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The year 2014
at DESY

As a member of the Helmholtz Association, the DESY research
centre plays a leading role in the Helmholtz research field
“Matter”. In preparation of the so-called third Helmholtz
programme-oriented funding period (POF lll), which sets the
financial frame for the coming five years from 2015 to 2019, the
research field “Matter” has been radically reorganised in order
to meet the challenges of the future. The three novel research
programmes within “Matter” promote enhanced cooperation
between hitherto separate scientific disciplines and between
several Helmholtz research centres. One example is the newly
formed research programme “Matter and the Universe”, which
— for the first time — integrates particle physics, astroparticle
physics and the physics of hadrons and nuclei. Another prime
example is the novel research programme “Matter and
Technologies”, which strategically joins forces across Helmholtz
centres to strengthen the development of enabling technologies
for future particle accelerators, for advanced particle and
photon detectors and for computing infrastructures.

In spring 2014, the POF Il Helmholtz evaluation confirmed the
outstanding quality within the research field “Matter”, including
DESY'’s substantial contributions. The international peer review
panels awarded highest marks to all research activities, including
DESY’s user facilities — the synchrotron radiation source
PETRA lll and the soft X-ray free-electron laser FLASH - as
well as to the X-ray free-electron laser European XFEL, which
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is currently under construction. With the resulting new budget
lines, which foresee an annual increase of 3% for our research
programmes and of 4% for the operation of our user facilities,
we have a very solid base for fulfilling our mission.

Based on its core competencies as a world-leading accelerator
laboratory, DESY’s strategy is to devise and develop forefront
accelerator facilities on site and to be a key player in European
and international large-scale projects. Currently, work at DESY
focuses on the construction of the accelerator for the Euro-
pean XFEL and on the commissioning of the re-assembled
PETRA Ill storage ring, its two new experimental halls and the
second FLASH experimental hall.

The construction of the European XFEL is ongoing. Major
parts of the infrastructure, such as the electron injector
and the radio frequency system, have been installed in the
tunnel. The first modules are already mounted, and the serial
production of further modules is running smoothly. DESY is
making every effort to meet the overall goal of closing the tunnel
by mid-2016. The excellent work of our accelerator team and
its friendly and effective collaboration with the members of
the Accelerator Consortium are key factors for success.

DESY'’s soft X-ray laser FLASH is a world-leading user facility
with outstanding scientific output, and it continues to be a

View into the main tunnel of the
European XFEL X-ray laser with first

accelerator modules
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Representatives of the Helmholtz Association touring the tunnels of the European XFEL X-ray laser on the occasion of the evaluation for the third programme-oriented

funding period (PoF ll)

pathfinder for free-electron laser (FEL) science and technology.
With the simultaneous operation of two independent undulator
chains, FLASH is leading the worldwide efforts towards multi-
user operation of FEL facilities.

Further important activities at DESY are its participation in the
upgrade programme of the experiments at the Large Hadron
Collider (LHC) at CERN near Geneva as well as in the implemen-
tation of the Cherenkov Telescope Array (CTA), a new interna-
tional gamma-ray observatory. DESY has allocated considerable
resources from its base budget for these two mission-critical
projects and is currently seeking additional funding.

DESY is embarking into an exciting and brilliant future. The
novel research infrastructures at DESY enable radically new
ways of exploring matter and materials at relevant length and
time scales, opening a new gate to the design of tailored
functional materials and better drugs, and to new discoveries
in the nanoworld. In order to exploit these opportunities for
scientific breakthroughs, DESY has started to expand its own
research capabilities and launched new interdisciplinary
research cooperations on the DESY campus. The Center for
Free-Electron Laser Science (CFEL) and the new Centre for
Structural Systems Biology (CSSB) are two highlights hereof.

At the same time, DESY has already redirected considerable
financial resources for the future operation of the European
XFEL. A challenge that DESY is currently facing is to ensure
that the long-term German contribution to the European XFEL

operation is secured without further reductions imposed onto
DESY’s research. | am optimistic that the current negotiations
with DESY’s funding and advisory bodies will deliver a practi-
cal solution.

In future, DESY will take a more strategic approach to technol-
ogy transfer. To better leverage the potential for innovation, the
Senate of Hamburg, DESY and the University of Hamburg
decided to build up a new business incubator on the DESY
campus. This innovation centre will foster and facilitate enter-
prise foundations, and start-ups will get support within an
inspiring scientific and technological environment. Two start-
up companies initiated by DESY scientists are already being
co-funded by the Helmholtz Association. The X-Spectrum
company will enter the market with a high-technology X-ray
detector, and Class 5 Photonics will build very flexible femto-
second lasers generating short, high-power pulses.

| am delighted to thank all our dedicated accelerator staff and
our collaborators for their excellent work and commitment.

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

Regarding DESY’s accelerator activities, the year 2014 was
characterised by much and decisive progress in our large-scale
projects and our research and development programme.

The PETRA Il synchrotron radiation facility was shut down as
planned for most of the year for the extension project, which
comprises the construction of new beamlines in the North and
East sections. Removal of the machine and tunnel sections,
construction of the new tunnels and experimental halls and re-
installation of the accelerator components proceeded very well
and within the foreseen schedule. By the end of the year, the
work was essentially completed. Re-commissioning of the
machine will take place in early 2015, fully in accord with the
project plan, and first users in the Max von Laue experimental
hall can expect photon beams by the end of the first quarter of
2015. While getting PETRA Il back into routine operation is the
primary goal, investigations of possible performance improve-
ments for the future are also continuing. It was found that limita-
tions of the achievable (already very small) horizontal emittance
are not only caused by the focusing strengths in the regular
PETRA Il arcs but also by the beam optics of the “new eighth”
section. First concepts to mitigate these limitations have been
worked out, and the potential of PETRA Il for even smaller emit-
tances will be further explored in the future. The shutdown of
PETRA Ill was a good opportunity to perform improvements on
the pre-accelerators, which had been on the to-do list for quite a
while. In particular, installing an additional new injector gun in
the LINAC Il pre-accelerator was an important measure to elimi-
nate a potentially serious operation reliability risk by providing
a backup for the electron beam source. This work, together with
other refurbishments, was completed well in time to get the pre-
accelerator chain back into operation to deliver beam for the
PETRA Il re-commissioning in 2015.

The FLASH free-electron laser (FEL) facility resumed routine
user operation with the FLASH1 undulator beamline in early
2014 and delivered self-amplified spontaneous emission
(SASE) FEL beams with good performance and high reliability
until the end of the year. In parallel, work on the new FLASH2
beamline was completed, and beam commissioning took
place. After stable and reproducible extraction of the beam
into the new beamline was demonstrated, it became quickly
clear that FLASH2 studies could almost entirely be done in
parallel to FLASH1 user operation without perturbing the latter,
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thus demonstrating early on the concept of splitting the beam
pulse between the two beamlines. FLASH2 commissioning
proceeded very efficiently, leading to a first SASE FEL beam in
the movable-gap undulator on 20 August 2015, while FLASH1
kept on routinely serving users. Simultaneous operation of two
FEL beamlines with one accelerator was thus proven for the
first time worldwide, an important result and invaluable experi-
ence also for the later user operation of the European XFEL
X-ray laser facility. Construction of the FLASH2 photon beam-
line will continue and, in the course of 2015, the first experi-
ments will be carried out in the new FLASH2 experimental hall.

Although longer interruptions of FLASH operation due to failures
in the radio frequency (RF) gun, as occasionally experienced
previously, did not occur in 2014, work on better long-term
system reliability is ongoing. Modifications in the cathode area
seem to have significantly improved the situation, and system-
atic studies of the RF window have started to reduce the prob-
ability of failure, which is important for FLASH but even more
so for the long-pulse and high-gradient gun operation parame-
ter regime needed for optimum performance of the European
XFEL. The PITZ photoinjector test facility at the DESY location
in Zeuthen is strongly involved in these important activities.

Undulator of FLASH2, the new beamline at DESY's FLASH free-electron laser facility



In the European XFEL accelerator construction project, a break-
through was achieved in the production of superconducting
accelerator modules. After overcoming earlier challenges and
problems, the assembly, which takes place at CEA in Saclay,
France, was ramped up during the year and reached the fore-
seen rate of one module per week delivered to DESY consistently
in the last quarter of 2014. The module tests at the Accelerator
Module Test Facility (AMTF) at DESY also picked up speed and,
by the end of 2014, a considerable fraction of the 24 delivered
modules had undergone the cool-down, conditioning and RF
test procedure. A reduction in accelerating gradient relative to
previous single-cavity tests is observed for some of the cavities,
but thanks to the high performance reached in the cavity
production, the achieved average gradient per module is within
the European XFEL specifications. By the end of 2014, several
accelerator modules had been installed into the European
XFEL accelerator tunnel in their foreseen positions, and the
procedures for making the necessary module interconnections
were being established. A major focus in the project is now
on accelerating module assembly, tests and installation
simultaneously so that every possible effort is made to complete
the construction of the superconducting linear accelerator by
summer 2016, in accordance with the project schedule. Besides
the modules, these efforts involve a large number of other
components — such as RF and vacuum systems, magnets and
power supplies, diagnostics and controls, etc.— and a large part
of the accelerator division and infrastructure groups at DESY

are working heavily and with great engagement towards this
challenging goal.

Regarding our accelerator research activities, the evaluation of
the Accelerator Research and Development (ARD) topic as part
of the “Matter and Technologies” programme proposal for the
third programme-oriented funding period (POF Ill, 2015-2019)
of the Helmholtz Association was certainly a highlight in 2014.
Together with our partners in five other Helmholtz centres and
two Helmholtz institutes, we presented a convincing research
strategy and received very positive comments and excellent
ratings from the group of international reviewers. The R&D on
superconducting RF technology in continuous-wave mode
(with possible future applications at FLASH and the European
XFEL) and the development of laser plasma acceleration, two
activities that are being strongly ramped up at DESY, were
identified by the reviewers as particularly important and are to
be given highest priority in the execution of the programme.

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 2014

February

Happy birthday, DESY synchrotron!

The particle accelerator “Deutsches Elektronen-Synchrotron”
celebrated its 50th birthday. Half a century ago, electrons
completed their first lap around the newly built DESY ring
accelerator. This marked the start of the particle acceleration
era in Hamburg, which eventually saw the DESY research
centre (which is named after the synchrotron) develop into
Germany’s largest accelerator centre and become a pioneer
in technologies for particle detectors and experiments with
synchrotron radiation.

On 26 February 1964, DESY Director Willibald Jentschke celebrated the successful

start of the DESY accelerator together with the accelerator team.

On 25 February 1964, shortly before midnight, the first particles
repeatedly rounded the 300 m diameter synchrotron. After two
weeks of sometimes frustrating efforts by the accelerator team,
everything went very quickly. The first electrons reached an
energy of 2.5 GeV in about 8000 rounds, and on the following
day already, it was possible to obtain 5 GeV, just 1 GeV short of
the final design energy.

Eventful years of operation followed, with all kinds of particle
physics experiments and with the world’s first characterisation
studies of synchrotron radiation, whose high value for research
was first recognised at DESY. Since then, the synchrotron has
been serving as a pre-accelerator for the large-scale particle
accelerators DORIS, PETRA and HERA. Moreover, it is still in
demand as a test beam source for the investigation of future
detectors. Even on its 50th birthday, the DESY synchrotron
went on operating, reliably accelerating electrons to 6.3 GeV.

April
Russian Ambassador visits DESY and European XFEL

On 29 April, the Ambassador of the Russian Federation to
Germany, Vladimir M. Grinin, visited DESY and European XFEL.
On a tour of the PETRA Il synchrotron radiation source and the
construction site of the European XFEL X-ray free-electron laser,
Ambassador Grinin got an impression of the diversity of
collaborations between DESY researchers and Russian institutes.
“Especially regarding our research infrastructures — in particular
at the European XFEL and the German—-Russian beamline at
PETRA Il — we have jointly achieved a new level of collaboration,
in which the competence and reliability of our Russian
partners are essential,” DESY Director Helmut Dosch said on
the occasion.

The PETRA Il extension, which is currently under construction,
will be equipped with a German-Russian beamline, due to take
up operation in 2016. Russia also contributes over 300 million
euro to the European XFEL X-ray laser, making it the second-
largest shareholder after Germany. Among other things, about
800 beamline magnets and many cryogenic components for the
superconducting accelerator technology come from Russian
institutions. The three test benches used to check the super-
conducting accelerator modules prior to their installation into the
European XFEL tunnel are also provided by Russian institutes.
“Russian scientists are delivering a very important contribution
to the development of free-electron lasers in general and of the
European XFEL in particular,” said European XFEL Managing
Director Massimo Altarelli.

DESY’s cooperation with Russian institutes has a long tradition
that goes back almost to the founding era of the research
centre. Since 2013, the German-Russian cooperation in the
development and application of large-scale research facilities
has been concentrated within the loffe Rontgen Institute (IRI),
which is coordinated by DESY and the National Research
Centre Kurchatov Institute in Moscow.

Ambassador Vladimir Grinin
(left) together with DESY
physicist Wolfgang Drube at
PETRAI



X-ray laser flashes measured with record time resolution

Researchers from DESY and the SLAC National Accelerator
Laboratory in California, USA, have developed a new pulse
monitor to measure individual pulses of X-ray free-electron
lasers (FELs) with unprecedented time resolution. At SLAC’s
Linac Coherent Light Source (LCLS), the scientists achieved
a resolution of 1 fs. The previous record for single-shot
measurements was 10 fs.

The X-band radio frequency transverse deflector (two 1 m long structures) is the centre-

piece of LCLS’s new pulse monitor, which provides shot-by-shot pulse information with

unsurpassed few-femtosecond time resolution

Owed to their extraordinary power packed into ultrashort light
pulses, X-ray FELs promise scientific breakthroughs in many
areas, ranging from imaging of single molecules to filming the
motion of electrons in atoms and molecules. However, the inter-
pretation of such experiments is challenging because individual
X-ray FEL pulses vary in shape and length. The new pulse
monitor, which was unveiled in a study published by the journal
Nature Communications, provides researchers with precise
measurements of every single X-ray pulse - crucial information
for the analysis of data collected at LCLS and potentially other
FELs, including FLASH2, the new beamline at DESY’s FLASH
facility, and the European XFEL X-ray laser, which is currently
under construction in Northern Germany.

X-ray FELs are linear accelerators that bring bunches of electrons
to nearly the speed of light before sending them through

magnetic structures known as undulators. These cause the
electrons to wiggle along their flight path and emit radiation that
amplifies into very bright and ultrashort flashes of X-ray laser
light. Subsequent FEL pulses are not identical, however. They
differ slightly in shape and duration, as both the statistical nature
of light production in X-ray FELs and the acceleration process
lead to fluctuations between separate shots.

Such irregularities pose a significant challenge for experimenters.
Many processes studied with X-ray FELs depend on how they
are initiated or sampled by the X-ray pulse, and scientists
therefore need to know the exact time-dependent pulse profile.
Moreover, applications such as the imaging of single molecules
rely on limiting the exposure of samples to damaging X-rays
and would thus also profit from a precise knowledge of X-ray
pulse durations. Yet, high-resolution pulse monitors for X-ray
FELs are not widely available. Until now, researchers estimated
LCLS’s X-ray pulse lengths indirectly from the lengths of
the electron bunches that produce the X-ray pulses — an
approximation often not accurate enough for the interpretation
of experiments.

With the new pulse monitor, scientists can measure X-ray
pulses more directly. The electron beam is diagnosed after it
has left the undulators. As the production of X-rays leads to
an energy loss of the electrons, the electron bunch carries the
“footprint” of the X-ray pulse. The centrepiece of the pulse
monitor is an X-band radio frequency transverse deflector,
which is located behind the undulators and kicks electrons out
of their original flight path. As the deflection differs between
the head and tail of the electron bunch, its temporal profile
along the accelerator is stretched or “streaked” in a direction
perpendicular to it. Different positions in that direction corres-
pond to different times in flight direction.

In a subsequent step, the streaked electron bunch traverses
a dipole magnet that stretches the electron beam in yet
another direction depending on electron energy — a process
similar to a prism turning white light into a colourful spectrum.
The end result is a two-dimensional electron bunch pulse
profile, with time in one dimension and energy in the other.
The researchers then measure this profile when the X-ray FEL



produces laser light, and again when lasing is suppressed.
The comparison of both profiles enables them to determine
the time-dependent energy loss of the electron bunch due to
the X-ray pulse. From the energy loss, in turn, they can recon-
struct the power profile of the X-ray pulse.

Radio frequency deflectors are routinely used for electron beam
diagnostics in front of X-ray FEL undulators. One new approach
in the study was to insert a deflector behind the undulator,
which enabled the scientists to measure the X-ray pulses’ foot-
prints. Another feature of the new device is a tenfold increase
in time resolution compared to conventional deflectors.

The pulse monitor is now available to LCLS users, providing
them with accurate pulse information that is expected to
advance their data analysis. The new tool can capture every
single one of LCLS’s up to 120 X-ray flashes per second and
does not interfere with ongoing X-ray experiments. Besides
improving data interpretation, the method can also help to
enhance the performance of X-ray FELs. Undulators can be
tapered, for example, to increase their X-ray output. However,
this process is not yet understood in detail and needs to be
optimised. With the new tool, researchers now have a new
instrument to look into these details.

Applications of the pulse monitor are not limited to LCLS. It may
also be of interest as a diagnostic tool for the new beamline at
DESY’s FLASH facility, FLASH2, and for the European XFEL
X-ray laser. At FLASH2, for instance, the new device could be
used to optimise seeding — the initiation of the laser process by
an external laser.

Electron bunch measured at LCLS with time in the horizontal dimension and energy in
the vertical dimension. The electron bunch profile carries the “footprint” of the X-ray pulse
created by the electron bunch and is used to reconstruct the temporal power profile of

the X-ray pulse.

August

FLASH2 generates first laser light

On 20 August, FLASH2, the new undulator line of DESY’s
FLASH soft X-ray FEL facility, generated its first laser light. The
first undulator line FLASH1, which receives electron bunches
from the same accelerator, was operated at the same time
without restrictions. This makes FLASH the world’s first FEL
with two laser lines served by one accelerator and operated
simultaneously and independently from each other.

FLASHZ2, the new undulator line of DESY’s FLASH facility

The launch of FLASH as the world’s first soft X-ray FEL user
facility in 2005 heralded the era of research with X-ray lasers.
At FLASH, densely packed electron bunches from a super-
conducting linear accelerator travel at almost the speed of
light through periodic magnetic structures called undulators,
thereby generating ultrashort and highly intense laser pulses
in the X-ray range. From the beginning, FLASH was very much
in demand and therefore frequently overbooked.

To meet the rapidly growing user requests for beam time, an
extension project was started in autumn 2011. For 30 million
euro, FLASH was to be upgraded with a second undulator
line and a second experimental hall, allowing for twice as
many experiments as before. The basis for this technological
feat is provided by the superconducting TESLA accelerator
technology employed at FLASH, which makes it possible to
serve several undulator lines with one linear accelerator.



The FLASH2 undulators are variable-gap undulators with
movable upper and lower halves. Changing the gap of the
FLASH2 undulators allows the wavelength of the emitted
laser light to be adjusted, while the wavelength of FLASH1 is
determined by the energy of the accelerated electrons. The
new beamline FLASH2 thus achieved first lasing at 40 nm,
while at the same time, FLASH1 delivered laser pulses at
13.5 nm.

In a following test shift, the operators tuned the FLASH2
wavelength down to 22 nm with FLASH1 generating pulses at
constant wavelength. During routine operation, FLASH2 will
produce wavelengths between 4 and 60 nm.

One of the first FLASH2

laser pulses

September
Topping-out celebrations for new PETRA lll experimental halls

On 15 September, DESY celebrated the topping-out of two
new experimental halls for its PETRA Ill synchrotron radiation
source. The two halls will provide a total space of about
6000 m? for up to ten beamlines for experiments with the
X-ray radiation generated by PETRA lll, plus additional space
for offices and labs. The first new beamlines of the 80 million
euro project will be ready for operation in autumn 2015.

Construction site of one
of the new experimental
halls for the PETRA Il

extension, Hall North

The 2.3 km long PETRA 1l ring accelerator produces high-
intensity, highly collimated X-ray pulses for a wide range of
physical, biological and chemical experiments. Fourteen
measuring stations, which can accommodate up to thirty
experiments, already exist in a 300 m long experimental hall
christened “Max von Laue” hall. Using the extremely brilliant
X-rays, researchers study innovative solar cells, observe the
dynamics of cell membranes or analyse fossilised dinosaur eggs.

Since its start of user operation in 2009, PETRA Ill has been
heavily overbooked. In December 2013, DESY therefore
launched the PETRA Il extension project to give more scientists
access to the facility and broaden its research portfolio through
new experimental technologies, such as nanospectroscopy
and materials research technologies. The new beamlines and
measuring instruments are being constructed in close
cooperation with the future user community, in part as
collaborative research projects. Three of the future PETRA lII
beamlines will be realised in an international partnership with
Sweden, India and Russia.

Starting in February 2014, approximately 170 m of the PETRA Il
tunnel and accelerator were dismantled to build the new
halls. In August, the accelerator team began to reconstruct
the accelerator within the completed tunnel areas. After the
civil construction of the experimental halls, technical installation
will follow from December 2014, with the accelerator being
restarted in parallel. Experiments in the Max von Laue hall will
resume in April 2015. The first measuring stations in the new
halls will become ready for operation in autumn 2015 and
early 2016.
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PETRAIII.

Paving the way for more light

User operation at DESY’s PETRA Ill synchrotron radiation source in 2014 ended in February. That short user
run of only four weeks can be considered an extension of the long run period that started in 2013. It was also
the last user operation before a long shutdown period required to implement the PETRA Il facility extension
project. For this extension, two tunnel segments of about 80 m each in the northern and eastern sections
of the PETRA ring were completely reconstructed, and two new experimental halls were built. In the future,
synchrotron radiation will be available to users at 10 new beamlines in addition to the already existing

14 beamlines in the Max von Laue experimental hall.

Implementing the PETRA llI facility extension project
User operation at PETRA Il was resumed after the end-of-year
break on 6 January 2014 and ended on 3 February 2014 after
only 576 hours scheduled for user runs. Since then, activities
at PETRA Ill have focused on the implementation of the facility
extension project, which was originally planned to start in
2013. From 2007 to 2009, the PETRA ring had been converted
into a dedicated synchrotron radiation facility with one large
experimental hall, referred to as Max von Laue hall, which
constitutes one octant of the PETRA ring. All 14 beamlines
were located in this octant. The PETRA Ill facility extension
project involves the installation of 10 additional beamlines in
two halls in the northern (PXN) and eastern (PXE) sections of
the ring. The locations of the two halls, Hall North and Hall
East, are shown in Fig. 1.

Figure 1
Overview of the PETRA Il storage ring showing the new halls North and East. Each hall

will house five beamlines.

In January 2014, PETRA Il delivered synchrotron radiation to
users at all 14 beamlines in the Max von Laue hall with a
very good beam availability of 96.96%, exceeding the targeted
availability of 95%. The mean time between failures (MTBF)
was 33 h. During the short user run in 2014, PETRA lll was
mainly operated in two distinct “timing modes” with 40 and
60 bunches, which allow users to perform time-resolved
experiments and are thus characterised by a larger bunch-to-
bunch spacing of 192 ns and 128 ns, respectively. A total of
336 h or 58% of the user time was scheduled for the 40-bunch
mode, while 25% of the user time (144 h) was dedicated to the
60-bunch mode. Additionally, 17% of the user time was
spent in “continuous mode” with a total current of 100 mA
distributed in 960 evenly filled bunches and a bunch-to-bunch
spacing of 8 ns. User operation in 2014 may be considered a
short extension of the long run period that started in 2013. It
was the last user operation before the long shutdown required
to implement the facility extension project.

In February, all accelerator components were removed from
the two about 80 m long tunnel segments dedicated to the
new experimental halls PXN and PXE, and the existing accel-
erator tunnel was completely removed in those regions. The
foundation of the new tunnel segments, which will house several
new insertion devices, is formed by a 1 m thick concrete
slab. Construction activities for the concrete slab for Hall East
are shown in Fig. 2. The new accelerator tunnels were handed
over to DESY as scheduled on 30 July (North) and 12 August
(East). Since then, the installation of technical infrastructure,
accelerator components and beamline front-end components
has progressed well, leading to a nearly complete installation
of the accelerator at the end of the year, as shown in Fig. 3.
While not all cables in the eastern extension section could be
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Figure 2

Pouring of the first part of the concrete slabs for the new halls on 29 April 2014 on the

construction site of Hall East. The view is towards the old PETRA Ill tunnel at the end o installed in 2014, one important milestone, namely the radiation
the eastern long straight section. safety readiness of PETRA lll, was successfully established
on 16 December. Mounting of power and signal cables in
the eastern section and other minor installation activities will
be finalized in January 2015 in parallel to the technical
commissioning of power supplies in the northern section. The
commissioning of PETRA Ill with beam is scheduled for
February 2015, about one year after the end of the user run
in 2014.

Challenges ahead

Regular user operation for the 14 beamlines in the Max von
Laue hall is scheduled for the end of April 2015. Within only
six weeks, stable beam operation has to be reestablished,
including the commissioning of the new vacuum compo-
nents, the beam position monitors and the fast orbit feedback
system, which relies on a complete new processing unit. The
new magnet lattice implies a new beam optics with a 20%
larger emittance of 1.2 nm, which requires further improve-
ments. Furthermore, it is foreseen to install additional collimators
in the Hall North-East right before the Max von Laue hall

to improve the protection of the insertion devices in the
Max von Laue hall against radiation damage.

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

Wolfgang Drube, wolfgang.drube@desy.de

Oliver Seeck, oliver.seeck@desy.de

Figure 3

Accelerator components installed in the new tunnel segments in the northern and
eastern sections of PETRA Ill. The photograph shows the northern tunnel section on
29 October 2014.
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FLASH

The major highlight of 2014 at DESY’s FLASH free-electron laser facility was the first lasing of the new
FLASH2 undulator beamline. The new beamline saw its first electron beam in March 2014. First lasing of
FLASH2 at 40 nm was achieved on 20 August while FLASH1 was running with 250 pulses at 13.5 nm in
preparation for a user experiment. The FLASH team thus unambiguously demonstrated that both beamlines
can be operated truly in parallel — both at 10 Hz, sharing the same accelerator. After the construction of FLASH2,
the accelerator and FLASH1 photon beamlines had been re-commissioned for user operation. The fifth user
period started in February 2014; more than 5000 h of user beamtime are scheduled until May 2015.

First lasing of FLASH2

Beam commissioning of the new FLASH2 beamline started
shortly after the permission for operation was granted in
February 2014. The first electron beam was transported into
the FLASH2 extraction beamline section on 4 March and finally
through the whole FLASH2 beamline to the dump on 23 May.
Besides the commissioning of loss monitors and essential
electron beam diagnostics, such as current and beam position
monitors, the first goal was to establish parallel operation with
FLASH1. This was achieved at the end of May, opening up the
opportunity to operate FLASH2 while FLASH1 is serving
user experiments. First lasing at a wavelength of 40 nm was
achieved on 20 August while FLASH1 was running with

250 pulses at 13.5 nm in preparation for a user experiment.
Since then, FLASH2 commissioning has continued in parallel
to FLASH1 user operation, and lasing at several different
wavelengths has been established.

This great achievement was made possible by the extraordinary
work of the DESY scientific and technical staff.

FLASH’s superconducting accelerator is operated with 800 ps
long RF pulses at a repetition rate of 10 Hz. During FLASH2
commissioning in 2014, usually the first 400 ps of the RF pulse
were used for the FLASH1 beam, serving user experiments.
After a gap of 30 ps required for the kicker system to ramp up,
the remainder of the RF pulse accelerated the beam for FLASH2.

One important feature is that both beamlines can be served with
beam of different characteristics, such as charge, compression
and intra-burst repetition rate. This is made possible by using
two injector laser systems, together with the possibility to adjust
RF parameters like amplitude and phase almost independently
for the two parts of the beam. Moreover, the variable-gap

undulators of FLASHZ2 allow photon radiation with different
wavelengths to be produced independently of the electron beam
energy. Figure 1 shows an aerial view of the entire FLASH facility
with the new FLASH2 beamline and the two experimental halls.

FLASH operation

In 2014, FLASH delivered more than 7600 h of scheduled
beamtime. Besides the usual shutdown at the end of the
year, a brief shutdown in January was required to integrate
the personnel safety interlocks of FLASH2 into the FLASH
system. The unexpected exchange of the RF gun window in
April entailed an additional two-week break of operation.

With 4152 h, FLASH provided more beamtime to users than in
any other year before. Another 3381 h were used for machine
studies, for improvements and developments of the photon
beamlines and for the preparation of user runs. In addition, a
few commissioning shifts (96 h) were required in January.
162 h were allocated for regular maintenance. Figure 2 shows
the beamtime distribution during user runs in 2014. More than
3000 h of FEL radiation (SASE) were delivered to users. As
usual, time was required for tuning and setting up the experi-
ments, including frequent changes of wavelength and bunch
pattern, often on a day-by-day basis. This tuning and setup
time amounted to a bit more than 20% of the user beamtime.
About 40 different wavelengths between 4.3 nm and 41.5 nm
were set up, 1 to 400 bunches per burst and different intra-
burst repetition rates (from 100 kHz to 1 MHz) were realised.

At 95.8%, the uptime of the facility during user runs was very
close to the goal of 96%. Using contingency, we were able
to compensate for lost beamtime, so that most users were
actually delivered the scheduled beamtime.
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Figure 1

Aerial view of the FLASH facility taken in
July 2014, including the new tunnel

(to the left of the old FLASH tunnel) and
the new experimental hall (lower left
corner, right next to the old FLASH hall).
Adjacent to the two FLASH experimental
halls are the curved PETRA Il hall

(far left) and the construction site of the
PETRA lIl extension Hall North

(lower right corner).

RF gun

In early 2014, a small vacuum leak was detected in the
RF window of the RF gun. In order not to spoil the super-
conducting modules, it was decided to change the window
during the study period in April, thus affecting the user runs
as little as possible. The RF window separates the slightly
overpressured air in the RF waveguides (1.5 bar) and the
beam vacuum (10719 mbar). RF windows are known to have
breakdown issues and are therefore preconditioned with RF
parameters similar to those for normal RF gun operation.
Nevertheless, more time than expected was required to
condition the new window in situ. This led to an unfortunate
loss of beamtime of 320 h. The preconditioning of RF
windows is being reviewed in order to improve the readiness
of spares. The RF gun is now operated stably with an
input RF power of 4.5 MW, corresponding to a maximum
accelerating field of 50 MV/m at the cathode. The RF pulse
length is kept at a conservative 500 ps at a repetition rate
of 10 Hz.

Dicwwn
4.2% 175 h

Figure 2
Beamtime distribution during user runs in 2014. The uptime of the facility was 95.8%.

Scheduled maintenance during user runs is not included (53 h).

Since autumn 2013, all superconducting modules have been
operated with the new MTCA.4-based low-level RF control and
feedback system. The system shows an excellent perform-
ance. For example, the arrival time jitter of the electron beam
after acceleration and compression is now reduced from 60
to 30 fs (rms) without the need for a special beam-based feed-
back. A similar low-level RF system for the RF gun is in prepar-
ation. Since the feedback and low-level controls for the RF
gun are different and also more difficult than for superconduct-
ing modules, the implementation of the new system for the RF
gun requires more time. To gain experience, the new system is
presently being run in parallel to the standard system as a
monitoring system.

Single-spike lasing

A very promising result towards true single-spike lasing was
achieved in May 2014. With a new short-pulse injector laser,
electron bunches were compressed down to a few femto-
seconds only. The trick is to reduce space charge effects, which
counteract the attempt to compress electron bunches, and
to reduce the initial bunch duration at the RF gun as much

as possible to keep RF tolerances reasonable. From the
measured single-shot photon spectra at a wavelength of 7 nm,
an average of 1.5 spikes was evaluated. The estimated
photon pulse duration was a remarkably small 2.4 fs (rms).
This is an order of magnitude shorter than ever produced at
FLASH.

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

Photoinjector tests and further developments

As in 2013, operation of the PITZ photoinjector test facility at DESY in Zeuthen in 2014 focused
on preparing the electron sources (guns) for FLASH and the European XFEL. In parallel, preparations
for further accelerator studies were undertaken in the framework of the accelerator R&D

programme of the Helmholtz Association.

Stability studies for the European XFEL

Stability studies and characterization of Gun 4.4

Gun 4.4, the European XFEL spare gun, was installed at PITZ in
autumn 2013. This cavity was equipped with a single precon-
ditioned Thales-type RF window — the best produced until then.
Gun performance and stability tests started during the last
weeks of 2013, aiming at the longest possible stable operation
at full pulse length (650 us) and full peak power (~6.5 MW). In
mid-January 2014, a run at reduced power (6.0 MW) was stable
for ~39 h before being stopped by the operator to change the
machine settings. Shortly afterwards, operation with electron
beam was started and resulted in typically 10—20 h of uninter-
rupted beam operation at a power level of > 6 MW. Stable
operation was then mostly interrupted by light signals in the
vacuum system (most of them at the Thales window, only
some from the RF input coupler region).

The consequent, very tight measurement programme with
Gun 4.4 comprised, besides the usual gun characterisation
(alignment procedures, measurements of quantum efficiency
and beam momentum, transverse phase space characterisation
via emittance measurements and tomographic measurements,
as well as dark-current studies), also coupler kick studies and
bunch characterisation studies for FLASH injector parameters.
After some improvements in the gun cooling system, the jitter
of the gun RF phase was measured to be ~0.2° (rms).

In early January already, problems in the cathode region
appeared, announced by an increased vacuum pressure in the
cathode region. Triggered by the observation of a partially
destructed cathode spring at Gun 4.3 (which is installed in the
European XFEL injector building), the cathode holder and RF
spring were exchanged for a gold-coated version in early April
2014 to improve the electrical contact. This opening of the gun

Figure 1

Transport of the new gun setup with two Thales-type RF windows to the PITZ tunnel.
The large support structure needed for the T-combiner and the two RF windows (top and

bottom) can be seen in the foreground.

vacuum system made a partial reconditioning necessary,
which took place over the Easter period at different RF pulse
durations. Unfortunately, light signals from the Thales window
prevented stable operation for more than 1-2 h above a power
level of ~5.5 MW. Finally, a vacuum leak at the Thales window
was detected. Beam operation continued at reduced power

(5 MW, later 4.5 MW) to get some operation experience with the
new RF spring, but really stable operation was not possible, so
Gun 4.4 was dismounted from the PITZ beamline. It is now in
Hamburg, where it awaits the availability of a replacement
Thales window.
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Summer shutdown work

At the end of May 2014, a longer shutdown started, during
which Gun 4.4 was dismounted and Gun 4.2 installed (see
below). The booster cavity was moved towards the gun to gain
space for the installation of a plasma cell and related additional
beamline components, such as quadrupole magnets for proper
beam propagation in the plasma cell environment. For the
plasma generation, an ArF laser was installed and commis-
sioned in a new lab. In parallel, a complete re-arrangement
of the laser hutch took place to house a new, additional 3D
ellipsoidal laser system.

Gun 4.2 and the two-window solution

Gun 4.2 was already used at PITZ and FLASH from 2008 to
2012. It was dismounted from FLASH due to problems with the
old RF spring design (watchband design). In autumn 2012,
the new RF spring design (contact stripe) was implemented,
followed by dry-ice cleaning of the gun. In summer 2014,
Gun 4.2 was mounted on a new setup together with two Thales
RF windows (Fig. 1). The RF components were partly precon-
ditioned (Thales windows at the RF test stand in Hamburg,
T-combiner and 10 MW in-vacuum directional coupler at the
T-combiner test stand in Zeuthen). The use of two windows
has the advantage that each window gets only half of the total
RF power in the gun, which should help to avoid the destruction
of this sensitive component that was observed in 2014 during
the operation of three different gun setups with a single Thales
RF window at FLASH, PITZ and the European XFEL.

Conditioning of the complete new gun setup started on 4 Sep-
tember 2014. Progress was slow, however, due to high light
activity on the specific Thales RF windows, which had shown
up already during preconditioning at the RF test stand in
Hamburg. At the end of December 2014, tests started to study
the long-term stability of the two-window gun setup.

3D ellipsoidal laser system

Compared to laser systems that deliver cylindrically shaped
laser pulses, such as the Max Born Institute (MBI) laser system
that has been in use at PITZ for many years, simulations show
that the generation of electron bunches from 3D ellipsoidal laser
pulses can further improve the overall brightness of a photo-
injector thanks to the linearisation of space charge forces.

Such an advanced laser system was developed for PITZ at
the Institute of Applied Physics in Nizhny Novgorod, Russia.
Installation of the laser system at PITZ required a major re-
arrangement of the laser hutch, which was done during the
summer shutdown. The installation of the new laser system
took place from October to December 2014 (Fig. 2). The 3D
ellipsoidal laser system is currently being commissioned and
will be experimentally tested at PITZ starting in 2015.

Extensive beam dynamics simulations accompanied the devel-
opment of the 3D ellipsoidal laser system and supported the
shift of the booster cavity position realised during the summer
shutdown.

New 3D ellipsoidal laser system in the re-arranged laser hutch

Plasma cell integration

As a proof-of-principle experiment for the AWAKE experiment
at CERN, a plasma cell will be installed in the PITZ beamline
with the goal to measure the energy modulation of an electron
beam passing through the plasma. In 2014, a plasma cell -
basically a lithium heat pipe oven with helium buffers — was
built (Fig. 3). Coupling of the ionisation laser is done through
the side ports. The fabrication of the plasma cell was finished
in January 2014, and lab tests were carried out throughout
2014. The plasma cell will be inserted into the PITZ beamline in
spring 2015 for first experiments with electron bunches. At
the same time, a transverse deflecting cavity (TDS), which is
the basic diagnostics tool for plasma self-modulation studies,
will be taken into operation: in 2014, a commercial provider for
the modulator was chosen (ScandiNova), and the system
passed the fabrication acceptance test at the company very
successfully at the end of November 2014. The delivery of the
system is expected in early January 2015.

Completed plasma cell. The big side ports allow the coupling of the ionisation laser,

which generates the plasma channel at the centre of the lithium column, and leave

additional space for plasma diagnostics.

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

Accelerator construction in full swing

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. In 2014, series production continued for many components,
numerous others were delivered, accelerator module assembly was ramped up, and installation started.
By the end of the year, the European XFEL injector had essentially been set up, with the exception of the
accelerator sections, and installation of the main cold sections of the linear accelerator had begun.

Manufacturing accelerator components

to specification

The production of accelerator components for the European
XFEL started in 2013 and continued in 2014.

The production of more than 700 beamline magnets of altogether
24 types by Efremov Institute (NIIEFA) in St. Petersburg,
Russia, is basically finished, marking the end of a very successful
collaboration. Incoming inspection and final quality control
including magnet field mapping will be soon done. The required
magnetic field quality was reached with only a minimum
number of iterations on very few magnets.

A very large number of beam diagnostic elements are under
production, available for installation, or have already been

integrated in the injector beamline sections. Others are being
installed in the accelerator modules. Regular delivery of cold
beam position monitors (BPMs) for accelerator module assembly
was established. The fabrication of 228 warm BPMs needed
in almost all sections of the accelerator complex is finished.
The readout electronics development has reached and even
exceeded specifications. So-called toroids are needed for
beam current monitoring. A network of monitors is used to
set up an interlock in case of transmission and bunch pattern
failure. The achieved noise level corresponds to less than 1 pC.
Dark-current monitors are used to probe the electron beam for
a possible beam halo. The monitors are cavity-based and

can reach a sensitivity of about 10 nC (direct current) or 100 fC
(bunched beam). About 60 scintillator-based screen stations
will be installed. They all consist of an on-axis screen, with
some also including an off-axis screen and a calibration target.

Figure 1
European XFEL accelerator modules in
the AMTF at DESY (October 2014)
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Figure 2

View into the injector tunnel (November 2014)

Wire scanners are indispensable devices for measuring the
electron beam profile. The externally triggered fast scanners
move at 1 m/s, but slow scans can also be done. Further beam
diagnostics elements used at the European XFEL include beam
loss monitors based on scintillators, beam halo monitors using
diamond and sapphire crystals used as ionisation chambers
and 380 electronic dosimeters distributed in electronics racks
along the accelerator complex.

Altogether, 3.2 km of warm beamline vacuum sections will
be installed. Approximately 95% of all commercial products
(pumps, valves, etc.) for these sections were delivered. Instal-
lation of vacuum girders started, including beam diagnostic
elements and smaller beam transport magnets. At the injector,
more than 90% of vacuum girders were installed in 2014, with
the individual sections still to be connected to each other. For

Figure 3

Installation of vacuum components on girders in the DESY cleanroom (August 2014)

the bunch compressor sections BC1 and BC2, girder installation
started; tunnel installation will happen as soon as the cryogenic
transfer line, which is located above the electron beamline, is
finished. Beam distribution systems in the sections downstream
of the cold linear accelerator will be suspended from the ceiling.
In the downstream undulator sections, installation is scheduled
to begin in the first quarter of 2015; about half of the undulator
chambers are ready for installation, and the vacuum chamber
supports and intersection vacuum systems — both contributed
by BINP in Novosibirsk, Russia — need to be delivered next.

The cold linear accelerator of the European XFEL consists of
several sections with a total of 101 accelerator modules. The
production rate was scheduled at one finished module per
week. In 2014, this challenging goal was achieved. In Septem-
ber, stable delivery from CEA in Saclay, France, to DESY was
established. By the end of 2014, almost a quarter of the total
number of modules had been produced.

Accelerator module production ramp-up

While the ramp-up of the industrial production of supercon-
ducting cavities was finished at the end of 2013, the assembly
of the accelerator modules at IRFU of CEA in Saclay required a
strong collaborative effort in 2014. All components needed to
be delivered at a sufficient rate and quality so the assembly
team could concentrate on the procedures and especially on
the throughput of the different workstations.

The production of superconducting cavities became very stable
and, by the end of 2014, approximately 500 of the 800 Euro-
pean XFEL cavities had been delivered. Many of them can be
operated at accelerating gradients as high as 30 MV/m. In
2014, a clear improvement in production quality at the vendors
was visible.

In 2014, coupler production ramp-up was still an issue. For the
first six months, fabrication and assembly mistakes caused
problems, and since then, the request for constant quality at a
high production rate has dominated. As a consequence of the
delayed ramp-up, only an insufficient buffer of couplers for
module assembly was available during 2014. In total, 800 coup-
lers are required for the European XFEL. The presently
improved situation, together with the use of a second vendor,
hopefully solved the problem.

The superconducting quadrupole packages are built in a
collaboration between CIEMAT in Madrid, Spain, IRFU and
DESY, with magnet tests performed by IFJ-PAN, Krakéw,
Poland. All 101 magnets were delivered and successfully tested;
many of them were integrated in the quadrupole packages
ready for module integration at IRFU.
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Figure 4

Inserting a vertical cryo-
genic transfer line into the
media shaft in the Euro-
pean XFEL entrance shaft
(May 2014)

The cryostats were contracted, and production is supervised
by DESY together with INFN in Milano, Italy. Cold vacuum
components are provided by BINP. The supply chain requires
a perfectly timed delivery, and the schedule needs to include
quality assurance and subsequent improvement or cleaning
when necessary.

IRFU has contracted a company to assemble all accelerator
modules. Pre-series modules were used to train personnel and
start the ramp-up of module production in 2013. At the begin-
ning of 2014, a welding problem first halted and then delayed
the assembly of further modules, but the definition of a repair
procedure soon allowed the assembly schedule to be corrected.
By the summer, the total assembly time had become shorter,
and finally, a reorganisation of the contracted assembly
team brought the required success. The specified assembly
and thus delivery rate of one module per week was finally
reached in mid-September.

All modules of the European XFEL are tested at the Accelerator
Module Test Facility (AMTF) at DESY (Fig. 1). Taking advantage
of the increasing humber of delivered accelerator modules,
module testing was also ramped up in 2014. By the end of the
year, the testing time had been shortened sufficiently to match
an output rate of one module per week. Seventeen modules
were tested in 2014.

Preliminary conclusions are that the average usable accelerating
gradient for the modules tested so far fulfills the European
XFEL specification. But a major problem was revealed in 2014.
While the first modules suffered mostly from a coupler assembly
issue, all later modules show a gradient degradation in typically
one to three cavities. The cause of this degradation, which
leads to an operation well below the high value measured in
the vertical test, was still unknown at the end of 2014. Expert

review is ongoing, and assembly procedures are

followed with even more care. Extensive tests of the used
infrastructure were started. Fortunately, the gradient degrada-
tion can be compensated by a clever but sophisticated
balancing of the RF power fed into the individual cavities.

Based on the resources assumed so far, the last module
(XM100) will be assembled in late summer 2016. Therefore, an
accelerated module assembly taking advantage of additional
resources, which could reduce the delay by some months, is
under discussion. For 2015, acceleration of the subsequent
module testing at the AMTF and the module installation in the
main linear accelerator tunnel is to be arranged.

Injector

Injector construction advanced well in 2014 (Fig. 2). In principle,
the injector components resemble the complete European
XFEL accelerator: the photocathode electron source is followed
by a superconducting linear accelerator consisting of a standard
1.8 GHz and a special 3.9 GHz module and, after these, a
warm electron beamline incorporating the laser heater system
and advanced beam diagnostics, before the electrons are
injected into the main linear accelerator or discarded in the
electron dump.

The warm electron beamline is pre-assembled on reinforced
concrete girders. All vacuum installations have to be done in
cleanroom conditions to avoid later contamination of nearby
superconducting modules. After mechanical pre-alignment
of the magnets on the girders, the assembly of the vacuum
parts and the integration of all subcomponents, such as
diagnostics devices, therefore take place in a dedicated DESY
cleanroom (Fig. 3). All components are aligned with respect
to each other by means of a specially designed fixation system
that avoids the need for mechanical alignment later on.

Figure 5

Another vertical cryogenic
transfer line (February
2014)
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The achieved precision is in the range of 300 ym peak-to-
peak and well within specifications. All six completed girders
are now installed in the injector tunnel and await final global
alignment, vacuum connection and cabling.The cryogenic
installation for the injector linear accelerator was completed
with the installation of the accelerator feed and end cap and of
the transfer lines (Figs. 4 and 5). The finalisation of the injector
linear accelerator awaits the completion of the 3.9 GHz
superconducting module. This module, which hosts eight
9-cell cavities and allows the manipulation of the longitudinal
phase space, is crucial for the operation of the European XFEL.

The photocathode electron source, which was installed in 2013,
was operated in between installation periods, allowing the
operation crew to gain valuable experience with all involved
subsystems. The ultimate beam quality that is required for the
European XFEL can only be obtained with a large accelerating
gradient of about 60 MV/m in the gun structure. This requires
a peak power of about 6.5 MW over a time of about 1 ms.
Both the peak power and the average power put stress on
the waveguide subcomponents, in particular at the ceramic
window that separates the waveguide system from the gun
body vacuum.

The injector laser was set up and put into operation (Fig. 6).
The laser will illuminate the photocathode with ultraviolet light
and also serve as source for the laser heater. The laser was
developed by MBI in Berlin, Germany, in a long-standing
cooperation with DESY. The integration, future operation and
development will be performed by DESY’s recently estab-
lished laser group.

Installation and infrastructure

The infrastructure and installation planning is nearing comple-
tion. With the southern beam fan, the last underground section
got its planning approval in 2014. The corresponding tendering
processes are under way. The installation work in the supply
buildings is advancing well after a delayed start.

In the SASE1 section, the infrastructure is ready, the undula-
tor and beamline supports are installed, and a large fraction
of the racks are in place. After the final enclosures and the
supports for the beamlines leading towards and away from
the undulators are finished, the installation of the vacuum
chambers and the roll-in of the undulators can begin. This is
expected in the second quarter of 2015.

In the linear accelerator tunnel, the modules for the first
accelerator section are installed and aligned (Fig. 7). Welding
the connections between the modules and connecting the
beam vacuum are expected in early February 2015. Installation
of the corresponding RF station will follow immediately so RF
commissioning with warm modules can start in the first quarter
of 2015. Meanwhile, installation of the modules for the sub-
sequent accelerator sections continues.

Modules for the first accelerator section installed in the European XFEL linear accelerator

tunnel (November 2014)

The main cryogenic transfer line is progressing well. The cold
compressor box was preliminarily commissioned in the
refrigerator hall and subsequently transferred to its final
position in the injector building. The cryogenic transfer line
for the injector was completed and tested. Parts for the main
accelerator cryogenic supply system were delivered and
installed; completion is expected in the second quarter of 2015.

Section reviews are continuing for the underground tunnels and
beamline sections to conclude the detailed planning. The

design for the beamline suspensions in the downstream end of
the linear accelerator tunnel is complete; tendering is under way.

Contact: Hans Weise, hans.weise@desy.de
Winfried Decking, winfried.decking@desy.de
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REGAE.

Improved operation

To reach the ultimate performance of REGAE, DESY’s Relativistic Electron Gun for Atomic Exploration,
continuous improvements of diagnostics techniques are required. In particular, measurements of the bunch
length and the relative timing of laser and electron beam are difficult at the envisioned parameters and
require specially designed solutions. The preparations of the plasma experiment at REGAE are progressing
towards installation in 2015.

Bunch length measurement... ... and arrival timing diagnostics
Optimising the bunch length at a facility such as REGAE is a Pump-probe type experiments as they are performed at
challenging task, because bunch length measurement tools REGAE require a stable timing of the electron beam relative to

are not available in the envisaged parameter range. While in ~ the pump laser. Another focus of activity in 2014 was hence on
simulations, bunch lengths even below 1 fs can be reached, the temporal stability of the arrival time of the electron and

measurements of the bunch length have a typical resolution laser beams at the target position. A prerequisite for achieving
of 50 to 100 fs. In addition, some techniques are practically  the desired stability is to be able to measure it. A relatively simple
excluded at the small bunch charges and the low beam technique makes use of a tiny plasma lens created by the

energy of <5 MeV available at REGAE. pump laser. When the laser is tightly focused onto a metal grid,

the power density is high enough to heat up the metal to high
Transverse deflecting RF structures are developing into standard ~ temperatures. Thus a plasma is formed, which acts like a lens
tools for longitudinal phase space diagnostics at high- onto the electron beam (Fig. 2). The electrons are affected by
brightness beam facilities. Conceptually equal to an inline streak  this lens, however only when the timing between laser and
camera, a transverse deflecting structure introduces a correlation  electron beam is correct.
between longitudinal position in the bunch and transverse
momentum, which can be used to image the longitudinal
particle distribution. However, the beam dynamics in these
structures is complex and poses special challenges at slightly
non-relativistic particle energies. The energy or velocity spread
that is unavoidably induced by the structure leads to a lengthen-
ing of the bunch at electron energies of a few MeV. If the struc-
ture is too long, this process starts already inside the structure,
distorts the correlation between position and momentum and
thus limits the achievable resolution. Short structures operating
at high fields are hence requested. To limit the required RF
power at high gradients, a high efficiency of the structure is
desirable. However, it turns out that the structures with the
highest RF efficiency lead to large emittance growth due to
field non-linearities.

The new structure designed for REGAE (Fig. 1) avoids these
problems by decoupling geometrical properties relevant for RF  Figure 1

efficiency from those relevant for field linearity. It thus promises  Transverse deflecting RF structure for bunch length
a resolution of 10 fs at an RF power of only a few kW. measurements at REGAE
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The image shows the electron beam
on the diffraction detector. The laser

is adjusted to form a line focus
on the grid. Electrons are repelled by

the plasma along the focus line.

Detailed experimental studies have been carried out at REGAE
to optimise the process, i.e. to find the laser parameters at
which the plasma lens is formed most quickly and the electron
beam optics that yields the strongest signal. Most importantly,
the technique has been used to improve the temporal stability
of the facility, which now reaches a level of 50 fs at the target.

Preparing the plasma experiment

In parallel to the operation of REGAE, preparations of the
planned plasma experiment are ongoing. Plasma acceleration
employs electrical fields generated in plasmas, i.e. dilute gases,
to reach accelerating gradients outranging those achieved in
classical resonating cavities by many orders of magnitude. At
REGAE, the fields will be generated by a high-power laser
beam passing through a gas target. After passage of the short,
high-power laser pulse, electrons swing around the inert ion
cloud, thus forming a plasma wave that generates gradients of
up to 500 MV/m. Significantly higher gradients can be generated
in a plasma; however, the focus of the REGAE experiment is
not on the highest gradient but on a controlled injection and
extraction of the REGAE beam into and out of the plasma.

A well-defined and controlled acceleration of the electron
bunch by the plasma wave requires a bunch length significantly
shorter than the plasma wavelength of some 100 um. Also, in
the transverse direction, the bunch needs to be focused down
to below 10 pm, so that it fits into the accelerating wave — a
challenging task, which requires not only strong focusing
magnets but also leads to very demanding beam stability
requirements. Emittance conservation is another issue, because
the combination of energy spread and large beam divergence
as it appears in the extraction region of the plasma leads to

a strong chromatic emittance growth.

The situation can be significantly improved by adding matching
sections making use of the plasma fields directly to the

plasma target. The strong focusing fields of the plasma can be
adiabatically tapered and thus used to relax the requirements

on the external focusing and the transverse stability. In addition,
the chromatic emittance growth in the extraction section can be
suppressed by keeping the beam divergence under control.

Significant improvements due to the additional matching
sections were demonstrated in analytical and numerical beam
dynamics studies. One goal of the REGAE experiment will be
to verify these predictions and show that adiabatic matching
sections can also be realised in practical applications.

Besides these and other theoretical studies, the layout and
construction of the experiment reached important milestones
in 2014. All basic design questions were worked out, and
most parts of the laser beamline, the new electron beamline
and the complex central experimental chamber are in house,
so that the pre-assembly in a cleanroom can start soon.

One of the tasks to be mastered in the experiment is the precise
alignment of electron beam, laser beam and plasma target. One
of the central components inside the target chamber will
hence be an alignment table allowing nanometre control of the
positions and angles of the plasma target in all three dimensions
(Fig. 3). The ultrahigh-vacuum compatible piezo-driven table
developed for this purpose will not only carry the plasma target
but also various diagnostics components to determine the size
and position of both the electron beam and the laser beam.

Piezo-driven in-vacuum
alignment table for the

plasma target and

diagnostics components

Contact: Klaus Fléttmann, klaus.floettmann@desy.de
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FLASH2

FLASH optics

Single-spike lasing at FLASH

Tailored electron beams

Cavity beam position monitors in FLASH2

FLASH2 extraction

Particle beams with fine structure

Ultrashort bunches in ARD

Plasma-based dechirper

RF distribution for the European XFEL accelerator module test facility
European XFEL superconducting cavity performance
Superconducting cavity material for the European XFEL
LINAC II
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FLASH2

Simultaneous operation of FLASH1, the old undulator beamline of DESY’s free-electron laser facility FLASH, and
the new beamline FLASH2 was established in May 2014. This was a major step towards true parallel operation
of user experiments in both experimental halls. Thanks to the superconducting accelerator technology, FLASH
can accelerate two sub-trains of electron bunches within one RF pulse at a repetition rate of 10 Hz. The first
sub-train is directed into FLASH1, the second one is kicked towards FLASH2. Both beamlines are served with
beam at the same 10 Hz rate. Key parameters of both sub-trains can be adjusted independently to the needs of
the experiments: bunch charge; compression factor and thus photon pulse duration; and intra-pulse repetition
rate. The wavelength requested by FLASH1 experiments determines the electron beam energy. FLASH2 allows a
wide range of wavelengths to be generated for a given electron beam energy by tuning the gap height of the
new variable-gap undulators. This extraordinary flexibility will allow a large number of experiments to be
operated truly in parallel.

Commissioning
The year 2014 was dedicated to putting FLASH2 into operation.  and put into operation to match the beam into the new

First, beam time was used for standard commissioning tasks: FLASH2 undulators while at the same time keeping the match
directing the electron beam step by step through the new into the old FLASH1 undulators. Another important novelty is
beamline and putting basic electron beam diagnostics, suchas  the new timing system, which is derived from the system to be
charge monitors, beam position monitors and loss monitors, implemented at the European XFEL. Its most important feature
into operation. A major step was the implementation of the new is the ability to generate beam triggers for the two beamlines
timing system, which is a prerequisite for parallel operation. and injector lasers independently in the correct manner,
taking veto signals from the machine protection system into
A major milestone was achieved at the end of May, when account. A second injector laser was put into operation,
parallel operation with FLASH1 was established. Since then, generating beam for FLASH2. Using two laser systems allows
whenever possible, FLASH2 has been run in parallel to user an independent adjustment of the charge and the number of
experiments at FLASH1, showing that this basic feature is pulses in the sub-trains as well as the intra-train repetition rate.

indeed possible.

The most visible change is the new bifurcating beamline after
On 20 August, first lasing was achieved at a wavelength of the FLASH accelerator. A kicker/septum system was installed
40 nm - the most important highlight in 2014. Later on, lasing  to extract bunch trains from the FLASH accelerator into the
at many other wavelengths was demonstrated as well (Fig. 1). = FLASH2 extraction arc.

To make parallel operation possible, several changes were In 2012 already, before the septum was installed, several tests
implemented in operation procedures and controls of the FLASH  of the kicker magnets were performed with beam in FLASH1.
facility as a whole. New electron beam optics were designed The results were very promising; an excellent stability of the

nm
E I T R T scintillating Ce:YAG screen (left) and the corresponding wavelength
Wavelength (arb. units)

J i .
4 J t\. Lasing at FLASH2 on 24 August 2014 at a wavelength of 23.5 nm.
MS 5 Shown are the transverse image of the photon pulse taken with a

spectrum (right).
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current pulse was obtained. No increased fluctuation in SASE
energy and flatness over the photon pulse train was observed.
The kickers are fast magnets with a ramp-up time of the magnet
current of 30 pys. The magnet current is then held stable
and flat over the electron sub-train to be kicked by the septum
magnet into the extraction arc. A precise measurement of the
flatness and stability of the kickers has not yet been performed.
A first look, however, showed a slight slope over the flat hat.
The reason has been identified and will be fixed soon.

Providing different photon pulse lengths in both beamlines
requires an independent adjustment of the bunch compression.
For this, the RF pulse is divided into two parts, which can be
adjusted independently to a certain extent. An example is
shown in Fig. 2. In this case too, first successful tests were
already performed in 2012 and 2013 at FLASH1. These were
done with the old VME-based low-level RF (LLRF) system,
however. The LLRF system controls the flatness and stability
of the RF amplitude and phase for beam acceleration.

Simultaneous operation

Since August 2013, the accelerator modules of FLASH have
been operated with a new LLRF system based on the MTCA.4
technology. The new system is already able to operate with the
split RF pulse option, although the complete functionality of
the old VME-based system has not yet been implemented. In
extreme cases, for example when FLASH1 is lasing with strong
compression and FLASH2 is running on-crest — in other words,
when the amplitude and phase for the two parts differ too
much - instabilities show up in the feedback algorithm of the
new system. Work is ongoing to enlarge the tuning range and
minimise the required transition time between the two parts of
the RF pulse. Nevertheless, the split RF option is now being
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Example of steps in the RF amplitude and phase within an RF pulse. ACC1 is the first
accelerating module. The first part of the RF amplitude (upper plot) and phase (lower
plot) from 0 to 400 ps is tuned for FLASH1, the second part for FLASH2.

applied routinely, enabling parallel operation and independent
tuning of RF parameters for both beamlines. Under normal
conditions, the difference in settings is small, typically a few
degrees in phase and a few MeV in amplitude. Figure 2 shows
an example of small steps in amplitude and phase created
over the flat top.

Two injector laser systems

To ensure maximum flexibility of operation for both beamlines,
FLASH uses two injector lasers, one for FLASH1 and one for
FLASH2. Each of them can have a different repetition rate and
number of bunches, and can also generate a different charge.
Furthermore, they can have a different start time and a different
phase with respect to the RF pulse. The new timing system
assures that all triggers supplied to the lasers to generate
beam are communicated to all relevant subsystems, such as
beam diagnostics, kickers, beam loss monitors and — most
importantly — the LLRF system. This ensures that all sub-
systems are aware of the beam pattern generated, that is, of
which part of the beam goes into which beamline.

Contact: Bart Faatz, bart.faatz@desy.de
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FLASH optics

DESY’s FLASH facility is the world’s first free-electron laser (FEL) operating two undulator beamlines in parallel,
FLASH1 and FLASH2. Beam parameters like charge, pulse duration and intra-train repetition rate can be
adjusted to a large extend independently for both beamlines. Since the beam is accelerated by the same
superconducting accelerator before it is split in two, the beam optics has to be adjusted such that both
beamlines are served with the best possible beam while maintaining beam parameter flexibility. While
the wavelength of the FEL radiation in FLASH1 is determined by the beam energy, the FLASH2 wavelength
is tuned by varying the undulator gap height. This opens up a large parameter space challenging the flexibility
of the beam optics. In 2014, commissioning of the new optics started, and lasing at many wavelengths

for many different beam energies was already achieved.

Optics modifications for simultaneous operation
FLASH is based on a superconducting linear accelerator with
a usable RF pulse length of 800 ps at a repetition rate of 10 Hz.
This makes it possible, for example, to accelerate trains of
800 electron bunches with a bunch spacing of 1 ps. This unique
feature allows each train to be split into sub-trains serving
multiple beamlines - all at a repetition frequency of 10 Hz. In
this way, operating two beamlines essentially doubles the
capacity for X-ray photon experiments.

In 2012 and 2013, the new undulator beamline FLASH2 was
built and connected to the existing FLASH facility. The beam is
first accelerated in the superconducting accelerator and then
split into two parts. The first part of the beam goes straight
ahead as before towards the old FLASH1 beamline; the part for
FLASH2 is separated from the FLASH1 beam and bent towards
the new undulators. To make the separation of these two sub-
trains possible, the 12 m long section after the last accelerating
module was redesigned. Fast magnetic kickers are now installed
together with a Lambertson septum, a special dipole magnet
with two beamlines separated vertically by 2 cm. The upper one
bends the beam horizontally towards FLASH2, the lower one is
shielded against the bending magnetic field by an iron plate. The
task of the kickers is to vertically kick the sub-train designated
for FLASHZ into the upper beamline of the septum magnet.

Electron beam optics has many similarities to light optics: the
electron beam is transported through a series of focusing and
defocusing elements, the quadrupole magnets. Correctly
adjusted, the transverse beam size is perfectly matched to the
requirements given by the FEL process in the undulator
(Fig. 1). Since the electrons in the beam do have a small but
non-negligible energy variation, the beam optics has to take
care of dispersion effects as well.

The formerly used beam optics has been adapted to the new
beamline and to the constraints defined by the beam separation
itself. Furthermore, preserving the beam quality in both
beamlines, which is absolutely essential for stable generation
of high-brilliance photon beams, puts additional constraints
on the electron beam optics.

In order to give the kicker system time to raise its high-voltage
pulse, the two sub-trains are separated by 30 us. While the
first sub-train is unaltered, the second sub-train for FLASHZ2 is
deflected vertically by 2.4 mrad. The kicker system has three
fast-pulsed magnets. These magnets are optimised for supply-
ing an extremely constant flat-top magnetic field with a flatness
better than 10-4. A perfect flatness guarantees that all electron
bunches in the sub-train for FLASH2 are kicked with exactly
the same angle. The focusing structure — in other words, the
beam optics - is used to transform the vertical angle into a
vertical offset perfectly suited to pass through the upper beam-
line of the Lambertson septum.

In order to achieve a sufficient separation of the two beams
after the septum, the horizontal deflection angle is chosen to
be rather large. The larger the bend angle, the more difficult it
is to preserve excellent beam properties required for the FEL
process to work. It turned out that a bend angle of 6.3° at the
septum is sufficient to obtain a separation large enough to fit
beamline elements like quadrupoles and corrector magnets into
the limited space available between the bifurcating beamlines.

The extremely short bunches needed for the FEL process are
prone to beam size degradation due to coherent synchrotron
radiation (CSR) generated in the bending dipoles. This effect
can be ameliorated by adapting the beam optics so as to
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create a specifically tailored beam waist inside the septum
dipole. Since this beam waist is prepared by the common part
of the accelerator, measures have to be taken not only to pre-
pare the beam for the extraction bend towards FLASHZ2, but
also to ensure proper re-match into the FLASH1 beamline. In
addition, the extraction arc has to be set up in such a way that
the unavoidable energy deviations along a compressed FEL
bunch do not destroy the transverse beam size outside of the
bending arc. Moreover, the arc should not compress or
decompress the electron bunches, as the bunch length is a
crucial parameter in the dynamics of the FEL process.

Variable optics in the FLASH2 undulator section

The wavelength of the FEL radiation can be varied via the
electron beam energy or the undulator parameter, which is
proportional to the magnetic field of the undulator. While the
FLASH1 undulators have a fixed gap, the new modern
FLASH2 undulators provide the possibility to change the gap
height between the undulator poles. A smaller gap results in a
stronger magnetic undulator field and in fact a longer FEL
wavelength. For example, for a beam energy of 1 GeV and
a FLASH2 undulator gap of 10 mm, a wavelength of 18 nm
is achieved. For this beam energy, the fixed-gap FLASH1
undulators produce a wavelength of 6.4 nm. A change in
wavelength for FLASH1 always requires a change of the
electron beam energy, while the wavelength for FLASH2 can
be largely adjusted by varying only the undulator gap.

FLASH2 has 12 undulator segments with a length of 2.5 m
each. Between each undulator segment, a quadrupole is
installed. Transverse beam motion in planar undulators can
be described as a free-space drift in the horizontal direction
and as an extended constant focusing lens in the vertical
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direction. The vertical focusing depends on the electron beam
momentum and the peak magnetic field, in other words, on the
gap height. The need to provide optimal electron beam optics
for the FEL process at varying energies and for varying wave-
lengths implies that a large variability and flexibility in the
electron beam optics must be provided. Moreover, in order to
optimally match into the photon beamline optics, the source
point of the FEL radiation should not vary too much along the
undulator. Ideally, it should be at the last undulator segment.
Unfortunately, the undulator length required for optimal FEL
radiation output varies with wavelength. Thus, it is beneficial
to use only the most downstream undulator segments and
leave the upstream segments inactive with open gaps. Only
for very short wavelengths do all 12 undulator segments need
to be used. Such variability is technically facilitated by the
possibility to independently adjust the focusing strength of
the quadrupoles between the undulators.

This flexibility also means that a large set of electron beam
optics for the various operational requirements need to be pre-
pared and commissioned. In 2014, many different wavelengths
for different beam energies have already been realised. Many
others are still to be explored. The optics commissioning is not
yet completely finished, but no indications of unresolvable
problems or non-conformities have been found so far. FLASH
is now routinely being operated with beam simultaneously in
FLASH1 and FLASH2.

Contact: Mathias Vogt, mathias.vogt@desy.de



Single-spike lasing at FLASH

The generation of very short free-electron laser pulses in the soft X-ray regime in self-amplified spontaneous
emission (SASE) mode at DESY’s high-gain free-electron laser FLASH is of major interest for studying
ultrafast processes in different areas of science. The most robust method to produce pulses of a few
femtoseconds at free-electron lasers is to create a short electron bunch. In the most extreme case, the lasing
part of the bunch is as short as one longitudinal optical mode. At FLASH, this so-called single-spike SASE
operation requires bunches whose lasing parts have a duration of a few femtoseconds only. To mitigate space
charge forces, this can only be achieved by reducing the bunch charge to the 20 pC level. Operating FLASH
with such a small charge is a challenge, as most beam diagnostic devices require a factor of 10 more. To
reduce RF tolerances during compression, much shorter bunches than usual have to be generated already at
the RF gun. This is possible with a new injector laser system that provides laser pulses as short as 1 ps.

Short-pulse injector laser

To generate short and at the same time bandwidth-limited and
longitudinally coherent single-spike SASE pulses, the lasing part
of the bunch length (c,) has to fulfil the following condition:
o, ,<2n me. The cooperation length me is very short, on the
order of 0.3 um, which corresponds to 1 fs. In consequence,
the electron bunches need to be much shorter than usually
produced at FLASH. The goal is to achieve bunch durations

of a few femtoseconds only.

The FLASH RF gun is optimised for operation with a bunch
charge of around 500 pC and a bunch duration of about 6 ps.
Thus, a very strong compression by a factor of 1000 would be
required to achieve a 6 fs bunch. Such a strong compression
would lead to strong instabilities in the accelerator caused by
very small RF phase and amplitude fluctuations. The required
tolerance of 0.0015° in phase cannot be achieved with the
present low-level RF system.

A solution is to relax the compression factor by about a factor
of 10. A phase stability of 0.01° is routinely achieved. However,
the bunch length produced at the RF gun is limited by the fixed
pulse length of 6.5 ps (rms) of the two injector laser systems
presently installed. Therefore, a new laser system was set up
and commissioned. The new laser has a reduced pulse
duration that can be varied in the range from 0.7 to 1.7 ps (rms).
The small pulse duration allows much shorter electron bunches
to be generated already at the RF gun.

The new laser consists of a passively mode-locked laser oscil-
lator synchronised to the RF, followed by a Yb:YAG amplifier.
In the infrared, an average output power of up to 7 W has been

achieved. This corresponds to a single-pulse energy of 7 pd,
enough for bunch charges up to 200 pC. The laser produces
trains of pulses with an intra-train repetition rate of 1 MHz.
Figure 1 shows a schematic layout of the laser.

Diagnostics

To monitor laser parameters and correlate them with electron
beam properties, new diagnostic devices were installed. These
include an ultraviolet spectrometer and a set of quadrant
diodes to monitor the transverse laser pointing stability with
single-pulse resolution.

To understand the beam dynamics of low-charge bunches, a
few key diagnostic elements of FLASH need to be upgraded.
As an example, different types of optics and cameras were
studied to optimise the optical readout system of the transverse
deflecting cavity LOLA. With LOLA, single-shot images of the
longitudinal phase space are obtained with a time resolution
of a few femtoseconds. In addition, the bunch arrival time
monitor (femtosecond resolution in arrival time) and the
THz spectrometer (femtosecond resolution in bunch duration)
were redesigned for operation at low charge.

Short-pulse operation

A first success with the new laser system was achieved in
January 2013, when SASE was produced for the first time using
the new laser. The wavelength was 13 nm; the bunch charge
could be reduced to 80 pC, with 35 pC also possible. After the
FLASH shutdown in 2013, the laser system was recommissioned
in early 2014 and prepared for standard operation as one of the
three injector lasers at FLASH.
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for a bunch charge of 110 pC, which was then reduced step
by step to 55 pC. The laser pulse duration was chosen to be
1 ps (rms), about six times shorter than in standard operation.
The transverse distribution of the laser at the photocathode
was a truncated Gaussian with a diameter of 1 mm. These
parameters were chosen in such a way that the charge density
at the photocathode was comparable to the charge density
optimised for standard operation. The initial bunch duration
was estimated to be 1 ps.

Finally, the spectral SASE distribution was measured using a
high-resolution single-shot monochromator. Figure 2 shows
six randomly chosen examples of single-shot SASE spectra.
Only one or two spikes are strongly emphasised. An analysis
of a set of spectra yields an average of 1.5 spikes within the
FWHM of the spectrum. The small number of spikes in the
frequency domain suggests a very small pulse duration. With
some reasonable assumptions, a radiation pulse duration of
2.4 £ 0.2 fs (rms) is estimated. This agrees with previous
measurements of the coherence time of 3 fs at a wavelength
of 8 nm.

To conclude, the generation of ultrashort SASE pulses close

to single-spike operation in the extreme ultraviolet and soft
Six randomly chosen X-ray range was demonstrated at FLASH for the first time. The
examples of single-shot results were reproduced in September 2014. According to
SASE spectra measured beam dynamics studies, a further reduction in bunch charge
at FLASH. The average should allow the generation of a pure single spike.

number of spikes of

ittt
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a larger sample is 1.5.

Contact: Juliane Roensch-Schulenburg,
juliane.roensch@desy.de
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Tailored electron beams

The temporal and spectral properties of highly intense radiation pulses of free-electron lasers (FELS) such as
DESY’s FLASH facility can be improved by giving the electron beam a defined density modulation prior to the

FEL radiator. In order to generate this defined density modulation, the electron beam is manipulated using
external laser fields. This process, called seeding, allows for the generation of fully coherent FEL radiation
pulses. In combination with collective effects occurring in high peak current electron beams, external seeding
gives control of the electron bunch structure and thus tailors the radiation properties of the FEL output.

Seeding of free-electron lasers

Accelerator-based light sources such as FELs use relativistic
electron beams to generate ultraintense radiation pulses over a
broad spectral range for the exploration of the structure and
dynamics of matter. The high spectral brightness, in combination
with a high degree of coherence, is one of the key features
that scientists are interested in. These properties can only be
achieved if the FEL amplification process is properly initiated
either by an external fully coherent radiation pulse (direct seed-
ing) or by well-controlled electron bunches comprising defined
microstructures that lead to fully coherent FEL pulses. In the
latter case, the microstructures can be created by manipulating
the ultrarelativistic electron beam with external laser fields

in combination with special magnet arrangements. Figure 1

electron beam

dipole
energy
laser beam /\/\/\/
> >
current
> >

long. bunch coordinate (z)

36 | Highlights - New technology - Developments

modulator chicane

= R

exemplarily shows the so-called high-gain harmonic generation
(HGHG) operation mode. Such techniques have already
proven to reliably generate FEL pulses in the soft X-ray wave-
length range. At FLASH, an experimental setup for seeding
development was installed in 2010 and intially used for the
investigation of direct seeding. Since 2013, the focus has
shifted to the research and development of seeding techniques
for manipulating the electron microstructure that should pave
the way to fully coherent FEL radiation towards shorter
wavelengths. For this purpose, the setup was upgraded
with new laser beamlines and diagnostics to overlap ultraviolet
laser pulses with the electron bunches from the FLASH
accelerator.

radiator

B hom

Schematic of the HGHG seeding principle. Starting with
a flat energy distribution along the electron bunch, the
interaction of the electrons with the laser inside the
modulator leads to a sinusoidal energy modulation. At
the exit of the magnetic chicane, the electrons are
longitudinally redistributed, which results in a modulated
current profile. These electron bunches then pass
the second undulator (radiator) where the FEL process

takes place.




Laser-induced energy modulation

One of milestones towards the well-controlled manipulation
of the electron bunch microstructure is to imprint a sinusoidal
energy modulation with the period of the laser wavelength, in
this case 267 nm. To this end, the electron bunches are over-
lapped with a strong laser pulse inside a short undulator
magnet, usually called a modulator (see Fig. 1). The undulator
field forces the electrons to travel along a wiggling trajectory.
The corresponding transverse velocity components lead to
an interaction with the laser pulses, hence enabling an energy
exchange between light and electrons. To characterise this
energy transfer, the bunches are streaked using a transverse
deflecting structure (TDS) mapping out the longitudinal
energy profile of the electrons, also known as the longitudinal
phase space distribution. Figure 2a shows a measurement of
an uncompressed electron bunch exhibiting a modulated
region visible as an increase in the local energy spread. The
comparison with simulation allows the characterisation of
the actually generated modulation amplitude. Figure 2b
shows the simulation result for a modulation amplitude of
350 keV.

a) Measurement
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a) Measurement of the mapped longitudinal phase space distribution of the electron
bunches using the TDS. The region with the enhanced local energy spread at time zero
of the plot is the part where the energy modulation was induced by the seed laser.

b) Simulation of the observable longitudinal phase space distribution mapping for an

initial modulation amplitude of 350 keV.

Simulated longitudinal phase space distribution of the electron bunch (bunch head to

the right). Two test particles (black) in the high-current region (white) are indicated.

Studies of laser-induced microbunching instability
The high-quality electron bunches driving soft X-ray FELs are
susceptible to microbunching instabilities driven by collective
effects, such as longitudinal space charge (LSC) or coherent
synchrotron radiation (CSR). Besides seeded FEL operation,
external laser pulses also enable the investigation of these
collective effects at the laser wavelength (here 800 nm) by
imprinting a defined current modulation into mildly compressed
electron bunches (peak current 0.3 kA). While the electron
bunch is passing through the beamline, LSC effects locally
modify its properties. This leads, for example, to a growth in
energy spread as seen in Fig. 3 (white arrows). At the

TDS, the longitudinal phase space distribution of the electron
bunches were characterised for different initial parameters
(dispersive strength of the chicane and laser modulation
amplitude). Such electron bunches were also used to drive the
FLASH1 SASE FEL. In this case, a significant decrease in FEL
pulse energy was observed in coincidence with the density
modulation induced approximately 40 m upstream.

Contact: Jérn Bédewadt, joern.boedewadt@desy.de,
Christoph Lechner, christoph.lechner@desy.de
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Cavity beam position monitors

in FLASH2

The commissioning of FLASH2 — a new soft X-ray free-electron laser (FEL) undulator line at DESY’s FLASH
facility — started in 2014. The beam positions in the FLASH2 undulator intersections are measured using
17 cavity beam position monitor (CBPM) pickups and electronics developed for the European XFEL X-ray laser.
The new CBPM system enables an unprecedented position and charge resolution at FLASH2, thus allowing further
analysis and optimisation of the FLASH2 beam quality and overall accelerator performance. This article describes
the results of first beam measurements as well as correlations with other FLASH2 diagnostics systems.

The new CBPM system gives the possibility to measure beam
positions with resolutions below 1 pm, which would allow
fine-tuning of the FEL performance. In FLASH2, new CBPMs
from a European XFEL pre-series are installed between the
undulators (Fig. 1).

CBPM in an intersection of FLASH2

In addition to supporting the FLASH2 user operation, this
provides the opportunity to gain experience with the operation
and beam-based calibration of a CBPM system in a working
accelerator before the European XFEL is commissioned. The
electronics for the CBPMs was provided by Paul Scherrer Institut
(PSI) in Villigen, Switzerland. Before first beam operation, the
CBPMs were already pre-calibrated, using measured RF prop-
erties of the pickups and cables as well as signal generators
for the electronics. Only the suitable trigger delay needed to be
adjusted to get first beam position and charge readings. The
electronics also has a self-triggered mode using the reference
cavity signal, but since the signal threshold may not always be
reached during first commissioning (e.g. when the beam is lost
somewhere), the external trigger was used.

The CBPMs were already integrated into the DOOCS control
system for the commissioning of FLASH2, together with a
parallel network system from PSI for test and verification.
CBPM measurements can be compared with other FLASH
diagnostics and subsystems.

In addition to the measurement of the beam position, the CBPM
system also provides a measurement of the beam charge. For
the absolute calibration of the CBPM charge measurement, the
standard FLASH toroid charge monitor was used, requiring a
correction of only 2.9%.

To get a first impression of the resolution of the BPM system
at FLASH2, the charge reading values were compared with
the toroid system. A mean charge value for each bunch was
calculated such that the deviation due to noise from each single
monitor was negligible, except for the monitor under test.
This results in a difference between expected and measured
charge for the monitor under test. The standard deviation from
the Gaussian fit shows the sum of systematical and statistical
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measurement errors, defined here as sum error. The values for
all charge monitors at FLASH2 generated by this method are
shown in Fig. 2. All values above 0.6 pC are delivered by the
toroids; the CBPMs deliver resolution values between 0.1 and
0.17 pC for a bunch charge of 100 pC.
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Sum error of charge readings at FLASH2 with a charge of 100 pC, ordered according to

the beam direction. Values above 0.6 pC are from toroids, values below from CBPMs.

To obtain the position sum error (including statistical and
systematical errors), two button BPMs after the acceleration
modules and all CBPMs at FLASH2 were used. A correlation
between each BPM and the BPM under test was calculated,
and the difference between expected and measured position
value was obtained. The position sum errors of all considered
BPMs are shown in Fig. 3.
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Sum error of BPM correlation at FLASH in both transverse planes for a charge of 100 pC.

The first two monitors are button BPMs.

The resolution values of the CBPMs were between 0.6 and
2 pym, depending on the individual beam position (Fig. 4).
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As expected, the sum error of the correlation is much better for
the CBPMs compared to the button BPMs (Fig. 3). The sum error
obtained for the CBPMs has several systematic contributions:

1) The CBPMs in FLASH2 were operated in a preliminary com-
missioning mode where a feedback loop permanently adapted
the internal attenuators of the RF front-end (RFFE) channels

to the varying beam charge and positions. This enlarges the
dynamic range of the system. Since the attenuators of the
CBPMs were calibrated only approximately so far, the frequent
changes of the attenuators caused systematic measurement
errors in the position and charge readings.

2) In case of large beam position changes, the analogue-to-
digital converters (ADCs) of the BPMs may saturate, which is
indicated by the BPMs by a valid flag, but this is not yet
recorded by the control system.

3) Further systematic contributions to the sum error include
mechanical vibrations of the CBPM pickups and systematic
errors of the measurement method itself (e.g. due to dispersive
effects or X/Y rotation of the pickups).

A CBPM test stand at FLASH1 (with three successive CBPMS)
with similar settings but less systematic error contributions
already showed resolution values below 1 pm within the required
charge range of 0.1 to 1 nC.

The development of the CBPM system for the European XFEL
is in an advanced state. The European XFEL pre-series version
of the CBPM pickups and electronics was installed and tested
in FLASH1 and FLASH2. It already fulfils the requirements for
the European XFEL. Future activities will focus on improvement
of laboratory and beam-based calibration techniques, as well
as on enhanced automated range control and digital signal
processing to further improve the CBPM system performance.

Contact: Dirk Lipka, dirk.lipka@desy.de
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FLASH2 extraction.

Enabling independent beam operation for the two FLASH beamlines

The new FLASH2 beamline is an extension of FLASH, DESY’s free-electron laser in the vacuum-ultraviolet
and soft X-ray range. FLASH2 uses the linear accelerator of the existing facility, with the new extraction
system placed directly behind the last accelerating module. Three kicker magnets — two operational, one
spare — and a Lambertson septum were installed.

As beam operation should be independent for the FLASH1
and FLASH2 beamlines, FLASH uses two lasers. Two bunch
trains with individual bunch numbers and bunch frequencies are
generated. The kicker pulse length varies with the bunch train.
The gap for kicker rise time and RF pulse change originates
from the laser timing and needs to be as short as possible.
The pulsers are designed to work with identical currents and
waveforms with an amplitude stability of 0.3%e..

FLASH1  FLASHZ 7™ neh cnargeFLASH 1
c 5 | - Bunchcharge FLASH 2
500 B350 o RF signal (e.g. Amplitude
bunches bunches  — | - Kickerampittude
nC 0.3nC =3

Figure 2

Sketch of the kicker magnet

%

/ ;\ f / [Sovem— The kicker design requires a metal-coated ceramic chamber.

ﬁ I’H't Sputtering of the chamber is necessary in order to keep the

high-frequency components of the beam inside the chamber

while the magnetic field of the kicker (at lower frequency)

Extraction penetrates the chamber’s wall. Questions are:

timing example e How big is the reduction of the magnetic field due to the
sputtered chamber?

e Which coating material can be used for sputtering?

. 100ms 10Hr
Figure 1

Kicker rise
Kicker fall

Concept of the kicker magnet e How big is the reduction of the magnetic field by a
The kicker magnets were realised as air coils outside the shorted turn?

beam vacuum system. They use strip lines that form a single e How thick can the material be to dissipate the heat
vertical conductor loop around a ceramic beam chamber, generated by the beam?

which is sputtered (metallically covered) at the inside. The
kicker mounting structure needs to be non-metallic, as eddy The coating material is stainless steel 4.4541 (titan stabilised).

currents strongly distort the magnetic field of the current The reduction of the magnetic field is determined by the
pulses. The thermoplastic PEI was chosen for its radiation and electrical conduction and the coating thickness. The reduction
heat resistance and mechanical properties. To suppress of the magnetic field by a shorted turn is given by the
electromagnetic interference (EMI), a separate large aluminium electrical conduction. The heat dissipation is defined by the
housing covers the magnets. layer thickness.
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Presently, we use chambers with 1 pm (i.e. PETRA Il injection
kicker, FLASH LOLA kicker) and 700 nm (some feedback
kicker) coating thickness. For the FLASH2 extraction, we
decided to use a 1 ym design because the field attenuation is
tolerable (<3%), it is a proven and reliable process, and no
other, more demanding constraints had to be met.

Figure 3

Pulser

Concept of the pulser

For the new FLASH2 extraction, pulse rise and fall times of
less than 50 ps and a nearly rectangular current pulse with a
very stable flat top are important. Therefore, a pulse-regulated
current source with MOSFET technology is used (Fig. 4).

Charge power supply

Figure 4

Layout principle of

Sensing resistor

the pulser

The main MOSFET is switched by a push—pull driver providing a
fast rise time. While turned on, the current through the kicker
magnet is sensed and fed back to the main MOSFET through an
op-amp circuit, providing a very stable flat top. Eight MOSFETs
are operated in parallel, generating a pulse current of up to 800 A.
Data communications, internal timings, power-up and power-
down sequences and some service modes are realised with an
FPGA board. The pulser is triggered with a 5 V TTL signal from

the MTCA-based main timing system, with the pulse length and
trigger start time being controlled by the bunch pattern.

Energy

Deflection

Pulse current (max.)
Pulse voltage (max.)
Pulse waveform
Rise time

Fall time

Pulse length

Pulse frequency (max.)
Free aperture
Conductor length
Kicker length
Impedance
Inductance

Number of windings

Number of kickers

1.2 GeV

2 mrad
800 A
150V
Rectangle
10 ps

14 ps

10 pys — 1 ms (variable)
10 Hz

44 mm
549 mm
628 mm
0.54 O
~1.2 yH

1

3

Table 1

Data of extraction pulser and kicker magnet

Beam for FLASH2 was first extracted on 4 March 2014.
Operation since then has been performed with energies up to
1200 GeV. Some further testing is needed, especially with
longer pulse trains, to investigate flat top stability.
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Figure 5

Example of current pulse
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Contact: Frank Obier, frank.obier@desy.de,

Joachim Kahl, joachim.kahl@desy.de
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Particle beams with
fine structure.

Space charge simulations with very high resolution

Particle distributions with fine structure are created intentionally (such as microbunching in free-electron
lasers, seeding, or seeding with echo-enabled harmonic generation) or through side effects (such as plasma
oscillations and microbunch instability). Such fine structures are typically some orders of magnitude
(100 - 10 000 times) shorter than the bunch dimension. High-resolution computations of space charge effects
need very fine meshes and high particle (or macroparticle) numbers, meaning that they are numerically very
expensive. This effort can be dramatically reduced if periodicity can be assumed. Then a newly developed
periodical Poisson solver can be applied, which is orders of magnitude more efficient regarding computation
time and memory.

Method Example
The Poisson approach assumes that all particles are in uni- The current profile in Fig. 1 is calculated for typical FLASH
form motion with identical velocity vector. Therefore, the parameters with an energy of 585 MeV, a bunch charge of

problem is equivalent to an electrostatic problem and can be 0.3 nC, a normalised emittance of 1.5 pm and a peak current
solved through the convolution of the charge density of the (without modulation) of 1.5 kA. The beam is energy-modulated

complete distribution with the field of only one particle. This in an undulator by a laser pulse with a wavelength of 800 nm.
is usually done on a three-dimensional mesh with a fast Fourier ~ After a short section with longitudinal dispersion, the laser
transform (FFT) convolution. Supposing the distribution is modulation causes a high-frequency density modulation, as
periodic, then the periodicity of the distribution can be inter-  can be seen in Fig. 1 in the middle of the bunch. This bunch
changed with a periodicity of the field, now caused by one travels through a lattice of about 20 m, experiences high-

particle and its periodic repetitions. The complete distribution frequency space charge forces and passes a second section
can then be replaced by only one single period. This reduces with longitudinal dispersion to evolve the phase space

the volume of the discretisation and the number of particles pattern displayed in Fig. 3.

to be tracked.

current profile (vs. longitudinal bunch coordinate)

(]

[=]

(=]

(=]
T

1000

current / A

Figure 1

Density-modulated bunch current
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Longitudinal phase space with fast modulation
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Figure 3

Detail of longitudinal phase space distribution

The quasi-periodic distribution in panel (a) is computed for the
complete bunch without periodic approach. Panel (b) shows the
result of a similar computation, but for a long laser excitation. It
is obvious that a regular periodic pattern appears in the centre
of the Gaussian distribution, which can be calculated by the
periodic approach, as shown in panel (c). The full-bunch simu-
lation needs about 100 times more particles and a 1000 times
larger mesh volume than the periodic simulation. The periodic
approach allows problems to be investigated efficiently on a
single CPU, where otherwise large-scale computation would
be required.

Contact: Martin Dohlus, martin.dohlus@desy.de
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Ultrashort bunches
in accelerator R&D.

Aiming for femtosecond bunches using conventional accelerator technology

Ultrashort electron bunches with an rms length below 1 fs are of great interest for various applications. First
of all, they can be used for ultrafast science, for example to generate ultrashort radiation pulses or to run
electron diffraction experiments. Moreover, they are expected to allow superior performance when injected
into novel compact accelerating structures (e.g. based on plasma wakefield acceleration) [1]. Besides
studying novel acceleration techniques aiming to produce high-brightness short bunches, the Accelerator
Research and Development (ARD) group at DESY is working on the design of a conventional RF accelerator
that will be hosted at the new SINBAD facility for Short Innovative Bunches and Accelerators at DESY. The
Accelerator Research Experiment at SINBAD (ARES) will allow the production of such ultrashort bunches
and the direct experimental comparison of the performance achievable by using different bunch compression

techniques. At a later stage, ARES will be used to inject ultrashort electron bunches into a laser-driven

plasma wakefield accelerator.

Limits of bunch length compression

The factors limiting the minimum bunch length in linear
accelerators are well known. The main limitation is the space
charge repulsion among the electrons in the bunch. As the
effect scales as y2 (with y being the relativistic factor of the
beam), it limits the maximum electron densities especially at
low energies. The next limitation is set by the uncorrelated
energy spread of the beam, which is given by the minimum
achievable spot size of the laser at the photocathode.
Indeed, the compression of an electron bunch is equivalent to
a rotation of the particle distribution in the longitudinal phase
space. Moreover, the sinusoidal shape of the RF fields or the
non-linear space charge force causes non-linear distortions
of the distribution of the electrons in the longitudinal phase
space [2]. Also, a magnetic chicane or a dogleg, when present,
contains non-linear dispersion terms that increase the longitudinal
emittance of the beam. In addition, when the magnetic
compression is considered, coherent synchrotron radiation
(CSR) further spoils the longitudinal emittance of the beam.

At ARES, we plan to accelerate electron bunches with very low
charge (0.5-20 pC) to moderate energy levels (100—-200 MeV)
and to compress them to fs and sub-fs bunch durations. The

chosen energy range allows the space charge limitation that
characterises low-energy accelerators (3—5 MeV) to be relaxed,
while dealing with a considerably more compact and relatively

simple accelerator than the high-energy (>1 GeV) user facilities.

Moreover, the ARES layout (Fig. 1) will allow the experimental
comparison of different types of bunch compression techniques
(RF compression, hybrid RF compression and pure magnetic
compression with the slit method), thus constituting a valuable
tool for beam dynamics studies aimed at maximising beam
brightness and stability.

Figure 1
Sketch of the ARES accelerator. The
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ARES layout and strategy

The electron bunches are produced in an RF gun of the type
used at DESY’s REGAE facility, where they are created by
photoemission from a photocathode and accelerated to an
energy of about 5 MeV. These bunches are subsequently
accelerated and compressed in three LINAC lI-type RF cavities.
The layout allows three different compression schemes to be
compared.

When using the RF compression technique, also referred to as
velocity bunching, the low-energy electron bunch is injected
into the first travelling-wave cavity close to the zero phase of
the electric field. In this configuration, the head of the bunch
experiences lower field amplitude than the tail. In this way, the
bunch is compressed and accelerated at the same time. In
fact, due to the different propagation velocities of the RF field
and the electrons, the tail slips on the higher electric field
amplitude region while travelling inside the cavity. At the exit of
the first RF module, the longitudinal phase space of the electron
bunch is rotated [3]. The following two RF structures are then
operated on crest in order to maximise the acceleration.

An example of the phase space distribution of an electron
bunch after compression is shown in Fig. 2.

In the second compression scheme, we use the magnetic
compression with the slit method. The three travelling-wave RF
cavities are all operated off crest, establishing a linear correlation
between the particle energy and its longitudinal coordinate
along the bunch. A slit, placed at the centre of the chicane,
where the transverse beam dimension is dominated by the
particle momentum dispersion, selects a longitudinal slice of
the bunch [5]. An example of the phase space distribution of
an electron bunch after compression is shown in Fig. 3.

Finally, we can run a hybrid RF-magnetic compression
scheme. The velocity bunching scheme is used once again,
but the beam travels through the dogleg with positive
linear momentum compaction R,,. This compensates for
the elongation caused by the space charge force during the
transport from the exit of the linear accelerator up to the
experimental station.

Contact: Barbara Marchetti,
barbara.marchetti@desy.de
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Longitudinal phase space of an electron beam compressed by velocity bunching at the
exit of the second travelling-wave structure (simulation) [4]. The colour encoding indicates
the local density of the particles. The final charge of the bunch is 0.5 pC, its FWHM

duration is 2.8 fs.

------------ 0.62 fs (rms)-———————-—m

1.0
0.8

0.6

5o 0.4
~ 0.2
0.0
-0.2
-0.4

Longitudinal phase space of an electron beam compressed with the slit method at the

exit of the magnetic compressor (simulation) [6]. The final charge of the bunch is 2.8 pC.
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Plasma-bhased dechirper

Recent years have brought rapid progress in plasma wakefield acceleration. Although different injection
schemes have been proposed, they all have in common a significant time—energy correlation. This energy
chirp impedes beam quality preservation and eventually prevents any kind of X-ray light source application.
A promising scheme for compensating such energy chirps is under investigation in the FLASHForward
collaboration at DESY. It provides the basis for efficient post-plasma beam transport and thus paves the way

for plasma-acceleration-based free-electron lasers (FELS).

Plasma wakefield acceleration

Plasma wakefield acceleration (PWFA) is a novel acceleration
technique supporting electric fields in excess of 10 GV/m. The
wakes generating these field gradients are excited by propa-
gating a charged particle beam through a plasma. In order for
the drive beam to resonantly excite the plasma wake, its bunch
length has to be on the order of the plasma wavelength, which
is a function of the density. Compared to conventional radio-
frequency cavities, the accelerating gradients are orders of
magnitude higher. A witness beam placed in the correct phase
of the wake can be accelerated to 1 GeV within only 1 cm of
propagation distance. Hence, PWFA might offer the possibility
for compact, affordable, next-generation X-ray light sources.

Since the witness beam quality strongly depends on the injection
process, different techniques are being studied. Although the
recently proposed injection schemes produce low emittance
and high peak current, they generate a significant time-energy
correlation within the beam. This energy chirp leads to energy
bandwidths of up to 10%. Such energy bandwidths cause
severe emittance growth in drift spaces and focusing optics.
Efficient beam transport with beam quality preservation is
therefore impeded. Eventually, this beam degradation will
prevent compact X-ray light source applications, since the
performance of such sources is determined by electron beam
parameters such as energy bandwidth and beam emittance.

Energy chirp compensation

Energy-chirped beams do not solely occur in plasma-based
acceleration schemes, but also in classical accelerators owing
to the bunch compressing process. Thus, much effort has
been made in the FEL community to reduce these correlated
energy spreads. Recently, corrugated pipes [1] or dielectric
structures [2] were proposed as a technique for compensating
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Longitudinal fields generated by a Gaussian drive beam and a Gaussian witness beam
within plasma. The witness beam is resonantly driving a plasma wake, while the drive

beam is too large to efficiently excite the plasma wake.

energy chirps. These schemes exploit the wakefields generated
within the structure to cancel energy chirps of a few 10 MeV per
millimetre bunch length within metres of propagation distance
[1, 2]. However, these techniques are not applicable to electron
beams from PWFA, because the energy chirps produced are
orders of magnitude higher. Therefore, we suggest an analogous
scheme to compensate the initially imposed energy chirp
using the strong wakefields generated by the witness electron
beam itself in the plasma.
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The first half period of the longitudinal wakefield is decelerating,
offering the possibility to cancel the negative energy chirp. In
order for the witness to be dechirped by its own wakefield, it
should not be affected by the fields generated by the drive
beam. Therefore, the drive beam must be either dumped or
brought out of resonance with the plasma density. Since the
witness beam is longitudinally and transversely much smaller
than the drive beam, the plasma density can be adjusted
accordingly. Figure 1 shows the longitudinal fields generated by
a large drive beam and a short witness beam, calculated using
the three-dimensional particle-in-cell code HIPACE [3]. The
plasma density is matching the resonance condition for the
short witness beam. Thus, the wakefields generated by the
drive beam are negligible.

In order for the energy chirp of the witness beam to be can-
celled linearly, the decelerating field must act on the majority
of the beam. This requirement imposes a criterion for the ratio
of the plasma density and the witness beam bunch length.

Simulations for FLASHForward

The proposed dechirping scheme is not capable of removing
density modulations from the longitudinal phase space distri-
bution. Therefore, injection schemes producing linear time-
energy correlations, such as field-ionisation-based schemes, are
expected to produce the best results. According to simulations
for wakefield-induced ionisation injection [4], a FLASH drive
beam is capable of producing 2.5 GeV energy electron
beams with a peak current of 5 kA, an rms bunch length of
0.2 pm and a normalised emittance of 0.3 mm mrad. The
energy spread is typically on the order of 5% FWHM. Figure 2(a)
shows the longitudinal phase space distribution of a Gaussian
beam with these beam parameters. Three-dimensional simu-
lations with the HIPACE code show an energy spread reduction
down to 0.52% within a propagation distance of less than

1 mm in a plasma density of 3x10'° cm2 (Fig. 2(a)). Due to the
shape of the wakefields, the energy chirp is compensated
best within the core of the beam. The dechirping technique
leads to an emittance growth on the order of a factor of 2
(Fig. 2(b)). This increase is significantly smaller than the
emittance growth due to chromaticity effects, which the beam
would suffer without energy chirp compensation. Since the
witness beams generated by PWFA have intrinsically small
emittances, we can accept this growth without suffering a
relevant FEL performance degradation.

Mono-energetic electron beams

The simulation results show a significant energy bandwidth
reduction. The combination of controlled injection schemes
such as wakefield-induced ionisation injection with the
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The upper figures (a) show the witness beam phase space distribution, the lower figures

(b) the phase space emittance, both before and after propagating a distance of 0.95 mm
in a plasma with density n; = 3x10'® cm*®. The FWHM energy spread is reduced to 0.5%
FWHM, corresponding to a 90% reduction. The emittance increases by a factor of about

2 to 0.6 mm mrad.

wakefield-based dechirping scheme brings mono-energetic
electron beams within reach and thus paves the way towards
PWFA-based FELs.

First experiments showing energy bandwidth reduction
are planned for 2015 at the FACET facility at SLAC National
Accelerator Laboratory in California.

Contact: Violetta Wacker, violetta.wacker@desy.de
Christopher Behrens, christopher.behrens@desy.de
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RF distribution for the European XFEL
Accelerator Module Test Facility.

New type of flexible high-power RF waveguide distribution for the AMTF

In order to test, within two years, the 100 superconducting accelerator modules required for the European
XFEL X-ray free-electron laser, three test benches were set up in the Accelerator Module Test Facility (AMTF)
at DESY. This will allow for a test rate of one accelerator module per week. Each RF station of the test facility
provides up to 5 MW RF power at 1.3 GHz frequency, 1.37 ms pulse width and 10 Hz repetition rate via a
waveguide distribution system. Each waveguide distribution supplies eight cavities, i.e. four times a pair
of cavities. The distribution allows for a maximum power of 1 MW per cavity when switched to a mode
supplying power to only four cavities. A new type of 1 MW isolator and a new compact 5 MW power divider were
developed to achieve that goal. Several accelerator modules were already successfully tested with this setup.

The AMTF waveguide distribution meets several specific,
sometimes conflicting, requirements. On one side, the distri-
bution has a compact size, since only limited space in the
AMTF shielding tunnel is available. On the other side, it
supplies high pulsed RF power to the individual cavities in
the cryogenic module with high flexibility using only one
high-power klystron. In addition, the waveguide distribution
protects the klystron against reflected power from the super-
conducting cavities.

The basic RF power requirements are 1 MW maximum pulse
power per cavity and 2.2 kW maximum average power per
cavity generated by one 5 MW klystron. The pulse width has
to be adjustable between 50 us and 1.37 ms, and the repetition
rate between 2 Hz and 10 Hz. The waveguide elements are of
size WR650.The waveguide distribution layout must allow for
free access to the cavity input couplers for local cleanroom
installation. In order to satisfy these conditions, two new specific
waveguide components, a 1 MW isolator and a 5 MW power
divider, were developed and integrated in the waveguide distri-
bution. A 3D view of the AMTF RF waveguide distribution is
shown in Fig. 1.

Figure 1

3D view of the RF
waveguide distribution
at the AMTF

During maintenance of the RF station, the klystron has to be
connected to two dummy loads. To this end, a mechanical
waveguide switch is installed, which allows for quick connection
of the klystron and the RF loads.

To protect the klystrons against reflected power, Y-junction
circulators or four-port phase shift circulators with matched
load are usually used. For the AMTF waveguide distribution,
these components could not be used since the Y-junction
circulators are limited in power and phase shift circulators
are too large. Therefore, a new type of 1 MW isolator was
developed by the company FERRITE in St. Petersburg, Russia.
The new FWHI3-27A-type isolator uses non-reciprocal
energy absorption in ferrite elements through ferromagnetic
resonance for waves with circular polarisation. An overview

of the device (without magnetic system) is shown in Fig. 2.
The ferrite elements are shown in grey.

Figure 2
Schematic view of 1 MW
isolator. The ferrite ele-

ments are shown in grey.

A 5 MW power divider was developed in cooperation with
MicroPlus in Sofia, Bulgaria. The device is designed in accord-
ance with a classical scheme: shunt tee, two phase shifters
and hybrid with integrated H-bends. Each waveguide component
was designed especially for this power divider. Simulation
results of the device with CST Microwave Studio (MWS) are
shown in Fig. 3. Depending on the phase shifter position, the
RF power is distributed between the two outputs ports.
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5 MW power divider

The AMTF comprises three RF test stands to test cryogenic
modules for the European XFEL. This allows for a test rate of
one cryogenic module per week. Each RF station consists of a
5 MW RF station and the specific waveguide distribution,
which supplies one cryogenic module with eight supercon-
ducting cavities. A schematic of the waveguide distribution
system is shown in Fig. 4. Each pair of cavities is supplied
through a shunt tee, which divides the RF power equally
between the two cavities. For two pairs of cavities, one 5 MW
power divider is installed, which allows for flexible adjustment
of the RF power between the two pairs. Another 5 MW power
divider is installed after the klystron and distributes the RF
power between the two halves of the cryogenic module.

Figure 5

Installation of the RF
waveguide distribution
at the AMTF

Three RF stations were successfully installed at the AMTF.
v The waveguide distribution system for each station was
tuned and tested up to full power. Until the end of 2014, about
15 accelerator modules for the European XFEL had been
[.PE] tested at the AMTF and prepared for installation in the European
3 XFEL tunnel.
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Figure 4 Contact: Stefan Choroba, stefan.choroba@desy.de,
Schematic layout of an AMRF RF station Valery Katalev, valery.katalev@desy.de
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European XFEL superconducting
cavity performance.

RF results for more than 500 European XFEL superconducting cavities

The main linear accelerator of the European XFEL X-ray free-electron laser will consist of 100 superconducting
accelerator modules with 800 superconducting cavities operated at an average design gradient of 23.6 MV/m.
Cavity fabrication in industry (which includes chemical surface preparation) is now in full swing, with
approximately 540 cavities delivered by the end of 2014. After its arrival, each cavity undergoes a vertical
acceptance cold test at 2 K in the Accelerator Module Test Facility (AMTF) at DESY. For more than 80% of the
cavities, this acceptance test was successful, with the cavities fulfilling the European XFEL specifications. In
those cases where the specification was not achieved, an in-house surface retreatment is performed and the

cavity has to be retested. The success rate of this retreatment procedure is about 80%.

The 17.5 GeV superconducting linear accelerator for the
European XFEL is currently under construction at DESY. An
accelerator module production rate of one eight-cavity module
per week requires an average cavity production and vertical
acceptance testing rate of at least eight cavities per week.

Testing is performed in the AMTF, a dedicated facility at DESY.

By the end of 2014, more than 500 of the 800 series 1.3 GHz
superconducting cavities had been produced, each having
undergone at least one vertical acceptance test at the AMTF.
Vertical and module testing is performed by a team from
Henryk Niewodniczanski Institute of Nuclear Physics (IFJ-PAN)
in Krakéw, Poland, in close collaboration with several DESY
groups.

Figure 1

Vertical test stand with bath cryostat, concrete shielding and cryogenic installation at
the AMTF. A cryogenic insert with four superconducting accelerating cavities is under

installation.

Industrial production of superconducting accelerator cavities
for the European XFEL includes mechanical fabrication using
niobium and niobium-titanium material provided by DESY,
followed by surface preparation consisting of a well-proven
procedure including surface removal, annealing and ultra-
clean assembly steps. Series production is divided equally
between E. Zanon Spa. (E2), ltaly, and Research Instruments
(RI), Germany. Both vendors must exactly follow well-defined
specifications for the mechanical fabrication and surface
treatments, but no RF performance guarantee is required.
The cavities are delivered complete with a helium tank, ready
for testing. All cavities are fully equipped with their higher-
order mode (HOM) antennas, pick-up probe and a high-Q
input coupler antenna with fixed coupling. The cavities arrive
under ultraclean UHV conditions.

After their arrival at DESY, the cavities are visually checked
for damage during transportation and obvious assembly
errors as well as for conformity with electrical and vacuum
specifications.

In order to achieve the required testing rate of at least eight
cavities per week, the vertical acceptance tests are made
using two independent test systems, each consisting of an
independent bath cryostat (Fig. 1) and RF test stand. Each test
cryostat accepts a “cryogenic insert” that supports up to four
cavities, greatly increasing the efficiency of the cool-down /
warm-up cycles. The test infrastructure has been in full operation
since October 2013 and has achieved an average greater than
nine vertical cavity tests per week (Fig. 2).

The vertical acceptance tests follow a standardised procedure,
which includes the measurement of the unloaded Q-value (Q)
versus the accelerating gradient E___at 2 K, as well as the

frequencies of the fundamental modes. For each point of the
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Q,(E,.) curve, X-rays - indicating the limiting effect of field
emission — are measured inside the concrete shielding above
and below the cryostat. After a successfully completed test,
selected key data are transferred to the European XFEL cavity
data base, which forms the basis of the analyses reported here.
All cavities are tested to their maximum achievable gradient
(E oo max)- Of greater importance for accelerator operation,
however, is the usable gradient (E,__ ), which takes design
values for Q, as well as field emission performance into account.
Cavities with E,__ - <20 MV/m are considered for further
processing or retreatment. The exact nature of the handling of
low-performance cavities is judged on a case-by-case basis.
As there are no vendor performance guarantees, retreatments
are in general the responsibility of DESY.

Figures 3 and 4 show histograms and yield curves for the verti-
cal test performance for both maximum and usable gradient, as
received from the vendors. The average usable gradients for
both vendors (EZ: 25.5 MV/m; Rl: 28.9 MV/m) are above the
required operational gradient for the European XFEL. The usable
gradient is reduced from the maximum performance by

~4 MV/m on average, predominantly due to field emission. The
effect can be seen in Fig. 3 and 4 as an increase in the numbers
of cavities with performance less than ~28 MV/m. For both
vendors, ~20% of the cavities require a retreatment due to field
emission. There is also a statistically significant difference in the
average performance of the two vendors (~6 MV/m and

~4 MV/m for the maximum and usable gradients, respectively),
and gradients above 40 MV/m have only been observed with RI
cavities. The better performance is attributed to the use by Rl
of electropolishing as the final surface preparation scheme, but
also to the fact that Rl cavities show less thermal breakdowns
at low gradients. The percentage (yield) of cavities with a usable
gradient above 26 MV/m (20 MV/m) is 54% (79%) for EZ and
73% (88%) for RI, with a total yield of 62% (83%). As
described above, cavities with usable gradients below 20 MV/m
undergo retreatment to increase their performance.

In general, high-pressure ultrapure water rinsing (HPR) is
applied as a first retreatment. This is particularly effective since
most low-performance cavities are dominated by field emission,
which is likely associated with a removable surface emitter
(e.g. particles). Figure 5 shows the distributions of 82 test
results before and after retreatment (this also includes cavities
whose initial performance was above 20 MV/m, but which
still underwent a retreatment). The average usable gradient
before and after retreatment for cavities with initial (before)
performance < 20 MV/m (51 test results) is 14.6 MV/m and
26.3 MV/m respectively, an average gain of nearly 12 MV/m,
with 78% of those cavities achieving = 20 MV/m. The
remaining ~22% in general undergo a second retreatment
with HPR or possibly chemical polishing.

Contact: Detlef Reschke, detlef.reschke@desy.de,
Nicholas Walker, nicholas.walker@desy.de
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Figure 2

The trend of the vertical
test rate after October
2013 is greater than nine

vertical tests per week.

Figure 3

Comparison of perfor-
mance distribution and
yield for maximum gradient
“as received” from Rl (red)
and EZ (green) (the darker
colour is the overlap of

both companies).

Figure 4

Comparison of perfor-
mance distribution and
yield for usable gradient
“as received” from RI
(red) and EZ (green) (the
darker colour is the over-

lap of both companies).

Figure 5

Comparison of usable
gradient performance

for cavities undergoing
retreatment at DESY

(82 retreatments)

Highlights - New technology - Developments | 51



Superconducting cavity material

for the European XFEL

Work on the superconducting cavity material for the European XFEL X-ray free-electron laser was finished in
2014. In a period of approximately three years, four companies produced about 25 000 semi-finished parts
(SFPs) of high-purity niobium and niobium-titanium alloy. DESY took care of the procurement of the material,
quality control (QC), documentation and shipment to the cavity producers. Working out precise specifications
for the material fabrication and keeping close contact with the manufacturers contributed to successful
production. This report presents statistics on eddy current scanning (ECS) of niobium sheets for the QC of cavity
half-cells. The main imperfections and defects in rejected sheets were analysed. Some samples containing
foreign material inclusions were extracted from the sheets and investigated more precisely. Some inclusions
persisted even after removal of a 140 pm surface layer by electrochemical polishing (EP).

Material (as SFPs) for the series cavities was ordered in 2011

from four companies qualified for the European XFEL, with

delivery completed in 2014. Material foreseen for the production

of the first 32 cavities (dummy, reference and pre-series

cavities) had been purchased previously. The main order for the

material was distributed between the companies as follows:

e 95% of SFPs for end groups from Heraeus

e 52% of sheets for half-cells from Tokyo Denkai

e 30% of sheets for half-cells, the rest of SFPs and 100% of
niobium-titanium from Ningxia OTIC

e 18% of sheets for half-cells from PLANSEE

Besides all the commercial activities, the material procurement
process also included an incoming QC, ECS inspection of the
sheets, material analysis to check the conformity with specifi-
cations (analysis of residual resistivity ratio (RRR), interstitial
and metallic impurities, metallography, tensile test, hardness
test, dimensional and surface roughness check), documentation
using an engineering data management system (EDMS) at
DESY, definition of numbering system and marking, and delivery
of the material to the companies producing the cavities.

A demanding QC infrastructure and appropriate logistics for

guiding-through of SFPs were created at DESY, and the details

of the workflow were organised. An example of the most critical

procedure, the workflow for the niobium sheets required for

half-cell fabrication, is shown in Fig. 1. Three workstations were

created:

e “Labelling” for incoming inspection, certificate examination
and sheet labelling

e “Scanning” for visual examination and ECS

e “Stamping” for marking of the sheets and preparation of
their delivery to the cavity producers

Finally, the RF surface on each sheet accepted for cavity fabri-

cation was determined and mechanically engraved.

A visual control of the delivered sheets allowed the selection
of sheets in need of reconditioning by the suppliers. Sheets
that passed the visual inspection were EC-scanned. Two new
EC devices were developed and built in conjunction with
industrial partners for scanning of the European XFEL niobium
sheets. All sheets, including those replaced and reprocessed
by the suppliers, were scanned.
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Material flow mapping
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The operators judged whether a sheet was qualified by

means of the following criteria:

* First side good: sheet is qualified

e First side bad, second side good: sheet is qualified

e First and second sides bad: sheet is not qualified and
belongs to non-usable sheets

Subsequent non-destructive investigation of non-usable

sheets included visual surface inspection, optical microscopy

and 3D profilometry, surface roughness measurement and

X-ray fluorescence element analysis. The aim of these
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Optical (left) and SEM (right) microscopy image of a tung-
sten inclusion, as identified by EDX (see part of the EDX
spectra in the inset), found in the area indicated by ECS.
Comparison of the inclusion before (top row) and after

(bottom row) 150 um EP. Note the different orientation of

the images.

additional analyses was to separate the sheets that had to be
rejected from the sheets suitable for reconditioning.

Non-qualified sheets were returned to the vendors. Detailed
analysis of these sheets allowed two main categories of
defects to be defined: foreign material inclusions and topo-
graphical defects (scratches, holes, pits, marks and delamina-
tion). All sheets with foreign material inclusions were replaced.
The sheets with topographical defects were mostly recondi-
tioned (re-grinded) by the vendors and accepted after repeated
QC. Delaminations were revealed on several sheets at the
beginning of the production. Their cause was understood by
the companies, and the number of sheets with delaminations
was radically reduced.

Approximately 26% of the sheets were scanned on both sides.
About 2% (310 out of 15 612) of all scanned sheets were
classified as non-usable.

In the sheets from all three suppliers, inclusions of iron, nickel,
chromium and titanium were detected. Inclusions of tantalum
were found in the sheets from companies A and B, zirconium
from company A, and tungsten, molybdenum and zinc from
company C. Topographical deviations were found on sheets
from all three companies.

The main treatment procedure of the inside surface of the
European XFEL cavities is electrochemical polishing (EP),
which removes a layer 110 to 140 pm thick. In connection with
this surface treatment, the question arose whether the foreign
material inclusion would disappear during EP or remain and
possibly cause a quench in the cavity. This was checked on
some rejected sheets. Samples of round shape with defects in
the middle area were extracted from the sheets and EP-treated
with EP parameters similar to those used for the European

XFEL cavities. The evolution of the surface and influence of
the EP process on the inclusions were analysed using optical
microscopy with a Keyence digital microscope, scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX).

One example illustrating the effect of EP on defects can be
seen in Fig. 2. The investigations showed that some foreign
material inclusions remained almost unaffected by EP,
whereas others disappeared completely. The effect clearly
depended on the inclusions’ size and location depth, as well
as on the material type and its concentration, since the EP
removal rate is different for different elements.

More than 70% of the superconducting cavities for the Euro-
pean XFEL were produced by the end of 2014. The relatively
low number of cavities (about 7%) with hard quenches below
20 MV/m allows us to conclude that a high quality of the
procured material has been achieved.

Material inspection based on ECS of 100% of the delivered
material and supplemented by a detailed non-destructive
investigation is a reasonable inspection method to avoid
diminished RF performance of cavities caused by the material.
First of all, it allows a better choice of the side of the sheet to
be exposed to the RF. Moreover, not utilising such material
inspection would mean that, in the worst case mentioned, the
2% of sheets that were rejected would affect the performance
of approximately every third cavity, supposing that the non-
usable sheets are homogeneously distributed throughout the
production lots.

Contact: Waldemar Singer, waldemar.singer@desy.de
Jens Iversen, jens.iversen@desy.de
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LINAG II.

Reliable beams for PETRA Ill and DESY I

In 2014, the shutdown of the PETRA Ill accelerator chain was used to install a second injector in
the LINAC Il pre-accelerator. In addition to increasing reliability thanks to redundancy, the
installation is expected to bring some qualitative improvements for the operation of the linear

accelerator.

As the first element in the PETRA Il accelerator chain, the
linear accelerator LINAC Il is designed to deliver electron and
positron beams for injection into the synchrotron DESY II.
Therefore, it actually consists of two accelerators: one primary
linac to produce high-power beams for the positron converter
and a secondary linac to re-accelerate the positrons. In posi-
tron mode, to produce sufficient power in the primary beam, a
peak beam current of 2 A is required at the converter. Due to
the low capture efficiency of the old injector, a gun current of

6 A is necessary to meet this requirement. The gun is a 120 kV
pulsed DC diode gun, which produces beam pulses of up to 6 A
and 4 ps duration. The cathode is made of a thoriated tungsten
plug, heated by a 3 kV, 1.2 kW bombarder. For best perfor-
mance, the cathode plug has to be carburised. An electro-
static chopper forms beam pulses of 2 ns to 30 ns duration,

depending on the operation conditions. In electron mode,
the primary beam is used directly, which reduces the required
average beam current. A 2.998 GHz pre-buncher cavity is fed
by a portion of the first structure’s forward RF power drawn
from a directional coupler. The beam then enters the first
accelerator section, which is not tapered.

One problem connected with the current gun is the ceramic
high-voltage isolator that is at the same time sealing the vacuum
against the oil of the modulator. If this ceramic should break,
the leak would cause irreparable damage to probably the
whole linac. Secondly, it is becoming increasingly hard to find
suppliers for the carburised cathode plugs. Thirdly, due to
the bunching scheme, a substantial portion of the primary beam
is lost at high energies along the linac.
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To remedy these problems, a new injector was designed that
avoids all the problems described above (Fig. 1). The cathode
is commercially available, and the isolator in air provides ample
reserve for the operation voltage of 100 kV. Like the old gun,
the new one does not produce electron bunches fitting into
the 3 GHz RF buckets of the linac from the beginning. The
bunches are rather formed by a combination of a pre-buncher
cavity and buncher structure.

The buncher structure is equipped with a capture cell adapted
for a particle velocity of approximately half the speed of light
(Fig. 2). To achieve this, the capture cell is coupled in standing-
wave mode to the input cell of the otherwise travelling-wave
structure. In this way, the phase difference between the first
and second cell is increased from 120° to 180° and, at the
same time, the RF properties of the other cells are disturbed
the least. The structure is therefore a hybrid between a standing-
wave cavity and a travelling-wave structure. The capture cell
should improve the capture efficiency by 50—-100%. This has
yet to be proved in the commissioning of the new injector.

The gun and buncher are shifted from the beam axis of the
main accelerator (Fig. 3). The beam is guided onto the axis by
a magnetic chicane. This configuration allows for fast switch-
ing between the old and new gun. At the same time, it
comprises an energy filter for the injected beam. This filter
ensures that electrons that were not captured correctly are
lost at low energy so that the damage resulting from such
electrons is minimised.

While it is foreseen to operate the linac with the new gun
exclusively, the old gun will be held in stand-by, sealed off
from the linac by a vacuum valve. In the long run, the old gun
may be replaced entirely. The gun that will be installed then
might be optimised for a different mode of operation, however.

Contact: Markus Hiinning, markus.huenning@desy.de
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Figure 2

RF field distribution in the hybrid buncher structure as simulated using CST Microwave
Studio. The leftmost cell is the capture cell. It has a reentrant shape with a beam pipe of

reduced diameter. In this way, it could be adjusted to approximately g = 0.5.

Figure 3

The new injector in the linac tunnel: The high-voltage isolator of the new gun can be
seen in the foreground. The buncher structure, which captures and accelerates the
beam, is located closely behind the gun. In the picture, it is hidden behind the solenoid
surrounding it. The chain of quadrupoles beneath the gun belong to the beam transport

from the old injector.
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