab, regulations call for over 
94% of visible light to be filtered out, rendering researchers 
effectively blind. However, video see-through head-
mounted displays (VST-HMDs) enable users to perceive  

Taming Cyclopes
Mixed-reality solutions for laser safety  
in high-energy laser labs at DESY

In the quest for highly energetic, multispectral lasers for next-generation synchrotrons at DESY, researchers often 
experience conflicts between the safety and usability of conventional laser safety equipment. Starting in 2023, laser 
laboratory safety regulations will require researchers to use laser safety glasses with only 6% visible-light transmis-
sion. Mixed-reality headsets could provide a solution, offering eye safety for Class IV laser labs without hampering 
users’ faculties. In fact, mixed-reality headsets can improve workflow by overlaying Distributed Object-Oriented 
Control System (DOOCS) panels and 3D computer-aided design (CAD) models directly onto laser workbenches. To  
this end, in 2021, the Human–Computer Interaction group at Universität Hamburg and the DESY Laser Science and 
Technology group conducted a first-of-its-kind pilot study for the use of mixed-reality headsets for laser eye safety.

the real-world environment through virtual-reality (VR) 
headsets without directly exposing users’ eyes to laser 
radiation. A fully encapsulated commercial VR headset, 
such as the Oculus Quest or Vive Focus, filters out 100% of 
all external light, making it the equivalent of a fully opaque 
eye shield, a better-than-required solution for laser safety.

A VST-HMD setup was developed by the Human–Computer 
Interaction group at Universität Hamburg and tested at the 
laser laboratories of the Laser Science and Technology 
group at DESY. The headset was equipped with a stereo 
camera mounted at eye level on the face shield, providing 
a visual pass-through of the laboratory in full colour and 
high resolution. The headset’s native black-and-white 
camera ensured redundancy for safety in case of primary-
camera failure. 
 

The prototype – human-centred system design and 
development
The design and development process of the prototype (see 
Fig. 2 for a system overview) followed a human-centred 
design (HCD) [1] approach, where the design of interactive 
systems relates closely to the actual human tasks and 
activities that the system assists with. Significant work was 
carried out to increase the frame rates and data transmis-
sion rates to promote a seamless visual environment and 
avoid headset-induced vertigo (“cybersickness”). Users 
also required minor coaching to promote brain acclimatisa-
tion to the visual feed-through – a subtle effect caused by 
the camera position offset from the users’ real eyes. 

DESY pilot study
The prototype was evaluated by 18 participants, including 
14 laser and optics experts. The user study involved the 
completion of complex tasks, such as optical alignment, 
visual inspection of damaged optics and machine control, 
as shown in Fig. 3, as well as surveys for usability, control 
and subjective feelings of safety and comfort.

The prototype averaged a score of 77.91 for usability, 
which translates to the 80th percentile, i.e. the perceived 
usability of the system developed by Universität Hamburg 
and DESY is higher than for 80% of the products consid-
ered in a review of 500 studies by J. Sauro [2], despite the 
specialised tasks required of the users in the DESY study. 
This excellent usability score, when combined with the 
laser eye safety conferred by the VST-HMD, shows clear 
benefit to implementing the system, especially in laborato-
ries that present a usability challenge for traditional laser 
protection glasses (e.g. laser laboratories containing multi-
spectral / highly broadband Class III and Class IV laser  
systems).

Future research
Future research begins with improving mobility: converting 
the laptop-and-goggles prototype to a mobile wireless 
solution. Research efforts are also directed towards fur-
ther reducing cybersickness, improving perceived resolu-
tion and reducing hardware redundancy. Beyond meeting 
and exceeding laser safety and usability standards, the 
project is also implementing capabilities to improve the 
optics workflow: overlaying DOOCS control panels, DESY 
accelerator logbooks and 3D CAD models from the DESY 
TeamCenter repository onto work surfaces for seamless 
integration of digital and optical laboratory tasks.

Contact: Ke Li, ke.li1@desy.de 
Aradhana Choudhuri, ara.choudhuri@desy.de
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European XFEL pulses and constraints
The X-ray pulses of the European XFEL are generated in  
a photon energy range from 0.5 to about 30 keV. Pulse 
trains containing up to 3000 pulses with a maximum  
repetition rate of 4.5 MHz are produced ten times per  
second. Each pulse is about 100 fs short and may possess 
energy on the order of millijoules. Furthermore, focused 
beam sizes can reach 10 µm or smaller, and this combina-
tion can produce energy densities high enough to ablate 

European XFEL – more safety,  
more power!
Fluorescence light helps ease constraints for European XFEL operation

The enormous energy density of the X-ray pulses generated by the European XFEL X-ray free-electron 
laser puts components and safety requirements to a severe test. These pulses can vaporise any material 
in the focus and thus endanger accelerator or safety components. Because of this, a complicated system 
of constraints on the operating parameters was introduced to ensure safety. To enable the possibility of 
easing these restrictions, the DESY Radiation Protection group has developed a burn-through monitor 
system to reliably detect possible burn-through events caused by the European XFEL beam.

material. This places accelerator and safety components  
at risk of burn-through (Fig. 1). 

Until summer 2021, the integrity of safety components 
was ensured by restricting the operating parameters. Since 
the burn-through process depends strongly on the wave-
length, pulse energy and focus size of the FEL beam, this 
resulted in a very complicated set of tables with different 
constraints for the different self-amplified spontaneous 

emission (SASE) areas, which limited operation. A technical 
solution for easing these constraints was needed.

Fluorescence light
The task was thus to find a way to reliably detect an event 
when the European XFEL beam burns through safety com-
ponents, such as beam shutters or beam stops. 

Previous systems were based on the loss of vacuum 
caused by a burn-through. However, because of the small 
beam diameters of the European XFEL beam, it could not 
be guaranteed that the holes created would cause a signifi-
cant enough loss of vacuum.

An appropriate measurement principle was therefore 
required. Here, the property of X-ray pulses to generate flu-
orescence light in air helped (Fig. 2). The spectrum produced 
is dominated by the nitrogen component and lies in the 
wavelength range from 200 to 400 nm. The states excited 
by the X-ray pulses de-excite in the range of nanoseconds 
by emitting fluorescence light [1]. Developing a burn-through 
monitor system by detecting light in this wavelength range 
and within this time resolution thus became the goal.

 
Burn-through monitor system
As a safety system, the burn-through monitors are 
equipped with two detector systems operating in parallel. 
A multipixel photon counter (MPPC detector) and a photo-
multiplier tube (PM detector) with high response probabili-
ties were selected as suitable detectors for detecting air 
fluorescence light. To check the function of the detectors 
regularly, each detector is tested with an LED pulse every 
ten minutes. The two detectors are controlled by an 

electronics unit, which had already proven itself with the 
PANDORA radiation monitoring system at the European 
XFEL. These electronics transmit the signals to a safety 
programmable logic controller (PLC). In case of an alarm 
due to a burn-through or a failed self-test, the European 
XFEL accelerator is switched off [2].

More freedom of choice of operating parameters
By means of a combination of measurement campaigns on 
the properties of the fluorescence light, tests of the abla-
tion of material with the European XFEL pulses, proofs of 
principle for the different wavelength ranges and calibra-
tion of all burn-through monitors, the DESY Radiation  
Protection group was able to successfully commission the 
complete burn-through monitor system. In the winter  
shutdown 2019/20, the system was installed and certified 
by the Technical Inspection Association (TÜV). The opera-
tion so far has been very reliable, and the measurement 
principle has been successfully adopted for the active 
beam stops in the European XFEL experiment hutches.

In combination with other safety requirements, the burn-
through monitor system was an essential step towards 
easing the constraints on European XFEL operation in  
summer 2021 to a maximum beam power of 40 W at each 
SASE beamline.

Contact: Sven Zander, sven.zander@desy.de
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Vision, mission and QM guideline
A vision, mission, goals and QM guideline were developed 
for the QA programme. According to these, the vision of 
highly reliable accelerator operations, which enable our 
international customers – our users – to conduct top-level 
research, is supported by managing processes and knowl-
edge (mission). The long-term goal is to establish a prac-
tised QM system in the accelerator area. The QM guideline 
provides orientation in the realisation of the vision and 
mission and focuses on customers, suppliers, employees, 
existing QM initiatives and the competitiveness of the 
DESY accelerators.

The quality assurance programme
Planning and implementation to strengthen failure analysis and operational support

The Accelerator Division’s quality assurance (QA) programme, launched in 2019, has the long-term goal of 
establishing a QA system that focuses on managing processes and knowledge and on stabilising and 
increasing the availability of DESY’s accelerator facilities. The development of a knowledge database and 
the establishment of a process management system support the implementation of the QA programme and 
are important organisational steps towards the realisation of the digitalisation strategy DIGITAL DESY. A 
strong quality management (QM) network serves professional exchange and enables synergy effects.

Implementation and support by quality officers
To implement the QA programme, a QM officer was 
appointed for the Accelerator Division and pilot groups 
were selected, each of which was assigned a quality offi-
cer who focuses on quality-related tasks within the group. 
At the end of 2019, an in-house training of the Deutsche 
Gesellschaft für Qualität (DGQ) took place at DESY to 
introduce the prospective quality officers to QA basics 
and methods. Building on this, a QM training programme 
was established for the continuous further training of the 
quality officers. To promote effective cooperation, QM 
roles and tasks were developed for the Accelerator 

Division management, group leaders, group members and 
quality representatives.

QM network
The DESY Quality Management team is setting up and  
participating in various QM networks. In addition to pro-
moting professional exchange and synergy effects, these 
are intended to strengthen the quality mindset at DESY. 
The DGQ QM network provides the basis for this. On 
DESY’s initiative, a Helmholtz Quality Circle is being estab-
lished, which is currently in its initial phase and offers the 
opportunity for professional exchange with other research 
institutions. DESY exchange formats for QM and QA are  
in the planning phase.

Projects and services
Various QM projects have been launched, e.g. for the  
documentation of technical systems and processes, the 
application of QM methods and the evaluation of software. 
A robust project management system has been set up to 
control the projects and is continuously being developed.  
A progress report on all QM projects is provided to the 
management of the Accelerator Division on a quarterly 
basis. The Quality Management team has also built up a 
catalogue of services to provide operational support to  
the groups in the Accelerator Division. This is being contin-
uously expanded and includes, among other things, failure 
monitoring (8D reporting), process acquisition and model-
ling, failure mode and effects analysis (FMEA) and support 
in planning and conducting reviews. Since the implementa-
tion of the 8D method in the European XFEL Accelerator 
Coordination team at DESY at the beginning of 2019  
(Fig. 1), the number of root causes with a downtime of 

more than 4 h and thus the number of failure reports have 
been visibly reduced by the end of 2021.

At the end of 2020, a dedicated working group was estab-
lished on the initiative of the Quality Management team to 
analyse and mitigate the consequences of power glitches 
and voltage dips. Quarterly reports to the management of 
the Accelerator Division and the machine coordinators  
contain the results of the discussed measures against 
power glitches, the current power glitch statistics and the 
status of action monitoring. The power outages that 
occurred in August 2021 were thoroughly investigated, 
and a comprehensive report was prepared, summarising 
the consequences of the power outages for the accelerator 
and test facilities and presenting a strategy for mitigation.

Management of processes and knowledge
The establishment of a knowledge database (qBase) in the 
Accelerator Division is a long-term QM project that initially 
focuses on the digitalisation of failure management. The 
acquisition of accelerator operation statistics, the manage-
ment of maintenance and repair work, spare parts and 
measuring equipment, FMEA and document management 
are further options for implementation in qBase. The next 
steps are in preparation. The Quality Management team 
uses the ADONIS business process management system to 
model and manage processes in order to present them in  
a clear, transparent and up-to-date manner. As part of the 
ADONIS evaluation, a process map (Fig. 2) was created, 
showing the most important processes in the Accelerator 
Division.

Contact: Frank Eints, frank.eints@desy.de
Siegfried Köpke, siegfried.koepke@desy.de
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ALPS ll superconducting dipole string with renewed cryogenics and vacuum systems in the HERA North area

Figure 2
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group steering the first 
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Weakly interacting slim particles 
Open questions in elementary particle physics, astrophysics 
and cosmology might be solved by the existence of very 
lightweight WISPs. Such new constituents of nature could 
very well explain the dark matter in our universe as well as 
some puzzling observations concerning the evolution of 
stars and the propagation of light in interstellar and inter-
galactic space. They might even be related to the phenom-
enon of dark energy.

The best-known archetypal of these WISPs is the quantum 
chromodynamics (QCD) axion, already predicted more than 
40 years ago to explain the conservation of the charge 
conjugation parity (CP) symmetry in QCD. The axion and 
other WISPs are pseudo Nambu–Goldstone bosons related 
to global symmetry breakings at energies many orders of 
magnitude above the reach of any realistic future collider 
experiment. Thus, a discovery of WISPs would give insight 
into particle physics at extremely high energies.

Cryogenics for the ALPS II experiment
“Light-shining-through-a-wall” experiment passes next milestone

The aim of the “light-shining-through-a-wall” experiment ALPS (Any Light Particle Search) at DESY is to detect  
extremely light particles – weakly interacting slim particles (WISPs) – that could make up dark matter. Potential WISP 
candidates are axion-like particles or hidden-sector photons. The experimental setup uses 24 recycled superconducting 
dipole magnets of DESY’s former HERA electron–proton collider, together with renewed cryogenics and vacuum 
systems, laser beams and an extremely sensitive detector, to search for axion-like particles. The experiment relies  
on the principle that in a strong magnetic field, photons – i.e. particles of light – could be transformed into these 
mysterious particles and then back again. The cryogenics and vacuum systems for ALPS II were finished in early  
autumn 2021, culminating in a first successful cooldown of the ALPS II magnet string in December 2021.

However, it is just this relation that complicates the detec-
tion of WISPs very much. In general, the interaction of 
WISPs with Standard-Model constituents is suppressed by 
the high energy scale where the WISP-related symmetry 
breaking takes place. Only very feeble interactions are 
expected. 

Light shining through a wall
The “light-shining-through-a-wall” experiment ALPS II is 
being commissioned in the straight section of the HERA 
tunnel around the Hall North. In a first part of the experi-
ment, WISPs might be generated by light shining into a 
strong magnetic dipole field. A light-tight barrier, easily 
surpassed by any WISP, shields the second compartment, 
where WISPs might convert back to photons, again in a 
strong magnetic dipole field. ALPS II will be the worldwide 
most sensitive experiment looking for axion-like particles 
and other WISPs in a model-independent fashion: 

Compared to previous, similar experiments, it will increase 
the signal rate by 12 orders of magnitude. 

With its HERA infrastructure, DESY offers unique site 
options for such an experiment. The long straight sections 
of the HERA tunnel provide an ideal place for installation  
of a long string of 24 superconducting dipole magnets 
originally built for the HERA proton accelerator (Fig. 1). 
The first half of the magnets are arranged in a straight 
line enclosing a vacuum tube in which a high-intensity 
laser beam bounces back and forth. If a photon turned 
into an axion, it would be able to pass through an opaque 
wall located at the end of the line of magnets. Having 
passed through it, the axion could then change back into 
light as it travelled down an almost identical magnetic 
path on the other side, and this photon would then be 
captured by the detector at the end.

Quest for a sensible sensitivity with renewed  
cryogenics and vacuum systems
In order to reach sensitivity to axion-like particles as  
indicated by astrophysics phenomena, a complex optical 
system with high-finesse mode-matched optical resonators 
is built around the magnet string. Here, ALPS II strongly 
relies on technologies developed for the gravitational-
wave interferometers GEO600 and LIGO. However, using 
such optics requires straightening the HERA dipoles to 
increase the horizontal beam tube aperture from 35 mm to 
about 50 mm [1]. 

R&D towards ALPS II was started by an international col-
laboration in 2012. The first dipole magnet for the ALPS ll 

experiment was straightened and afterwards quench-
tested in the old HERA magnet test facility in 2015, the last 
of the required magnets was straightened and tested in 
2020. In 2018, the ALPS II site in the HERA North area was 
cleared, and work started to reactivate the old HERA cryo-
genic system and adapt it to the requirements for the 
cryogenic supply of the 24 superconducting magnets in the 
straight tunnel section around the HERA Hall North. In par-
allel, the old HERA cryogenic controls had to be completely 
renewed. The first magnet was installed in October 2019, 
and the last one was put in place one year later. The cryo-
genics and vacuum systems were finished in early autumn 
2021. 

After the last of the magnets was installed in the tunnel, 
the superconducting cables, cryogenic pipes and vacuum 
insulation were connected, and the modules were linked to 
the power supply and the cryogenic system to be filled 
with liquid helium. After the mandatory pressure test, the 
helium valves were opened at the end of November 2021. 
In mid-December, the stable state of -269°C was reached 
(Fig. 2). The mode of operation of the cryogenic cooling is 
the same as for HERA: The magnetic coils are completely 
surrounded by single-phase supercritical helium, which is 
kept cold by controlled evaporation of helium. Everything 
is on track for a first science run in 2022. 
 
Contact: Detlef Sellmann, detlef.sellmann@desy.de 
Axel Lindner, axel.lindner@desy.de
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State-of-the-art beam 
diagnostics
Detail of the PolariX X-band transverse deflecting structure 
(TDS) cavities installed at ARES (more info: see p. 74)

Picture: Florian Burkart, DESY
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FLASH upgrade
New accelerator module for FLASH after installation of the 
waveguides and during cabling in the Accelerator Module Test 
Facility (AMTF) (more info: see p. 58)

Picture: Valery Katalev, DESY
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