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A view into the first of the three experimental hutches of beamline P09 at PETRA Il that is dedicated to resonant scattering
and diffraction in the regime of hard X-rays. The second hutch is used for general diffraction experiments and hosts a 14 T
split-coil magnet with access to the temperature range from 320 mK to 300 K. The third hutch houses a hard X-ray photoelectron
spectroscopy setup. Measurements for the research highlights “Taming electrons at heterointerfaces” page 40 and “The true
bulk electronic structure of quasicrystals” page 44 were performed at this beamline and further information is available in the
lightsources section on page 94.
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User Contributions to
the Annual Report.

DESY Photon Science

A deeper insight into the photon science activities at DESY is provided by the several
hundreds of annual user experiment and development reports which are available
online: http://photon-science.desy.de/annual_report

These users’ reports feature all activities and experiments performed by scien-
tists at the DESY light sources PETRA Ill and FLASH as well as at on-site experi-
mental infrastructure. Contributions for the year 2013 will be published in late
spring 2014.

A list of publications based on work done at DESY Photon Science is accessible online:
hitp://photon-science.desy.de/research/publications/list_of_all_publications/index_eng.html

DESY tries to keep this list as complete and as updated as possible, and relies on the
support by all users, who are kindly requested to register their publications via DOOR.




The year 2013
at DESY

European XFEL underground construction completed in June. (From left to right: Stephan Hebgen (ARGE Tunnel XFEL), Helmut Dosch (DESY), Dorothee Stapelfeldt (Senator for
Science Hamburg), Christian Scherf (DESY), Beatrix Vierkorn-Rudolph (Head of the Directorate for Large Facilities and Basic Research BMBF), Claudia Burger (European XFEL),
Massimo Altarelli (European XFEL).

2013 has again been a very busy as well as successful
year for DESY.

There are many new projects on our agenda. The con-
struction of the European XFEL clearly has highest priority.
The successful implementation of industrial series
production of Niobium cavities within the international
XFEL project once again underlines the competence of
DESY in accelerator R & D. The superconducting
resonators built by DESY are the heart of the Free-

Electron Laser. Performance tests of these components Workers guide the injector
at DESY have proven that the technical specifications Klystron into place using
have been met or even exceeded. a crane in the injector

hall at European XFEL's
The realization of FLASH Il advances according to plan; Bahrenfeld site.
we are aiming to start commissioning in 2014. After the
long shutdown of FLASH, user operation should restart
February 2014.
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Johanna Wanka, German Federal Minister of Education and Research, speaking at the

CSSB groundbreaking ceremony.

Groundbreaking ceremony for the CSSB building on the DESY campus: DESY director
Helmut Dosch, Hamburg’s Science Senator Dorothee Stapelfeldt, the German Federal
Minister of Education and Research Johanna Wanka, Rudiger Eichel of Lower Saxony’s
Science Ministry and the head of the CSSB task force, Chris Meier from the University
of Hamburg (from left to right).

The reliability of the synchrotron radiation facility PETRA Il is
continuously improving. Many outstanding projects have been
carried out at the various PETRA Il experimental stations. | want
to congratulate all our users for this impressive success.

The shutdown of DORIS has caused a severe bottleneck for
German and European user communities which depend on
EXAFS and chemical crystallography. With the additional ex-
perimental possibilities in the new PETRA Il Extensions these
DORIS technologies which are missing at the moment should
then become available again providing a much better beam
and improved experimental conditions.

Parallel to the development of new user facilities new research
centres are established at DESY which exploit the unique proper-
ties of the DESY light sources.

Biologists, chemists, medical doctors and physicists in Northern
Germany will join forces at the DESY Campus to fight infection
on the molecular level. The new Centre for Structural Systems
Biology (CSSB) will be an interdisciplinary centre with partners
from several universities and research facilities from Hamburg
and Lower Saxony. Their common goal is to investigate with
atomic resolution how pathogens attack. The building construction
was officially launched this year with the traditional ground-
breaking ceremony attended by the German Federal Minister
of Education and Research, Johanna Wanka, and the Senator
for Science and Research of Hamburg, Dorothee Stapelfeldt.

Moreover, DESY currently plans to construct a new Photon
Science building that hosts the NanoLab as a facility for in-house
research and users providing access to advanced nano-charac-
terization, nano-structuring and nano-synthesis techniques.

The Center for Free-Electron Laser Science (CFEL), which hosts
top scientists from the University of Hamburg, the Max Planck
Society and DESY further expands its international leading
position in the field of free-electron laser science.

With a kickoff meeting at DESY in Hamburg the recently founded
German-Russian loffe Rontgen Institute (IRI) has commenced
operation. This new institution is supposed to establish coop-
eration between German and Russian scientists on a new
strategic basis and offer a common umbrella for future bilateral
German-Russian projects in X-ray and neutron science in order
to further strengthen and deepen cooperation in this strategically
important research area between both countries.

Along with other Helmholtz Centres within the research field
Matter DESY has been very busy during this year, particularly
during the last months, to formulate its research plans for the
upcoming funding period 2015-2019. | am confident that we
can convince the international reviewers of the outstanding
quality of our work.

Helmut Dosch
Chairman of the DESY Board of Directors
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Photon Science
at DESY

The year 2013 was one of many changes and challenges for
DESY Photon Science. It was the first year during which all 14
PETRA Ill beamlines were in operation for users. More than
2000 individual scientists carried out experiments at PETRA I
during this year in about 5200 h of user operation. Many high-
light results have been achieved during this year and some of
them are presented in this report. Examples among numerous
others are a 5 nm X-ray focus at about 8 keV photon energy
obtained at the Coherence Applications Beamline P10 and the
formation of Iridium-trihydride at high pressure at the Extreme
Conditions Beamline P02.

The preparation work for the PETRA Ill extension project has
significantly been pushed forward. One of the aims of PETRA Il
extension is to provide those experimental techniques to our
user community that are no longer available at DESY after the
shutdown of DORIS Ill in late 2012. Due to the stiff market situation
for civil construction in Germany, the extension’s civil construction
work could not be started as planned and DESY was forced
to postpone the shutdown of PETRA Il for six months. For this
reason a call for proposals was issued on short notice for the
second half of 2013 and we would like to thank all our users and
members of the review panels for their help and understanding
in such a difficult situation. Meanwhile all civil engineering
contracts have been signed and the shutdown of PETRA Il will
start at the beginning of February 2014. According to the present
plan commissioning of the rebuilt storage ring will start at the
beginning of 2015. After the completion of the extension project
in total 27 independent experimental stations will be available
at PETRAIL.

In May 2013 DESY memorized the scientific achievements at
DORIS during 38 years of operation in all fields of science.
Experiments with synchrotron radiation alone resulted in about
12000 publications so far and there is certainly still a number
to come as more recent examples in this report demonstrates.
Also almost 1100 PhD and about 900 Diploma theses are
based on experimental work at DORIS. In order to access the
impact DORIS had on science and in the socio economic field
an impact study has been initiated with first results to be ex-
pected in 2014.

FLASH has been shut down most of the year 2013 due to the
construction work for the FLASH Il project. Nevertheless a
number of very exciting publications based on experiments at
FLASH have been published during this year like stimulated
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soft X-ray emission in Silicium or the ultrafast breakdown of the
X-ray magnetic cross section upon optical excitation. Further
examples are featured in this report. With some delays the
FLASH I civil construction will be completed in January 2014.
The new FEL tunnel has been finished in Summer 2013 and
since then the installation of the components for the new FEL
— FLASH2 - is advancing. Since October the commissioning of
FLASH1 is ongoing. Unfortunately, this procedure took much
longer than anticipated mainly due to the necessity of a total
realignment of the entire facility due to the large ground motions
caused by the weight of new FLASH2 buildings. User opera-
tion at FLASH is expected to restart at the beginning of 2014.
At July 1st the new BMBF Verbundforschung period started.
As in previous periods user groups of our facilities were very
successful in acquiring significant funds for further improve-
ments of beamline instrumentation and to carry out exciting
science. We are looking forward to many successful collaborations
and experiments.

Pulsed high repetition rate and high power optical laser became
of increasing importance for the operation and the experiments
at FELs. This starts with the photo cathode gun laser for the
linear accelerator that is important for generating a low emittance
electron bunch. It continues with the very powerful laser system
needed for external seeding of a FEL in the VUV and soft X-ray
regime. And ends with the pump-probe lasers at the experiments.
None of these laser systems is commercially available at present.
Therefore, DESY has decided to set up its own laser development
and operations group, which will closely collaborate with the
Helmholtz Institute Jena and the laser group of the Center for
Free-Electron Laser Science (CFEL).

Even if slightly delayed the installation work for the supercon-
ducting linear accelerator of the European XFEL is ongoing
and the industrial production of the accelerator modules is
ramping up. Quality control of the first produced modules
shows an average gradient well above the design value of
23.6 MV/m. According to the present schedule commissioning
with beam is expected for the year 2016.

Scientists from CFEL - a collaboration of scientists from Max-
Planck Society, University of Hamburg and DESY - continue
to be very successful to carry out experiments at ultra short
time scales using FELs around the world and other short pulse
photon sources. Prominent examples are to be found in the
field of serial femto-second nano crystallography, laser physics



Edgar Weckert

Director Photon Science

and in the theory of radiation-matter interaction at extremely
short time scales. CFEL has obtained an additional boost by
the foundation of a new Max-Planck Institute for Structure
and Dynamics under the roof of CFEL at the beginning of the
year 2013. About three years ago European XFEL issued a call
for proposals for user consortia to establish new experimental
possibilities at European XFEL not covered by the base budget.
CFEL scientists and their collaborators were very successful
in this process and have already acquired substantial additional
funding for these efforts.

The planning for a new Photon Science laboratory and office
building housing also a laboratory (NanoLab) for the preparation,
characterization and handling of samples at the nano scale in
preparation for experiments at PETRA Il and FLASH has sig-
nificantly advanced. Due to budget and capacity boundary
conditions the start of this project has been postponed to
2015/2016. Meanwhile, DESY is investigating other locations
for suitable laboratory space close to the experimental stations
at PETRA lll for the realization of a part of the corresponding
laboratory infrastructure.

The Centre for Structural Systems Biology (CSSB) — a collab-
oration of nine institutions in the field of structural biology and
infection research — has made a major step forward in 2013.
The groundbreaking ceremony took place in September. The
planning for the civil engineering of the new building is completed
and the call for tender for the bare concrete work has been
published in autumn 2013. Hiring of the group leaders for the
research teams of the individual institutions has been success-
fully continued. Meanwhile, two W3 professors have been
appointed, another two are in negotiation and a further position
is open for applications. In addition five further group heads
for W2, W1, young investigators and other teams have been

appointed. The newly established CSSB groups are currently
located at their home institutions or temporarily in DESY offices
and laboratories until the new CSSB building is finished.

Many remarkable results have been achieved by DESY Photon
Science in-house research scientists. A selection of them can
be found in this report. In order to further strengthen in-house
research DESY plans to establish three further research groups.
One in the field of ‘Structural Biology’ within the frame of CSSB
and two further groups in ‘Science at Ultra Short Time Scales’
and in ‘X-ray Optics and Nano Science'. If all these negotiations
are successful the new group leaders will join DESY during
next year.

2014 will be a very special year for DESY. It is the 50th anniver-
sary of the first synchrotron radiation experiments carried out
at the DESY synchrotron in 1964. This pioneering achievement
was one of the nuclei for the worldwide success story of research
with synchrotron radiation. Since then the brilliance of DESY’s
light sources has increased by more than 10 orders of magnitude
and the experimental techniques have reached an unprecedented
level of sophistication. DESY will celebrate this jubilee, the
'International Year of Crystallography' and the subsequent
‘International Year of Light’ in 2015 by several events.

Finally, let me wish all of you a personally and scientifically most
successful year 2014.

Edgar Weckert
Director Photon Science
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News and
Events

January

23-25 January:
Joint European XFEL and DESY Photon Science Users’ Meeting

This year’s Users’ Meeting of DESY Photon Science and of the
European X-ray free-electron laser XFEL set up a new participation
record. About 800 users, students and scientists came together
to get informed about the latest developments at DESY’s light
sources FLASH and PETRA Il and the advances in the con-
struction of the European XFEL. The 3 day event started on
January 23 with the European XFEL Users’ Meeting. The second
day was devoted to the status of and experiments at the soft
X-ray free-electron laser FLASH, a meeting which was jointly
organized by DESY and the European XFEL. In the afternoon
of the second day 11 satellite meetings were organized which
addressed specific topics related to the status of various in-
struments, experimental techniques, and new projects. On the
third day the DESY Photon Science Users’ Meeting took place
with a general report on the status of Photon Science at DESY,
a couple of talks on scientific highlights presented by users.
In the afternoon the joint DESY — European XFEL poster session
with more than 300 contributions gave a comprehensive overview
of the recent activities in the fields of material science, life
science, methods and instrumentation and at the free-electron
lasers representing an excellent forum for lively discussions
among the participants.

The DESY main auditorium during the Photon Science Users’ Meeting.
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March

18-19 March:

Third German-Swedish Workshop within the Rontgen-Angstrom-
Cluster on Materials Science

The Rdntgen—Angstrbm—Cluster was launched in summer 2009
by the governments of Sweden and Germany. Its aim is to
strengthen research using neutrons and photons in materials
and structural biology research and to promote the efficient use of
corresponding large facilities available in Sweden and Northern
Germany. In the meantime numerous workshops were organized
with two of them focusing explicitly on materials science. The third
one in this series now was dedicated to in situ method devel-
opment for materials science with neutron and synchrotron
radiation. Almost 50 participants attended the meeting.

Participants of the third German-Swedish Workshop of the Réntgen—Angstrém—Cluster

on Materials Science.

20-22 March:
XIl. Research Course on X-Ray Science

The annual DESY Research Course on X-ray science provides
basic knowledge about new directions of X-ray research. It ad-
dresses Diploma, Master, and PhD students and young research
fellows. The 12th course was entitled “Theoretical Foundations
of Research with X-ray Free-Electron Lasers and Synchrotron
Radiation Sources” and had a focus on the investigation of
dynamic processes.



May

14-15 May:
DORIS Days - A particle accelerator makes scientific history

With the end of 2012 the particle accelerator DORIS was finally
shut down after more than 40 years of operation for particle
physics and synchrotron radiation research. The DORIS Days
were intended to look back over the history of this exceptionally
successful machine and to review its technological, scientific,
economic, and social impact. The first day was organized as a
ceremony with welcome addresses by Olaf Scholz, First Mayor
of the Free and Hanseatic City of Hamburg, and Beatrix Vier-
korn-Rudolph from the German Federal Ministry for Education
and Research.

Christian Scherf, DESY Director for Administration, thanks Beatrix Vierkorn-Rudolph
(middle), German Federal Ministry for Education and Research BMBF, and Olaf Scholz
(right), First Mayor of the Free and Hanseatic City of Hamburg after their welcome ad-

dresses at the DORIS Days.

Talks given in a first session then highlighted the pioneering
role of DORIS in the historical context and a following session
savoured the societal and international relevance of DORIS.
The sessions which were attended by 450 participants closed
with an award ceremony during which the DESY Goldene Ehren-
nadel was presented to Herwig Schopper, Director General at
DESY from 1973 to 1980.

The following day was organized as a symposium on DORIS
photon science. Seven talks highlighted ground-breaking appli-
cations of DORIS in the fields of spectroscopy and diffraction.
Three more talks at the end addressed research topics with
obvious impact on economy and society: Industrial catalysis
research, tomography, and X-ray imaging on cultural heritage.

Former DESY Director Herwig Schopper at the DORIS Days.

Talks on the DORIS Days symposium.

DESY Directors awarding the DESY Goldene Ehrennadel to Herwig Schopper, DESY
Director General from 1973-1980.
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June

2-5 June:

Kickoff Meeting for the Helmholtz International Beamline for Extreme
Fields at the European XFEL

This workshop served as a founding meeting for the User Con-
sortium of the “Helmholtz International Beamline for Extreme
Fields (HIBEF)” to be located at the High Energy Density (HED)
instrument of the European XFEL. The initial proposal of the
HIBEF User Consortium, coordinated by the Helmholtz-Zentrum
Dresden-Rossendorf (HZDR) and DESY, was endorsed by the
Scientific Advisory Committee (SAC) and the council of the Euro-
pean XFEL in summer of 2012. The goal of the User Consortium
is to bring together the community to establish instrumentation
creating “Extreme Fields” including high powered optical lasers
and pulsed high-field magnets that would benefit significantly
from the probing capabilities of the highly brilliant beam of the
European XFEL at the HED instrument. The consortium consists
of more than 80 groups from more than 60 institutes in 16 nations.
It comprises about 350 scientists and about 300 PhD students.
145 participants registered for the meeting. Pursued research
areas are high energy density states of matter, ultra-high-field
electrodynamics, structural evolution of processes on atomic
timescales, X-ray magnetic absorption and scattering in pulsed
high fields, and physics of relativistic interaction between lasers
and solid matter. The aims of the workshop were to establish
the organization of the User Consortium, to discuss in-kind
contributions of the different consortium members, and to
finalize the proposal to be submitted for funding major parts
of the project.

The participants of the HIBEF kickoff meeting.
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6 June:
European XFEL underground construction completed

An important milestone was reached on one of Germany’s largest
science construction sites: the underground civil engineering
work for the X-ray laser European XFEL has been completed.
About 300 guests from politics, academia, administration, and
business gathered to celebrate and visit the underground
facilities in Schenefeld. The tunnel buildings with a total length
of 5.7 km and underground halls will accommodate the more
than 2 km long linear accelerator, the XFEL undulator structures,
supporting infrastructure, and experimental stations for the new
X-ray free-electron laser.

Visiting the main tunnel of the European XFEL (from left to right): Helmut Dosch (Chair-
man of the DESY Board of Directors), Stephan Helbogen (XFEL tunnel Consortium), Dorothee
Stapelfeldt (Hamburg Senator for Science and Research), Christian Scherf (DESY Director
for Administration), Beatrix Vierkorn-Rudolph (German Federal Ministry for Education and

Research BMBF), Claudia Burger (European XFEL), Massimo Altarelli (European XFEL).

Helmut Dosch (Chairman of the DESY Board of Directors) welcomes guests to the tunnel

celebration.



11-14 June:
Summer School on Ultrafast X-ray Science

The Center for Free-Electron Laser Science (CFEL) at DESY
hosted the Ultrafast X-ray Summer School 2013 (UXSS 2013).
It was jointly organized by CFEL and the PULSE institute at
SLAC National Accelerator Laboratory, Stanford, US. The highly
interdisciplinary summer school program covered topics ranging
from accelerator physics to molecular biology, and was intended
to give doctoral students and postdoctoral researchers the
opportunity to get familiar with the latest developments and
opportunities in ultrafast X-ray science. About 90 participants
from Germany and 15 other countries attended eight lectures
given by invited international experts. In smaller groups they
worked on mock proposals for the various planned experimental
stations at European XFEL.

Teams of students presenting their mock beamtime proposals for experiments at the

European XFEL on the last day of the Summer School on Ultrafast X-ray Science.

July

16 July:
Start of DESY Summer Student Program 2013

In total, more than 500 undergraduate students from various
fields of natural sciences applied for the DESY Summer Student
Program 2013 of which 160 indicated Photon Science as their
first preference. 16 female and 17 male students from China,
Colombia, Germany, Denmark, Estonia, Great Britain, India,
Italy, Poland, Russia, Slovakia, Thailand, and Ukraine were
finally accepted for the photon science part of the program.
They stayed at DESY from July 16 until September 5.

The DESY summer students 2013.

The students joined the daily work of photon science related
research groups at DESY, CFEL, or European XFEL where
they carried out own small projects. In addition, they attended
a couple of lectures about DESY science in general and a special
series of 13 lectures on research with synchrotron radiation.

The DESY summer students 2013 in the field of Photon Science.
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August

23 August:
PETRA lll sets a new emittance world record

PETRA Il machine physicists set a new world record. At 3 Giga
electron volts beam energy they achieved a horizontal beam
emittance of 160 picometer radian, the smallest value ever
reached by a storage ring. The emittance is the product of
cross-section and divergence of a particle beam in an accelerator,
a quantity which dominantly determines the brilliance of the
emitted synchrotron radiation.

A screenshot for experts: An interferogram generated with sychrotron radiation from a
bending magnet can be used to determine size and emittance of the particle beam in
PETRAIII.

26 August:
Helmholtz PhD Thesis Prize for CFEL Scientist

Stefan Pabst, who recently completed his PhD thesis at CFEL,
was among the first five young researchers to be awarded with
the new Helmholtz PhD Thesis Prize. The award comes with

5000 Euros prize money and appreciates his work on ,,New Theo-
retical Approaches to Atomic and Molecular Dynamics Triggered
by Ultrashort Light Pulses on the Atto- to Picosecond Time Scale®.

Stefan Pabst, awardee of the Helmholtz
PhD Thesis Prize 2013.
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September

2-6 September:
22nd International Congress on X-Ray Optics and Microanalysis

The International Congress on X-Ray Optics and Microanalysis
(ICXOM) is a series of conferences dedicated to the fields of
micro- and nano-analysis by means of X-ray beams. ICXOM22
was organized by DESY with special emphasis on synchrotron
radiation sources. It addressed the various probing techniques
and its application to the fields of chemistry, life, materials,
energy, earth and environmental sciences, as well as of archae-
ometry and cultural heritage. The program was completed by
related topics on X-ray optics, detectors, and other instrumen-
tation. Each day keynote and plenary talks in the morning were
followed by parallel sessions after the lunch break and a poster
session in the afternoon. Most part of the five days event took
place at the Hamburg University Campus, except the third
day, when the participants, after two keynote talks on photon
science at DESY in the morning, moved to the DESY site for
a guided tour visiting PETRA Il and the European XFEL and
for a couple of keynote talks on micro- and nano-analysis at
SPring-8, APS, and ESRF. In total the congress featured nine
keynote and ten plenary talks, 56 talks in parallel sessions
and about 120 posters. It was attended by 230 participants.

Participants of ICXOM22 gathering in front of Hamburg University main lecture building.



4 September:
Groundbreaking ceremony for the CSSB Building

The new Centre for Structural Systems Biology (CSSB) - to be
established on the DESY campus - is dedicated to research
in Structural Biology and Systems Biology with a special focus
on infectious diseases. Bringing together the expertise of various
scientific disciplines, special emphasis will be on imaging and
fundamental processes in cell biology to study molecular inter-
actions which are crucial in determining the course of infections.
Up to ten highly interconnected new research groups are going
to meet this challenge. DESY offers unique facilities that provide
optimal conditions for Structural Biology. Using some of the
most advanced light sources such as PETRA Il and FLASH or
the European XFEL, CSSB scientists will be able to study bio-
logical samples in different ways — ranging from the structural
analysis of single molecules to the understanding of molecu-
lar and dynamic processes.

The CSSB research building will be constructed on the DESY
Campus, south of the PETRA Ill experimental hall and will
provide space for 180 scientists, engineers, and technicians.
Construction of the building is expected to be finished in 2016.

Johanna Wanka, German Federal Minister of Education and Research speaking at the

CSSB groundbreaking ceremony.

Topping-out for the new
FLASH Il building. A group
photo with members of DESY
and of the construction

company Zublin.

8-11 September:
IUCr workshop on High Pressure Research

This meeting, attended by 95 participants, was a continuation
of a series of workshops supported by the International Union
of Crystallography (IUCr) Commission on High Pressure. The
primary focus of the meeting was on recent scientific advances
in powder and single crystal diffraction at static and dynamic
high pressure. Nine sessions covered investigations related to
crystal structure, phase transitions and their kinetics, synthesis
of new materials, earth and planetary science, soft and bio-
logical matter, physical and chemical properties, theory and
computation, and new technical developments for high pres-
sure studies.

The attendants of the IUCr Workshop on High Pressure Research.

25 September:
Topping-out for FLASH experimental hall

The building shell of the FLASH Il experimental hall is finished.
On 25 September, DESY, building firms and architects celebrated
the completion of the roof of the experimental hall with a
traditional topping-out ceremony. The hall construction started
in January this year. It is part of the FLASH Il project, in which
the accelerator of the free-electron laser FLASH is extended by
a second lasing beamline which branches off from the existing
FLASH tunnel behind the FLASH accelerator and is intended
to serve more users with the highly demanded soft X-ray light.
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October

7-9 October:

International workshop on Grazing Incidence X-Ray Scattering
(GISAXS2013)

GISAXS2013 was the continuation of a very successful series
of three international GISAXS workshops held at DESY in 2005,
2007 and 2009.

The workshop, attended by more than 100 participants, brought
together scientists from different communities working in the
field of thin films, nanostructures, surfaces and interfaces, to
gain insights into the powerful method of grazing incidence
small angle X-ray scattering. The program was divided in two
parts. Basic introductory lectures were combined with talks on
specific scientific topics given by international experts in the
field of grazing incidence methods and applications. Thereby,
the workshop addressed students as well as experienced re-
searchers working in the field of and exploiting the potentials
of GISAXS.

The second part of the workshop offered practical exercises.
In small groups the participants could practice on-line treatment
and simulation of GISAXS data. The workshop was completed
by a poster session and a visit to the micro SAXS instrument
at PETRA lll beamline P03.

The participants of the GISAXS2013 workshop.
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9 October:
loffe Rontgen Institute launched

With a kickoff meeting at DESY the newly founded Russian-
German loffe Rontgen Institute (IRI) has taken up work. The
new institution will serve as an umbrella for cooperation in the
development and application of large-scale research infra-
structures in the partner countries. For the first IRl meeting
around 30 participants from Germany and Russia came to DESY,
including the Director of the Kurchatov Institute in Moscow,
Mikhail Kovalchuk. The National Research Center Kurchatov
Institute is the Russian IRI partner. On the German side Beatrix
Vierkorn-Rudolph, Head of the Directorate for Large Facilities
and Basic Research of the Federal Ministry of Research (BMBF)
and chair of DESY's Administrative Council, and the Chairman
of the DESY Board of Directors, Helmut Dosch, welcomed the
guests. At the constituent meeting a decision was made upon
a first funding round that will be announced in mid 2014. Sup-
ported projects should be focused on research with synchrotron
radiation and neutrons.

Representatives at the constituent meeting of the Russian-German loffe Rontgen Institute.



30 October:
PhD thesis prize for Andrej Singer and Johannes Hauk

This year’s PhD thesis prize of the Association of the Friends and
Sponsors of DESY is shared by Andrej Singer and Johannes
Hauk. Andrej Singer graduated with his PhD work entitled
“Coherence Properties of Third and Fourth Generation X-ray
Sources - Theory and Experiment”. He performed detailed
theoretical studies to derive transversal coherence properties
from source operating parameters and analysed experimental
data from FLASH at DESY and LCLS in Stanford (US) to compare
theory and experiment. He could also determine the coherence
properties of FLASH by an intensity correlation method that had
been proposed for visible light earlier.

Johannes Hauk worked in the DESY CMS group which is part of
the international collaboration at the CMS particle detector at
CERN. His PhD thesis provides important insights into interacting
electroweak processes and processes involving heavy quarks
and how this can be used to analyse Higgs-pair production.

Johannes Hauk (left) and Andrej Singer (right) are the awardees of the 2013 PhD thesis

prize of the Association of the Friends and Sponsors of DESY.

November

2 November:
Open Day at DESY and Night of Knowledge in Hamburg

This was the fifth Night of Knowledge in Hamburg and DESY
and its partner institutes again took this opportunity to present
their facilities and activities to the public. The event was breaking
numerous records. DESY opened its doors already at noon and
at 5 pm, when the Science Night was officially started, already
11000 visitors were counted on the DESY premises. At midnight
finally about 18600 curious people had visited DESY, 4600 more
than during the previous Open Day two years ago. 1000 col-
leagues volunteered to help making the more than 100 attractions,
lectures, and hands-on experiments a big success and showed
that research at DESY is not only about fascinating high-tech
equipment but also about engaged and enthusiastic people.
All facets of DESY work were presented, from photon science
and particle physics to the library and fire fighting services in
the DESY safety group. Many visitors came with their families
and especially the many hands-on activities where attractive for
all ages, even for the youngest guests. This not only included
the famous chocolate marshmallow under vacuum but also for
instance building a functioning monochromator from a card-
board tube, a cotton bud, and a piece of compact disc.

Inside the colourfully illuminated FLASH experimental hall at the Hamburg Science Night.

A young visitor at the DESY Open Day joins in one of the numerous hands-on experiments.
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Amplifying X-rays
in a solid.

Non-linear stimulated X-ray emission from silicon

X-ray emission spectroscopy (XES) and resonant inelastic X-ray scattering (RIXS) as highly sensitive probes have
contributed considerably to the understanding of material’s properties and functionality. Unfortunately, low signal
levels limit the resolution and make experiments sometimes tedious. For experiments with optical lasers, non-
linear techniques have been developed to amplify weak signals and to enhance the information. With X-ray
free-electron lasers, it becomes possible now to merge the high sensitivity of X-ray spectroscopy with non-linear
laser methods. We studied the X-ray emission signal of silicon after intense excitation from FLASH and observed
a non-linear amplification in the signal with a characteristic angular dependence. We explain the observed
effects with stimulated emission in the medium with a high density of holes in core electronic states.

RIXS is an X-ray spectroscopy that gains increasing attention
because of its ability to study the dispersion of fundamental

excitations (phonons, magnons, spinons, orbitons and so on)
as well as details of the electronic structure. Combined with the
element specificity of soft X-rays this allows for a fundamental
understanding of the driving forces behind materials’ functions [1].

This enhanced information comes at the cost of a limited signal
level. First, only 0.1-1% of the incoming soft X-ray photons get
re-emitted as fluorescence photons that are detected in a RIXS
experiment. The major part is converted into energetic electrons,
which via electron-electron scattering processes ultimately
destroy the sample in case of strong X-ray irradiation. Secondly,
the fluorescence is nearly isotropically emitted while RIXS
spectrometers necessarily have a limited acceptance angle.
Thus, they detect often only one out of 10,000 to 1,000,000
fluorescence photons.

We present here a method to overcome these limitations. We
use non-linear processes after intense X-ray irradiation [2] to
enhance the conversion efficiency from incoming to emitted
photons and to form a directed beam that enables higher de-
tection probabilities [3]. The spectroscopic information of RIXS
is preserved [4].

The basic mechanism is amplified spontaneous emission (ASE):
After the creation of a high density of excited atoms, spontane-
ously emitted fluorescence photons travel through the excited
volume. Either these photons are re-absorbed or they stimulate
the fluorescent decay of other excited atoms. If the probability

for stimulation is higher than for absorption, there will be gain

in the fluorescence signal. And, the stimulated atom will not decay
via electron emission thereby reducing the sample damage.

Furthermore, the emitted radiation gets more directed: stimulation

Detected Signal (arb.u.)

Figure 1

The angular dependence of the emission signal from silicon after intense X-ray irradiation
as measured with an avalanche photodiode (APD) at FLASH. Besides a small enhance-
ment close to the reflected beam at 45°, a strong increase of about a factor of five is
observed at 9° to the surface. This is characteristic for the described amplification by

stimulated emission and is a result of the disk-shaped excited volume.

of fluorescence only occurs when the photons travel a long
path through an excited part of the sample. The shape of the
excited volume for soft X-rays on solids looks typically like a
thin disk (typical focal sizes of tens of micrometers determine
the diameter of the disk while its thickness is determined by
the penetration depth which is tens of nanometers). The long-
est paths inside this volume are found along the diameter of
the disk parallel to the surface. Since with longer path length
the probability for absorption increases, too, it turns out that
there is an optimal angle of around 9° to the sample surface
where the emission is maximal.

The emitted photons can stimulate emission from other sites
and thus an exponential amplification is expected along the
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Evolution of the emission signal as a function of the
number of incoming photons. The lower limit of the
displayed evolution is given by purely spontaneous
emission. Through stimulated processes, the emission
gets amplified until it reaches saturation, where the
signal becomes linear with the incident number of

photons again. At this level, stimulated processes in

Detector counts per shot

every direction compete for the available excited
atoms and only a fraction of the excitations enhances
the observed signal. Due to experimental constraints,

the detector was placed at 15° to the surface, away

from the optimal amplification angle. In this direction,
the gain in signal over the spontaneous emission is

about a factor of two.

2 4 6 8 10

Incoming photons per shot (10'")

path that the original spontaneous fluorescence photon was
travelling. This process starts in parallel from very many fluo-
rescence photons such that all emission directions compete
for the available excited atoms. This competition makes the
process hard to predict and effectively limits the achievable gain.
But the amplification can be optimized through special geometric
arrangements. In order to make the amplification most efficient
for the one selected direction where the spectrometer will be
placed, one can shape the X-ray footprint on the sample and
use a grazing incidence geometry.

In our experiment at FLASH we saw a doubling of the emission
signal as compared to spontaneous emission since the
spectrometer could not be placed in the optimal geometry. By
changing the detection angle we observed another five-fold
increase such that an increase by one order of magnitude can
be achieved at present conditions. We expect even further
amplifications by orders of magnitude through optimized beam
and experimental conditions.
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The described fundamental insights can guide the design of
future experiments on more complex sample systems, for
example in the international user consortium “Heisenberg RIXS”
at the European XFEL. Attention should be paid to have an
X-ray pulse that is not substantially longer than the core hole
lifetime. When excited atoms decay during the X-ray pulse the
effective excitation density and thus the amplification effect is
reduced. Most core holes actually decay faster than the silicon
2p-hole that we studied such that this requirement poses a
challenge for pulsed X-ray sources.

With the described guiding principles one can fruitfully adopt
other non-linear techniques to the X-ray world. The main differ-
ences to visible light are the larger linear cross-sections, much
shorter excited state lifetimes and the strongly competing
electronic decay channels.
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Quantum states out
of nothing.

Vacuum generates quantum mechanical superposition states

Quantum mechanical objects can exist in multiple states simultaneously, in contrast to everyday experience
with classical objects. Such superposition states are important resources for future quantum technologies, but
extremely fragile: already the interaction with the vacuum alone can destroy them. We have manipulated the
interaction of a large ensemble of nuclei with the vacuum such that this interaction instead produces and even
stabilizes superpositions of nuclear quantum states. Probing the system using nuclear resonance scattering,
we observed clear signatures of the formed coherences, controlled by a weak external magnetic field. This
opens up a variety of future perspectives for quantum optics with novel X-ray light sources.

The success story of optical lasers is founded on coherence,
non-linearities and quantum effects. However, it remains a
challenge to exploit similar phenomena in the X-ray domain. An
important step towards this goal is the generation of coherent
superpositions of quantum states. These were crucial in the
development of quantum mechanics, as exemplified by the
famous thought experiment about the fate of Schrédinger’s cat.
Nowadays, such coherent superpositions are key resources for
quantum technologies. But in experiments, usually inevitable
decoherence destroys the superposition states, restricting
many applications. An important source of decoherence is
spontaneous emission, induced by the interaction with the
surrounding vacuum field.

A promising solution in theory is already known for more than
40 years [1]. At that time it was predicted that the interaction
with the vacuum may be manipulated in such a way that it
produces the desired superpositions instead of destroying them.
Unfortunately, this is linked to rigorous conditions which so far
hindered the experimental realization. We have circumvented
these constraints, and demonstrated the spontaneous generation
of coherences between the quantum states of a large ensemble
of nuclei, using resonant scattering of X-rays on 5’Fe nuclei
embedded in a nanoscale planar cavity, which feature a Moss-
bauer transition at 14.4 keV.

The X-ray cavity was formed by a Pd (5 nm)/ C (40 nm)/ Pd
(20 nm) layer system with the Pd layers acting as the mirrors
and the C as guiding layer. The probed 57Fe nuclei were placed
as a 2.5 nm thick layer in the centre of the carbon layer. The Fe
layer orders ferromagnetically and the magnetization can be
aligned and controlled via a weak external field. The internal
magnetic hyperfine field at the 57Fe nuclei results in a Zeeman
splitting of the ground and excited state, resolving their magnetic
sublevels. Already in previous experiments similar cavities had
facilitated extending quantum optical concepts into the regime
of hard X-rays [2, 3]. In the experiment at the PETRA Il Dynamics
Beamline PO1 we employed nuclear resonant scattering, in which
scattered photons are detected in a time- and energy-resolved

way after an initial pulsed broadband excitation. A special feature
of our experiment is an X-ray polarimetry setup [4], which consists
of two Si (840) polarizer crystals in crossed setting with the sample
in between. This allowed us to select transitions between specific
magnetic sublevels, and to suppress nonresonant background
photons by almost 10 orders of magnitude.

The archetype setup for spontaneously generated coherences
(SGC) consists of an atom with a ground and two excited states
[1, 6]. If, initially, the atom is in one of the excited states, a photon
is emitted upon a transition of the atom from the excited to the
ground state. Subsequently, the photon can be reabsorbed

Figure 1

(a) Experimental setup with the sample located between polarizer and analyzer of a high-
purity X-ray polarimeter. The inset shows the layer structure of the thin-film nanoscale
cavity used in the experiment. The interaction of the resonant X-rays with the Mdssbauer
nuclei in the cavity can be controlled via the magnetization of the iron layer and the
photon polarization.

(b) llustration of two mechanisms leading to the formation of SGC. In both pictures the
outer parentheses symbolize the mirrors of the cavity, the oval shapes stand for the nuclei
with their ground and excited levels. In the left panel, the nuclei couple only to one
polarization state, on the right panel the X-rays ‘see’ one effective quantum system
formed by different nuclei. As described in the text, both mechanisms lead to SGC

mediated by the cavity (curly red lines).
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Cavity reflectivity as function of the detuning of the incident X-ray
energy from the nuclear resonance energy. The two rows show theo-
retical predictions (left) and experimental data (right) for two different
alignments of incident polarization and magnetization. The theoretical
curves compare results with SGC (red) and without SGC (blue). Solid
red curves in the right column are theoretical predictions taking into
account the precise detection scheme. Deep minima at certain
frequencies indicative of SGC are clearly resolved in the experimental
data, in good agreement with the theory. Since the minima arise
from destructive interference and drop down to the background
baseline, we conclude that the system essentially operates

decoherence-free.

with a transition of the atom back to the initial state. This leads
to a complex energy shift, with real and imaginary parts contribut-
ing to the Lamb shift and the spontaneous decay rate. If, however,
the reabsorption of the virtual photon can evolve the atom to the
other excited state, then the desired SGC are created between
the two excited states. For atoms in free space, this process
does not occur, since the virtual photon can only be reabsorbed
on the emitting transition due to its energy and polarization.

We have circumvented this limitation using two tricks. First, the
cavity environment can be engineered in such a way that the
virtual photon dominantly couples to one polarization mode only,
instead of two in free space. If the transition dipoles of the system
are aligned properly using a suitably chosen external magnetic
field, then this single polarization mode can couple to both
transitions from the ground to the two excited states, such that
SGC are created. Second, the different nuclei can also exchange
energy via the vacuum. The probing X-ray field, however, cannot
distinguish between individual nuclei. Instead, the ensemble of
nuclei in the cavity appears as a single quantum system in which
the SGC appear due to the coupling between the different nuclei,
thus effectively realizing a quantum simulator for a giant atom.

The experimental results are in good agreement with a recently
established quantum optical theory [5]. The spectra show the
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resonances of up to six transitions between the ground and the
excited magnetic sublevels. Without SGC, they would incoherently
add up. But due to SGC, interference can occur, which leads
to deep interference minima as shown in Fig. 2. The reduction
of the reflected intensity at certain detunings can directly be
traced back to the presence of non-decaying metastable excited
states, formed due to SGC. As the interference minima are nearly
perfect, we conclude that our setup operates essentially decoher-
ence-free. All results were obtained with the same cavity, but with
different directions of the applied external field. This demonstrates
the possibility to externally control the appearance of SGC and
thus the X-ray optical properties of the system.

Our method opens up a variety of possibilities for future studies
because it enables the realization of undisturbed and highly
configurable quantum optical model systems for applications
with hard X-rays from synchrotron radiation and X-ray laser
sources. Moreover, our approach is not restricted to the X-ray
range but also works with visible light. This offers the chance
to realize the theoretically proposed applications based on SGC
[6] reaching from novel laser mechanisms [7] to the efficiency
increase of solar cells [8].
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Hanbury Brown - Twiss interferometry
at FLASH.

Photon correlations measured at a free-electron laser

X-ray free-electron lasers (FELs) with their unprecedented peak brilliance and ultrashort pulse duration have a
revolutionary impact on X-ray science and open the route to a number of ground breaking experiments including
femtosecond nano-crystallography and single particle coherent imaging. Many of these experiments exploit
the high degree of coherence of FELs. However, the coherence properties of FEL radiation are not yet fully
characterized, in particular, the statistical properties of self-amplified spontaneous emission (SASE) FELs. To
explore this question Hanbury Brown — Twiss interferometry was performed at FLASH.

In their pioneering experiments, Hanbury Brown and Twiss dem-
onstrated [1, 2] that fundamental information on the statistics
of light sources can be acquired by coincidence detection of
photons. This intensity interferometry was originally designed
to determine the size of stars, but subsequently raised funda-
mental questions in the field of optical coherence and quantum
optics [3].

A defining feature of any laser source is its high degree of
coherence. In recent experiments [4, 5], it was demonstrated
that FELs based on the SASE generation process have a high
degree of transverse coherence, but low temporal coherence.
To get a more detailed picture of the statistical properties of
these sources, higher-order correlations of the FEL wave fields
must be studied. In this work, measurements of second- and
higher-order intensity correlation functions were performed at
FLASH by implementing Hanbury Brown — Twiss (HBT) inter-
ferometry. Figure 1

(a) A sketch of Hanbury Brown — Twiss interferometry performed at FLASH. The FEL beam
The core idea of a HBT experiment is to determine the normalized s probed on the detector by correlating intensity values at different positions x; and x,
second-order intensity correlation function g(2)(r1, ro) = <l(ry) - and averaged over many FEL pulses. (0), (c) Typical single pulse intensity profiles and (d)
I(ro)> / (< I(r1)>< I(ro)>) by measuring the coincident intensity an average over 2 x 10* pulses for a monochromator bandwidth of AE/E = 0.8 x 10,
I(r1), and I(r,) of two detectors at separated positions ry and r». (e) - (g) Projections of the pulse intensities onto the horizontal axis. The scale bar is
Averaging is done over a large number of wave fields (i.e. many 0.5 mmlong.
FEL pulses in our case). Importantly, chaotic light can be com-
pletely described in the frame of Gaussian statistics and its
statistical properties are determined by the first-order correlation ~ Under these conditions, the correlation function g@(r;, r) pro-
function known as the spectral degree of coherence (SDC) u(r4, r;).  vides access to the transverse coherence properties of an FEL
The intensity correlation function then reduces to g@(ry, r,) = as well as to its pulse duration.
1+ CofAw) - |u(ry, 1)), where the contrast (o(Aw)~ 1/ AoT is
inversely proportional to the bandwidth Aw and duration T of The experiment, shown in Fig. 1(a), was carried out at FLASH

the radiation pulse. at a photon wavelength of A = 5.5 nm. The measurements were
performed at the plane grating monochromator beamline PG2
X-ray FELs, with their pulse durations of a few tens of femto- for several resolution settings. While the original HBT experiment

seconds, are ideal sources for intensity correlation experiments. [1, 2] made use of two separate detectors, we measured the FEL
According to FEL theory [6] these sources should obey Gaussian profiles on a pixel detector and correlated intensities recorded
statistics in the linear and deep nonlinear regime of operation.  on different pixels. This allowed us to determine second- and
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Intensity correlation analysis of FEL
pulses. Intensity correlation function
9®(x,, x,) for a bandwidth of
AE/E=0.8 x 10 (@) and 1.4 x 107 (o).
Panels (c) and (d) show the intensity
correlation function g®(Ax) taken along
the white line around the centre of the
beam in (a) and (b) respectively. The
values of the bandwidth AE/E and
global degree of spatial coherence ¢

are indicated in (c) and (d).

higher-order correlation functions at many separation points
simultaneously.

The normalized second-order correlation function g@(x;, x,) for
a narrow bandwidth radiation of AE/E = 0.8 x 10 is shown in
Fig. 2(a). In Fig. 2(c) the intensity correlation function g@(Ax) taken
along the white line in 2(a) is presented. Remarkably, g@(Ax)
reaches the maximum value of two for small separations, which
indicates that the beam is Fourier-limited for this monochromator
setting. This 100 % contrast also indicates that for these FLASH
parameters the averaged coherence is not degraded due to
optics imperfections. The second-order correlation function
g@(x4, x,) for a larger bandwidth of AE/E = 1.4 x 107 is shown
in Fig. 2(b). The corresponding g@(Ax) is presented in Fig. 2(d)
and has a smaller contrast, as expected. Surprisingly, at these
conditions g@(Ax) exhibits an oscillatory behaviour. This may
originate from the contribution of two independent sources in
the lasing conditions of FLASH. It could also be a more general
feature of the nonlinear coupling of the electrons and the emitted
SASE radiation.

From our measurements we determined a transverse coherence
length of I = 0.93 mm and global degree of spatial coherence
of 78 %. Importantly, we got a value of 10° for the degeneracy
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parameter, which is the number of photons in a single coherent
mode. This value is significantly higher than that of any synchro-
tron source. These results are in good agreement with previous
Young’s double pinhole measurements at FLASH [5]. Analyzing
the contrast as a function of the bandwidth we determined an
average pulse duration of FLASH below 50 fs.

In summary, our measurements of the degree of transverse
coherence, degeneracy parameter, and pulse duration indicate
that SASE FELs in many aspects exhibit properties similar to
optical lasers. At the same time, the measurements of the
higher-order correlation functions suggest that SASE FELs
are essentially chaotic sources obeying Gaussian statistics.
An interesting future application of the methods developed in
this work would be the study of seeded FELs. An intriguing
question is whether seeded FELs are fully coherent sources
in all orders, as described by Glauber [3], and, in this way, are
equivalent to conventional single mode lasers, or if they obey
Gaussian statistics like SASE FELs. We could also foresee
that intensity correlation analysis might be applied to study
the dynamics of ultrafast processes at FELs.
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The ultimately hot gas phase

of metals.

X-ray fluorescence of iron ions at nuclear fusion temperatures

Iron ions are essential components of the solar core plasmas at 16 million Kelvin temperatures. In spite of a
low concentration of only a few parts per million, or 0.14 % in mass, they scatter more X-rays than any other
element including hydrogen, and hence they determine the opacity of those plasmas. Their X-ray lines are
also prominent in the spectra of X-ray binary stars and active galactic nuclei. We prepare and trap iron ions
typical for those environments, expose them to monochromatic synchrotron radiation, and measure for the
first time their ground state absorption and X-ray fluorescence. The new method yields precise transition
energies and line widths, thus allowing for detailed tests of atomic theory predictions used in the simulation

of astrophysical plasmas.

Energy transport in stellar interiors is governed by X-rays, since
they scatter less than electrons or other particles bare the neutrino.
The nuclear fusion process requires high temperatures to
proceed, yet it delivers, contrary to popular belief, only moderate
power densities inside most stars. A paradox arises: the core
maintains the high temperature, although only hundreds of watts
of power are generated per cubic meter of solar core mass, while
the radiative energy should escape at speed of light. The thermal
insulation of the fusion core is the answer: X-ray scattering re-
duces radiation flux by more than ten orders of magnitude even
at the boundary of the radiative zone of the Sun, which contains
most of its mass. And because light elements are transparent
to X-rays, their contribution to the solar opacity — the ability to
block radiation — is much smaller than that of heavy elements.
In this way, iron, the only heavy element with a significant mass
contribution to main sequence stars, acquires an essential role.

Under stellar core conditions, light elements are fully ionized,
meaning completely bare of electrons. However, iron, due to
its nuclear charge of 26 protons, manages to keep a few bound
electrons even at 15.7 MK and enormous pressures leading to
a 150 kg/cm3 matter density. Even some of its higher excited
orbits, with principal quantum numbers n = 2, 3 and 4 are still
rather undisturbed by the prevailing collision rates. Transitions
between the electronic ground state and higher levels occur
constantly: excited levels have lifetimes on the order of few
femtoseconds, six orders of magnitude shorter than optical
transitions. Moreover, the energy exchanged between the ions
and the photon field amounts to more than 6.5 keV in each of
those processes, again a factor of thousand higher than in the
optical case. Thus, both the ability of iron ions for absorbing
and emitting radiation a million times faster than hydrogen, and
this in quanta that are thousand times more energetic than the
Lyman transitions of hydrogen, more than compensate for the
small abundance of iron. The solar iron could be concentrated
in an imaginary “iron curtain” of 100 km thickness at two thirds
of the solar radius of 700,000 km that would effectively stop
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jonization of iron atoms, and subsequently trapped by the electron beam negative space
charge potential in combination with additional drift tube electrodes. A monochromatic
photon beam enters the trap region and excites the ions at characteristic resonance
energies. The fluorescence decay follows within femtoseconds, and is detected by
photon detectors mounted in directions parallel and perpendicular to the photon

polarization plane.

X-rays from leaving the radiative zone. The diluted iron ions
achieve the same effect in the plasma.

Modern X-ray astronomy has also discovered a great number of
sources showing K, lines of iron. They arise from heating process-
es due to gravitational matter in-fall in massive binary systems,
and from X-ray fluorescence of accretion disks in active galactic
nuclei [1]. Dominating the X-ray spectrum of most of those sources,
they are key elements for the diagnostics of such objects.

Investigation of X-ray absorption processes of highly charged ions
has advanced theoretically for a few decades, but experiments
approaching the conditions needed to test them were not possible,
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until now. Production and trapping of highly charged ions is
meanwhile achieved with electron beam ion traps (EBITs). They
use a hair-thin, magnetically focused electron beam in order
to strip atoms of their outer electrons by collisions (Fig. 1).
Additionally, the negative space charge of the beam attracts
the positive ions to the beam centre, and traps them tightly. By
choosing a certain energy of the electron beam, the maximum
achievable charge state is selected. We used FLASH-EBIT, a
device developed at the Max-Planck-Institut fir Kernphysik for
operation at soft X-ray energies at FLASH [2]. Photoionization
of highly charged ions with synchrotron radiation [3] and laser
spectroscopic studies at soft X-ray energies with it became
feasible, addressing open questions in astrophysics [4].

Progress by one additional order of magnitude in photon energy
has now been enabled at the PO1 beamline of PETRA Ill. A key
factor is its high photon flux, capable of resonantly exciting the
trapped iron ions in charge states typical for the solar core, from
helium-like (two bound electrons left) to carbon-like (six electrons).
X-ray detectors registered the fluorescence photons emitted by

the ions while scanning the monochromator. We were able to
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investigate the absorption and fluorescence of all the strong K,
transitions (n = 1 to n = 2) of the ions of interest. An example
is displayed in Fig. 2.

Resonant excitation by synchrotron radiation constitutes a novel
and uniquely sensitive method of determining transition energies.
We also resolved their line profiles down to their natural widths,
with much more detail than earlier emission studies. These
advantages allow for a systematic comparison with transition
energies and probabilities calculated within this work using
advanced multi-configuration Dirac-Fock methods, as well as
with other theoretical predictions.

Future experiments will aim at reaching even higher resolution
by using translationally cooled highly charged ions. With their
wealth of transitions of various multipolarities and linewidths
from the wide to the very narrow, highly charged ions could
enable an extension of optical clocks into the much higher
frequency domain of X-rays.
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Atoms team up for
faster relaxation.

Real-time measurement of interatomic coulombic decay (ICD) in Ne,

In a XUV-XUV pump-probe experiment at FLASH, the decay time of an efficient non-radiative relaxation process
that occurs in weakly bound systems was measured in neon dimers (Ne,). An isolated excited Ne** ion with
one of its 2s electrons removed needs almost one nanosecond to decay to its ground state by emission of a
photon. When a second Ne atom is placed in the vicinity of the first one, as realized in neon dimers, we found
that the relaxation is about 10,000 times faster: 150 * 50 fs. The excitation energy is transferred non-radiatively
from the Ne** to its neutral neighbour, thereby ionizing it. This atomic teamwork is known as Interatomic
Coulombic Decay (ICD). It is the dominant relaxation process for most van-der-Waals and hydrogen bound systems,

the latter being the controlling binding force of large biomolecules.

Figure 1

llustration of ICD in Nez. Absorption of a
single photon leads to the removal of a
2s electron from one of the Ne atoms.
The excited ion relaxes via ICD by
transferring its excess energy to the
neighbouring Ne atom that consequently
ejects one of its 2p electrons. Finally, two
singly charged Ne* ions are created that

repel each other by the Coulomb force.

Efficient energy transport within or between molecules plays a
crucial role in many chemical and biochemical processes. The
redistribution of energy that is deposited in a system at a certain
point by absorption of a photon may lead to an internal move-
ment and eventually to the breakage of a chemical bond at
another point. In many cases, the energy is transferred by moving
electrons or by a rearrangement of charges. Very often the electric
force between electrons alone is sufficient for an efficient energy
transfer — even over long distances (on the atomic scale).

Interatomic or Intermolecular Coulombic Decay (ICD) is a prime
example for such a process. It is an extremely efficient relaxation
mechanism that comes into play whenever excited atoms (or
molecules) are embedded in a weakly interacting environment.
In particular, isolated excited ions that have relaxation times
in the order of pico- or nanoseconds after the removal of an
inner-valence electron can relax much faster via ICD.

The excess energy is transferred to a neighbouring atom thereby
ionizing it. After its theoretical prediction in 1997 [1], ICD has by
now been experimentally investigated in van-der-Waals bound
rare-gas clusters of various sizes [2] as well as hydrogen bound
water clusters [3]. Hydrogen bonds are essential for holding large
biomolecules together giving them their characteristic
shapes. Once ICD has occurred in such a system the ejected
low energetic ICD electron can effectively interact with the
environment itself, destroying chemical bonds. This can happen
for instance in DNA, which makes the ICD process also relevant
for radiation therapy. The aim of our experiment was to deter-
mine the ICD lifetime for the first time directly by means of a
real-time observation of the decay process in neon dimers (Ne,).
Different theoretical calculations predicted the relaxation to
occur on a time scale between some tens to hundreds of
femtoseconds [4]. This is about a factor of 10,000 faster than
the competing relaxation via fluorescence.
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Yield of coincident Ne* + Ne?* ions measured
in the reaction microscope (REMI) as a function
of the time delay (red histogram). The blue line
indicates an exponential fit resulting in an ICD
lifetime of 150 * 50 fs, with the uncertainty
indicated by the light blue area.

An XUV-XUV pump-probe experiment was performed at FLASH
using a reaction microscope (REMI) [5] equipped with a split-
and-delay stage. The incoming FEL beam at 58.2 eV photon
energy with a pulse duration of approximately 60 fs (FWHM)
and an intensity of 10'2 W/cmg is reflected off a multilayer mirror,
which geometrically splits the beam into two halves. The two
beams are recombined by focussing them onto the same spot
in an intrinsically cold beam of Ne,. The REMI enables the
determination of the ion momentum vectors and in addition
an unambiguous identification of those fragment pairs that
emerge from the same dimer.

As illustrated in Fig. 1, ICD in Ne, is initiated by removing a 2s
inner-shell electron from one of the two Ne atoms. The time it
takes for the excited ion to relax by transferring its energy to the
neighbouring Ne atom, and thereby ionizing it, is referred to as
ICD lifetime. It can be determined using a pump-probe scheme.
The pump pulse removes a 2s electron and thus populates
an intermediate excited Ne** + Ne state in the singly-charged
dimer. The system will remain in this state until it decays into
Ne* + Ne* via ICD. Thus, we need a method to determine at
what time the neighbouring Ne atom is ionized with respect
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to the initial excitation. This is done by probing the dimer's
charge state with the second half of the FEL pulse which fur-
ther ionizes one of the Ne fragments after an adjustable time
delay. Only if ICD has already occurred before the arrival of
the probe pulse an effectively triply ionized dimer (Ne* + Ne2*)
is formed. Hence, the increase of the yield of coincident Ne* +
Ne2* ions for larger delays reflects the ICD lifetime. Fig. 2
shows the recorded ion yield together with an exponential fit
resulting in a decay time of 150 £ 50 fs.

The obtained ICD lifetime is in good agreement with theoretical
predictions, but only with those that take the nuclear motion
into account: The removal of the first electron causes a change
of the binding force between the two neon nuclei, which leads
to a time-dependent internuclear distance. Nuclear dynamics
play a crucial role for the decay process, because the ICD lifetime
is predicted to be strongly dependent on this distance. This
dependence we intend to investigate in future experiments.
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Unraveling the structure-function
relationship in chemistry.

Specific chemical reactivities of spatially separated 3-aminophenol conformers with cold Ca* ions

Most molecules exhibit multiple structural isomers, which have the same chemical formula and connectivities,
but differ in the exact positions of their atoms or the orientation of functional groups. These isomers can often
interconvert thermally and are difficult to isolate. Consequently, a precise characterization of their role in chemical
reactions has proven challenging. We have probed the reactivity of specific conformers — rotational structural
isomers — by using an experimental technique based on their spatial separation in a molecular beam using
electrostatic deflection. The separated conformers react with a target of trapped laser-cooled ions. In the reaction
of Ca* with 3-aminophenol, we find a twofold larger rate constant for the cis compared to the trans conformer,
although these conformers differ only in the relative orientation of the 0—H bond. This result is explained by
conformer specific differences in the long range ion-molecule interaction potentials. Our approach demonstrates
the possibility of controlling reactivity through selection of conformational states.

Recent progress in the cooling, manipulation, and control of
isolated molecules in the gas phase has paved the way for the
study of chemical processes at high levels of sensitivity, selectivity,
and detail. Methods for slowing and merging of supersonic
molecular beams have enabled precise characterizations of the
role of collision energy and of the molecular quantum state in
scattering and reactive processes. Recent experiments with
trapped, translationally cold molecules and ions have provided
insights into the quantum dynamics of chemical reactions and
the subtleties of intermolecular interactions. These experiments
have thus far been restricted to reactions involving atoms or
small molecules with simple geometric and quantum structures.
The vast majority of molecules, however, possess a plethora
of internal degrees of freedom that are challenging to probe
independently. In particular, polyatomic molecules usually exhibit
many rotational isomers. These conformers interconvert with
low thermal barriers through rotations of covalent bonds. We
have developed experimental methods to spatially separate the
individual conformers in a molecular beam, consisting of an electric
deflector [1], the quadrupole focuser [2], and the alternating
gradient decelerator [3]. These are the neutral-molecule equivalents
of the bender, the ion guide, and the LINAC for charged particles,
respectively.

Here, we exploit the spatially separated conformers to study
specific conformational effects in bimolecular reactions with
stationary targets of ultra-cold trapped ions [4] to gain insight
into fundamental reaction mechanisms in chemistry. We intro-
duce a distinct approach for the study of conformational effects
and conformation-dependent reactivities, i.e. rate constants, in
bimolecular reactions. A cold beam of 3-aminophenol was
created by co-expanding the molecular sample at 150 °C with
high pressure helium or neon gas into the vacuum, resulting in
cold molecular beams with internal temperatures of about 1 K.
We spatially separated the cis and trans conformers of 3-amino-
phenol (CgH;NO) by using the inhomogeneous static electric field

Figure 1
Artists impression of the experiment. A cold molecular beam of 3-aminophenol is dispersed
in the electric deflector, samples of the separated cis and trans conformers are directed

at a stationary Ca* ion target, and the rate of chemical reaction is recorded individually.

in the deflector and directed the molecules toward the reaction
volume. There, they interacted with a stationary target of trapped
and laser cooled Ca* ions. Reactions of organic molecules with
metal ions are prototypical organometallic chemical processes
that are relevant for the activation of chemically inert polar bonds,
for instance, in catalysis, in atmospheric chemistry, and for the
interaction of metal ions with biomolecular building blocks. The ex-
periments were performed at CFEL and at the University of Basel.

Figure 2

Atomically resolved fluorescence image
of laser cooled Ca* ions in the trap.
Heavier product ions collect at the
outside of the Coulomb crystal; they are
not resonant to the laser radiation and

do not fluoresce.
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Fig. 1 shows the experimental layout. The laser cooled Ca* ions,
depicted by the small light-blue spheres, form a Coulomb crystal
that provides a tightly confined reaction target, much smaller in
extent than the conformationally separated regions of the dis-
persed molecular beam. The spatial separation of the conformers
is depicted by the different trajectories of cis and trans 3-amino-
phenol by blue and red balls, respectively, which are overlayed
by the actual molecular structures. The Coulomb crystal also
provided a highly sensitive detection of reactions through the
fluorescence of laser cooled Ca* ions, which was reduced for
every single reaction, as the products are not resonant with the
cooling lasers. Instead, they are sympathetically cooled to low
translationally energies. In our experiments, the invisible products
accumulated on the outside of the crystal and the Ca* ions formed
a narrower cylinder in the centre of the crystal. These effects are
shown in Fig. 2. The fluorescence depletion gave the reaction
rate and the narrowing of the fluorescing volume shows that the
reaction products are heavier than Ca*.

In our benchmark experiment we applied various voltages to the
electric deflector to vary the deflection and the dispersion of the
two conformers. In Fig. 3 the data for experiments performed at
one specific deflector voltage of 7.5 kV are shown as an example.
In Fig. 3 (a) the individual molecular beam profiles for cis and trans
3-aminophenol are shown in blue and red, respectively, demon-
strating the dispersion of the molecular beam. These curves were
obtained by selective two-photon-ionization of the conformers
using resonant ns laser pulses at 280 nm and vertically scanning
the molecular beam across the laser focus. Subsequently, we
measured the reactivity of the dispersed molecular beam with the
stationary Cat target, this time scanning the beam across the
small trapped ion target. The resulting pseudo-first-order reaction
rate constants are plotted in Fig. 3(b). The red and blue lines
depict the fitted rate constant contributions from the trans and
cis conformer, respectively. The considerably larger relative
contribution from the cis species, compared to its ion signal
in Fig. 3(a), already demonstrates its higher reactivity. A care-
ful calibration of the molecular densities, pulse durations, and
the electronic state populations of the Ca* ions allowed us to
deduce the second order rate constants for the reaction.

The resulting second-order rates across the dispersed molecular
beam are shown in Fig. 3(c). From this graph it is obvious that the
cis conformer reacts about twice as fast as the trans conformer.

The exact rate constants are kj ¢is = (3.2 £ 1.3) x 109 cm?® s~
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Experimental data: a) Conformer-specific molecular beam deflection profiles for a de-
flector voltage of 7.5 kV. This demonstrates the spatial dispersion of the conformers in
the molecular beam. b) Reactivity as a function of the molecular beam composition.

¢) Second-order rate constants as derived from the calibrated experiment.

and Kp rans = (1.5 + 0.6) x 1072 cmd s~" with a cis:trans reactivity
ratio of 2.1 + 0.5. A detailed analysis of the detuning of the
cooling laser showed that more than 90 % of the reactions took
place with electronically excited Ca*; under these conditions the
reaction was barrierless. We could explain the distinct reaction
rates by capture rate calculations. These calculations predicted
that the collision cross section is 1.5 times larger for cis than
for trans 3-aminophenol due to differences in the respective
charge-dipole interactions for the reaction systems.

The present advances in the studies of chemical reactivities have
become possible by combining conformer selection control
experiments with highly sensitive trapped ion methods. We
expect that the current methodology will benefit fundamental
reaction-dynamics studies as well as the investigation of a wide
range of ion-molecule reactions that are relevant for catalysis
and interstellar chemistry. Electrostatic conformer selection is a
widely applicable technique whenever the conformers present in
the molecular beam possess sufficiently different dipole moments.
Even more advanced electric field manipulation techniques
for the separation of individual chemical species or individual
quantum states have been demonstrated. In addition, sympathetic
cooling of ions is a near-universal technique that allows the
generation of Coulomb crystals of a wide range of atomic and
molecular species with simultaneous preparation of their internal
quantum state.

Contact: Jochen Kiipper, jochen.kuepper@desy.de
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Filming dancing electrons with
a high speed X-ray camera.

How to freeze-frame electrons with X-rays

Electrons are the glue that keeps atoms in matter together, and their motion plays a key role in the function
and transformation of materials. During complex chemical and biological reactions, electrons undergo ultrafast
rearrangements. One challenge is that the motion of electrons is so fast that ordinary light is unsuitable for
taking an image. For decades, X-rays have been used to visualize the location of electrons in materials. But
only very recently, it has become possible to generate flashes of X-rays that are short enough to take snapshots
of the transient positions of these electrons. A second challenge is that, usually when X-rays interact with
electrons, they inevitably change the electronic motion while the snapshot is being taken. The focus of our
work was to find a way to overcome the problem of these light-induced changes by taking snapshots using

the phase variation of X-rays.

Ever since the discovery of X-rays, scattering of X-rays from
matter has been used to take images of the microcosm, i.e., to
unravel the atomic-scale structure of matter. However, the images
generated to date are mostly static: pictures resolve situations
in real-space, but not in real-time. The motion of atoms within
molecules and solids that is associated with chemical trans-
formations occurs on the femtosecond (1 fs = 1071° s) timescale.
The timescale of electronic motion can be even faster, on the
order of attoseconds (1 as = 1078 s). In order to see the motion
of electrons during ultrafast rearrangement in a complex chemical
reaction, matter must be illuminated with flashes of X-rays that
are short and bright enough to take stroboscopic snapshots
of these moving electrons. A series of such snapshots stitched
together results in a movie of the electronic motion with atomic-
scale spatial and temporal resolution [1, 2].

One of the key objectives of the new X-ray lasers like FLASH
or European XFEL is to film these ultrafast electronic rearrange-
ments in detail, in order to understand and eventually change
the behaviour of the reacting partners, to develop new functional
materials. For ordinary synchrotron light sources, this motion
of electrons has always been too fast for taking an image. But
the intense and ultrafast light flashes of X-ray lasers should be
able to freeze-frame the electronic motion during a chemical
reaction. But such high-speed filming does not only demand
new detectors and equipment, it also requires new theoretical
approaches: How can one describe and interpret the interaction
of ultrafast and highly intense X-rays with a non-stationary
electronic system? And how can one be sure that the intense
X-ray pulse only probes the current arrangement and does not
disturb the sample so much as to destroy the information content
of the measurement [3]?

Figure 1

Concept of X-ray matter interaction, where matter is represented by an isosurface of an
electronic charge distribution of an electronic wave packet. The real-space phase-con-
trast image is observed in the near-field region, whereas the Fourier-space scattering
pattern is observed in the far-field region. The figure is taken from [G. Dixit, J. M. Slowik,
and R. Santra, Phys. Rev. Lett. 110, 137403 (2013)] © 2013 American Physical Society

In our work, we proposed a new strategy to visualize these re-
arrangements using time-resolved X-ray phase contrast imaging.
We simulated a coherent electronic motion, oscillating on a few
femtoseconds time-scale. The incoming X-ray flashes are treated
as a quantum wave packet interacting with the electrons. We
demonstrated that the X-ray pulses are really able to image
different states of the ultrafast electronic motion. Also, we visually
demonstrated that the problem of light-induced changes during
the snapshot of the motion can be overcome by using the phase
variation of X-rays (see Fig. 1). Phase contrast imaging is a very
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common method for imaging samples with synchrotron light. It
makes use of the fact that interaction of light with matter does not
only change the intensity of the X-rays but also the phase. The
phase difference of the transmitted X-rays and the scattered
X-rays can be detected and it contains information on the
sample’s structure.

In our original publication, a very short pump pulse sets an elec-
tron into motion. This electronic motion can be described as an
electronic wave packet. The wave packet can be snapshot at
various time intervals with an ultrashort X-ray pulse, producing
distinctive images that change as the electron moves. Moreover,
our study suggests that the proposed method provides infor-
mation on the curvature of the instantaneous electron density,
which can be used to gather details of the internal structure of
the wave packet (see Fig. 2). This may be useful for understanding
complex bonding and topology of charge distributions in com-
plex systems. Moreover, our present finding is a step towards
real-time imaging of microscopic motions, which will enhance
our understanding about the working of the microcosm.

Contact: Robin Santra, robin.santra@cfel.de
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Figure 2

Phase contrast images and projected instantaneous electron density of the wave packet.
(a) Laplacian of the projected instantaneous electron density, and (b) the instantaneous
electron density integrated along the direction of propagation of the incident X-rays (y axis)
at pump-probe delay times 0, T/4, T/2, 3T/4, and T, where the oscillation period of the
electronic wave packet is T = 6.25 fs. The figure is taken from [G. Dixit, J. M. Slowik, and
R. Santra, Phys. Rev. Lett. 110, 137408 (2013)] © 2013 American Physical Society
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Ultra efficient ionization.

Free-Electron Laser pulses create extremely highly charged xenon ions

X-ray Free-Electron Lasers produce unprecedentedly strong X-ray pulses that provide unique opportunities for
studying ultrafast dynamics during chemical reactions and for imaging the structure of complex systems such
as viruses and nanocrystals. Understanding the response of individual atoms to such intense X-rays is essential
for most Free-Electron Laser applications. We studied the ionization of xenon atoms by intense 1.5 and 2 keV
X-ray pulses and found that many more electrons could be stripped away by these pulses than existing theories
had predicted.

The successful operation of the first VUV and X-ray free-electron
lasers FLASH at DESY and LCLS at the SLAC National Accel-
erator Laboratory has sparked research activities by a broad
scientific community ranging from physics, chemistry and material
sciences to biology and medicine. Triggered by the demonstration
of femtosecond coherent imaging of protein nanocrystals [1]
and single viruses [2], radiation damage processes induced by
the intense X-ray pulses have received considerable attention
because they ultimately set the resolution limits for this potentially
ground-breaking technique.

At the atomic level, radiation damage is typically induced by
direct photo-ionization and Auger decay, both of which can lead
to further secondary damage processes. Substantial theoretical
and experimental efforts have therefore been devoted to studying,
in detail, the photo-ionization of single atoms and molecules
by intense Free-Electron Laser pulses. Early experiments at
FLASH showed that more than fifty VUV photons can be com-
bined to strip 21 electrons from a xenon atom [3], triggering an
ongoing theoretical discussion of the possible mechanisms for
this surprisingly high level of ionization. First experiments inthe  Figure 1

X-ray domain at LCLS found that for light elements such as neon Comparison of experimental and simulated xenon charge state yields. (a) Xenon ion
and molecular nitrogen (N,), the absorption of multiple X-ray time-of-flight spectra recorded at photon energies of 1.5 keV (black) and 2.0 keV (red)
photons within a single, ultra-short X-ray pulse proceeds mainly for nominally 80 fs Free-Electron Laser pulses. The inset shows a zoom of the region
sequentially and is in good agreement with the corresponding  containing the highest charge states. (b) Experimental xenon charge state distribution
theoretical predictions [4, 5]. In this case, the highest charge (bars) compared to theory (circles with lines) calculated for the experimental parameters
state produced is defined by the last ionic state that can be given above.

ionized directly with one photon.

In contrast to this, our X-ray experiment on the heavy element  the ionization at 1.5 keV, where the total absorbed energy per
xenon has found an unprecedentedly high degree of ionization atom is more than twice higher than theoretically expected.
to charge states up to Xe36+ (see Fig. 1), which have ionization

potentials far exceeding the photon energy. This is the highest In order to explain the occurrence of these surprisingly high charge
ionization state ever created in an atom with a single electro- states at 1.5 keV photon energy, we proposed an ultra efficient,
magnetic pulse (that is, both by photo-absorption and by ion resonance enabled X-ray multiple ionization (REXMI) mechanism,
impact), and it is in striking disagreement with state-of-the-art ~ where transient resonances in highly charged ions created
calculations of sequential photo-absorption shown in Fig. 1(b).  during the X-ray pulse enable further photo-absorption beyond
While our calculations are in good agreement with the experimental ~ the sequential direct ionization limit. As the binding energy of
findings at 2.0 keV photon energy, they strongly underestimate  the xenon M shell electrons surpasses the photon energy with
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Diagram of an exemplary pathway leading to Xe®*: X-rays with a
photon energy of 1.5 keV primarily photo-ionize xenon 3p- and
3d-shell electrons (P, blue arrows), followed by a cascade of Auger
decays (A, green arrows). Each of these processes increases the
charge state of the xenon ion (vertical axis) by one. Within an
ultra-intense 80 femtosecond (FWHM) X-ray pulse (pulse profile
shown in grey), a sequence of photo-ionizations and Auger decays

quickly lead to charge state Xe'%*

, where the first resonant
excitation (R, red arrows) occurs in the exemplary pathway shown
here. The resonant excitations themselves do not increase the
charge state but they are followed by Auger decays which do
increase the charge state. In some instances, several excitations

happen at a single charge state before an Auger decay occurs.

increasing ionic charge, direct single photon ionization from this
shell is no longer possible. However, the M shell electrons can
still be resonantly excited into densely spaced Rydberg states
and unoccupied valence orbitals, and these highly excited states
can then be further ionized via Auger decay and other auto-
ionizing transitions to the extremely high charge states that
are observed experimentally as shown schematically in Fig.2.
Our hypothesis is confirmed by X-ray fluorescence measure-
ments, which we performed simultaneously to the ion time-of-
flight spectroscopy and which clearly show the presence of core-
holes in the xenon 3p shell in highly charged xenon ions, which
have a 3p binding energy well beyond the available photon energy.
We have also observed similar resonance enhanced ionization
in krypton atoms [6] as well as in iodomethane and iodine mono-
chloride molecules, and predict this to be a general mechanism
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short pulse X-rays.
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REXMI mechanism dramatically increases the energy deposition
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From gold atoms to gold layers.

Real-time study of gold cluster growth during sputter deposition

The tuning of size dependent catalytic, electrical and optical properties of gold cluster assemblies is a very
significant issue in modern applied nanotechnology. We present a real-time investigation of the growth kinetics
of gold nanostructures from small nuclei to a complete gold layer during sputter deposition with high time
resolution. We specify a four stage growth including the thresholds with sub-monolayer resolution and identify
phase transitions. Our study allows for deducing the wetting behaviour of gold cluster films on solid substrates
and provides a better understanding of the growth kinetics in general, which is essential for optimization of

manufacturing parameters, saving energy and resources.

The remarkable manifold properties of gold cluster assemblies
are of great interest for fundamental research and promising
various potential applications in solar cells, biosensors, anti-
reflective coatings and especially in heterogeneous catalysis
[1, 2]. The adjustment of the size dependent catalytic, electrical
and optical properties of gold cluster assembilies is therefore
a very significant topic in modern applied nanotechnology.
For an efficient and controlled production of such active nano-
structured gold cluster surfaces, the sputter deposition process
plays an important role [3]. In order to elucidate and characterize
the self-organisation during nanocluster film formation, it is
mandatory to control and therefore to understand how the
growth kinetics influences the cluster film morphology during
sputter deposition [4, 5].

The first real-time investigations of the growth kinetics of gold
nanoclusters into a gold layer are enabled by combining sputter
deposition and surface sensitive X-ray scattering (UGISAXS).
The scheme in Fig. 1 shows the main characteristics of the
experimental setup performed at the PETRA Il beamline P03 [6].
High frame-rate two-dimensional X-ray detectors in combination
with the high photon flux of micro beam spot size, available at
the P03 beamline, enables a non-invasive in situ and real-time
investigation of gold growth kinetics during sputter deposition.
With an acquisition throughput of 67 frames per second, we
were able to produce kinetic growth movies of the fast surface
processes in reciprocal space and on the nanoscale. The high
time resolution in the 10 millisecond regime allows the precise
determination of kinetics of initial nucleation and subsequent
cluster growth during sputter deposition of gold on an amorphous
silicon oxide layer.

We were able to identify four different stages of growth including
their thresholds with sub-monolayer resolution and concomitant
phase transitions. Each stage can be characterized by a pre-

dominant surface process and its intrinsic kinetics: nucleation,
diffusion, adsorption and grain growth. Moreover we introduced

Figure 1

Scheme of the sputter chamber in a microbeam grazing incidence small-angle X-ray
scattering (UGISAXS) setup: At low argon pressure, a voltage is applied to two parallel
electrodes resulting in a plasma discharge. The accelerated gas ions impinge onto the
cathode (target), gold atoms are emitted and deposited on the Si-wafer leading to clus-
ter formation and growth. During this process, a microfocussed X-ray beam under
grazing incident angle o, scatters by any type of electron contrast variation in the near
surface regime. o, denotes the exit angle, o, the critical angle and 26; the out-of-plane
angle. The direct beam position marks the origin of coordinates of the scattering vector
components ¢, and q,. Line cuts were performed on the detected 2D data to extract
information on the gold cluster morphology (H = height, R = radius, D = distance) and
growth kinetics: a vertical cut along the scattering plane (red) (I(g,) at g, = 0) and hori-

zontal cuts (green) (I(q,) at o = a).

a new and flexible geometrical model to extract morphological
real space parameters, such as cluster size and shape, correlation
distance, layer porosity and surface coverage directly from the
reciprocal space scattering data. The model allowed simulating,
visualizing and interpreting gold nanocluster growth kinetics in
terms of nanoscopic processes. Furthermore, we were able
to deduce the wetting angle and the onset of long range con-
nectivity during the deposition process.
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(a) Evolution of the scattering patterns and
model based morphological parameters
(D = distance; R = radius) of gold clusters

during sputter deposition in four growth

stages: () nucleation; () diffusion mediated
coalescence (D > 2R); (lll) adsorption
mediated cluster growth until percolation
threshold (D = 2R) and subsequent grain
growth (IV) (D < 2R). (b) Side view scheme
of each growth stage showing the
predominant processes. The black arrows

indicate the movement of atoms, clusters

and grain boundaries.

This approach is a prerequisite for future investigations of the
influence of different process parameters on the thin metal film
morphology such as surface temperature, deposition rates,
catalysis, and optical response. In particular, the traceability
of the wetting behaviour and contact angle in the nanoscale
regime is a novel concept and important for sputter deposition
on polymeric and functionalized surfaces [3-5].

Fig. 2 gives an overview of the temporal evolution of the scattering
patterns, the deduced thin film morphology and the four dominant
growth stages:

I) Nucleation: Stable nuclei are formed by triple atom collisions
and can adsorb diffusing atoms on the surface leading to cluster
growth. The rapidly increasing surface coverage promotes an
increase of the adsorption probability and consequently a de-
crease in the nucleation probability.

Il) Diffusion: Above the nucleation threshold, the cluster growth
is dominated by diffusion controlled merging of small mobile
clusters. This so-called coalescence strongly depends on the
cluster size, because with increasing size the surface mobility
becomes more restricted and fusion of two larger clusters
becomes more time consuming.

1) Adsorption: At the diffusion threshold, the clusters mobility
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is significantly limited and the probability of direct adsorption
from the gaseous phase further increases. Henceforth, the
predominating process changes to an adsorption driven growth
of immobilized clusters.

IV) Grain growth: At the percolation threshold, the mean cluster
distance equals the average diameter leading to a fractal-like
cluster with high degree of long range connectivity. Surface
mobility is now totally restricted resulting in a grain growth
process by a discontinuous movement of cluster boundaries.
At a film thickness of 9 nm the surface is fully covered and a
porous gold layer grows preferentially in vertical direction due
to lateral spatial limitations.

These findings help to efficiently control manufacturing of gold
cluster films in multidisciplinary fields ranging from photovoltaic
applications, heterogeneous catalysts to semiconductor industry
and in general in all nano- and surface-related science. This
in turn prevents wasting energy and such unique resources as
gold, which is of broad appeal, world wide and ever growing
environmental interest.
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At liquid boundaries
a crystal is born.

In situ X-ray studies of crystal nucleation at the liquid-liquid interface

Paints, milk and mayonnaise — mixtures of immiscible liquids are part of our everyday life. Additionally, liquid—
liquid interfaces offer exciting opportunities for material synthesis. To investigate these processes on an atomic
level we use in situ X-ray surface scattering methods to achieve the first observation of the birth process of a
crystal at the fluidic interface. In studies at PETRA Ill of liquid mercury in contact with a salt solution containing
fluorine, bromine and lead ions we found that a nanometre thin crystalline layer forms at the interface, consisting
of an atomic layer of fluorine sandwiched between two layers of lead and bromine. This layer then directs the
growth of larger PbFBr crystals perfectly aligned on top of this interfacial nano-scale layer.

Liquid-liquid interfaces offer many distinct advantages for
material synthesis [1]. They provide soft, smooth, defect- and
stress-free interfaces at which the growth of materials can occur
in a very controlled way. Consequently, many chemical processes
for producing materials and nano-particles employing growth
at liquid interfaces have been explored in the last few years. For
example, an extremely energy efficient electrochemical deposition
process for manufacturing semiconductor germanium at room-
temperature from an aqueous germanium oxide solution on liquid
mercury has recently been reported [2]. Yet, being inaccessible
to most experimental techniques, the atomic-scale structure
of liquid-liquid interfaces is almost completely unknown. To date,
the understanding of the syntheses at these interfaces relies
almost exclusively on ex situ studies of post-deposition products,
severely hampering development of the underlying phase for-
mation processes.

For in situ studies of such interface processes with atomic
resolution we have developed in the last years the LISA liquid
interface diffractometer at the PETRA Ill beamline P08 [3, 4],
which allows detailed surface scattering studies of liquid-liquid
interfaces while the sample remains stationary, providing utmost
mechanical stability. Using this instrument as well as a liquid
diffractometer at the Advanced Photon Source (Argonne, USA)
beamline 9ID we investigated the initial stages of crystal growth
at model Hg—electrolyte interfaces. We used a NaF base electro-
lyte containing Pb?* and Br~ ions and controlled the phase
formation reaction electrochemically via a Faradaic reaction.
Pb amalgamates into Hg at potentials < 0.70 V, whereas at
more positive potentials the amalgamated lead is released into
the electrolyte. The potential-dependent variations in the structure
of the Hg—electrolyte interface were studied by X-ray reflectivity
(XR) measurements (Fig. 1).

During Pb amalgamation the interface structure is identical to
that in Pb-free electrolyte. However, drastic changes are ob-
served in the measured XR curves as the potential increases
into the deamalgamation regime. Although the quasi-Bragg

Figure 1

Reflectivity curves at different potentials for liquid Hg in a NaF + NaBr + PbBr, solution.
a) Measured reflectivity curves at —0.90 V (black triangles), —0.60 V (red squares), and
—0.40 V (blue circles). For comparison a reflectivity curve measured at the Hg—0.01 M
NaF interface at —0.90 V is shown (green circles). Solid lines correspond to the best fits
by the models, the dotted line to R, and the dashed lines to the reflectivity of an inter-
face with a Gaussian roughness of ¢ = 1.00 A. b) Schematic experimental geometry.
c-e) Corresponding full intensity maps. Each solid line corresponds to a 1D detector
frame at a specific angle where the centre of each line corresponds to a. = p and the
colour indicates the scattered intensity in logarithmic units. Horizontal white dashed
lines indicate the angular range used in determining the reflectivity curves in a) and ver-
tical green dashed lines mark the q, positions of the 3D crystallites’ diffraction peaks

(bright spots in this figure).
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peak due to Hg atomic layering still persists [5], pronounced
modulations appear in the reflectivity (Fig. 1a, red squares and
blue circles). These indicate significant structural changes at
the interface, specifically the presence of a well-defined inter-
facial adlayer [6]. The modulations’ period yields an estimated
adlayer thickness of 7.8 A. The intensity at the modulations’
maxima (q, ~ 0.8 and 1.6 A-") exceeds tenfold that measured
at —-0.90 V and even the Fresnel reflectivity of a perfect inter-
face. These data can only be rationalized by an adlayer with an
electron density which significantly exceeds that of the electro-
lyte and consists of several atomic layers. Quantitative analysis
and modelling reveals that this layer corresponds to a one-unit-
cell-thick PbFBr film composed of a stack of 5 ionic layers (Fig. 2).

Accompanying these changes in the reflectivity, Bragg-reflections
also emerge. These appear in the 1-dimensional detector data,
which records the intensity distribution along a varying-length
arc in the (qy, q,) plane at each XR point (shown in Fig. 1 c-e).
The sharp, intense diffraction peaks imply the presence of 3D
crystallites at the interface in addition to the adlayer. This has
been confirmed in grazing incidence scattering measurements.
The diffraction peaks observed indicate the formation of a highly
ordered PbFBr phase with sharply-defined orientation of the c-axis
along the surface normal of the interface. This process may be
viewed as a controlled precipitation, where the electrochemical
deamalgamation reaction increases the Pb%* concentration near
the surface, promoting formation of the solid adlayer.

Macroscopic data on similar systems, obtained in previous
electrochemical studies, suggest high surface excess concen-
trations of these species, from which the presence of a close-
packed, vertically ordered stack of PbBr, layer at the interface
was argued [7, 8]. However, rather than merely verifying these
predictions our experiments reveal much more complex phe-
nomena, specifically the formation of an ultrathin precursor layer
that acts as a template for subsequent growth of highly aligned
3D crystalline deposits — a behaviour which may help to explain
previous indirect observations for quasi epitaxial growth at liquid—
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liquid interfaces. In order to achieve this, a better understand-
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Taming electrons at
heterointerfaces.

Electric field effect in LaAlO3/SrTiO3 heterostructures

Mobile electrons are confined at the interface between SrTi05 and a LaAlO3 layer with a thickness of only a
few unit cells. With infrared ellipsometry, X-ray diffraction, and resistance measurements we have investigated
the electric field induced effects on the confined electrons at the LaAlO5/SrTiO5 heterostructure interface. We
have found evidence that the charge carrier localization at negative gate voltage is enhanced, or even induced,
by a polar phase transition that takes place in SrTiO close to the heterointerface. This phase transition reduces
the polarizability of the lattice and subsequently the screening of defects at the interface. We have shown
that the charge localization and the polar order appear below T~ 50 K and both phenomena exhibit a similar

unipolar hysteretic behaviour as function of the applied gate voltage.

In the last years, the particular properties of the mobile charge
carriers at the interface between insulating SrTiO3 (STO) and
thin (insulating) LaAlO5 (LAO) layers with a thickness of n = 4 unit
cells have been thoroughly investigated [1, 2]. The conductivity
of these interfacial charge carriers can be modified by an applied
gate voltage, Vg, and even insulating samples with n =3 can
be switched into a metallic state with moderate gate voltages
[2]. A superconducting phase of the charge carriers has also
been observed at very low temperatures of T, < 0.4 K. This
superconducting state can be suppressed by an external gate
voltage which results in a localized state of the charge carriers
at negative bias [3]. The mechanism by which the electric field
leads to the confined state is still under discussion. Our infrared
ellipsometry measurements together with X-ray diffraction ex-
periments and resistance measurements suggest that a polar
phase transition in the STO close to the heterointerface plays
an important role.

Metallic LAO/STO heterostructures with n = 4.5 have been pre-
pared by pulsed laser deposition of LAO on TiO2 - terminated
STO substrates as explained in [2]. The structure of the samples,
i.e. the contact arrangement and the polarity of the applied gate
voltage, is shown in Fig. 1(a). Ellipsometry spectra of the LAO/STO
sample have been obtained at T= 10 K and at different Vg. The
spectra are displayed in Fig. 2(a) in terms of the real part of the
optical conductivity, c,. The measurements reveal that a splitting
of the STO phonon mode centred at 438 cm™' occurs as the gate
voltage is swept from positive towards negative gate voltages.
This phonon involves a rotation of the oxygen octahedra (see
Fig. 1(b)) that is modulated by the long-wavelength infrared
radiation. Figure 2(b) shows that the mode splitting as function
of Vg exhibits an unipolar and hysteretic behaviour. The splitting
starts to develop at Vg = +50 V as Vg is swept from +250 V to-
wards -250 V. In Fig. 2(d), we show the temperature dependence
of the phonon mode splitting at Vg = -150 V by the open circles.
It is important to note that the presence of the remanent phonon
peak at 438 cm! even at Vg = -250 V indicates that not the whole

Figure 1

(a) Sketch of the LAO/STO structure and
electrodes used to apply the gate volt-
ages. (b) Antiphase rotation of the oxygen
octahedral in STO which give rise to the
438 cm™ phonon mode. (c) Polar displace-
ment of the Tiion in the STO unit cell

showing the effect of the bond length

change.

STO substrate undergoes a structural transition. This allows
us to estimate the thickness of the distorted layer to be on
the order of 1 ym at Vg =-250 V.

A corresponding splitting of the 438 cm! phonon mode has
been observed in ferroelectric SrTi'80; crystals where 160 has
been exchanged with the heavier 180 isotope. These samples
become ferroelectric at Tcurie ~ 25 K [4] and the phonon splitting
appears below Tcurie as shown in Fig. 2(c). The softening of the
phonon in the polar phase can be understood in terms of the
polar off-centre displacement of the Ti cation as it is schemati-
cally shown in Fig. 1(c). The length change of the Ti-O bonds
results in an anisotropic softening of the bonds shown in red.
This leads to the observed splitting of the phonon in the ferro-
electric state of SrTi'803 and for the LAO/STO heterostructures
at negative bias.

In Fig. 3, we show k-space maps of the (002) Bragg reflection of
the STO substrate at different gate voltages and temperatures.
These k-space maps have been measured at the PETRA 11I/P09
beamline and show that the main (002) reflection is not influenced
by the application of Vg = -250 V. However, additional satellite
reflections appear symmetrically to the main Bragg reflection
along the [110], direction parallel to the heterointerface. Their
spacing of AQ = 0.0063 reciprocal lattice units (rlu) corresponds

40 | Research Highlights | Surfaces and interfaces



(a) Contour plot of the ellipsometry spectra at 10 K
showing the voltage induced splitting of the 438 cm’
phonon mode of STO. (b) Hysteretic voltage depend-

ence of the splitting of the phonon mode at 10 K. (c)
Ellipsometry spectra of SrTi'®0, showing the splitting of
the 438 cm™' phonon in the ferroelectric phase below
Teuie- (d) Comparison of the temperature dependence
of the phonon splitting at Vg =-150V (open circles), the
satellite Bragg reflex intensity at Vg =-250V (open
squares), and the increase of the sample resistance (full

squares) of the LAO/STO heterostructure.

to a long range modulation period of ~ 60 nm. Similar super-
lattice peaks have previously been observed in ferroelectric

thin films due to the formation of alternating antiphase stripe
domains [5, 6]. In the case of the LAO/STO heterostructures,

Field induced satellite Bragg reflections in the polar domain state of the LAO/STO hetero-
structure. (a) and (b), Gate voltage dependence of the k-space map of the (002) Bragg
reflex of STO at 10 K. The arrows mark the appearance of two satellite reflections at

(Ak2) and (hk2) with h = 0.004 and k = 0.005. (c) and (d), Temperature evolution of the

satellite reflections at Vg =-250V.
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the satellite peaks likely arise from a modulation of the in-plane
component of the tilted polarization or from a modulation of the
amplitude of the normal component. In Fig. 2(d), we compare
the normalized temperature dependence of the phonon splitting
with the normalized intensity of the satellite peaks (blue open
squares). Both features exhibit the same temperature dependence
and disappear at temperatures above T = 50 K. The measurement
of the sample resistance exhibits a unipolar and hysteretic be-
haviour as function of Vg, similarly to the phonon splitting shown
before. In Fig. 2(d), we show that the normalized increase of the
resistance (red, full symbols) as function of temperature starts
below T = 50 K.

Our observations suggest that the electric field induced lo-
calization of the charge carriers in LAO/STO heterostructures is
induced, or at least strongly enhanced, by a polar phase transition
of the STO layer in the vicinity of the conducting interface. This
field induced phase transition leads to a reduction of the di-
electric constant and thus of the screening of defects that tend
to localize the charge carriers.
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Insights in heterojunctions of operational
organic electronic devices.

In situ characterization of a pentacene - Gy, ambipolar thin film transistor

Increasing the performance and efficiency of organic electronic devices such as ambipolar thin film transistors
and organic solar cells requires the understanding and tailoring of interfaces. Although the structure and
morphology of interfaces is subject to thorough studies, their impact on electronic processes has not been fully
comprehended. Here, we utilize the tunability of charge carrier densities in field effect transistors to gain access
to charging phenomena at organic interfaces. In situ measurements which track interface charging, here for
the example of a pentacene - Cg heterojunction, are complemented by grazing incidence X-ray scattering

performed at the W1 beamline at DORIS I

The energetic landscape at organic interfaces is complex due
to a wealth of electrostatic phenomena such as charge transfer,
dipole generation, and doping, all related to aspects of the
molecular structure, e.g. molecular orientation, crystallinity,
interdiffusion, and domain size.

The performance of electronic devices, however, also depends
crucially on the balance of Debye length, depletion width, film
thickness, and in particular the spatial location of trap states.
Therefore, it is mandatory to track the changes of device
characteristics with film thickness. The inherent lateral geometry
of thin film transistors (TFTs) allows for the in situ acquisition of
characteristic curves before and during semiconductor depo-
sition [1]. Here we deposit an electron conducting semiconductor
(Cep) on top of a fully developed p-channel TFT (pentacene) to
observe the changes of the device characteristics due to the
evolution of an additional n-channel.

In order to exclude structural or morphological changes within
the organic films during deposition we performed structural
analysis of the system using atomic force microscopy (AFM)
and grazing incidence X-ray scattering (GIXS). The AFM images
show that the fullerene coating clearly retraces the pyramid like
topography of the underlying pentacene film (Fig. 1a). However,
it exhibits drop-like growth with a grain size much smaller than
the pentacene grains. In addition to morphological studies via
AFM we also investigated the crystalline structure of the bilayer.
The resulting diffraction pattern, see Fig. 1(b), shows well known
Bragg peaks stemming from ordered thin film growth of penta-
cene in [00L] direction [2, 3]. In addition, this pattern is super-
imposed by a second set of Bragg features which we have
identified to originate from Cgq face centred cubic (fcc) growth
in [111] direction with a lattice constant of a = 14.14 A. The Ceo
growth corresponds to the well known fcc structure of single
crystals at room temperature [4]. The absence of additional,
not indexed features allows us to exclude a lying down phase
of pentacene at the interface or a crystalline interdiffusion layer.

Figure 1

a) AFM height image (2 um x 2 um) of 25 nm Cg, coating a 20 nm pentacene thin film
layer. b) GIXS measurement of a pentacene-Cg, bilayer. All diffraction features can be
accounted for by a standing up pentacene thin film phase and [111] fcc Cg,. ¢) Off-

specular reflectometry X-ray measurement, demonstrating high crystallinity.

Additional off-specular reflectometry X-ray measurements, shown
in Fig. 1(c), confirm the pentacene thin film growth in [00L]
direction as well as the Cgq fcc growth in [111] direction and
indicate high crystallinity of the organic thin films.

To explore the electrostatic changes during the heterojunction
formation, we performed Cg film thickness dependent meas-
urements by recording gate sweeps for positive source-drain
voltages during fullerene deposition, while the ambipolar TFT
develops (Fig 2a).
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During the first 50 A of deposition, which corresponds to about
6 monolayers (ML) Cgg, the characteristic curves hardly change.
Then, at around 55 A Cgo film thickness, the device suddenly
begins to show electron conducting characteristics as well. The
thickness resolved values for the respective threshold voltages for
hole and electron conduction channel and the electron mobility
are plotted in Fig. 2(b). Beyond 55 A, the electron mobility starts
to rise quickly with increasing film thickness, until it saturates
at thicknesses higher than about 150 A i.e. well beyond the
Debye length. From unipolar devices it is known that the onset
of conduction goes along with percolation of the semiconductor
layer [1]. The threshold voltages show similar behaviour. Beyond
6 ML fullerene, both, the hole and the electron threshold voltages
shift oppositely to more positive and more negative values,
respectively. This means that both channels open earlier with
respect to their onset voltage.

The shift of the p-channel threshold shift leads to an important
finding. The Fermi levels of pentacene and Cgq are expected
to align via interface charging, i.e. by formation of depletion
zones or accumulation of charges, depending on the direction
of the shift. From literature values for the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) energy levels of the two semiconductors we
expect the Fermi level of pentacene to lie above the Fermi level
of Cgg [5], which means that the pentacene side of the inter-
face is to be charged positively, while the Cgq side is charged
negatively. Sweeping the bottom gate voltage to more positive
values will at one point switch the pentacene bottom interface
from accumulation to depletion, which would lead to a vanishing
hole current flow. Here however, the pentacene layer has to be
depleted entirely by the bottom gate in order to compensate
for the extra top charge at the pentacene-Cg interface. Thus,
the effective threshold voltage is expected to shift to more positive
values, which matches the observed direction of the threshold
shift in our device.

Remarkably, the shifts of both threshold voltages set in with Cgg
percolation. Obviously, not only the Cgy n-channel requires
percolation, but also the pentacene top channel. The dropletlike
growth behaviour of Cgg on pentacene suggests that the hetero-
junction is confined to the pentacene-Cgq contact area. Thus,
before percolation, the inhomogeneous heterojunction landscape
resembles a plane of disconnected patches of electrons and
holes confined to the interface of the fullerene droplets with
the pentacene surface.
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and electron saturation mobilities. Percolation of the electron channel is indicated.

In summary, the combination of structural and electronic charac-
terization allowed us to quantify the evolution of the organic
heterojunctions in detail. Such experiments will enhance the
understanding of the relation between molecular arrangement
and electrostatic properties of devices based on organic hetero-
junctions such as organic solar cells.
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The true hulk electronic structure
of quasicrystals.

Pseudogap in the valence band observed by hard X-ray photoemission

The discovery of aperiodic ordering in solids has changed our concept of how atoms may arrange in solids,
and has led to a new definition of what constitutes a crystal. Many quasicrystalline metallic alloys have been
discovered, yet the question why they order in this manner is still subject of controversy. Here we use hard
X-ray photoemission (HAXPES), which gives access to the true bulk electronic structure, to resolve a controversial
issue regarding the electronic driving mechanism for their formation, i.e. the existence of a pseudogap at the
Fermi level. Our data from icosahedral Al-Pd-Mn and Al-Cu-Fe clearly demonstrate the presence of a pseudogap
in the bulk, which is masked in soft X-ray photoemission because of a metallic surface phase. In Al-Cu-Fe the
pseudogap reaches a very low density of states at the Fermi level, indicating that this material is close to a
metal-insulator phase boundary.

Quasicrystals belong to a class of novel materials whose
structure fundamentally differs from other two known forms of
solids, crystalline and amorphous, because they combine long-
range translational order and forbidden rotational symmetries.
Such properties were thought to be incompatible up to 30 years
ago, until Dan Shechtman demonstrated the existence of
quasicrystals (Nobel Prize in Chemistry in 2011). Quasicrystals
exhibit many unusual physical properties such as high electrical
resistivity, a negative temperature coefficient of resistance,
and a low electronic contribution to specific heat. Many (~100)
aperiodically ordered alloys have been synthesized to date,
and even naturally occurring quasicrystals have been reported.
The question “where are the atoms” in a quasicrystal has been
successfully answered for a few of them. However, the funda-
mental question of why nature prefers quasicrystalline order,
as shown for icosahedral Al-Cu-Fe in Fig. 1, in some parts of
the alloy phase diagram has remained controversial.

This has been ascribed to a mechanism that predicts the

existence of a pseudogap in the electronic density of states

at the Fermi level (Ef) due to quasi-Brillouin zone and Fermi

surface interaction (i.e. Hume-Rothery mechanism) [1]. Surface  Figure 1

sensitive photoemission [2, 3] of icosahedral i-Al-Pd-Mn and Section of the structure of i-A-Cu~Fe based on a model by Steurer and Deloudi. Grey

i-Al-Cu-Fe show a clearly developed metallic Fermi edge with atoms are Al, Cu is red, Fe green. This figure is reproduced from Ref. 4 with permis-

a rounded shape near Ef, which was considered as an indirect  sion.

evidence of the pseudogap [2, 3]. On the other hand, the ex-

planation of bulk transport properties of quasicrystals such as

high resistivity, negative temperature coefficient of resistivity,

and low electronic specific heat requires a pseudogap at Ef. Our HAXPES data, recorded at the P09 beamline at PETRA I,

This discrepancy was ascribed to an enhanced surface metallicity = DESY, Hamburg and at the ID32 beamline at ESRF, Grenoble

compared to the bulk [3], which masks the pseudogap in low using 7.93 and 5.95 keV X-rays at 300 K and 40 K, clearly show

energy (i.e., surface sensitive) photoemission. the well-developed pseudogap at Eg that has been predicted
by theory and required to explain the transport data (Fig. 2).
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This shows the important advantage of using high energy
photons to examine the true bulk electronic structure using
HAXPES; in spite of the low cross sections in this region, the
effect is clear, and shows considerable differences between
the two materials. In order to quantitatively evaluate the depth
and width of the pseudogap, we analyze the line shape through
a Lorentzian function convoluted by a Gaussian to represent the
instrumental influence (green line in Fig. 2). A well-developed
pseudogap in the bulk is thus unambiguously observed in
i-Al-Pd-Mn. For i-Al-Cu-Fe, the pseudogap is even more pro-
nounced in the bulk, with the minimum of the spectral function
reaching zero; in both cases, this is in marked contrast to the
surface sensitive data (dashed blue line, from [2]). The line shape
analysis suggests that the pseudogap is not only deeper but
also narrower in the bulk compared to the surface. In fact, for
i-Al-Cu-Fe, the line shape analysis shows that the density of
states is zero at Eg, which indicates that it is close to the

metal-insulator phase boundary, in agreement with the specific

heat and transport measurements [5].
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Figure 2

HAXPES valence band spectra of i-Al-Pd-Mn and i-Al-Cu-Fe close to the Fermi level (Ef)
measured at 40 K using 7.93 keV photon energy. The experimental valence band spectra
(black open circles), which have been fitted with a Lorentzian function (green line)
broadened by the instrumental resolution and multiplied by the Fermi function, show a deep
pseudogap at the Fermi level. The resulting fitted curve is shown as a red line. In contrast,
low energy photoemission [2] (dashed blue line) fails to show the pseudogap. This figure

is taken from the original publication (Phys. Rev. Lett. 109, 216403, 2012) with permission.
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Breakdown of the X-ray magnetic
scattering cross section.

Rendering magnetism invisible

Free-electron laser sources provide radiation with unprecedented parameters in terms of ultrashort pulse length
and high photon flux, making them ideal tools for studying ultrafast phenomena in matter on a previously
inaccessible level. Here, we report on an ultrafast breakdown of the resonant magnetic scattering channel in
a magnetic cobalt/platinum multilayer system, exposed to 100-fs-long ultraintense extreme ultraviolet (XUV)
pulses from FLASH. We find that already during the first few femtoseconds of the XUV pulse the electronic state
of the sample is strongly perturbed, leading to a shift in the energy levels, such that the incoming photon energy

no longer matches the condition for resonant scattering.

The use of X-ray scattering for studying electronic and magnetic
structures of matter is based on the premise that the scattered
X-rays provide information on an as-prepared state. Free-electron
laser (FEL) sources providing ultraintense and ultrashort radiation
pulses challenge this premise, especially with regard to electron
transitions probed in resonant scattering experiments.

We present here the results of a resonant magnetic scattering
experiment at FLASH, see also [1, 2], comparing magnetic scat-
tering from a cobalt/platinum multilayer sample at non-destructive
low and destructive high fluences. As for resonant magnetic
scattering a specific quantum transition within the electronic
system is probed, radiation damage can manifest itself on
timescales even shorter than those found for (non-resonant)
charge scattering of nanocrystals [3].

For the experiment, the photon pulse length was estimated to
be 100 fs and the focal spot size 20 pm. Different fluences were
set by solid-state absorbers. The photon energy was tuned to
the magneto-dichroic transition of cobalt at 59.6 eV (M-edge)
which yields the magnetic scattering contrast, see Ref. [1, 2] and
references therein. However, this leads also to strongly enhanced
absorption and hence to increased radiation damage to both

the electronic and, on longer timescales, the atomic systems.
The altered electronic states can result in different properties,
like enhanced transmission, as shown e.g. for aluminium [4].

We show magnetic scattering data of a thin cobalt/platinum multi-
layer film deposited on a free-standing silicon nitride membrane.
Due to its perpendicular magnetic anisotropy the film exhibits
a domain pattern with out-of-plain magnetic domains which have
been aligned in stripes by an in-plane magnetic field before the
experiment. The scattering pattern shown in Fig. 1(a) results from
accumulating the scattering signal from 1000 FEL pulses with
an average fluence of 7.5 mJ/cm? and at a repetition rate of
10 Hz. A diffraction pattern with the magnetic scattering con-

Figure 1

Scattering images of a magnetic sample with domains partially aligned into stripes. The
FEL is tuned to the Co M edge at 20.8 nm. (a) Scattering pattern from 1000 low fluence
shots with a total fluence of 7.5 J/cm?. (b) Single shot scattering pattern from a single
pulse with a fluence of 5 J/cm?. The scale bar indicates the number of photons per pixel.
The scattering intensity is decreased by a factor of 20 in the high fluence case. Further-

more, a parasitic signal originating from the destruction of the sample is visible.

centrated in two intensity lobes is observed. We note that this
indicates the absence of heat load effects, as the meta-stable
state of linearly aligned magnetic domains would become
disordered towards a 2-D labyrinth state upon heating and
the scattering pattern would evolve into a ring. The scattering
pattern shown in Fig. 1(b) has been recorded from the same
sample with a single FEL pulse reaching a fluence of 5 J/cm?2.
Although the total number of photons is rather comparable, the
scattering patterns show pronounced differences: the scattering
intensity in the previously intense magnetic scattering lobes is
strongly reduced and an additional signal appears on the detector.
For the latter signal it can be excluded that it originates from
scattering due to its shape and lack of point symmetry; it is
attributed to the Coulomb explosion of the sample. The striking
observation is the strong reduction of the resonant magnetic scat-
tering intensity by a factor of 20, relative to the low fluence case.
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Simulation results for the evolution of charge states of cobalt for the
cobalt/platinum multilayer system during exposure to a 100 fs long
FEL pulse. For the low fluence (a) only a small fraction of cobalt 1+

and cobalt 2+ ions are present. Therefore the electronic system is
essentially unperturbed and the magnetic scattering can be observed
as expected (Fig. 1a). In the high fluence case (b), in contrast, a large
amount of differently charged cobalt ions are present in the sample.

Already within the first 10 fs of the FEL pulse more ions then neutral

cobalt atoms remain. Therefore, the electronic structure has changed
such that no more resonant magnetic scattering takes place. The

total observed scattering intensity drops (Fig. 1b).

We attribute the loss in scattering intensity to a reduced rate of
the resonant magnetic scattering process. We expect that this
intensity reduction is due, to a large extent, to the efficient ab-
sorption of the X-rays which leads to significant changes in the
irradiated material’s electronic structure. Especially, the photo-
ionization of weakly bound 3d and 4s electrons are of relevance.

To confirm this idea, we have performed simulations of the non-
equilibrium evolution of the cobalt/platinum multilayer sample,
using a non-equilibrium code based on kinetic Boltzmann
equations, see e.g. [5]. Those simulations yield quantitative
insight into the ultrafast electronic processes occurring during
the intense FEL irradiation, so that the evolution of the electronic
and atomic system starting from the neutral state through all
stages of the progressing ionization and sample damage can
be followed. In the case of low fluence only minor changes are
induced to the electronic system: the average ionization degree
per atom is ~0.01 and Co +1 states appear mostly within the
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sample (Fig. 2a). In contrast, in the high fluence case, the
electronic system and the average ionization degree per atom
change dramatically after a few up to tens of femtoseconds
(Fig. 2b). The average degree of ionization is close to 1 already
after the first 10 fs of the exposure to the FEL pulse. Using the
Hartree-Fock-Slater model, implemented in the XATOM pack-
age [6], it was estimated that the resonant transition energies
of cobalt +1 to +3 ions shift by 1, 1.5 and 2 eV with respect to
those of neutral cobalt. The FEL photon energy staying tuned
to the cobalt 0+ bulk transition energy and having a bandwidth
of ~0.6 eV is therefore out of resonance for ions which conse-
quently reduces the observed scattering intensity.

As the resonant scattering process is then quenched during the
first few femtoseconds of the exposure, this result implies an
existence of an upper fluence limit for the ultrafast resonant
magnetic scattering.
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Magmas at depth.

Structural change in basalt at deep mantle conditions

Silicate liquids, i.e. magmas, play a key part at all stages of deep Earth evolution, ranging from core and crust
formation billions of years ago to present-day volcanic activity. Quantitative models of these processes require
knowledge of the structural changes and compression mechanisms that take place in magmas at the high
pressures and temperatures in the Earth’s interior. However, obtaining that has long been impeded by the
challenging nature of the experiments. We measured the structure and density of molten basalt up to 60 GPa

by means of in situ X-ray diffraction.

Density measurements of silicate melts are much sought after,
because density is the primary factor controlling the evolution
of magmas at depth. Pioneering results have been obtained
using shock-wave [1] at upper-mantle conditions, demonstrating
that basaltic magmas are more compressible than their crystalline
counterparts, which implies that density inversion between
magmas and crystals must occur at depth. This behaviour can
be explained by the different compression mechanisms available
in liquid silicates, compared to the crystalline structures, including
the collapse of ring structures at low pressure and gradual
coordination changes.

A key point to be investigated is how and where the transition
from fourfold- to sixfold-coordinated silicon occurs in magmas
at depth, and in turn, how that affects melt compressibility. Si
coordination change occurs in the crystalline phases at 25 GPa
(i.e. 660 km depth); it is the major phenomenon affecting the
Earth’s mantle and defines its reservoirs, the upper and lower
mantles.

In recent years, structural and density information for silica glass
was obtained at record pressures of up to 100 GPa [2], a major
step towards obtaining data on the molten state. But so far, only
shock-wave experiments have been able to probe the properties
of magmas at deep mantle conditions, with data reported up
to 127 GPa [3]. However, these data are difficult to interpret in
terms of an isothermal equation of state as the temperatures
generated during the shock ramp from 2000 K to 8000 K, ex-
ceeding by far the mantle temperature profile.

We collected in situ X-ray diffraction data on molten basalt, the
most commonly produced magma, using laser-heated diamond
anvil cells at the Extreme Conditions Beamline P02.2 at PETRA Il

(Fig. 1). A structural change is observed between 10 and 35 GPa
and attributed to Si undergoing a coordination change from 4
to 6. We measured the density of melts from the same set of

data, using the X-ray-diffraction-based method [4]. Above the

Figure 1
Photograph of a laser heated sample inside a diamond-anvil cell at 35 GPa. Three laser-

heated spots are visible. Sample size: 100 microns.

structural transition, there is a clear stiffening of the melt. This
stiffening is related to the fact that Si is the last of the major
elements to undergo a coordination increase, so that above
35 GPa, bond-length shortening gradually overtakes coordination
change as the dominant compression mechanism (Fig. 2).

Our data provide the first in situ experimental insight into the
behaviour of a magma ocean at depth. Planets were indeed
born molten, e.g. the so-called magma ocean stage. In the
context of the crystallization of a magma ocean, the difference
in density between melts and crystals will be at its highest at
the bottom of the upper mantle, that is, above the fourfold-to-
sixfold Si-coordination transition in crystals, and above the
bottom of the lower mantle atop the core. We should therefore
expect a layered magma ocean with a crystalline layer separating
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Pressure-evolution of Si-O
coordination number. Present
data are compared to theoretical
calculations on silicate melts

[6, 7] and to experimental data

on SiO, glass [2].

an upper magma ocean from a basal one, as posited by thermal
evolution models [5]. The existence of two separate magma
oceans has been postulated to reconcile geochronological
estimates for the duration of the magma ocean era of a few tens
of Myrs with cooling models, as a single magma ocean would
otherwise have cooled within one Myr only. Today, there are still
remnants of the basal magma ocean in the form of melt pockets
detected atop the Earth’s core by seismology.

The structural change thus affects the physical properties of
magmas at depth, but it also affects their chemical properties.
Strikingly, the reported structural and compressibility changes
coincide with a marked change in the pressure evolution of the
distribution of nickel between metal and silicate melts. The
depth of a magma ocean is classically estimated based on the
measured pressure-dependency of siderophile elements (such
as Ni) partitioning between molten silicate and metal. Recent
estimates exceed 30 GPa and range up to 60 GPa, with most
models relying on extrapolations of experimental data restricted
to lower pressures (<25 GPa). The coincidence between the
change in silicate melt compressibility and nickel partitioning
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implies that data obtained below 35 GPa should not be used
to constrain partitioning at deeper mantle pressures. Partitioning
of an element between two phases is controlled by its coordi-
nation geometry and site compressibility in each phase. Silicate
melt stiffening implies a convergence of site compressibility
between silicate and metal melts, resulting in a weak pressure-
dependence of Ni partitioning above 35 GPa. An unfortunate
consequence of this weak pressure-dependence is that error
bars on magma ocean depths need to be revised upwards, if
they can be determined at all. These examples illustrate that
models of the magma ocean era, including segregation of the
molten Fe core and crystallization of the magma ocean, must
incorporate pressure-induced structural changes in melts.

This study shows that it is possible to study magmas in situ at
the high pressure and temperature conditions of their formation.
This opens the way to more systematic studies for the wide
range of compositions of natural magmas, and in particular,
to the effect of volatile elements on their properties.
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References

1. S. M. Rigden, T. J. Ahrens, E. M. Stolper, “Densities of liquid silicate at
high pressures”, Science 226, 1071-1074 (1984).

2. T. Sato, N. Funamori, “Sixfold-coordinated amorphous polymorph of
SiO, under high pressure”, Phys. Rev. Lett. 101, 255502 (2008).

3. P. D. Asimow, T. Ahrens, “Shock compression of liquid silicates up to
125 GPa: the anorthite-diopside join”, J. Geophys. Res. 115, B10209 (2010).

4. J. H. Eggert, G. Weck, P. Loubeyre, M. Mezouar, “Quantitative structure
factor and density measurements of high-pressure in diamond anvil cells
by X-ray diffraction: argon and water”, Phys. Rev. B 65, 174105 (2002).

5. S. Labrosse, J. W. Hernlund, N. Coltice, “A crystallizing dense magma
ocean at the base of the Earth’s mantle”, Nature 450, 866-869 (2007).

6. B. B. Karki, D. Bhattarai, L. Strixrude, “First-principles simulations of liquid
silica: structural and dynamical behavior at high pressure” Phys. Rev. B 76,
104205 (2007).

7. N. de Koker, “Structure, thermodynamics, and diffusion in CaAl,Si,Og
liquid from first-principles molecular dynamics”, Geochim. Cosmochim.
Acta 74, 5657-5671 (2010).

Research Highlights | Structure and structural dynamics | 49



Unexpected flow behaviour of

anisotropic particles.

Perpendicular orientation of cylindrical micelles behind a tapering

Flow orientation of anisotropic particles is of importance in many fields, ranging from the production of polymer
fibres to the flow of cells and proteins through thin capillaries or pipes. It is commonly assumed that anisotropic
particles align parallel to the flow, whereas in narrow channel sections one expects the increased flow rate
to improve parallel particle alignment. However, we discovered that anisotropic colloidal particles generally
realign perpendicular to the flow after passing a narrow channel section. Realignment occurs in the expansion
after a narrow channel section in a region with significant extensional flow which is promoted by shear thinning,
a typical property of complex fluids. This reorientation is of high relevance in fibre production and a possible

thrombogenic mechanism in blood capillaries.

In situ investigations of the flow orientation of colloids in solution
under very well-defined conditions have recently become possible
with the development of X-ray transparent microfluidic devices
and high-brilliance micro-focused X-ray beams at dedicated
synchrotron beamlines [1]. Due to their small dimensions, fluid
flow in microchannels is mostly laminar, even for high flow rates,
with a well-defined flow velocity profile. Such conditions are
ideal to perform detailed investigations of the flow orientation
of anisotropic colloids.

Of many different types of anisotropic particles that are of high
relevance for such studies, including semi-flexible polymer chains,
carbon nanotubes, fibrous proteins, rod-like nanoparticles, and
DNA [2,3], we chose aqueous solutions of cylindrical block co-
polymer micelles. Their flow-orientation behaviour can be well
studied in microfluidic devices using polarized optical micros-
copy and micro-focus synchrotron small-angle X-ray scattering
(MSAXS), as sketched in Figure 1. The cylindrical micelles have
diameters of 25 nm and contour lengths of several micrometers,
as shown by the AFM-image in Figure 1b. In our studies we
focused on the orientation behaviour of the cylindrical micelles
when flowing through narrow channel sections.

We performed synchrotron X-ray measurements to scan the
contraction/expansion zone of the narrow microchannel section
and to map the orientation of the cylindrical micelles, as shown
in Fig. 2 together with a polarized optical micrograph of the
channel section. When flowing into the contraction zone of the
narrow section, the micelles remain aligned in flow direction,
as indicated by the blue birefringence interference colour and
the azimuthal positions of the Bragg peaks, which appear on
the meridian of the detector. As expected, the azimuthal peak
widths become smaller, indicating improved alignment of the
micelles in flow direction. When scanning with the X-ray beam
downstream into the channel expansion zone, we observe a
surprising behaviour. First, in a region directly behind the exit
of the microchannel narrowing, there is no preferred orientation
as apparent from the observed Debye-Scherrer rings (Fig. 2b).
Further downstream, the micelles become oriented perpendicular
to the flow direction. We observe an interference colour change

Figure 1

Schematic of the experimental setup for studying the orientation of cylindrical micelles
in microchannels using uSAXS. a) X-ray beam alignment and SAXS pattern measured
for a stream of cylindrical micelles flowing in a microchannel. b) Atomic force micros-

copy image of an isotropic assembly of cylindrical micelles used in this study.

from blue to orange in the polarized microscopy image, and the
Bragg reflections now appear on the equator of the detector.
This orientation is stable along the remaining part of the channel
and does not even change in a subsequent curved section of
the microfluidic device. Only close to the channel walls, the worm-
like micelles are aligned parallel to the flow direction, as indicated
by the blue interference colour close to the channel walls. When
the wormlike micelles are subjected to planar extensional flow
in x-direction in a subsequent narrow channel section, they again
become aligned in flow direction in the contraction zone and
perpendicularly aligned in the subsequent expansion zone.
To compare the results of the micro-focus X-ray diffraction
scanning experiments to the polarized optical micrographs, we
mapped the diffracted intensity on the equatorial region of the
diffraction patterns onto the corresponding position of the X-ray
beam (Fig. 2c). The intensity map corresponds very well to the
birefringence interference colours, as shown in Figure 3a. We
have reproduced this behaviour for wormlike polymer micelles of
different block copolymers, different concentrations (5 — 30 % w/w)
and width ratios of the main channel and the narrow section
diameter (10:1 - 2.5:1) and always found the same behaviour.
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Orientation of cylindrical micelles determined by scanning micro-focus X-ray diffraction.
a) Alignment of cylindrical micelles in a narrow channel section visualized by polarized
optical microscopy. b) X-ray diffraction patterns measured at the positions indicated in
a and c. ¢) Pixel map of the equatorial intensity of the diffraction patterns at different
positions in the channel tapering. The high intensity in the expansion zone corresponds
to micelles with an orientation perpendicular to the flow direction. ROI depicts the region

of interest.

Ongoing experiments on cylindrical micelles with much higher
bending rigidity, on disk-like micelles and very flexible worm-
like surfactant micelles show that this phenomenon is gener-
ally occurring.

To obtain more insight we performed computational fluid dynamics
(CFD) simulations to calculate shear rates and extensional rates
in the contraction / expansion zone of the tapering. The calcu-
lations were performed for non-Newtonian liquids, as solutions
of cylindrical micelles are known to be strongly shear-thinning [5].
The calculated velocity field in the contraction/expansion zone
for a typical channel geometry and flow rate used in the experi-
ments is presented in Fig. 3a. Figure 3b shows the calculated
velocity profiles across the channel at position | before entering
the contraction zone, and at position Il after the expansion zone.
The velocity profiles are both non-parabolic, as expected for
shear thinning fluids, with an almost constant flow velocity in
the central part of the channel and a strongly decreasing flow
velocity close to the channel walls. Fig. 3¢ shows the calculat-
ed velocity components vy and vy, and Fig. 3d the corresponding
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Calculation of the velocity field as well as shear and extensional rates for the flow of
cylindrical micelles through a narrow channel section. a) Alignment of cylindrical micelles
visualized by polarized optical microscopy and the corresponding calculated velocity field
highlighting three points of interest (I, II, Il). b) Calculated velocity profiles v,(y) before
(solid black line) and after (dashed grey line) the microchannel tapering (I, Ill). c) Velocity
profiles v,(y) (solid black line) and vy(y) (solid grey line) in the expansion zone (ll). d) Shear
rate |{y)| (solid black line) and extensional rate &(y) (solid grey line) in the expanding micro-
channel behind the tap_ering. €) Map of the ratio Ii}'l in the wide z_and narrow channel sections.
In the orange regions,é| >0.14, whereas in the blue regions, §I<O'1 4. The resulting colour
map shows good agreement with the polarized optical micrograph in Fig. 2a, the X-ray

intensity map in Fig. 2¢, and measured velocity maps.

shear rate y=V v, and the extensional rate £=-V, v, along the
line across the expansion zone indicated in Fig. 3a. We ob-
serve, that over the major centre part of the cross section in
the expansion zone, the extensional rate ¢ is larger or at least
of the same order of magnitude as the shear rate y. Fig. 3e
shows the calculated ratio §I over the contraction / expansion
zone with a colour scale adjusted such that orange colour in-
dicates areas with §| >0.14, whereas blue colour indicates the
zone with §| <0.14, which is in very good agreement with the
results of the micro-focus SAXS experiments. This shows
that the perpendicular orientation is caused by strong exten-
sional fluid flow amplified by shear thinning.
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The oldest carnivorous dinosaur clutch
with embryos.

Fossilized eggshells revealed by synchrotron radiation micro-computed tomography

A clutch of crushed eggs and embryonic material ascribed to the megalosaurid theropod Torvosaurus, a primitive
carnivorous bipedal dinosaur, has been discovered in the Lourinha Formation in Portugal. The find represents
the only unequivocal evidence of early theropod embryos discovered to date, furthering our understanding of
dinosaur eggshell morphology and structure, and bridging a phylogenetic gap in the evolutionary framework
among the theropods.

The Lourinh@ Formation, central west Portugal, is very rich in
dinosaur fossils of the Late Jurassic. In 2005, a large number of
clustered eggshell fragments forming an assemblage containing
embryonic bones and teeth (Fig. 1 - ML1188), was discovered on
a grey mudstone layer. In what concerns dinosaurs, the Museum
of Lourinha hosts one of the most varied and best-preserved
paleontological collections in the country and in Europe.

The discovery of fossilized eggs associated with embryos is
rare and, thus, the Museum of Lourinhd has been using non-
destructive techniques for the study of these exceptionally
preserved dinosaur fossils. The purpose of this work is to link
a new eggshell morphology to the osteology of a particular
group of basal theropod dinosaurs, as well as to evaluate the
extension of the diagenesis (the geochemical alterations during
the lithification process, thus, the changes of chemistry when
an eggshell transforms from a living tissue to a rock) on the
morphology of the eggshell. We employed synchrotron radiation-
based micro-computed tomography (SR-uCT), scanning electron
microscopy (SEM), and optical microscopy techniques to study
the morphology and microstructure of the fossilized eggshell
fragments. Additionally, eggshells and surrounding sediment

characterization was performed by using an array of comple- Figure 1

mentary techniques in order to assess the extension of the A) Clutch of Torvosaurus eggs (ML1188). B) Dentary and maxilla in medial view of Torvo-
diagenesis, namely micro-proton induced X-ray emission (u-PIXE), saurus. C) Second and third dentary teeth, separated by interdental plate in medial view.
synchrotron radiation-based X-ray diffraction (SR-XRD) and D) Second and third maxillary teeth, separated by interdental plate in medial view. Scale
cathodoluminescence (CL). bars 100 mm (A), 5 mm (B), 2 mm (C, D).

Several eggshell fragments have been studied by SR-puCT atthe  nected sharp ridges, (ii) needlelike, elongated bladeshaped,

HARWI Il beamline at the DORIS Il synchrotron storage ring. calcite (CaCOy) crystals radiating from the base of the mammillae
The samples were imaged in absorption mode with a photon to the outermost part of the eggshell, and (jii) only one primary
energy of 37 keV. SR-XRD data were acquired at the High layer. Importantly, the ML1188 eggshells are highly porous.
Energy Materials Science beamline (HEMS) at PETRA Il [1] in The morphology of the pores is provided by the SR-uCT high-
transmission mode using a beam spot of 100 pm in vertical quality data, difficult to visualize by SEM or thin-sections. The
and 300 pm in horizontal with an energy of 87 keV. pores are irregular canals that branch out, vary in width along
The results presented in Fig. 2 show that SR-pCT is a useful their length, and reconnect close to the outer surface. In fact,
technique for nondestructive imaging of the eggshell’s mor- the pores seem to form an interconnected system (Fig. 2 — bottom).

phology. They bear (i) anastomizing ornamentation resembling  Furthermore, all eggshells have equivalent pore density, which
to some degree the patterns of linear [2] ornamentation, consisting  indicates that all the eggs were buried under a homogenous
of subcircular to subelliptical grooves separated by intercon- incubating medium [3].
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SR-pCT image of a fossilized eggshell from ML1188 in (top) external and (bottom)

transverse view. The total thickness of the eggshell is approximately 1.2 mm.

SR-XRD shows that the major compound of the eggshell is
calcite (Fig. 3). The analysis of the external and internal surface
zones of the eggshell fragments shows the presence of quartz
and phyllosilicates. Furthermore, SR-XRD and u-PIXE data re-
corded for the zone between the outer and inner surface layers
(middle of the shell) indicate that sediment mainly composed
of phyllosilicates is filling in the pores. ML1188 eggshells rep-
resent the first report of theropod eggs with a single structural
layer, the “primitive” condition for Theropoda, in contrast to more
complex eggshells with two or even three layers of advanced
theropods, including modern birds, which are practically “living
dinosaurs”. It was known that primitive dinosaurs from other
non-theropod clades had single-layered eggs, but theropods
were the missing piece in the puzzle.

The clutch was not significantly taphonomically disturbed (Fig. 1),
meaning the environmental context from the burial of the nest by
the progenitors and the deposition of the subsequent sediment
layers has remained the same. This nearly undisturbed scenario
can be explained by deliberate burial from the progenitor, analo-
gously to the behaviour seen in extant sea turtles. Furthermore,
the eggshells are highly porous and, thus, indicative of eggs
buried for incubation within the substrate. Thus, ML1188
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SR-XRD patterns obtained for an eggshell from ML1188 at the topmost zone (external

surface zone) and at the middle zone of the eggshell.

could have been buried by the progenitor because of the high
porosity of the eggshells, undisturbed taphonomic setting, and
low energy geological context.

The non-avian saurischians, including e.g. the longnecked herbi-
vores and the T-rex lookalikes, that have associated eggshells
and embryos are represented only by Massospondylus and
“advanced” theropods Coelurosauria, thus missing the basal
theropod representatives.

The dinosaur clutch described here encompasses several crushed
eggs and embryonic material ascribed to the megalosaurid
theropod Torvosaurus. It represents the first associated egg-
shells and embryos of megalosauroids, thus filling an important
phylogenetic gap between two distantly related groups of dino-
saurs. These fossils represent the only unequivocal basal
theropod embryos found to date. Furthermore, these fossils
allow unambiguous association of basal theropod osteology
with a specific and unique new eggshell morphology. The
morphological, microstructural and chemical characterization
of the eggshell fragments indicate very mild diagenesis.
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The liquid and solid character of
colloidal liquid crystals.

Nanoplatelets in shear flow

Most soft matter materials cannot be classified as fluids or solids because they possess a dual character: they
can have a response that is solid-like or fluid-like, depending on the mechanical deformation. This dual visco-
elastic character can also be found in an important class of soft matter systems, namely liquid crystals. Liquid
crystals can be formed by small ‘colloidal’ platelets, such as clay particles, which all have similar orientation.
Thus they are in a nematic phase despite of their Brownian motion, which makes them colloidal. We subjected
these dispersions of platelets to an oscillating shear field, squeezing the dispersions between two moving plates.
By combining this geometry with X-ray scattering, we uncover the structural origin of the transformation between
solid and liquid-like behaviour. These new insights might change the view on the origin of visco-elastic behaviour

in complex fluids.

1

Figure 1

(a) Cartoon of the Rheo-SAXS set-up,
with the deflected beam, vertical detec-
tion line and the shear cell. (b) The geom-
etry of the plate-plate shear cell showing
the light-path of the X-ray beam. (c) Gibb-
site platelets that were used in the experi-

ment. Scale bar 500 nm.

Bread dough, yoghurt, tomato ketchup, paints, cement are all
complex fluids which behave like a fluid or a solid depending
on the rate at which they are deformed. The reason for this
behaviour can be found in the response of the structures that
constitute the materials. Shear deformation can cause structures
to break up so that the system can flow as is the case with
tomato ketchup. On the other hand, shear deformation can also
enhance interactions, so that the material stiffens, as is the case
with silly putty. This ‘non-linear’ behaviour can cause flow in-
stabilities where the fluid breaks up into regions with, for example,
different viscosities [1]. The structural changes underlying such
flow instabilities have been our interest in the past. There are
two requirements to successfully study such changes. First,
the moment in time where the changes take place must be
isolated. Second, the structure must be probed in situ by a
suitable technique. The first requirement is achieved by applying
Large Amplitude Oscillatory Shear (LAOS) flow where material
states are probed which are inaccessible to standard method-
ologies. We fulfilled the second requirement in the past for several
soft matter systems by combining LAOS with time-resolved

Small Angle Neutron Scattering, simultaneously probing the
macroscopic mechanical response and the microscopic structural
response [2, 3].

Liquid crystals form a unique class of materials due to the
combination of highly ordered structure with low mechanical
modulus. This feature is typically used in liquid crystal displays,
where orientations of rod-like molecules are quickly switched
by electric fields. Clay platelets, the most present colloids in
nature, can also display liquid crystalline phases. Moreover, clay
dispersions exactly display the flow behaviour that was discussed
above and that is for example used in the oil industry to switch
from a state in which it flows to a state in which its motion freezes.
Here we use a newly developed combination of a rheometer
with powerful X-ray light sources such as PETRA Il at beamline
P10, which ensures sufficient temporal resolution to follow the
response of the system to the applied field, see Fig. 1 [4].

We found in this way that the simple elastic response of nematic
platelets at small strain amplitudes is accompanied by an
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Response to an oscillatory shear field at low strain (a)
and high (b) strain amplitudes throughout one period T.
Top panels: the peak intensity of the scattering; Bottom

panels: the applied strain (dotted line) and the measured
torque (solid line). The insets show typical scatter patterns.
For low strain we observe a transition from a powder-like
scattering to a typical scatter peak, going from minimum
to maximum strain. The fact that the corresponding
torque almost overlaps with the applied strain exemplifies
the elastic response. For high strain amplitudes we
observe diffuse isotropic scattering, except for the point
when there is a stress overshoot, the platelets flip and
we observe a sharp nematic structure peak. (c,d) The
corresponding cartoons of dynamic behaviour during

one period for different strain amplitudes.

anomalous structural response. Commonly it is assumed that
the structural response to oscillatory shear is independent of
the direction of deformation. As a consequence the structural
response should have twice the frequency of the applied oscillatory
shear field. Nematic platelets undergo however a structural
symmetry breaking: a preferential direction of deformation is
selected which induces off-plane orientation of the platelets.
As a result the increase and decrease of the structure peak takes
the full period of the oscillation, see Fig. 2(a). We can rationalize
the transition to a symmetry-broken state by noting that the total
strain acquired between the two most extreme positions of the
moving plate is only enough to tilt the director towards the flow
direction, but no further. When the flow is reversed, then the
director is pushed back, so that it returns to its initial orientation,
as indicated in Fig. 2(c).

This anomalous structural response disappears at sufficiently
large strain amplitudes. The system then displays a cycle of
elastic-like and fluid-like behaviour. Analysing both the mechanical
and stress response during the oscillation, we can connect the
elastic part of the cycle with the tilting of the platelets away from
the wall towards the flow direction and the fluid part with sliding
of the platelets Fig. 2(b, d). The transition between the different
responses is connected with a rich dynamical behaviour of the
nematic ordering.
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This study has implications on several levels. It demonstrates
the subtleties that are involved in the processing of liquid crystals.
This is especially true for colloidal platelets which display a much
more complex behaviour than rods [5]. Hence, this paper also
urges theoreticians to develop more refined theories where the
full reorientational motion of platelets is incorporated as well as
the effect of wall anchoring. Finally, we pose that the transition
between a structural response of the same frequency as the
applied field at low strains to the double frequency at high
strains could be at the origin of the non-linear shear thinning
of many soft matter systems, like the paints and ketchups de-
scribed above. That this transition went unnoticed up to now
can be attributed to the fact that the combination of LAOS with
in situ probing techniques like the set up at DESY is very rare.

We want to close with an outlook on the wealth of possibilities
of the set-up that are presently being worked on. High brilliancy
light sources can produce coherent beams, which have the
advantage that the velocity of colloids can be characterized.
We thus envision possibilities to probe velocity and structure
at the same time.
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Two liquid states in a strong bulk
metallic glass-former.

A liquid transforms itself

Polymorphic transitions are common in crystalline solids. Recent studies suggested that phase transitions may
also exist between two different amorphous or liquid phases. However, it is difficult to detect such a polyamorphic
transition experimentally due to the difficulties in avoiding crystallization and/or measuring at high temperatures/
pressures. In this work, we studied the bulk metallic glass-forming liquid Zr,4 5Ti13 gCuy2 sNijgBexo 5 Using calorimetry,
synchrotron X-ray scattering and electrostatic levitation. We found thermodynamic, dynamic and structural

anomalies that suggest a liquid-liquid transition in this system.

A polyamorphic transition refers to a phase transformation
between two liquid (or solid amorphous) phases having identical
chemical composition but different structures and physical
properties (e.g. thermodynamic and rheological properties). A
polyamorphic transition in liquid states is known as liquid-liquid
transition. Polyamorphic transitions have been suggested in
various systems [1], including water, SiO,, BeF,, Ge, Si, molten P
and Al,O3-Y,03 as well as Ce-Al metallic glasses. However,
the nature of the transitions has been debated due to crystal-
lization problems that hamper experiments in the desired super-
cooled regime.

Recent viscosity measurements of the bulk metallic glass-former

Zryq2Ti13.8CU12 5Ni1gBess 5 (in short: “Vit.1”) revealed two distinct
dynamic states by Vogel-Fulcher-Tammann fits of viscosity
data [2]. The low-temperature state exhibits Arrhenius-like be-
haviour, so-called strong liquid, while the high-temperature state
is non-Arrhenius, so-called fragile liquid. A viscosity hysteresis
was observed (Fig. 1), where the viscosity changes anomalously
by ~2 orders of magnitude upon heating above the liquidus
temperature and during undercooling. The kinetic strong-fragile
transition resembles the dynamic crossovers in water and
network glass-formers.

To study the thermodynamic and structural origin of the strong-
fragile crossover, we carried out high-temperature calorimetric
experiments and in situ synchrotron X-ray scattering at beam-
line BW5 at DORIS in contactless environment using an electro-
static levitator (ESL). Figure 1 shows the heat capacity ¢, of Vit.1
measured in reference to sapphire. A ¢, peak is observed on
heating between 1100 K and 1200 K, above the reported liquidus
temperature 1026 K. The heat gain of the ¢, peak is ~1 kJ
g-atom-", about 10% of the enthalpy of fusion. The result of
in situ X-ray diffraction shows no sharp Bragg peaks between
1100 K and 1200 K, indicating that the ¢, peak occurs in the
liquid state and cannot be attributed to melting of crystals. The
dash-dot line in the lower part of Fig. 1 is the deeply super-cooled
Cp data from ¢/emissivity measured in an ESL by Ohsaka et al. [3].

Figure 1

Heat capacity Co of Vit.1. Solid dots represent the Co for glassy and liquid states; the
dashed curve is Co for crystallization and melting processes. A Co peak is observed at
around 1150 K. In the lower part, the dash-dot curve represents the heat capacity dur-
ing cooling, plotted as negative values to indicate the heat release around 700 - 800 K

in the supercooled liquid [3]. Inset: viscosity hysteresis observed in the melt.

An exothermic peak was reported around 700-800 K with an
enthalpy release ~900 J g-atom-1, which appeared to be
associated with the ¢, peak on heating (1100 - 1200 K) when
the viscosity hysteresis and structural measurements were
taken into account.

Synchrotron X-ray scattering combined with ESL allows us to
study the structural changes of liquids in the deeply super-
cooled regime due to the absence of heterogeneous nuclea-
tion sites. The total structure factors S(Q) (Fig. 2a) were ex-
tracted from the diffracted intensity data. In Fig. 2b, the first
peak position of S(Q) is denoted as Qy, which is plotted as 1/
Q13 in the volume dimension (AS) against temperature. A sudden
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Structural changes in the liquid and volume measurements. a)
Examples of S(Q) on cooling from about 1300 K to ~610 K.
S(Q) are vertically shifted for clarity. b) 1/Q1° (A% on cooling

(open symbols) and on heating (red dots). ¢) FWHM of 15
peaks of S(Q) (see Inset) during thermal cycles. d) Liquid
volume measured in ESL during cooling and reheating.

The deviation of the macroscopic volume (density) data on
reheating (arrow) from the data on cooling is due to partial
crystallization and re-melting around 800 - 1100 K, which is
the temperature range where the XRD data for the liquid
state are not available on reheating, seen as a data-gap

between the solid dots in Fig. 2b, c.

change in the temperature dependence of 1/Q+% is observed
at around 830 K during undercooling (open symbols). The sudden
shift in 1/Q13 suggests a medium-range-order change in the
Zr-dominant interatomic correlations in real space. The solid
symbols represent 1/Q+° on reheating, which reproduce the
values during cooling, except for the range from 770 to 1091 K.
In this temperature interval, the sample devitrified on heating
and measurements on the liquid state are not possible.

Fig. 2c shows the full width at half maximum (FWHM) of the first
peak of S(Q). An abrupt change of the FWHM during cooling
(open symbols) occurred around 760 - 830 K. This is the same
feature as the sudden change observed in 1/Q3 in Fig. 2b. On
reheating, after the system returns to the liquid state at high
temperature (~1100 K), the data points exhibit a clear change of
slope at around ~1150 K, which corresponds to the temperature
range where the ¢, peak is observed in the calorimeter (Fig. 1).
The changes on cooling and reheating appear as a reversible
phenomenon and the data in Fig. 2c display a form of three
quarters of a hysteresis when the missing data gap is extrap-
olated as the dashed line from the lower temperature data.

Both ¢, peaks in Fig. 1 correspond to a similar enthalpy change
(~1 kJ g-atom™") and form a hysteresis with respect to tem-
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perature, which is comparable to the viscosity hysteresis of
the strong-fragile crossover [2]. The correlation between ther-
modynamics and kinetics is suggested by Adam-Gibbs theory,
at least, qualitatively. These hysteresis are consistent with the
hysteresis-like behaviour in 1/Q13 and FWHM of the structure
factors S(Q) (Fig. 2b, c). These findings suggest that there exists
a reversible weak first-order liquid-liquid transition between
two liquid phases with different entropies, fragilities and local
structures in the investigated system.

Furthermore, volume measurements (Fig. 2d) using ESL showed
no anomalous change at the temperature range of 750 - 830 K
and 1100 - 1200 K. This indicates that the entropy fluctuation
is the dominant term in the liquid-liquid transition instead of a
density fluctuation.

In summary, our study provides an important contribution to
experimental studies of liquid-liquid transitions in bulk metallic
glass-forming systems. We expect to find liquid-liquid transi-
tions also in other strong liquids above their respective Tg4[4],
including Zr-based bulk metallic glass-formers [5], if crystal-

lization is avoided.
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Synthesis of metastable

polymorphs.

New way of producing an orthorhombic Ino05 polymorph

Indium oxide In,05 — a transparent semiconductor with intrinsic n-type character — serves as a prototypical material
for diverse applications including touch displays, solar cells, thermoelectrics and gas sensors. Fundamental
studies of different In,05 polymorphs will significantly enhance the structure—property understanding in indium
oxide; the latter, in turn, will allow for guiding synthetic approaches towards improved optical and electronic
properties of transparent conductive oxides and development of improved electronic devices. The way is now
open for the physico-chemical characterization and for growing single crystals of a new orthorhombic o/-In,05
polymorph which is synthesized from rhombohedral corundum-type rh-In,05 at moderate high-pressure (8 - 9 GPa)
and high-temperature conditions (600 - 1100 °C) and recovered to ambient pressure and temperature. The
crystals structure data at ambient conditions confirm unambiguously the Rh,0,-lI-type structure.

Four In,O3 polymorphs have been synthesized so far. Cubic
bixbyite-type c-In,O3 (C-type structure of rare-earth oxides, /a-3,
No. 206) and rhombohedral corundum-type rh-In,O3 (space group
R-3c, No. 167) are accessible through solution-based and solvo-
thermal routes [1]. Orthorhombic Rh,O3-lI-type o/-In,O3 (Pben,
No. 60) and a-Gd,S;-type 0//-In,03 (Pnma, No. 62) polymorphs
were observed at pressures over 8.1 and 19.9 GPa, respectively.
Upon decompression they transformed to rh-In,O3 [2, 3]. In our
previous work we succeeded to recover o/-In,O3 to ambient
pressure and temperature from a laser heated diamond anvil
cell experiment [4]. However, due to a very limited amount of
the specimen, only a few crystals of the size < 104 mm-=3 were
available, the crystal structure of o/-In,O3 at ambient conditions
was not unambiguously confirmed.

In this work we explore alternative high pressure routes towards
producing large amounts of the o/-In,O3 polymorph. In contrast
to previous studies [2, 3, 4], we used corundum-type rh-In,Og
as a starting material. The reasons are as follows: Firstly, we
are guided by theoretical calculations that suggest using the
metastable corundum-type rh-In,O3 as starting material for the
high pressure synthesis of the orthorhombic o/-In,O3 polymorph.
The rh- to o/-In,O5 transition occurs above 6.4 GPa (arrow 1 in
Fig. 1(a)) and thus below the c- to o/-In,O5 (arrow 2 in Fig. 1(a)).
Secondly, the computed activation barrier for the collective
transition rh-In,O3 — o/-In,03 is 0.4 eV per In,Os5 (i.e. ~650 °C) at
the transition pressure 6.4 GPa (Fig. 1b); consequently, we expect
a fast transition. Thirdly, even if other corundum-type oxides
including Cr,O3, Fe,O3 and Al,Og transform to Rh,O3-1I-type
structure under high pressure, none of them have been recovered
to ambient conditions so far. Hence, the availability of Rh,O3-II-
type o/-In,O3 at ambient conditions will contribute to a better
understanding of the structural chemistry and properties of
other binary oxides, too.

Figure 1

(a) A part of the enthalpy-pressure (AH-p) diagram for indium oxide polymorphs, c-In,Og
is a reference structure. Arrows indicate transitions (1) rh-In,O; — o -In,O5 and (2) ¢-In,O4
— 0-In,05. (b) The relative enthalpy (per f.u. In,O,) between o/-In,O4 and rh-In,O poly-

morphs at 0, 2, 4, and 6.4 GPa.

In the first step, we followed the phase transitions in indium oxide
in situ under high pressure high temperature conditions in multi-
anvil assemblies by energy-dispersive X-ray diffractometry at
the two stage 6-8 MAX200X multi-anvil press at beamline W2
at DORIS llI. To avoid reflections from the sample environment
we used a new multi-anvil assembly with low X-ray absorption [5].
Fig. 2(a) displays the in situ energy dispersive X-ray diffraction
patterns of In,O3 compressed to 9.0 GPa and heated up to 600 °C.
At room temperature rh-In,O3 remains stable upon compression
up to 9.0 GPa. The broadening of the XRD reflections, which is
due to the deviatoric stress, is reduced by heating the specimen
at 9.0 GPa. At 600 °C, the reflections, corresponding to rh-In,Og,
start to vanish and a series of new reflections appears. These
reflections represent a characteristic pattern of an orthorhombic
0/-In,O3 polymorph.

The complete transformation from rh-In,O3 to o/-In,O3 takes
less than 20 seconds at 600 °C and 9 GPa, indicating fast
kinetics for a diffusionless transition (Fig. 1b). The XRD pattern of
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a rapidly quenched specimen from 600 °C to room temperature at
9.0 GPa possesses only o/-In,O3 reflections. During decom-
pression at room temperature, o/-In,O3 partially transforms to
corundum rh-In,O3 at a pressure below 1.0 GPa (arrow 2 in
Fig. 2a). The structure refinement of the specimen recovered to
ambient pressure confirms the coexistence of o/-In,O3 (fraction:
80.0 wt.%), rh-In,O3 (15.9 wt.%) and o-INOOH (4.1 wt.%) as
a side phase (Fig. 2b).

In the second step, the crystal structure of o/-In,O3 has been
confirmed by High Resolution Transmission Electron Microscopy.
Fig. 2(c) shows a HRTEM micrograph of a small area (~ 300 nm?)
of an individual o/-In,O5 crystal. The diffraction pattern (Fig. 2d)
obtained from the boxed area by means of Fourier Filtered Trans-
form (FFT) of the (200) and (011) reflections of the orthorhombic
structure and the Fourier-filtered image (Fig. 2e) from the same
boxed area have been used to determine the d-spacings. The
d-spacings related to the (200) and (011) reflections (3.96 A and
3.92A, respectively) shown in the inset with the diffraction pattern
are well resolved in the Fourier-filtered image, confirming unam-
biguously the o/-In,O3 (Pbcn, No. 60, a = 7.9295(1), b = 5.4821(2),
¢ = 5.5898(6) A) structure. These results are in a perfect agreement
with refinement of the structure (Fig. 2b).

In the next step we confirmed the synthesis of o/-In,O3 in a toroid
type high pressure device that allows for obtaining larger material
quantities as well as fast compression/decompression rates and
less experimental preparation times compared to multi-anvil
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a) In situ energy-dispersive XRD patterns in multi-anvil assemblies of a rh-In,O4
specimen compressed at 9.0 GPa and heated up to 600 °C. Arrows indicate the
complete phase transition rh-In,04 — 0™-In,0; (1) and the partial o'-In,O, transformation
to rh-In,O5 (2). (b) Structure refinement of a specimen recovered from the in situ
multi-anvil cell experiment showing observed (red dots) and calculated (black solid line)
intensities. Tick marks refer to positions of o/-In,O, rh-In,O, and o-INOOH Bragg
reflections. (c) HRTEM of a small area (~ 300 nm2) of an individual 0’-In,O; crystal. (d)
The diffraction pattern obtained from the boxed area by means of Fourier Filtered
Transform (FFT) of the (200) and (011) reflections of the orthorhombic structure. (e)
Fourier-filtered image from the boxed area. The d-spacings related to the (200) and

(011) reflections (3.96 Aand 3.92 A, respectively) are well resolved.

devices. The starting material (rh-In,O3) is compressed to 8 GPa
and heated at ~1000 - 1100 °C for 10 min. The structure refine-
ment (not shown here) confirms our finding from the in situ multi-
anvil experiments and shows the coexistence of o/-In,O3 (frac-
tion: 63.8 wt.%), rh-In,O3 (31.5 wt.%) and o-InOOH (4.7 wt.%)
as a side phase in the recovered sample.

Our study shows that orthorhombic o/-In,O3 can be synthe-
sized from rhombohedral corundum-type rh-In,O3 at moderate
high pressure and high temperature conditions (8 - 9 GPa,
600 - 1100 °C) in a multi-anvil and toroid press and recovered
to ambient conditions. Our experimental setup makes the or-
thorhombic o/-In,O3 polymorph available in large quantities
for further physico-chemical characterization and provides an
opportunity for growing o/-In,O3 as single crystals.
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Dramatic compaction of a protein complex
upon tRNA binding.

Synchrotron light reveals a spectacular quaternary structure transition

Yeast bacterial proteins, aminoacyl-tRNA synthetases (aaRS) GIURS and MetRS, form a complex with an auxiliary
protein Arc1p, and the ternary complex further binds two transfer RNA (tRNA) molecules. We have analyzed
the yeast Arc1p-complexes in solution by small-angle X-ray scattering (SAXS). The ternary complex of MetRS
and GIuRS with Arc1p displays a peculiar extended star-like shape, implying possible flexibility of the complex.
Binding of the tRNAs leads to a dramatic compaction of the pentameric complex compared to the ternary one. A
hybrid model of the pentameric complex is constructed rationalizing the compaction effect by the interactions of
negatively charged tRNA backbones with the positively charged tRNA-binding domains of the synthetases.

Aminoacyl tRNA synthetases (2aRS) play an essential role during
protein translation. They are enzymes catalyzing aminoacylation
or “charging”, i.e. addition of a specific amino acid onto the
corresponding tRNA molecule to form an aminoacyl-tRNA. The
aaRSs ensure the accuracy of the aminoacylation of the ap-
propriate tRNA via nucleotide determinants, which define the
identity of the tRNA [1]. Upon charging of the tRNA the amino
acid can further be transferred from the tRNA onto the protein
molecule being synthesized.

Whereas prokaryotic aaRS typically function as monomers or
homo-dimers, eukaryotic aaRS show heteromeric interactions
because of the more complicated organization of the eukaryotic
cells. The eukaryotic aaRS possess additional protein-tRNA
binding domains and form higher order complexes compared
to the prokaryotic aaRS. In yeast, the aminoacyl tRNA synthetase
complex is formed by two class | synthetases, MetRS and GIURS
and the aminoacyl cofactor Arc1p. While the biochemistry of
yeast Arc1p-complex is well characterized [2], the structural
information is available only on the enzymatic domains of the
individual aaRSs but not on their complexes. Both MetRS and
GIuRS bind through their N-terminal domains to the N-terminal
domain of Arc1p and the synthetases bind to largely independent
sites. tRNAMet and tRNACGU simultaneously bind to their cognate  Figure 1

synthetase as well as to Arc1p, whereby the synthetases bind  Experimental SAXS curves and the scattering from the structural models of the Arc1p
their cognate tRNAs via their C-terminal domains [1]. complexes and individual proteins. The experimental data are shown in black dots, the

ab-initio fits for each data set and the final rigid bodly fit for the pentameric complex as
In the present work, synchrotron small-angle X-ray scattering lines. 1: Pentameric complex MetRS:GIURS:Arc1p:tRNAs (gray dashed line: ab initio fit,
(SAXS) was employed to elucidate the quaternary structure of  purple: SASREF refined rigid body fit); 2: Trimeric complex (yellow); 3: GIURS:Arc1p (llac);
the ternary Arc1p complex and of the full pentameric assembly  4: MetRS:Arc1p complex (yellow); 5: GIURS (red) 6: MetRS (blue); 7: Arc1p (green).
with the two tRNAs in solution. To characterize the peculiarities  Logarithms of the scattering intensity are displayed as functions of momentum transfer
of the yeast Arc1p-complexes we have studied the three indi- s = 4n sin(6)/%, where A=1.5 A is the X-ray wavelength and 26 is the scattering angle.
vidual proteins (MetRS, GIuRS and Arct p), two binary complexes The scattering patterns are appropriately displaced along the logarithmic axis for clarity.
MetRS:Arc1p and GluRS:Arc1p, the ternary complex and the
pentameric complex containing the two RNA molecules, tRNAMet
and tRNACG. The complexes were reconstituted in vitro from corporation of the relevant tRNA molecules was controlled by
the purified components and the complex formation and in- gel filtration chromatography, SDS-PAGE and radioactive electro-

60 | Research Highlights | Macromolecular crystallography



phoretic mobility shift assay. The processed SAXS data recorded
at the EMBL beamline X33 on the DORIS lll storage ring at DESY
using a robotic sample changer [3] are presented in Fig. 1.

An advanced multiphase ab initio model of the ternary complex
was built using the program MONSA [4]. Here, the ternary com-
plex is represented by three “phases” (assemblies of beads),
belonging to Arc1p, MetRS and GIURS, and simulated annealing
is employed to distribute these beads in such a way that the
measured data from the individual proteins, binary and ternary
complexes are simultaneously fitted by a single model. A typical
MONSA reconstruction in Fig.2A, B, reveals a distinct star-like
assembly of the elongated individual proteins. The available
structures of the N-termini and the homologs of the C-termini
of the individual proteins are well fitted within the appropriate
envelopes (Fig. 2A, B) where the individual domains interact
with each other in agreement with previous biochemical and
structural data [2].

These data indicate that the extended conformations of the free
protein subunits are preserved in the trimeric complex. This is
not the case for the pentameric complex, whose ab initio shape
(Fig. 2C, D) appears as a globular particle, significantly more
compact than the trimeric complex. To further understand this
result, available high resolution fragments of the protein termini
were fitted in the envelope of the pentameric complex accounting
for the surface charges and the tRNA binding sites of the proteins.
The tentative model was further refined by rigid body modelling
using the program SASREF [5] by fitting the data while keeping
the major protein-RNA interfaces. The refined model is displayed
together with the ab initio shape in Fig. 2C, D. Analysis of the
electrostatic interactions indicates that the synthetases and
Arc1p show positive surface charges at the binding sites of
the negatively charged tRNAs.

The use of synchrotron SAXS thus allowed us to observe a totally
unexpected effect, a drastic compaction of a protein complex
upon tRNA binding. A compaction effect of such magnitude,
literally a collapse, has, to our knowledge, not been reported
before for nucleoprotein complexes. These impressive rearrange-
ments of the subunits are most probably due to the surface
charges of the individual protein domains. Electrostatic repulsion
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Low resolution shapes and hybrid models of Arc1p complexes. The ab initio models are
displayed as beads, the high resolution structures and and homology models as cartoons.
(A, B): two views of the trimeric complex (GIURS, red; MetRS, blue and Arc1p, green).
(C, D), two views of the pentameric complex (ab initio model, gray protein colours as in
(A,B), tRNACY is depicted in magenta and tRNA®! in cyan.

of the positively charged tRNA-binding domains of the syn-
thetases as well as Arc1p may cause the star-like arrangement
of the proteins in the trimeric complex. In the pentamer, the
negatively charged tRNA backbones induce the contraction of
these domains. The flexible links connecting the protein domains
facilitate these rearrangements.

In yeast as well as in eukaryotic cells, it is important to have
an effective translation machinery because of the size and
complexity of the cell. The pentameric complex has a higher
affinity and specificity of binding the tRNAs and ensures faster
aminoacylation compared to binary synthetase-tRNA complexes
as observed in prokaryotes. The present structural results have
therefore clear functional implications in the context of the
efficiency of the translational mechanism.
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Linking molecular structure and
cellular reprogramming.

Learning from the Oct4 crystal

Mature cells can be reprogrammed to pluripotency and thus reacquire the ability to divide and differentiate
into specialized cell types. Reprogramming can be achieved by induced expression of a cocktail of a few specific
transcription factors, including Oct4. Many of the biochemical events that underlie the reprogramming process,
however, are still not understood. We shed new light on this process revealing important details about the
structure of the transcription factor Oct4. The crystal structure of Oct4 in complex with specific DNA allowed
identifying residues located at a linker region between the two DNA binding sub-domains that are essential

to its reprogramming activity.

Induced pluripotent stem (iPS) cells are a type of stem cell
artificially derived from a differentiated adult cell by inducing
the expression of specific genes. The first generations of iPS
cells were obtained by the expression of four transcription factors
(Oct4, Sox2, c-Myc, and KiIf4) in mouse and human fibroblasts
[1, 2]. Important hopes have germinated on employing this type
of stem cells for medical applications. Proof-of-principle evidence
of using iPS cells to produce human organs usable for trans-
plantation has been established [3]. Nevertheless, some tech-
nical limitations indicate that the first clinical tests are not yet
in near reach. Indeed, the reprogramming process is slow and
has a low success rate. More worrisome is the propensity of
the iPS cells to form tumours since some of the expressed
transcription factors present oncogene activity. Insights into the
molecular events that govern these processes are extremely
valuable since they provide mechanistic information allowing
the cell reprogramming to be refined, thus rendering them
potentially powerful medical instruments.

The transcription factor Oct4, a member of the POU family, binds
to DNA and controls various genes involved in reprogramming
the cells. Interestingly, all proteins of the reprogramming cocktail
except Oct4 are replaceable, indicating a very crucial role of
Oct4. The DNA binding domain is highly conserved within the
POU family except a short residue stretch linking the two DNA
binding elements that is highly variable in sequence and length.
Up to now, most of the structural data on the POU family were
obtained on the functionally unrelated Oct1 transcription factor
and its linker region could not be observed [4, 5].

To address the specific role of the domain/domain linker sequence
in Oct4, we have determined the crystal structure of Oct4 using
high intensity X-ray synchrotron radiation beamlines at the

Figure 2
Close-up of the linker region. Reprogramming is impaired by the replacement of the

shown residues by alanines.

ESRF in Grenoble and EMBL/DORIS in Hamburg. Contrary to
previous structures of Oct1, in Oct4 the linker region has a
helical structure and is exposed at the surface of the protein
(Fig. 1). Based on these structural findings, we designed several
substitutions to elucidate the importance of several residue
positions in the linker. Replacement of the human Oct4 linker
by the sequence either from mouse or xenopus (a species of
frog) keeps Oct4 capable of reprogramming cells. Conversely,
when the human Oct4 linker is replaced with that from zebrafish
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In the crystal structure, two Oct4
molecules (green, pale green) interact
with a DNA recognition element. The
linker exposed at the surface of the

protein is depicted in red.

or medaka, two species of fish representing more distantly
related organisms, reprogramming does not occur any further.
Based on these data, we systematically mutated exposed linker
residues and observed that these mutations although not affecting
the basic activity of the protein such as the DNA binding, impaired
the cell reprogramming function of Oct4 (Fig. 2). Conversely,
mutations of the buried residues of the linker did not affect
reprogramming negatively.

Based on these findings, we hypothesized that the linker may
recruit key partners to Oct4 target genes, without which the

process of reprogramming cannot be completed. Investigation
of the interactome of one of the selected mutants (L80A) by

mass spectrometry indeed demonstrated that it lost the ability
to recruit essential protein partners. One of them, Smarca4 is
a regulator of both the epigenetic repression and activation that
improves reprogramming efficiency [6]. Another one, Chd4, is
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part of the chromatin remodelling complex NuRD, which was
shown to safeguard pluripotency in embryonic stem cells (ES
cells). All these data indicate that Oct4 may serve as a recruiting
platform during the epigenetic transition from a differentiated
to a pluripotent cell state. Future research will help determining
an integrated picture on how Oct4 acts in the context of many
other protein components in stem cell pluripotency. Structural
biology will play an important role to further investigate the
molecular mechanisms associated with binding to these protein
partners.
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The innate immune sabotage.

A viral protein captures the host immune response

Viruses have developed strategies to escape from or disturb the innate immune response of the host cell.
One of the key steps in the detection of intruders is done by pattern recognition receptors, sensing patterns
of the intruder and upon this switching on the cellular defence mechanisms. We studied the inhibition of the
RIG-I-like pattern recognition receptor MDA-5 by the viral V-protein in a hybrid method approach using X-ray
crystallography, small-angle X-ray scattering, electron microscopy and biochemical assays.

The innate immune system is the first line of defence against
pathogens entering the cell. These invaders are usually recognized
by pattern recognition receptors (PRR) identifying the potential
threats via a characteristic molecular pattern, e.g. DNA outside
of the nucleus, viral 5’-triphosphate RNA or other specific mole-
cules such as bacterial second messengers and many more.
After recognition of these patterns, the innate immune response
of the host cell is activated, for instance by stimulating inter-
feron production.

One important class of PRRs are the RIG-I-like receptors com-
prising RIG-I (retinoic acid-inducible gene I), melanoma differ-
entiation-associated protein 5 (MDA-5) and LGP2 (laboratory
of genetics and physiology 2). The domain architecture of RIG-I
and MDA-5 is similar: both proteins consist of N-terminal tandem
CARD domains needed for downstream signalling, followed by
a superfamily-2 ATPase domain (SF2) and a C-terminal RNA-
binding motif (regulatory domain, RD) responsible for binding
of the viral RNA. Upon binding of the intruders RNA, MDA-5
and RIG-I undergo conformational changes or form multimers
leading to exposure and increased local concentration of the
CARD-domains. These CARDs then activate downstream
signalling leading to interferon response of the cell [1]. On the
other side also pathogens evolved strategies to interfere with
the activation of the innate immune pathways. For instance,
measles virus (and other paramyxoviruses) are producing “V-
protein” that enhances pathogenicity and limits interferon
response of the host cell by inhibiting MDA-5 and LGP2 (but not
RIG-I). Binding of the V-protein abolishes the ATPase-activity
of these proteins [2, 3].

We analyzed the interaction between porcine MDA-5 and parain-
fluenza virus 5 V-protein (PI5V) in a hybrid method approach to
understand the structural and biochemical basis of the MDA-5
silencing by the PI5V. We first obtained high-resolution data
using protein crystallography. We were able to solve the 2.3 A
resolution crystal structure of the SF2 domain of MDA-5 (residues

Figure 1

Overview of the complex
structure of porcine MDA-5
(orange) and PIV5 V-protein
(blue). The V-protein has
replaced parts of the MDAS
beta sheet region in SF2-
domain 2A and structurally
disrupted the integrity of
the SF2 domain.

546-808) in complex with PIV5 V-protein (residues 168-219)
using diffraction data collected at the ESRF beamline 1D23-1.
These parts of the two proteins have already been biochemically
described to function as the core of the MDA-5/V-protein inter-
action [4] — and our structure shows how a specific complex
is formed. Importantly, two beta strands of the MDA-5 - SF2
ATPase domain 2A have been replaced by the beta-hairpin of
the V-protein — leading to a partial disruption of the ATPase motifs
and rearrangement of the whole SF2 domain architecture (Fig. 1).
This disruption readily explains the reduction of ATPase activity
upon binding of the V-protein to MDA-5.

Moreover, taking a closer look at the interface between MDA-5
and PIV5 V-protein reveals the structural basis for the recognition
of MDA-5 and LGP2 by the V-protein and also explains why
RIG-I is not targeted as two key residues of the interface are not
present in RIG-I. Using site directed mutagenesis of these two
residues in the SF2 domain of RIG-I we were able to induce
robust binding of the V-protein.

However, since the crystal structure of the complex only com-
prises parts of both proteins, we were interested in the overall
structural changes caused by the induced unfolding of the SF2
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A) Schematic depiction of the
unfolding of the SF2-domain by the
V-protein with corresponding
pair-distribution functions from SAXS
data and ab initio models (B). C)
Proposed model for the disruption of
MDA-5 filaments by the V-protein and

inhibition of the signalosome complex

domain by the V-protein. To monitor these changes in solution
small-angle X-ray scattering is the method of choice and thus
we performed experiments at the Biological SAXS beamline X33
of the EMBL at DORIS Ill at DESY. We obtained high quality
scattering data at X33 and the results of the SAXS experiments
clearly support the idea that unfolding of the MDA-5 SF2 domain,
visible on the small-scale in our crystal structure, is translated
over the whole molecule. This drastic conformational change
is reflected in changes of the overall parameters like maximum
particle diameter (Dmax) and radius of gyration (Rg) — and of
course in the shape of the ab initio models calculated using
the SAXS data.

We first analyzed constructs comprising the complete SF2
domain only. This domain resembles a C-shape in solution as
known from homologous crystal structures and also from ab
initio modelling using the MDA-5 solution scattering data. Upon
binding of the V-protein the overall complex is rather elongated,
visible in a substantial increase in Dy, from Dppa,SF2 = 13 nm
10 Dy SF2+V-protein — 17 5 nm, and also supported by changes
in the shapes of the ab initio models (Fig. 2). Even in the full-
length constructs of MDA-5 comprising all domains the changes
are still obvious, even though only one of four domains is
potentially disrupted by the V-protein.
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So how does the unfolding on the small scale affect the down-
stream signalling of MDA-57 In a proposed model, MDA-5
recognizes viral RNA and forms large filaments that are recog-
nized by the MAVS-proteins on the mitochondrial membrane
to form a so called “signalosome” that triggers downstream
processes [5]. In presence of the V-protein the MDA-5 SF2-
domain is disrupted leading to filament breakdown and thus
transmission of the signal is inhibited. We could visualize filament
formation of MDA-5 upon binding to RNA and lack of filaments
in the presence of the V-protein using negative stain electron
microscopy. These data suggest that the V-protein disrupts
MDA-5 filaments formation to prevent downstream signalling.
Our hybrid methods study provides molecular details of the
inhibition of MDA-5 signalling by the viral V-protein and show
that V disrupts the SF2 domain of MDA-5. This disruption is
affecting the whole MDA-5 architecture as could be shown by
SAXS experiments and prevents formation of MDA-5/RNA
signalosomes.
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First new crystal structure solved

using an FEL.

Natively inhibited Trypanosoma brucei cathepsin B

Serial femtosecond crystallography (SFX), allows diffraction data to be acquired from a stream of very small
crystals. This new technique has found particular use for studying proteins which do not easily form large crystals,
suffer radiation damage when exposed to X-rays, undergo very fast reactions, or perhaps all three at the same
time. Until recently, the work using SFX has focused almost entirely on systems with known structures so that
the validity of the technique could be assessed. Last year, we reported the first new protein structure obtained
using SFX data: a natively inhibited form of an enzyme from a parasite responsible for African sleeping sickness.

The structure of proteins is most often determined by growing
crystals of the protein and then studying the diffraction patterns
which result from their irradiation by X-rays. The crystalline form
scatters X-rays very strongly and provides a convenient repeating
arrangement of a very large number of molecules so that the
radiation dose can be divided between them. Many proteins
form crystals with relative ease, while others are still difficult to
form large crystals from, and unfortunately this category includes
many proteins which we would be most interested in the
structures of. When the crystal size is small, diffraction patterns
can be obtained by increasing the intensity of the X-ray beam,
by focusing the beam to a smaller size (ideally equal to the size
of the crystal) or both. However, very often the crystals cannot
withstand the intensity of the X-ray illumination and quickly
become damaged or destroyed and unusable.

By using an X-ray free-electron laser instead of a conventional
synchrotron beamline or laboratory source, the flux density of
the X-ray beam can be increased by many orders of magnitude.
Under these conditions, a small crystal of a few microns size
can produce a diffraction pattern from a single pulse of only a
few tens of femtoseconds duration. The crystal is still destroyed,
but now the rate at which the irradiation occurs can be so fast
that damage to the crystal structure does not contribute strongly.
This technique is called serial femtosecond crystallography (SFX).
SFXis also of particular interest for the study of fast chemical
reactions, because a diffraction pattern can be acquired from
each crystal in such a short period of time.

Until recently, the work performed using SFX has concentrated
on validating the technique by applying it to proteins with known
structures. The first new structure solved using SFX was pub-
lished last year. The protein studied was the enzyme cathepsin
B from Trypanosoma brucei, the parasite responsible for human
African sleeping sickness, a disease which causes around

Figure 1
Experimental setup for serial femtosecond crystallography using the CXI instrument at
LCLS/SLAC (USA). Reproduced from [2].

30,000 deaths per year, mainly in central Africa. In an earlier
article, the formation of crystals of this protein inside living insect
cells was described, and initial low-resolution SFX diffraction
data was shown [1]. The resolution and data quality in the
previous work were both too low to allow the structure to be
solved. Now that the first hard X-ray FEL beamlines are avail-
able - such as the coherent X-ray imaging (CXI) instrument at
the Linac Coherent Light Source (LCLS) where this new work
was performed - diffraction data can be acquired with much
higher spatial resolution. A high-resolution validity test was
previously performed using lysozyme microcrystals [2], and apart
from a slightly different distance between the interaction point
and the detector, the in vivo grown crystals were studied using
the same experimental setup, shown in Fig. 1.
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Structure of TbCatB determined using
X-ray crystallography data from LCLS,
showing (in green) the electron density

corresponding to the inhibitory

propeptide.

The crystals were found to have exceptional compatibility with
the injection technique used for SFX, and 293,195 diffraction
patterns were acquired in around nine hours of data acquisition
at the LCLS pulse rate of 120 pulses per second. 178,875 of these
patterns could be processed using the software suite CrystFEL,
which was developed at CFEL [3]. This number of patterns is
much larger than usual for an SFX experiment, and so the
resulting data quality was excellent because of the beneficial
averaging effect of increasing the number of measurements.

Although the structure of the cathepsin B molecule itself had
been previously determined, its crystal packing was different
for the in vivo form and had to be newly determined. In addition,
carbohydrate molecules bound to the protein were observed,
which were not present in the previously determined structural
model. We expected this to be the final result of the experiment,
but a region of excess electron density was observed close to
the substrate binding site of the molecule which was not ac-
counted for by the model. On closer inspection, this density
was determined to correspond to a part of the protein molecule
which would naturally be removed by the cell during activation.

Authors

Lars Redecke, Karol Nass, Daniel P. DePonte, Thomas A. White, Dirk Rehders, Anton Barty,
Francesco Stellato, Mengning Liang, Thomas R.M. Barends, Sébastien Boutet, Garth J. Williams,
Marc Messerschmidt, M. Marvin Seibert, Andrew Aquila, David Amlund, Sasa Bajt, Torsten Barth,
Michael J. Bogan, Carl Caleman, Tzu-Chiao Chao, R. Bruce Doak, Holger Fleckenstein, Matthias
Frank, Raimund Fromme, Lorenzo Galli, Ingo Grotjohann, Mark S. Hunter, Linda C. Johansson,
Stephan Kassemeyer, Gergely Katona, Richard A. Kirian, Rudolf Koopmann, Chris Kupitz, Lukas
Lomb, Andrew V. Martin, Stefan Mogk, Richard Neutze, Robert L. Shoeman, Jan Steinbrener,
Nicusor Timneanu, Dingjie Wang, Uwe Weierstall, Nadia A. Zatsepin, John C. H. Spence, Petra
Fromme, lime Schlichting, Michael Duszenko, Christian Betzel, Henry N. Chapman

Full author and affiliation details at http://www.sciencemag.org/content/339/6116/227.

Original publication
“Natively Inhibited Trypanosoma brucei Cathepsin B Structure Determined
by Using an X-ray Laser”, Science 339, 227-230 (2012).

The function of this “propeptide” is to prevent the enzyme from
functioning until it reaches the appropriate part of the cell.
This structural information did not appear in the known structure
of cathepsin B because the previous work had used the fully
functional “mature” form of the enzyme with the propeptide
removed. The unexpected visibility of this part of the molecule
was therefore very exciting. Since cathepsin B is a protease
— a protein which breaks chemical bonds in other proteins —
the consequences of it being active in the wrong part of the cell
could be very serious and deadly. The direct observation of the
way in which nature inhibits the protease is of great potential
interest for future drug design efforts, because by mimicking
the manner in which the occluding loop binds to the molecule,
we might be able to intelligently design a pharmaceutical
substance which also inhibits it, preventing the parasite from
functioning.
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Shock freezing of
virus crystals.

Structure determination from a single virus crystal at 100 K

Viruses typically crystallize with large unit cells. As a consequence, successful structure determination requires
high X-ray doses, which cause significant radiation damage to the crystals. X-ray data collection at cryogenic
temperatures, however, reduces radiation damage effects. Unfortunately, cooling macromolecular crystals to
such temperatures is not always possible, especially for large unit cell systems. We have for the first time successfully
applied the method of high pressure freezing to virus crystals. Using this technique, a virus structure was determined
from one single crystal instead from 28 larger ones, which were required for a room temperature structure

determination.

X-ray induced radiation damage is one of the major impediments
for the successful structure determination of protein crystals
and large molecular complexes. At room temperature, macro-
molecular crystals can typically withstand the intense X-ray beam
of a third generation synchrotron source, such as PETRA I, for
less than a second before being severely radiation damaged.
Thus, only a few diffraction images can be collected from a single
crystal. A standard technique to reduce radiation damage is
to cool the crystals to cryogenic temperatures around 100 K
during the experiment.

Macromolecular crystals typically contain between 30 and 80 %
solvent (mainly water) and are surrounded by their aqueous
growth solution (mother liquor). Direct cryocooling, for example
by plunging the crystals into liquid nitrogen, leads to the formation
of hexagonal ice within the crystal that destroys the crystal lattice.
Instead, successful cryocooling requires the conversion of the
solvent water to amorphous ice (vitrification). This is usually
achieved by exposing the crystals to cryoprotectants such as
ethylene glycol or glycerol. The search for optimal cryoconditions
can be very crystal- and time-consuming and the crystal quality is
often degraded upon cryoprotection. For large unit cell systems
such as virus crystals, finding suitable cryoprotectants is often
impossible and the majority of X-ray structure determinations
is still performed at room temperature.

Figure 1

Experimental procedure for fast high pressure freezing of macromolecular crystals. a) BEV2
crystals of less than 50 pm in size are drawn into thin walled quartz capillaries and cut into
approx. 2 mm long segments. The capillaries containing the virus crystals in their mother
liquor are transferred to an aluminium platelet which is filed with 1-hexadecene. The platelet
is sandwiched with another platelet and inserted into the Baltec HPM 010 device (b) via a
specimen holder. c) The pressure chamber of the high pressure freezer is filled with ethanol
at room temperature. Subsequently, liquid nitrogen pressurized to 210 MPa is 'shot' onto

both sides of the containment and the sample is 'shock frozen' at 77 K.

An alternative approach, which allows sample cooling without
any cryoprotectants, is high pressure freezing. This method is
well established in cryo-electron microscopy for vitrification of
biological samples [1]. High pressure freezing was introduced into
macromolecular crystallography in 1973 [2] and further developed
by Kim et al. [3]. In their approach, the crystals are cooled with
cooling rates of 1 — 2 K/s. Although their method has been
successfully applied to several protein crystals, more challenging
systems such as virus crystals could not be vitrified. By using
much faster cooling rates of several thousand Kelvins per second
it became possible to high pressure freeze larger unit cell systems
such as membrane proteins [4, 5].
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a) Diffraction pattern from a high pressure frozen
crystal of BEV2 collected on beamline 124 at Diamond
Light Source, UK. The green-framed rectangle shows

an enlarged picture of the low-resolution data, the
orange-framed rectangle shows an enlarged picture of
the high-resolution reflections around 2.5 A. b) Overall
structure of BEV2 viewed along the icosahedral

twofold axis.

We report on the first successful high pressure freezing of a
virus crystal. Bovine enterovirus 2 (BEV2) is a widespread virus
among cattle and may cause miscarriages. Cubic BEV2 crystals
were grown by sitting-drop vapour diffusion. To date, suitable
cryoconditions could not be established. Various attempts to
cryoprotect these crystals with glycerol, ethylene glycol or paraffin
oil have failed to yield diffraction data of sufficient quality.

In our work, BEV2 crystals were high pressure frozen at 210 MPa
and 77 K using a Baltec HPM 010 instrument. The very high
cooling rates achievable with this device allow direct freezing
of the crystals in their mother liquor. Further sample preparation
such as oil immersion, which can be detrimental to fragile
crystals, is avoided.

The BEV2 crystals were first drawn into thin walled quartz
capillaries. The capillaries were cut into shorter pieces and
sandwiched between two aluminium platelets which were filled
with 1-hexadecene (Fig. 1a). The sample containment was trans-
ferred to the Baltec HPM 010 device (Fig. 1b) and rapidly cooled
to 77 K while being subjected to a pressure of 210 MPa (Fig. 1c).
Subsequent sample handling was performed at cryogenic
temperatures below 135 K to suppress the possible conversion
of vitrified water to hexagonal ice. The capillary segments were
removed from the sample containment and mounted on magnetic
sample holders for data collection.
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Diffraction data from high pressure frozen BEV2 crystals were
collected at 100 K and 0.9686 A using a 10 x 10 pm?2 beam at
beamline 124 at Diamond Light Source, UK (Fig. 2a). Diffraction
rings due to hexagonal ice were not observed in the images,
indicating complete sample vitrification. The crystal diffracted
to a resolution of 2.4 A. Bragg reflections were well defined and
separated (a hallmark of good data quality), which is manifested
in the low mosaic spread of 0.26°. The quality of the cryogenic
data is similar to that collected at room temperature, but at
100 K the BEV2 crystals withstand the unattenuated X-ray beam
for about 12 s before showing severe signs of radiation damage.
This is on average more than a hundred times longer than for
crystals measured at room temperature. Thus, high pressure
freezing allowed structure determination from a single position
of a single BEV2 crystal (Fig. 2b), whereas at room temperature
28 larger crystals were exposed at 76 positions to obtain a
complete data set.

Our high pressure freezing protocol is applicable to all kinds
of macromolecular crystals. The crystals can be directly cryo-
cooled in their mother liquor, and the time-consuming search
for cryoprotectants is eliminated.
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FLASH’s heartheat.

Ultrafast stopwatch determines duration of femtosecond FLASH pulses

Many fundamental processes in nature can occur on extremely small lengthscales (few nm) and ultrashort
timescales (few fs). X-ray FELs are the future light sources that promise insight in the atomic and molecular
world and their characteristic timescales. FELs merge the success of synchrotrons in resolving structure of
matter down to an atomic level and ultrafast femtosecond lasers for exploration of ultrafast phenomena.
However, temporal resolution of studies performed at X-ray FELs is still limited by shot-to-shot variations of
the temporal pulse characteristics. We present a versatile temporal diagnostic tool that allows us to measure
the FEL pulse duration and relative arrival time with respect to an external pump-probe laser pulse, even
parasitically along with the experiment.

Many fundamental processes in nature, including chemical and
biological reactions, occur on very short time- and lengthscales.
Researchers have been dreaming for the opportunity to film

these fast processes in real time and to understand their under- 1
lying principles. As it is well established in photography, the IR probe t,
quicker a process occurs, the shorter the exposure must be laser pulse )

to resolve it. Another principle in physics says that the wave-
length of the radiation used to make an image should be shorter

a Target sample

Microscope objective

or at least comparable to the size of the imaged structures. oo
Because of that, ideally, for experiments that study intrinsic

processes in matter on atomic and molecular timescales, one

would use ultrashort X-ray pulses. b — 200 20
X-ray free-electron lasers (FEL), with their intense light bundled g —100} 60 £
into femtosecond pulses, hold the key for unlocking the tech- & Or 100
nologies in ultrafast sciences. Using these large-scale photon 8 100 140

10 20 30 40 50 60

facilities, scientists already study ultrafast dynamics on a na- Shot number

nometer lengthscale, within atoms, molecules and solids. In order
to take the full advantage of the ultra-short FEL pulses, complete Figure 1

knowledge of their temporal structure, i.e. arrival time and pulse  Schematic of the experimental set-up. The XUV pulse is incident under an angle with
duration is needed. While several arrival time schemes have been  respect to the sample surface. Within a single shot, different temporal parts t, t, of the

successfully used in the past [1-4], pulse duration remains a XUV wavefront are absorbed at different spatial positions x,, x; on the sample, providing
challenge and topic of intense investigation. Existing techniques  a spatio-temporal decoding. A largely colimated near-infrared pulse under normal

for measuring the pulse duration give promising results, how- incidence is used to probe the optical transmission change within the surface during
ever particularly in the case of XUV and soft X-rays radiation, the absorption. The transmitted light is imaged onto a CCD. (b) Series of single shots
experiments have to be performed in high vacuum, rendering recorded with 10Hz acquisition rate. The black shading represents the increased optical
these techniques challenging experiments on their own [4-6]. opacity due to an increased electron density within the conduction band of the sample
Using the worldwide first X-ray FEL, FLASH at DESY, we have surface. The spatial position of the transient bottom edge on the x axis is dependent on
developed a novel pulse duration monitor, which allows the the relative arrival time between the probe laser and the FEL pulse. The solid line indicates

characterization of FEL pulses while simultaneously performing  the extracted arrival time.

ultrafast experiments. This technique requires a comparably

simple experimental setup. In contrast to previous techniques,

it has the potential to be applied in an extremely wide spectral ~ When we simultaneously send an X-ray pulse through the
range, from ultraviolet (UV) to hard X-rays. sample, we observe an attenuation of the transmitted light. The
The method is based on transmission changes in a transparent  absorption of the X-ray pulse in the material creates an electron
target caused by the FEL radiation. We irradiate a target sample plasma, which acts like a mirror for the optical laser light. Thus,
with infrared laser pulses, e.g. fused silica or silicon nitride. A the target becomes less transparent for infrared radiation under
CCD-camera behind the target detects the transmitted intensity.  the influence of the FEL pulse.
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The X-ray pulse slants through the target and reaches different
spatial positions on the target sample at different times (Fig. 1).
Consequently, different locations on the target transmit the optical
laser light differently as well. In other words, the time structure
of the X-ray pulse translates into a spatial variation of the target’s
reflectivity (Fig. 2). From the transition between dark and light areas
on the camera, we can derive the duration of the X-ray pulse.
The key to this analysis is an experimental observation that each
X-ray photon absorbed in the target is directly converted into
a well-defined number of electrons. The implication is that the
number of free electrons in the target scales linearly with the
number of absorbed photons. This result allowed us to exclude
other excitation processes in the material and ascribe the re-
flectivity change exclusively to the X-ray pulse. This finding has
been confirmed by theoretical calculations at the Center for
Free-Electron Laser Science (CFEL).

We have used the pulse duration monitor to characterize FLASH
pulses from 21 - 184 femtoseconds duration at two different
FEL wavelengths. With our method, users can directly measure
the FEL pulse length in their experiment, and they can do so for
every individual pulse. Moreover, silicon nitride targets can be
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manufactured into very thin membranes. In this particular experi-
ment we have used a membrane that was a mere 20 nanometers
thick. The thin material absorbs only fifty to eighty percent of the
FEL radiation, therefore part of the beam (or pulse) is transmitting
through the sample for other FEL experiments. This should make
possible to perform ultrafast pump-probe experiments and pulse
duration measurements simultaneously. The technique is easily
transferable to other FEL sources operating with ultrashort
electron bunches and is therefore of high general interest.
With the new method, we have measured femtosecond pulses
from FLASH, which produces light in the extreme ultraviolet
(XUV) and soft X-ray energy range. Furthermore, calculations
show that the technique can be extended to harder X-rays.
Consequently, the present timing tool will also be of interest for
FELs that operate at higher photon energies such as the Linac
Coherent Light Source (SLAC National Accelerator Laboratory)
and the future European XFEL currently under construction in
Hamburg.
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Extreme ultraviolet and

extremely short.

Direct FEL seeding at 38.2 nm

Intense radiation pulses generated in free-electron lasers (FEL) allow investigations in various scientific disciplines
over a broad spectral region, especially in the high photon energy limit from the extreme ultraviolet into the
hard X-ray regime, where no conventional lasers are available. When operated in the self-amplified spontaneous
emission mode (SASE), the FEL radiation has a poor temporal coherence in contrast to conventional lasers.
This can be improved by operating the FEL as an amplifier seeded by ultrashort and fully coherent laser pulses.

One of the dreams in the free-electron laser community is the
generation of fully coherent radiation pulses over a broad spectral
region. Important applications for such light sources are e.g.
ultrafast spectroscopy which aims for sub-femtosecond X-ray
pulses as well as all techniques in high resolution spectroscopy
which need as many photons as possible in a narrow spectral
bandwidth. A breakthrough in the field would be the full control
of the spectral amplitude and phase of the radiation pulses from
the FEL in order to tailor the pulses for the experiments. Several
techniques have been proposed in the past which have been
also experimentally demonstrated in different spectral regions
[1, 2, 3]. All schemes using external radiation sources have in
common that they suffer from the lack of appropriate radiation
sources with sufficient power at short wavelengths.

Recently, it could be demonstrated at FLASH that it is possible
to operate an FEL as a direct amplifier for extreme ultraviolet
(EUV) radiation pulses at 38.2 nm, which have been produced
by means of high-harmonic generation (HHG) from near-infrared
laser pulses. The challenge for direct FEL seeding at these wave-
lengths is to overcome the background emission of the ampilifier
in order to get a sufficient signal-to-noise ratio.

The seeding experiment at FLASH (sFLASH) was driven by a
collaboration of the University of Hamburg and DESY under the
lead of J6rg Rossbach, Markus Drescher, and Tim Laarmann.
Together with their research teams and the support by the
technical groups from the research campus they redesigned
a large section of FLASH to accommodate a new variable-gap
undulator, as well as all hardware for injection and extraction
of the seed and FEL radiation. Details about the experimental
setup can be found in [4, 5].

After commissioning the HHG source and all diagnostic tools to

setup the six-dimensional laser-electron overlap in space and
time we were able to enhance the FEL pulse energy by a factor
of five over the SASE background. Fig. 1 shows the measured

Figure 1

Contrast of the maximum pulse energy relative to the averaged pulse energy of SASE
for each time delay between laser pulses and electron bunches as obtained in two
independent scans. The seed laser has been toggled every 20 shots. The circles show

the data when the laser was on, the triangles show the data where the laser was off.

energy contrast as a function of the time delay between seed
pulses and electron bunches. Because the seed pulses have
durations of only 15 fs (1 fs = 10-1% s) compared to the 50 fs in
which SASE is generated, the contrast in the temporal domain
is expected to be higher. In addition to this, a significant
enhancement of the second harmonic emission of the FEL
radiation at 19.1 nm could be detected (Fig. 2). A ratio of up to
36 between the seeded and unseeded case was measured.
We note that the pulse duration is given as root mean square
throughout the text.

The EUV seed pulse duration of 15 fs and the coherence time
of the FEL amplifier of 7.4 fs leads to the conclusion that the

ultra-short FEL pulses have a high degree of temporal coherence
which is a measure of the monochromaticity of a photon source.
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1000 consecutive spectra of the
second harmonic emission of the
FEL at 19.1 nm. For the first 500
spectra the seed laser was
blocked, for the following 500

spectra the seed laser was on.

Thus, the amplified laser pulses must exhibit very good spatial
and temporal coherence.

A technical challenge for the seeding setup was the implemen-
tation of the hardware in the existing FLASH infrastructure.
Given that the HHG source is outside the radiation shielding
of FLASH, trade-offs in the injection efficiency had to be made
by using five mirrors. Due to the resulting transport efficiency
of 5 %, about 1 nJ of seed pulse energy is available at the
undulator. The gain in pulse energy from the HHG source to
the exit of the FEL is about 3 orders of magnitude and there-
fore interesting for pilot experiments.

A practical benefit of the external FEL seeding scheme is the
intrinsic synchronisation of the seeded part of the FEL pulse
with the external laser sources. This allows for pushing the time
resolution for precise pump-probe experiments to the limits,
i.e. it is only governed by the respective durations of pump- and
probe pulses. The sFLASH setup has the capability to test these
benefits. A dedicated temporal diagnostic tool is currently set
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up to investigate the unique properties of seeding during the
next study periods.

Another approach for FEL seeding uses much longer initial laser
wavelengths where the frequency up-conversion is generated
by manipulation of the electron charge distribution which allows

FEL lasing at high harmonics of the seed wavelength. The so

called high-gain harmonic generation (HGHG) concept is success-

fully applied at FERMI@Elettra [2] generating FEL pulses in the

deep EUV and soft X-ray wavelength range. However, the seed
pulses and therefore also the FEL pulses are about three times
longer than what has been used at FLASH.

In the future, the sFLASH setup will be used for tests of HGHG,
as well as more advanced seeding schemes which have the
potential to reach much higher harmonics for pushing the limits
of externally seeded FEL technology to even shorter wavelengths.
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Towards few fs resolution movies

at XFEL facilities.

Arrival time diagnostics for pump-probe experiments involving FEL and lasers

Studying matter at atomic resolution and at the femtosecond time scale is today becoming possible using an
X-ray free-electron laser. Coupled with the available sub-10 fs optical pulses within pump-probe schemes,
investigations could give access to the few-femtosecond range. Unfortunately, these kilometre long accelerator
based X-ray sources suffer from significant jitter and drifts between optical and X-ray pulses. We have recently
demonstrated that a ‘measure-and-sort’ approach of the relative arrival time between the FEL and optical pulse
can afford sub-10 fs root-mean-squared (r.m.s.) error measurement, far beyond the common jitter of 100200 fs r.m.s.
This timing diagnostic, now routinely available at the Linac Coherent Light Source (LCLS), is based on ultrafast
free-carrier generation in optically transparent materials. Correlation between two independent measurements
enables unambiguous demonstration of ~6 fs r.m.s. error in reporting the optical/X-ray delay, with single shot

error suggesting the possibility of reaching few-femtosecond resolution.

The advent of femtosecond optical lasers has opened the way to
study matter at very high time resolution (tens of femtoseconds).
Within a pump-probe scheme [1], a first ultrafast pulse triggers
dynamics with sub-10 fs pulse excitations while a second ultra-
fast pulse probes matter. Unfortunately the link between optical
properties and atomic structures is not direct thus preventing
a direct visualization of matter in motion. Being able to film matter
at the natural time scale of atomic motions is one of the reasons
why X-ray free-electron laser are being built. Currently, the
temporal precision of the FEL — optical laser synchronisation
is limited by shot-to-shot jitter (=100 fs r.m.s). New schemes
are suggesting future synchronization with optical lasers at the
sub-100 fs level [2]. Despite these achievements, the question of
how to reach sub-10 fs synchronization remains to be answered.
To overcome such limitations, many research groups developed
ways to directly measure the relative time delay between laser
and X-ray thus being able to post-analyze the data and remove
the jitter effect from experimental data [3,4]. By correlating the
relative arrival times measured with two different timing tools
at different position along the FEL beam path, we achieve the
first demonstration of a sub-10 fs RMS timing tool on a hard
X-ray FEL.

To do so, we use the ultrafast change in optical properties of
transparent materials induced by intense irradiation. This results
from the rapid change in the free-electron density in the sample [5].
The process is commonly used in laser physics. In the present
case, the change of the free-electron density is induced by in-
tense X-ray photons from the FEL pulse. Photoionization, and
subsequently collisional ionization, increase the free-electron
density within a fs time scale [5]. This technique, pioneered at
FLASH and recently developed at LCLS, has been demonstrated
for soft X-rays [3, 4]. Derived from such techniques and by using
several independent arrival time monitors simultaneously, we
are able to directly measure the accuracy of such diagnostics,

FEL pulse
7.1keV <80fs
X
> Laser pulse
(1) 800nm ~50fs
(2)
(3)
>\
Figure 1

Sketch of the experimental setup at LCLS. The FEL beam propagates from top to bottom.
The 800 nm laser beam propagating from right to left is split into three beams:

(1) the relative delay between laser and X-ray is encoded into wavelength by using a
broadband chirped supercontinuum; (2) the temporal delay is spatially encoded; (3) the
coherent phonon motion in bismuth provides an experimental test of time-sorting with

the timing tools (1 and 2)

overcoming the inherent liminations due to the currently used
X-ray and laser pulse duration. We propose a simple, almost
non-invasive method, extended to the hard X-ray regime and
based on a non-damaging interaction mode allowing a sub-10 fs
accuracy measurement of the arrival time delay between an
optical laser and an XFEL.

The experiment was performed at the XPP X-ray Pump-probe
station at LCLS. In order to measure the accuracy of the developed
techniques and to validate our experimental procedure, we used
simultaneously two timing tools and performed in parallel a pump-
probe experiment to validate our jitter correction method.
Temporal mapping was achieved spatially via a crossed beam
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geometry, or spectrally via a chirped white light continuum. The
experimental set up, shown in Fig. 1, is therefore composed
of three simultaneous experiments, noted (1), (2) and (3), mounted
at three different points along the FEL beam path: (1) a spectral
encoding timing tool, (2) a spatial encoding timing tool, and (3)
a scientific application based on coherent optical phonons in
bismuth. The spatial encoding is placed 1 m after the spectral
encoding diagnostic. Each timing tool has been fully characterized
by scanning their respective delay line for a fine time calibration.
The FEL pulses were characterized by a photon energy of 7.1 keV,
with a pulse length <80 fs. The pulse length of the Ti:Sapphire
optical laser system was ~50 fs and the optical laser system was
split in three paths equipped with individual delay stages for
independent pump-probe scans. For both timing tools (1) and
(2), we overlapped the unfocused FEL beam with the optical
laser pulse on thin transparent membranes.

Fig. 1 shows single shot 2D-images obtained with the spatial
(left) and the spectral (right) encoding timing tools. In that case,
both diagnostics are used with 1 pm SizN4, membranes and the
unfocused FEL beam. Such thin membranes ensure X-ray trans-
mission higher than 90 %. The X-ray photons generate free
carriers by an ultrafast ionization process, which induces a
change in the optical properties (reflectivity, transmission) directly
detected by our independent timing tools [5]. A transmission
change of a few percent allows the signal extraction. Variations
in the position of the transmission change indicate stochastic
fluctuations of the relative arrival time between the optical laser
and FEL. Typical error bars are 1.5 fs and 4.5 fs for the spatial
and spectral timing tools, respectively.

Contrary to previous experiments in the soft X-ray regime, we
observed a non-damaging interaction, allowing high resolution
measurements and a permanent implementation of our diag-
nostics as beam line equipment. Indeed a damaging mode has
the disadvantage of requiring that the sample is replaced after
every thousand shots. As well as the evident drawback of an
intervention during series of shots, this means that the accuracy
of the results may be limited by variations between samples,
and the reproducibility of target positioning.

The arrival time difference between the FEL and the optical laser
pulses is then extracted for each diagnostics and for each single
shot. Assuming the difference of the measured arrival time should
be equal to zero, the correlation of the two diagnostics is used
to estimate the uncertainty in the arrival time determination as
well as to optimize the arrival time measurements. Indeed,
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Original publication
“Achieving few-femtosecond time-sorting at hard X-ray free-electron lasers”,
Nature Photonics 7, 215-218 (2013).
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systematic errors due to uncertainty in calibration can be cor-
rected by minimizing the difference between the two timing tools
measurements. The final correlation shown in fig. 2 demonstrate
unambiguously an uncertainty on the arrival time determination
of 6.4 fs r.m.s after correction.

Our measurements demonstrate that the optical response of the
SisN4 membrane provides sub-10 fs r.m.s. accuracy in deter-
mining the arrival time of the XFEL pulse relative to the optical
laser pulse and suggest that the uncertainty could be reduced
to just a few femtoseconds.

Contact: Marion Harmand, marion.harmand@polytechnique.edu
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Center for

Free-Electron Laser Science GFEL

Wide angle front view of the CFEL building.

In 2013, the number of researchers at CFEL has significantly
increased in the building and keeps still growing. With the rising
number of scientists the scientific output has prospered as well
with significant publications over the year from all three institutions
that joined their forces in CFEL: Deutsches Elektronen-Synchro-
tron DESY, Max Planck Society (MPG) and the University of Ham-
burg (UHH), which is also the owner of the new research complex.
On Monday, 17th of June 2013, the new CFEL research building
was inaugurated with a scientific symposium followed by a
celebration reception with over 350 participants in the CFEL foyer.
The group of internationally renowned speakers consisting of
Tamar Seideman, Paul B. Corkum, Paul Emma, Eberhard K. U.
Gross, Keith A. Nugent and Stuart S. P. Parkin gave a wide
overview of the CFEL research fields. The official inauguration
ceremony continued in the late afternoon with addresses from
prominent guests representing German and Hamburg govern-
ment and scientific leaders from University of Hamburg, Max
Planck Society, Helmholtz Association and DESY. The reception
that followed in the evening offered the opportunity for long and
lively discussions among the participants and guests.

The official start of the new Max Planck Institute for the Structure
and Dynamics of Matter (MPSD) on the 27th of February marked
another highlight at CFEL in 2013. The first two directors are

Andrea Cavalleri and Dwayne Miller, both former division heads
of the Max Planck Research Department for Structural Dynamics
at CFEL. In the course of the year the two research departments
were fully integrated into the new MPI. Further directors for the
new MPI will be appointed in the future and an extra building will
be erected in addition to the space the MPI activities already
use in the CFEL building.

Apart from initiatives within the Photon and Nano Science focus
in Hamburg, the unique CFEL conception was instrumental in
the successful application of the cluster of excellence “The
Hamburg Centre for Ultrafast Imaging (CUI)” in 2012. Within
CUI, the University of Hamburg and its partners DESY, the Max
Planck Society, European XFEL and European Molecular Biology
Laboratory Hamburg Unit (EMBL) strive to shoot molecular
movies, one of the dream experiments in physics, chemistry,
and biology. Many CFEL scientists work within CUI and focus
on dynamics on the atomic level to bridge research into such
diverse problems like quantum dynamics of small molecules,
cooperative and collective phenomena in matter as well as
structure-function relations in biomolecules.

CFEL successfully hosted the second Ultrafast X-Ray Summer
School (UXSS 2013) in Hamburg, a highly interdisciplinary pro-
gram with topics ranging from accelerator physics to molecular
biology, and intended to give doctoral students and postdoctoral
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Official CFEL Inauguration on Monday, 17th of June 2013 (photo courtesy of Lars Berg). Dorothee Stapelfeldt, Second Mayor and State Minister of Science and Research in Ham-

burg, Georg Schiitte, State Secretary at the Federal Ministry of Education and Research, Dieter Lenzen, President of the University of Hamburg, Helmut Dosch, Chairman of the

DESY Board of Directors, Martin Stratmann, Vice President of the Max Planck Society, Jurgen Mlynek, President of the Helmholtz Association and Robin Santra, Chair of the CFEL

Management Board joined the event with addresses from their respective institutions.

researchers the opportunity to familiarize themselves with the
latest developments and methods in ultrafast X-ray science.
This summer school has been taking place annually at the PULSE
institute at SLAC National Accelerator Laboratory till 2010 and
was now, for the second time after 2011, organized in Hamburg
by Oriol Vendrell, a senior scientist in the CFEL Theory Division.
The learning experience at this year's UXSS 2013 was further
enhanced through tutorial groups led by scientists from the
European XFEL. The UXSS was financially supported by the
Volkswagen Stiftung and will be back in Hamburg in 2015.
Since September 3rd, 2012 the CFEL building is operating and
is continuously filling with scientists and new experiments. At
the end of 2013, over 300 scientists, students, technicians and
administrative staff were active in the new CFEL building and
the other CFEL operated laboratories on the Bahrenfeld Campus.
The visible result of this work is over 100 peer reviewed publi-
cations including several full papers in major journals such as
Nature and Science.

Another success in the past year was the start of the ERC Synergy
Grant on Frontiers in Quantum Materials’ Control (Q-MAC) on the
1st of October. Andrea Cavalleri is the speaker of this research
consortium that was awarded approximately 10 M€ by the
European Research Council for the next 6 years. In addition,
Jochen Kipper recently received an ERC Consolidator Grant of

almost 2 M€ for the next 5 years for his research on Controlling
the Motion of Complex Molecules and Particles (COMOTION).
The Advanced Study Group of UHH (Florian Griiner, J6rg Ross-
bach, Wilfried Wurth) was able to attract close to 3 M€ for the
next three years in the framework of the BMBF Verbundforschung
within the priority program FSP-302: Free-Electron Lasers.

A new international user consortium initiated and led by Henry
Chapman was awarded initial funding to deploy a Serial Femto-
second Crystallography (SFX) instrument at the European XFEL.
The instrument is designed for high-throughput structure deter-
mination, and takes advantage of the higher repetition rate of the
European XFEL compared with other sources. The consortium
includes DESY, the UHH, and members from the UK, Sweden,
Slovakia, Switzerland, and USA who have raised and already
committed over 12 M€ towards the project. This includes 2.7 M€
awarded to the UHH from the BMBF (to Christian Betzel and
Henry Chapman), and 5.4 M€ funded by the Wellcome Trust in the
UK. Other members include the Max Planck Society and EMBL.
A small selection of the CFEL many scientific successes can be
found in the “Research Highlights” section of this report. More
examples can be found at: http://www.cfel.de/publications/2013/
index_eng.html

Contact: Ralf Kéhn, ralf.koehn@cfel.de
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DESY NanolLab

In 2013, the planning of the DESY NanoLab as complementary
facility for DESY Photon Science users made significant progress:
during a satellite workshop at the DESY Photon Science User
Meeting 2013 entitled “Nanoscience at large scale facilities:
discussion of the DESY Nanolab” scientists from various areas
presented their work combining synchrotron radiation results
with auxiliary nanoscale characterization and preparation
methods, demonstrating the necessity and power of this
approach.

In a second onsite workshop entitled “Nanostructuring at DESY”
the activities of the different institutions on the campus Bahren-
feld (DESY, University of Hamburg, Helmholtz Center Geest-
hacht (HZG), Max Planck Society, European XFEL GmbH)
were highlighted, giving clear evidence for the need of a more
compact bundling of the onsite needs and resources across
institutional borders.

In both workshops the users expressed the urgent need for in-

struments such as high resolution scanning electron and

atomic force microscopes, dual focussed ion beam and nano-

structuring techniques such as e-beam Iithography. Especial— Low energy electron diffraction pattern from a graphene monolayer on Ir(111) grown in
ly, implementation of reproducible sample transfer protocols the DESY NanoLab.
for single nano-objects from NanoLab instruments to nanofo-

cussing beamlines and back was requested. Together with

laboratory space for these instruments and techniques, labs for

optical microscopy, magnetic characterization and precondi-

tioning, X-ray diffraction and wet chemistry are planned to ac-

commodate the needs for in-house research and user activities.

The NanoLab is planned to be located in the new Photon Science

building, which is a joint project between DESY and HZG.

During the planning phase of the Photon Science building in

2013, the compatibility of its envisaged location with the re-

quirements for low electromagnetic fields was assessed and

a concept for a low vibrational floor in the basement of the

building was developed. It consists of 1 m thick concrete plates,  To bridge the gap until the final realization of the new building,
which rest on 10 m deep pillars. At the same time, the building’s  the NanoLab is providing limited service in its current temporary

outer shell rests on independent pillars, ensuring a minimum location in building 3, where a UHV lab with growth facilities,

vibrational coupling towards the low vibration floor. scanning probe microscopy, Fourier transform infrared spectros-
copy and X-ray photo emission is currently being set up. An

With progressing planning it became evident that a building example for current research activities is given in Fig.1. In

fulfilling the initial requirements for office and high-quality lab-  addition, an X-ray diffraction lab equipped with a reflectometer
oratory space cannot be realized in the framework of the initial and a six-circle diffractometer is in the commissioning phase.

budget. At present, a solution in line with budget is envisaged, Furthermore, an in-air atomic force microscope is available.
still comprising the requirement of low vibration surfaces for
sensitive equipment. Contact: Andreas Stierle, andreas.stierle@desy.de
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Centre for Structural Systems Biology CSSB

The Centre for Structural Systems Biology (CSSB) is taking shape
— step by step: The multidisciplinary centre with partners from
several universities and research institutes located in Hamburg
and Lower Saxony will bundle resources and methods of infection
research, structural and systems biology in one nationally leading
and internationally competitive centre. At the CSSB, scientists
from all natural sciences as well as engineers will join forces to
investigate the interaction of pathogens with their hosts.
DESY offers unique facilities in Germany that provide optimal
conditions for structural biology: PETRA Ill, FLASH, and - in
future — European XFEL. The CSSB will act as a catalyst for
cooperations on-campus, particularly with the Center for Free-
Electron Laser Science (CFEL), as well as with universities
and research organizations in Northern Germany and beyond.
It is also expected to substantially contribute to teaching and
advanced multidisciplinary training.

In 2013, the construction process of the new CSSB building
— south of the PETRA Il experimental hall on the DESY campus
— made some progress: the construction preparations are running
since last spring; in October partial permit for excavation and
foundation was granted; construction work will be tendered soon.
The groundbreaking ceremony took place on September 4th,
2013, and in the next few months excavators will take over
command of the construction site. The completion of the building
is expected in 2016. Now that CSSB is slowly developing into
reality, newly recruited colleagues are offered a perspective,
on which laboratories and experimental infrastructure can be
planned and realized.

Most important for the CSSB building design is an operational
and communicative environment, leading the groups to interact
with each other. There will be seminar rooms and/or meeting
points on every floor except for the basement; the lecture hall (15t
floor) will have a capacity for 150 persons and the entrance hall
will provide enough space for poster sessions during scientific
meetings. Additionally, a direct access to PETRA Ill from the
18t floor is planned. In the basement, installations for handling
infectious agents, also hosting a cryo electron microscope, are
planned, allowing for biosafety up to the S3 level. In addition,
the basement will accommodate the main storage rooms for
long term cryo storage of samples as well as a second cryo
electron microscope facility.

Soon, three new group leaders will join CSSB: a full professor-
ship for “Cellular Biology of Human Parasites” was jointly filled
by the University of Hamburg and the Bernhard Nocht Institute,
a second one for “Structural and Systems Biology of Bacteria”
by the University Medical Center Hamburg-Eppendorf; a further
position as research group leader was appointed for the EMBL
topic “Membrane Protein Structural Biology”. Currently, nego-

Groundbreaking ceremony for the construction of CSSB. From left: Helmut Dosch
(Chairman of the DESY Board of Directors), Dorothee Stapelfeld (Hamburg Senator for
Science and Research), Johanna Wanka (German Federal Minister of Education and
Research), Rudiger Eichel (Head of Scientific Commission of Niedersachsen), and
Chris Meier (Vice Dean for Research MIN Faculty of the University of Hamburg and

spokesman of the CSSB Task Force).

tiations take place with candidates for two more full professor-
ships: “Structural Biology of Viruses” (HPI/UHH; dedicated to
cryo EM and virus infections), and “Biophysical Chemistry of
Membrane Proteins” which DESY has been successfully
granted by the Helmholtz Recruiting Initiative. The partner in-
stitutions will provide interim lab space for CSSB scientists,
so that they can join the CSSB groups already established
and start their scientific work. In total, the partner institutions
will provide support for 11 “CSSB groups”.

CSSB partner institutions
Bernhard Nocht Institute for Tropical Medicine BNI
Deutsches Elektronen-Synchrotron DESY
European Molecular Biology Laboratory EMBL
Forschungszentrum Jilich FZJ
Hannover Medical School MHH
Heinrich Pette Institute, Leibniz Institute for
Experimental Virology HPI
Helmholtz Centre for Infection Research HZI
University of Hamburg UHH
University Medical Center Hamburg-Eppendorf UKE

Associated partners:
Karolinska Institutet, Sweden (R('jntgen-,&ngstrém Cluster)

Contact: Ina Plettner, ina.plettner@verw.uni-hamburg.de
Edgar Weckert, edgar.weckert@desy.de
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EMBL
Hamburg Unit

The EMBL Hamburg Unit is a major provider of research services
in structural biology, specifically for synchrotron radiation beam-
lines, preparation and crystallization facilities for biological
samples, and the provision of computational services. In 2012/13,
the three new EMBL beamlines for applications in structural
biology at the PETRA Ill storage ring — P12, P13 and P14 - have
been provided to a large external user community. Details of
the quantity of our services are listed in Table 1.

Research Services Jan-Dec Jan-Jun
2012 2013
EMBL beamlines user visits 348 287
projects 154 125
external research groups 122 100
EMBL software users 5117 n.a.
research groups 2091 n.a.
EMBL crystallization users 51 36
crystallization plates 703* 756

*High Throughput Crystallization (HTX) facility was not operational between April-August 2012

Research services provided by EMBL Hamburg to the external user community.

Improvement of the background at P12 due to the scatterless slits. Left and right pan-
els represent the central portion of the scattering pattern around the beamstop without

and with the scatterless slits, respectively.

At the BioSAXS beamline P12 about 200 external user projects
were performed in 2013. Slashing down the measurement times
from minutes on the previous DORIS BioSAXS beamline to less
than a second, together with full automation of data acquisition
and analysis, allowed the users to conduct much more experi-
ments in much shorter times. The new on-line purification and
biophysical characterization setup with size exclusion chromatog-
raphy and light scattering and refraction detectors was made
routinely available to external users, and over 15 % of the visitors
were making use of this possibility.

A total of eight commissioning weeks helped to further improve
the performance and to consolidate the existing installation. In
collaboration with the Helmholtz Zentrum Geesthacht, a new
small (2 mm diameter) active beamstop and a pair of scatterless
slits (Xenocs) were commissioned. These improvements allowed
access to yet smaller scattering angles (spatial resolution of up
to 3000 A in a standard configuration) with a dramatically re-
duced parasitic background, leading to significantly enhanced
data quality (Fig. 1). Time resolved activities have been started
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A new high-precision diffractometer '‘MD3' has been developed in collaboration be-
tween EMBL-Hamburg and EMBL-Grenoble and has been installed on P14. By placing
the rotation axis vertically the sphere of confusion was improved by a factor of 10 from

1 pm to 100 nm.

at P12 using a rapid mixing device. The tuning procedure of
the front end was optimized to minimize the heat load on the
monochromator and improve the beam stability and flux.

On both protein crystallography beamlines P13 and P14 adaptive
mirror systems were commissioned. On P13 the smallest focus
size achieved is 20 x 30 pm?2 (FWHM), with a flux of 103 ph/s.
The focus size can be changed to up to 100 x 150 um easily.
On P14, the smallest focus size achieved is 4 x 5 ym?2, with a
flux of 10'2 ph/s. Again, the focus can be switched rapidly (30 s)
between a fully focused and an unfocused beam with a size of
700 x 1300 upm?2.This option is very much appreciated by the
users as it allows the beam properties to be adjusted to the
sample properties while a crystal remains mounted. On P13,
the necessary hardware and software was installed to perform
MAD experiments and since September 2013 a MARVIN sample
changer robot is available. A number of protein structures were
solved on P13 via Single-wavelength Anomalous Diffraction (SAD)
phasing, in particular by exploiting energies between 4 and 6 keV
for data collection. On P14 an 'MDG3' high precision diffractometer

with a vertical spindle axis was installed in late 2012 (Fig.2).

This diffractometer features a sphere of confusion, with a mini-
kappa goniostat mounted, of less than 100 nm and was in-

strumental in performing a successful serial-crystallography

experiment on in vivo grown micro-crystals of Cathepsin B, in
collaboration with L. Redecke, Univ. Libeck, and H. Chapman,
CFEL. In August 2013, the 'MD3' was equipped with a holder
for CrystalDirect™-crystallization trays providing the capability
for in situ diffraction testing and data collection at room tempera-
ture, in collaboration with F. Cipriani, J. Marquez, EMBL-Grenoble.

The sample preparation and characterization (SPC) facility pro-
vides a laboratory for synchrotron users to prepare biological
samples for characterization at the EMBL beamlines at PETRA I
The facility helps visitors to prepare their samples from cell pellet,
through purification and quality control so that they can be
crystallized or analyzed as a monodisperse sample in solution
for SAXS characterization. The crystallization of proteins is further
facilitated by the recent purchase of a MOSQUITO liquid handling
robot, and a comprehensive web interface called CRIMS that
allows users to check their crystallization experiments from home.
The SPC also runs a visitor program that is supported by the
FP7 infrastructure grant Biostruct-X, to allow users from the
European research area to send samples remotely for charac-
terization. Within this support scheme, the SPC staff takes the
samples through a series of quality control and optimization
protocols. Once this is completed, the researcher who runs
the project is invited to EMBL Hamburg to combine different
characterization techniques including SAXS and crystallography
to obtain a comprehensive picture of his sample.

EMBL Hamburg is the coordinator of the BioStruct-X I3 con-
sortium funded by the European Commission, which has been
running since September 2011. BioStruct-X allows transnational
access to X-ray based methods in structural biology. The second
annual project meeting was held in Hamburg in September 2013,
combined with the midterm project review. BioStruct-X works
closely with other I3 projects and the ESFRI project INSTRUCT
to coordinate relevant future projects in structural biology.

EMBL is a partner of the future Centre for Structural Systems
Biology (CSSB, see separate article). A EMBL/CSSB group
leader position, with a scientific focus in membrane protein
crystallography, has been recently appointed.

In September 2013, the 11th International “Biology and Synchro-
tron Radiation” conference was hosted by the EMBL Hamburg
Unit in the city centre. Extending the scope of previous confer-
ences, the meeting offered its 330 participants additional sessions
dedicated to biological sample preparation, hybrid structural
biology approaches, and emerging free-electron laser applications
in life sciences. More than one half of the participants joined
a tour to the synchrotron and free-electron laser facilities on
DESY campus.

Publication highlights in 2013 from EMBL Hamburg research
groups can be seen here:
http://www.embl-hamburg.de/research/research_highlights/index.html

Contact: Matthias Wilmanns, matthias.wilmanns@embl-hamburg.de
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Helmholtz-Zentrum Geesthacht

Outstation at DESY

The performance of the experimental facilities of the Helmholtz-
Zentrum Geesthacht outstation as part of the German Engineering
Materials Science Centre (GEMS) has seen a further positive
development in the past year. The focus of GEMS on measuring
“real-world” processes in situ, particularly in the field of engi-
neering materials research, has been further strengthened. The
first year of user operation of the new imaging instruments at
the GEMS beamlines, covering a very broad energy range of
currently 7 to 120 keV for the investigation of materials with
different X-ray absorption properties, has been very successful.
Selected results will be shown in the present report; they demon-
strate the importance of real-space “X-ray vision” in under-
standing materials properties and in particular “seeing” processes
inside those materials.

The High-Energy Materials Science Beamline (HEMS, P07, oper-
ated jointly with DESY) has reached an overbooking factor of
nearly five at all experimental stations. The demand for complex
in situ experiments has further increased; e.g. experiments with
the popular modified quenching and deformation dilatometer
(“FlexiTherm”) and with the in-house developed laser welding
chamber (“FlexiLas”) account for nearly a quarter of the scheduled
HZG beamtime in the second half of 2013. Ten per cent of the
overall scheduled HZG user beamtime is spent on industrial
research directly paid by our customers or supported within the
Science Link project (see below). Instrumental improvements
include the commissioning of a prototype Risg grain mapping
reconstruction 2D-detector for the 3D-XRD grain mapper and
tests of its optics with polymer compound refractive lenses
(custom made by KIT, Karlsruhe) with a line focus of < 1.5 pm
(v) x 1 mm (h). Furthermore, high energy tomography (so far,
the energy range from 35 to 120 keV has been exploited) is in
user operation and enables imaging of engineering materials
with high absorption such as WC/Co with pm resolution (Fig. 1).
Phase contrast tomography at high energies has been tested
and will be developed further.

In 2013, the Imaging Beamline (IBL, P05) has been in regular
user operation for the absorption contrast-based tomography.
With this method, spatial resolutions down to 1.2 pm have been
achieved and high quality, low noise tomograms with high density
contrast can be provided to the users routinely at different
energies in the range of 7 to 32 keV, with applications ranging
from natural materials such as wood and bone to metallic
catalysts. The phase contrast and the nano tomography setups

High energy SRuCT for the understanding of the twin wire arc spraying process in co-
operation with J. Nellesen (TU Dortmund), measured at HEMS with 120 keV X-rays and
a spatial resolution of 5 pm. WC/Co particles of 25 - 45 um in diameter are visualized

inside a Ni velum.

are under commissioning and first test experiments have been
performed. The flexible design of the micro tomography in-
strument was already used for the installation of various in situ
sample environments, like stress rigs, flow chambers and
corrosion cells (Fig. 2: in situ corrosion of Mg biomaterials). An
in situ furnace (for temperatures up to 800 °C) has been built and
was commissioned in November 2013. Furthermore, a sample
changing robot has been installed in the micro tomography
hutch and was successfully tested. The installation of the new
IBL double multilayer monochromator in 2014 will boost the
photon flux by two orders of magnitude. Fast (with high spa-
tial and high density resolution) and high-speed pCT (for the
in situ visualisation of processes) will thus be made available.

BioSAXS (P12, operated by EMBL together with HZG) started
offering a focussed beam (size 110 x 200 um? and flux 102 ph/s)
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In situ corrosion cell mounted on the IBL micro tomography setup (left). Reconstruction of a corroded Mg tube (2 mm diameter). Projections were taken at 23 keV with a

resolution of 4.25 pm. The sample was immersed for 48 hours in a body-like fluid (DMEM). Light blue shades display the corroded surface of the tube whereas darker blue

shades depict intact Mg.

to users in December 2012. The further development of the
instrument includes the extension of the scattering angle range
by improvements of the beamstop design and an improved signal-
to-noise ratio by the implementation of scatterless slits. The high
throughput mode using the automatic sample changer where only
10 microliters of solution are required for a single measurement
was efficiently used for describing the formation pathways of drug
delivery nano vehicles such as cubosomes and hexasomes
(Fig. 3). Unique beam parameters (small size, high flux and low
divergence) have been used for microfluidic measurements of
nanoparticles dispersed in a biopolymer matrix under different flow
conditions and for investigations of microcrystals formed in butter-
fly wings (biophotonics). For these experiments the precise
positioning of the sample including rotation has been achieved
by a hexapod. Construction of a multilayer monochromator
for a high flux mode (~ 100 times more flux) has been started.

The Christian-Albrechts University in Kiel (CAU) and HZG agreed
to jointly contribute to the operation of the Nanofocus Endstation
of P03 (in collaboration with DESY), which had been constructed
as a “Verbundinstrument” by the CAU. The combination of a
high flux nanobeam of 250 x 350 nm?2 optimized for diffraction
experiments with a working distance of 80 mm will be further
exploited in the field of engineering materials science.

GEMS has not only been offering full support to international
scientific users. As the experimental possibilities of GEMS are
particularly relevant for companies with questions from engineering
materials science, we have been traditionally successful in the
acquisition of industrial users. Still, there is always room for
improvement. During the EU-supported INTERREG programme
for the Baltic Sea region, “Science Link”, several industry
measurements were performed. The applicants were companies
from the industrial fields of mining, metal processing and the
automotive industry as well as from medical technology. They
have been granted in total eight beamtimes between 8 hours
and 2 days including additional data analysis and interpretation.
The measurements were or will soon be performed at the GEMS
beamlines. Three companies will come back for beamtime as
regular industry customers.

Within our central project of the Collaborative Research Centre
SFB 986 (“Tailor-Made Multi-Scale Systems — M3”) a number
of successful experiments were carried out in 2013. There is an
excellent match between the diffraction and imaging possibilities
at the GEMS beamlines and the scientific questions related to
hierarchically structured materials in the focus of the SFB.

The GEMS activities (including those with neutrons at the FRM ||
in Garching and in preparation for instrumentation at the Euro-
pean Spallation Source in Lund) were very positively reviewed
last April at the site of the outstation at DESY (mid-term review
of the respective Helmholtz programme activities). Still, we want
to offer even better service in the future and for this reason we
started last year a series of GEMS Satellite Workshops to the
DESY Photon Science Users’ Meeting. The workshops will
take place every year, with the aim of deepening the fruitful
discussion with our users.

Experimental SAXS curve re-
corded at the BioSAXS beam-
line at 25 °C for MO/EPA/
DOPE-PEG2000 (79/19/2
mol%) nanoparticles in excess
buffer solution (insert: cryo
TEM picture); (b) calculated
SAXS pattern for a ten-nodes
cubosome [B. Angelov et al.,
Langmuir 28, 16647 (2012)].

Contact: Martin Mliller, martin.mueller@hzg.de
Andreas Schreyer, andreas.schreyer@hzg.de
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University of Hamburg
on the DESY site

At the CUI International Symposium 2013, world leading scientists met at CFEL to present and discuss the latest results and developments in photon and nanoscience.

Photon Science is one of the key science areas of the University ~ abroad. In a very tight competition up to six outstanding students
of Hamburg. The strong commitment to excellence in photon are granted PhD scholarships by the private Joachim Herz
science, life sciences and nanoscience of the University of Foundation. The activities within PIER complement the strong
Hamburg and DESY together with partners from the Max-Planck  network of excellence in education on the graduate level between
Society and EMBL was the basis for establishing the Cluster of ~ the University and DESY. In photon science this is manifested
Excellence — "Hamburg Center for Ultrafast Imaging (CUI): Struc- for example through joint master courses in modern X-ray
ture, Dynamics and Control of Materials on the Atomic Scale”, physics and accelerator based photon sources, jointly super-
(http://www.cui.uni-hamburg.de/en/). Within CUI up to three new full  vised Master and PhD thesis work, and joint teaching activities
professorships and up to six professor positions on the junior  in the DFG funded Collaborative Research Centre SFB 925 and
level are in the process of being filled. CUI organized its first big ~ Research Training Group GRK 1355.

international symposium in November 2013 with key note

speakers presenting the latest results and developments in all

relevant fields from experimental and theoretical ultra-fast physics

to X-ray and laser science, solid state physics, quantum optics

and nanoscience (Fig. 1). Among the highlights was the award

ceremony for the Hamburg Prize in Theoretical Physics sponsored

by the Joachim Herz Foundation which was given to Chris H.

Greene, Purdue University, for his outstanding pioneering theo-

retical contributions to atomic and molecular physics.

In 2011 DESY and the University of Hamburg established PIER

— Partnership for Innovation, Education and Research as a

new platform to foster their long-standing collaboration. One

of the strong pillars of PIER is the PIER Helmholtz Graduate

School which had its official kick-off meeting in October. The

goal of the PIER Helmholtz Graduate School is to combine the

unique scientific opportunities on the Campus in Bahrenfeld The spectroscopy chamber of the University of Hamburg on its way to the PG2 beam-
with excellent PhD training for candidates from Germany and line in the FLASH experimental hall.

86 | Research Platforms and Outstations



Dorothee Stapelfeldt, Second Mayor and Senator for Science and Research in Hamburg, speaking to the participants during the CFEL inauguration.

BMBF Verbundforschung strongly supports university activities
at large scale facilities with the goal to develop new instrumen-
tation and methods, to use the special expertise of university
groups for research, to educate young scientists and engineers
and to attract young academics for future research infrastructures.
In the round which started July 2013 the research activities in
photon science and accelerator science of the University of
Hamburg at DESY have led to a very significant number of new
projects centred around PETRA Ill, FLASH and the European
XFEL. In total, projects with principal investigators from the
University have attracted funding of more than 4.5 M€ over the
next three years. Among the highlights are the activities in the
framework of the BMBF Priority Program FSP-302 “Free-Electron
Lasers” (coordinator: Markus Drescher) which evolved out of
the very successful FSP 301 “FLASH: Matter in the Light of
Ultrashort and Extremely Intense X-ray Pulses". Also with support
of BMBF Verbundforschung the University of Hamburg continues
its involvement at PETRA lll and actively contributes to the
construction of the “Chemical Crystallography Beamline” P24
at the PETRA Il extension.

2013 has also seen the groundbreaking ceremony for the new
Centre for Structural Systems Biology (CSSB) which - in the
area of life sciences — will soon complement the joint research
activities on the DESY campus. DESY and the University of
Hamburg together are going to appoint a new full professorship
for the CSSB, also conceived to create a strong bond in photon
science and a fruitful scientific cooperation with the Center

for Free-Electron Laser Science (CFEL). The CFEL celebrated
its official inauguration in the new building on June 17th (Fig. 3).
In addition, the activities in nanoscience will be boosted in the
next years by new centres established by the University (Center
for Hybrid Nanostructures — CHYN, coordinator: Robert Blick,
Fig. 4) and DESY (NanoLab, coordinator: Andreas Stierle)
which will combine efforts to use the photon sources on the
Campus for cutting-edge research in nanoscience.

Contact: Wilfried Wurth, wilfried.wurth@desy.de

The future Center for Hybrid Nanostructures (CHYN) of the University of Hamburg on

the Bahrenfeld Campus. (Courtesy of Reiner Becker Architekten Berlin)
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FLASH

Aerial view of the FLASH
facility in early August
2013 including the
FLASH2 tunnel and the
new experimental hall

under construction.

The year 2013 was mainly centred on the extension of the
FLASH facility, including building a separate tunnel for the
additional FEL undulator line and a new experimental hall (Fig. 1).
After the 4th beamtime period for user experiments was finished
in February 2013, the accelerator was shut down until July in
order to cut out the required opening between the two tunnels.
Moreover all the electron beamline components were installed
in the extraction area (Fig. 2). The 14 m stretch between the last
accelerator module and the septum was modified accordingly
in May and June, and the FLASH2 extraction beamline installed
in June and July. In parallel, also many of the subsystems have
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been changed during the shutdown to improve their performance
or to make them compatible with the systems of the European
XFEL. These include the control system of the magnets and
the RF system, as well as the personnel interlock system, which
had to be modified for FLASH2.

The re-commissioning of FLASH1 started mid-August in order
to prepare for the 5t user period, while construction work in
the FLASH2 tunnel was continued in parallel. Unfortunately,
the area between the old and the new tunnel could only be
filled with sand at this time, causing the FLASH1 tunnel floor



The modified FLASH1 and the new FLASH? electron beamlines in the extraction area were nearly completed by the end of July 2013. Note the opening in the tunnel wall on the

right through which the new beamline enters the FLASH2 tunnel.

to settle by up to 8 mm. The triangle of sand is visible in the
middle of the aerial picture (Fig. 1), which was taken at that
time. The expected settlement meant survey and alignment of
all beamline components over a distance of 130 m, including
the undulators and parts of the photon diagnostics. The re-
maining time for commissioning was not sufficient to guarantee
stable FEL beam conditions for the first user experiments
originally planned to start in late October 2013. Consequently,
the complete user period had to be shifted by almost four
months; it will now start by the end of February 2014.

By the end of 2013 the installation of the technical infrastructure
in the FLASH2 tunnel and the corridors for the electronics is
completed and most beamline components in the main tunnel
are installed. Also 11 out of 12 undulator modules are mounted,
the last one will be installed in January 2014 (Fig. 3). The
commissioning of the FLASH2 beamline (components see Fig. 5)
will start at the end of January 2014, after the test and formal
approval of the personnel interlock system.

At this time, also the new experimental hall (Fig. 6) will be ready
for installation of the technical infrastructure, whereas the photon
diagnostics and a first photon beamline will be mounted in
the first half of 2014. First photons are expected to reach the
new hall in the second half of the year. Extensive tests are
planned to establish parallel operation of FLASH1 and FLASH2
and to explore the parameter ranges of the FLASH2 FEL that
can be achieved under practical conditions simultaneously
with FLASH1 user operation. Regular user experiments in the
new experimental hall are expected to start in summer 2015
on two to three beamlines. On one of them a permanent end
station for atomic and molecular physics will be available. It is
planned to build a total of six to seven beamlines on FLASH2.
All beamlines will be equipped with suitable focusing optics
and standard differential pumping stages with integrated laser
ports, which will be connected to the pump-probe laser system
via separate evacuated transport lines. Two to three of the
beamlines will have permanent end stations and at least one
beamline is foreseen to combine FEL and THz radiation.
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Eleven FLASH2 undulators are already mounted to the beamline (December 2013). Behind them, near the end of the tunnel, vacuum work is continuing.

At the beginning of 2013, before the shutdown of FLASH,
machine studies were made in order to test the possibility of
producing FEL pulse trains with different pulse lengths quasi-
simultaneously on FLASH1 and FLASH2. The lasing of the
present FLASH1 FEL was successfully tested with two different
bunch charges generated by two separate injector laser systems;
the results are shown in Fig. 4. The fast switching of the electron
beam and the possibility to have different electron bunch lengths
and small wavelength changes for the two trains were already
shown in earlier studies.

The operation of FLASH2 will start in SASE mode, however the
facility has been designed such that different seeding schemes
can be implemented in order to provide FEL beams with im-
proved performance. Most of these schemes require a strong
optical laser with high repetition rate and a pulse pattern that
matches the bunch pattern of the FLASH linac. Therefore, a strong
research and development effort has been made at DESY to-
gether with Helmholtz Institute Jena to develop a suitable high-
power, few-cycle optical laser system. The seed laser will be
installed in a special room foreseen in the FLASH2 tunnel building.
Presently the most promising seeding scheme is high-gain
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Lasing with two different bunch charges in a single RF pulse. Two short FEL pulse trains
are shown: bunches 1 - 30 with a charge of 0.5 nC, and bunches 81 - 100 with 0.25 nC
(blue: pulse energy of the current pulse train; green: pulse energy averaged over all

measured pulse trains; yellow: maximum pulse energy of measured pulse trains).



Close-up of FLASH2 beamline components just in front of the large dipole magnet (on the right) that diverts the electron beam to the beam dump. The FEL photon beam passes

behind the magnets. It is separated from the electron beam by another bending magnet further left (upstream) in this picture (December 2013).

The FLASH2 experimental hall end of October 2013.

harmonic generation (HGHG). In this case the electron beam is
seeded with an optical laser in a short undulator, called modulator,
and high harmonics of the seed radiation are then selected
and amplified by the tunable FEL undulator. HGHG has been
successfully implemented at FERMI@Elettra (Trieste, Italy):
intense seeded FEL pulses with high stability and narrow
bandwidth down to 20 nm wavelength are available for user
experiments, while a further beamline (FEL-2) using a second
HGHG cascade is under commissioning and has demonstrat-
ed FEL pulses at 4 nm, although at reduced intensity.

Other seeding schemes are currently under study at DESY. One
of them makes use of high laser harmonics produced by a strong
optical laser in a gas target (HHG). HHG seeding at 38 nm wave-
length was successfully tested by the sSFLASH project on FLASH1,
however, with low gain due to low seed power. HHG seeding
is currently not expected to work below 10 nm wavelength due
to the low efficiency of the HHG source. It is planned to implement
seeding shortly after full commissioning and first experience
with FLASH2 user operation in SASE mode, i.e. 2016-2017.

Contact: Josef Feldhaus, josef.feldhaus@desy.de (FLASH)
Bart Faatz, bart.faatz@desy.de (FLASH I)
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PETRA 1l

In 2013 for the first time all PETRA Il beamlines were in full swing.
With 5200 hours of user operation and 820 experiments a new
record for user access could be achieved. In parallel to the
successful user operation, all beamlines improved their perfor-
mance; some examples of technical innovations are described
below. A number of examples of high profile experiments are
featured in the highlight section of this Annual Report.

The only call for proposals this year resulted in 458 proposals
submitted for the beamlines PO1-P11, additional 254 applications
for life-science beamlines have been submitted to EMBL. The
average overbooking factor of non-PX beamlines reached 3.1 for
the second run period in 2013. The overbooking factor reached
a maximum of 4.7 at the resonant scattering and diffraction/hard
X-ray photo-electron spectroscopy beamline P09 (see Fig. 1),
for which the demand was particularly high. For the first time a
new application procedure for category | proposals was applied,
now each proposal refers to one beamtime only. Starting with
the first run after the extension shutdown also long term projects
will be accepted. However, these will be very limited in number
and linked to the development of beamlines or instruments.
Details will be communicated well in advance.

Until mid of December 2013, over 2000 individual users came
to work at PETRA 1l with an average number of 2 visits per
person. The number of users originating from international in-
stitutions further increased to now 36 %. These users came
from 32 different countries of which India sent the largest group.

Storage ring

In 2013 PETRA Il was running almost all year long starting in
January and ending December 19t. The operation has been
interrupted by two shutdowns, caused mainly by preparation
work for the FLASH extension. As in previous years around 50 %
of the user time at PETRA 1l was provided in the timing mode
with 40 or 60 equally distributed bunches. The other 50 % were
mainly operated in the newly established 960 bunch mode.
The transition from positron to electron operation, which was
established during the winter break 2012/2013, went smoothly.
Since October 2013 the standard operation with a current of
100 mA could be achieved also in timing mode with 40 bunches.
After the replacement of bellows close to the narrow undulator
vacuum chambers and some modifications to the feedback
system, a bunch current of 2.5 mA could be stored. In recent
runs this value was limited to 2.0 mA. A major achievement
during machine studies was the operation with a horizontal
emittance of 160 pmrad at a particle energy of 3 GeV. This is
the lowest value ever achieved in a storage ring. The goal was
to find conditions to operate PETRA Il as an ultimate storage
ring in the future; i.e. operating at extremely low emittance
without compromising the performance of the beamlines.
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The new material forms at a pressure of 55 GPa (Gigapascal) and has an unexpected
structure. Left: Iridium atoms (red) form a simple cubic lattice with hydrogen atoms (blue)
occupying the centres of the cubes’ faces. Each iridium atom is surrounded by three
hydrogen atoms, resulting in an iridium trihydride phase. Right: Theoretical calculations

support the presence of a distorted simple cubic metal host lattice in iridium trihydride.

While the availability of the machine has been improving steadily
during the first half of the year, some major problems caused
a step back during the second half. A severe problem caused
by the booster DESY Il and a broken coupler in one of the
cavities, which had to be replaced, resulted in a loss of several
days of scheduled beamtime. Despite the successful start the
overall availability in 2013 will be again below 95 % (see sec-
tion ‘Facts and Numbers’ at the end of this report).

Beamlines and Experiments

At the beamlines, a couple of technical improvements have
been achieved.

An outstanding highlight was certainly a result of the collaboration
with the group of T. Salditt from Goéttingen University. In an ex-
periment at the coherence beamline P10 they were able to obtain
an almost perfectly circular focus of 5 nm. This is the worldwide
smallest X-ray beam ever produced. It has been achieved by
combining a KB mirror system as pre-focusing device with a
multilayer Laue lens (MLL). In this way the overall efficiency of
the system is very high in spite of the low acceptance of the MLLs.

The technical progress relating to optics further includes

¢ A high resolution monochromator with 0.7 meV resolution
for nuclear resonance scattering with 119Sn at beamline PO1.

e First tests of the multilayer monochromator at the nano-probe
beamline P06.



Experimental hutch EH1 for
resonant X-ray scattering at
beamline P09 at PETRA II.

e A new setup for high resolution fast in situ X-ray reflectivity
experiments at the high resolution beamline P08.

e The implementation of wave-front preserving channel-cut
optics for the coherence beamline P10.

As for detectors, the following developments can be reported on:

e At the soft X-ray beamline P04 a PERCIVAL detector was
successfully tested and will be made available for users.

¢ At the high resolution beamline PO8 a 1M-Eiger detector,
which was procured in the framework of a BMBF ‘Verbund-
forschungsprojekt’ of Kiel University, is now available for users.

¢ At the coherence beamline P10 a Lambda detector (based
on a Medipix3 model) has been successfully tested for the
first time in the vertical rheology setup.

¢ At the dynamics beamline PO1 an AGIPD detector has been
successfully tested by yielding single pulse properties of the
undulator radiation.

(See section ‘New Technologies and Developments’ for more

details.)

Within the last call for BMBF ‘Verbundforschungsprojekte’ many

applications for projects at PETRA Il were again very success-
ful, as in former calls. In total, 40 projects were approved both
for existing beamlines (28 including projects at EMBL beamlines)
and the new beamlines within the PETRA Il extension project.
First steps have been taken to include this new equipment into
the PETRA Il instrumentation suite.

In addition to the BMBF funded ‘Verbundforschung’ activities
with German universities, several collaboration projects within
the Rbntgen—Angstrbm—Cluster (RAC), the loffe-Rontgen-Institute
(IRl) and a number of individual contracts have been established
in 2013. In addition, DESY Photon Science contributes to the
‘Science Link’ initiative of the European Union, within which
eight industry projects have been completed successfully with
the measurements being performed at PETRA lll. In order to
foster industry applications at our facilities, contacts with key-

players in German industry landscape like Airbus, Siemens or
BASF have been initiated.

The number of high impact publications resulting from measure-
ments at PETRA Il is steadily increasing. Particularly in the
field of high pressure research significant progress has been
achieved. For example a new hydrogen storage material has
been explored. In collaboration with Edinburgh University a new
form of iridium hydrate was found which can store three times
more hydrogen than systems used before (see Fig. 2). This is
a promising route to develop safe and environmentally friendly
storage materials for use in fuel-cell applications, for example.

At the resonant scattering beamline P09 the first successful
experiments at a magnetic field of 14 T and temperatures as
low as 300 mK have been completed. These results shed light
on phase transitions in magnetic materials which might lead
to new data storage technologies in the future.

At the high resolution beamline P08 the structure factor of a
confined liquid film of only 5.0 nm thickness could be measured
in a newly developed sample cell. This means some 9 molecules
of the confined liquid fit in between the diamond surfaces of
the cell. Understanding the structural changes upon confining
a film to several layers of molecules will help to understand
lubrication in nano-systems.

After a short break in December, PETRA Il will resume operation
in early January 2014 with four more weeks of beamtime for
users. On February 39 the operation will be stopped for the
construction work for the two new experimental halls of the
PETRA Il extension project. No further operation of PETRA I
for users is planned for 2014.

Contact: Hermann Franz, hermann.franz@desy.de
Alexander Kling, alexander.kling@desy.de
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PETRA lll Extension

The PETRA Il Extension project is taking up momentum. Pre-
paratory work on the construction sites of both experimental
halls has started in December. Within the project, the storage
ring lattice in the arc sections in the North and the East will
be modified to accommodate additional insertion device
beamlines. This requires the complete removal of the PETRA
storage ring including the ring tunnel in that area to make
space for two new experimental halls on either side of the
present Max von Laue experimental hall at PETRA lll. Both new
halls may accommodate up to five beamlines, with one beam-
line making use of the adjacent long straight section. All new
beamlines, P21-P25 in hall East and P61-P65 in hall North, will
be serving experimental techniques in the hard X-ray regime.

In the North, the straight section is already filled by a 40 m long
array of damping wigglers which produce an extremely hard
and powerful X-ray beam which will be the source for beamline
P61. In the East, the 108 m long straight section will be modified
to accommodate up to three insertion devices —including a4 m
long in-vacuum undulator — for the Swedish high-energy X-ray
materials science beamline P21.

The newly planned beamline P66 will cover the VUV range
and continue the very successful time-resolved luminescence
spectroscopy activities of the DORIS beamline Superlumi. It
will be the only beamline at a bending magnet source at PE-
TRA Ill and the experimental station will be located in a small
separate hutch on top of the ring tunnel between the FLASH I
and PETRA Il Max von Laue experimental halls (see section
on ‘Facts and Numbers’ at the end of this report).

The civil construction of the extension halls had to be postponed
because of unexpected difficulties with the call for tender
procedure and — accordingly — the schedule of the PETRA III
user operation had to be re-adjusted. The machine shutdown
is now planned for February 39, 2014. In the following weeks
the storage ring will be completely removed in the arc sections
of the new experimental halls and subsequently the concrete
tunnel will be demolished. Earth moving activities on the con-
struction site already started at the end of 2013.

Every effort will be made to keep the mandatory PETRA Il shut-
down as short as possible. The extent and complexity of the
project requires considerable time until the machine can be
re-installed, which will start in August 2014. It is expected that
the installation of the storage ring and the first part of the
beamline frontends will be completed by the end of 2014.
Commissioning of the machine is planned to start in January
2015 and user operation in the Max von Laue hall is hoped to
resume in early spring 2015. After the machine restart, the
completion of the new experimental halls and the implementation
of the experiment infrastructure and beamlines will continue
in parallel to the user operation at the beamlines P01 to P14.

The preparation of the machine reconstruction is progressing

according to plan. Quite a number of new components have
been delivered and are currently being assembled, tested and
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Components and instrumentation for

the new sections of the storage ring:

a) magnet power supplies,

being assembled in the North

b) and ¢) dipole and quadrupole magnets
for the new DBA sections

d) fast ampilifiers for orbit feedback system

e) storage ring vacuum chamber.

calibrated. Similarly, the assembly of frontend girders for the
beamlines has started and these activities take place in the
former DORIS experimental hall where the old beamlines have
been removed to make space for the new instrumentation.

The detailed planning for the phase-1 beamlines, namely XAFS
stations P64 and P65, is in an advanced stage. Their frontends

View of the former DORIS experimental hall where new instrumentation such as beam-

line frontends for the PETRA Il extension are being assembled.



will already be completed during the long machine shutdown
to allow beamline commissioning in summer 2015. The phase-2
beamlines P21-24 are expected to follow in 2016. In these
cases, additional shorter machine shutdowns will be required
to complete the frontend sections. The technical design re-
ports of beamlines P21 and P23 have been reviewed and the
detailed design phase has begun. Out of the phase-3 beam-

Layout of the experimental hall and beamlines of PETRA Ill East.

lines, only the damping wiggler beamline P61 is currently
funded. Beamlines P25, P62 and P63 will not be implement-
ed within the current project phase up to 2017.

Contact: Wolfgang Drube, wolfgang.drube@desy.de
Michael Bieler, michael.bieler@desy.de

Layout of the experimental hall and beamlines of PETRA Il North.
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European XFEL

In 2013, progress continued on construction of the European
XFEL facility and research instrumentation. At mid-year, civil
construction reached a major milestone with the completion
of underground construction. In 2013 the installation of the
accelerator complex began with the setup of the electron gun.
Further work on undulators, instruments, and software helped
the facility make major steps forward.

On 6 June, European XFEL welcomed 300 guests into the
facility’s experiment hall and tunnels in Schenefeld to celebrate
the completion of underground construction. Following three
years of nonstop work, civil construction of the 5.8 kilometres
of tunnels and various underground facilities, including the 4500
square metre experiment hall, were completed.

Current progress focuses on the installation of technical infra-
structure in tunnels and the work on surface buildings. The
buildings above shafts and the complex at Osdorfer Born were
tendered and their construction is well underway. Meanwhile,
below, workers continue installation of the technical infrastructure
that will support the accelerator complex and X-ray beamlines
in the tunnel. European XFEL is preparing calls for tender for the
large lab and office building above the experiment hall in Schene-
feld, of which the construction shall start early 2014. Across all
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construction sites, from Bahrenfeld to Schenefeld, a number of
environmental compensation measures were also implemented
this year.

Once operational, the instruments in the experiment hall will
address a wide range of scientific areas, with complex demands
on space and infrastructure within the hall. These demands are
augmented by the need to co-locate high precision optical laser
systems that will be synchronized at the femtosecond level
with the X-ray pulses coming from the FEL undulators. During
2013 significant progress was made with the planning of the
hutch layout, with the general infrastructure as well as the in-
strument-specific technical infrastructure. The process also
involves not only the instrument groups, but also all other
contributors such as civil construction, general technical infra-
structure, safety, synchronization, transport and a number of
outside planning companies supplementing the internal planning
resources. As a result of these planning efforts, the tender for
the SASE1 instrument hutches is expected early in 2014. After
construction and installation of the general infrastructure in the
experiment hall, the SASE1 instruments themselves will be in-
stalled starting late in 2015. The hutches and infrastructure in-
stallation for the other SASE beamlines will follow closely behind.

Undulators continue to be
tuned. Out of the total 92
undulators, 65 have been

calibrated so far.



The European XFEL'’s electron
gun was installed in late 2013
and is currently in the middle

of RF tests.

The six scientific instruments also moved forward a great deal.
Four of the instruments—FXE, MID, SPB, and SQS—now have
completed and published technical design reports (TDRs), which
can be accessed on the European XFEL website. The goal is
to install the first instruments in the experiment hall by the end
of 2015. The other two instruments, SCS and HED, have pub-
lished conceptual design reports (also available on the European
XFEL website) and are on track to finish their TDRs soon.

With the further development of the instruments, contributions
to various parts of the accelerator complex have continued to
pour in. To date, over 560 million euro of in-kind contributions
(IKCs) from 21 institutes in 9 countries have been agreed upon
to be delivered to European XFEL, with many of those contri-
butions currently being delivered and tested. DESY, the Euro-
pean XFEL'’s largest shareholder, is managing construction,
commissioning, and operation of the accelerator complex.
Accelerator components from 8 different countries are coming
in and serial production for all linear accelerator components
is either running or ramping up. However, the delivery of RF
couplers has turned out to be a time critical bottleneck and
contributes to the schedule challenges for the serial production
of the accelerator modules. Warm and cold testing of completed
accelerator modules began this year. All of the 3 vertical cryostats
for cavity testing at the Accelerator Module Test Facility (AMTF)
are in use, and so far over 110 cavities have been tested and
accepted. Other infrastructure elements such as magnets, cavity
tuners, klystrons, pulse modulators, and power electronics
are either in production phase or will be shortly. Additionally,
radiation safety, access control, and alignment systems are
being installed.

The team at DESY has installed the electron gun and is in the
process of commissioning it. During 2014 still many components
of the injector will be installed, in parallel with initial operation
of the electron gun.

Meanwhile, the European XFEL undulator group continued to
calibrate the 5 m long undulator segments. By the end of 2013,
65 segments, out of total 92 segments, have been tuned and
calibrated to match the tight requirements. In mid-2013 and
due to space restrictions in the undulator assembly hall, the
group started moving the calibrated undulator segments to an
off-site storage area. All undulators are due to be completely
calibrated by 2015 and will be installed shortly thereafter.

To control the many parts of the European XFEL, the data
management and controls group (DAQ) has developed a new
software framework. Called Karabo, the framework will provide
the users and operation crews both mechanical control and
digital data acquisition of all X-ray systems of the European
XFEL facility. The system further includes an interface to the
accelerator control system, developed by DESY. Scientists both
within and outside European XFEL are working to fine-tune
Karabo’s capabilities over the next two years.

With its 27 000 flashes per second, European XFEL will be unique
among the world’s X-ray free-electron laser sources. The new
research facility, which is expected to start user operation in
2016, is one of the largest and most ambitious European re-
search projects to date. The non-profit limited liability company
European X-Ray Free Electron Laser Facility GmbH (European
XFEL GmbH) grew from 145 employees in December 2012 to
196 employees as of December 2013. At present, 12 countries
are participating in the project: Denmark, France, Germany,
Greece, Hungary, ltaly, Poland, Russia, Slovakia, Spain, Sweden,
and Switzerland. The governments of the partner countries
designate shareholders who form the European XFEL Council,
which decides on important issues related to the company and
the project. European XFEL and DESY closely collaborate on
construction, commissioning, and operation of the facility on
the basis of a long-term agreement.

Contact: Massimo Altarelli, massimo.altarelli@xfel.eu
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Spin your sample

X-ray reflectivity (XRR) is a non-destructive technique used in
chemistry, physics, and materials science to characterize
surfaces, thin films (from several to 500 nm) and multilayers
[1-4]. In particular, parameters such as thickness, interface
roughness, and layer density can be obtained with accuracies
of better than 0.1 nm in thickness and roughness determination
and 1 % in density calculation. In most cases XRR of solid
samples is acquired by performing a 6/20 angular scan. In
this case a monochromatic X-ray beam is used while both,
the sample (6) and the detector (26) are scanned stepwise. To
determine the film parameters accurately the scan angular
resolution should be high (small step width) and the g-range
large where q is the wave vector transfer which directly depends
on 0 with: g = 4rt sin6/ .

As to its high sensitivity in the characterization of thin films, XRR
is a promising method for in situ investigations of dynamic
phenomena such as the growth of thin films, polymerization
processes, protein adsorption, interdiffusion and annealing
processes in multi layer systems, etc. However, up to now the
time resolution achieved is strongly limited by the data acquisition
method itself: The 6/26 scans imply accelerating, decelerating
and backlashing of the scanned motors as well movements in
forth and back directions which prevent continuous capturing
of the reflectivity data. Recently, typical time resolutions of the

order of a few minutes have been achieved for reflectivity in a
g-range of 0 - 0.5 A1 [5-7].

Instead of scanning 26 it is possible to use a position sensitive
detector and only scan the incident angle 6. Still drawbacks
of the stepwise scanning of the incident angle limit the use of
this method for in situ studies. Alternative approaches exist.
One is to use a white X-ray beam and an energy dispersive de-
tector. However, the heat load on the sample due to the white
beam is tremendous and samples can easily be damaged. Fur-
thermore X-ray sources such as X-ray tubes and undulator
sources cannot deliver high intensity white beam with uniform
flux over the energy distribution. Finally, the time resolution and
g-resolution are strongly limited by the energy resolution and
the dynamic range of the detector [8, 9]. Another approach is
to generate a strongly focused X-ray beam and to make use
of the divergence of the beam for an angular dispersive re-
flectivity [10]. Here the g-space and resolution are restricted
by the maximum opening angle of the focused beam. Also the
strong focusing means high flux density at the sample which
is not advantageous for polymer or biological samples [11].

We propose a new method based on the fast rotation of a slightly
tilted sample (see Fig. 1 and 2). The sample is placed on top
of a bias-cut cylinder (with bias-cut angle ¢) mounted on a
wobble-free piezo driven rotation. The piezo drive is tilted to

Left: Schematic view of the setup.
(a) Piezo rotation = 0°, 6 = 0°

(b) Piezo rotation = 180°, 6 = 2¢.
Right: The reflected intensity has
an ellipsoidal shape on

the detector sensitive area.
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Raw files (Mythen detector) corresponding to an incident angle 6 varying from 0.11°
(channel 1072) to 0.29° (channel 1069) - see red ‘0’ - and from 1.76° (channel 415) to
1.84° (channel 385) — see green ‘x’. The higher background contribution at smaller inci-
dent angles (red ‘0’) can easily be observed at channels < 600 where no attenuators

are used. The attenuator foils are indicated by the gray boxes.

a constant angle of ¢ so that the piezo rotation axis is by ¢ off the
vertical axis. A moderately focused X-ray beam comes horizon-
tally. By rotating the piezo drive, the incident angle changes
between 0 and 2¢. No other motors are moved, no motors are
scanned. The position sensitive detector remains static.
Since the intensity of a reflectivity scan varies over several orders
of magnitude when varying the incident angle, a set of attenuators
of different thicknesses is mandatory. In our case we use Fe
thin foils. They are positioned just in front of the detector. Their
number and positions can be optimized depending on the
configuration (sample, energy, and detector). Additionally, a
knife-edge blade (Ta) is used to reduce the contribution from
air scattering. It is placed just above the sample.

Fast data acquisition (Mythen Detector from Dectris) is performed
while the piezo drive is rotating at a frequency of 0.1 to 2 Hz.
Actually the exposure time chosen for the data acquisition turns
out to be a critical parameter: Long exposure times spoil the
signal to noise ratio due to the high background contributions
associated to the small incident angles (see red symbols in
Fig. 2). Therefore, a complete reflectivity is recorded over several
frames of short exposure times (typically 0.05 to 0.1 s) i.e. inte-
gration over small angular range to prevent from a too high
background contribution and ensure a good signal to noise
ratio. In this way complete reflectivity scans are recorded within
a few seconds without interruption or deadtime between each
complete scan.

A python script is used to generate a full reflectivity scan from
the short exposures. The script extracts the in situ reflectivity
data from the multiple detector files. The algorithm is based on
the following steps: 1) filtering of the data, 2) attenuation correction
- to make allowance for the presence of the attenuators, and
3) speed correction - to take into account the fact that the
different channels of the detector are unequally illuminated in
time, a direct consequence of the elliptical trajectory described
by the reflected beam on the detector sensitive area (Fig. 1).
As an illustration Fig. 3 shows a reflectivity scan obtained for a
polystyrene thin film (d ~ 570 A). The complete scan was recorded

within 1s (20 frames, exposure time of 0.05 s) at the high res-
olution diffraction beamline P08 (PETRA lll) [12] at an energy of
18 keV and a primary beam intensity of 101! photons/sec. The
beam size was (H x V) 200 pm x 30 um. The g-values spans from
0to 0.4 A-* and the intensity drops down to roughly 6.5 orders
of magnitude from the primary beam.

Reflectivity scan obtained for a polystyrene thin film recorded at PO8 in 1s.

Outlook

Our new approach for performing fast reflectivity measurements
already showed promising results and will open up a new route
to perform in situ reflectivity studies. Two bias-cut sample
stages (with bias angle of about 1° and about 2° respectively)
are already available so that, at the X-ray energy of 18 keV,
the g-ranges of 0 - 0.4 A-' and 0 - 0.8 A-! are accessible. Two
additional sample stages with different cuts as well as a sample
stage heating module will be manufactured. Depending on the
specimen under study, the g-range investigated and the spatial
resolution required the primary X-ray beam energy can be
adapted within the range of 14 - 20 keV. A systematic study
of experiment parameters such as the piezo rotation speed
and the detector exposure time is foreseen and will help us to
understand the influence of these parameters on the quality
of the collected data and the time resolution achieved.

Contact: Adeline Buffet, adeline.buffet@desy.de
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X-ray glimpses for PERCIVAL

With the increased brilliance of state-of-the-art Synchrotron
radiation sources and the advent of Free-Electron Lasers
enabling revolutionary science with Extreme Ultra Violet (EUV)
to X-ray photons an urgent need for suitable photon imaging
detectors arises. Requirements include high frame rates, very
large dynamic range, single-photon counting capability with low
probability of false positives, and (multi)-megapixels.
PERCIVAL (“Pixelated Energy Resolving CMOS Imager, Versatile
and Large”) is being developed to address this need for the soft
X-ray regime. Its monolithic active pixel sensor (MAPS) will be
back-thinned to access its primary energy range of 250 eV to
1 keV with target efficiencies above 90 %. According to prelimi-
nary specifications, the roughly 10 x 10 cm?, 3700 x 3500 pixel
CMOS sensor will operate at frame rates up to 120 Hz and use
multiple gains within its 27 um pixels to measure 1 to ~ 10°
simultaneously arriving photons. Small-scale front-illuminated
prototype systems are in hand and are undergoing detailed
characterization with optical photons in the laboratory. In May
2013, such PERCIVAL prototype chips saw first X-rays at P04
in a parasitic user configuration.

PERCIVAL is currently being developed by a collaboration of
DESY, RAL, Elettra, and DLS to address the dire need for high
sensitivity, high dynamic range, high rate, large area imagers
for the soft X-ray regime for experiments at both synchrotrons
and FELs. Currently, small scale front-illuminated prototype
systems (160 x 210 pixels) are undergoing functional testing in
the laboratory. In May 2013, such front-illuminated prototype
test sensors were exposed to X-rays up to 2 keV at the P04
beamline at PETRA III.

Fig. 2 shows an image of an attenuated 900eV P04 beam, re-
corded with a PERCIVAL prototype sensor. The calculated photon
intensity resulting from a preliminary sensor calibration corre-
sponds to the known incident photon intensity to within a factor
of two. Two apparently brighter rows are evident within the
iluminated sensor area. This artefact arises because the sensor
is front-illuminated, and the metal layers are thick enough to
result in significant absorption at 900 eV. As the sensor shall
be back-thinned and back-illuminated to optimize soft X-ray re-
sponse, this effect will not be relevant to the final sensor’s op-
eration — pixel quantum efficiency should be uniform and above
90 % for the full energy range of the imager.

We expect first back-thinned prototype chips in early 2014, and
a first large scale imager under commissioning in early 2015.

Contact: Cornelia Wunderer, cornelia.wunderer@desy.de
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PERCIVAL test sensor (7 x 12 mm?) on interface board (blue) mounted with in-vacuum

readout electronics in its chamber.

Image of the collimated beam recorded with a second variant of the PERCIVAL prototype
chip. This image shows a pre-collimated beam of 900 eV with image intensity units (accord-

ing to a preliminary calibration) corresponding to the number of photons recorded per pixel.
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Sub-meV resolution
at PETRA Il

Nuclear resonance scattering similar to Méssbauer spectroscopy
yields information on atomic, magnetic and electronic properties
of the solid state. In addition, the vibrational density of states is
directly accessible by nuclear inelastic scattering. Due to the
outstanding properties of third generation synchrotron radiation
sources, the technique allows to perform the measurements
under extreme conditions, e.g. high pressure, surfaces and very
small samples. A drawback of the method is the limited number
of so called Méssbauer isotopes with energy of the nuclear
resonances distributed in the energy range between 5 and
100 keV. The application of the method to a new MéBbauer
transition often requires the development of new X-ray optics.

A new high resolution monochromator was built at the PO1
beamline to perform nuclear resonance scattering with the 119Sn
Md&ssbauer transition at 23.879 keV. It was elaborated according
to the conventional “nested” design [1] and consists of two
channel-cut crystals with Si (6 4 2) and Si (12 12 12) reflections
chosen for the outer and inner crystals (Fig.1). The crystals
have been manufactured in the DESY Photon Science crystal
laboratory. A heating element was installed on the 3 crystal
in order to compensate the difference in lattice parameters be-
tween 2nd and 3" crystals occurring due to the heat load and
gradient in the Si slab. The application of about 10 mW heating
power leads to an increase of flux by a factor 4. The mono-
chromator provides a bandpass of 0.72(5) meV (Fig. 2) and a
flux of 1.9 x 10° photon/sec. The achieved degree of mono-
chromatization is AE/E = 3 x 10°8.

The efficiency of the monochromator has been tested by
measurements of the nuclear inelastic scattering (see Fig. 3)
of a polycrystalline foil of B-Sn enriched by the resonant 119Sn
isotope. The high efficiency of the measurements leads to the
possibility to use the monochromator for studies of the lattice
dynamics and electronic structure of compounds of scientific
interest even with a natural abundance of 119Sn isotope (8.6 %).
Examples of such compounds are the phase change materials
SnSb,Te, and Geq1TegoSn4Auss [2] and the thermoelectric
material SnTe [3]. Besides application to nuclear resonance
scattering, the monochromator can be used for the applications
where high level of monochromatization is required, i.e. for high
resolution topography [4].

Sketch of the monochromator.

Contact: llya Sergeev, ilya.sergeev@desy.de

Nuclear inelastic scattering measured with a p-Sn foil enriched by the '9Sn isotope.
The red colour shows the instrumental function measured by nuclear forward scattering,

which is shown in details in the inset together with the theoretical calculation.
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Flux for fluorescence

The Beamline P06 features the Microprobe (XRF, XRD and XAS
mapping) and Nanoprobe (Scanning coherent diffraction im-
aging, Nano-XRF, ptychography) endstations. For the X-Ray
fluorescence technique high photon flux is crucial, especially
for fast/dynamic XRF trace element mapping. This option is
implemented for the Microprobe endstation using a Multilayer
Monochromator (ML-Mono) (Fig. 1).

The desired energy range of the ML-Mono is 5 — 88 keV. This
range is covered by two multilayer coatings, NiC and Pd/B,C;
additionally an Iridium stripe can be used. The large energy
range in combination with 21 mm beam offset (due to radiation
protection) demands for a large linear axis of the second optic
(8.7 m maximum distance between the multilayer pair). As the
ML-Mono is used in white beam the optical components have
to be cryocooled.
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Multilayer Monochromator installed inside the PO6 optics hutch.

The monochromator system has been mainly designed at DESY
Zeuthen in close collaboration with the colleagues in Hamburg.
The vessel and the mechanical stages were purchased from
external vendors, smaller components have been manufactured
at DESY workshops. The monochromator was assembled at
DESY Zeuthen and then moved to the DESY Hamburg site
for final testing and installation at the beamline.

The vessel is 4.8 m long and 1.7 m high. Four ion getter pumps
(500 I/s each) are mounted on top to sustain a pressure of

3 x 10”7 mbar during operation. The first multilayer substrate has
the following degrees of freedom: Lateral, Height, Pitch and Roll.



ond multilayer optic with linear travel range of approx. 3.5 m (aluminium dummy instead

of ML mirror is shown).

Pd/B,C beam measured with an X-ray eye at 57 m behind the ML-Mono (11.8 keV,

3rd harmonic).

This is realized by mechanical stages with stepper motors.
Furthermore, a 3 axis piezo driven stage allows for pitch, roll
and height fine adjustment. For the second multilayer sub-
strate the roll stage is omitted as one roll stage on the first
substrate is sufficient for beam position adjustment. The dis-
tance between the two substrates can be changed from 225
mm up to 3.7 m by moving the second substrate with a linear
stage. The pitch angle of the optics can be varied from 0.16
to 2.7 degree. All axes are controlled by a Beckhoff PLC
which is connected to the Tango interface of the beamline
control system.

A cryo-cooler is used for indirect cooling of the two multilayer
substrates. The substrates are clamped between two lateral
brackets which are traversed by liquid nitrogen. The flowrate at
the second substrate can be reduced from 2.5 I/min down to
0.5 I/min to adapt to the different heat load at first and second
multilayer.

Large effort has been spent on the quality of the substrates
(Si (100)) to provide high quality for the multilayers. For the
optical clear aperture of 195 x 20 mm the remaining radius of
curvature is larger than 125 km. Slope errors where measured
as 0.15 prad RMS tangential and 0.57 prad RMS sagittal. Further-
more, a surface roughness of 0.11 nm RMS has been achieved.
The deposited Pd/B,C multilayer (AXO, Dresden) shows a
period thickness of 2.52 nm and the Ni/C multilayer a value of
3.22 nm. The Pd/B4C system has a peak reflectivity of 43 %
(Cu Ka) for the single multilayer and a resolution of 1.55 %
(A6/tan(®)). The Ni/C multilayer reaches 67.5 % reflectivity and
1.98 % (A6/tan(0)) resolution.

Using the ML-Mono the flux is 30 times larger compared to the
high heat load monochromator (Si (111) and Si (311)) which is
also installed at this beamline. This increase in flux is important
for the fast/dynamic XRF trace element mapping station.

Contact: Gerald Falkenberg, gerald.falkenberg@desy.de
Jan Horbach, jan.horbach@desy.de
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Smooth and stable

Monochromators are key components of many hard X-ray
undulator beamlines. The high heat load double crystal mono-
chromators of PETRA Il fulfil three important tasks: i) to provide
high monochromaticity (e.g. AE/E =~ 104 for Si (111)), ii) to separate
the monochromatic beam from white beam and Bremsstrahlung
radiation by at least 20 mm in vertical direction and iii) to protect
downstream components from the heat load of the undulator
beam (up to 600 W/mm?2). The high heat load requires active
cryogenic cooling of both monochromator crystals. Inevitably
cryocooling induces independent vibrations of both crystals,
thus leading to motions of the X-ray beam in the vertical direction
and increasing the vertical effective source size.

One solution to reduce such directional vibrations of the mono-
chromatized X-ray beam is to use a channel-cut crystal at the
high heat load monochromator. Channel-cut crystal optics is
made from a single slab of silicon by cutting a channel which
separates both diffracting crystal surfaces. This rigid design
prevents independent angular motions of the crystal diffraction
planes and produces a directional stable beam. Basically,
channel-cut crystals transfer spatial vibrations into small
variations in energy space.

However, the homogeneity or smoothness of the wavefront is
another characteristic feature of the X-ray beam. This is
especially important for coherent X-ray scattering applications
like X-ray photon correlation spectroscopy (XPCS) and coherent
diffraction imaging (CDI). The quality of the wavefront is directly
coupled to the surface roughness of the crystal optics. Usually
channel-cut crystal surfaces cannot be polished to required
specifications, since the surfaces are not easily accessible.
Here, we characterized the performance of a polished channel-
cut crystal installed at the P10 monochromator.

Fig. 1 shows a photo of the first cryogenically cooled copper
crystal holder. The holder offers two positions to install crystals.
The lower position is occupied by a highly polished Si (111)
crystal and the channel-cut is installed at the upper position.
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Channel-cut crystal (top slot) and first crystal of standard crystal pair (bottom slot)

mounted on the copper block heat exchanger of the P10 monochromator.

The diffraction plane is vertical, and switching from the crystal
pair to the channel-cut is performed by horizontal translation
of the UHV chamber. This configuration allows to either use
the standard crystal pair or channel-cut crystal. An oriented
oversized crystal blank was prepared at the Optics Laboratory
at DESY, cutting and fine polishing of crystal surfaces was done
by Holm Silizium Bearbeitung. The quality of surface polishing
of the channel-cut crystal was first evaluated by surface X-ray
diffraction mapping measurement at P10. The channel-cut was
positioned in the first experimental hutch of P10 at a distance
of 71.5 m from the undulator source. A high resolution X-ray
camera (PCO Edge, with ~1 um resolution) positioned 22 m
behind the channel-cut was used to collect beam profile images
at different positions across the crystal surface. These scans
covered the full accessible channel-cut crystal surface of 9.5 mm
horizontally and 47 mm vertically using monochromatic X-ray
beam with a photon energy of 7.9 keV. The resulting surface
map is shown in Fig. 2 and confirms the high quality of both
crystal surfaces of the channel-cut monochromator. Large areas



Surface X-ray diffraction map of the P10 channel-cut crystal measured at a photon

energy of 7.9 keV.

Time dependence of the measured oscilloscope signal (I/Imax) overlaid

with knife-edge scans in vertical (left) and horizontal (right) directions.

of the surface are artefact free, only a few mainly longitudinal
lines are visible, thus guaranteeing preservation of the beam
wavefront. Afterwards the channel-cut crystal was installed in
the UHV chamber of the P10 monochromator located in the
optics hutch at 38.5 m distance from the source.

Measurements of the beam stability after the channel-cut
were performed using focusing optics based on compound
refractive lenses (CRLs). Using the CRL transfocator located
at 86 m from the source, the beam was focused to a spot of
1.3 um in vertical and 2.5 pym in horizontal direction. Slit blades
were inserted to cut 50 % of incident intensity for stability
measurements. The transmitted intensity was monitored using
a storage oscilloscope. Fig. 3 shows the time dependence of
the measured signal and the exceptional stability of the channel-
cut beam. An angular stability of less than 50 nrad (sigma-value)
is observed in the vertical direction.

Contact: Michael Sprung, michael.sprung@desy.de
Horst Schulte-Schrepping, horst.schulte-schrepping@desy.de
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Feel a pulse

X-ray gas-monitor detector for the European XFEL.

Most Free-Electron Laser (FEL) user experiments need online
information about important beam parameters, such as the
photon flux, respectively the energy content in the radiation
pulse. This requires the use of diagnostic tools which operate
in parallel and in a non-destructive way. Furthermore, due to
the SASE-specific shot-to-shot fluctuations, it is mandatory
to use pulse-resolved diagnostics. Today at FLASH, gas-
monitor-detectors (GMDs) are operated as a permanent part
of online photon diagnostics measuring the photon flux of the
highly intense and strongly pulsed VUV radiation in absolute
terms [1]. The detector is based on the atomic photoionization
of a rare gas or Nitrogen at low particle density in the range
of 10" em3 which is about five orders lower than for classical
ionization chambers. The advantages are obvious: the detector
is virtually indestructible and almost transparent.

Furthermore, different GMD versions have been used for in-
tensity measurements at different laser facilities worldwide
over the past few years [e.g. 1-5]. The detectors were cali-
brated with synchrotron radiation in the PTB laboratories at
the storage ring facilities BESSY Il and Metrology Light
Source MLS in Berlin, respectively.
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For the European hard X-ray FEL (XFEL) an upgraded version
of the GMD with an extended energy as well as dynamic
range has been developed over the last 4 years. In contrast
to the FLASH device, this so-called XGMD as shown in Fig. 1
and Fig. 3 combines the FLASH detection scheme with an
open electron multiplier which is located behind a small slit in
an ion Faraday cup. A small fraction of the created ions hits
on the multiplier with an amplification factor of up to 10°
which makes the device sufficiently sensitive for the hard X-ray
regime, where the atomic photoionization cross sections are
by orders of magnitude lower than in the VUV and soft X-ray
spectral range.

Photon energy XGMD CR XGMD to CR
(keV) ()] (8)] ratio
4.4 329+62% 32311 % 1.02+6.3%
5.8 106.6 +5.7 % 104212 % 1.02+58 %
9.6 93.9+6.5% 953+24% 0.99+6.9 %
13.6 408+7.1 % 422 +26 % 097 +7.6 %
16.8 1.1+40% 0.96 +3.1 % 1.15+40 %

Average pulse energy of SACLA for different photon energies as measured with the

XGMD and the CR and ratios between these two detectors measurements.




In collaboration with colleagues from the Japanese Research
Center RIKEN, the Japanese metrology institute AIST/NMIJ
and the Physikalisch-Technische Bundesanstalt (PTB) first
successful tests of this device have been performed recently
at the Japanese hard X-ray laser SACLA [5]. Here, we have
measured the pulse energies in the energy range from 4.4 keV
to 16.8 keV by means of two independent methods, using a
cryogenic radiometer (CR) and the XGMD. A nearly perfect
agreement was achieved as shown in Table 1 and Fig. 2.

Average number of photons per pulse as measured with the XGMD and ratios between

measurements by the XGMD and the CR.

Schematic view of the X-ray gas-monitor
detector for the European XFEL with

functional details.

Contact: Kai Tiedtke, kai.tiedtke@desy.de
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Light source
characteristics.

Average and peak brilliance values for FLASH, PETRA 1l and the European XFEL. Peak
brilliance values are given for the optimum bunch charge at the respective photon energies.
Dots represent experimentally measured values at FLASH.



Beamtime
statistics 2013.

FLASH
693 h
429 h
94.8% availability
17.7 % used for tuning
31h
PETRA I
496 h
2206 h
5261 h

94.3% availability

m User beamtime = Machine studies/test runs Maintenance

Operation periods 2013
FLASH 2013: 02.01.-17.02.
PETRA III 1/2013: 28.01.-01.07.

2/2013: 22.07.-19.12.



FLASH.

Beamlines and parameters

FLASH2

PG 2

20m

FLASH1

Machine parameters FLASH

Electron energy (max.)

1.25 GeV

Length of the facility

315 m

Normalized emittance

1.5 mm mrad (rms)

Emittance

0.6 nm rad (rms)

Bunch charge

0.1—-1nC

Peak current

1-2KkA

Bunches per second (typ. and max.)

300 and 6000

Lasing parameters

Photon energy (max.

301 eV (fundamental)

4.12 nm (fundamental)

)
Wavelength (min.)
Pulse duration (FWHM)

50 — 200 fs

Peak power

1-3GW

Bunch energy (average)

up to 500 pJ

Photons per bunch

10" - 10"

Average brilliance

10"" — 10?' photons/sec/mm?mrad/0.1%

Peak brilliance

10%° — 10%" photons/sec/mm?/mrad®/0.1%




FLASH beamlines

FLASH1

BL1 non-monochromatic FEL photons
Kirkpatrick-Baez (KB) focusing optics (available fall 2014) FEL focal spot of ~3 um x 4 um FWHM) TU Berlin
split-and-delay unit for XUV pump - XUV probe experiments (planned, up to ns delay) TU Berlin

optional pump-probe experiments using FLASH1 optical laser system
permanent endstation (available fall 2014):
multipurpose CAMP chamber with two pnCCD detectors, electron and ion spectrometers and collinear incoupling

optics for optical laser optional supersonic gas jet (as sample) CFEL- Max Planck ASG

BL2 non-monochromatic FEL photons
focused to ~20 pm/unfocussed beam size ~5-10 mm (FWHM, depending on wavelength)

XUV beam splitter with variable delay (-3 ps to 15 ps) for photon diagnostics and

XUV pump - XUV probe experiments Univ. Miinster
optional pump-probe experiments using FLASH1 optical laser system

about 3m x 4m footprint for user-provided endstation

BL3 non-monochromatic FEL photons, spectral range: >4.5 nm (carbon coated optics)
focused to ~20 pm/unfocussed beam size ~5-10 mm (FWHM, depending on wavelength)

optional pump-probe experiments using FLASH1 optical laser system

optional pump-probe experiments using THz radiation (unique to BL3):

- tunable: 10-230 um; up to 100 w/pulse; ~10% bandwidth,

- broadband at 200 um, up to 10p/pulse; ~100% bandwidth

- synchronized and phase stable to X-ray pulses (down to 5 fs)

- delivered to the experiment via vacuum beamline as:
(i) ultra-high vacuum (“‘10'8 mbar), shorter delay between THz and X-ray (~4 m path difference), can
accommodate up to 0.3 m wide setup;
(ii) high vacuum (pressure ~10'6mbar), longer delay between THz and X-ray (~7 m path difference); can
accommodate up to 2 m wide setup

about 3m x 4m footprint for user-provided endstation

PG1 high resolution plane grating XUV monochromator (SX 700 type, <10 bandwidth, carbon coated optics):
- variable combination of photon flux and resolution (from high flux to high resolution)
- controlled temporal-spectral properties at moderate resolution for pump-probe experiments
- high photon flux with harmonic filtering

Kirkpatrick-Baez (KB) refocusing optics, FEL focal spot of 5 um (vertically) Univ. Hamburg

permanent endstation:

two-stage VUV-Raman spectrometer for high-resolution measurements close to Rayleigh line Univ. Hamburg
PG2 uses the same monochromator as PG1

50 um focus

XUV beamsplitter with variable time delay (6 ps) for time resolved studies Univ. Hamburg

optional pump-probe experiments using FLASH1 optical laser system

about 3m x 4m platform for user-provided endstation

FLASH1 optical/NIR laser system for pump-probe experiments

- 10 Hz bursts with 1 MHz (maximum 400 pulses/burst), 70 fs and 10 pJ
- 10 Hz, up to 20 mJ/pulse

- 10 Hz, tunable ~400-2000 pm, up to 100 W

- delivered to the experiment via high-vacuum beamline

- synchronized to FEL pulses down to ~100 fs

FLASH2 - extension under commissioning -

FL22 wavelength range: 6 - 40 nm with 60, up to 80 nm with 30 acceptance

FL24 wavelength range: 4 - 16 nm for the fundamental with 60 acceptance, for harmonics down to 0.8 nm

grazing incidence (1.8°) split-and-delay unit with +12 ps delay Univ. Miinster

FL26 wavelength range: 6 - 40 nm with 60, up to 80 nm with 30 acceptance

permanent endstation:
- split multilayer mirror & reaction microscope (REMI) for time-resolved spectroscopy
- grazing incidence delay-line and refocusing optics for a second experiment
in-line behind the REMI (under development) MPI-K Heidelberg

All FLASH beamlines provide online photon diagnostics for intensity, wavelength, and beam position; fast shutter, aperture and filter sets.

We would like to acknowledge all contributions to instrument development and operation provided within the framework of
BMBF Verbundforschung and the loffe-Réntgen-Institute (IRI).
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PETRA III.

Beamlines and parameters

PETRA 1y

experimental hall

Poq
P02_ 1 Po2

Poa

N A
g

hoe

\ pno)
%

Max von Laue o

Machine parameters PETRA Il

be“b

W

East

o a / z \té
’y
U
7.1,6 1;\1'6

¥l

Electron energy

6.08 GeV

Circumference of the storage ring

2304 m

Number of buckets

3840

Number of bunches

960, 60, and 40

Bunch separation

8 ns, 128 ns, and 192 ns

Electron beam current

100 mA (top-up)

Horizontal positron beam emittance

1.0 nmrad (rms)

Coupling factor

0.7%

Vertical electron beam emittance

0.007 nmrad (rms)

Electron beam energy spread

0.1% (rms)

Horizontal x vertical beam size at
5 m undulator (high  section)

141.5x4.9 ym

Horizontal x vertical beam size at
5 m undulator (low B section)

34.6 x 6.3 ym




PETRA lIl experimental hall
Max von Laue

PETRA 1l
North

G2 p21.2

PETRA 1l
East



PETRA Il beamlines

PETRAIII
Beamline and instruments Operated by
PO1 Dynamics DESY
10(20)m U32 | 4.5-40 keV
Nuclear resonant scattering DESY
Non-resonant IXS DESY
X-ray Raman scattering DESY
P02.1 Powder diffraction DESY
2m U23 | 60 keV
Time resolved powder diffraction DESY
High resolution power diffraction DESY (in commissioning)
P02.2 Extreme conditions DESY
2m U23 | 10-62 keV DESY
Laser heated diamond anvil cells DESY
General purpose high pressure DESY
P03 Micro- and Nano SAXS / WAXS DESY
2m U29 | 8- 23 keV
Micro-small and wide angle scattering DESY
Nano-beam scattering and diffraction DESY
P04 Variable polarization soft X-rays DESY
5m UE65 | 200 - 3000 eV
UHV diffractometer DESY
Photon-lon spectrometer (PIPE) DESY
Ultra-high resolution photoelectron spectroscopy (ASPHERE) DESY
Soft X-ray absorption spectrometer DESY
Nano focus apparatus for spatial and time resolving spectroscopy DESY
P05 Micro- and nano-imaging HZG
2m U29 | 8-50keV
Micro-tomography HZG
Nano-tomography HZG (in commissioning)
P06 Hard X-ray microprobe DESY
2m U32 | 8-60keV DESY
Micro-probe DESY
Nano-probe DESY
P07 High energy X-ray materials science HZG / DESY
2m U29 (planned: 4m U19) | 50 - 200 keV
Multi-purpose triple-axis diffractometer DESY
Heavy load diffractometer HZG
Grain mapper HZG (in commissioning)
High energy tomography HZG
P08 High resolution diffraction DESY
2m U29 | 5.4-29.4 keV DESY
High resolution diffractometer DESY
Liquid surface diffraction DESY
P09 Resonant scattering and diffraction/HAXPES DESY
2m U32 | 2.7-50keV DESY
High precision psi-diffractometer DESY
Heavy load diffractometer DESY
Hard X-ray photoelectron spectroscopy DESY
P10 Coherence DESY
5mU29 | 4-20keV DESY
X-ray photon correlation spectroscopy (4 - 20 keV) DESY
Vertical rheometer (8 keV) DESY
Coherent imaging (8 - 15 keV) DESY
P11 Macromolecular diffraction and imaging DESY / MPG / HZI
2m U32 | 6- 35 keV
Macromolecular crystallography DESY
Imaging of biological structures (2.4 - 10 keV) DESY (in commissioning)

120 | Facts and Numbers




Beamline and instruments

Operated by

P12 Bio SAXS EMBL
2m U29 | 4-20 keV
Solution small-angle scattering EMBL
P13 Macromolecular crystallography | EMBL
2m U29 | 4-16 keV
Macromolecular crystallography EMBL
P14 Macromolecular crystallography Il EMBL
2m U29 | 10 keV
Macromolecular crystallography EMBL

PETRA Ill Extensions East and North

Beamline and instruments

Operated by

P21.1 Swedish high-energy materials science beamline (side branch) tbd (Sweden) / DESY
2m U29 | 50, 80, 100 keV
Broad band diffraction tbd / DESY (planned 2016/17)
P21.2 Swedish high-energy materials science beamline tbd (Sweden) / DESY
4m IVU21 | 40- 150 keV
Diffraction and imaging tbd / DESY (planned 2016/17)
P22 Nano X-ray spectroscopy (India-motivated beamline) DESY
2m U32 | 2.4-30keV
Hard X-ray photoelectron spectroscopy (relocated from P09) DESY (planned 2016)
Thd
P23 Russian-German nano-diffraction beamline DESY
2m U32 | 5-35 keV
Nano-XRD, in situ and complex environments DESY (planned 2016)
Thd
P24 Chemical crystallography DESY
Undulator (tbd) | 8-45 keV
Single crystal diffraction in complex sample environments DESY (planned 2016)
Small molecule crystallography DESY (planned 2016)
P25 Education & testing DESY (not yet funded)
Short undulator (tbd)
P61 High-energy materials science DESY / HZG
40 m damping wiggler | 50 - 200 keV / pink beam
High-energy engineering materials science HZG (planned)
Extreme conditions in large volume press DESY (planned 2016/17)
P62 Small-angle X-ray scattering DESY
Short undulator (thd) | 4 -40 keV
SAXS, WAXS, USAXS DESY (planned 2019)
P63 Thd DESY (not yet funded)
Thd
P64 Time-resolved X-ray absorption DESY
2m U32 | 4-44 keV
Time-resolved in situ XAFS, QEXAFS, bioXAFS DESY (planned 2015)
P65 X-ray absorption DESY
Short U32 | 4-44 keV
Ex situ and in situ XAFS of bulk samples DESY (planned 2015)
P66 Superlumi DESY

Bending magnet | 4-40eV

Time-resolved luminescence spectroscopy

DESY (planned 2016)

We would like to acknowledge all contributions to instrument development and operation provided within the framework

of BMIBF-Verbundforschung, the Réntgen-Angstrém-Cluster (RAC), the loffe-Réntgen-Institute (IRl), and the Ruprecht-
Haensel-Laboratory (University of Kiel).
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Committees 2013

Markus Drescher (chair)
Melissa A. Denecke (vice chair)
Stefan Eisebitt

Gwyndaf Evans

Maya Kiskinova

Franz Pfeiffer

Henning Friis Poulsen

Harald Reichert

Jean-Pierre Samama

Bernd Schmitt

Lucia Incoccia-Hermes (PSC secretary)

Uwe Morgner (Chair)

Giulio Cerullo

Patrick Georges

Alfred Leitenstorfer

Robert Schoenlein

William E. White

Andreas Galler (European XFEL LAC secretary)
Lucia Incoccia-Hermes (DESY LAC secretary)

Project Review Panels (PRP)

PRP1: VUV- and Soft X-Ray
Michael Meyer

Luc Patthey

Jens Viefhaus (PRP Secretary)
PRP2: X-Ray Spectroscopy
Ralph Claessen (starting 2014)
Melissa A. Denecke

Joerg Evers

Raphael Hermann

Lutz Kipp

Sebastian Schoeder

Christina Streli

Joseph Woicik

Wolfgang Drube (PRP secretary)

Denis Andrault
Thomas Beale
Lars Ehm

Peter Hatton
Markus Huecker
Helmut Klein
Ulrich Schwarz
Sergio Speziale
Urs Staub

Peter Wochner
Hermann Franz (PRP secretary)

Jens Gibmeier

Jozef Keckes

Svea Mayer

Walter Reimers

Guillermo Requena

Gerold Schneider

Bernd Schonfeld

Carsten Siemers

Axel Steuwer

Martin Miller (PRP secretary)
Ralf Rohisberger (DESY representative)

Photon Science Committee PSC — advises the photon science management

Universitadt Hamburg, D

University of Manchester, UK
Technische Universitat, Berlin, D
Diamond Lights Source Ltd., Oxford, UK
Sincrotrone Trieste, |

Technische Universitat Miinchen, D
DTU Fysik, Lyngby, DK

ESRF, Grenoble, F

Synchrotron Soleil, F

PSI, Villigen, CH

DESY, Hamburg, D

Laser Advisory Committee LAC (shared between DESY and the European XFEL)

Universitat Hannover, D

Politecnico di Milano, |

CNRS, F

Universitat Konstanz, D

LBL, USA

SLAC, Menlo Park, CA, USA
European XFEL GmbH, Hamburg, D
DESY, Hamburg, D

European XFEL GmbH, Hamburg, D
PSI Villigen, CH
DESY, Hamburg, D

Julius-Maximilians-Universitat Wurzburg, D
University of Manchester, UK

MPI fir Kernphysik, Heidelberg, D

FZz Jilich, D
Christian-Albrechts-Universitat, Kiel, D
Synchrotron Soleil, F

Technische Universitat Wien, A

NIST, Gaithersburg, MD,USA

DESY, Hamburg, D

PRP3: X-Ray Diffraction/Scattering — Hard Condensed Matter

Université Clermont-Ferrand, F

Durham University, Durham, UK

Stony Brook University, Stony Brook, NY, USA
Durham University, Durham, UK
Brookhaven National Lab., Upton, NY, USA
Universitat Géttingen, D

MPG Dresden, D

GFZ Potsdam, D

PSI, Villigen, CH

MPI fir Metallforschung, Stuttgart, D
DESY, Hamburg, D

PRP4: X-Ray Diffraction/Scattering — Engineering Materials Science

Karlsruher Institut fir Technologie KIT, D
Montanuniversitat Leoben, A
Montanuniversitat Leoben, A
Technische Universitat Berlin, D
Technische Universitat Wien, A
Technische Universitat Hamburg-Harburg, D
ETH Zirich, CH

Technische Universitat Braunschweig, D
MAX IV Laboratory, Lund, SE

HZG, Geesthacht, D

DESY, Hamburg, D
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PRP5: X-Ray Diffraction/Scattering — Soft Materials, Bulk

Francisco José Balta-Calleja CSIC, Madrid, ES

Wim de Jeu RWTH Aachen, D

Uwe Klemradt RWTH Aachen, D

Yongfeng Men Changchun Inst. of Applied Chemistry, CN
Michael Paulus Technische Universitat Dortmund, D
Christine M. Papadakis Technische Universitat Minchen, D
Joachim Wagner Universitat Rostock, D

Rainer Gehrke (PRP secretary) DESY, Hamburg, D

PRP6: X-Ray Diffraction/Scattering — Soft Materials, Surfaces and Interfaces

Gerald Brezesinski MPG, Potsdam, D

Moshe Deutsch Bar-llan University, Ramat Gan, IL
Tiberio A. Ezquerra (starting 2014) CSIC, Madrid, ES

Thomas Gutsmann Leibniz-Zentrum Borstel, D
Hyunjung Kim Sogang University, Seoul, Korea
Mark Schlossmann University of lllinois, Chicago IL, USA
Frank Schreiber (starting 2014) Universitat Tubingen, D

Oliver Seeck (PRP Secretary) DESY, Hamburg, D

PRP7: Imaging

Oliver Bunck (starting 2014) PSI, Villigen, CH

Koen Janssens (starting 2014) University Antwerpen, BE

Hendrik Kuepper (starting 2014) Universitat Konstanz

Bert Miller University Basel, CH

Michael Nickel Friedrich-Schiller-Universitat Jena, D
Stefan Vogt APS, Argonne, USA

Gerald Falkenberg (PRP secretary) DESY, Hamburg, D

Felix Beckmann (HZG representative) HZG, Geesthacht, D

PRP8: Methods and Instrumentation

Rolf Follath PSI, Villigen, CH

Tim Salditt Universitat Gottingen, D

Anatoly Snigirev ESRF, Grenoble, F

Horst Schulte-Schrepping (PRP secretary) DESY, Hamburg, D

PRP11: Soft X-Ray — FEL Experiments (FLASH)

Massimo Altarelli European XFEL GmbH, Hamburg, D
Chris Jacobsen APS, Argonne, USA

Steven Johnson ETH Zrich, CH

Maya Kiskinova Sincrotrone Trieste, |

Jonathan Marangos Imperial College London, UK
Ronald Redmer Universitat Rostock, D

Jan-Michael Rost MPI, Dresden, D

Bernd Sonntag Universitat Hamburg, D

Urs Staub PSI, Villigen, CH

Kiyoshi Ueda Tohoku University, Sendai, J

Gwyn P. Williams Jefferson Laboratory, Newport News VA, USA
Josef Feldhaus (PRP secretary) DESY Hamburg,

DESY Photon Science User Committee DPS-UC

Peter Miller-Buschbaum (Chair) Technische Universitat Munchen, D
Thomas Moller Technische Universitat Berlin, D
Markus Perbandt Universitat Hamburg, D

Christian Schroer Technische Universitat Dresden, D
Joachim Wollschlager Universitat Osnabrick, D

Komitee Forschung mit Synchrotronstrahlung KFS

representative of the German synchrotron radiation and FEL user community

Wilfried Wurth (chair) Universitat Hamburg, D

Christian Schroer (vice chair) Technische Universitat Dresden, D
Andreas Schreyer Helmholtz-Zentrum Geesthacht, D
Stefan Eisebitt Technische Universitat Berlin, D
Peter Miller-Buschbaum Technische Universitat Minchen, D
Irmgard Sinning Universitat Heidelberg, D

Claus M. Schneider Forschungszentrum Jilich, D

Eckart Rihl Freie Universitat Berlin, D

Rainer Fink Universitat Erlangen-Nirnberg, D
Jan-Dierk Grunwaldt Karlsruher Institut fir Technologie KIT, D
Lutz Kipp Universitat Kiel, D

Dietmar Manstein Medizinische Hochschule Hannover, D

Facts and Numbers | 123



Photographs and Graphics:

Reiner Becker Architekten, Berlin
Lars Berg, Hamburg

CFEL

DESY

EMBL

European XFEL GmbH

HzG

Joérg Harms, MPSD/CFEL

Heiner Muller-Elsner, Hamburg
Reimo Schaaf, Hamburg
Thomas Scheler, University of Edinburgh
Universitat Hamburg

Jan Wilken, Hamburg

Figures of the Research Highlights were reproduced by
permission from authors or journals.
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The Helmholtz Association is a community of
18 scientific-technical and biological-medical
research centres. These centres have been
commissioned with pursuing long-term research
goals on behalf of the state and society. The
Association strives to gain insights and knowledge
so that it can help to preserve and improve the
foundations of human life. It does this by

identifying and working on the grand challenges
faced by society, science and industry. Helmholtz
Centres perform top-class research in strategic
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