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One important highlight in 2016 was the completion of the 2 km long main linear accelerator tunnel of the European XFEL X-ray
laser and the cool-down of the superconducting part of the accelerator to prepare the start of commissioning in January 2017.

The figure shows an impressive view along the 80 modules of the linear accelerator section L3 in the European XFEL main tunnel.
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The year 2016
at DESY

The year 2016 has — again — seen tremendous progress and
extremely intense work in all the divisions and departments at
DESY - in accelerator development, photon science, and
particle and astroparticle physics.

With the construction of the European XFEL X-ray free-electron
laser drawing to a close, it is already a remarkable success
story: Within only six years, the world’s most advanced
electron linear accelerator was assembled in a tunnel from
DESY to Schenefeld with no major delays, no major budget
adjustments and no major accidents. | congratulate all the
European XFEL and DESY teams for this impressive
achievement. On 6 October, the commissioning phase was
launched in a celebration with around 350 guests. We are all
looking forward to the start of European XFEL operation for
users in 2017. As the most powerful facility of its kind in the
world, it will offer unique opportunities for fascinating science.

During the past years, DESY has developed into a power-
house that attracts the best scientists from all over the world.
This great success was achieved thanks to the focused
development of a world-leading research infrastructure and
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the consistent build-up of an ambitious research profile. The
additional research opportunities offered by the modern
beamlines in the second experimental hall at the FLASH soft
X-ray free-electron laser and in the two extension halls at the
PETRA Il synchrotron radiation source are instrumental in
strengthening DESY’s role in advanced materials design and
biological research.

What challenges will DESY face in the coming years?

Photon science at DESY critically hinges on the successful
operation of PETRA Il and FLASH for users. Ensuring the
two facilities’ long-term competitiveness also entails their
advancement in order to maintain their world-leading
position. For both facilities, DESY has set up project teams
to devise the next generation of storage-ring-based X-ray
sources and linear-accelerator-based X-ray lasers,
respectively.

An upgrade of PETRA lll - the diffraction-limited light source
PETRA IV — will be exploiting novel technologies based on
so-called multiband achromats, which enable unprecedented

Katharina Fegebank, Senator for
Science, Research and Equality for
the Free and Hanseatic City of
Hamburg, and Piotr Dardzinski,
Under-Secretary of State of the
Polish Ministry of Science and
Higher Education, bolt in a section
of beamline in the European XFEL
tunnel together with European XFEL
Director Massimo Altarelli and
DESY Director Helmut Dosch,
signifying the start of commissioning

of the facility.



Pushing the buttons uncovered the names “Ada Yonath” and “Paul P. Ewald” of the new PETRA Il experimental halls: (from left) Harsh Vardhan, India’s Minister of Research,

Edelgard Bulmahn, Vice-President of Germany’s Bundestag, Olaf Scholz, First Mayor of Hamburg, Ada Yonath, Israeli Nobel laureate who conducted important research

at DESY, Georg Schtte, State Secretary at the German Federal Ministry of Education and Research (BMBF), John-Paul Davidson, grandson of Paul P. Ewald, Mikhail Rychev

from the Russian Kurchatov Institute, Ulf Karlsson, head of the Swedish delegation of the Rontgen Angstrém Cluster and DESY Director Helmut Dosch.

beam qualities and in turn innovative ways of exploring the
structure and function of matter, materials and biomatter. The
new light source will be accommodated into the existing
PETRA tunnel, aiming for the most advanced facility world-
wide at moderate construction costs. The FLASH upgrade
plans — denoted FLASH2020 — encompass new tuneable
undulators as well as options for seeding and continuous-
wave operation.

Both facility developments must take into account the needs
of the users coming from Europe and from all over the world.
The novel analytical technologies offered by PETRA IV and
FLASH2020 therefore need to be integrated into a European
framework. To this end, in 2015 already, DESY launched the
League of European Accelerator-based Photon Sources
(LEAPS) initiative, which aims at a European roadmap and a
better integration of all European synchrotron radiation and
X-ray laser facilities. The goal is to deliver a strategy
document in the second half of 2017 and to influence the
upcoming European Framework Programme FP9.

Future accelerators are not only one of the topics of the
LEAPS initiative, they are also a building block of the future
strategy of DESY’s Accelerator Division. Increasing efforts
and resources are being devoted to this field of research,
which will hopefully one day give rise to novel particle
accelerators that are much smaller and more powerful than
the ones in operation around the world today.

DESY’s facilities invite scientists from all over the world and
from all scientific disciplines to carry out their research at
highly specialised experimental stations. The challenge of the
future is to unlock the innovation potential of these advanced
and at the same time mature technologies. In 2016, DESY
therefore initiated important steps to foster further partner-
ships and cooperation with industry. In particular, a new
DESY Innovation and Technology Transfer unit was
established under the direction of Arik Willner, DESY’s newly
appointed first Chief Technology Officer (CTO). The successful
technology transfer effected within the European XFEL project
will serve as a key example for future activities at DESY.

All'in all, the DESY Accelerator Division is well prepared to
tackle the future challenges. My thanks go to its dedicated
scientists, engineers and technicians and all the research
and development groups and their staff who have been
contributing to this wonderful success.

Helmut Dosch
Chairman of the DESY Board of Directors
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Accelerators at DESY

In 2016, DESY’s accelerator activities culminated in the
completion of the construction of the linear accelerator for
the European XFEL X-ray laser. After the installation work in
the 2.1 km long accelerator tunnel was essentially finished in
November, the tunnel was closed and the cool-down procedure
for the 96 superconducting, 12 m long accelerator modules
began. By the end of the year, all helium tanks of the almost
800 installed cavities were filled with liquid helium at a
temperature of 4 K, ready for the final step to 2 K foreseen for
the beginning of 2017. No serious vacuum breakdown occurred
during the procedure, proving that thousands of welding
seems had stayed tight and not developed any “cold leaks”.

This eminently important milestone marked the transition of
the construction phase of the European XFEL accelerator
complex to the beam commissioning phase, which will
eventually lead to the operation phase and the start of
scientific use of the facility by autumn 2017. The achievement
was made possible thanks to the extremely intense and
dedicated efforts by many DESY groups, colleagues from
collaborating institutes in the European XFEL Accelerator
Consortium and co-workers from external companies, who
joined forces in a complex choreography of installation work
for various components and subsystems taking place
simultaneously in various sections of the machine. Some
technical work will still have to be performed in 2017 on the
last sections of the linear accelerator, but the gradient
performance that the accelerator modules showed on the test
stands in the Accelerator Module Test Facility (AMTF) is
beyond specification and sufficient to reach decisive beam
energy goals without the need to have every single one of the
24 installed radio frequency (RF) stations in operation.
Achievements at the European XFEL were many and remarkable,
too many to be listed here, but an outstanding one is certainly
the fact that during years of accelerator construction and
installation work, there was no serious accident detrimental to
the health of any of the many people involved in this work.

Beam commissioning of the European XFEL injector, which
was put into operation for the first time just before Christmas
2015, continued very successfully until July 2016. All essential
objectives of this first phase of beam tests were reached,
including commissioning of beam diagnostics and of the
third-harmonic RF system, verification of the design goals for
the beam emittance and demonstration of acceleration of
long bunch trains up to the injector design energy of 150 MeV.
This, together with the main linear accelerator being “cold” at
the end of the year, provided excellent perspectives for a
rapid and exciting progress in commissioning the entire
machine in 2017.
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The FLASH soft X-ray free-electron laser (FEL), the “little
brother” of the European XFEL, from the experience of which the
latter profited enormously, had a very successful year of user
operation. In 2016, FLASH played a pioneering role again as
the worldwide first FEL facility with simultaneous user operation
at two separate undulator beamlines, FLASH1 and FLASH2.
This parallel operation mode, where the bunch train is split
between the two beamlines, worked very well and demon-
strated the possibility to run with quite different beam
parameters (such as bunch charge) in the same RF pulse by
dynamically adjusting the low-level RF control on a microsecond
scale. The variable-gap undulators in FLASH2 not only
permitted independent wavelength tuning for FLASH2 users,
but also gave the FEL experts a chance to explore advanced
concepts such as tapering, higher-harmonic lasing etc.,
which they had conceived years ago and were now, with the
eagerly awaited new undulators, able to put into practice.
Among the remarkable achievements obtained during these
studies are new records in photon pulse energy and wave-
length. In parallel to user operation, plans for possible
upgrades at FLASH have taken more concrete shape.
Besides continuing important studies at sFLASH that among
other results demonstrated a new wavelength record for the
“seeded” FEL radiation, the seeding team worked out a
proposal for the implementation of seeding for user operation
at FLASH2. And, with a larger scope and on a longer time scale,
considerations for converting the FLASH linear accelerator from
pulsed to continuous-wave mode of operation are becoming
more concrete and will be followed up in the future.

The PETRA lll synchrotron radiation source had a good start
in 2016 with very good availability figures in the first approxi-
mately two months of the user run, reproducing the reduced
RF breakdown rate already achieved in 2015. However, later
the reliability was compromised by more frequent failures in
different areas of the machine’s subsystems, so that by the
end of the run in autumn 2016, the average availability did not
significantly exceed the typical figure of 95% obtained in
previous years. While consistent with the original goal for
PETRA lll, this performance is not fully satisfactory in
comparison with availabilities obtained elsewhere. The
PETRA team organised a workshop with experts from other
accelerator laboratories to review availability/reliability issues
and define measures to improve the figures for PETRA lll in
the future.

The studies for a major upgrade of PETRA towards an ultralow-
emittance “diffraction-limited” storage ring continued. The goal
for such a PETRA IV ring is an emittance of <20 pm rad at 6 GeV
beam energy, an improvement of the present horizontal



emittance by a factor of more than 50, which would yield an
unprecedented research potential for a facility of this kind.
The design work concentrated mainly on the challenges for
the magnet lattice and the beam optics/dynamics. Essentially
two approaches have been studied, one based on the design
for the upgrade of the ESRF synchrotron radiation source in
France, the other on a more unconventional approach
employing an exchange of horizontal and vertical phase
spaces. The studies need to be continued and conclusions
are premature, but preliminary results give reason for
optimism that a design can be found with sufficient dynamic
acceptance to be able to still use the DESY Il synchrotron as
an injector, although likely in a configuration with improved
emittance performance. The goal is to settle the most impor-
tant design questions by autumn 2017 so that a PETRA IV
conceptual design report can be presented by spring 2018.

In the area of advanced accelerator concepts, laser plasma
wakefield acceleration (LWFA) was achieved for the first time
on the DESY site. The LAOLA/LUX experiment led by the
University of Hamburg used pulses from the 200 TW ANGUS
laser to produce electron bunches in a few-centimetre-long
gas cell with a beam energy up to 400 MeV and an energy
spread down to 1%. After these encouraging first results, the
challenge for the future will be to make the beam more stable
and reproducible. Progress at the electron-beam-driven
plasma wakefield experiment FLASHForward included
installation work in the FLASH2 tunnel, commissioning of the
25 TW laser that will be used to ionise the plasma, and suc-
cessful tests of a plasma cell focusing a beam from the MAMI
accelerator at the University of Mainz. A collaborative effort of

Reinhard Brinkmann

the FLASHForward, FLASH and SINBAD teams at DESY
together with CERN and PSI in Switzerland was launched to
design and build an X-band deflecting structure system for
femtosecond-resolution bunch profile diagnostics. At the
PITZ photoinjector test facility at DESY in Zeuthen, self-
modulation of a bunch at the plasma frequency was demon-
strated for the first time while sending a 20 MeV beam
through a low-density lithium vapour cell. The EU-funded
multi-GeV LWFA design study EuPRAXIA, coordinated at
DESY, held its kickoff meeting in summer 2016 and rapidly
gathered momentum. Preparations and necessary refurbish-
ments for building up the ARES linear accelerator in the
SINBAD accelerator R&D infrastructure in the former DORIS
building at DESY continued, including necessary refurbish-
ments of the building. The same infrastructure will also house
the AXSIS experiment for THz-driven, ultrashort electron and
photon beam generation, and preparation work for installing
the AXSIS accelerator systems and beamline started. In
cooperation with MIT in the USA, the generation of a beam
from a miniature electron gun by means of a
laser-generated THz field was demonstrated.

Enjoy reading more about our exciting accelerator activities
on the following pages!

Reinhard Brinkmann
Director of the Accelerator Division
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News and
events.

A busy year 2016

March
First undulator installed in European XFEL

The installation of the 35 segments of the first European XFEL
undulator was completed in February 2016. The 3.4 km long
X-ray free-electron laser will comprise three such undulators,
each up to 210 m long, that will produce X-ray laser light
exceeding the intensity of conventional X-ray sources by a
billion times — making the facility the world’s brightest X-ray
source when completed. The X-ray pulses will allow scientists
to study the nanocosmos using revolutionary experimental
techniques, with applications in many fields including bio-
chemistry, astrophysics and materials science. DESY is the
main shareholder of the European XFEL, which is one of
Europe’s largest research projects. It is due to open to users
for research in early autumn 2017.

An undulator segment is lowered down a shaft into the underground tunnels of
the European XFEL.

This first completed undulator will generate short-wavelength,
hard X-rays that will be used for experiments with a focus on
structural biology and ultrafast chemistry. Each of the

35 undulator segments is 5 m long, weighs 7.5 t and is com-
posed of two girders facing one another, each holding a line
of alternating strong permanent magnets. When accelerated
electrons pass through the field of alternating polarity
generated by the magnets, ultrashort flashes of X-ray laser

light are produced. Components between adjacent segments
help ensure a consistent magnetic field between them.
Control systems allow components within the undulator to be
mechanically moved, enabling the generation of a broad
spectrum of photon wavelengths.

The undulator systems were devised in a joint collaboration
of European XFEL and DESY, whose resources and
experience were essential for the development. The same
technology is now also used in a number of projects at DESY,
including the FLASH soft X-ray free-electron laser and the
PETRA Ill storage ring radiation source.

The undulator systems were built in a multinational collabora-
tion. The challenging production involved DESY and Russian,
German, Swiss, Italian, Slovenian, Swedish and Chinese
institutes and companies. It included a number of in-kind
contributions, such as electromagnets for the electron
beamline designed and manufactured at several institutes in
Russia and tested in Sweden; temperature monitoring units
from the Manne Siegbahn Laboratory in Sweden; and
movers, phase shifters and control systems designed and
manufactured by CIEMAT in Spain.

—1'\-P.'I-F-r

The first undulator of the European XFEL consists of 35 segments, each 5 m long

N

and weighing 7.5 t.



April
First user operation at FLASH2

On 8 April, DESY’s FLASH soft X-ray free-electron laser (FEL)
was operated for the first time in parallel for user experiments
at two different FEL lines, one in the experimental hall “Albert
Einstein” (FLASH1) and one in the new hall “Kai Siegbahn”
(FLASH2). A first record for this parallel user operation was
set one day later, with FLASH1 delivering 4000 X-ray pulses
per second with an energy of up to 140 pJ per pulse and
FLASH2 generating in parallel 110 pulses per second with
about 100 pJ each.

FLASH is the first X-ray laser worldwide that can serve experiments at two beamlines

simultaneously.

The second FEL line, FLASH2, was realised from 2011 to
2015. Soon after FLASH2 successfully generated intense
radiation for the first time in August 2014, parallel operation
of FLASH1 and FLASH2 was established. With the first user
beamline in the new hall “Kai Siegbahn” operational, it was
then possible to run two experiments simultaneously at
FLASH1 and FLASH2, both delivering intense, ultrashort
laser pulses with user-specific parameters.

View into the experimental
hall “Kai Siegbahn” at
FLASH in spring 2016:
Beamline FL24 (right) just
took up user operation,
while Beamline FL26 (left)

was still in the final

equipment phase.

Reinhard Brinkmann elected EPS fellow
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Reinhard Brinkmann

Reinhard Brinkmann, DESY Director in charge of the Acceler-
ator Division, was appointed fellow of the European Physical
Society (EPS). The EPS elected him in recognition of his
outstanding leadership and achievements in accelerator
physics and technology, including ground-breaking solutions
for modern free-electron lasers and linear colliders based on
superconducting accelerator technology and the success of
longitudinally polarised electron beams in the HERA collider.

Reinhard Brinkmann started working at DESY in 1984. As the
machine coordinator of the HERA electron ring accelerator
from the late 1980s to the mid-1990s, he contributed
decisively to the successful and swift commissioning of this
highly complex facility. In 1995, he was appointed leading
scientist for accelerator physics at DESY. He was instrumental
in designing the TESLA superconducting linear accelerator
and in drawing up the technical design report for the project,
which was published in 2001. In 2003, he became the project
leader for the preparation of the European XFEL project at
DESY. In 2007, he took over as Director of the Accelerator
Division.



May
Green light for industrial alliance MicroTCA.4 Tech Lab

Together with private enterprises, DESY set up the
MicroTCA.4 Technology Lab, a cooperative venture aiming
to further develop the MicroTCA.4 electronics standard and
establish it for a large market. Over the next three years,
the project will be funded as a Helmholtz Innovation Lab -
strategically designed, long-term technology alliances
between Helmholtz centres and industrial enterprises — with
the Helmholtz Association providing almost 2.5 million euros.
Together with the funds contributed by DESY and private-
sector companies, the budget of the innovation lab will
amount to 5.07 million euros.

The Micro Telecommunications Computing Architecture
(MicroTCA.4) electronics standard combines ultrafast digital
electronics with the option to integrate analogue components
within extremely small spaces. Its outstanding stability and
scalability make it ideal for controlling particle accelerators
and detectors, but also for a range of potential industrial
uses, including in telecommunications, online inspection,
aviation, medical engineering and high-precision measure-
ments. MicroTCA.4 was developed by a consortium of
research institutions and industrial enterprises led by DESY,
up to the point where it was ready for use in the supercon-
ducting linear accelerator of the European XFEL X-ray free-
electron laser.

The new MicroTCA.4 Tech Lab aims to open up novel areas of
application for this universally deployable technology. By con-
tinuously refining hardware, software and support services, its
use is to be simplified. To this end, new laboratory and testing
facilities are being created, which will allow new configuration
and integration possibilities to be tested and verified. Direct
customer support and an individualisation of possible
applications right up to turn-key systems are also planned.

MicroTCA.4 printed circuit boards

June

Plasma wakefield accelerator project produces first particle heam

Simulation of plasma waves in the LUX capillary

An innovative accelerator project at DESY has produced its
first electron beam. The experimental facility goes by the
name of LUX and is being operated in collaboration with the
University of Hamburg. It is based on the promising technology
of plasma wakefield acceleration, which will hopefully one
day give rise to smaller and more powerful particle accelerators.
During a first test run, LUX accelerated electrons to about
400 MeV, using a plasma cell just a few millimetres long. This
corresponds very nearly to the energy produced by DESY’s
70 m long linear pre-accelerator LINAC II. The result is a first
important milestone on the path to developing compact
laser-driven plasma accelerators in Hamburg. However, the
new technology still has to overcome a number of hurdles
before it can be used in accelerators.

In plasma wakefield acceleration, a wave is produced in an
electrically charged gas, known as a plasma, inside a narrow
capillary tube. There are several different ways of doing this,
which are being tried out in various projects on the DESY
campus in Hamburg. LUX uses a special laser at the ANGUS
laboratory, with a power of 200 TW, which fires ultrashort
pulses of laser light into hydrogen gas at a particularly high
frequency of up to five pulses per second. Each pulse lasts a
mere 30 fs and ploughs its way through the gas in the shape
of a narrow disk, 0.01 mm long and 0.035 mm high. The
pulses strip the hydrogen molecules of their electrons,
sweeping them aside. The electrons collect in the wake of the
light pulse and are accelerated by the positively charged
plasma wave in front of them — much like a wakeboarder
riding the stern wave of a boat.



The physicists are hoping to use this technology to acceler-
ate particles to up to 1000 MeV. The technology is still in the
very early stages of development, but as it is able to produce
up to 1000 times the acceleration of conventional facilities, it
will allow far more compact accelerators to be built for future
applications in fundamental research and in medicine. Over
the coming months, the physicists will examine and further
optimise the as yet “untidy” electron beam produced by LUX.
To this end, additional beam diagnostics will be added. A
short undulator will also be installed in order to test whether
the fast electrons from the plasma accelerator can be used to
produce X-rays.

The experimental LUX accelerator was developed and built
by a junior research group at the Center for Free-Electron
Laser Science (CFEL), a cooperative venture of DESY, the
University of Hamburg and the Max Planck Society. The
junior research group is part of the accelerator physics group
at the University of Hamburg. LUX is operated as part of the
LAOLA cooperation between the University of Hamburg and
DESY, in which various groups from the two institutions work
closely together to study pioneering new accelerator designs.
Another important partner is the ELI Beamlines project in
Prague, Czech Repubilic.

The joint ANGUS laser laboratory of DESY and the University of Hamburg features a

200 TW laser for research and development of laser-driven plasma acceleration.

DESY mourns Helen Edwards

On 21 June, Helen T. Edwards passed away at the age of
80 at her home in lllinois, USA. Helen Edwards was the chief
scientist in charge of building and operating the Tevatron
proton—antiproton collider at Fermilab, and from the early
1990s on she played a key role in developing the TESLA
superconducting accelerator technology. She maintained
close ties with DESY for over three decades, and together
with her husband Don, she was an essential driving force
behind years of fruitful collaboration of Fermilab and DESY.

Helen Edwards

During the early stages of the HERA electron—proton collider
project, DESY profited enormously from her experience at the
Tevatron, and in the course of numerous visits to DESY, she
contributed to getting the HERA proton ring accelerator up
and running. Within the TESLA collaboration, she organised
crucial contributions of Fermilab towards the design of the
linear collider as well as the design and construction of the
TESLA test facility, which was later converted into the FLASH
free-electron laser. Numerous colleagues at DESY remember
and value Helen Edwards from many years of collaboration,
and were extremely fond of her.

With her own brand of curiosity and her desire to get to the
bottom of things, she worked with accelerator physicists at
DESY until shortly before her death to analyse beam effects
at FLASH. She will be remembered at DESY as a competent,
dedicated and open-minded scientist who was always

open for discussions, and her fond memory will always be
cherished. Our thoughts go out to her husband and family.




July

EuPRAXIA kick-off meeting in Pisa

Participants of the EUPRAXIA workshop in Pisa

The EU project EUPRAXIA (European Plasma Research
Accelerator with eXcellence in Applications) is gathering
pace. At a workshop in Pisa, Italy, particle accelerator experts
from all over the world met with experts working in the field of
novel laser accelerators to discuss the design of a new,
innovative European plasma accelerator, which is to be built
in the context of EUPRAXIA and the EuroNNAc project. The
EuPRAXIA consortium brings together the necessary
expertise from Europe, Japan, China and the USA to build
such a facility in Europe and demonstrate its benefits.

Through EuPRAXIA, which is funded as part of the EU
programme Horizon 2020, accelerator physicists from

32 institutions, 24 of them European, are aiming to study the
design and potential applications of new types of plasma-
based accelerators. The researchers are seeking to develop
an ultracompact 5 GeV plasma accelerator that could be
used both in research and in industry or medicine.

The scientific workshop with over 120 participants took place
from 29 June to 1 July at a venue steeped in history,
especially for accelerator physicists: In 1589, the Italian
scientist Galileo Galilei performed his seminal experiments
on acceleration in Pisa. Using the very limited means at his
disposal, such as his own pulse for measuring time, he
discovered that the distance travelled by balls rolling down
an incline was proportional to the square of time. Galileo’s
groundbreaking experiments on acceleration revolutionised
classical physics at the time. With EUPRAXIA, accelerator
physicists are now setting out to realise revolutionary particle
accelerators.

DESY welcomes 104 summer students from 33 countries

DESY summer students in Hamburg ...

For seven weeks, 104 young scientists from 33 countries were
given the opportunity to gain practical insight into research at
DESY in Hamburg and Zeuthen as part of the DESY summer
student programme, which is one of the largest and most
international summer schools in Germany. The DESY summer
student programme is extremely popular among students,
both because of the practical experience it provides in genuine
research projects and because of its internationality.

The 86 students from 28 countries at the Hamburg site and
18 students from 14 countries at the Zeuthen site were
integrated into various DESY groups in the fields of particle
and astroparticle physics, accelerator physics and photon
science, where they experienced everyday life in science at first
hand. A series of lectures providing the necessary theoretical
background complemented the practical experience.

... and Zeuthen




European XFEL electron injector exceeds expectations

In July 2016, DESY successfully concluded tests of the first
section of the linear accelerator for the European XFEL X-ray
free-electron laser. The 40 m long electron injector performed
distinctly better than expected, completing a whole week
under operating conditions. The successful start-up of the
injector was a huge success for the accelerator team and its
international partners.

As the world’s best X-ray laser, the European XFEL will
produce extremely bright and ultrashort X-ray pulses,
enabling a multitude of experiments to be carried out in the
nanocosm — from determining the precise atomic structure
of pathogens to making ultraslow-motion films of chemical
reactions. The brilliant X-ray flashes will be produced by
bunches of high-energy electrons brought to speed in a linear
accelerator and then sent down a zigzag magnetic path in
three undulator systems. At each bend in the path, the
electron bunches emit X-rays that add up to a laser-like
pulse in a self-amplifying manner.

The 30 m long injector of the European XFEL

As the main shareholder of European XFEL, DESY is respon-
sible, among other things, for building and operating the

2.1 km long electron accelerator. The injector, which is
located at the very beginning of the facility, supplies tailor-
made bunches of electrons to the main accelerator. The
quality of these electron bunches is crucial to the quality of
the X-ray laser pulses at the experimental stations, about

3.5 km away. One important quality criterion is the emittance
of the beam, a measure of how narrowly the electron
bunches can be focused. As the injector tests showed, the
emittance is some 40% better than specified.

Ten times every second, the injector produces a train of up to
2700 short bunches of electrons. To test the quality of the
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The diagnostic system produces elongated images of individual electron bunches,

allowing them to be analysed in slices.

beam, a special diagnostic system picks out individual
bunches. Only about four bunches per train are needed to
analyse the beam. These bunches are tilted by a cavity
before striking the diagnostic screen. The elongated image
they leave behind as a result can be used to study the longi-
tudinal structure of each bunch in detail. The analysis
revealed the outstanding quality of the bunches.

In the seven months since the injector produced its first
electron beam in December 2015, it gave the accelerator
team an opportunity to get to know all major subsystems of
the entire accelerator facility: as the injector includes all the
subsystems used in the main accelerator, the operators were
able to test and familiarise themselves with them. All in all, no
major obstacles were encountered throughout the several
months of test operation. The injector went offline on 25 July
so that it could be connected to the main accelerator.

The European XFEL section of the DESY accelerator control centre



Polish contribution to European XFEL successfully completed

To mark the successful conclusion of the Polish contribution
to the construction of the European XFEL X-ray laser, a
delegation including Maciej Chorowski, Director of the Polish
National Centre for Research and Development (NCBIR),
visited DESY and European XFEL. On this occasion, DESY
renewed its cooperation agreement with the National Centre
for Nuclear Research (NCBJ), which coordinated the Polish
contributions to the European XFEL.

At the signing ceremony (left to right): NCBJ Deputy Director Ewa Rondio, NCBIiR
Director Maciej Chorowski, NCBJ Director Krzysztof Kurek, DESY Director

Helmut Dosch, NCBJ Deputy Director Zbigniew Golebiewski and European XFEL

Director Massimo Altarelli

The Polish in-kind contributions to the European XFEL were
among the most important in the construction of the
superconducting linear accelerator. In the past several years,
in addition to assembly of components, around 50 Polish
scientists performed intensive tests, first of individual
components and later of the complete accelerator modules,
prior to their installation in the European XFEL tunnel. In total,
the Polish in-kind contributions are valued at around

19 million euros (in 2005 prices). The total Polish contribution
adds up to 26.5 million euros.

On the occasion of the visit, DESY and NCBJ extended their
long-time collaboration through another cooperation
agreement. Both institutions intend to continue and intensify
their collaboration not only in accelerator technologies, but
also in photon science as well as in the development and
application of free-electron lasers. Common experiments and
data analyses are also foreseen in particle and astroparticle
physics.

September
Superconducting part of European XFEL accelerator ready

Another important milestone in the construction of the
European XFEL X-ray laser was reached in September with
the completion of the installation of the 1.7 km long super-
conducting accelerator in the tunnel. The linear accelerator
will bring bunches of electrons to an energy of 17.5 GeV in
superconducting niobium cavities cooled to -271°C. In three
undulator systems in the next part of the facility, the electron
bunches will generate intense flashes of X-ray light, which will
allow scientists new insights into the nanocosmos. The
European XFEL accelerator will be the largest and most
powerful linear accelerator of its type in the world.

Connecting two accelerator modules in the European XFEL tunnel

The accelerator was built by an international consortium of
17 research institutes led by DESY, the largest shareholder of
European XFEL. The central section consists of 96 accelerator
modules, each 12 m long, which contain almost 800 cavities
made from ultrapure niobium surrounded by liquid helium.
The modules, which were industrially produced in cooperation
with several partners, perform on average about 16% better
than specified, so the original goal of 100 modules in the
accelerator could be reduced to 96.

The French project partner CEA in Saclay assembled the
modules, which were then comprehensively tested at DESY
before installation in the tunnel by staff of the Polish partner
institute IFJ-PAN in Krakow. Magnets for focusing and
steering the electron beam inside the modules came from
CIEMAT in Madrid, Spain. The niobium resonators were
manufactured by companies in Germany and Italy, supervised
by DESY and INFN/LASA in Milano. Russian project partners,
such as the Efremov Institute in St. Petersburg and the Budker
Institute in Novosibirsk, delivered various parts for vacuum
components for the accelerator as well as magnets to steer
and focus the electron beam in the non-superconducting,
room-temperature sections of the facility. Many other compo-
nents were manufactured by DESY and its partners, including
diagnostics and electron beam stabilisation systems.



October

European XFEL commissioning begins

Hamburg’s Senator for Science Katharina Fegebank (centre), Beatrix Vierkorn-Rudolph

from the German Federal Ministry of Education and Research (right), European XFEL
Director Massimo Altarelli (left) and DESY Director Helmut Dosch (far left) tightened the

final screws on a beamline of the European XFEL X-ray laser.

Commissioning of the 3.4 km long European XFEL X-ray laser
started on 6 October, with around 350 guests from politics,
administration, the diplomatic corps, scientists from around
the world and employees of European XFEL and DESY
celebrating the milestone on the new European XFEL campus
in Schenefeld. In the underground tunnel near the facility’s
experiment hall, representatives of the partner countries
mounted an approximately 2 m long beamline tube, as a
symbolic act of installing one of the final still-missing pieces
of the X-ray laser. As the main shareholder of the European
XFEL, DESY led the consortium that built the linear accelerator.

DESY Director Helmut Dosch said on the occasion: “I con-
gratulate the European XFEL Accelerator Consortium for this
outstanding achievement. This big success was made
possible through the enormous team spirit of the Accelerator
Consortium, which collaborated very closely to reach this
high aim. | have the highest appreciation that this was
accomplished on a tight budget.”

European XFEL Director Massimo Altarelli said: “Thanks to
the very intense and highly competent work of the European
XFEL staff, of the staff of the DESY Accelerator Division and
of the partner laboratories, we are now ready to gradually
switch on the whole facility, with the goal to start operation of
the facility in the early part of 2017. | would like to thank all
the people involved who are turning this long-standing dream
of the science community into reality.”

The accelerator will be commissioned in several steps. As
soon as the access control system is installed, the interior of
the modules will be slowly cooled to the operating tempera-
ture of 2 K - colder than outer space. Then the first electrons
will be sent through the accelerator. At first, they will be stopped
in an electron dump at the end of the accelerator, until all the
beam properties are optimised. Only then will the beam be
sent on towards the undulators, where the electron bunches
will be forced onto a tight, zigzagging slalom course fora210 m
stretch, thereby generating extremely short and bright X-ray
flashes with laser-like properties in a self-amplifying process.

Reaching the conditions needed for this process is a massive
technical challenge. Among other things, the electron
bunches from the accelerator must meet precisely defined
specifications. But the scientists involved have reason for
optimism. All basic principles and techniques have been
proven at DESY’s FLASH free-electron laser, the prototype
for the European XFEL. And at the European XFEL itself, the
commissioning of the 40 m long injector, which was success-
fully concluded in July, bodes well for the commissioning of
the complete facility.

Starting in fall 2017, scientists from around the world are
expected to be able to use two out of the six scientific
instruments planned for the medium term, enabling new
views of the structure and fast processes of the nanocosmos.
Applications range from structural biology, chemistry, physics
and materials science to environmental and energy research
or explorations of conditions like those found inside of planets.

The European XFEL accelerator tunnel




Robert Feidenhans’l new European XFEL Director

In October, Robert K. Feidenhans’l was appointed as the new
chairman of the European XFEL Management Board as of

1 January 2017. The X-ray physicist was previously head of
the Niels Bohr Institute at the University of Copenhagen,
Denmark, and a member of the European XFEL Council, for
which he served as chairman from 2010 to 2014. His
predecessor Massimo Altarelli, who was at the head of the
European XFEL GmbH since the non-profit company was
founded in 2009, retired at the age of 68 at the end of 2016.

Robert K. Feidenhans’l

Robert Feidenhans’l studied at Aarhus University and holds a
PhD in surface physics, a field that has since evolved into
nanophysics. Starting in 1983, he worked at the Risg National
Laboratory in different scientific and leading positions, until
joining the Niels Bohr Institute in 2005. As a researcher, he is
an expert in new ground-breaking X-ray technologies and
research at large-scale X-ray synchrotron research facilities,
such as ESRF in France, PSI in Switzerland and DESY.

Feidenhans’l said he is looking forward to his new tasks,
which include ensuring a smooth transition of the facility from
construction to user operation, which is scheduled to start in
fall 2017.

Anton Piwinski receives Robert R. Wilson Prize

Anton Piwinski, a scientist in the DESY accelerator physics
group from 1966 until his retirement in 1999, was awarded
the 2017 Robert R. Wilson Prize of the American Physical
Society (APS). He received the prize jointly with the US scien-
tists Sekazi Mtingwa and James Bjorken, in recognition of his
outstanding contribution to accelerator physics, in particular
for the development of a detailed theory of intrabeam scattering,
which is of fundamental significance for the beam quality that
can be achieved by proton and electron storage rings. The
prize was presented at the APS Meeting in January 2017.

Piwinski first proposed a largely complete theory of intrabeam
scattering in 1974, which was later refined and elaborated by
him and in parallel by Mtingwa and Bjorken. The scattering of
particles inside the beam leads to an increase in the beam
emittance and thereby to a broadening of the beam, which
limits the performance of both colliders and synchrotron
radiation sources. The effect has been observed in numerous
accelerator facilities, including the proton ring of the former
HERA collider at DESY, and can be precisely calculated using
computer programs based on the theories of Piwinski,
Mtingwa and Bjorken.

For more than three decades, Piwinski was instrumental in
shaping the development of accelerator physics at DESY. In
addition to developing his theory of intrabeam scattering, he
carried out pioneering research on beam-beam interactions,
as well as on transverse—-longitudinal coupling and satellite
resonances, which was met with international acclaim. In
2005, he was awarded the US Particle Accelerator School
(USPAS) prize for his fundamental contributions to the under-
standing of charged particle beams in circular accelerators.

Anton Piwinsky




November
Scientists shrink electron gun to matchbox size

In a multinational effort, an interdisciplinary team of researchers
from DESY and the Massachusetts Institute of Technology
(MIT), USA, has built a new kind of electron source (gun)

that is just about the size of a matchbox. The device uses
laser-generated THz radiation instead of the usual radio
frequency (RF) fields to accelerate electrons from rest. As

the wavelengths of THz radiation are much shorter than those
of RF radiation, the new electron gun can be made much
smaller than conventional ones. While state-of-the-art
electron guns can have the size of a car, the new device
measures just 34 by 24.5 by 16.8 mm.

Miniature electron gun driven by THz radiation: An ultraviolet pulse (blue) back-illuminates

the gun’s photocathode, producing a high-density electron bunch inside the gun. The
bunch is immediately accelerated by ultra-intense single-cycle THz pulses to energies

approaching 1 keV.

Electron guns driven by THz radiation are miniature and
efficient, and the materials used to guide the radiation are
susceptible to much higher fields at THz wavelengths
compared to RF wavelengths, allowing the THz radiation to
give a much stronger “kick” to the electrons. This has the
effect of making the electron beams much brighter and
shorter. Such ultrashort electron beams with narrow energy
spread, high charge and low jitter could be used for ultrafast
electron diffraction experiments to resolve phase transitions
in metals, semiconductors and molecular crystals, for example.

The new gun includes a nanometre-thin film of copper which,
when illuminated with ultraviolet light from the back, produces
short bursts of electrons. Laser radiation with THz frequency
is fed into the device, which has a microstructure specifically
tailored to channel the radiation in order to maximise its
impact on the electrons. This way, the device reached an

accelerating gradient of 35 MV/m, almost twice that of
current state-of-the-art guns. It accelerated a dense packet
of 250 000 electrons from rest to 0.5 keV with minimal energy
spread, allowing electron beams from the gun to already be
used for low-energy electron diffraction experiments.

In the new gun, the ultraviolet flash used to eject the electrons
from the copper film is generated from the same laser as the
accelerating THz radiation. This ensures absolute timing
synchronisation, substantially reducing jitter. The gun worked
stably over at least one billion shots, easing every-day
operation.

Electron guns are used ubiquitously for making atomic-
resolution movies of chemical reactions using ultrafast
electron diffraction. With smaller and better electron guns,
biologists can gain better insight into the intricate workings
of macromolecular machines, including those responsible for
photosynthesis, and physicists can better understand the
fundamental interaction processes in complex materials.

Furthermore, electron guns are an important component of
X-ray laser facilities. Next-generation THz electron guns
producing ultrashort and ultrabright electron bunches up to
relativistic energies and of only 10 fs duration are currently in
development at Center for Free-Electron Laser Science
(CFEL) in Hamburg, a cooperation of DESY, the University of
Hamburg and the Max Planck Society. These devices will be
used as photoinjectors for attosecond table-top X-ray lasers.
At DESY, such electron guns and X-ray lasers are being
developed within the AXSIS (Frontiers in Attosecond X-ray
Science: Imaging and Spectroscopy) programme.
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PETRAIII.

User operation and challenges ahead

In March 2016, DESY’s PETRA Ill synchrotron radiation source took up operation again after a
shutdown period that had started in November 2015 and that was mainly used to install further
components for the beamlines in the extension hall East. After a short commissioning period of only
four weeks, user operation resumed on 7 April. In 2016, a total of 5256 h of synchrotron radiation
beam time was delivered to users at 16 beamlines, including the two new beamlines in the extension
section North. During the next winter shutdown, further undulators will be installed, which should

become operational in 2017.

User operation

During the four-month-long winter shutdown 2015-20186,
which ended in March 2016, further components were
installed for the beamlines mainly in the extension section
East. User operation restarted on 7 April after a commissioning
period of only four weeks and continued until 23 December.
The necessary maintenance was done in five dedicated
service weeks distributed over the year. The last service week
in November 2016 was already used to prepare the next winter
shutdown. In addition, a two-week period in August 2016 was
used for test runs and extended machine developments. On
Wednesdays, user operation was interrupted by weekly
regular maintenance, machine development activities and
test runs for about 24 h. The distribution of the different
machine states in 2016 is shown in Fig. 1. In total, 4421 h
were scheduled for the user run 2016 and, in addition, 1118 h
of test run time were made available to users.

During user runs, the storage ring was operated in two
distinct modes, characterised by their bunch spacing. In the
“continuous mode”, 100 mA were filled in 480 or 960 evenly
distributed bunches corresponding to 16 ns or 8 ns bunch
spacing, respectively. The “timing mode” allows users to
perform time-resolved experiments and is thus character-
ised by a considerably larger bunch spacing of 128 ns or
192 ns, corresponding to 60 or 40 evenly distributed
bunches. In the timing mode, 100 mA were filled in

60 bunches and 90-100 mA in 40 bunches. Due to a high
demand for time-resolved measurements, PETRA Ill was
operated to a large extend in the timing mode. The detailed
distribution of the operation modes in 2016 is shown in

Fig. 2. For beam operation in the timing mode, very good
bunch purity is required. Unwanted satellite bunches were
routinely cleared by making use of the multibunch feedback
system.

PETRA Ill OPERATION 2016
137:01:00_ 389:45:00

B USERRUN TOTAL
B TESTRUMN TOTAL
uMD

B MAINTE NAMNCE
B SHUTDOWN

DISTRIBUTION OF OPERATION MODES 2016

B TIMING 40
u TIMING 60
m CONT 480
B CONT 960

Figure 1

Distribution of the different machine states during the run period 2016
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Figure 2

Distribution of the different operation modes in 2016
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Figure 3

Availability in 2016. The blue curve shows the weekly average, the green curve the

yearly average. The red line indicates an availability of 95%.

High reliability is one of the key requirements for a synchro-
tron radiation facility. The key performance indicators are
availability and mean time between failures (MTBF). In 2016,
the weekly availability even reached 100% for several weeks
of the year, as can be seen in Fig. 3 (blue line). At the end of
the user run, however, the average availability only turned out
to be 95.2%, which is essentially equal to the availability in
the previous year. The development of the average availability
over the year is also shown in Fig. 3 (green line).

The average MTBF at the end of 2016 was 37 h, which is
slightly better than in the previous year. Nevertheless, the
availability and MTBF of PETRA Il are not in line with that of
other world-leading facilities. In May 2016, an availability
review meeting was organised to gain a better understanding
of the effectivity of efforts to improve the availability of
PETRA Ill. The organisation, allocation and prioritisation of
resources were reviewed by an international review committee
with respect to manpower and potential investments, resulting
in a review report with eight recommendations and several
suggestions.

Several recommendations were already addressed in 2016.
During a service week in August 2016, the tuning plungers at
one radio frequency (RF) cavity were successfully replaced,
and an RF power test stand was completed in December
2016. A working group was formed to improve the fault
tracking of critical technical systems, e.g. the fast orbit
feedback system. These actions were beneficial for several
subsystems. The overall availability nevertheless suffered
from a multitude of minor randomly occurring faults, which
seemed to be uncorrelated to just a few technical causes.

Figure 4

Dipole magnet with new coil configuration. The magnetic fields are being measured in

the magnet laboratory at DESY.

Challenges ahead

In 2015, test operation started at the two new beamlines P64
and P65 in the Paul Peter Ewald experimental hall (extension
hall North). However, it turned out that the fringe field of the
deflecting dipole between the two undulators had to be
improved using a new coil configuration. In December 2016,
the first new coils arrived at DESY and measurements of the
magnetic field started (Fig. 4). After further improvements, the
dipole magnets will be installed at four locations in the Paul
Peter Ewald experimental hall and in the Ada Yonath
experimental hall (extension hall East).

In 2017, PETRA IlI will restart with several new undulators: at
the beamline P01 in the Max von Laue experimental hall and
at the beamlines P22, P23 and P24 in the Ada Yonath
experimental hall. In addition, the accelerator components in
the Ada Yonath experimental hall will be realigned to correct
movements of the components due to the progressive
settlement of the new hall. All new undulators should become
operational in 2017, an achievement that will only be possible
thanks to essential efforts of all the technical groups involved.

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

Consolidating tandem operation with two beamlines

On Friday, 8 April 2016 at 12:14, user operation officially started at FLASH2, the new beamline of DESY’s

FLASH free-electron laser (FEL) facility. For the first time, two user experiments received beam simultaneously:
one in the Albert Einstein experimental hall (FLASH1), the other in the new Kai Sieghahn hall (FLASH2). A unique
feature of the FLASH facility is that, besides both beamlines being operated in parallel, they may both receive
beam with very different parameters, tailored individually for each experiment. Shortly afterwards, in May 2016,

a record self-amplified spontaneous emission (SASE) energy at a wavelength of 21 nm was achieved. The FLASH2
gas monitor detector measured an energy of 1 mJ in a single pulse, corresponding to 10' photons per shot.

With the FLASH2 variable-gap undulators, many lasing schemes proposed in the past can finally be tested:

linear and quadratic tapering, frequency doubling, harmonic lasing and reverse undulator tapering.

Highlights

For two years now, FLASH has been operating with two
beamlines in parallel as a tandem delivering SASE radiation
to two experimental halls, called “Albert Einstein” and

“Kai Siegbahn”. User operation at FLASH2 officially started
on 8 April 2016, with two user teams receiving beam for their
experiments at the same time, both with quite different
parameters (Fig. 1).

With the variable-gap undulators of FLASH2, several new
lasing schemes proposed years ago can now be experimentally
tested. One evident technique is the tapering of undulators:
since the electrons lose energy to the generated SASE
radiation, the resonance condition is kept by slightly changing
the gap of downstream undulator sections. With this
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procedure, saturation occurs at a higher SASE energy level.
In May 2016, a world record SASE energy of 1 mJ was mea-
sured at FLASH2 at a wavelength of 21 nm. This corresponds
to 10" photons per pulse, never achieved elsewhere.

In a special run, the electron beam energy was pushed to its
present limit of 1230 MeV, more than ever reached at FLASH.
Using the FLASH2 undulators at their optimum, the wave-
length could be reduced from its 4 nm design value to 3.5 nm,
the smallest SASE fundamental wavelength achieved so far
at the facility. Towards longer wavelengths, the reach was
extended to 90 nm.

Besides using the usual third and fifth harmonic of the
fundamental, smaller wavelengths can also be generated by
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frequency doubling. As an example, Undulators 1 to 5 were
tuned to 6.2 nm and Undulators 6 to 1210 3.1 nm. In a
promising experiment, a few microjoules were achieved at the
double frequency, corresponding to a wavelength of 3.1 nm.
This scheme can be extended to harmonic lasing and self-
seeding, where the first part of the undulators is tuned to a
multiple of the wavelength of the last part. To this end, it is
important that only harmonics starting independently of the
fundamental are amplified, resulting in a bandwidth smaller
than the one of the usual third and fifth harmonic. First
experiments at FLASH2 did indeed indicate a reduction in
bandwidth and an improved longitudinal coherence.

The old beam arrival time monitors of FLASH have the
drawback of poor resolution for electron bunch charges
smaller than about 250 pC. An upgrade is under way, and first
tests are promising. The new electronics was tried out in a
user experiment with excellent results. The arrival time stability
could be pushed from the usual 20-30 fs to a record 14 fs rms
within a bunch train. The new electronics will be fully exploited
in 2017, once the new pickup hardware is installed.

FLASH1 operation

In 2016, FLASH1 was operated for 7333 h; 90 h were sched-
uled for maintenance. The facility was shut down for 1142 h,
mainly for installation of the FLASHForward experiment to be
realised at the new third beamline, FLASH3. Operation was
interrupted for another 70 h to change a leaky radio frequency
(RF) window at the RF gun and for a commissioning time of
the new window of 149 h. Almost 60% of the beam time was
devoted to user experiments, 30% to FLASH studies, beamline
commissioning and user run preparation, while 10% was
reserved for open accelerator R&D. SASE radiation was
delivered to users for 3452 h, i.e. 80.7% of the user beam
time. A considerable amount of time (15.8%) was used for
tuning the machine to specific user needs; the downtime

due to component failures was only 3.5% (Fig. 2).

FLASH2 operation

FLASH2 user operation had a good start. A total of 1570 h
was devoted to users, even though the first two experimental
beamlines were just ready for use. A large portion of the
beamtime, 5440 h, was used for beamline commissioning,
photon diagnostics commissioning and various experiments
with the variable-gap undulators. During operation time,
FLASH2 was on standby for 1645 h. Standby is generated
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when FLASH1 operation does not allow beam in FLASH2.
This happens for example when FLASH1 requires a change
of beam energy to change the wavelength for a FLASH1 user
experiment.

Seeding experiments

Seeding experiments at sFLASH, the seeding section of the
FLASH1 beamline, continued in 2016 with many improvements,
especially regarding the seed laser and the laser beamline. As
of December 2016, experiments are concentrating on improv-
ing the high-gain harmonic generation method (HGHG). The
experiments profit considerably from LOLA, the deflecting
structure downstream of the sFLASH undulators, which
enables a precise characterisation of the seeded FEL
properties. HGHG seeding was performed with a seed
wavelength of 266 nm and operating the FEL at the seventh
harmonic at 38 nm. At this wavelength, FEL saturation was
observed with a maximum pulse energy of 110 pJ. Bunching
at the ninth and eleventh harmonic was observed as well,
although at reduced FEL output energy.

FLASH refurbishment

FLASH has been operating as a user facility for 11 years now.
Many components are reaching the end of their lifetime. In
addition, due to extensive user demands, the parameter
range of FLASH has been continuously extended towards
very short photon pulse duration and thus operation with
much lower beam charge than initially designed and towards
an arrival time stability goal of 10 fs or less. A refurbishment
programme has been launched to address these issues. The
plan is to upgrade all diagnostics to achieve a better precision
for charge levels down to 20 pC. Furthermore, some of the
accelerator modules will be refurbished to allow a better RF
regulation and higher energy reach. The FLASH team also
plans to develop a new generation of photoinjector lasers.

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



PITZ

In 2016, the PITZ photoinjector test facility at DESY in Zeuthen was operated with a new,
more stable radio frequency electron source (RF gun) setup, leading to regular operation at
parameters required for the European XFEL X-ray free-electron laser. Thanks to the facility’s
unique possibilities for longitudinal beam shaping and new electron beam diagnostic
techniques, the first successful plasma acceleration experiments at PITZ became possible,

leading to the world’s first direct observation of self-modulation instability.

RF gun developments

Since March 2016, a new gun setup has been operated at
PITZ. Gun 4.6 includes a new, improved cathode spring
design and is equipped with two DESY-type RF windows
placed at the optimised position to minimise the power load
of reflections from the gun. After a conditioning time of sev-
eral months, the gun is now mainly being operated at the
European XFEL goal parameters (6.5 MW power in the gun,
650 ps RF pulse duration) without major problems — and with
increasing reliability.

In spring 2016, a fundamental upgrade of the PITZ cooling
system took place. After further improvements in the low-
level RF (LLRF) regulation system, the amplitude and phase
stability of gun and booster could be significantly improved.

During the 2016 run time, first studies for correcting the
always observed beam asymmetry by means of additional
quadrupole corrector coils placed within the gun solenoid
were successfully carried out. More systematic studies will be
performed to directly transfer this know-how to the FLASH
and European XFEL user facilities.

In close collaboration with colleagues from DESY in Ham-
burg, automatic procedures were developed and tested at
PITZ, such as fast recovery and cold start-up procedures,
which significantly reduce the downtime of the machine after
an interruption of the gun operation.

Plasma acceleration experiments

Within the framework of the accelerator R&D programme of
the Helmholtz Association, the PITZ group is investigating
beam-driven plasma wakefield acceleration mechanisms. In
2016, several weeks of beam time were dedicated to plasma
acceleration experiments.

An improved setup with a new heat pipe oven lithium plasma
cell — allowing stable operation with a plasma density of
~10" cm= — was built and operated in the PITZ beamline
(Fig. 1). Using this plasma cell, the self-modulation of a long
electron beam in a plasma wake was directly demonstrated
for the first time worldwide. The results of this very successful
experiment are of vital importance for the Advanced
Wakefield Experiment (AWAKE) at CERN, as they show the
feasibility of one of the key concepts this plasma acceleration
experiment is based on. A corresponding publication was
submitted to Nature Communications. Further experiments
with the lithium cell for investigating e.g. the influence of the
plasma density profile on self-modulation are being prepared
for 2017.

s iy TN

Lithium plasma cell installed at the PITZ beamline. The optical path of the ionisation

laser is indicated in red.
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In a second experiment, the efficient acceleration of electrons
in a plasma at a high transformer ratio (HTR) - that is, the
ratio of maximum accelerating field in the witness bunch and
maximum decelerating field in the driver bunch — was shown.

In the framework of a PhD thesis, the use of an alternative
plasma cell design was successfully explored: a gas dis-
charge plasma cell was designed, built and characterised at
DESY in Zeuthen. Compared to the lithium cell, such a
plasma cell has the advantage of being easily scalable to
longer plasma lengths, but it offers much less flexibility in
the plasma shaping than the heat pipe oven design with its
transverse coupling of the ionisation laser. In the last run
period of 2016, first data was taken with the new plasma
cell. Measurements will continue in March 2017 with an
upgraded setup.

Longitudinal beam characterisation

The basic diagnostic tool for the demonstration of self-
modulation and high transformer ratios, but also for the
general characterisation of the time-resolved electron beam
properties is the RF deflector (transverse deflecting structure,
TDS). Built as a prototype for the European XFEL injector, the
TDS at PITZ was put into operation in 2015. In 2016, the system
was commissioned and high-resolution measurements
became possible, allowing a fine-tuning of the temporal
electron beam profile using the flexible photocathode laser
system built by MBI in Berlin, Germany. This fine-tuning
capability was very important for the self-modulation and
HTR studies mentioned above, since both need well-shaped
time profiles. For example, a double-triangle shape (Fig. 2)
was the precondition for the successful proof of efficient
electron acceleration in a plasma for the HTR studies.
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3D ellipsoidal laser system

Good progress was made in 2016 with the commissioning of
the 3D ellipsoidal laser system developed at the Institute of
Applied Physics in Nizhny Novgorod, Russia. With strong
support of the corresponding DESY groups in Hamburg, the
new laser system was synchronised to the PITZ RF system,
and first synchronised photoelectrons were generated. First
measurements of the produced electron beam properties
were performed, and the effect of temporal masking was
observed with the TDS.

Laser beam shaping has been observed in the infrared (in
both the transverse and temporal plane) and is in progress for
the ultraviolet. Alignment stability and laser beam transport
issues have to be resolved in the near future, and proper
electron beam characterisation is anticipated for the PITZ
operation periods in 2017.

~2.4 MeV
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Currant [A]
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Further studies for PITZ applications

In 2016, the PITZ group continued to investigate possibilities
for using a PITZ-like accelerator as a source for pump-probe
applications at the European XFEL, namely using the X-ray
laser pulses and either THz radiation or electron diffraction.
For THz generation, simulations and first measurements at
high bunch charges (up to 4 nC) were performed. A first THz
generation setup will be installed at the PITZ accelerator in
the framework of a PhD thesis in 2017.

The group also started to investigate the possibility to generate
MHz-pulsed, ultrashort electron bunches based on the PITZ
photoinjector. First simulation results have shown the
capability of generating low-charge, sub-10 fs electron
bunches in the long electron bunch trains at PITZ (Fig. 3),

and further optimisations are ongoing.

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

Accelerator installation and injector commissioning completed

The linear accelerator complex of the European XFEL X-ray free-electron laser and its comprehensive

infrastructure are being constructed by an international Accelerator Consortium of 17 European research institutes
under the leadership of DESY, the main shareholder of the facility. In 2016, installation in the main linear accelerator
tunnel was finished, and the superconducting part of the accelerator was cooled down in order for operation to start at
the beginning of January 2017. Installation work in the other tunnel sections continued. By mid-2016, the injector
commissioning, which had begun at the end of 2015, was successfully completed, with all performance goals reached.

Progress in 2016

The accelerator complex of the European XFEL consists of
the 40 m long injector, the 1.3 km long cold (i.e. cryogenically
cooled) main linear accelerator with altogether 96 supercon-
ducting accelerator modules and about 3.3 km of warm

(i.e. not cryogenically cooled) beamlines used to transport the
electron beam either between successive linear accelerator
sections or to the undulators.

The section in the 2 km long main linear accelerator tunnel
(XTL) was completed in 2016, and its commissioning started
with the cool-down of the superconducting modules. The
injector was operated for seven months before it was shut
down to finalise the connection of the cryogenic systems.

Linear accelerator installation completed

The production of accelerator modules at CEA in Saclay,
France, was concluded with the delivery of Module XM100 at
the end of July 2016. For schedule reasons and because a few
modules needed sophisticated repair, it was decided to stop
the tunnel installation after 96 series modules. This decision
was supported by the fact that the excellent performance of
the installed 96 modules guarantees an energy reach already
well above the European XFEL specification of 17.5 GeV.

The main accelerator in XTL consists of nine cryogenic strings
(CS), typically comprising 12 modules with eight cavities
each. Only CS1 consists of four modules, which accelerate
the electron beam to the intermediate energy needed in the
first bunch compressor. As a consequence of the reduction
to 96 modules, CS9 includes only eight modules. For the
initial commissioning, CS8 and CS9 will remain inactive, as
the technical commissioning of CS8 requires some final
preparations scheduled for early 2017. Installation of CS9,
which suffered an incident during a pressure test of a helium
exhaust line just prior to the first cool-down, will be finished in

extended maintenance periods. Most of the damage along
CS9 was repaired in late fall 2016, but the radio frequency
(RF) waveguide distribution required the procurement of
replacement parts. Nevertheless, operation of all cryogenic
strings including CS8 will allow a beam energy of 17.5 GeV
to be reached in summer 2017.

Following the module installation, the remaining RF power
stations - consisting of pulse transformer, klystron and
waveguide distribution system — were installed. In addition,
electronic cabinets housing low-level RF controls, electron
beam diagnostics, and vacuum and cryogenic controls were
positioned underneath the linear accelerator sections.
Downstream of the cold linear accelerator, the last beamline
components were installed, including beamline magnets,
vacuum chambers with pumps, kicker magnets to distribute
the beam to the different downstream tunnels and electron
beam diagnostics. With the cabling of all the components,
work in XTL was finished by fall 2016.

Figure 1

Connecting the beam vacuum systems of two superconducting modules of the

European XFEL linear accelerator, using a small, localised cleanroom
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In December 2016, the cryogenic system was fully commis-
sioned and the first cool-down of the accelerator started. The
thorough assembly and installation of the accelerator
modules, cryogenic boxes and transfer lines paid off: neither
vacuum leaks nor cold leaks (i.e. helium leaks opening at cold
temperatures) were found, which constitutes an excellent
basis for the future long-term operation of the linear accelerator.

Injector performance goals reached

The 40 m long injector is the first section of the accelerator.
All the members of the Accelerator Consortium contributed to
its construction. As the injector comprises almost all sub-
systems that are also present in the other parts of the
accelerator, its commissioning and operation not only posed
various electron beam dynamics challenges but also served
as an extensive system test.

With the round-the-clock routine operation of the first two
superconducting accelerator modules — a standard 1.3 GHz
module and a 3.9 GHz higher-harmonic module used to
manipulate the longitudinal beam shape - the commissioning
team gained valuable experience for the commissioning of
the other 96 modules now installed in the tunnel. The geometric
properties of the 3.9 GHz system, in particular, proved to be
very sensitive to slight variations in helium pressure, and
detuning was often observed before a change in pressure
was registered in the cryogenic system itself. To resolve the
issue, suitable pressure sensors in the main linear accelerator
will be included in the regulation loops.

The interplay between the two RF systems and their
combined effect on the electron beam can be observed with
the help of a transverse deflecting system. To this end, a
transverse RF field is applied along the length of the electron
bunch, giving the head and the tail of the bunch different
transverse offsets. The energy spread along the bunch can

View along the 80 modules of the

linear accelerator section L3 in the
European XFEL main tunnel. Undermneath
the accelerator is a standard RF power
station supplying four accelerator
modules, followed by shielded electronic

cabinets housing a variety of systems.

then be observed on a screen after a spectrometer dipole. By
adjusting the amplitude and phase of the RF systems with
respect to each other, the energy spread can be minimised.

As a measure of the beam phase space volume, the
emittance is one of the most important electron beam
parameters. It is determined in the injector by means of a
sequence of four consecutive beam imaging screens
mounted about 4 mm off the nominal beam trajectory. Using
fast kicker magnets, individual bunches can be steered onto
the screens. This system allows a fast and almost non-
invasive emittance measurement even along a bunch train.
After careful tuning of the injector parameters, the target
value of <1 mm mrad was routinely observed.

The superconducting accelerator can accelerate bunch trains
of 2700 electron bunches at a repetition rate of 10 Hz. This
mode was successfully established in the injector, entailing
the use of the 4 kW high-power beam absorber at the end of
the injector. In total, a beam charge of about 3 C was
produced during the injector commissioning — that is, about
the same order of magnitude as the LCLS X-ray FEL at SLAC
in the USA has produced so far since its startup in 2009.

Transition to user operation

The year 2017 will be extremely busy and exciting for the
Accelerator Consortium. The technical commissioning of the
European XFEL accelerator will lead to the operation of the
world’s largest superconducting linear accelerator. Under the
leadership of DESY, beam commissioning will begin, with the
goal to observe first lasing in the SASE1 undulator by early
summer.

Contact: Hans Weise, hans.weise@desy.de
Winfried Decking, winfried.decking@desy.de
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FLASH2 starts user operation

The second free-electron laser (FEL) line at DESY’s FLASH facility allows two independent experiments

to be run simultaneously, both delivering intense, short FEL pulses in the range from XUV to soft X-rays with
user-specific parameters. In April 2016, FLASH ran in parallel operation for two user experiments with different
FEL pulse requirements for the first time. In May 2016, a record self-amplified spontaneous emission (SASE)

of 1 mJ in a single pulse was achieved twice, at a wavelength of 21 nm and 12.6 nm. With the FLASH2
variable-gap undulators, many lasing schemes proposed in the past can finally be tested: linear and

quadratic tapering, frequency doubling, harmonic lasing and reverse undulator tapering.

First user operation at FLASH2

The FLASH facility has been delivering FEL pulses in the
wavelength range from XUV to soft X-rays since 2005. The
extension of FLASH by a second undulator beamline now
allows multi-user operation. Both undulator beamlines are
driven by the same linear accelerator. A fast kicker system
and a Lambertson septum are used to extract a part of the
bunch train into the FLASH2 beamline. FLASH2 has variable-
gap undulators, which allow the wavelength to be chosen to
a certain extent independently of FLASH1. In order to
operate FLASH2 almost independently of FLASH1, a second
injector laser specifically for FLASH2 and a new flexible
low-level RF system were installed. First lasing of FLASH2
was achieved in August 2014 simultaneously to FLASH1 user
operation. On 8 April 2016, two user experiments were run in
parallel for the first time. In 2016, FLASH2 was operated for
1570 h for users.

The simultaneous user operation entails some challenges.
For operation with long pulse trains, the available RF flat-top
pulse duration needs to be shared between the FLASH1 and
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Example of bunch trains with different charges and repetition rates shared between
FLASH1 and FLASH2. Here, the repetition rate is 1 MHz for FLASH1 and 200 kHz for
FLASH2.

FLASH2 experiments. Figure 1 shows an example of FLASH1
running with 250 bunches of about 300 pC at 1 MHz
repetition rate and FLASH2 running with 50 bunches of about
100 pC at 200 kHz — with both undulator beamlines sharing
the available RF pulse duration.

Since FLASH1 s still equipped with fixed-gap undulators, all
wavelength changes in FLASH1 require a change of the
electron beam energy. In consequence, each change of
wavelength in FLASH1 requires a new setup and SASE tuning
for FLASH2 as well. For FLASH2, a wavelength change is
much easier. The variable-gap undulators allow tuning of the
wavelength between the FLASH1 wavelength and three times
the FLASH1 wavelength. This was demonstrated by the
measured FLASH2 wavelengths achieved so far, as shown in
Fig. 2. The black line represents the corresponding wave-
length at FLASH1 and the grey line the triple of that value.
The red dots indicate the wavelength reached for a given
beam energy.

Variable-gap undulators also allow tapering. While travelling
through the undulators, the electrons loose energy to the
SASE radiation and slip off the resonance condition. This can
be compensated by slightly adjusting the gap of the last
undulators, keeping the electrons always in resonance. With
this “trick”, the SASE energy can be substantially increased
by about a factor of two.

Moreover, the variable-gap undulators offer the opportunity
to test and implement special lasing schemes, such as
frequency doubling and harmonic lasing.

The requirements for the FEL beam depend on the experi-
ments. One major figure of merit is the SASE energy. Figure 3
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21 nm with a single-pulse energy of 1 mJ — a record energy
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energies above 200 pJ are much easier to realise than at
FLASH1 and have been demonstrated for many wavelengths Contact: Juliane Rénsch-Schulenburg
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Novel beam phase monitoring

at the European XFEL

In order to generate high-quality photon beams at the European XFEL X-ray laser, the radio frequency (RF) field
inside the superconducting cavities needs to be controlled with a precision better than 0.01° and 0.01% in phase
and amplitude, respectively. To this end, we have developed a method to directly measure the beam phase with
respect to the RF accelerating field based on beam-excited higher-order monopole modes. A setup based on a fast
oscilloscope for the phase measurement was proposed and implemented, first at DESY’s FLASH free-electron laser
and then at the European XFEL. The measurements are complemented by a coupled circuit simulation, which
quantifies the dependence of the resolution on the signal-to-noise ratio and the sampling frequency. The system
can provide independent measurements of the beam phase to the control system. Prototype electronics are

currently under construction.

Introduction

The European XFEL will accelerate bunches of electrons to
tens of GeV in superconducting cavities. In order to produce
the high-quality electron beams required for generating
high-power, ultrashort, coherent photon pulses, the accelerat-
ing RF field has to be controlled to better than 0.01° in phase
and 0.01% in amplitude. Control is performed by a dedicated
low-level RF (LLRF) system, which uses the input of various
precise beam monitors. We have proposed and tested a new
phase monitor based on the inspection of resonant fields
excited by the electron bunches in the accelerating cavities.

When a bunch of electrons traverses a cavity, it excites
resonant electromagnetic fields called higher-order modes
(HOMs). These can seriously degrade the electron beam
quality if left unchecked and, in the worst case, cause beam
breakup. Therefore, power from these fields has to be
extracted out of the cavity by means of special couplers. The
extracted HOM signals carry useful information about the
beam and can thus be used to infer some of its characteristics.
Certain modes, called monopole modes, are independent of
the beam offsets and proportional to the beam charge. This
property makes them attractive for beam phase monitoring,
as illustrated below.

In the TESLA-type cavities employed at FLASH and the Euro-
pean XFEL, the RF field used for acceleration has a frequency
of 1.3 GHz, while the frequency of the beam-excited monopole
modes used for phase monitoring is around 2.4 GHz. By
comparing these modes obtained from the HOM couplers,

the beam phase relative to the RF field can be obtained.

Coupled circuit model
A circuit model (similar to the one originally developed by
D. Nagle, E. Knapp and B. Knapp in 1967) is used to simulate

the beam phase monitoring. The advantage of the model,
which is shown schematically in Fig. 1, is that it is quite time-
efficient. As the TESLA-type cavities have nine cells, the
model consists of nine coupled circuit units. A Gaussian
current source is introduced to simulate the beam. A delay
between the current pulses in each cell is used to simulate
the propagation of the electron beam. The voltages across
the first and ninth cell, denoted HOM1 and HOM2, respec-
tively, are superimposed with a 1.3 GHz signal to simulate
the signal at the HOM ports.

The obtained signals are analysed to determine the beam
phase with respect to the superimposed RF field. As can be
seen from Fig. 2, the resolution depends strongly on the
signal-to-noise ratio (SNR) and the sampling frequency. A SNR
of at least 35 dB is required to obtain a resolution of 0.01°.

Experimental setup

The experimental setup is presented schematically in Fig. 3,

which shows one of the two channels installed at one cavity.
The signal from the HOM coupler is split in two for bandpass

j“'%'ﬁ“’\_ J\

) )

Coupled circuit model with nine units driven by a Gaussian pulse
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filtering: one centred at 1.3 GHz, the other at 2.4 GHz. The
filtered signals are then combined again before being fed into
a fast Tektronix oscilloscope with 20 GS/s sampling rate and
6 GHz bandwidth. The acquired data is transferred to a data
acquisition computer via a VX11-LAN link. Data is read from
the accelerator control system as well.

Figure 4 shows the spectrum of the measured 1.3 GHz signal
and the higher-order monopole band. The last couple of
monopole modes in the band delivering stronger signals were
chosen for this purpose.

The phase of the beam with respect to the accelerating field
can be obtained by comparing the 1.3 GHz and 2.4 GHz
signals. The phase obtained is shown in Fig. 5 for an RF
phase set to -5°, 0° and 5°. The resolution is 0.12° for a beam
charge of 0.5 nC and an accelerating gradient of 22 MV/m.
Using this setup, a resolution of ca. 0.1° rms is typically
obtained with this beam charge and accelerating gradient for
both FLASH and the European XFEL. With a higher SNR, the
best resolution observed is 0.03° at FLASH.

Summary and outlook

A resolution of 0.1° of the measurement of the beam phase
with respect to the accelerating RF field can be guaranteed
based on the current experimental setup, though a higher
resolution of up to 0.03° has been observed. The simulation
results from the coupled circuit agree well with the experi-
ments, quantifying that a SNR of at least 35 dB is needed to
obtain a resolution of 0.01°.

The system can be used for monitoring long-term beam
phase drifts and correcting them via the LLRF system.
Moreover, it can help to decouple possible phase jitter and
drift contributions from the accelerator module, the third-
harmonic module and the gun.
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HOM-based beam phase versus change in klystron phase

Prototype electronics based on the MicroTCA standard are
being developed, using a direct sampling technique rather
than the usual down-converting scheme. The electronics also
monitor HOMs around 1.7 GHz for beam position monitoring.

Contact: Liangliang Shi, liangliang.shi@desy.de
Nicoleta Baboi, nicoleta.baboi@desy.de
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Photocathodes at FLASH

Beam at DESY’s FLASH soft X-ray free-electron laser facility starts at the photocathode — point zero. The cathode is a thin

film of caesium telluride on a molybdenum plug inserted from the back into the radio frequency electron source (RF gun). As a
high-duty-cycle machine, FLASH accelerates thousands of electron bunches per second. Only a high-quantum-efficiency cathode
can meet this requirement. A special laser system perfectly synchronised to the RF field of the gun sends picosecond-long UV
laser pulses to the cathode. The laser photons have just enough energy to liberate electrons into free space, which form a bunch
to be accelerated in FLASH. A crucial factor for durable high quantum efficiency (QE) — i.e. the number of electrons liberated

per laser pulse — is the vacuum condition in the RF gun. Great care has therefore been taken to keep the RF gun clean and
realise permanent ultrahigh-vacuum conditions. The QE is monitored on a regular basis to detect possibly serious drops in
efficiency. The present cathode is very stable; it has been in operation for a record time of more than 750 days.

Photocathodes

There are only a few candidates for high-QE cathodes suitable
for high-brightness electron sources. Caesium telluride (Cs,Te)
is the choice for FLASH. In cooperation with LASA in Segrate
near Milano, Italy, cathodes were already produced in 1997
within the TESLA collaboration for the TESLA Test Facility
injector 2. Cathodes are prepared in special chambers: one
was set up at LASA and a copy at DESY. The cathode is a
thin film deposited on a molybdenum plug. First, a 10 nm thin
layer of tellurium is formed with a diameter of 5 mm. Afterwards,
caesium is deposited onto the film. Caesium evaporation is
stopped once the QE is maximised. As this type of cathode
needs to be kept under clean ultrahigh vacuum all the time,

a transport chamber powered by a car battery has been
developed, which allows the cathodes to be moved around
Europe - from Milano to Hamburg, but also to DESY’s PITZ
photoinjector test facility in Zeuthen. It has been shown that,
even after long-time storage, the QE is maintained at its initial
value — provided that the vacuum conditions stay perfect.

Quantum efficiency

The QE is defined as the ratio of the number of electrons
emitted from the cathode to the number of photons impinging
it. The spectral response —i.e. QE as a function of photon
energy — has been measured with a high-pressure mercury
lamp scanning the photon energy from 3 to 5 eV (Fig. 1).
From these measurements, we deduce a work function of

3.5 eV, in agreement with literature. From another measure-
ment — of QE as a function of the accelerating field on the
cathode — we get a value of 3.6 eV, consistent with the first one.
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From the spectral response, we know that the highest QE is
obtained for photon energies around 5 eV. This energy fits
well with the fourth harmonic of the wavelength emitted by
standard solid-state laser materials. FLASH uses two lasers
based on Nd:YLF (1047 nm) and one on Yb:YAG (1030 nm),
with the fourth harmonic at 262 nm and 257 nm, respectively,
corresponding to about 4.7 eV. From the spectral response
shown in Fig. 1, we obtain a QE of 10%, which is sufficient
for the high-duty-cycle operation of FLASH. A high QE
considerably reduces the cost and complexity of the laser
systems. In our case, the average powers of the laser
systems are kept below 1 W, which is a reasonable number
for robust and reliable laser operation.
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Quantum efficiency of Cathode 73.3 measured at regular intervals during operation at FLASH. The red
dot indicates the initial QE just after production at LASA, on 26 June 2013. As of 28 February 2017,
the cathode has been in operation for 755 days with a total charge emitted of 12 C. The insert shows

a QE map taken in February 2017. The position and approximate size of the laser beam are indicated

by a black circle. The QE at this position is 9.2%.

Lifetime

The lifetime of a cathode is a crucial parameter. Whenever
the QE falls below a critical value, the lasers will not be able
to produce the charge required for beam operation. For the
present laser systems, this limit is around 1%. The FLASH
cathode load-lock system has four cathodes stored in
ultrahigh-vacuum chambers flanged to the RF gun, ready
for being used. If a photocathode fails, it can be replaced
quickly within two hours. Once all cathodes are used up, a
new box with fresh cathodes is installed within a few days.
Fortunately, the vacuum conditions in the RF gun remain
good, so that we can expect a long cathode lifetime also in
the future.

To estimate the lifetime, we measure the QE at intervals of
a few weeks. We also scan the cathode with a tiny 100 ym
laser beam spot to produce a so-called QE map, which
yields two types of information: how homogeneous the
electron emission over the cathode is and how well the laser
is aligned. What we are actually interested in is the “effective”
QE. To this end, we measure the number of electrons
accelerated in the gun with a toroidal coil and the number
of photons on the cathode with a pyro-electric joulemeter
(accuracy 2%).

Figure 2 shows the QE of Cathode 73.3 measured at regular
intervals during operation at FLASH. The initial QE just after
production at LASA, on 26 June 2013, was 12.3%. As of

28 February 2017, the cathode has been in operation at
FLASH for 755 days with a total charge emitted of 12 C. The
QE measured in February 2017 was 9.2%.
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Dark current measured at screen 3GUN (1.5 m downstream
of the cathode). The RF gun is operated with 5 MW forward
power corresponding to a 53 MV/m field gradient on the
cathode and with a solenoid current of 309 A (0.182 T).

The total dark current is 6 pA. The circles approximately
indicate the rim of the cathode plug (outer circle) and the

cathode's Cs,Te thin film (inner circle).

The insert in Fig. 2 shows a QE map. The position and
approximate size of the laser beam are indicated by a black
circle. The photocathode diameter is 5 mm, the laser spot
diameter usually 1.2 mm. With time, the overall QE degrades
slowly. However, the spot where the laser hits degrades
faster initially, but recovers again later.

Dark current

Field emitters from particles or surface defects are a source
of dark current, i.e. electrons emitted in the presence of a
high electric field. This dark current is unwanted; moreover,
it is lost in many places along the accelerator due to its

large energy spread and is a source of activation of beamline
materials. An increase in dark current may also indicate
surface damage induced by thermal stress or RF field
breakdown events.

Figure 3 shows an image of dark current taken on a YAG
powder screen 1.5 m downstream of the cathode. The RF
gun is operated with 5 MW forward power corresponding to
a 53 MV/m field gradient on the cathode and with a solenoid
current of 309 A (0.182 T). The total dark current measured
at this location is a stable 6 to 10 yA — a value that is
acceptable.

Contact: Siegfried Schreiber, siegfried.schreiber@desy.de
Sven Lederer, sven.lederer@desy.de
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First demonstration of
harmonic lasing at FLASH2

Harmonic lasing is a prospective operation mode of X-ray free-electron laser (FEL) user facilities that allows for generating
brighter beams of higher-energy photons and for realising a harmonic lasing self-seeded (HLSS) FEL [1]. In 2016, harmonic
lasing was successfully demonstrated at FLASH2, the second undulator line of DESY’s FLASH soft X-ray FEL facility, in

the wavelength range between 4.5 nm and 15 nm [2,3]. The spectral brightness was improved in comparison with the
self-amplified spontaneous emission (SASE) FEL mode by a factor of 6 in the exponential gain regime. A better performance
of the HLSS FEL with respect to the SASE FEL in the post-saturation regime with a tapered undulator was observed as well.

The HLSS FEL scheme

The development of X-ray FEL schemes with enhanced spectral
brightness is of great practical importance. In addition to
well-known seeding and self-seeding techniques, there are
also schemes that don't use optical elements. One of them is
the HLSS FEL scheme, which is based on the combined
lasing on a harmonic in the first part of the undulator, with
increased undulator parameter K, and on the fundamental in
the second part [1]. In this way, the second part of the
undulator is seeded by a narrow-band signal generated
through harmonic lasing in the first part (Fig. 1).

exponential gain saturation

.l-"n."-.". - h}ul }er'. = }'..I

Conceptual scheme of a HLSS FEL

First demonstration

HLSS FEL operation at FLASH2 was successfully demon-
strated in several test runs in 2016 at different electron energies
and radiation wavelengths [2,3]. The first evidence of harmonic
lasing was observed on 1 May. The electron energy was

948 MeV. Initially, we tuned ten undulator sections to standard
SASE, operating in the exponential gain regime at a
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wavelength of 7 nm (the rms K parameter was 0.73); the
pulse energy was 12 pJ. Then we gradually tuned the first
three sections to the third subharmonic (the rms K parameter
was 1.9) and scanned them around 21 nm (Fig. 2). The output
pulse energy at 7 nm exhibits a strong non-linear dependence
on the length of the seeding section tuned to 21 nm, which
happens due to the third-harmonic lasing in the first part. Also,
the effect is essentially resonant. When three seeding undulator
sections were scanned (blue line), the ratio of the pulse ener-
gies at the optimal tune (21.1 nm) and at the 20 nm tune was
51 pud /0.3 pd = 170. This ratio is likely underestimated because
of the background radiation at the fundamental at 20 nm.

Further studies

The HLSS FEL studies at FLASH2 continued in June 2016
with the photon beam spectrometer available. Since the
electron energy was different (757 MeV), lasing occurred at
another wavelength, 11 nm. The undulator settings were similar
to the previous case: we used ten undulator sections, and the
rms K parameter was 0.73 in the SASE mode and 1.9 in the
first part of the undulator in the HLSS mode. The difference
with the previous measurements was that we detuned four
undulator sections in the HLSS regime. The pulse energies
were 11 pJ in the SASE mode and 53 pd in the HLSS mode.
The spectra were measured with the wide-spectral-range
XUV spectrometer of FLASH2.
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Figure 3 presents averaged spectra for two study cases:
SASE FEL with ten undulator sections and HLSS FEL with
four sections tuned to 33 nm and six sections tuned to

11 nm. The spectral powers differ by a factor of 6 due to an
increase of the pulse energy in the HLSS regime by a factor
of 5 and a reduction of the bandwidth by a factor of 1.3
(0.31% for HLSS versus 0.41% for SASE). Our analysis
showed that, under the given experimental conditions, the
spectrum width was visibly widened due to the energy chirp
along the electron beam [3].

We also performed a dedicated measurement proving an
increase of the coherence time in the HLSS FEL case. The
method is based on statistical measurements of the FEL
pulse energy along the undulator length. In the high-gain linear
regime, SASE FEL radiation has the statistics of completely
chaotic polarised light. Shot-to-shot rms fluctuations of the
FEL pulse energy o after a pinhole are connected to the number
of longitudinal modes by a simple relation, M = 1/02 [4].

For a given FEL pulse length, the coherence length is
inversely proportional to the number of longitudinal modes.

Figure 4 presents measurements of the FEL pulse energy
and its fluctuations versus undulator length for a small
aperture (significantly smaller than the FEL beam size) in
front of a multichannel plate (MCP) detector. Measurements
between Sections 6 to 8 (9) correspond to the high-gain
exponential regime for the HLSS (SASE) configuration. With
the data given in Fig. 4 (right), we obtained an estimate of an
increase in coherence time at the end of the exponential
gain regime by a factor of 1.8 + 0.3, which is in good
agreement with the theoretical value [1]. Note that this
moderate enhancement observed in our experiment is
obtained because at FLASH2, we are limited to the
application of the third (and no higher) harmonic. In a
tuneable-gap undulator with higher K, such as the SASE3
undulator of the European XFEL X-ray laser (with an

rms K parameter of about 7), one can in principle use a

8 10 12
Undulator Ne.

Radiation pulse energy versus position in the undulator
for HLSS (blue) and SASE (black). The post-saturation

taper was optimised in both cases.

much higher harmonic number, which is expected to yield a
much higher coherence enhancement factor.

Post-saturation tapering

In November 2016, we set up the HLSS FEL configuration
with the first four undulator sections tuned to 45 nm and eight
sections tuned to 15 nm. The electron energy was 645 MeV,
the charge was 100 pC, and the rms value of Kwas 1.9 in the
first part of the undulator and 0.73 in the second part. We
reached FEL saturation in the SASE and HLSS modes, and
applied post-saturation taper to improve the FEL efficiency
(Fig. 5).

We used quadratic taper, and for each mode (HLSS and SASE),
we optimised two parameters: the beginning of tapering and
the taper depth. The pulse energy was enhanced in the HLSS
configuration from 18 pd in the non-tapered undulator to

31 pd when the post-saturation taper was applied. In the
SASE configuration, the respective enhancement was from
15 pd to 20 pd. Note that a similar efficiency enhancement
was previously observed in numerical simulations [2]. The
improvement of the post-saturation taper regime is achieved
in the HLSS case because of an earlier saturation and a
better longitudinal coherence than in the SASE case.

Contact: Evgeny Schneidmiller, evgeny.schneidmiller@desy.de
Mikhail Yurkov, mikhail.yurkov@desy.de
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Reverse undulator tapering at FLASH2

The amplification process in a free-electron laser (FEL) can be effectively controlled by means of
changing the resonance properties along the tuneable-gap undulator. An afterburner scheme based
on reverse undulator tapering allows for achieving full control of the polarisation properties of the
output radiation. The theoretical basis for this scheme was developed at DESY [1] and successfully
realised in a proof-of-principle experiment at FLASH2 [2], the second undulator line of DESY’s
FLASH soft X-ray FEL facility, as well as at the LCLS X-ray laser at SLAC in the USA [3].

Reverse undulator tapering scheme

The baseline design of a typical X-ray FEL undulator assumes
a planar configuration, which results in a linear polarisation of
the FEL radiation. However, many experiments at X-ray FELs
would profit from using circularly polarised radiation. As a
cheap upgrade, the installation of a short helical afterburner
can be considered, but then an efficient method is needed to
suppress the powerful linearly polarised background from the
main undulator. A new method for realising this suppression
is based on the application of a reverse taper in the main
undulator [1] (Fig. 1).

reverse-tapered planar undulatar helical

afterburmer

Conceptual scheme for obtaining circular polarisation at X-ray FELs [1]. Saturation
is achieved with a strong microbunching and a suppressed radiation power in a
tapered main (planar) undulator. Then the modulated beam radiates at full power

in an afterburner tuned to the resonance.

It has been discovered that, in a certain range of the taper
strength, the density modulation (bunching) at saturation is
practically the same as in the case of a non-tapered undulator,
while the power of the linearly polarised radiation is sup-
pressed by orders of magnitude. The strongly modulated
electron beam then radiates at full power in the afterburner.

Proof-of-principle experiment at FLASH2
Reverse tapering was successfully tested at FLASH2 [2],
as shown in Fig. 2 and 3. The signal from the afterburner
sections exhibits resonance behaviour and reaches a

“Afterburner”
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Proof-of-principle experiment at FLASH2 showing the evolution of the radiation pulse
energy versus the undulator number. The first ten undulator sections are reverse-
tapered (circles). The last two sections (triangles) are tuned to the resonance with the

incoming microbunched beam.

maximum value when the resonance frequency of the after-
burner matches the frequency of the electron beam modulation
in the main undulator. An important figure of merit for the
afterburner is the contrast, i.e. the ratio of the radiation
powers from the afterburner and from the main undulator. We
demonstrated that a contrast of 200 is achievable. For a
helical afterburner, the contrast will increase up to 400. This
means that the degree of circular polarisation from a helical
afterburner will reach 99.8%.

The density modulations of the electron beam driving a self-

amplified spontaneous emission (SASE) FEL in the saturation
and post-saturation regime contain a rich spectrum of higher

harmonics. The radiation of a SASE FEL with a planar
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Afterburner at FLASH2. Output pulse energy versus resonance wavelength of two
afterburner sections. Scans are performed for the fundamental (top), the second
harmonic (middle) and the third harmonic (bottom). The first ten undulator sections
are tuned to the resonance wavelength of 26.5 nm with 5% reverse taper. The scan

around 26 nm is limited due to the undulator gap limit of 9 mm.

undulator contains higher odd harmonics as well. However,
their intensity is pretty low, with the third-harmonic intensity
on the percent level and the fifth harmonic on the level of a
fraction of a permille of the fundamental. This happens
because of debunching of the electron beam at higher
harmonics due to the strong interaction of the electron beam
with the fundamental. Another important problem is a strong
background of radiation from the main undulator.

The application of reverse tapering in the main undulator
allows for reaching high values of beam bunching at higher
harmonics with very low radiation background from the
main undulator. The afterburner tuned to higher harmonics
is then capable of generating much higher radiation

intensities than envisaged in the scheme with an untapered
main undulator.

Relevant experimental results of the proof-of-principle
experiment are presented in Fig. 3. Ten undulator sections of
the main undulator were tuned to the radiation wavelength of
26.5 nm, and a reverse undulator tapering of 5% was applied.
The two remaining sections were tuned to the maximums of
the power around the fundamental harmonic (top), the second
harmonic (middle) and the third harmonic (bottom). Radiation
pulse energies were 150 pJ for the fundamental, 40 pJ for the
second harmonic and 10 pJ for the third harmonic. We note
that the pulse energy of the second harmonic is comparable
with the pulse energy of the fundamental, and that the pulse
energy of the third harmonic exceeds the level of the third
harmonic from SASE FEL by an order of magnitude. Thus, the
afterburner with reverse tapering scheme holds great potential
for extending the operating wavelength range of X-ray FELs
in general and FLASH in particular.

Further applications

The realisation of such a scheme in the SASE3 undulator of
the European XFEL X-ray laser will allow the generation of
X-ray radiation pulses with a peak power in excess of

100 GW and an ultimate high degree of circular polarisation
[1]. The proposed technique is universal and can be easily
implemented at all beamlines of the European XFEL and
other X-ray FEL facilities. Recently, the scheme was
successfully realised at LCLS [3].

Another important field of application of the reverse undulator
tapering technique is the production of attosecond radiation
pulses in X-ray FELs [4]. The attosecond X-ray FEL scheme is
conceptually simple and involves two steps. First, the energy
of a short slice of an electron bunch is modulated by a
few-cycle optical laser. Then the modulated electron bunch
passes a reverse-tapered undulator and radiates isolated,
ultrashort X-ray pulses. These pulses are precisely synchro-
nised to the optical laser, providing an opportunity to perform
pump-probe experiments with sub-femtosecond temporal
resolution.
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Extended FLASH2 operation modes

Variable-gap undulators support additional modes of operation beyond the standard self-amplified
spontaneous emission (SASE) mode, providing modified radiation features and extending user capabilities.

At FLASH2, the second undulator line of DESY’s FLASH free-electron laser (FEL) facility, a frequency doubler is
capable of producing two-colour pulses (w, 2w) with controllable pulse energy ratio. The optimisation of the
frequency doubler for operation at shorter wavelengths allowed photon energies above the nitrogen K-edge
to be reached, which significantly exceeds the original specifications of FLASH2 [1]. Radiation pulse

energies in excess of 1 mJ were demonstrated by means of undulator tapering [2,3].

Frequency doubler at FLASH2

Extending the operating range of FLASH into the “water
window” (i.e. the range between the K-absorption edges
of carbon and oxygen at 4.38 nm and 2.34 nm, respec-
tively) is highly desirable for the user community. With the
maximum electron energy of 1.25 GeV, it is possible to
operate both beamlines, FLASH1 and FLASH2, just a little
below the carbon K-edge. Higher-order odd harmonics
cover the water window, but with low intensities contami-
nated by a strong background from the fundamental.

With the tuneable-gap undulator of FLASH2, however, it is
possible to realise a two-undulator, second-harmonic
generation scheme allowing operation at shorter wave-
lengths [1]. A frequency doubler is also an attractive mode

® 20

Schematic layout of the frequency doubler. The first part of the undulator is tuned to

the frequency w, the second part to the frequency 2w.

of operation enabling two colours (w, 2w) to be
generated simultaneously.

Realising the frequency doubler scheme with a tuneable-gap
undulator is conceptually simple (Fig. 1). The first part of
the undulator is tuned to the frequency w. The amplification
process develops up to the onset of the saturation regime
when a visible beam modulation at the fundamental and at
higher harmonics occurs, but the radiation power does not
reach saturation. Then the electron beam enters the second
part of the undulator tuned to the frequency 2w, and the
beam modulations at the second harmonic seed the
amplification process.

The operation of the frequency doubler was successfully
demonstrated during several test runs at FLASH2 in 2016.
Figure 2 (left) shows the gain curve of the frequency
doubler 8 nm — 4 nm. The first five undulator sections were
tuned to 8 nm and the last seven sections to 4 nm. The red
and blue curves show the radiation pulse energies at 8 nm
and 4 nm, respectively. The amplification process in the
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Frequency doubler at FLASH2. Left: Image of the photon beam in the experimental hall. The small red spot is the 4.5 nm (second harmonic) radiation,

the pulse energy is 10 pd. The larger blue spot is the 9 nm radiation, the pulse energy is 10 pJ. Right: Averaged radiation spectra.
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Our experience shows that the tuning procedure of the
frequency doubler is simple and reproducible. In particular,
it is possible to tune the relative intensities of the two
colours (w, 2w) in a wide range. When tuned to equal
intensities, the pulse energies were in the range from a
few to 10 pJ. The radiation was transported to the FLASH2
experimental hall for characterisation. Figure 3 shows an
example of photon beam images and spectra in the
two-colour operation mode. From this first experience,

we can state that this operation mode can be proposed

to users.

Generating shorter wavelengths

At fixed electron energy, shortening of the radiation
wavelength is achieved by opening the undulator gap. The
undulator field is then reduced, the FEL gain decreases,
and in a uniform undulator, the undulator length is insufficient
to reach the saturation regime. In contrast, the frequency
doubler scheme is capable of generating shorter-wave-
length radiation than the standard SASE FEL mode. Indeed,

the first part of the undulator then operates at twice-longer
wavelength, and saturation is obtained at half the full
undulator length. The induced beam bunching at the
second harmonic is much larger than the shot noise in the
electron beam, and it becomes possible to reach saturation
on a much shorter length of the doubling section.

For a fair comparison of the two options (SASE and
frequency doubler), we performed two dedicated runs at
FLASH2 operating with electron energies close to the limit.
First, the standard SASE mode was optimally tuned at full
undulator length, and the radiation pulse energy was
scanned versus the radiation wavelength. Then the
frequency doubler scheme was optimally tuned with the
same electron beam, and the pulse energy was scanned.
Results of the pulse energy measurements are compiled in
Fig. 4. As can be seen, visibly shorter wavelengths were
reached with the frequency doubler. In particular, photon
energies above the nitrogen K-edge were demonstrated,
which significantly exceeds the original specifications of
FLASH2.
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Pulse energy (left) and fluctuations of the radiation pulse energy (right) versus undulator length measured at FLASH2. The electron

energy is 945 MeV, the radiation wavelength 21 nm, the bunch charge 400 pC. The colour red denotes the untapered case, black

the optimum undulator tapering.

Increasing the pulse energy

Another attractive feature of FLASH2 operation is the
increase of the pulse energy by means of undulator
tapering, for which we developed the relevant theory and
experimental techniques [2,3]. Optimum conditions for
undulator tapering assume the starting point to be two field
gain lengths before the saturation point, corresponding to
the maximum brilliance of the SASE FEL radiation.

The saturation point on the gain curve is defined by the
condition that fluctuations decrease by a factor of 3 with
respect to their maximum value at the end of the exponential
regime. Then the quadratic law of tapering is applied
(optimal for moderate increase of the extraction efficiency
at the initial stage of tapering [3]).

This experimental technique was successfully tested at
FLASH2 (Fig. 5). Saturation occurred at an undulator length
of 20 m, and the saturation energy was about 150 pJ.
Optimised tapering increased the pulse energy by a factor
of 6, up to 1000 pJ. The untapered undulator delivered only

610 pJ at the full undulator length of 40 m. Thus, the
tapering of the FLASH2 undulator demonstrated a great
benefit in increasing the radiation pulse energy.
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Harmonic footprint

In free-electron lasers (FELs) such as DESY’s FLASH soft X-ray facility, ultrashort high-intensity radiation

pulses are generated by highly relativistic electron bunches travelling through periodic magnetic structures, the
undulators. The fundamental physical process of radiation emission in combination with a high charge density of
the electron bunches leads to an exponential build-up of radiation power along the undulator. In order to precisely
initiate or “seed” this process, new modes of operation for FELs have been invented and developed over the last
years. At FLASH, an experimental setup to study different seeding options is implemented and currently operated
in the high-gain harmonic generation mode. A worldwide unique feature of this setup, among others, is the
availability of a transverse deflecting structure located behind the seeded FEL beamline, which enables

the precise characterisation of the seeded FEL properties.

High-gain harmonic generation

One of the key features of radiation from FELs is the high
spectral brightness in combination with a high degree of
coherence for each kind of interferometric application.

FELs operated in the self-amplified spontaneous emission
mode (SASE) feature a high degree of transverse coherence,
but lack longitudinal coherence because the electron pulses
are typically much longer than the coherence length of the
radiation. One way to improve the longitudinal coherence is
to externally imprint the coherence properties of an external,
fully coherent radiation pulse onto the FEL; in other words, to
seed the electron pulse with an external laser. Since there are
no lasers available in the soft and hard X-ray spectral range
that can overcome the background noise of the FEL amplifier
(except the FEL itself), techniques have been developed to
seed the electron beam at much longer wavelengths and then
convert the frequencies to higher harmonics.

In the high-gain harmonic generation (HGHG) mode, the
external laser imprints a periodic energy modulation at the laser
wavelength onto the electron beam through the interaction of

the radiation field of the laser with the electron pulse in an
undulator. A subsequent magnetic chicane allows the conver-
sion of the energy into a density modulation, leading to a
modulation of the electron beam current. Loosely speaking,
the electron pulses are “sliced” at the wavelength of the seed
laser. By sending the sliced beam through a subsequent
undulator, it is possible to amplify radiation pulses at higher
harmonics of the seed wavelength and therefore to operate
the FEL at much smaller wavelengths than the initial seed laser.

At FLASH, an experimental setup has been implemented to
test different seeding schemes, among them the HGHG
mode. Figure 1 illustrates the key elements of the electron
beamline. Two short five-period undulators enable the inter-
action of the seed laser radiation with the electron beam. The
chicanes depicted by the green dipole magnets are used to
manipulate the microstructure of the electron pulses. A 10 m
long undulator is used to amplify the FEL radiation in the
extreme-ultraviolet spectral range. An additional chicane after
the FEL allows the extraction of the FEL radiation for charac-
terisation and experimental applications, while letting the
electron beam travel further down the beamline. Here, a

lllustration of the experimental seeding setup at FLASH. The electron and laser pulses travel from left to right through short five-period undulators (blue) and two magnetic

chicanes (green dipole magnets) to modify the microstructure of the electron pulses. The 10 m long undulator (yellow) is used to amplify radiation pulses in the extreme-ultraviolet
spectral range. In a third magnetic chicane, the electron pulses bypass a mirror used to extract the FEL radiation. The electrons are then deflected vertically in a transverse deflecting

structure (orange) and steered horizontally by a dipole onto a screen for diagnostic purposes.
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special diagnostic tool — a transverse deflecting structure and
a dipole magnet — measures the electron beam energy tem-
porally resolved, enabling the identification of the region
inside the electron pulse that has generated the FEL pulse.

In 2016, FEL seeding in the HGHG mode was performed with
a seed wavelength of 266 nm and the FEL operating at the
seventh harmonic at 38 nm. At this wavelength, FEL satura-
tion was observed with a maximum pulse energy of 110 pd.
Bunching at the ninth and eleventh harmonic was also
observed, although at reduced FEL output energy. Figure 2
shows spectra at the seventh, ninth and eleventh harmonic of
the 266 nm seed laser. The spectral width AA/A was meas-
ured to be below 0.14%, currently limited by the resolution of
the installed spectrometer. The stability of the central wave-
length was measured to be o,/A = 0.038%.

FEL pulse characterisation

One of the goals of the seeding experiment at FLASH is to
demonstrate the improved longitudinal coherence properties
of the seeded FEL in contrast to an unseeded FEL. To this
end, the generated FEL radiation can be guided to a dedi-
cated diagnostic hutch adjacent to the FLASH1 accelerator
tunnel, which allows the installation of additional hardware for
photon diagnostics.

A tool commonly known as THz streaking has been installed
and commissioned in 2016 and will allow the temporal char-
acterisation of the FEL radiation. Up to now, the interaction of
a single-cycle THz pulse with the FEL pulse has been demon-
strated. Figure 3 shows the trace of photoelectron spectra
generated by the interaction of the FEL radiation with argon
gas and for different time delays between the THz pulses and
the FEL pulses. The THz pulses are generated from the same
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Longitudinal phase space distribution of an unseeded (left) and seeded (right) electron
bunch. The analysis of such images allows information to be extracted about the

emitted photon pulse as well as the electron beam properties.

laser system that is used to seed the FEL, and therefore
these two signals are intrinsically synchronised.

Time-resolved electron bunch diagnostics

A unique feature of the experimental seeding setup at FLASH
is the possibility to diagnose the electron pulses after the emis-
sion of seeded FEL radiation has taken place. This allows for,
on the one hand, gaining indirect information about the radiation
pulse and, on the other hand, further characterising the electron
bunch properties. Figure 4 shows the longitudinal phase space
distribution of an unseeded and seeded electron bunch. The
signature of the seeded part is clearly visible at +100 fs.

Contact: Jérn Bédewadt, joern.boedewadt@desy.de
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Bunch purity at PETRA Il

For nearly 50% of the time, DESY’s PETRA lll synchrotron radiation source is operated in a dedicated
“timing mode” to allow time-resolved measurements. In this mode, the longitudinal “purity” of the fill is
of great importance. Parasitic bunches influencing this purity can be caused by different mechanisms in
the pre-accelerator chain and in PETRA lll itself. During the 2016 user run, the multibunch feedback

system was routinely used to automatically remove all impurities.

User requirements

PETRA Il is a third-generation synchrotron light source,
providing hard X-rays from a 6 GeV beam of typically 100 mA
of stored electrons. For improved thermal stability, the
machine is operated in top-up mode with periodical injections
every few minutes, to keep the beam intensity constant within
1%. Mainly two fill patterns are used at PETRA lll: the
“continuous mode” with 960 bunches at 8 ns bunch

spacing and the “timing mode” with 40 bunches 192 ns apart.

PETRA Il is operated in the timing mode for nearly 50% of
the time. About half of all beamlines make use of this mode
for time-resolved measurements. One of the requirements is
that the intensity of any unwanted bunch in between the

40 main bunches is less than 10-® with respect to the main
bunch intensity. Nuclear resonant scattering experiments at
Beamline P01 have the highest purity demands of 102,

Measurement

To achieve the needed precision, it is unavoidable to use a
single-photon counting technique with quite long integration
times. For this purpose, an avalanche photodiode (APD)
installed at Beamline PO1 has been used. Amplified APD
signals start a time-to-digital converter (TDC), which is
stopped by the next bunch trigger. The TDC histogram of the
photon arrival times is a direct measure of the time structure
of the beam. The count rate has to be a small fraction of the
bunch repetition frequency, otherwise the measurement is
affected by the recovery time of the APD and by pile-up from
multiphoton events. A typical TDC histogram measured
during top-up operation is shown in Fig. 1.

The data taking stops automatically when a preselected
number of counts is reached. Before cleaning the histogram
and restarting the measurement, the parasitic bunch contents

relative to the main bunch are calculated and archived
together with the raw data.

Sources of impurities

A well-known source of parasitic bunches are the pre-
accelerators of PETRA llI. In the Positron Electron Accumulator
(PIA), £8 ns bunches are generated by a longitudinal
compression phase shortly before extraction. A dedicated
chopper system in the following transport line removes most
of the impurities, but not all. Several other production
mechanisms have been identified and removed in the last
years, such as dark current from the LINAC Il linear accelerator,
electrons left over in the DESY Il synchrotron from the
preceding transfer or a mismatch between the energy of the
injected beam at injection into DESY II.

Such parasitic bunches are injected into PETRA Il at a
constant fraction together with the main bunches. During
top-up mode, they can accumulate up to a significant level.

Independently of that, initially empty buckets following the
main bunches get populated even when PETRA Il is running
with a stored beam without top-up. Simulations and
measurements of parasitic bunch growth rates proved that
the mechanism is based on Touschek scattering and
recapture of scattered particles in subsequent buckets if they
lose enough energy due to radiation damping.

Cleaning

Achieving a bunch purity of less than 10 during top-up
mode in PETRA Ill is rather challenging and requires an active
cleaning technique. Owing to its capability of broadband
signal processing and generating, the multibunch feedback
system was extended to provide the needed cleaning
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Screenshot of a TDC histogram, no cleaning active; counts versus time to the

main bunch

functionality. Hereby, the parasitic particles can be excited
resonantly on their betatron tune frequency without affecting
the main bunches. This is achieved by an active decoupling
of the excitation signal from the main bunches. A further
decoupling between parasitic and main bunches is caused by
a difference in betatron tune frequency, typically on the order
of a few kHz, due to the beam intensity dependence on the
betatron tune frequency. Because of the machine’s small
vertical aperture, the cleaning excitation is only applied in this
plane.

Since parasitic bunches are not affected by active damping,
their resonances are narrow, and therefore a slow frequency
sweep within 500 ms slightly above the vertical tune of the
main bunches is sufficient to remove them completely from
the machine.

Since the beginning of the 2016 user run, this cleaning has

been routinely done directly after every top-up injection. The
small remaining excitation of the main bunches during
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Screenshot of a TDC histogram with active bunch cleaning; counts versus time to the

main bunch

cleaning can be minimised by carefully optimising the time
span and the amplitude of the excitation. A TDC histogram
measured a few minutes later than Fig. 1, just after one single
cleaning sweep, is shown in Fig. 2.

One should bear in mind that a measurement needs some
minutes, collecting counts from the +2 ns parasitic bunch
re-populated after cleaning. An example of the history of
parasitic bunch contents is shown in Fig. 3 (with cleaning
roughly once per hour). The blue line shows the growth and
removal by cleaning of the +2 ns parasitic bunch, the green
line the corresponding content of the parasitic +4 ns bunch.
In routine operation, all relative parasitic bunch populations
are less than 105.

Using an active cleaning technique, PETRA Il is thus able to
meet the given bunch purity specification.

Contact: Heiko Ehrlichmann, heiko.ehrlichmann@desy.de
Jens Kiute, jens.klute@desy.de
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Finalisation of the European XFEL

main accelerator

In August 2014, the first superconducting accelerator module for the European XFEL X-ray free-electron
laser was installed in the tunnel. At the beginning of 2015, it became obvious that an increase in installation
speed was required to meet the European XFEL time schedule. Therefore, in mid-2015, the cooperation of
the 13 involved work packages was optimised in order to ensure the completion of the main accelerator in
2016. To this end, process management methods were applied to create a better work sequence plan, and
an operative installation management was established in the tunnel to control the workflow (see DESY
Accelerators 2015). This article presents the installation procedure and the process optimisation,

which resulted in the finalisation of the European XFEL main accelerator in 2016.

European XFEL main accelerator ready for cool-down at the beginning of December 2016

Work sequence

In total, 96 accelerator modules were installed on the whole
accelerator length of about 1.5 km (Fig. 1). The installation
was divided into subsections called cryostrings. Each cryo-
string typically contains 12 modules fed by three RF stations.

The work sequence is presented in Fig. 2. First of all, the
modules were mounted on the tunnel ceiling and welded
together (“Installation of 12 Modules”). Then, the racks were
brought into position and the RF stations including infrastructure
were built up (“RF Stations and Utilities”). In parallel, the
copper cables (“Cable MDI”), the “Optical Fibers” and the
“Ethernet” cable were laid. After that, the subsystems
required for the personnel interlock approval (“Preparation
Personnel Interlock”) were put into operation.

The personnel interlock approval by the German Technical
Inspection Association TUV was followed by the preparation
of coupler conditioning (“Preparation Conditioning”). The
arrows pointing from “Installation of 12 Modules” to

“RF Stations and Utilities” are marked with the date when the
process step “Global Helium Leak Test of Insulating Vacuum”
was finished and the following process steps could start.

The block length shown in Fig. 2 corresponds to the planned
duration. The real duration deviated from this value.

Accelerating the installation speed

To accelerate the overall progress, the work was organised in
such a way that up to three cryostrings could be processed
in different stages (see Cryostrings 3 to 5 in Fig. 2). As of

25 February 2016, the period from one “Global Helium Leak
Test of Insulating Vacuum” to the next was reduced from

12 to 6 weeks. This increase in installation speed was possible
thanks to the assignment of an additional welding and wave-
guide installation team. The project management had
requested the welding team after the initial process analysis in
2015 had shown the potential for increased installation speed.

Each block in Fig. 2 contains 4 to 24 process steps, which
were visualised in a process map including their dependen-
cies. A reasonable work sequence was developed in cooper-
ation with the work package leaders (see DESY Accelerators
2015) and optimised from one cryostring installation to the
next (Plan # 1 to 4). After the third iteration, an optimised
sequence was found (Plan # 4) that did not required further
change. Plan # 5 was only made to take into account some
process steps omitted in Cryostrings 8 and 9 that were not
necessary for the cool-down. This dynamic optimisation of
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Figure 2

Installation process from 28 July 2015, when the installation management took effect, to 11 October 2016. In this period of just over 15 months, 84% of the main accelerator was

installed. The trend line indicates the increase in installation speed.

the work sequence was another essential reason for the
permanent acceleration of the installation process.

To measure the installation speed, the number of status
changes per week was monitored. This status recording was
primarily done to get an overview of the installation state of
the main accelerator. Weekly documentations recorded
which process steps were started or finished. The graph in
Fig. 2 shows how many process steps were started or
finished per week. This number fluctuated in a wide range.
Therefore, a trend line was added that corresponds
approximately to the average installation speed.

From 28 July 2015 to 11 October 2016, the installation speed
was increased by a factor of 10. In this period of just over

15 months, 84% of the main accelerator was installed -
meaning that, if this increased speed could have been
achieved from the beginning, the main accelerator could have
been installed in 1.5 years.

An unexpected interruption caused by a failed pressure test
on 11 October 2016 delayed the scheduled installation
finalisation by several weeks. Nevertheless, the main
accelerator was prepared for cool-down at the beginning of
December 2016.

Contact: Michael Bousonville, michael.bousonville@desy.de
Frank Eints, frank.eints@desy.de
Stefan Choroba, stefan.choroba@desy.de
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Accelerator modules for

the European XFEL.

Performance tests of 102 superconducting modules

For the main linear accelerator and the injector of the European XFEL X-ray free-electron laser, 102 accelerator
modules were constructed and tested by an international consortium led by DESY. Each module houses eight
superconducting cavities manufactured by companies in Germany and Italy under the supervision of DESY and
INFN/LASA in Milano, Italy. With an average usable accelerating gradient of about 30 MV/m in the individual cavity
acceptance tests, the required average design gradient of 23.6 MV/m could be significantly exceeded. The
assembly of the over 12 400 individual parts for each module took place at the French partner institute CEA in
Saclay. After transport of the modules to DESY, a team from the Polish partner institute IFJ-PAN in Krakow
performed comprehensive tests of each individual module in the Accelerator Module Test Facility (AMTF) at DESY.
After successful tests, 96 modules were installed in the main linear accelerator and one module in the injector.

Cryomodule construction and testing

The superconducting linear accelerator of the European
XFEL, which has a design electron beam energy of 17.5 GeV,
is currently being commissioned. Of the 102 accelerator
cryomodules constructed, 96 were installed in the main
accelerator tunnel after successfully passing the performance
test in the dedicated test facility AMTF.

The cryomodule development started in the 1990s within the
TESLA Test Facility collaboration. In total, eleven cryo-
modules with iterative improvements were constructed,
tested and used in the FLASH accelerator at DESY before the
design for the European XFEL was finished. The operation
temperature of 2 K (-271.15°C), together with high-level
requirements for vacuum cleanliness, low residual magnetic
field and robustness for a lifetime of about 20 years, requires
a complex and advanced design as well as the use of appro-
priate materials. The main components of each cryomodule are:
¢ Eight superconducting 1.3 GHz niobium cavities for
accelerating the electron beam

e Eight RF power couplers, motor-driven frequency
tuners and magnetic shields (one each per cavity)

¢ One unit including a quadrupole magnet (for focusing the
beam) and a beam position monitor (BPM-quad-unit)

e Many metres of cryogenic and vacuum piping, bellows
and valves, including the 300 mm gas return pipe, which
forms the mechanical backbone of the module

e Many metres of different current leads and signal cabling

¢ Many square metres of cryogenic shields

e The outer (yellow) vacuum vessel

In total, 9422 different components and over 12 400 individual
parts are needed to complete one cryomodule. The parts
were contributed by many partners of the international
European XFEL consortium. The integration of all 102 cryo-

modules took place over a 2.5-year period at the French
partner institute CEA in Saclay. The about 12 m long modules
were then transported by road from Saclay to Hamburg,
where they were immediately prepared for the performance
test at the AMTF (Fig. 1).

A team from the Polish partner institute IFJ-PAN in Krakow
performed all the cryomodule tests in close collaboration with
several DESY groups. The performance tests followed a
well-defined procedure, starting with an extensive incoming
inspection for functioning and conformity with respect to
mechanics, RF, electronics and vacuum.

Afterwards, the cryomodules were mounted onto the cryogenic
and high-power RF test stand (Fig. 2). Before cool-down to

2 K for the first time, the RF power couplers were operated at
room temperature with short (<1.4 ms) pulses up to 800 kW
to check their response and performance. During this
operation, a significant improvement in performance

Figure 1

Accelerator cryomodules in the AMTF in front of the test stands
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Figure 2

Cryomodule mounted on the test
stand with RF power couplers
connected to the waveguide

distribution, ready for closing the

cryogenic connection

(“conditioning”) could often be observed. After cool-down to
2 K, the key performance parameters of each individual cavity
were measured, namely maximum accelerating gradient and
dark-current-induced X-rays (if any). Next, the cryogenic heat
loads with all cavities powered on (dynamic) and off (static)
were measured. In addition, the functionality of other
important subsystems, such as mechanical frequency tuners
and the quadrupole magnet, were tested. After warm-up and
disassembly from the test stand, each cryomodule was
equipped with its individually adjusted RF waveguide
distribution and finally transported into the accelerator tunnel.

RF performance

With a few exceptions, all cryomodules achieved or exceeded
the nominal average design gradient of 23.6 MV/m (Fig. 3).
The average performance across all modules was 27.5 MV/m
(with an rms of 4.8 MV/m). By comparison, the average per-
formance expected from the vertical cavity acceptance test
results was 28.3 MV/m, corresponding to an overall reduction
of less than 3% after cryomodule assembly. Several modules
even achieved (and possibly would have exceeded) 31 MV/m
on average — the maximum allowed by the power limitations
of the test stand.

Closer inspection of Fig. 3 shows that the individual cryo-
module performance exhibited a large relative degradation in
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Figure 3

Average operational gradient of all cryomodules (CM, orange data points). The blue
data points show the average expected performance from the vertical tests

(VT, clipped at 31 MV/m). The red and blue dashed lines represent the nominal
European XFEL gradient (23.6 MV/m) and the administrative limit in the cryomodule
test (31 MV/m), respectively.
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Figure 4
Effective cavity quality factor Q, of the cryomodules (CM, orange data points). The blue
data points are the estimates from the vertical cavity tests (VT). The red dashed line

represents the European XFEL specification (1 x 10').

many cryomodules at the start of the production, but that the
later production performed much better. This has been
attributed to overall better practises during the cryomodule
assembly. The degradation quantified in this way is essentially
zero for a large fraction of the modules in the later production
period. Regarding the measured cryomodule operational
gradient, approximately 18% of the cavities were limited by
X-rays (dark current), 36% by quenching, with the remaining
cavities being administratively limited to 31 MV/m (46%).

Figure 4 shows the average cryomodule cavity quality factor
Q, as measured at AMTF (CM, orange data points). The
quality factor Q, is directly proportional to the cryogenic RF
heat load. With the exception of three cases, all cryomodules
exceeded the specification of 1 x 10'. The orange data points
show an estimate based on the Q, values of the cavities as
measured in the cold vertical test (VT). While the average over
all modules is approximately the same for CM and VT

(~1.4 x 10", the spread from the VT estimates is higher and
there appears to be little correlation. Given the very different
nature of the measurements (continuous-wave single-cavity RF
versus pulsed cryomodule cryogenic heat load measurement
for VT and CM, respectively), as well as the expected large
uncertainty in both (up to 20%), little can be inferred over a
change in Q, between vertical test and cryomodule test.

Thanks to the very close and successful collaboration of all the
participating institutes and industrial companies, the achieved
cryomodule performance lies well above the design values.

The installation of the cryomodules in the European XFEL linear
accelerator was finished in October 2016. The cool-down to
cryogenic temperature was completed in January 2017, and the
commissioning will take place in the first two quarters of 2017.

Contact: Detlef Reschke, detlef.reschke@desy.de
Nicholas Walker, nicholas.walker@desy.de
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Phase space manipulation in
the European XFEL injector

The injector of the European XFEL X-ray free-electron laser comprises a special superconducting module
operating at 3.9 GHz, i.e. three times the frequency of the main linear accelerator, for beam phase space
manipulation before the three bunch compression stages downstream along the facility. This third-harmonic
system is a crucial component for achieving the nominal beam parameters needed for lasing at extremely
short wavelengths. The system was installed in the tunnel in September 2015 and operated above

specification during the injector run from December 2015 to July 2016.

European XFEL injector

The European XFEL consists of the injector, the main linear
accelerator (linac) with altogether 96 superconducting
accelerator modules and a number of warm beamlines used
to transport the electron beam either to successive accelerator
sections or to the undulators.

The injector is the first section of the accelerator. It is about
40 m long and located on the seventh underground floor of
the injector building on the DESY-Bahrenfeld site. Here, the
electrons are extracted through the photoelectric effect from
a cathode exposed to an ultraviolet laser. After acceleration
to relativistic energies in a normal-conducting 1.6 cell cavity,
the electrons enter the first two superconducting accelerator
modules: a standard 1.3 GHz module (A1) similar to all the
other modules installed in the accelerator tunnel and a special
higher-harmonic module operating at 3.9 GHz (AH1, Fig. 1).

This third-harmonic section is needed to manipulate the
longitudinal phase space of the electron beam after the first
acceleration stage, in order for the linac to deliver high-
current beams with sufficiently low emittance for the
production of 1 A FEL light for user experiments. The beam
properties can subsequently be measured with several
devices in an extensive diagnostic section.

AH1 module in the tunnel, equipped with its RF distribution and coupler vacuum lines

The beam-based injector commissioning took place from
December 2015 to July 2016. The AH1 module was
technically commissioned in December 2015 within one day
of the “cryo OK” permission to feed RF to the cold modules
and operated well above its nominal performance during the
injector run from January to July 2016. Operation of the third-
harmonic system will continue in January 2017 with the start-
up of the whole European XFEL facility, when the system will
be used to achieve the design beam specifications after the
bunch compression (BC) stages.

Need for a third-harmonic module

By superimposing a higher-harmonic component onto the

main accelerating field and properly setting their relative

phases and amplitudes, the system can be used to manipulate
the longitudinal beam phase space and control the current
profile along the bunch so as to allow short-wavelength FEL
lasing. These goals are achieved by:

e Removing the RF curvature of the 1.3 GHz RF field of the
A1 module, caused by the long bunch length at the
injector. This is required to minimise detrimental space
charge effects at low energies.

e Compensating for non-ideal effects further down the linac,
such as wakefields, non-linear optics in the BC stages
and space charge effects in the rest of the accelerator.

Control of the energy chirp, curvature and skewness (first-,
second- and third-order correlations in the longitudinal beam
phase space) allows for proper tuning of the relative setting
of the harmonic and fundamental fields in order to optimise
the beam current profile after the BC stages.

AH1 milestones and commissioning
AH1 is functionally identical to a standard module of the main
linac. It contains eight cavities operating at 3.9 GHz (i.e. three
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times the main linac frequency, therefore the structures are
1/3 of the size) and a magnet package at the upstream end of
the module.

The AH1 cavities were produced as an in-kind contribution to
the European XFEL by INFN in Milano, Italy, and tested at the
LASA laboratory in Italy before being shipped to DESY
(between September 2014 and February 2015). The perfor-
mance of all the cavities in terms of accelerating gradient and
quality factor Q, at the operational temperature of 2 K was
well above the European XFEL specifications (Fig. 2).

The cleanroom rollout of the cavity string at DESY took place
in July 2015. After assembly, the AH1 module was ready to
be installed in the tunnel in September 2015. Several final
preparation steps were performed in the tunnel, such as the
assembly of the RF distribution and the integration into the
injector cryogenic string. The injector cool-down started on
10 December 2015, and AH1 was ready on 16 December:
operating it at nominal gradients was possible from the first
day of commissioning.

During the technical commissioning in December 2015, AH1
operation was achieved at the nominal European XFEL pulse
structure, with an overall module gradient well above the
nominal requirements. In January 2016, the final calibration
activity started, i.e. the tuning of the loaded quality factor Q.
of the individual cavities and the proper alignment of the
relative phases, to allow for correct beam operation under the
vector sum control of the eight cavities. For AH1, these
operations are performed differently from those for the stand-
ard 1.3 GHz accelerating modules, as the power coupler has a
fixed antenna. A combination of three-stub tuners at each
cavity and waveguide spacers allows the combined quality
factor tuning and phase alignment.

This preparation was performed in parallel to the regular
beam commissioning of the other components of the injector,
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Vertical test results for all ten cavities needed for the AH1 module (eight cavities in the
module plus two spares). The cavity quality factor @, is plotted as a function of the

accelerating gradient.

Beam image on the screen in the spectrometer beamline with the TDS off (top plots)
and TDS on (bottom plots). In the top plots, the X coordinate reflects the beam energy
in the dispersive line and Y'is the vertical beam coordinate. In the bottom plots, the Y
coordinate is transformed into a longitudinal coordinate along the bunch by the action of
the TDS, allowing the energy—position correlation to be visualised. The figures on the

left were obtained with AH1 off, showing the RF curvature of the 1.3 GHz RF field on
the bunch. The figures on the right were obtained by properly setting the AH1 RF

parameters so as to achieve the cancellation of the RF curvature.

since the RF pulse was shifted with respect to the beam. AH1
was then put into operation with beam in February 2016 to
assess its phase space manipulation performance.

During the technical commissioning and RF characterisation,
a 10% agreement of the cavity quench gradients with respect
to the vertical test characterisation was achieved, and
dedicated temperature stability measurements at the highest
voltage set points of the module were performed, confirming
the possibility to reach all foreseen design scenarios.
Temperatures were extremely stable even in the most critical
parts of the cavities, i.e. the conductively cooled higher-order
mode regions at each end.

An important confirmation of the effect of AH1 on the beam
came with the availability of the transverse deflecting
structure (TDS) in the injector beamline: the beam image on
the screen in the dispersive spectrometer beamline shows a
clear linearisation effect (Fig. 3).

The control of the voltage sum of the RF fields of the two
modules (the standard 1.3 GHz module A1 and the 3.9 GHz
module AH1) allows the longitudinal beam shape parameters
(e.g. chirp, curvature, skewness) to be set so as to achieve
the phase space linearisation required for proper matching to
the compression stages downstream along the linac.

Contact: Cecilia Giovanna Maiano,
cecilia.giovanna.maiano@desy.de
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Dry-ice cleaning of high-power
RF components.

Performance of RF photo guns at FLASH, PITZ and REGAE

Complex copper radio frequency (RF) structures are used as electron sources (RF guns) based on the
photoemission effect. In the past, the performance of these copper RF resonators was often limited by dark
currents, which could reach several thousand pA in resonators cleaned with conventional methods, such as
high-pressure water rinsing or alcohol rinsing. Nowadays, carbon dioxide dry-ice snow cleaning has become
a well-established method to reduce harmful dark currents emitted from particles polluting the inner surface
of the copper structures. Compared with conventional methods, dry-ice cleaning was found to reduce dark
currents in RF guns at DESY’s FLASH free-electron laser and the PITZ photoinjector test facility at DESY in
Zeuthen by an order of magnitude. These very good achievements were also demonstrated for RF guns

for DESY’s REGAE facility, where RF conditioning was performed in a very short time.

Introduction Technical layout

Carbon dioxide (CO,) snow cleaning or blasting is a well-known  To ensure a particle-free environment, the entire cleaning

cleaning method used in industry for various applications, setup is located in an ISO 5 cleanroom. Figure 1 shows the

especially for removing surface contaminations such as cleaning device with a 1.3 GHz RF gun, mounted on a

hydrocarbons, grease or even paint. Its major advantage is traverse that moves in the vertical direction. The RF gun is

the non-abrasive and dry cleaning process. Dry ice removes turning while moving up and down over the cleaning lance

particles without altering the surface and, since frozen and the nozzle. To guarantee that every part of the complex

CO, sublimates, the surface will keep dry after cleaning. inner surface of the resonator is cleaned, the nozzle itself can
be moved steplessly from the horizontal to the vertical

The DESY MHF-SL group uses the CO, snow cleaning direction to realise various jet angles (Fig. 2).

method, where liquid CO, streams through a specially built
nozzle, generating a mixture of gas and CO, snow at the
outlet. Compared with high-pressure water rinsing (HPWR),
where the mechanical effect from the high water pressure is
the major cleaning agent, dry-ice cleaning additionally
includes thermal and chemical cleaning effects. Relaxation
of liquid CO, in a nozzle results in a snow/gas mixture with
approximately 45% snow at a temperature of 194 K.

To ensure acceleration and focusing of the CO, stream, it is
surrounded by a near-supersonic N, jet, which at the same
time prevents condensation of humidity on the resonator
surface. The absence of liquids during cleaning is a

big advantage when handling ultrahigh-vacuum components.

The thermal cleaning effect is based on shock-freezing of the
contaminations, strong impact of the snow crystals and a

500-fold increase in volume after sublimation. Contaminations
become brittle and start to flake off the surface. The chemical

Figure 1
Dry-ice cleaning

device for RF

cleaning effect occurs when snow crystals hit the surface and guns at DESY,
melt at the point of impact. Liquid CO; is a good solvent, with a 1.3 GHz
especially for hydrocarbons and silicones. gun installed
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Lance with moveable nozzle. The nozzle can be moved steplessly

from horizontal to vertical to realise various jet angles. It is used for

1.3 GHz RF guns with an iris diameter of 50 mm.

RF guns with an RF frequency higher than 1.3 GHz and there-
fore much smaller inner diameters, such as the RF gun for
REGAE (f= 3 GHz, D, = 21.6 mm), require smaller lances with
a maximum diameter of 18 mm. As it is not possible to install
moveable nozzles in such a small housing, four different lances
and nozzles with fixed jet angles are used in this case (Fig. 3).

All used nozzles are designed as follows: A specially formed
Venturi nozzle (designed and manufactured by the Fraunhofer
Institute for Manufacturing Engineering and Automation

IPA in Stuttgart, Germany) with an inner diameter of not more
than 0.2 mm expands the liquid CO, at the outlet, where a
gas/snow mixture is created. A high-pressure (16 bar) N, jet
surrounds the CO, jet and accelerates the complete jet to
nearly supersonic speed. The formed jet has an effective
usable length of 4-7 cm, since it starts to widen with increasing

Small lances with nozzles in a fixed position at different angles, used for

cleaning 3 GHz REGAE RF guns with an iris diameter of 21.6 mm

length. A maximum jet diameter of 5 mm is the limit for
optimal cleaning conditions. The N, jet can also be used
separately for cleaning and drying purposes.

Cleaning and results

Each RF gun is cleaned in several steps with different jet
angles. After each step, the cleaning lance is kept inside,
blowing N, only, to avoid condensation of humidity from the
ambient air on the clean inner surface. The motion speeds of
moving parts are chosen in such a way that the jet streaks
each part of the inner surface for a given amount of time.

For the FLASH RF gun, dry-ice cleaning was found to reduce
dark currents by an order of magnitude. The present dark
current of the RF Gun 3.1 installed in FLASH is about 5 pA
while running at operating parameters, whereas the limiting
value is 20 pA. At PITZ, several RF guns were tested in the
last years, with dry-ice cleaning reducing dark currents by
about a factor of 10 compared to cleaning with liquids.
Figure 4 shows a plot of dark current as a function of RF
power in guns cleaned using HPWR and dry-ice cleaning.

The REGAE guns were never cleaned with liquids such as
water or alcohol, so the two cleaning methods cannot be
compared in this case. In tests, RF conditioning could be
done very quickly. It took only two weeks to reach an
accelerating gradient of 100 MV/m, which can only be
achieved if the dark current is low enough.

Tests are ongoing to also apply this cleaning method to other
ultrahigh-vacuum RF components. Expectations are high,
especially for the cleaning of superconducting resonators.

Contact: Arne Brinkmann, arne.brinkmann@desy.de
Jorg Ziegler, joerg.ziegler@desy.de
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LUX

LUX is a laser plasma wakefield accelerator driving an undulator beamline for the generation of few-femtosecond
X-ray pulses at compact scales and with unprecedented time resolution for pump—probe experiments. The

accelerator, which is built and operated by DESY and the University of Hamburg, was first commissioned in 2016
and demonstrated electron beams with up to 400 MeV energy at a repetition rate of 5 Hz. Currently, the beamline

is being upgraded for generating first undulator radiation.

Overview

The Laser-Plasma Driven Undulator X-Ray Source (LUX) beamline
is built and operated within the LAOLA collaboration of DESY
and its strategic partner, the University of Hamburg. It is an
integral part of DESY’s long-term vision to advance plasma
accelerator technology towards first applications.

In a laser plasma wakefield accelerator, an ultrashort, high-
intensity laser pulse is focused into a millimetre-scale plasma
target, typically a 300 um diameter capillary milled into a
sapphire crystal (Fig. 1). In the hydrogen-filled capillary, the
laser excites a travelling plasma wave, which sustains large
electric field gradients. Electrons injected from the plasma
background can be accelerated to gigaelectronvolt-scale
beam energies over very short distances (Fig. 2).

Four-milimetre-long sapphire plasma target used for laser plasma acceleration in the

LUX beamline. The high-power laser pulses enter the target chamber from the left and
are focused onto the entrance of the plasma capillary to accelerate electrons to high

energies over few-millimetre distances.

Laser plasma wakefield accelerators are expected to
drive a next generation of light sources, offering intrinsic
synchronisation of the infrared driver laser — including any
secondary synthesised infrared or THz beams - to the
generated X-ray pulses, and thus temporal resolution on a
single-femtosecond scale. Its unique timing properties in
combination with the reduced size and cost of such a
laser-driven setup could be of great benefit for a variety
of applications.

The workhorse of the LUX beamline is the 200 TW ANGUS
laser system (Fig. 3), which provides very energetic laser
pulses of 5 J in 25 fs pulse duration, at a repetition rate of
5 Hz, to the LUX electron accelerator. The LUX beamline is
located right next to the laser lab within an old DESY tunnel.

Particle-in-cell simulation of a laser-driven plasma wave. The intense laser travels to the

right and induces a charge separation by pushing plasma background electrons to the
side. A bubble-like plasma cavity is formed, in which an electron bunch can be trapped

and accelerated.
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Figure 4

The BEAST Il in-vacuum undulator:
With only 5 mm magnet period,

it is optimised for generating

X-ray pulses using laser plasma-

accelerated electrons.

Here, the laser is focused into the plasma target to generate
electron beams. Those beams are then transported to a
diagnostics section followed by a short, specially designed
undulator — dubbed BEAST Il - to generate very short
X-ray pulses.

One of the major challenges faced by the plasma acceleration
community is to gain precise control over the highly
sensitive acceleration process. From the beginning, the
LUX project was designed and optimised for stability and
reproducibility, with a focus on stable laser operation. The
project uniquely combines state-of-the-art accelerator
concepts, accelerator technology and diagnostics with

the new concepts and developments of laser plasma
wakefield acceleration.

Figure 3

The 200 TW ANGUS laser system. The complete laser infrastructure was upgraded

with advanced diagnostics and integrated into the accelerator controls systems.

Commissioning of the LUX experiment

With great support from the technical groups at DESY, the
first phase of commissioning was completed in mid-2016,
followed by the successful demonstration of first plasma-
accelerated electrons, with the LUX accelerator generating
high-energy beams of up to 400 MeV at 5 Hz repetition rate.
Those first experiments proved the full operability of the LUX
accelerator beamline at its design specifications. This was
the first time that plasma-accelerated electrons were
generated on the DESY campus.

The LUX beamline is currently being upgraded to include the
undulator and the X-ray diagnostics sections. After the
upgrade, it will thus feature the highly compact, in-vacuum
permanent-magnet BEAST Il undulator, which has been
specifically designed to operate with plasma-driven electron
beams (Fig. 4). Thanks to the undulator period length of only
5 mm, the electron beams demonstrated at LUX will already
be sufficient to reach water-window photon energies.

Future developments

Future upgrades of the LUX beamline are foreseen to include
a second laser transport beamline to enable advanced
diagnostics and synchronised pump-probe experiments,

as well as a 2 m long cryocooled undulator, specifically
designed for a first demonstration of free-electron laser (FEL)
amplification with plasma-generated electron beams.

The demonstration of a laser plasma-driven FEL is extremely
challenging, as the quality and control of the plasma-driven
beams are still limited. To relax the constraints on the
electron beam quality, tailored electron transport and undulator
concepts are currently being developed.

Contact: Andreas Maier, andreas.maier@desy.de
Project webpage: lux.desy.de
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Taming plasma waves

The FLASHForward project will employ electron beams from the accelerator of DESY’s FLASH free-electron

laser facility to drive a plasma wakefield accelerator (PWFA). Extreme wakefields on the order of GV/m enable a

highly compact acceleration scheme, but also entail large growth rates for beam—plasma instabilities, most importantly
the hose instability. If not sufficiently controlled, the hose instability can crucially limit the applicability of PWFAs. We
recently generalised the mathematical description of the hose instability and obtained an improved understanding of
the governing dynamics and of mitigation mechanisms. In addition, a newly established start-to-end simulation
framework led to the important insight that an increase of the beam emittance can stabilise the beam propagation

in plasma. These results are vital to enhance the stability of current and future PWFAs.

FLASHForward experiment

Plasma wakefield acceleration is a novel technology that
delivers ultrahigh fields suitable for the acceleration of
electrons to GeV energies over distances of much less than
a metre. The FLASHForward experiment at DESY [1] is
designed to generate such high accelerating fields in the
wake of FLASH electron beams interacting with a plasma.
The system will effectively operate as a transformer, in which
the energy from the drive beam is transferred to the electrons
of a trailing beam via the plasma wake. The technique is
promising, but before beams suitable for relevant applications
are generated, some challenges need to be overcome.

centroid deviation, hosing can still lead to an unstable
acceleration process and/or a degraded beam quality.

Start-to-end simulations

Intra-beam structures can have a crucial impact on the
performance of a PWFA. Hence, realistic, three-dimensional
start-to-end simulations of the complete accelerator and the
beam-plasma interaction are vital to understand and control
undesired instabilities.

Hose instability _ ;E
One of the most critical issues in beam-driven PWFAs is the E 0
hose instability [2,3]. This instability is seeded by an initial *20 ¢
transverse asymmetry of the charge distribution of the beam 40
(beam centroid deviation), which couples to the plasma wave 2
and causes an asymmetry of the accelerating structure. This g ;
couples back to the beam centroid and thereby amplifies the ED g
initial asymmetry during the propagation, resulting in unstable Ll
acceleration and transport of trailing beams. -2

3 £, (0} Ep  (0.17Mm)
We were recently able to show in theoretical and numerical 2-2 i o e By o (et
studies that this instability does not grow exponentially as | L ] { |
predicted by the state-of-the-art description, but is mitigated 1 f \h Nid
after some beam propagation in the plasma target [4]. This is 0-: t L :.-\ - | A “\

due to a decoherence of the individual electron oscillations
stemming from the varying energy loss along the beam,
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intrinsically occurring as the beam drives the plasma wave,
and from a possible initial correlated and/or uncorrelated
energy spread. In addition, we found in theoretical studies
that vacuum-to-plasma density tapers can reduce the hosing
seed. However, for beams with a substantial initial beam

Simulated FLASH beams at the entrance to the FLASHForward plasma cell,
without (left) and with (right) emittance spoiler. Top and middle panels: Horizontal

charge projection. Bottom panels: Current profile, emittance and energy spread.
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Particle tracking simulations

Simulations on beam optimisation and transport within the
FLASH linear accelerator and the FLASHForward extraction
are performed using the tracking code ELEGANT [5]. By
tuning the ratio between the voltages and phases of the
various accelerating modules, triangular beam current
profiles can be produced during the compression in the
chicanes [6]. Such profiles are optimal for the energy transfer
from drive beam to plasma wave in the plasma accelerator.
During the compression of the beam, coherent synchrotron
radiation (CSR) is generated, causing the centroid deviations
that seed the hose instability. CSR effects are enhanced with
an, in principle, desired higher beam current. Hence, a
balance between strong beam compression and small
centroid deviations needs to be found. Figure 1 (left) shows
such a balanced-case beam at the plasma cell entrance.

Particle-in-cell (PIC) simulations

The phase space (6D) distributions of the beams simulated
with particle-tracking codes up to the plasma cell entrance
are subsequently imported into the PIC code OSIRIS [7] for
the computation of the beam-plasma interaction. Hereby, a
plasma density profile with a smooth vacuum-to-plasma
transition and a uniform plateau with a density of n, = 10'® cm®
is considered (Fig. 2(e)). The charge density of the beam and
the plasma is shown for two cases with 2 kA and 3 kA peak
current in Fig. 2(a) and (c), respectively. It can be seen that
the hose instability leads to a beam centroid displacement
from head to tail, as well as an according deformation of the
plasma cavity. The centroid evolution at the tail of the beam
for the different cases is depicted in Fig. 2(f). The amplitudes
of the beam-centroid and channel-centroid oscillations grow
owed to hosing and impede the stable acceleration of a
trailing beam.

Emittance spoiling

Since hosing is enhanced when beam electrons oscillate
coherently, we exploit the following effect occurring for large-
emittance beams. The non-linearity of the wakefields for large
radii results in a decoherence of the transverse beam electron
motion if the beam is sufficiently large. We therefore propose
to spoil the emittance by inserting a thin slab of material into
the beamline. Due to scattering of the beam electrons with
the atoms of the material, the transverse momentum distribution
of the beam is broadened. The beam acquires a greater
emittance and becomes wider in the transverse direction
after being rematched into the beamline.

Figure 2 shows PIC simulation results for beams with 2 kA
and 3 kA peak current without (cases (a) and (c)) and with
(cases (b) and (d)) usage of an emittance spoiler. Cases (c)
and (d) correspond to the beams shown in Fig. 1 (left and
right, respectively). We observe significantly reduced centroid
oscillations during the beam propagation in the plasma in
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Results from PIC simulations for the centroid oscillations of the beam (f) for four
different cases (a), (b), (c) and (d). Beams sent through a thin slab of aluminium

((b) and (d)) show an enhanced stability.

PIC simulations for the emittance-spoiled beams (cases (b)
and (d) in Figure 2(f)). A rigorous explanation of the observed
phenomena is currently being developed.

In conclusion, we gained an improved understanding of the
hose instability, proposed a novel method to reduce the
hosing seed in vacuum-to-plasma tapers and found that
emittance-spoiled beams can suppress the hose instability.
Hence, these results are crucial to enable PWFAs with
enhanced stability.
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EuPRAXIA

The Horizon2020 project “European Plasma Research Accelerator with eXcellence In Applications”
(EuPRAXIA) is funded by the European Union and started working in November 2015. EUPRAXIA aims at
producing a conceptual design report for a highly compact and cost-effective European research

infrastructure that produces multi-GeV electron beams and X-rays.

Introduction

EuPRAXIA will use highly innovative laser, beam and plasma
technologies in order to achieve ultrahigh accelerating gradi-
ents. The accelerator facility will enable pilot applications for
photon science, high-energy physics and other fields, such
as medicine or materials processing. It will promote and

apply world-leading laser technology from European industry.

The EUPRAXIA collaboration consists of 16 European partner
institutes and an additional 22 associated partners, including
leading laboratories from Europe, Asia, the USA as well as
international organisations. As the coordinating institute,
DESY plays a central role in the project. EUPRAXIA is
structured into 14 work packages, ranging from plasma and
laser research through advanced beam physics to outreach
activities. Industry partners, such as Amplitude, Thales and
TRUMPF Scientific Lasers, are participating through
workshops and the Scientific Advisory Committee. The
project goal is the delivery of a conceptual design report to
the EU in October 2019.

100 cube challenge

The EuPRAXIA “100 cube challenge” for laser technology
was defined in early 2016 by the “Laser design and
optimisation” work package members, together with
colleagues from Thales and Amplitude. The aim is to
produce laser pulses of 100 J, with 100 fs duration and at
100 Hz repetition rate.

This goal is expected to be achievable by the mid-2020s but
is sufficiently challenging to promote progress in the
scientific laser and plasma communities as well as in
industry. New and scalable materials for reliable operation
at high repetition rates will need to be developed. Higher
repetition rates are a key factor for achieving higher stability
and relevance for applications.
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Figure 1

Participants of the June 2016 meeting on EUPRAXIA, a European plasma accelerator facility, in Pisa, Italy

European plasma accelerator workshop

The complete collaboration and interested scientists from
around the world convened for three days at the end of
June 2016 in Pisa, Italy, the place where Galileo Galilei
defined acceleration some 500 years earlier. The more than
120 registered delegates (Fig. 1) discussed the parameters
and technical specifications required at the interfaces
between radio frequency (RF) beam injectors, lasers,
plasmas, beam transport systems and pilot user areas.
Requirements from applications were reviewed, among
them free-electron lasers (FELs), table-top electron beams
for high-energy physics detector tests, ultracompact X-ray
devices for medicine or materials research and other ideas.
The meeting concluded with a draft parameter set for the
EuPRAXIA facility.

In October 2016, the first yearly EUPRAXIA meeting took
place at Ecole polytechnique in Paris; work progress was
reviewed and the first study version of the facility was
formally defined. In addition, the EUPRAXIA collaboration
board was formed and six new associated partners from
Germany, Italy, Russia and Israel were admitted into the
growing collaboration.

Outlook

In 2017, the collaboration will refine the technical details
of the project design and discuss the results at dedicated
collaboration meetings in several member states.
Comparative simulations will assess the performance reach
of various design options. A first layout of the accelerator
research facility will be defined, including first preliminary
cost estimates for technical units such as lasers, RF
equipment, plasma technology, beam transport and FEL
undulators. Discussions on possible European sites for
EuPRAXIA will continue.

Contact: Paul Andreas Walker, andreas.walker@desy.de
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