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First Lasing of FLASH2 at DESY. Cross section of the SASE beam measured with a Ce:YAG
screen behind the undulator line on 20 August 2014 . The picture on the left shows the optimised
lasing spot measured 4 days later.
More information on the first lasing of FLASH2 can be found on page 15.
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the Annual Reportª
DESY Photon Science
In the past, a broader overview on activities and experiments performed at the
DESY light sources DORIS III, PETRA III and FLASH has been provided by several
hundreds of user contributions and in-house reports which are available online:
http://photon-science.desy.de/annual_report
From now on, these user and in-house contributions will be replaced by
experimental reports which will not be published online.
The list of publications based on work done at DESY Photon Science is accessible online:
http://photon-science.desy.de/research/publications/list_of_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.
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The year 2014
at DESYª
Chairman’s foreword

2014, the International Year of Crystallography, has been a very
successful year for DESY Photon Science.
New user facilities are being developed and new research centres
are being established at DESY that exploit the unique properties
of the DESY light sources, like the interdisciplinary Centre for
Structural Systems Biology (CSSB). All these projects are under
construction now, shaping the future of the DESY campus.
The construction of the PETRA III extensions is making rapid
progress. On September 15, a tandem topping-out ceremony
for both extension halls took place with the participation of
Dr. Beatrix Vierkorn-Rudolph, BMBF representative and chair
of the DESY Stiftungsrat, and Dr. Dorothee Stapelfeldt, the
Second Mayor of Hamburg. Thanks to the excellent work of
Dr. Wolfgang Drube’s project team all technical developments
are on time and on specification.

Schreiber, FLASH is the world´s first FEL that serves two FEL
lines simultaneously, a world-wide breakthrough on the way to
FEL multi-user facilities.
This achievement is of course most important for the European
XFEL presently under construction. A major part of the infrastructure, the electron injector and the RF system, has already
been installed in the tunnel. The first six accelerator modules are
installed and the serial production of further modules is running
continuously. The European XFEL teams are working hard
to achieve the goal of switching on the accelerator in the
summer of 2016.

At FLASH2, the extension of the free-electron laser (FEL)
FLASH, a major milestone has been reached: On 20 August at
20:37, the accelerator team was able to produce the first laser
light in the new FEL line. Simultaneously FLASH1, FLASH´s
first FEL line, was provided with electron bunches from the
same accelerator in the user mode without restrictions.
With this remarkable achievement by the project team around
Dr. Bart Faatz and the accelerator team around Dr. Siegfried

Installation of one of the first accelerator modules in the tunnel of the European XFEL
by workers of the DESY-led Accelerator Consortium.

With the new facilities, the work within the Photon Science
division will increase in scale and complexity. For that reason
we are very happy to welcome Professor Christian Schroer
and Professor Wilfried Wurth as new leading scientists and
scientific heads of PETRA III and FLASH, respectively. Both
of them have been users at the DESY light sources for a long
time and have made seminal contributions to science and
instrumentation.
First lasing at 42 nm at FLASH2 during parallel operation with FLASH1. For the first
time pulse trains of radiation at different wavelength and pulse parameters were
produced in two different undulators sharing the same linear accelerator.
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In future DESY will take a more strategic approach to techno
logy transfer. To better leverage the potential for innovation
at DESY, the Senate of Hamburg, DESY and the University of

Hamburg decided to build up a new business incubator on
campus. With this innovation centre, enterprise foundations
will be fostered and facilitated and start-ups will get support
within an inspiring scientific and technological environment.
Meanwhile, two start-up companies initiated by DESY scientists are being co-funded by the Helmholtz Association. The
X-Spectrum company will enter the market with a high-technology X-ray detector, and Class 5 Photonics will build very
flexible femtosecond-lasers generating short pulses with
high performance.

Celebrating the start of the business incubator on the DESY site (left to right):
Helmut Dosch (Chairman of the DESY Board of Directors), Dorothee Stapelfeldt (Science
Senator and Second Mayor of the City of Hamburg), Olaf Scholz (First Mayor of the City
of Hamburg), Frank Horch (Economics Senator of the City of Hamburg), Dieter Lenzen
(President of the University of Hamburg).

Thanks to the recent decisions of our funding bodies for the
next five years, DESY is in an excellent position to further follow
its ambitious plans. The comprehensive evaluation of DESY´s
future strategy has been very successful and strongly supports
DESY´s scientific roadmap.
Helmut Dosch, the Chairman of the DESY Board of Directors, during the double
topping-out celebration for the two PETRA III extension halls.

I am happy to thank all our dedicated collaborators for their
excellent work and commitment.ª

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

The year 2014 was a very special one for DESY Photon Science.
It marked the 50 year anniversary of the success story of
research with synchrotron radiation at DESY. At DESY the
experimental opportunities offered by this unique light were
already recognized in 1964 at the synchrotron ‘DESY’. For the
first time, in a small laboratory, scientists characterized and
explored the exceptional properties of this new radiation. Their
pioneering work, in the so-called ‘parasitic use’ of a synchrotron
dedicated to high energy physics, was worldwide one of the
first nuclei for the growing research activities with synchrotron
radiation. Right from the start DESY joined forces with scientists
from strong partners like EMBL, MPG and many universities;
they played a decisive role, in particular in the development of
structural biology but also in many other fields.
The continuous development of the synchrotron radiation
sources, e.g. using storage rings instead of synchrotrons, and
in-house developments of advanced experimental stations
and methods was and still is the basis enabling DESY to play a
major role in this research field. The FLASH II and PETRA III
extension projects currently being built, in combination with
an own facility-related research programme at DESY Photon
Science, are the latest steps in this direction.
The extension project FLASH II at DESY’s free-electron laser
FLASH already entered new territory. First laser light has been
produced by the newly completed second free-electron laser line
FLASH2 during parallel operation of the existing FLASH1 line.
With this achievement, FLASH is the world’s first free-electron
laser that can serve two laser lines simultaneously and almost
independently from each other. Before this breakthrough in
August 2014, extensive construction work was necessary to
build a tunnel for the second undulator line as well as a new
experimental hall, suitable to host up to six new beamlines. At
the same time the existing FEL line at FLASH was in full user
operation from February 2014 on. About 50 proposals were
submitted for the next beamtime allocation period, showing the
urgent need for doubling the capacity of beamtime at FLASH.
First user experiments at FLASH2 are expected to start at the
end of 2015.
The PETRA III extension project has also progressed significantly
during this year. After a short operation period for users in
January, PETRA III was shut down before the construction work
started in February 2014. The civil engineering work for the two
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DESY – Hamburg site in July 2014.

new experimental halls, located at the eastern and northern
side of the existing “Max von Laue” hall was completed
according to plan by the end of 2014. In parallel to these construction works the corresponding PETRA III tunnel sections
had to be re-built to allow for the installation of the machine
and new components for 11 new beamlines. The regular operation of all beamlines in the “Max von Laue” hall is scheduled
to start in April 2015. Later in 2015 commissioning for the first
beamlines in the extension should start. For the next beamtime
allocation period about 670 proposals were submitted for the
11 DESY and HZG operated beamlines, signalling an even bigger interest in performing experiments at PETRA III than before
the shutdown. Also during this year exciting research results
have already been published in high-ranked journals, you
will find examples in this brochure, demonstrating the
excellent capabilities of PETRA III.
The establishment of the Centre for Structural Systems Biology
(CSSB) is another new development on the DESY campus.
The multidisciplinary and long-standing expertise of nine
partners will be bundled in the field of structural biology and
infection research. By this networked approach the participating institutes aim for a deeper understanding of the extremely
complex questions at the root of infection processes. The
foundation stone for the new CSSB building was laid in a

ceremony by the end of August 2014 in the presence of the
Hamburg senator for science and research. The construction
work of the building, in direct neighbourhood to the PETRA III
experimental halls, is advancing very well.
The DESY NanoLab, a facility for DESY Photon Science users
and in-house scientists, will be a new component of the
attractive offers on the DESY site. The installation of ‘madeto-measure’ equipment for structural and chemical characterization on the nanoscale made further progress, thus access
to some of the DESY NanoLab techniques will be offered to the
general Photon Science users already for beamtimes starting
in 2015.
DESY Photon Science also strengthened the liasons with international institutions by initiating a number of new research
projects and collaborations. One of the most remarkable
ones is a joint research project ‘Frontiers in Attosecond X-ray
Science: Imaging and Spectroscopy’ of four scientists from
CFEL / DESY, the DESY machine division, Arizona State University and University of Hamburg. The European Research
Council ERC granted 14 M€ to this ambitious project for the
coming six years.
All research activities of DESY were evaluated in spring of
this year by the Helmholtz association for the third time in the
framework of the ‘Programme-oriented funding’ (POF III).

Edgar Weckert, Director Photon Science.

DESY Photon Science was very well evaluated, thus securing
an excellent basis for the next five years. However, activities
at Photon Science at DESY as well as at other large photon
sources in Germany need a wider, long-term horizon. For this
reason, a road map for the following 15 – 20 years is currently
in preparation taking also into account the European context. We are confident that the new road map will bring us
one step closer to our great goal: the next successful 50 years
of research with synchrotron and FEL radiation at DESY.
Finally, I would like to thank all colleagues at DESY and users
for their effort and continuous support. Let me wish all of
you a personally and scientifically most successful and exciting
year 2015.ª

Edgar Weckert
Director Photon Science
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News and
Eventsª
A busy year 2014

January
10 January:
Start-up for the Centre for Structural Systems Biology
After a preparatory phase of two years conducted by a task
force chaired by Chris Meier from University of Hamburg, the
scientific committee for the new Centre for Structural Systems
Biology (CSSB) took up work. It consists of one representative
from each of the nine partner institutions. In its constituent
meeting on 10 January 2014, Matthias Wilmanns, Head of EMBL
Hamburg, was appointed founding research director. Head
of the administrative office is Ina Plettner.
The goal of the interdisciplinary research centre is to understand the molecular interactions within living cells, with special
focus on the investigation of pathogens. This requires the systematic analysis of the molecular building blocks, architecture,
and control mechanisms of biological systems. For this aim,
the CSSB scientists will use a broad range of experimental
techniques, including electron microscopy and synchrotron
radiation related techniques at the state-of-the-art X-ray radiation source PETRA III. The latter provides very high resolution
insight down to atomic details. Moreover, the free-electron
laser FLASH and the currently constructed European XFEL will
offer new possibilities to observe in great detail the development of dynamic biological processes. This will help the scientists to understand the interaction of pathogens with their
hosts in order to find targets for new medication, diagnostics,
and vaccines.

23 January:
Bjørn H. Wiik Prizes 2012 and 2013
In a common ceremony the Prize Committee presented a
prize for the year 2012 to Kerstin Tackmann, who is working
at the DESY ATLAS group honouring her contributions to the
Higgs particle discovery at the ATLAS detector at LHC. The
Bjørn H. Wiik Prize 2013 was awarded to Ralf Röhlsberger,
DESY Photon Science. He received the award for fundamental
quantum mechanical experiments with X-rays, which were
mainly carried out at PETRA III. To observe for example the
electromagnetically induced transparency, he used a nanometre sized platinum cavity to induce cooperative emission of
many iron atoms and made use of experimental methods
derived from Mössbauer spectroscopy. The novel measuring
procedure opens up manifold possibilities for additional experiments, e.g. in quantum information technology.
The Bjørn H. Wiik Prize is awarded to young scientists and
engineers for outstanding contributions to DESY’s research
programme or for technical developments that notably advance
projects at DESY. The award is endowed with 3000 €. It is
funded from the proceeds of donations collected in 1999 to
acknowledge Bjørn H. Wiik’s lifetime achievements.

At the Bjørn H. Wiik Prize ceremony.
From left to right: Eckhard Elsen, chair of the prize committee, Kerstin Tackmann,
Ralf Röhlsberger, and Margret Becker-Wiik, wife of Bjørn Wiik.

Matthias Wilmanns (EMBL).
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February
29-31 January:
Joint European XFEL and DESY Photon Science Users’ Meeting
About 700 participants from over 25 countries attended the
joint DESY Photon Science and European XFEL Users’ Meeting 2014. As in the last years current and future users of the
DESY light sources and of the European XFEL met to discuss
latest developments and research opportunities.

4 February:
Official start of civil construction for the PETRA III Extension halls
The civil construction of the two new extension halls for additional ten beamlines at PETRA III has officially started on 4 February. The construction work requires the complete removal
of the storage ring including the concrete ring tunnel at the sites
of the new halls.

The European XFEL Users’ Meeting started on Wednesday
with reports on the XFEL project and the related instrumental
stations and a science session addressing time-dependent
phenomena. In the FLASH and FEL session on Thursday, timeresolved studies of small molecules, bio-molecules, nanoparticles, and surfaces showed the capabilities already available
by using the existing X-ray free-electron laser facilities. Several
satellite meetings were held in the afternoon covering different
topics like X-ray nano-imaging of biological and chemical
systems, perspectives of Small Angle X-ray Scattering at DESY,
the PETRA III extension XAFS beamline etc.

The overall PETRA III extension project comprises two new
experimental hall buildings on either side of the existing large
experimental hall “Max von Laue”. These buildings in the North
and East are making use of the long straight sections and the
adjacent arcs of the PETRA III storage ring. By modifying the
storage ring lattice additional insertion devices for 5 beamlines
in each hall can be accommodated.

The Friday session was devoted to status reports of the operational DESY synchrotron source PETRA III and the ongoing
PETRA III extension project. Presented topics ranged from
novel insights into the flow of glasses and strain engineering of
semiconductor nanostructures to liquid-liquid interfaces and
broad DNA sensing specificity of cGAS. A poster session on
Friday afternoon featuring more than 300 presentations parallel
to a vendor exhibition completed the Users’ Meeting 2014.

The civil construction work for the PETRA III extension hall North started with removing
the soil that covers the storage ring tunnel in that area.

Poster session in the foyer of the CFEL building.
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March

May

19-21 March:
13th Research Course on X-ray Science
The 13th course of this series was entitled “Correlation Functions
in the Time Domain: Trends in Coherent X-ray Scattering”.
The course at DESY aimed at master and PhD students and
provided an introduction to all fields of X-ray Photon Correlation
Spectroscopy (XPCS) research and related techniques. Another
aim of the course was to assemble the XPCS community to
discuss progress and trends of XPCS at modern synchrotron
and free-electron laser sources. A special discussion addressed
the topic “XPCS at FELs” to reconsider the conditions for XPCS
experiments at LCLS and the European XFEL in terms of detectors, stability, etc. The course had 75 participants mainly
from Germany and 16 international speakers, all of them XPCS
experts and representatives of coherence beamlines at DESY,
ESRF, APS, NSLS, LCLS, and European XFEL.

11-17 May:
International Summer School of Crystallography 2014
For a whole week the Center for Free-Electron Laser Science
(CFEL) hosted 38 students attending the first International
Summer School of Crystallography. The participants of 24
different nationalities, mainly PhD students, could learn the
basics of crystallography. The summer school as part of the
International Year of Crystallography especially dived into the
mathematical background of these techniques and of related
commonly used computer programs. The organizers could win
Carmelo Giacovazzo from the University of Bari as tutor, who
is a distinguished expert in the field of crystallography and who
guided the participants through theory and history of it.
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June

July

2-4 June:
Science 3D Workshop
The Science 3D workshop was jointly organized by the Helmholtz-Zentrum Geesthacht (HZG), DESY, and the EU project
PaNdata ODI. The The workshop at DESY served as users’
meeting of the HZG imaging and tomography instruments at
PETRA III and as kick-off meeting for one of the “Virtual
Laboratories” within PaNdata ODI which is related to open
access to tomography datasets and is being realized as a
Science 3D project.

7-11 July:
13th International Conference on Surface X-Ray and Neutron
Scattering
The 13th edition of the International Conference on Surface X-Ray
and Neutron Scattering (SXNS13) took place at DESY. The
organizers could welcome about 140 international participants
and the conference focused on the application of surface
sensitive neutron and X-ray scattering methods to investigate
surfaces and interfaces in a wide range of areas in physics,
chemistry, and biology. The intention was to bring together
scientists from the different research areas in order to exchange
new exciting scientific results and recent developments.
Special emphasis was put on in situ characterization under
processing or operation conditions.

The first day of the workshop was devoted to users’ experiments
and scientific highlights. The goal was to present and to illustrate the results in such a way that non-experts could understand the basic ideas and concepts along the lines of the Open
Access Science 3D project. This was especially aiming at
school representatives in the audience who were interested in
using the open access tomography database in school teaching projects. The second day focused on the HZG beamlines
at PETRA III and new experimental and technological developments. The third day finally covered aspects related to new
tools to optimize the data processing workflow, including software, data management, and computing resources available
for users of the HZG beamlines. The workshop was well
attended by about 50 participants.

A typical Science 3D object: Caecilian jaw-closing mechanics.
(T. Kleinteich, University of Kiel)

Poster prize award ceremony at the SXNS13.
From left to right: Akhil Tayal (University Indore India), Andreas Stierle (conference chair,
DESY), Hsin-Yi Chen (University Göttingen), Bridget Murphy (conference co-chair,
University of Kiel).
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July
18 July:
Leading scientists appointed for PETRA III and FLASH
Christian Schroer and Wilfried Wurth have joined the DESY
team as new leading scientists. Christian Schroer assumes the
leadership of the scientific programme of DESY’s synchrotron
radiation source PETRA III, Wilfried Wurth becomes scientific
head of the free-electron laser FLASH. Both scientists have
been working as users at DESY’s light sources for a long time,
and made important contributions in the field of instrumentation and research.

22 July:
Start of DESY Summer Student Programme 2014
This year DESY could welcome a record number of 117 summer
students at both its locations in Hamburg and Zeuthen. During
eight weeks, the junior researchers from 28 nations got a
practical insight into research at Germany’s largest accelerator
centre. With the summer student programme DESY offers
one of the largest and most international summer schools
throughout Germany.

After starting his career in theoretical physics and obtaining his
doctoral degree, Christian Schroer specialised in X-ray nano
research and development of X-ray optics. He worked at DESY
from 2004 to 2006 and then became professor at Dresden University of Technology. According to a joint appointment
procedure of the University of Hamburg and DESY, he now
assumes a professorship at the University of Hamburg. As new
scientific head of PETRA III, Christian Schroer will closely
cooperate with Oliver Seeck, who recently took over the
coordination of the PETRA III experiments.
Wilfried Wurth was professor at the University of Hamburg
since 2000 and now joins DESY as well. His focus is on X-ray
spectroscopy, in particular for the investigation of ultrafast
processes like the real-time observation of chemical reactions at surfaces and the dynamics of electrons in solids and
at interfaces. For a long time Wilfried Wurth has been one of
the most prominent researchers at FLASH and, from 2007 to
2013, he was also spokesperson of the BMBF priority programme FLASH. This first priority programme in the field of
condensed matter was created to bundle research at the
free-electron laser within the framework of collaborative project funding.

All summer students 2014 attending the courses at the DESY Campus Hamburg.

15 female and 24 male students were selected for the part of
the programme dedicated to photon science. These 39 students
came from Armenia, Austria, Brazil, China, Germany, Spain,
United Kingdom, Hungary, Italy, Pakistan, Poland, Portugal,
Russia, Slovakia, Serbia, Thailand, Turkey, Ukraine, and the
United States. They attended a special lecture series on
research with photons at DESY and worked on small projects
within research groups at PETRA III, FLASH, CFEL, European
XFEL and University of Hamburg.

The DESY summer students 2014 working in the field of Photon Science.

Christian Schroer (left) and Wilfried Wurth.
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August
1 August:
CFEL scientists received two prestigious ERC Grants
The European Research Council (ERC) supports the project
“Frontiers in Attosecond X-ray Science: Imaging and Spectroscopy (AXSIS)” of Franz Kärtner (CFEL), Henry Chapman
(CFEL), Ralph Aßmann (DESY) and Petra Fromme (Arizona
State University) by an ERC Synergy Grant. The project
receives 14 million Euros for the coming six years. The application was winning against more than 440 competitors. Within
the project the four scientists will develop a stroboscopic technique using ultra-short light flashes in the attosecond range
to record ultra-fast processes in slow motion.

20 August:
First simultaneous lasing of two FEL lines at FLASH
With its superconducting technology, the free-electron laser
FLASH is able to deliver up to 8000 bunches per second in
bursts of 800 bunches with a repetition rate of 10 Hz in normal
user operation. Not many users really can make use of such
long pulse trains. Therefore, the machine can be utilized more
efficiently if it is able to deliver a part of the photon pulses to a
different user by sharing the particle beam between two FEL
undulators. Since each user has specific demands on wavelength and pulse duration, the parameters for the different
users need to be tunable.
In August the FLASH team achieved a milestone towards this
direction in the frame of the FLASH II project. For the first time
pulse trains of radiation at different wavelength and different
pulse parameters, such as repetition rate, number of bunches
and pulse length were produced in two different undulators
sharing the same linear accelerator.

Petra Fromme

Ralph Aßmann

Henry Chapman

(Arizona State University).

(DESY).

(CFEL, DESY, University
of Hamburg).

Franz Kärtner

Jochen Küpper

(CFEL, DESY, University

(CFEL, DESY, University

of Hamburg).

of Hamburg).

A second grant was awarded to Jochen Küpper (CFEL) who
receives two million Euros. The council supports Küpper’s
project entitled “Controlling the Motion of Complex Molecules
and Particles (COMOTION)” by an ERC Consolidator Grant
for five years. The aim of the project is to develop methods to
control for instance transport, sorting, and aligning of complex molecules like peptides and proteins, but also of larger
objects, like virus particles or picoplankton.

Parallel operation of FLASH1 and FLASH2 was first achieved
on 20 August, when FLASH1 was running with 250 bunches
at 13.5 nm and FLASH2 was lasing with six bunches at about
42 nm. A few days later, the wavelength was confirmed by
spectrometer measurements and while FLASH1 was in lasing
operation, the wavelength at FLASH2 was successfully
changed from 42 to 23.5 nm by changing the undulator gap.
Since first lasing was achieved, the results were repeated
several times at different electron beam energies, resulting in
a wavelength range between 12 and 42 nm so far. FLASH2
was operated varying between single bunch and 400 bunches
at 1 MHz with a repetition rate of 10 Hz. At the longer
wavelengths, gain curves have been measured, showing that

Aerial view of the FLASH facility. On the left the extension, consisting of a new tunnel
with undulator and experimental hall.
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saturation of the intensity has been reached. The remainder
of the year was dedicated to establishing the limits of the
accessible parameter range that can be offered to users. In
2015, diagnostics for radiation pulse characterization will be
installed in the tunnel and in the new experimental hall. In
addition, the first two experimental stations will be installed.
After a commissioning phase, the first pilot experiment will
take place in 2015, after which the facility will be opened to
users for standard operation in 2016.

29 August:
Foundation stone ceremony for the Centre for Structural
Systems Biology
The unique interdisciplinary Centre for Structural Systems
Biology (CSSB) is starting to take shape. On August 29 Hamburg’s science senator Dorothee Stapelfeldt, secretary of state
in Lower Saxony’s science ministry Andrea Hoops, and CSSB
founding director Matthias Wilmanns laid the foundation stone
for the centre’s new research building in presence of representatives from the nine CSSB partner institutions.
The CSSB was officially launched at the beginning of this year.
From a total of eleven planned research groups, six have
already been established. The group leaders have been
appointed, the CSSB has been successful in attracting top
researchers from, among others, Canada, Austria and Great
Britain for these appointments.
The CSSB research building designed by the architects Hammes
and Krause will be located in close proximity to the PETRA III
experimental hall “Max von Laue”. The three storey laboratory
and office building will offer space of about 11000 square metres
for 180 scientists.

The 30 m long undulator in the FLASH2 FEL line, consisting of 12 segments, which
produces the FEL radiation.

Architect’s view of the new CSSB building.

Lasing at 42 nm. On the left, the photon beam is shown on the YAG screen. On the
right, the spectral measurement is shown with a centre wavelength of 42 nm and a
bandwidth of ~ 2 %.

Laying of the foundation stone. From left to right: Matthias Wilmanns (CSSB founding
research director), Ian Mattai (Director General EMBL Heidelberg), Jan Grapentin (Ministerial
Counsellor BMBF), Verena Börschmann (DESY construction manager), Dirk Heinz
(scientific director Helmholtz Centre for infection research), Bernd Kretschmär (general
foreman W&F), Christian Scherf (DESY director of administration), Dorothee Stapelfeldt
(science senator city of Hamburg), Rolf Horstmann (Bernhard-Nocht-Institute Hamburg),
Andrea Hoops (secretary of state science ministry Lower Saxony), and Heinrich Gräner
(University of Hamburg, dean of MIN faculty).
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September
1 September:
Helmholtz Association funds two DESY spin-off enterprises
Two start-up companies initiated by DESY scientists were
funded by the “Helmholtz Enterprise” support programme of
the Helmholtz Association: The company “Class 5 Photonics”
will build very flexible tuneable femtosecond-lasers generating
short pulses with high pulse rates and performance. This joint
spin-off of DESY and Helmholtz Institute Jena will be financed
with almost 130 000 Euros. With the underlying concept the
future entrepreneurs also recently won the Start-up Challenge
prize of the German Competence Networks for Optical Technologies OptecNet.
The second company named “X-Spectrum” enters the market
with a high-technology X-ray detector and will receive
100 000 Euros. “X-Spectrum” was founded in July 2014 by five
members of the DESY detector development group (FS-DS),
with DESY being 10 % shareholder of the new enterprise. The
scientists developed an X-ray area detector named LAMBDA,
which stands for Large Area Medipix Based Detector Array. It
offers extremely high spatial resolution and high acquisition
rates. The nine by three centimetres large active area of the
LAMBDA detector is equipped with 750 000 pixel elements each
of 55 micrometre size and can take up to 2000 images per
second. Each pixel is able to detect and count single photons,
but can also handle rates of more than 500 000 photons per
second. This very high dynamic range is complemented with the
possibility to measure the energy of the detected X-ray photons,
i.e. practically taking colour pictures.
Mark J. Prandolini,
Robert Riedel, and
Michael Schulz (from left
to right) from the Class 5

15 September:
Double topping-out celebration for two PETRA III Extension halls
On 15 September DESY could simultaneously celebrate the
topping-out of two new experimental halls for PETRA III.
PETRA III, as the world´s most brilliant X-ray source is
heavily over-booked since becoming operational in 2009. The
PETRA III Extension Project started in December 2013 to give
more scientists access to the unique experimental possibilities
of this light source and to broaden its research portfolio of
offered experimental techniques. With a total ground floor of
about 6000 square metres the two new experimental halls
provide enough space for technical installations of up to ten
additional beam lines, including additional 1400 square metres
of office and laboratory space for the scientists. Beamlines
and instrumentation in the new halls are under construction in
close cooperation with the future user community and are,
in part, collaborative research projects. Three of the future
beamlines will be constructed as an international partnership
with Sweden, India, and Russia.
Since February approximately 170 metres of the PETRA tunnel and accelerator were dismantled in order to start building
the new experimental halls. In August, reconstruction of the
accelerator sections, equipped with special magnet structures
for producing X-ray radiation, begun within the already completed new tunnel areas. In September the building shells of
the two halls were completed and during the next construction
phase of the experimental halls in December 2014 the accelerator at the same time started to resume operation. The
experiments in the PETRA III experimental hall “Max von Laue”
will re-start in April 2015 and the first experimental stations in
the new halls shall gradually become ready for operation from
autumn 2015 until beginning of 2016.

Photonics team.

The team of X-Spectrum:

Part of the extension’s total budget of 80 million Euros comes
from the expansion funds of the Helmholtz Association. Other
funding is from the Federal Ministry of Research, from the Free
and Hanseatic City of Hamburg and from DESY. Approximately
one third of the total costs are covered by collaborative
partners from Germany and abroad.

(back) Julian Becker,
David Pennicard, and
Florian Pithan, (front)
Heinz Graafsma, and
Stefanie Jack.

Site foreman Michael Telschow raises his glass to the new experimental hall.
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October
20 October:
DESY launches Photon Science teacher training programme
DESY launched its teacher training programme “Lehrerfortbildung@DESY” in the field of research with photons. Eight
teachers from the greater area of Hamburg took part in a one
week training course during the autumn holidays. The teachers were directly integrated into current research projects. The
aim of the programme is to motivate subject teachers to
enhance their lessons with current science themes and provide
them with the necessary pedagogical knowledge to communicate the fascination and fun of modern science to their pupils.
In the future it is planned to offer this teacher training course
every year during the autumn holidays and to develop it further.

30 October:
PhD thesis prize for Stephan Stern and Tigran Kalaydzhyan
The award of the Association of the Friends and Sponsors of
DESY 2014 is shared in equal parts by Stephan Stern, DESY
(CFEL) and University of Hamburg, and Tigran Kalaydzhyan,
DESY (Theory) and University of Hamburg.
In his thesis titled „Controlled Molecules for X-ray Diffraction
Experiments at Free-Electron Lasers“, Stephan Stern recorded
the coherent X-ray diffraction of many identical molecules by
using a special procedure for the spatial alignment. In his analysis of a specific molecule, Stern successfully deduced the
size and alignment angle of the molecule in the laboratory. His
thesis makes important contributions to single molecule structure determination and to possible ways of following structure
changes along chemical reactions with X-ray lasers.
Tigran Kalaydzhyan graduated in the Theory Group at DESY.
The title of his thesis is „Quark-gluon plasma in strong magnetic
fields“ and deals with the study of the properties of elementary
matter at extremely high temperatures and in the presence of
strong magnetic fields.

Participants of the Photon Science teacher training programme.

28 October:
Celebrating 50 years of synchrotron radiation research at DESY
It was in 1964, when the first measurements started at the just
completed ring accelerator DESY to characterise its inevitable
synchrotron radiation. Initiated by these first experiments and
visionary decisions of the then directorate, the use of synchrotron radiation rapidly took up speed at DESY and all over
the world. 250 guests gathered at a symposium to celebrate
the 50th anniversary of synchrotron radiation at DESY. In view
of the many exciting perspectives presently developing in the
field of research with photons at the DESY campus the symposium did not only recall the past but most of the talks given
by Helmut Dosch, Stefan Eisebitt (TU Berlin), Edgar Weckert,
Wilfried Wurth, and Christian Schroer rather addressed
present and future opportunities.

The guests of the symposium 50 Photon Years at DESY.
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Stephan Stern (left) and Tigran Kalaydzhyan.

November

December

27-28 November:
DESY and EMBL endorse their partnership
The interdisciplinary cooperation of DESY and the European
Molecular Biology Laboratory (EMBL) in the field of research
with photons in life science is a long-lasting and extremely
successful story. The basis of this cooperation was now prolonged by a new Framework Institutional Partnership Agreement
which aims to continue and strengthen the construction and
operation of life science oriented research infrastructures on the
DESY campus.

10 December:
Leibniz Prize for Henry Chapman
The German research foundation Deutsche Forschungsgemeinschaft (DFG) announced that Henry Chapman (CFEL,
DESY, University of Hamburg) will be awarded one of the
prestigious Gottfried Wilhelm Leibniz Prizes 2015. This important
German research award honours outstanding scientists.
Henry Chapman receives the 2.5-Million-Euro prize for his
pioneering work in the development of femtosecond crystallography which allows to decode the structure of complex
biomolecules in its natural environment at the atomic level
with the help of X-ray lasers.

On the occasion of a symposium celebrating the 40th anniversary
of the EMBL Hamburg Outstation the new agreement was
signed by Silke Schumacher, Director International Relations of
EMBL and by the Chairman of the DESY Board of Directors,
Helmut Dosch.

Henry Chapman.

Helmut Dosch and Silke Schumacher signing the partnership agreement between
DESY and EMBL.
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Mysterious
gas giantsª
X-ray laser FLASH spies deep into giant gas planets

The large gas planets of our solar system cloak themselves with impenetrable layers of cloud, successfully keeping their
secrets hidden. We know that the gas giants Jupiter and Saturn are mostly made up of hydrogen and helium – the two
lightest elements. The gas gets denser as the depth increases, and most of the hydrogen must be liquid. But whether the gas
giants possess a solid core is as uncertain as the exact structure of their outer layers.
Laboratory studies can help to improve our models of these planets. Using FLASH, we took a sneak peek deep into the lower
atmospheric layers of these planets. The observations reveal how liquid hydrogen becomes a plasma and they provide information
on the material’s thermal conductivity and its internal energy exchange, which are important ingredients for planetary models.

Knowledge of thermodynamic properties of matter under
extreme conditions is critical for modelling stellar and planetary
interiors [1]. Of central importance are the electron-ion collision
and equilibration times that determine the microscopic properties of matter related to reflectivity and thermal conductivity.
On a macroscopic scale, they affect the depth of mixing layers
in Jovian planets [2]. Insufficient knowledge of the transport
properties in dense matter limits our ability to accurately model
such complex systems.
Precise determination of the heat transfer rate from electrons
to ions and atoms in dense matter requires the preparation of
a uniform sample and sub-picosecond probing. To investigate
dynamic processes of warm dense matter on such short time
scales, pump-probe experiments are necessary, where a first
pulse generates an excited state that is subsequently probed
by a second pulse at well-defined time delays.
The split-and-delay capability [3] of FLASH’s BL2 (see Fig. 1) is
used to measure ultrafast heating of dense matter. We produce
two FEL pulses of comparable intensity to volumetrically heat
dense cryogenic hydrogen and probe it by soft X-ray scattering.

We employ 92 eV soft X-ray radiation to be in a regime where
the photon energy is well above the plasma frequency for hydrogen at liquid density. This leads to a high penetration depth with
an absorption length labs = 11 μm, comparable to the hydrogen
jet radius of ∼ 9 μm. The initial energy deposition via photo
absorption is not uniform, as FEL intensities of I0 are present at
the target front side, compared to only ∼ 0.2I0 at the target rear
side. Yet, the generated photo-electrons with kinetic energies
of 78 eV are capable of impact-ionizing several molecules and
atoms within the FEL pulse duration [5]. This leads to further ionization, molecular heating, and expansion, as well as breaking of
the covalent H-H bond (dissociation). All these effects lead to an
almost homogeneous electron heating throughout the sample.
To describe the temporal variation of the measured scattering
intensity, we have performed one-dimensional Lagrangian
radiation-hydrodynamic simulations with the code HELIOS [6].
HELIOS solves the equations of motion for a fluid. We compare the predictions by HELIOS using two different equation of
state (EOS) models: one model calculates the ionization via a
Saha model [6], while the second one uses a Thomas-Fermi
model as implemented in the quotidian EOS (QEOS [7]).

Figure 1
Schematic of the experimental setup. Horizontally polarized FEL radiation at 92 eV, 10 Hz pulse repetition rate, and duration of τ <∼ 300 fs is geometrically divided by a split-anddelay unit [3]. The pulses are subsequently focused to a 20 × 30 μm² spot using an ellipsoidal mirror, yielding intensities up to ~ 27 TW / cm² for the variable-delay branch and
~ 19 TW / cm² for the fixed branch. The FEL pulses hit a ~ 9 μm radius hydrogen jet with mass density of 0.08 g / cm³ and temperature of 20 K. Scattering is collected at 90° relative
to the incident FEL radiation in the vertical plane. To discriminate between the scattered XUV photons and plasma self-emission or energetic particles, we employ a variable line
space grating spectrograph [4]. (Copyright APS publishing group)
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Figure 2
Temporal evolution of measured and simulated X-ray scattering. A total of 300 exposures
were grouped by delay, their error bars resemble their root mean square deviations. For
the blue data points, ranging from Δt = 0 ps to 1 ps only, the more intense 27 TW / cm²
pulse pumps the target, while it is probed by the 19 TW / cm² pulse. The red data points,
ranging from 0 to 5 ps, resemble the inverse case with a less intense pump (19 TW / cm²)
than probe (27 TW / cm²) pulse. In both cases, the signal increases within the first ps. For
the more intense pump the amplitude is larger. The blue and red lines show simulations
based on the Saha model. In contrast, simulations based on QEOS (gray) predict no
delay dependence for the structure factor S(0). (Copyright APS publishing group)

Driving hydrogen from initially cryogenic molecular condensed
matter to an ideal plasma poses several challenges to the
employed models. We evaluated ionization models for the equation of state data and showed that a Saha-like model is superior
to a Thomas-Fermi approach as implemented in the QEOS. The
latter predicts about one order of magnitude too short equilibration times, generating a plasma with a structure factor S(0) ∼ 1
well within the FEL pulse duration. Hence, a pump-probe delay
dependence for S(0) is not predicted using the QEOS (see
Fig. 2). The QEOS predicts an initially metallic state with ∼ 40 %
ionization, in contrast to experimental data being in agreement
with only 4 – 6 % ionization.
Figure 2 shows the experimental data in comparison with the
different simulations. The total scattered fraction of FEL photons rises to a peak value of 4 × 10-6 within 0.9 ps, remaining
constant for delays up to 2 ps. We show that this dynamic
behaviour is reproduced with a Saha model for ionization. In

contrast, simulations using QEOS show quasi-instantaneous
heating within the FEL pulse duration of ~ 300 fs, and hence
no delay dependence is visible.
In principle, the QEOS model accounts for degenerate plasmas,
important in the framework of warm and dense matter. However,
is not accurate for the low temperatures and low atomic numbers
found in the astrophysically relevant plasmas, dealt with in this
work (the maximum electron temperature achieved in this experiment is Te ~ 2.1 eV, the maximum ion temperature is Ti ~ 0.4 eV).
In summary, our experimental results have provided important
insights on transport effects which lead to a better understanding of dense plasmas.
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Sacrificial
tamper layerª
Transient states of highly charged ions in delayed cluster explosion

Violent forces are at work during research with free-electron lasers: every single light flash brings the analysed
sample to a fast explosion. Every femtosecond counts in the experiments when decoding the molecular
structure of the sample before its destruction. At FLASH, we have studied a method to delay the explosion of the
sample for potentially decisive fractions of a second. A sacrificial tamper layer provides an efficient electron
source for partial neutralization of highly charged ions created in the centre. The significant reduction of charge
states increases the available time for recording a diffraction pattern in coherent imaging experiments.

Free-electron lasers can be used as high-speed cameras for
the nanocosm. Their high-energy and short X-ray pulses allow
insights into the smallest dimensions and ultra-fast processes,
opening up new scientific investigation possibilities in various
areas, ranging from the imaging of single molecules up to
filming the motion of electrons in atoms. Coherent diffraction
imaging promises to reveal the structure of molecules which
cannot be prepared in crystalline form. Using time-resolved
pump-probe schemes important information is obtained about
how molecular reactions take place, for example during photosynthesis. However, during the measurement, the extreme
intensity of each single X-ray flash inevitably transforms the
investigated sample into a plasma and eventually destroys it
[1]. When X-rays hit the sample, many of the bound electrons
are abruptly knocked out, leaving a molecular structure of
highly charged ions repelling each other and disintegrating in a
Coulomb explosion. It is an open question whether sufficient
scattering signal can be detected before the molecule explodes.
One strategy to prevent the loss of electrons in the sample
too quickly is to surround it with a shell (tamper layer) [2]. During
the interaction with the X-ray light, the layer is ionised as well;
however, the electrons released from the shell will be transferred into the core of the sample, thus compensating the loss
of core electrons for a short time which slows down the expansion. Clusters can be used as nanoscopic model systems to
test the effect of tamper layers, as so-called core-shell clusters
can be generated, with a core consisting of one element
surrounded by a shell consisting of another element.

above 100 μJ, the power density exceeds 1015 W / cm2 in the
focus. The interaction results in the emission of fluorescence
photons from multiply charged ions. A toroidal diffraction grating
diffracts and focuses the fluorescence onto a CCD camera.

For the investigation of the explosion delay, we prepared small
clusters with a core consisting of about 80 Xenon atoms and
a shell of about 400 Argon atoms. The composite clusters were
irradiated with FLASH pulses at a wavelength of 13.5 nm which
is resonant with the excitation of the 4d electron shell of Xe. At
typical pulse durations of 150 fs and an average pulse energy

A typical spectrum of Xe and Ar clusters is plotted in Figs. 1(a)
and 1(b), respectively. The raw data is integrated vertically in a
narrow region, as indicated by the green rectangle in Fig. 1, to
retrieve a spectrum. In the experiments on pure Xe clusters,
charge states up to at least 11+ were detected. The Ar cluster
fluorescence reveals lower charge states of up to 7+ due to
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Figure 1
Typical fluorescence spectra of pure Xe clusters (a) and pure Ar clusters (b) comprising
4100 and 400 atoms, respectively. The data are recorded with an X-ray camera at a FEL
intensity of approximately 2 × 1015 W / cm2 and plotted in logarithmic scale. The same line
out of the CCD chip (green rectangle) is evaluated for each spectrum. Charge states have
been assigned to more than 100 fluorescence lines and a characteristic selection is given.
Total fluorescence yield per atom as a function of cluster size is shown in (c).

both the higher ionization potential of Ar and the difference in
the atomic photoabsorption cross section. In both cases, fluorescence is predominantly emitted from highly charged ions
that peel off the surface during the disintegration. Note, that the
fraction of surface atoms decreases with increasing cluster
size as can be seen in the reduced fluorescence yield per atom
in Fig. 1(c).

Figure 2
Comparison of the measured Xe-core-Ar-shell spectrum, the pure Ar and Xe spectra and
the spectrum synthesized from the Ar- and a normalized Xe spectrum. The Xe-core-

To push the experimental sensitivity toward processes that
occur inside the cluster ion core on the sub-ps time scale
when the core is still close to its initial geometry, we performed
complementary fluorescence experiments on Xe-core-Ar-shell
clusters. Fig. 2 shows a comparison between fluorescence
spectra of core-shell clusters (green), pure Ar clusters (red),
and pure Xe clusters (blue). The key finding is that composite
clusters emit between 10.5 and 12 nm. This signal is absent in
pure Ar clusters. We assign the fluorescence at short wavelength to the Xe ion core because it coincides with the most
prominent emission lines in the pure Xe spectra. To corroborate this finding the core-shell spectrum is emulated by combining spectra of pure Ar clusters and pure Xe clusters. The
similarity in the structures between 10.5 and 12 nm of the
measured core-shell spectrum (green) and the emulated one
(black) is clear evidence of the transient presence of highly
charged Xeq ions (q > 10+) in the core-shell cluster.
The Xe charge states observed in the core-shell cluster fluorescence are just as high as those in pure Xe spectra. This is a
stark contrast to mass spectra, which show much lower final

Ar-shell spectrum and the synthesized spectrum show reasonable agreement at short
wavelengths where Xe charge states of at least 11+ appear. The pictographs illustrate
that the time-integrated fluorescence spectrum of Xe-core-Ar-shell clusters provides
information on the highly charged Xe core from early times of the interaction (left), as well
as information on the Ar-shell upon Coulomb explosion (right).

charge states compared to pure clusters [3]. Thus, fluorescence spectroscopy probes ultrafast radiative decay of highly
charged ions in a time window which is not accessible by
conventional time-of-flight mass spectrometry. In agreement
with theory [4], the latter traces remnants of the interaction,
where electron thermalisation followed by nonradiative recombination has already produced significantly lower charge
states. Thus, a sacrificial tamper layer provides an efficient
electron source for partial neutralization of highly charged ions
created in the centre which in turn slows down the expansion
of the cluster core.
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Electron rearrangement in
dissociating moleculesª
Real time observation of electron transfer in Coulomb exploding I2n+ molecular ions

Employing an XUV-pump-XUV-probe scheme at FLASH, the critical internuclear distance up to which
electrons can be transferred within a dissociating iodine molecule was determined. This property is critical
for one of the most promising future free-electron laser applications: the imaging of single biomolecules.
Our results are in good agreement with a classical model routinely applied in collision physics, which suggests
that molecular dissociation can be described as a half-collision.

One of the most far-reaching goals of science at free-electron
lasers (FELs) is to image the structure of single biomolecules
with atomic resolution by measuring interference patterns of
X-rays coherently scattered off the molecule [1]. This requires
very intense, ultra-short light flashes. To outrun the molecular
destruction during the illumination and to ensure that a snapshot of the undamaged molecule is taken, the exposure time
must be shorter than the disintegration time. The relevant time
scales are in the femtosecond (1 fs = 10-15 s) regime.
One of the unknown aspects of single-molecule imaging is the
role of heavy atoms within the molecule. They absorb X-ray radiation by orders of magnitude more efficient than the much
lighter carbon or hydrogen atoms. Therefore, the absorbed
energy is locally deposited and, subsequently, spreads throughout the molecule via various electronic relaxation and rearrangement mechanisms. Due to photo-ionization and secondary
relaxation processes, the molecule carries a positive net-charge

that is distributed over the molecule, finally leading to its fragmentation. The more efficiently the charge is redistributed within
the molecule, the faster it explodes. We have investigated such
a scenario using iodine molecules I2, a prototype system with
two heavy constituents, by tracing electron rearrangement as
a function of time and internuclear separation at FLASH.
The absorption of a single extreme-ultraviolet (XUV) photon of
87 eV already leads to multiple ionization of I2: After the removal
of an inner-shell electron via photo-ionization, the remaining
excitation energy of the “hole-state” is used to emit one or two
additional electrons. Thus, an XUV pulse of suitable energy creates a multiply charged molecule and triggers dissociation due
to the repulsion of its positively charged constituents. After a
freely adjustable time-delay a second identical pulse, the probe
pulse, is shot onto the molecule and removes further electrons
from one of the ionic fragments. For small delays, and correspondingly small internuclear distances, any charge asymmetry

Figure 1
(a) Sketch of the pump-probe scheme. The pump pulse multiply ionizes
I2 and thereby triggers the dissociation of the molecule. The delayed
probe pulse further ionizes one of the ions, which may lead to electron
transfer throughout the molecule.
(b) The kinetic-energy release (KER) of I+ + I4+ ion pairs is plotted as a function of the pump-probe delay. Asymmetrically charged fragments can only
be produced from certain delays on, when electron transfer is blocked,
which manifests itself as a vanishing ion yield for small delays. A projection
of all events onto the delay axis (red curve) allows to extract the critical time
up to which electron transfer is possible. From the projection onto the
KER axis for large delays (blue curve) we are able to conclude which
intermediate charge state was populated by the pump pulse. This information is needed to convert the critical time into the corresponding
internuclear distance of electron transfer, which is plotted in Fig. 2(b).
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Figure 2
(a) Illustration of the classical over-the-barrier model (COB) by means of
the ion pair I+ + I4+. Upper panel: At the equilibrium internuclear distance

R = 5 a.u. (1 a.u. = 5.29 x 10-15 m) the combined potential barrier of
the neighbouring ions is well below the binding energy of the outermost
electron (shown as green sphere), thus electron transfer is possible.
Lower panel: While the ions separate the barrier rises and electron transfer is blocked from a certain separation on.
(b) Critical internuclear distance for selected asymmetric ion pairs. Red
diamonds show experimental data, while black dots represent the values
predicted by the COB model.

which is induced by the probe pulse is balanced by electron
transfer among the ions, as depicted in Fig. 1(a). However, at
large delays the ionic fragments behave like individual ions and
electron transfer is blocked. Thus, asymmetrically charged ion
pairs can only be produced from certain delays on, as can be
seen for the fragmentation into I+ + I4+ in Fig. 1(b). Experimentally, the critical internuclear distance up to which electron transfer is possible is determined by detecting the final charge states
of the two emerging ionic fragments as a function of the timedelay between the consecutive XUV pulses. In order to do so,
we employed a reaction microscope [2] in combination with
the autocorrelator installed in the beamline BL2 at FLASH [3].
The results are in good agreement with an intuitive classical
model that is routinely employed in ion-atom collisions, the socalled over-the-barrier model [4]. Within this model an electron
can freely move between the neighbouring ions as long as the
binding energy of this electron is above the combined potential
of the atomic cores, as depicted in Fig. 2(a). The height of the
potential barrier depends on the internuclear distance and it rises
above the electronic binding energy from some critical distance
on. These predicted distances are in good agreement with the
experimentally determined values, which are shown in Fig. 2(b).
The geometry of our pump-probe scenario is surprisingly similar
to that of a traditional ion-atom collision experiment. There, the
projectile approaches the target up to a certain minimal distance,

the impact parameter, and continues its trajectory with a modified momentum. In our approach, the reaction partners start from
their closest distance, which is defined by the moment when the
probe pulse impinges. Thus, we observe only the outgoing ions
and therefore refer to the process as a “half-collision”. This
“XUV-induced” half-collision offers the great advantage of a controlled impact parameter, which can be adjusted by varying the
pump-probe time-delay. The kinetic energies of the ionic
fragments are comparably low and they correspond well to the
regime of chemical and plasma reactions. Electron transfer
plays a crucial role in such processes. On the atomic level, however, these low-energetic quasi-molecular reactions are mostly
unexplored because of substantial technical difficulties, in
theory (many-body non-perturbative complexity) as well as in
experiment (high-resolution low-energy ion beams).
Our results demonstrate that electron transfer occurs over
relatively large internuclear distances of several atomic radii
on time-scales faster than the molecular dissociation. Thus,
locally created charges are efficiently redistributed which
leads to an accelerated explosion of the molecule. Future
experiments on more complex molecules relevant for X-ray
imaging are planned.
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Single quantum states and
defined wave packetsª
Controlling the motion of molecules with electric fields

Molecules in the gas-phase can be controlled and sorted using strong electric fields [1]. Using electrostatic
deflection, molecules can be separated on the basis of their shape, structure, or even quantum state. We have
demonstrated this for the separation of water into the respective ground states of its two nuclear-spin isomers,
para and ortho, presenting the first full separation of water nuclear-spin states. Furthermore we show how
individual rotational quantum states of carbonyl sulfide can be selected and detected. Samples of carbonyl sulfide
molecules, all in the absolute ground state, have been used to study non-adiabatic effects in strong laser-field
alignment [2] and mixed-field orientation. Pendular state wave packet dynamics, analogous to a classical
pendulum motion, was demonstrated.

The control and determination of a sample’s initial state, e.g.,
the wave function of its constituent molecules, provides direct
access to the quantum-mechanical properties and dynamics
even for macroscopic samples. This control is beneficial for
experiments aimed at “recording the molecular movie”, i.e., the
imaging of molecular dynamics using time-resolved X-ray
or electron diffraction, high harmonic generation, or molecularframe photoelectron imaging. The controlled samples also allow
investigation of the microscopic details of complex chemical
systems. For example, it is well known that astrochemical
systems such as interstellar ices often contain highly non-thermalized spin-state distributions of molecules. For instance, the
population ratio of para and ortho nuclear-spin states in water
(H2O) often differs from that expected based on the local temperature [3]. The reasons for this remain unclear and laboratory

Figure 1
Separation of the para and ortho nuclear-spin isomers of water. A beam of cold water
molecules is send through a strong inhomogeneous electric field dispersing and spatially
separating the quantum states occupied by the nuclear-spin isomers. This was confirmed
through state-specific spectroscopic detection, shown on the right for the separated
beams, yielding a purity of 97 % and 74 % for ortho- and para-water, respectively.
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experiments on nuclear-spin conversion could help shed some
light on this. Highly controlled samples of molecules, all in an
identical stationary eigenstate or in the same dynamical wave
packet, allow for detailed investigations of these phenomena.
In our experiments, target molecules are introduced into the
gas-phase and are co-expanded in a high-pressure backing gas
into vacuum. Supersonic molecular beams with internal temperatures of about one kelvin are produced. These are directed
through an inhomogeneous electric field of ~ 150 kV cm–1 in the
deflector, see Fig.1. As the effective, space-fixed, dipole
moment of a molecule is a property of its individual quantum
state, the device acts as an electrostatic prism for molecules
according to their quantum state. The spatial distributions of
molecules are subsequently probed using spectroscopic techniques. The rotational degrees of freedom of the molecules,
their alignment and orientation, are controlled via strong laser
fields and weak DC electric fields.
Using this experimental setup we separated both nuclear-spin
isomers, para and ortho, of water. These individual species are
defined by the relative orientation of the nuclear spins of the
hydrogen atoms, which can be symmetric (“ortho”) or antisymmetric (“para”) with respect to the exchange of the two protons. According to the symmetrization postulate of quantum
mechanics, the two nuclear-spin isomers must reside in distinct rovibronic (rotation-vibration-electronic) quantum states
and cannot spontaneously interconvert. It is these rovibronic
states that are separable with the electrostatic prism. At the
low temperatures in our experiment, all molecules reside in the
vibronic (vibration-electronic) ground state; ortho water has
a ground state corresponding to the rotational state JK K = 101,
a c
while the ground state of para water corresponds to JK K = 000.
a c
These states exhibit significantly different Stark effects and
thus deflect differently in our electric prism, shown in Fig. 1.

Figure 2

Figure 3

(a) Measured degree of laser-induced alignment as a function of time and position

Degree of alignment for ground-state-selected carbonyl sulfide molecules as a function

in the deflected molecular beam and (b) its Fourier transform, demonstrating the

of the delay between the alignment laser and the probe laser and as a function of the

dispersed rotational state distribution. (c) Color-coded densities of the derived

intensity of the alignment laser. The pendular state wave packet motion inside the

rotational wave functions.

strong laser pulse is observed by the oscillations in the degree of alignment during the
laser pulse (between 10 and 60 ps).

The purity of the produced quantum-state selected samples is
probed using resonance-enhanced multi-photon ionization
where 97 %-pure ortho water and 74 %-pure para water were
produced.
Exploiting the same separation technique, we have dispersed
molecular beams of carbonyl sulfide molecules according to
their quantum state. We measured the state-specific angular probability densities of the individual rotational states. Combining
two experiments, we determined the two relevant quantum
numbers, the overall angular momentum J and its projection M
onto a space-fixed axis. In a variant of rotational coherence
spectroscopy a weak femtosecond laser pulse induced rotational Raman transitions and transferred population from the
initial state |J,M 〉 to nearest-neighbour states of the same parity,
i.e., Δ J = 2, Δ M = 0. Subsequently, the time-dependent
degree of alignment is determined for the spatially dispersed
molecular beam, shown in Fig. 2(a). The coherent evolution of
the rotational wave packet results in a spatially varying timedependent beating, determined by the angular momentum J of
the coupled eigenstates. Its frequency, as a function of vertical
position in the dispersed beam, can be directly obtained from
the Fourier transform, Fig. 2(b). In addition, we have directly
observed the projection of the quantum number M of the individual rotational states through Coulomb explosion imaging of
the molecular axis alignment of the dispersed samples without
any laser-induced alignment. For many positions, the samples
exhibit significantly non-isotropic angular distributions, a direct

signature of the separation of quantum states according to
their angular momentum projection. The combination of the
two measurements allows to reconstruct the full quantum
states as a function of position in the dispersed beam, i.e., the
angular probability densities, which are depicted in Fig. 2(c).
Absolute ground-state-selected carbonyl sulfide molecules
have been used to study non-adiabatic effects in laser alignment and mixed field orientation dynamics. Using 50-ps-long
laser pulses, shorter than the 82 ps rotational period of ground
state carbonyl sulfide, a defined wave packet of pendular
states, i.e., a quantum pendulum, has been created, see Fig. 3.
The wave packet motion is directly visible by the oscillations in
the time-dependent degree of alignment [4]. Exploiting the
combined effect of mixed laser and dc electric fields, similar
rotational wave packets have been created. This wave packet
exhibits very strong field-free orientation of 〈cosθ 〉 = 0.6, significantly stronger than the orientation achieved with THz pulses.
In summary, the separation of molecular eigenstates paves the
way for novel experiments, from the investigation of simple
quantum mechanical concepts such as the realization of a
quantum pendulum or strong field-free orientation, to possible
applications of nuclear-spin-purified water in hyperpolarized
NMR methods with wide (bio)chemical applicability.
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Boiling water with light faster
than you can blinkª
Sub-picosecond extreme heating of liquid water by intense THz radiation

Water is the single most important solvent in chemistry and biology. Many chemical and biochemical reactions
take place in water due to random thermal fluctuations of the solvent that provide the reactants in solution with
enough energy to undertake a reactive event. Time-resolved pump-probe measurements of such thermal
reactions cannot be performed in the usual way by photo-excitation with optical or UV lasers like in usual
femtochemistry because they take place in the electronic ground state of the system. To overcome such
fundamental limitation, we theoretically investigate strategies to bring a large amount of energy to liquid water
using short and intense THz pulses. We find that it is possible to increase the temperature of water in the focus
of the pulse by about 500 K within 1.5 ps.

Rather than acting as a passive environment, the dynamics of
water during chemical and biological processes play a fundamental role in the solvation and stabilization of reaction intermediates. Recent THz spectroscopy measurements probing
collective, low frequency modes show that water is a key actor
in enzymatic reactions and protein folding [1].
Recently, the generation of THz radiation from X-ray FELs
(XFELs) in full synchronization with the X-ray pulse was demonstrated [2, 3]. This opens extremely interesting avenues for
pump-probe type experiments in which a THz pulse initiates
a chemical process of interest in e.g. solid state or biological
samples, followed by an ultrashort X-ray pulse that interrogates the system at a well-defined time delay.
In this work, we studied the response of liquid water to an
intense sub-picosecond THz pulse by ab initio molecular
dynamics (AIMD) [4]. We assumed a THz pulse characterized by
a Gaussian envelope with a full width at half maximum (fwhm) of
250 fs and intensity of 5 × 1012 W / cm2. Assuming the THz light
is focused to a spot of 0.01 mm2 this represents a total
pulse energy of about 125 μJ. At a mean photon energy of
ω = 100 cm– 1 (3 THz) one cycle of the electromagnetic field
oscillation takes about 330 fs, meaning that our pulse is between
a half and a full cycle long.
Interestingly, such a THz pulse transfers a large amount of
energy to the liquid medium in a sub-ps time scale. The temperature increase as a function of time is shown in Fig. 1.
After the pulse, the temperature rises from 300 K to about
800 K. It should be noted that the temperature increase is
much faster than the time the liquid has to expand, meaning
that the volume remains constant. Initially, the water molecules react to the strong electric field via their permanent
dipoles, which try to orient with the polarization direction of

32 | Research
News andHighlights
Events | Atomic and molecular dynamics

the electric field of the THz pulse. This field is of the order of
fractions of Volts per Angstrom and therefore only about one
order of magnitude smaller than the Coulomb fields generated by atoms and electrons at chemical bonding distances.
Consequently, there is a sudden break up of the hydrogen
bonding structure of the liquid phase, and water molecules
start to strongly vibrate against one another. Later on, on a
time scale of 1 ps, the energy redistributes into intramolecular
degrees of freedom, namely the O-H bond stretching and
H-O-H angle bending motions, due to collisions between water
monomers. Fig. 2a and Fig. 2b present energy distributions of
the water molecules in the bulk as a function of time for the
rotational and vibrational degrees of freedom, respectively. It
can be observed how the initial 300 K Maxwell-Boltzmann distributions before the THz pulse quickly change after the pulse
extending to substantially larger energies. This indicates that
solvent molecules dissolved in water can potentially gain a
large amount of energy from the liquid via collisional energy
transfer, which is the subject of current investigations.

Figure 1
Temperature increase calculated as a function of time (red). The temperature shown
here is a kinetic temperature proportional to the mean kinetic energy of the atoms as a
function of time. After the pulse (blue), the temperature rises from 300 K to about 800 K.

A

B

Figure 2
Probability distributions per water molecule
of rotational (left) and vibrational (right)
energies for different time delays. These
are Maxwell-Boltzmann distributions for
t = − 250 fs and are normalized at all times.
At the time of the pulse peak intensity
around t = 0 the distributions quickly flatten
and resemble equilibrium distributions at
a larger temperature than before the THz
pulse.

The large amount of energy per monomer transferred to the
liquid changes its structure significantly disrupting the hydrogen bond network and the tetrahedral coordination of water
molecules on an ultrafast time scale. In addition to the results
described so far, we computed the time-resolved wide-angle
X-ray scattering (TR-WAXS) signal of water as a function of
time and found that the structural changes can potentially be
traced by X-ray scattering measurements. The characteristics
of the medium created by the THz pulse are comparable to
measurements on water performed at T = 1500 K and pressure
of 12 GPa [5].
Fig. 3a shows the gO-O(r) radial distribution function (RDF)
calculated as a function of time. gO-O(r) evolves from having
two peaks, which is indicative of the first two solvation shells
around each molecule, into a flat RDF typical of a gas phase
system. This change occurs between – 50 and 150 fs after the
start of the THz pulse. Similarly, the gO-H(r) RDF in Fig. 3b
indicates a very fast disruption of the hydrogen bond network

as seen in the disappearance of the peak at about 2 Å, which
is related to the oxygen-hydrogen distance in a typical hydrogen bond.
This study shows that a sub-ps intense THz pulse, soon to be
achieved at modern accelerator facilities and table-top setups,
transfers a large amount of energy to liquid water and creates
a hot and structureless environment. Importantly, as a consequence of collisions induced between monomers, a large
amount of energy flows to intramolecular vibrations nonresonant with the pulse photon energy. These changes can
be monitored by time-resolved X-ray scattering measurements of the liquid. The transient, hot environment achieved
by the THz pulse may have interesting properties as a matrix
to study activated chemical processes. This is the subject
of on-going research.
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Figure 3
Radial distribution functions (RDF) (a) gO−O(r) and (b) gO−H(r)
at different time delays under the effect of the THz pulse.
Time is given in femtoseconds. The gO−O(r) distribution
loses the double peak structure after the THz pulse and
more closely resembles the RDF distribution of a gas. The
gO−H(r) distribution loses the peak at 2 Å shortly after
the pulse, indicating that hydrogen bonds are broken by
the interaction with the THz pulse.
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When is a molecule
a moleculeª
X-ray Free-Electron Laser measures charge transfer over large distances

The making and breaking of molecular bonds are the most fundamental processes in chemistry. Molecular bonds, both covalent
and ionic, are created through the sharing or transfer of valence electrons between atomic constituents. Bond-breaking reactions
are thus associated with electron rearrangement and their subsequent localization on either of the resulting (dissociating)
fragments. If triggered by light, these reactions can be tracked using a timed sequence of ultra-short light pulses. Using such a
pump-probe scheme, we studied the transfer of electrons between two sites of a dissociating iodomethane molecule. We used
an infrared laser pulse to break the molecular bond, then created a localized source of positive charge by ionizing the iodine
atom with a subsequent femtosecond X-ray pulse from a Free-Electron Laser, and observed charge transfer to the methane
fragment over distances of up to 10 times the equilibrium bond length.

Figure 1
Schematic overview of the pump-probe experiment at three different
time delays. (1) Both pulses arrive at the same time and interact with
the still intact molecule. (2) With increasing delay between the IR pulse,
which triggers the dissociation, and the X-ray pulse, which ionizes the
iodine, the internuclear distance increases and the constituents become
more isolated. Nevertheless, electrons are still able to transfer from one
atom to the other. (3) At long delays and thus large internuclear distances, the atoms become fully isolated and electron transfer from the
environment towards the iodine ions is no longer possible.

Chemical reactions involving the transfer or migration of electrons drive numerous important processes in physics, chemistry
and biology, with practical applications ranging from X-ray
astrophysics to artificial photosynthesis and molecular electronics [1]. These processes often happen on few-femtosecond or
even sub-femtosecond time scales. Pump-probe spectroscopies using femtosecond optical lasers, attosecond extreme
ultraviolet pulses, and ultra-short X-ray free-electron lasers (FEL)
nurture the vision to trace these reactions in real time [2]. Electronic motion can be triggered by photo excitation or -ionization
of valence electrons. However, valence electrons are highly
delocalized, making it difficult for experimental studies to follow
time-dependent charge localization. FEL sources can provide
ultra-short X-ray pulses and thus open access to femtosecond
time-resolved experiments employing element specific innershell ionization. This allows for probing electronic and nuclear
dynamics with very high temporal and spatial resolution.
In our recent experimental study performed at the Linac Coherent Light Source (LCLS), we employed femtosecond X-ray
pulses to directly map charge transfer dynamics upon innershell ionization of iodomethane molecules (CH3I). As sketched in
Fig. 1, we first dissociated the molecule using a femtosecond
infrared (IR) laser, and then ionized the system with an intense
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X-ray pulse of 1.5 keV photon energy arriving after a controlled
time delay. The X-ray pulse predominantly interacted with the
iodine M-shell electrons, creating high charge states of iodine
through sequential absorption of multiple photons, similar to
observations made earlier for xenon [3]. By precisely measuring the kinetic energies of all ionic fragments created in this
two-step process, we were able to disentangle different reaction channels initiated by the IR pulse and, thus, to determine
the dissociation velocities of the individual channels. This
enabled us to study the electron transfer after ionization by
the FEL pulse as a function of internuclear separation between
the iodine ion and the neutral methyl group fragment (CH3).
As the time between the initial dissociation by the IR pulse and
the X-ray pulse arrival increases, the molecular fragments
depart from each other, changing the system from a bound
molecule into separated atoms. Thereby, the kinetic energy of
the iodine ion itself served as an indicator for the existence
of charged neighbours, which would change the energy due
to Coulomb repulsion of positive charges. The two-dimensional
colour map in Fig. 2 shows the kinetic energy of the iodine ions
as a function of pump-probe delay. In this way, we were able
to investigate the probability of charge, namely electrons,
being transferred from the neutral methyl group to the iodine

ion. As is also shown in Fig. 2, the charge transfer probability
decreases from one to zero as a function of delay-time, i.e.
internuclear separation. The distance at which charge transfer
effectively stops increases with higher charge states of iodine.
For the case of iodine 14+ as well as for higher charge states,
charge transfer was observed for distances exceeding 20 Angstroms, which is about 10 times the equilibrium bond length
of the carbon-iodine bond in CH3I. We have shown that this
distance can be estimated from a classical over-the-barrier
model developed earlier for ion-atom collisions [4]. Similar
results have been recently obtained at FLASH for electron
transfer after iodine O-shell dissociation in an XUV-pump – XUV
probe experiment [5].
The present study was facilitated by the availability of a crosscorrelation system between optical and FEL X-ray pulses on a
shot-by-shot basis [6]. This allowed us to precisely measure
the time delay and to sort the data after the measurements in
order to overcome the time resolution that is otherwise limited
by the ~ 300 fs jitter between the optical and the accelerator
based system. With the cross-correlation measurements, we
were able to achieve a temporal resolution of about 110 fs.
The CAMP chamber [7], which was used for the experiment
at the LCLS, has now been installed at the BL1 beamline
of FLASH as a permanent endstation that is available to all
users for imaging and pump-probe experiments.
This study shows the capabilities of FELs to study chemical
dynamics in experiments utilizing well-synchronized optical
pulses and X-ray pulses. Planned upgrades improving the synchronization and decreasing the pulse duration will soon allow
for detailed studies of processes where electron migration and
nuclear motion happen on similar time-scales and the BornOppenheimer approximation, which allows separating electronic
and nuclear motion, is no longer valid.

Figure 2
Top: Kinetic energy of iodine 6+ ions as a function or IR – X-ray delay. The lowest energy
channel III represents iodine ions which have a neutral fragmentation partner and thus are
not influenced by Coulomb repulsion. Bottom: Delay-dependent yields of iodine fragments of this low-energy channel from the iodomethane dissociation into In+ and neutral
CH3. As the iodine charge increases, the distance, up to which charge transfer can occur,
also increases. The experimentally determined critical distance, where charge transfer
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can no longer occur, agrees well with predictions from a simple classical model which
are indicated as coloured triangles.
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High-energy SXRD for
fast surface structure determinationª
Probing a model catalyst under working conditions

Understanding the interaction between surfaces and their surroundings is crucial in many materials science
fields, such as catalysis, corrosion, and thin-film electronics, but existing characterization methods have not
been capable of fully determining the structure of surfaces during dynamic processes. We demonstrate how
the use of high-energy photons (85 keV), in combination with a large two-dimensional detector for surface
X-ray diffraction, increases the data acquisition speed by several orders of magnitude and enables structural
determinations of surfaces on time scales suitable for in situ studies. We illustrate the potential of
high-energy surface X-ray diffraction by determining the structure of a palladium surface in situ during
catalytic carbon monoxide oxidation

Surface X-ray diffraction (SXRD) is one of few methods available
for surface structure determination under ambient conditions.
Due to the broken periodicity at the surface, the diffraction pattern (or the reciprocal lattice) will, in addition to Bragg reflections
originating from the bulk, include so-called crystal truncation
rods (CTRs), which connect the Bragg reflections perpendicular
to the surface. In case the in-plane periodicity at the surface differs from that of the underlying bulk, additional superstructure
rods arise in reciprocal space, and the shapes, positions and
directions of these CTRs and superstructure rods hold detailed
information about the atomic surface structure.
A schematic map of the reciprocal lattice of the Pd(100) crystal
surface used in our study, including Bragg reflections (blue
spots) as well as CTRs (blue lines) is shown in Fig. 1A. With a
certain orientation between the incoming X-ray beam and the
sample, the Ewald sphere defines the surface within reciprocal
space that is giving rise to the diffraction pattern. In order to
probe a certain point in reciprocal space, the sample is rotated
such that the Ewald sphere intersects this point, and the detector is placed so that it collects the corresponding diffracted
beam. Traditionally, point or small two-dimensional (2D) detec-

tors are used to measure a limited part of reciprocal space
simultaneously. Consequently, exploring 2D maps from a
substantial part of reciprocal space is very time consuming, and
mapping of the 3D reciprocal space with high resolution was
hardly feasible even with synchrotron radiation.
By increasing the energy of the X-ray beam from the conventional 10 – 30 keV to 85 keV, as done in this study, the diffraction angles get smaller and a significant part of reciprocal
space can be measured simultaneously by a stationary, large
2D detector. The grey surface intersecting the map of the
reciprocal lattice in Fig. 1A shows the part of the Ewald
sphere which is probed by the detector in our experiment.
The corresponding detector image is shown in Fig. 1B, where
the CTRs intersecting the Ewald sphere are clearly visible
together with the shadows of tungsten pieces placed in front
of the detector in order to protect it from the high intensity of
the Bragg reflections. To map out the reciprocal space, the
sample (and hence the reciprocal lattice) is rotated around
the surface normal, such that the Ewald sphere scans
through the reciprocal space. The result is a 3D data set of
the diffraction from the sample surface, the scan takes on the

Figure 1
(A) Illustration of how CTRs from a clean
Pd(100) surface cross the Ewald sphere during
sample rotation. The rotational axis for the
measurements is shown. (B) The corresponding
detector image in which the Bragg reflections
from the Pd substrate are indexed, and the lines
where CTRs cross the Ewald sphere are
marked with arrows. The dark rectangles at the
position of Pd Bragg reflections stem from
absorbers protecting the detector.
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We illustrate the power of High-Energy (HE)SXRD by studying
the surface oxide formed on Pd(100) during CO oxidation under
semi-realistic conditions at PETRA III beamline P07. The surface
oxide, as known from ex situ UHV studies, is a single PdO(101)
plane exhibiting a ( × )-R27° periodicity (hereafter denoted
), as shown in Fig. 2A [1,2]. The corresponding diffraction is
summarized in Fig. 2. In Fig. 2B, we show the result of combining 900 detector images to render the maximum-intensity
result for each pixel. Such a projection onto the rotational
plane provides a direct view of all the CTRs (indexed below the
image) and superstructure rods (indexed above) within the
probed volume. One can immediately identify the different
structures present at the surface and draw some qualitative
conclusions. For instance, the X-ray scattering intensity corresponding to the superlattice rods contains no Bragg reflections,
indicating that the oxide film is very thin. To allow comparison of the results obtained by HESXRD with those expected
from LEED, which is the most common surface diffraction
method used under UHV conditions, we show a slice in the
hk-plane of the HESXRD data around l = 0.5 reciprocal lattice
unit (RLU) (Fig. 2C). Projected onto the data is a map of the
reciprocal lattice corresponding to the Pd(100) substrate (green
squares) and the surface oxide (red dots and circles). A zoomin (Fig. 2D) shows the spots at (h, k) = (0.4, – 0.8), (0.6, – 0.8),
(0.8, – 0.6), and (0.8, – 0.4), corresponding to the periodicity
of the
structure. It is, however, apparent that these spots
are not perfectly in the
periodicity but that there is a
stress-induced mismatch between the oxide and the substrate,
as has been reported previously [2].
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order of 10 minutes. This enables full surface structure determinations in situ during catalytic reactions, which has not
been possible before.
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Figure 2

In situ HESXRD data from the surface oxide on Pd(100) measured during CO oxidation.
(A) Side and top view of the oxygen-induced (

×

)-R27° surface structure. The struc-

ture is an O-Pd-O trilayer corresponding to one PdO(101) plane [1,2]. (B) All images
collected during the rotational scan combined into a single image in which the CTRs and
superlattice rods are indicated. (C) In-plane view (hk-plane around l = 0.5) of the angular
range measured in the current experiment. The Pd CTRs (squares) and surface oxide
superlattice rods (circles) are indicated. (D) Magnification of reciprocal space showing
the superlattice reflections. The reflections are not in the middle of the red circle, directly
revealing the mismatch between the PdO(101) and the Pd(100) substrate.

In addition to providing a complete data set for qualitative
analysis, as illustrated in Fig. 2, the quality of the data is good
enough in order to extract data for quantitative analysis of the
atomic positions. Hence, a full surface structure determination
can be performed in the order of 10 min, instead of around
10 hours with conventional SXRD. Further, a single detector
image reveals a significantly larger part of reciprocal space,
which means we can follow dynamic processes at the surface
with a subsecond time resolution. For more details, see the
original publication and [3].
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Nanoscopic control of
tandem polymer solar cellsª
X-ray imaging paves the way for novel solar cell production

The highly coherent beam delivered via the nano-focusing lenses at beamline P06 enabled an unprecedented
3D resolution of a complete polymer solar cell. We used ptychographic tomography to verify the integrity of
the delicate intermediate layer of a roll-coated tandem polymer solar cell. The preparation of this intermediate
layer proved to be critical for the performance of the tandem solar cell, coated entirely from solution, to ensure
a defect-free and electronically functional recombination layer. The intermediate layer has sufficient solvent
resistance to survive the coating with subsequent layers. We have documented this with high-resolution 3D
microscopy that also illustrates some of the requirements to achieve this.

The realization of a complete polymer solar cell, where the different layers are coated from solutions onto a flexible substrate,
results in a fully scalable production process. The solar cells
can be produced fast and cheap, and in almost any desired
length – up to several 100 metres long serially connected solar
cell modules have already been manufactured. However, the
energy harvesting efficiency is not very high (1.6 % power conversion efficiency) [1]. To increase the efficiency, much interest
is focused on extending the technology to tandem solar cells,
where two such single junction solar cells are stacked onto each
other. Each of these absorbs a different part of the solar spectrum, so that the resulting tandem polymer solar cell converts
more of the incoming sunlight into electric energy.
Each added layer in the multilayer coating presents new challenges: Already coated material may be dissolved by the solvent from the following layer, causing complete failure of the
solar cell. We were able to prevent this by using a combination
of two different polymer dispersions and zinc oxide in the inter-

mediate layer as shown in Fig. 1a. The polymer dispersions
consist of poly(3,4-ethylenedioxythiophene), which is conducting, and polystyrene sulfonate (PEDOT:PSS). This layer combination was able to withstand dissolution during coating of the
second solar cell from chlorobenzene, protecting the integrity
of the underlying first solar cell.
To investigate the morphology of the intermediate as well as
the other layers of the tandem solar cell, we used the coherent X-ray beam at P06 at PETRA III to reveal finest details of
the delicate solar cell structure, consisting of twelve individual
layers altogether. We employed ptychographic tomography to
examine the layer structure in detail. The method reconstructs
the three-dimensional shape and electron density of the sample from the way it diffracts the incoming X-rays. For a full
3D reconstruction a great number of overlapping X-ray
diffraction images have to be recorded from all sides. The
advantage of ptychography is that it yields a higher resolution
than conventional X-ray imaging alone and a better sensitivity

Figure 1
a) Layer architecture of the tandem polymer solar cell.
The intermediate layer constitutes ZnO + PEDOT:PSS
4083 and F010.
b) Coating test of an active layer of poly(3-hexyl)thiophene /
fullerene on the in situ grazing incidence small angle X-ray
scattering setup at DTU [5] used to determine solvent
resistance of the intermediate layer.
c) The tandem solar cell cut out with focused ion beam
to a prism of 2.3 × 2.3 μm² in cross-section for ptychographic tomography.
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Figure 2
a) A single 2D ptychographic phase contrast projection of the polymer
tandem solar cell stack (two microns across). The triangular pin on top of
the sample is the tip of the needle used to manipulate the sample during
microscopy. b) A slice through the 3D volume of the polymer tandem solar
cell, reconstructed from ptychographic projections. The 40 nm thin ZnO
layer is seen in the top of the image. The white polygon shows part of the
“Flextrode” substrate electrode, consisting of nano-particulate silver, with a
coating of PEDOT:PSS. c) Histogram of refractive indices in the reconstructed
silver electrode volume outlined in b), fitted by two Gaussian functions
corresponding to silver and PEDOT:PSS, showing the very high porosity
with just 60 % of the electrode volume occupied by solid silver. The void
space is filled by matter with a refractive index that matches PEDOT:PSS.

for density variations in soft material consisting of mainly low
atomic number elements. And, as opposed to electron microscopy, X-ray ptychography can also look deep inside the sample.
The principle of ptychography is to collect far-field diffraction
patterns from the sample, illuminated by a localized coherent
beam in a large number of overlapping steps, thus introducing
a redundancy in the data set by oversampling, which is
exploited to recover the phase information by iterative algorithms. With this method, we obtain the complex-valued projections of phase shifts through an extended sample, i.e. the
usual requirement of coherent diffractive imaging, that the
entire sample is illuminated by the coherent beam, is lifted. By
combining phase projections from different angles, we obtain
the 3D distribution of the X-ray refractive index which is directly
related to electron density [2]. Because the size of the beam,
focused by compound refractive lenses [3], is just 250 nm, the
many overlapping illuminations limits the size of the sample
to a few microns across, which was cut out from a functional
solar cell using focused ion beam milling (see Fig. 1c).
With 3D ptychography of the highest spatial resolution achieved
so far at P06, we were able to image the complete rollcoated tandem solar cell, verifying the integrity of the 40 nm
thin zinc oxide layer in the intermediate layer that successfully
preserved the underlying layers from solution damage. We
also found that the combination of the good conductivity of a

porous silver electrode with the good film forming ability of a
conducting polymer that infiltrates the silver electrode (Fig. 2b
and c), constitutes a substrate electrode with a smooth surface
for the coating of the subsequent layers (“Flextrode” [4]).
This allows the coating of very thin layers at very high speeds,
still forming contiguous layers without pinholes.
Looking into the complete structure can also provide valuable
information for a possible optimization of the device and the
production process. In principle the devices are manufactured
without knowing what the internal structure looks like in detail.
But knowing the structure tells us which parameters we can
modify, and which factors are important for the device architecture, for example the special type of substrate electrode,
and the formulation of the intermediate layer.
The resulting polymer tandem solar cell converts 2.67 % of the
incoming sunlight into electric energy, which is a factor of 7 – 8
below the efficiency of conventional solar cells. This is, however, the first example of a roll-to-roll coated tandem solar cell
where the efficiency of the tandem device actually exceeds
that of the individual sub-cell devices by themselves. The true
tandem performance is confirmed by a high open-circuit voltage,
close to the sum of the sub-cell voltages.
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Lipid molecules
in driven motionª
Non-equilibrium dynamics of membranes studied by time-resolved diffraction

The molecular structure and dynamics of lipid model bilayers has been intensively studied as a model system for
biological membranes, and also as a paradigmatic soft matter system. A characteristic spectrum of thermal shape and
density fluctuations is described by dispersion relations, quantifying important physical properties of lipid membranes.
However, investigations at high spatial and temporal resolution have to date been limited to thermal equilibrium.
Generically, however, biological membranes are out-of-equilibrium. Using time resolved X-ray diffraction, utilizing the
40 bunch timing mode at the PETRA III storage ring for stroboscopic illumination, it became now possible to study
out-of-equilibrium structural dynamics of lipid membranes, driven by surface acoustic waves for well controlled excitation.
The results show that the internal bilayer structure begins to oscillate in response to the excitation.

The membrane as nature’s most important interface is constantly subjected to external forces, for example due to osmotic
pressure differences, the coupling to an active cytoskeleton, or
to membrane proteins such as ion channels or pumps. These
effects may change structural, dynamical and mechanical properties on a fundamental level [1], but are extremely challenging
to track down. For a simple reason: biomolecules are by nature
very mobile, and even without external forces they vibrate, turn
and stretch considerably at ambient temperature. Because
these movements constantly overlap, the membrane structure
and dynamics can in most cases be experimentally determined
only as an average [2]. In order to directly track the molecular
dynamics, both the spatial and the temporal resolution have
to be matched to molecular scales, and the excitation of
membrane modes has to be synchronized to the probing picosecond X-ray pulses.

Using this stroboscopic approach in recent experiments carried
out at beamline P08 [3,4], the molecular structure and nanosecond dynamics of lipid membranes was investigated subject to
controlled electroacoustic excitation, see Fig. 1. A stack of lipid
membranes was driven from equilibrium by coupling of a surface acoustic wave (SAW) into the film. The SAW standing wave
emits a coherent phonon into the lipid stack, so that the membranes are forced to oscillate at MHz rate. For the experiment,
the membrane vibrations needed to be precisely synchronized
with the X-ray pulse frequency so that the X-ray flashes captured the movement of the membranes during different phases
of the oscillation cycle. The reflection of X-ray light from the
aligned membranes was then recorded at different phases
(times), thereby giving access to the time-dependent structural
changes. It was found that the forced oscillation is accompanied
by a unexpected changes in the density profile of the bilayer.
Instead of only a simple harmonic displacement of the bilayer
(e.g. its centre of mass), the internal structure of the bilayer
began to vibrate.

Figure 1
(a) Multilamellar stacks of lipid bilayers deposited on the piezoelectric
LiNbO3 substrate of a surface acoustic wave (SAW) device. (b) By
application of a RF-signal to the interdigital transducers (IDTs), standing
waves or propagating SAW pulses are induced. The ultrafast response
of (c) the averaged bilayer electron density profile is measured by (d)
time resolved (phase-locked) X-ray reflectivity experiments.
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Figure 2
Structural dynamics of the lipid bilayer in response to the acoustic excitation by the SAW,
as quantified by the time resolved electron density profile, shown for selected phase
angles along with the equilibrium reference profile (dashed line). Pronounced variations of
the resulting relative electron density are observed. The density variations are accompanied by a variation of membrane thickness. (b) Characteristic bilayer parameters
(membrane thickness and headgroup width) extracted from the profile. The maxima in
the headgroup width are accompanied by minima of the membrane thickness, and
(c) a reduction of the electron density in the headgroup region (negative excess density)
compensated by a density increase in the tail region (positive excess density).

SAWs have previously been shown to induce induce a number
of phenomenal dynamic effects in soft matter films and samples deposited on top of the piezoelectric substrate, such
as phase separation [5]. To some extent the electro-acoustic
fields can mimic the effects of external forces which act on
biomolecular assemblies or membranes in a biological
environment. Up to now, however, the limited experimental
resolution has impeded clear cut explanations of many
such phenomena, since the spatial and temporal scales of
the molecular dynamics have not been accessed. Using timeresolved diffraction in the 40 bunch mode of PETRA III with

192 ns bunch spacing, which eliminates the need of a chopper, structural resolution on the sub-nm scale can now be
combined with temporal resolution on the picosecond scale.
This has enabled the present observations. From the data
shown in Fig. 2, one can infer how a macroscopic acoustic
wave couples to the arrangement and conformations of lipids
and water. The periodic changes in thickness and density
can be explained by collective stretching and compression of
the lipid molecules. Estimations show that inertia effects can
explain the response of the ‘soft’ system, given the experimental velocities and accelerations on the order of 1 nm / ns
and 1 nm / ns2, respectively. These values are close to what
can be expected also in a biological system and shows that
collective conformational changes on molecular scales
can be an important component in the response to externally
applied forces.
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Degradation in
polymeric solar cellsª
A live broadcast

As efficiencies of organic photovoltaics have crossed the symbolic 10 % limit, their breakthrough as a versatile and cheap
source of electricity becomes more and more evident. These non-toxic devices can be easily produced on a large scale and
allow for a very broad field of application due to their mechanical flexibility and optional transparency. A challenge still to
overcome arises, however, from their limited lifetime. Thus, fundamental understanding of all involved device degradation
mechanisms is essential. We show the first in-operando grazing incidence small angle X-ray scattering study of such a solar
cell addressing the morphological degradation: By simultaneously probing both, the electrical characteristics and the active
layer’s morphology, we find a coarsening of nanostrucures accompanied by a loss of current output. The presented model,
which fully explains the loss of current by the observed structural changes, gives direct evidence of morphological degradation
in organic photovoltaics for the first time

A promising approach to produce organic photovoltaics comes
from polymer-fullerene blend thin films as active layers, where
interpenetrating domain networks of both materials on a nanometre scale form upon film application from a mature blend
solution. In such a so-called bulk heterojunction type active layer
[1], visible light can be efficiently converted into electric current.
In order to improve both, efficiency and lifetimes of these photovoltaic films, it is, however, necessary to fully understand the
nano morphology and the structure-function relation [2] of active
layers after fabrication and during operation. Advances in modern scattering techniques, especially in the field of grazing incidence small angle X-ray scattering allow for ongoing growth of
the understanding of the blend film morphology [3]. In particular,
recent progress at the Micro- and Nanofocus X-ray Scattering
beamline P03 at PETRA III (MiNaXS) [4] enables high-quality
data even with short X-ray exposure times on the order of subseconds [5]. With such a high beam brilliance, in situ scattering
studies on polymer-based solar cells have become possible. In
this very first in-operando study, we follow structural changes
of the active layer in real time and provide direct evidence for
morphological degradation on a nanometre scale in a polymerbased model solar cell.
Therefore, an operational poly(3-hexylthiophene-2,5-diyl):
phenyl C60 butyric acid methyl ester (P3HT:PCBM) bulkheterojunction solar cell was simultaneously probed by grazing incidence small angle X-ray scattering (GISAXS) and currentvoltage (IV) tracking: In order to avoid oxidation of the
solar cell as a well known degradation mechanism, it was kept
under vacuum condition during the whole 7-hour experiment.
The solar cell was illuminated with artificial sun light mimicking the solar spectrum (AM1.5G conditions) and cooled
(< 45 °C) during the continuous tracking of IV curves. Using
the microfocused X-ray beam of the MiNaXS beamline,
GISAXS data of the active layer were taken before and during
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illumination with visible light and IV tracking. A schematic
representation of the used in-operando setup is shown in Fig. 1.
From the GISAXS measurements we infer that pure polymer
domains occur at different length scales from a few nm up to
150 nm. Amongst them we isolate a prominent intermediate

Figure 1

In-operando GISAXS and current-voltage tracking on a polymer-fullerene solar cell.
Schematic illustration of the experimental setup used to evidence morphological
changes in polymer-based solar cells as a driving force to degradation. An operational
solar cell is placed in an evacuated chamber to suppress oxidation. Electrical contacts
(golden rods coming from the top) allow for continuous current-voltage tracking, while
the solar cell is illuminated with artificial sun light (bright spot at the bottom). The highly
intense focused X-ray beam (blue beam) of beamline P03 at the PETRA III storage ring
impinges the polymer-fullerene blend film close to its electrical contacts under a shallow
angle and scatters towards a 2D detector, where grazing-incidence small angle X-ray
scattering data are obtained after different durations of solar cell operation.

Figure 2
Correlation of morphology and current output. The dashed black line
displays the measured short-circuit current. The open symbols show
the short-circuit current as expected from the GISAXS findings and the
model described above. The inlets show an illustration of active domain
morphology (green rings) around pure polymer domains (blue circles) in
an inactive matrix (black) as obtained from Monte-Carlo simulations
based on GISAXS findings before and after one and seven hours of solar
cell operation. Hereby, active domains grow with time while their
inter distance increases simultaneously. The latter increase outweighs the
domain growth and leads to the loss of short-circuit current.

length scale with feature radii on the order of 30 to 40 nm and a
corresponding inter distance between 300 and 400 nm. As the
size of these domains is similar to the typical exciton diffusion
length in the polymer under investigation, these domains are
assumed to mainly determine the electrical current generation.
While mean radii and distances are found to be 34 and 310 nm
in the beginning of the experiment, we observe both to grow
monotonically to 40 and 370 nm, respectively during the first
seven hours of solar cell operation. In the same time, the shortcircuit current (black line in Fig. 2) decreases by roughly 25 %.

distances obtained from the in-operando GISAXS measurements (open data points in Fig. 2). The growth of both, the
size of active areas and their inter distance, display concurring effects, where the domain growth is beneficial for the
current output whereas the growing distance is not. Finally,
the increase of distance outweighs domain growth and leads
to a loss of current output. This scenario is schematically
depicted in the inlets of Fig. 2, which show exemplary illustrations of the morphology at different times as obtained from
our Monte-Carlo simulation based on the GISAXS findings.

We introduce a geometrical 2D model to explain the generation of current in the active layer. In this model, pure polymer
domains are assumed as the centres (blue dots in the inlets
of Fig. 2) of active areas (green disks in the inlets of Fig. 2)
which allow for current generation. Hereby, photons that are
absorbed within a certain fixed distance to these centres
contribute to electricity generation whereas photons that are
absorbed at a further distance do not. On the basis of this
model, we are able to calculate the short circuit current density
at different times exclusively from the feature radii and inter

From the excellent agreement of measured and predicted short
circuit current we conclude that the loss of short circuit current
is mainly driven by the morphological changes that occur
during solar cell operation, giving a first evidence for morphological degradation of polymer solar cells on a nanometre
scale. These findings may pave the way to more stable polymer
solar cells.
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Chemical insight into resistive switching
devices by HAXPESª
Probing the Ti / Pr0.48Ca0.52MnO3 interface

Complex transition metal oxides may exhibit large electrically driven changes of resistance, thereby attracting
considerable attention for the development of non-volatile storage devices. We have used core-level
Hard X-ray Photoelectron Spectroscopy (HAXPES) to prove experimentally that resistive switching in
Ti / Pr0.48Ca0.52MnO3 / SrRuO3 (Ti / PCMO / SRO) thin film heterostructures depends on a redox process occurring
on the Ti side of the Ti / PCMO interface. The resistance states are determined by the amount of oxidized Ti
ions in the stack, which is varied through a reversible redox-reaction leading to the formation and shortening
of an insulating tunnel barrier.

Resistance random access memories (RRAMs) utilize two or
more electrically induced resistive states of a system to act as
data storage devices [1, 2]. Besides a large variety of binary
oxides, also complex transition metal oxides exhibiting different

resistance states at opposite polarities, e.g., manganites,
titanates, and zirconates, could be employed as RRAMs. In
particular, for many manganites the high and low resistive
state currents scale with the electrode area, thereby implying
that the mechanisms related to forming and switching among
the resistive states take place beneath the whole area of the
electrodes [3-5].
A crucial role in this process is played by the chemical states
of the materials at the boundaries of these heterostructures
which can be significantly different from the bulk. This feature
concerns also the initial electro-forming treatment consisting
of strong voltage stress application which is required to set
and / or improve the change of the resistance for many perovskite compounds.

Figure 1
(a) Schematics of the patterned samples for the HAXPES measurements. The devices
consisted of 30 nm SRO as bottom electrode and 20 nm PCMO epitaxial thin films, both
grown in situ by pulsed laser deposition on TiO2-terminated SrTiO3 (001). The 7 nm Ti top

We have investigated this topic for Ti / Pr0.48Ca0.52MnO3 / SrRuO3
(Ti / PCMO / SRO) thin film devices through probing the
Ti / PCMO interface by core-level HAXPES. This technique is
able to provide sensitivity to the bulk up to 20 – 25 nm, thus
large enough to perform non-destructive studies of deep
regions and buried interfaces. In our study, the detection of
small but significant chemical changes occurring at the
Ti / PCMO boundary for two reversible resistance states of the
device provides the spectroscopic proof of the correlation
between redox-state and charge-carrier transport at this interface. These effects, being less pronounced with respect to
those previously observed by us for the electro-forming treatment [6], have not been reported for a similar system so far.

electrode and the 3 nm of Pt capping layer were subsequently deposited by DC sputtering, then the Ti / Pt top electrode stack was patterned using photolithography.
(b) Typical I(V) curve of the Pt / Ti / PCMO / SRO / STO stack investigated by HAXPES. The
voltage is applied to the Pt top electrode and the SRO is set on ground potential. The
colours curves identify the electrical path passing from pristine (PS) to formed (FS) states,
followed by switching between low (LRS) “SET” and high (HRS) “RESET” resistive states.
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The HAXPES measurements were performed at beamline P09
of the PETRA III source. The experimental geometry, summarized in Fig. 1(a), was chosen to maximize the bulk sensitivity
for HAXPES measurements, with the angle between the incident X-ray beam and the electron analyzer set to 90° and the

Figure 2
(a – c) Ti 2p, O 1s and Mn 2p HAXPES spectra for the four
resistive states, sorted from low resistance (pristine) to high
resistance (formed). The spectrum named PCMO refers to the
unpatterned bare film used as reference sample. (d, e) Area
percentages for the components of the Ti 2p and O 1s spectra,
respectively. On the left, the qualitative model of the Ti / PCMO
interface for each resistive state is reported. The sketches
indicate the progressive oxidation for the Ti layer due to
electromigration of oxygen ions promoted from the underlying
PCMO while passing from low to high resistance states.

X-ray beam impinging on the sample at a grazing angle of 2°.
The photon energy was set at 6 keV, with an overall resolution
of 0.35 eV. All the measurements were performed at room
temperature. Due to the large footprint of the X-ray beam,
device arrays consisting of 50 × 50 μm² electrodes grouped in
7 stripes of 0.8 mm width, and spaced by 10 μm from each
other, were fabricated. Every electrode in the stripe has been
subjected to an identical electrical treatment.
The structure of the devices is reported in Fig. 1(a), while
exemplary current–voltage behaviour is shown in Fig. 1(b).
Considering the electrical behaviour, the initial resistance state
after deposition of the top electrode is referred to as “pristine
state” (PS). Electro-forming of the device is achieved by applying a positive voltage sweep, and is called “formed state” (FS).
After forming, a negative voltage sweep sets the system into
the “low resistance state” (LRS), and a subsequent sweep to a
positive voltage resets the system into the “high resistance
state” (HRS). The resistance of the four states can be sorted
according to the order PS < LRS < HRS < FS.
The influence of the electrical treatment on the oxidation state
of the top Ti electrode is shown in Fig. 2(a). The Ti 2p HAXPES
spectra recorded for each resistive state exhibit distinct
features corresponding to metallic Ti0 and fully oxidized Ti4+,
respectively, particularly evident for the Ti 2p3/2 peak. The
analysis of the spectra recognizes also the contribution of

intermediate valence terms. The distribution of the fractional
intensity for all Ti valence states is shown in Fig. 2(d). Noticeably,
a monotonous decrease for the metallic Ti0 line and increase of
Ti4+ component with increasing resistance occurs. In a similar
manner, Fig. 2(b) and Fig. 2(e) depict the O 1s spectra and the
area percentage of their three constituent peaks, respectively.
Similarly to the trend of the Ti spectra, a spectral weight transfer
from the O1s terms to PCMO and TiOx is observed. Moreover,
the Mn 2p spectra representative of the PCMO layer, shown in
Fig. 2(c), have a low binding energy shoulder at the Mn 2p3/2 line
for all states, indicating a shift of the average Mn valence
towards Mn3+ slightly enhanced by the electrical treatment, in
agreement with oxygen removal from the PCMO.
The bulk sensitivity of the HAXPES spectra demonstrates that
a redox-reaction is induced at the Ti / PCMO interface through
electrical biasing, as qualitatively sketched in Fig. 2, thereby
influencing the resistance of both Ti and PCMO layers and
implying a direct role of the interfacial oxide in the resistivity of
the device. This information has been essential to present a
device model, inclusive of the chemical changes and the movement of oxygen vacancies expected from the direction of the
applied field, which fits all the resistive states in a consistent
way with a limited number of physically reasonable parameters.
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Twisted X-rays reveal spin excitations
in magnetic materialsª
A proposed radar trap for spin waves

Collective magnetic excitations with energies ranging from neV to eV form the basis for dynamic processes involving the spin
degree of freedom in condensed matter. The low-energy regime, however, is largely inaccessible for X-ray spectroscopic
techniques that could reveal dynamical properties on atomic length scales. In order to reach a sufficient energy resolution an
extremely narrow spectral bandwidth is required which reduces the useful photon flux to impractical values. On the other
hand, if the photon polarization – instead of the photon energy – could be employed as carrier of spectral information, the
energy resolution would be decoupled from the bandwidth of the probing X-rays. Resonant X-ray scattering from spinwaves
exhibits exactly this property: it results in a polarization precession of the scattered X-rays from which information of the
spinwave spectrum can be obtained independent of the X-ray spectral bandwidth.

Figure 1
A half-wave plate where the anisotropy axis (e.g. the magnetization
direction) rotates with angular frequency Ω converts incident linear
polarization into a polarization that precesses with angular frequency
2Ω. The polarization state of the scattered photons is analysed as
function of distance S by a linear polarizer that projects out a certain
linear polarization state.

Great parts of modern information technology rely on the dynamics of magnetic materials on length scales that bridge several
orders of magnitude. The rapid evolution of this field has been
driven by questions like “How can a magnetic bit on a hard disk
be switched most efficiently? How can magnetic spins be used
as carrier of information in next-generation computers? What role
does magnetism play in new types of high-temperature superconductivity?” A detailed investigation of these and related subjects requires to unravel the spectrum of magnetic excitations on
relevant spatial and time scales with an energy resolution which is
presently not available in the field of X-ray spectroscopy. Moving
the resolution limit of magnetic spectroscopies into the regime of
low-energy excitations eventually requires to abandon the paradigm to encode spectral information in the energy of the photons.
It turns out that the photon polarization can carry spectral
information instead, provided the scattering process is polarization sensitive. In this way it will be possible to decouple the
energy resolution from the spectral bandwidth and to obtain
μeV resolution with eV bandwidth, for example.
It is known since more than a century that circularly polarized
light exerts a torque on an optically anisotropic element like a
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half-wave plate when transmitted through it [1,2]. Conversely,
if the half-wave plate rotates, work is done on circularly polarized light which manifests itself in a frequency shift of the light
[3]. This is the key to the spectroscopic method proposed here:
The X-ray optical properties of a magnetic material resemble
those of a half-wave plate provided the material exhibits an anisotropy that leads to X-ray linear dichroism. Then the precessing
magnetic moments of a spin wave in such a material act like a
rotating half-wave plate for X-rays, resulting in a time-dependent
polarization rotation of the scattered photons that contains
spectral information about the spinwaves.
The frequency shift of photons caused by a rotating half-wave
plate is also known as the angular Doppler effect [4], in close
analogy to the linear Doppler effect: A mirror that moves with
linear velocity v leads to a linear Doppler shift q ∙ v of the light
which is reflected with momentum transfer q. In case of backreflection the light has experienced a reversal of its linear
momentum, i.e. q = 2k0. A half-wave plate essentially acts as
a back reflecting mirror in angular space because it reverts
the spin angular momentum (helicity) of the photons transmitted through it, i.e., converting left-circular into right-circular

Figure 2
Scheme of the proposed experimental setup.
The incident radiation from the source is
s-polarized with very high purity. The analyser,
adjusted to momentum transfer q, selects
the π-polarized component of the scattered
radiation which is mapped onto a position
sensitive detector, yielding the intermediate
scattering function I(q,t), of the magnetic
excitations in the sample.

polarization and vice versa. Correspondingly, a half-wave plate
(HWP) rotating with angular velocity Ω imparts an angular
Doppler shift of Ω ∙ L on the light that has experienced an
angular momentum transfer of L = 2ℏ resulting from the reversal of its angular momentum. Therefore, when horizontally
polarized light AH interacts with a rotating HWP, its left- and
right-circular components A+ and A– experience opposite frequency shifts of ±2 Ω, respectively: [AH ]circ= e – i2Ωt A++ iei2Ωt A–.
This can be visualized by writing it in a linear polarization
basis, consisting of horizontal and vertical polarization unit
vectors AH and AV  : [AH]lin = AH cos2Ωt + AV sin2Ωt which
means that the polarization of the photons performs a precessional motion upon propagation in space, as illustrated
in Fig. 1. If one of the two linear polarization components is
filtered out by a linear polarizer and detected afterwards,
one obtains a signal that oscillates with frequency 4 Ω,
corresponding to the frequency difference of the two circular
polarization components.
Due to the opposite energy shifts of the circular polarization
components there is no net energy transfer to a linearly polarized photon scattered off the sample. Instead, the information
about the spinwave frequency is contained in the frequency
difference between left- and right circular polarization components. Accordingly, the whole spinwave spectrum at a
given momentum transfer is encoded in the precession of the
photon’s polarization as it evolves during propagation after

the scattering process. In case of a distribution of spinwave
frequencies, the photon polarization vectors fan out due to
different precession frequencies so that the amplitude of the
effective polarization vector of the photon is reduced. Thus,
if the polarization is analysed as function of the propagation
distance S behind the sample one obtains a quantity that
resembles the intermediate scattering function I(q,t) of inelastic
X-ray scattering, with t = S / c being the propagation time of
the photons from the sample to the analyser.
In order to ease the recording of I(q,t) for a given q, the scattered radiation should be analysed by an asymmetrically cut
single crystal with a Bragg angle very close to 45o, as illustrated in Fig. 2. In this geometry, unwanted polarization components are strongly suppressed and the function I(q,t) is
recorded by a one-dimensional detector. With realistic values for
crystal dimensions and detector resolution, spinwaves within a
range of 1 – 100 GHz can be detected. A unique feature of this
proposed setup is that I(q,t) for a given momentum transfer q
can be recorded with a single shot of an X-ray laser, e.g., in
combination with a pump-probe excitation scheme. If phaselocked to a periodic excitation process, similar studies can
be done in a stroboscopic manner also at conventional
synchrotron radiation sources.
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Screening effects studied by VUV Raman
spectroscopy – Every electron countsª
Magnetic excitations in correlated spin ladder compounds

Low-energy quasi-particle excitations are of high relevance as they drive the thermodynamic behaviour of condensed
matter materials. Particularly important are transition metals in the form of transition-metal oxides. Examples are
copper-oxide compounds such as the cuprates, which manifest high temperature superconductivity a still poorly
understood phenomenon. A new VUV-Raman spectrometer with high resolution and a strong rejection of the elastic
Rayleigh line at FLASH enables us to study the delicate interplay between electronic structure and low-energy quasiparticle excitations. We have shown the influence of electronic screening processes on the resulting superexchange
energies as a consequence of the charges located next to the metal on the oxygen sites. Local enhancement of the
superexchange shows that the understanding of the individual behaviour of these electrons is extremely important.

The magnetic superexchange energy is determined by the ratio
between kinetic and Coulomb energies [1]. In a simple picture
one can consider this process as a nearest neighbour effect
between two essentially identical metal sites having effectively
only one electron. The motion of the electron is enhanced with
an increase of the hopping matrix element. However, once
the electron has moved to its neighbouring site, it will meet
another electron with negative charge in the same orbital. This
results in an increase in Coulomb repulsion. What happens
next, strongly depends on the ratio between the hopping
matrix element t representing the kinetic energy and the on-site
repulsion U representing the Coulomb repulsion for two electrons in the same orbital [2]. If t is much larger than U, the
electrons will form a Fermi-Liquid with small corrections to the
ideal metallic behaviour. Vice versa, if t is much smaller than U,
it is clearly unfavourable to move on to the next site and
the electron has to hop back to the empty site. Since no net
motion of charge occurs, this yields an insulating state and
the only electronic degree of freedom that can be changed is
the spin [1, 2]. Therefore, in a situation where the Coulomb
on-site repulsion dominates one expects an insulating spin

oriented ground state that is driven by the magnetic superexchange energy J ≈ t 2 / U.
However, an important question remains: How do the other
electrons in the materials react to this back and forth motion
of the electron? As known from traditional electrodynamics
the other electrons will modify the effective movement and the
effective energy scales associated with the superexchange
process. This is known as the downfolding of the manyfold of
possible electronic motions within different bands of a solid
into one single and effective band [3]. In other words, before
this downfolding takes place the energies associated with the
superexchange process are the so called ‘bare orbital energies’.
After the downfolding one obtains ‘effective’ energies at
typically lower values [3]. The situation described above is
substantially modified if other electrons do not ‘play along’,
which implies that their energy scales are mixing and are not
well separated. An example are cuprates, where the original
electrons are located at the oxygens which the electrons have
‘to cross’ in order to establish the effective superexchange
interaction. Since superconductivity is a property of doped

Figure 1
Resonance profile, i.e. change of the intensity of the magnetic excitations
as a function of the incident photon energy of FLASH along the rungs (left)
and legs (right) of the correlated spin ladder compound depicted in the
inset. The resonance excitation energy is given with respect to the elastic
scattering signal (Raman shift). The resonance enhancements allow the
determination of the orbital energies that are relevant for the superexchange process. The spin ordering of the copper d-orbitals, which is the
result of the superexchange between adjacent spin sites denoted as red
and blue arrows, develops across the oxygen atoms (grey circles). Our
study determines the role of the hole (missing electron) in the oxygen
orbitals on the superexchange process between neighboring spin sites.
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cuprates the role and the influence of the charge modification
at the oxygen for the superexchange process at the transition
metal needs to be evaluated.
In order to address this question we have studied isostructural
doped and undoped spin-ladder compounds at the VUVRaman instrument of FLASH. Of particular importance is that
the instrument suppresses the typically dominant elastic line
by several orders of magnitude and is therefore capable of
studying low energy excitations. Using spin ladder compounds
we were able to investigate phonons and more importantly
two-magnon excitations as a function of incident photon
energy. The resonance energy (see Fig. 1) is determined by the
orbital M3,2 energies plus the on-site repulsion U that is seen by
the electrons at the transition-metal site [4, 5]. On the other
hand the measurement of the two-magnon peak allows the
determination of the superexchange energy (of the order a few
100 meV). The simultaneous measurement of both quantities
reveals all parameters relevant to the superexchange process
(J, t, U). When comparing doped and undoped samples, we
can deduce how the charge modification at the oxygen
changes the parameters responsible for the superexchange

energy. Amazingly, it is to a large degree the Coulomb on-site
repulsion that is most affected by the doping of charge into the
oxygen. Normally, one would not expect any change of an
energy scale that is associated with the local interaction of
two electrons in one orbital. However, this view ignores the
relevance of all the other electrons that are responsible for
the transformation of the ‘bare’ U into an ‘effective’ U [3]. With
the appropriate downfolding, and considering an anisotropic
charge distribution, the effective Coulomb on-site repulsion
can even become smaller and anisotropic, and this is seen in
our experiment. In turn this can even result in an enhancement
of the magnetic superexchange energy J when charge is
doped, which is counterintuitive to a simple one-band picture.
The understanding of the competing energy scales in these
correlated materials and how they change with doping is a key
aspect for the understanding of transition-metal oxide materials
and the validity of derived models.
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Creating and controlling
metastable statesª
Liquid electrolyte gating in VO2 thin films

Vanadium dioxide (VO2) exhibits a temperature-driven insulator-to-metal transition, characterized by a
change in resistance of over 5 orders of magnitude, making it interesting for both fundamental physics and
device applications. It has long been a goal to induce a metallic state in VO2 using electric fields, however
the fields achieved by conventional devices are not sufficient. Recently, this metallization was accomplished
by gating with a liquid electrolyte, where much higher electric fields can be realized. Using hard X-ray
photoelectron spectroscopy, we showed this metallic phase to be distinct from the metallic state induced
by temperature. Our results indicate the potential of liquid electrolyte gating to create and control new
electronic states in materials.

The development of new states at oxide interfaces and surfaces
is of considerable significance both scientifically and technologically. VO2 exhibits a temperature-driven metal-to-insulator
transition accompanied by a structural transformation from a
rutile structure (high-temperature metallic phase) to a monoclinic
structure (low-temperature insulator phase). This transition
between phases with such contrasting electrical properties near
room temperature motivates the control and tailoring of the VO2
electronic states. The use of conventional solid dielectrics as a
gate material (in the field-effect transistor geometry) induces
moderate values of electric fields that are not sufficient to
modify the electronic states of VO2. However, using ionic liquid
electrolyte gate dielectrics, which provide much larger electric
fields, Jeong et al. [1] and Nakano et al. [2] were able to induce
a metallic state below the metal-to-insulator transition
temperature. Moreover, these authors showed this process
to be reversible [1].

Jeong et al. [1] also showed that the metallic state in the VO2 was
non-volatile and persisted when the gate voltage was reduced
to zero and even after the ionic liquid was completely removed
from the VO2 surface. They provided strong evidence that the
gate-induced metallicity in VO2 was accompanied by the formation of oxygen vacancies due to the oxygen migration from the
film to the electrolyte. The investigations of the electronic properties in these systems were restricted to electronic transport
measurements. The aim of our work was to use hard X-ray
photoelectron spectroscopy to directly probe the modifications
in the electronic structure induced by electrolyte gating.
A schematic of the device and measurement setup is shown in
Fig. 1(a). The experiment was performed at beamline P09 at
PETRA III using 3.0 keV photon energy and linearly polarized
light. The valence band of the VO2 film was measured in the
pristine insulating monoclinic (120 K) and metallic rutile (350 K)

Figure 1
(a) Experiment and device schematic. The gate electrode, of area of 4 ×
10 mm2, and the electrical contacts to the channel are shown in yellow.
The VO2 channel (pink) of size 2 × 6 mm2 is set at a distance 0.5 mm
from the gate. The semi-transparent turquoise droplet is the ionic liquid.
The substrate is shown in blue. The linearly polarized light impinges the
sample at an incidence angle of 5º and 60º for near-normal (θ = 85º)
and off-normal (θ = 30º) photoemission measurements, respectively.
(b) Valence band spectra at near-normal emission condition measured at
3.0 keV for VO2 in the rutile (350 K), gated (120 K) and monoclinic (120 K)
states. Subfigures (c), (d) and (e) show the valence band spectra for the
three phases at light incidence angles of 5° (solid line) and 60° (dashed
line). Inset figures depict the relationship between the orbital polarization
and the electric field direction E of the light in each case.
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Figure 2
The interconnection between crystal structure, electronic structure and transport properties in low temperature monoclinic and liquid electrolyte gated VO2. (a) Modifications in
the band diagram can be described by a reduction of d || band splitting (see text).
(b) Structural changes induced by electrolyte gating: the electrochemical reaction
produces oxygen vacancies in VO2. In the gated structure, the V-V distances are
larger than in the monoclinic phase.
(c) Temperature-dependent resistance of a pristine film and after electrolyte gating:
the gated phase presents reduced resistivity at low temperatures. The small hysteresis
is due to the fabrication process or incomplete gating.

phases as well as the gated (120 K) state, as shown in Fig. 1(b).
Note that the valence band of the gated state cannot be
decomposed into a combination of valence band spectra from
the rutile and monoclinic phases. This confirms that the gateinduced metallic phase is distinct from the temperature-induced
rutile phase. The intensity at the peak maximum in photoemission
of the vanadium 3d band in the monoclinic is much higher than
in the rutile phase. The gated phase eexhibits a peak intensity
between that of the rutile and monoclinic phases. This behaviour
can be explained as a consequence of the coupling between the
light electric field vector and the electronic orbital arrangements
in this compound [3]. Figures 1(c) – (e) show the dependence of
the 3d band photoemission intensity on the light incident angles.
The vanadium 3d states form two bands near EF: the d||-band,
originating from the overlap of the d-orbitals which are oriented
along the rutile c-axis; and the π*-band, an antibonding state
arising from the hybridization of d-orbitals and oxygen 2p states.
In the rutile phase, both bands are filled resulting in a homo
geneous spatial distribution of 3d states, as sketched in the
inset of Fig 1(c). Therefore, the photoemission intensity does
not present a strong dependence on the light electric field
direction. By contrast, the monoclinic phase has a strong
dimerization of vanadium atoms (Fig. 2(b)) resulting in a strong
orbital polarization. That is, only the d || band is occupied at
energies near the Fermi energy EF. The light electric field at low
incident angles couples with the d || states resulting in an
enhanced photoemission intensity in comparison to high incident
angles (Fig. 1(d)). In the gated phase, the angular dependence

is smaller, which can be ascribed to a partial orbital polarization
(Fig. 1(e)). A smaller orbital polarization is a direct consequence
of the reduced vanadium dimerization, as shown schematically
in Fig. 2 (b).
Our results are summarized in Fig. 2. We conclude that the low
temperature monoclinic structure and the associated V-V
dimerization of the insulating phase is retained but modified by
electrolyte gating (Fig. 2(b)). The V-V distance is increased in
the gated phase and is consistent with the creation of oxygen
vacancies, as proposed by Jeong et al. (Fig. 2(b)). Larger V-V
distances imply a smaller d-orbital overlap, decreasing the d||
band splitting without lifting the orbital polarization. This is accompanied by a charge redistribution due to the removal of oxygen,
populating empty states at EF (Fig. 2(a)). Additionally, the gated
sample shows a substantial increase in spectral weight at
EF, reflecting the enhanced conductivity at low temperatures
(Fig. 2(c)).
Our work ultimately shows that the gate induced metallic state
in VO2 has a distinct electronic structure from that of the rutile
metallic phase of the pristine film. This result suggests that liquid
electrolyte gating is a potential pathway to reversibly create
and control new phases in materials.
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Detection of a water-reservoir
in the Earth’s deep mantleª
Hydrous ringwoodite trapped in super deep diamonds

Whether or not huge volumes of water are stored in the deep Earth is a matter of ongoing scientific controversy.
Inclusions trapped in diamonds having a super deep origin (> 410 km depth) are suitable to solve this question.
Our combined study using synchrotron X-ray fluorescence, X-ray diffraction, Raman and infrared spectroscopic
data yield the first evidence for the terrestrial occurrence of ringwoodite, a high-pressure polymorph of olivine,
only stable in the lower part of the transition zone of the Earth’s mantle at a depth between about 520 and
660 km. The water-rich nature of this inclusion, indicated by infrared absorption is direct evidence that, at least
locally, the transition zone is hydrous, to about 1.5 wt %.

Based on phase transitions of its main component olivine, the
Earth’s mantle is subdivided into an upper mantle (< 410 km
depth), a lower mantle (> 660 km depth) and a so-called transition zone in between. Experimental data have shown that
although most mineral phases of the Earth’s mantle are essentially dry, the two high pressure polymorphs of olivine, wadsleyite and ringwoodite are able to capture enormous amounts
of fluids in the form of OH-groups in their crystal structures,
enabling the TZ to store several times the amount of today’s
oceans [1]. Until now it was still an open question if the transition zone is more like a dry sponge or one of the Earth’s main
water reservoirs [2,3].

1.7 and 2.3 GPa [5] and was estimated by measuring the
pressure induced Raman shift of the main diamond band in
the immediately adjacent diamond.
Micro-X-ray fluorescence and absorption spectroscopy
(μXRF / XAS) measurements were performed at beamline L
of the DORIS III synchrotron facility at DESY. Measurements
were made using a confocal detection scheme that enables
direct non-destructive extraction of three-dimensional elemental / chemical state information from an internal microscopic

Ultradeep diamonds, originating from the deep mantle [4],
allow unique insights into the material constituting the Earth’s
transition zone. These diamonds should provide the best
opportunity for finding both wadsleyite and ringwoodite. In this
study, we focused on diamonds from the Juina district of
Mato Grosso, Brazil, in a search for ultrahigh-pressure inclusions. Alluvial deposits in this region contain abundant
diamonds that originate in the Earth’s transition zone or even
the lower mantle.
In this work the first identification of terrestrial ringwoodite was
successfully performed by means of Raman spectroscopy.
The detailed measurements yield not only information about
the existing mineral phases but also about the residual pressure
in the inclusion. Beside ringwoodite a second deep mantle
phase, walstromite-structured CaSiO3, was identified. In
contrast to ringwoodite, which largely avoided retrogression,
the Ca-rich phase is reverted from its higher pressure CaSiO3perovskite precursor. Within the deep Earth, ringwoodite and
former CaSiO3-perovskite coexisted at pressures above
15 GPa, which is in the transition zone. The compressive stress
imposed on the inclusion yields internal pressures of between
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Figure 1
Light microscopic image of the hydrous ringwoodite (JUc29) enclosed in a diamond from
the Juina area. The typical blue colour of ringwoodite found in high pressure experiments
can be seen. The photograph is courtesy of Dr. Mederic Palot (University of Alberta, CA).

Figure 2
Three-dimensional confocal μXRF view of a
two-phase ringwoodite-walstromite inclusion
within the JUc29 diamond, showing Ca (red)
and Fe (green) low-intensity isosurfaces for
confocal μXRF, with blue representing the
diamond host (derived from scatter intensity).

volume element of approximately 22 μm × 22 μm × 16 μm
(full width at half maximum). The confocal detection mode
ensures that the measurements are insensitive to surface features, recording information only from the depth of the inclusion.
Fe and Ca confocal μXRF measurements were recorded
with an excitation energy of 7200 eV and were combined to
produce the three-dimensional confocal micro X-ray fluorescence view of the two-phase inclusion shown in Fig. 2. The
synchrotron X-ray tomography shows the inclusion to form
part of a pair, with a Ca-rich (red) and a Fe-bearing (green)
phase immediately adjacent.
Single-crystal X-ray diffraction of the Fe-bearing phase
revealed the main four diffraction peaks of ringwoodite, in
their relative order of expected intensity thus providing
the definitive proof that this high pressure polymorph is
preserved within the diamond.

In order to measure the water-content of the sample and to
test the transition zone water hypothesis, FTIR-spectroscopy
was applied. The spectra of sample JUc29 show strong
OH absorption, clearly indicative of significant H2O content,
and are consistent with a minimum estimate between 1.4 and
1.5 wt % H2O, derived by integrating the FTIR-spectra.
The comprehensive microanalytical study of this unique find of a
hydrous ringwoodite enclosed in diamond from Brazil enabled
us to solve one of the long lasting questions of the Earth and
showed that at least locally the Earth’s transition zone has
stored high amounts of water. In addition, our finding was a key
factor in promoting new seismological searches for water in the
deep Earth [6].
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Unexpected stable stoichiometries
of sodium chlorides under pressureª
Metallic “salt”

Sodium chloride (NaCl) is a typical ionic compound, and often used to explain how ionic bond works in elementary chemistry.
Elements Na and Cl are thought to combine with only 1:1 ratio: one Na can donate one electron to Cl, so that both of them
have full shell electron configuration, to form a stable compound. However, based on theoretical calculations of materials
with a variable stoichiometry, a number of new compounds with unexpected stoichiometry should become stable at high
pressures: they are NaCl3, NaCl7, Na3Cl, Na2Cl, and Na3Cl2. We have synthesized NaCl3 (two different modifications) and Na3Cl
at high pressures. Na3Cl is a two dimensional metal material which hints that unexpected stoichiometry compounds could be
a new resource of functional material. The new finding will evoke the rethinking about the electron interaction and
bonding model at extreme conditions. Further exploration will be helpful to solve puzzles in planetology and geoscience.

The high-pressure behaviour of NaCl has been extensively
studied experimentally [1-3] at pressures up to 304 GPa and
by ab initio simulations [4-6], and a very simple behaviour was
observed – at 30 GPa the rocksalt structure was found to transform into the CsCl (B2-type) structure. Metallization of NaCl is
generally expected to occur at several hundred GPa [6]. Theoretical calculations based on ab initio evolutionary algorithm
USPEX [7] demonstrate stability of materials with stoichiometries
other than 1:1 (Fig. 1(a)) and complex behaviour similar to that
of intermetallides. This manifests the breakdown of traditional
chemical rules in what was long thought to be the simplest
binary chemical system. The calculated phase diagram features
unexpected compounds – cubic (SG Pm3n, Fig 1(b)) and
orthorhombic (SG Pnma) NaCl3 are stable above 20 GPa, NaCl7
above 142 GPa, and Na3Cl2, Na2Cl, and Na3Cl are stable
above 120 GPa, 100 GPa and 77 GPa, respectively. For the
Na-rich side of the phase diagram – tetragonal Na3Cl (space
group P4 / mmm), tetragonal (SG P4 / m) and orthorhombic (SG

Cmmm) Na3Cl2, and three phases of Na2Cl – one tetragonal (SG
P4 / mmm), and two orthorhombic (SG Cmmm and Imma)
phases are predicted. In the entire explored pressure region,
NaCl is also a stable compound, i.e. will not spontaneously
decompose into other compounds. This means that to obtain
the newly predicted compounds it is not sufficient just to compress NaCl, but one must do so at high temperatures (to overcome kinetic barriers) and with excess of either Na or Cl.
Inspired by these predictions, high-pressure experiments
have been performed in a laser heated diamond anvil cell
(DAC) at 10 – 80 GPa on the Na-Cl system in the excess of
chlorine and sodium. Laser heating at 55 – 80 GPa results in a
chemical reaction, which was detected by a sudden increase
in temperature near and above 2000 K and is consistent with
the predicted exothermic chemical reaction. The reaction
products were examined by visual observations, optical and
Raman confocal spectroscopy, and by synchrotron X-ray

Figure 1
(a) Pressure-composition
phase diagram of the Na-Cl
system and
(b) electron localization function of cubic NaCl3, Na and
Cl atoms are shown in blue
and green, respectively.
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diffraction at room temperature. Synchrotron X-ray diffraction
(XRD) data were collected at GeoSoilEnviroCARS, APS, Chicago
and Extreme Conditions Beamline P02.2 at PETRA III,
which have online laser heating capabilities. The probing X-ray
beam size was about 2 – 5 μm.
In the case of loading with excess of chlorine, X-ray diffraction
measurements show new Bragg peaks after laser heating. At
higher pressures these Bragg peaks can be indexed either in
a cubic Pm3n NaCl3 unit cell, or with a mixture of the cubic
and the orthorhombic Pnma NaCl3 unit cell. With pressure
decreasing below 54 GPa, after laser heating, only the peaks
of the orthorhombic NaCl3 are present in the XRD patterns. We
have obtained the lattice parameters and the unit cell volume
for the two structures as functions of pressure for the decompression sequence. As seen from Fig. 2(a) there is a perfect
agreement between the experimental and the theoretical equation of state (EOS) for both NaCl3 structures. Raman spectra of
the reaction products show a set of lines distinct from those
of Cl2. Two different “spectral families” can be observed: (i) a
broad feature between 250 and 500 cm-1 which is in agreement with predicted Raman frequencies of cubic NaCl3 and (ii)
a set of narrow bands with frequencies very close to the predicted ones for the orthorhombic NaCl3. Based on a practically
perfect agreement of the experimental findings with the
theoretically predicted symmetry, lattice parameter and lattice
dynamics for both cubic and orthorhombic NaCl3 compounds,
we suggest that we synthesized two new Cl-rich materials,
the stoichiometry of which is NaCl3.
Also in the case of loading with excess of sodium, X-ray
diffraction measurements show new Bragg peaks after laser
heating. The XRD pattern usually also contains peaks from
unreacted cubic B1 or B2 NaCl and bcc or fcc sodium. These
Bragg peaks can be indexed in a tetragonal P4 / mmm-Na3Cl
unit cell for the whole pressure range of this study. The lattice
parameters of the new material agree well with the theoretically

Figure 2
(a) EOS for two different NaCl3 structures and (b) EOS for the tetragonal Na3Cl structure.
Theoretical predictions are indicated by solid lines and experimental data by squares
and circles.

predicted P4 / mmm Na3Cl in a wide pressure range of 27 – 70 GPa
and, as seen from Fig. 2(b), there is a perfect agreement
between the experimental and the theoretical EOS. Having
in mind that both cubic NaCl and Na are Raman inactive the
appearance of narrow Raman lines, after laser heating,
signals the formation of a new compound. From the above
it is evident that both the experimental techniques show a
perfect agreement of the experimental findings with the
theoretically predicted symmetry, lattice parameter and lattice
dynamics for the tetragonal Na3Cl compound. Consequently,
we suggest that we synthesized a new Na-rich material,
with the stoichiometry Na3Cl.
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Strong cellulose filaments with
tunable nano structureª
X-ray scattering reveals nano structure during assembly and in the final filaments
prepared from cellulose nanofibrils

Cellulose nanofibrils originate from e.g. trees and can be obtained by disintegrating pulp fibres into fibrils, which
are approximately 5 nm wide and typically 1 μm long. The fibrils are constructed of cellulose molecules in a
near-crystalline order. These fibrils have considerable potential as building blocks for new bio-based materials.
However, in order to fully utilise this potential, the nanostructure of macroscopic materials must be controlled.
In this work, wide- and small angle X-ray scattering (WAXS and SAXS) measurements at the beamline P03 at
PETRA III are used to investigate an assembly process that accomplishes this control. The mechanical properties
of the filaments are similar to cellulose fibres from trees at the same fibrillar alignment.

Nature presents a wide range of materials with impressive
properties. In many cases, these properties are determined by
the micro- and nanostructure of the materials. Cellulose fibres
in e.g. trees are one example and their main structural components are cellulose nanofibrils [1]. During the last decade,
processes have been developed to make utilisation of cellulose nanofibrils viable as the basis for new bio-based materials
for paper, textile, or engineering applications. Films and filaments have been prepared from cellulose nanofibrils [2,3], but
previous works has not been able to reproduce the strength
reported for cellulose fibres from trees.

system as shown in Fig. 1a. The channel contours are indicated
with white lines. In our flow focusing system a central flow consisting of 0.3 mass percentage cellulose nanofibrils dispersed in
water enters from the left. The sheath flows consisting of water
and positive ions enter from the top and the bottom. In Fig. 1a
polarized light is used to visualize the alignment of the fibrils due
to the stretching of the central flow during focusing. A higher
birefringence can be observed in the regions where fibrils are
highly aligned. The aligned fibril structure is then “frozen”
in a gel state by ions diffusing from the sheath flows into the
central stream, thereby inducing dispersion to gel transition [5].

In this work we combine flow-focusing [4] with a surface potential controlled transition from a state of dispersion to a gel state of
cellulose nanofibrils in water [5]. In this way we achieve a controlled assembly of cellulose nanofibrils into filaments. The key to
success lies in creating and locking the nanostructure in a continuous process. This has been demonstrated by WAXS of the
final filaments and in situ SAXS during the assembly process.

However, the polarized microscopy only allows for relative
measurements of fibril alignment and accurate quantification
of the alignment is not straightforward. Therefore, SAXS is
used to precisely quantify the fibril alignment during flow
focusing. Figure 1b shows SAXS patterns from the positions
marked with green squares in Fig. 1a. The red circles in
Fig. 1b denote a constant SAXS intensity and it is clearly
seen that the circle in the first image is deformed into an
ellipse further downstream. This deformation is a footprint of
fibril alignment.

In flow focusing, a central stream is focused by two or more
outer sheath flows. This flow is typically set up in a channel

Figure 1
Alignment and de-alignment of fibrils in the channel. (a) A sodium chloride
solution focusses a cellulose nanofibrils dispersion. The channel is placed
between two crossed polarization filters rotated 45° from the vertical
axis (white arrows). (b) SAXS diffractograms before, during and after the
acceleration by pure water in the channel, where the red ellipse corresponds to a constant intensity. The locations are marked with green
squares around blue markers in (a). (c) Order parameter from acceleration
by pure water calculated from SAXS data as a function of the downstream distance normalized with the channel width h of 1 mm. The scale
bar in (a) is 1 mm and in (b) 0.5 nm-1.
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Figure 2
Images and diffractograms of a dried filament. (a) Image of a single filament
placed between two crossed polarization filters rotated 45° with respect
to the vertical axis (white arrows), the scale bar represents 10 mm.
(b) Image of a filament in a light microscope. (c – e) SEM images of a
filament, where the outlined squares are close-ups. The scale bars are
20 µm in (b – d) and 2 µm in (e). (f) Diffractograms from a horizontal scan
of a filament shown in (b), where the filament has a diameter of
~ 30 µm, the region covered by each diffractogram is indicated with blue
rectangles in (b). The scale bar in (f) is 10 nm-1.

From the SAXS patterns, the order parameter S can be derived
as the mean value of the second order Legendre polynomial
fit to the scattered intensity. A full horizontally aligned state
corresponds to S = 1, no alignment at all to S = 0, and a perpendicular alignment corresponds to S = – 0.5. In Fig. 1c,
the order parameter from several positions along the channel
is shown. The stretching of the flow gives an increase of the
order parameter to around 0.4 at 2.5 mm after the inlet of the
sheath flows. Figure 1c shows a case where no ions were
used that induce the dispersion gel / transition. Therefore, the
alignment is decreased behind the point of maximum alignment due to Brownian diffusion as the fibrils are transported
further downstream.
If an increased ionic strength is used in the outer sheath flows,
a gel thread is ejected from the channel. After drying of this gel
thread, a filament is obtained. Figure 2 shows a polarized light
image, scanning electron microscopy images, and WAXS
diffractograms of a dried filament. The polarized light visualizations in Fig. 2a show that the filament is birefringent meaning
the dried fibrils are well aligned. The electron microscopy
images in Figs. 2 (c – e) show that the filament is smooth and
homogeneous. The WAXS diffractograms in Fig. 2f are
taken across the filaments at the positions indicated with blue

rectangles with a 1.5 × 1.2 μm² micro-focused beam (the size
of the rectangles approximately corresponds to the beam size).
The WAXS data show that the fibril alignment is consistent
throughout the cross section of the filament; thus no distribution
of the alignment along the wire diameter is present. The final
nanostructure can be controlled by the strength of stretching
in the central focused flow, the streamwise position at which
gelation is induced in the channel and the drying conditions.
The combination of controlled alignment and assembly in flow
focusing with WAXS and SAXS measurements of the process
and final material provides a complete platform that can be
used to further investigate the fibril behaviour during assembly,
paving the way for high-performance filaments based on cellulose by increasing the interval of fibril alignment that can be
obtained. The thorough understanding of the important factors
in the process is also key to the successful scale-up for preparation of fibres for textiles. Successful production of textiles
from cellulose nanofibrils could provide an alternative for viscose, Lyocell, and maybe even cotton with a reduced environmental footprint.
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Imaging living cells
at nanometre resolutionª
A combination of nano-diffraction and microfluidics

X-rays offer high resolution imaging of unstained, unsliced samples, thereby providing a complementary method
to visible light and electron microscopy. In order to apply the emerging techniques to biological samples and
in particular to whole living cells a number of challenges have to be overcome. We have developed an X-ray
compatible microfluidic sample environment for biological cells, providing them with nutrients throughout the
measurements. This approach enables us to directly compare chemically fixed and living cells. By analysing
the scattered X-ray intensity, we find fixation-induced structural changes on the order of 30 to 50 nm.

Imaging cells at high spatial and temporal resolution is an
important aim in life-sciences as many biological processes
can only be understood when followed on its relevant length
and times scales. Ideally, these methods capture the studied
system in its natural, hydrated state with no or only minimal
invasion in physiological processes. Visible light fluorescence
and electron microscopy have emerged as two powerful
complementary techniques to image cells. Electron microscopy provides the highest spatial resolution to date and is
widely used for structural studies of cellular components.
One major drawback, however, is the extensive sample preparation including fixation, staining, and slicing. Complementary,
living cells are routinely studied via visible light fluorescence
microscopy owing to fluorescent proteins (e.g. green fluorescent protein) that can be directly expressed in the cells.
This approach provides molecule specificity as one great
advantage, but at the same time the tagging with fluorescent
proteins potentially influences cellular behaviour.

X-ray imaging has the potential to complement these established methods and overcome some of the challenges. Hard
X-rays provide high penetration depth and nanoscale resolution due to the small wavelength. In recent years, the challenge
to focus hard X-rays to small spots thus avoiding averaging
effects in complex, heterogeneous samples has successfully
been tackled and beams with nanometre diameter are now
available [1]. This advancement paves the way for imaging
techniques [2,3] where the sample is scanned with a small step
size, approximately corresponding to the beam size and
employing different imaging modes such as phase or dark field
contrast. One major challenge remains: radiation damage by
the impact of the highly energetic beams on the sample and,
naturally, this is particularly severe in soft matter and biological
samples. Recent developments, including fast scanning
algorithms and adapted sample environments, help to reduce
radiation damage.
In general, when studying biological systems and above all living
cells, a suitable sample environment is one key to success. We
have chosen microfluidic devices in which the adherent cells are
grown and constantly flushed with medium or buffer during
the measurements [4]. Thus, the cells are constantly supplied
with nutrients and wastes are flushed away. Additionally, the
constant liquid flow likely has a positive cooling effect and
damaging radicals, which are produced by the incoming radiation, are transported away. We chose eukaryotic cells [5]
containing a nucleus for our studies, which grow readily on
the silicon nitride windows incorporated in the microfluidic
devices as entry windows for the X-rays.

Figure 1
Scanning X-ray diffraction dark field images of A) chemically fixed (symmetric steps) and
B) living cells (asymmetric steps). The colour scale shows the total scattered intensity
per pixel. The nuclei of the cells are recognized by particularly strong scattering.
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The measurements were performed at the P10 beamline of
PETRA III using the Göttingen Instrument for Nano-Imaging
with X-rays (GINIX) [6]. The beam was focused down to a
few hundred nanometres using two Kirkpatrick-Baez (KB)

Figure 2
A) Scattered intensity of fixed (black,
grey) and living (blue) cells, separately
for nuclei and cell periphery.
B) Subtracted intensity (“living – fixed
cells”). Regions, where the curves adapt
values > 0 show structures destroyed
upon chemical fixation, whereas
regions with values < 0 correspond to
emerging structures.
C) Power law exponents for fits to the data
shown in A. Reproducibly, the exponents
for living cells are larger than for fixed cells.

mirrors. The sample was scanned through the beam and the
scattered signal was recorded in each position. We generated dark field images, where each pixel represents the total
scattered intensity for the respective scan position, as shown
in Fig. 1. Clearly, the cell nuclei can be distinguished from
the cell periphery by their stronger overall scattering.
For our study, we compared living cells with chemically fixed
cells, as widely employed in the life and natural sciences. In
addition to the real space dark field images, each recorded
pixel yields the information encoded in a full scattering pattern and in order to access this information, we analysed the
scattered intensity of the living and fixed cells separately for
the nuclei and for the cell periphery (see Fig. 2A). In Fig. 2B,
the difference between these curves (data for fixed cells subtracted from the data for living cells) is shown. The lower
abscissa shows the scattering vector qr and the upper abscissa
shows the corresponding structure size d = 2π / qr. We clearly
observe both emerging and destroyed structures upon
chemical fixation in the range of a few tens of nanometres.
Power law fits to the data shown in Fig. 2A yield exponents,
which clearly differ for fixed (black symbols) and living (blue

symbols) cells. The data for fixed cells were fitted separately
for two different power laws to better describe the data.
X-ray imaging allows us to directly compare fixed and living
cells, as fixation is no prerequisite for the technique, by contrast to other nanoscale imaging methods like electron
microscopy. The differences we observed agree with earlier
assumptions of the influence of fixatives and can now
be directly measured. Importantly, the observed structural
changes are found in a size range of tens of nanometres
which is nowadays also reached by visible light fluorescence microscopy, owing to the advent of superresolution
microscopy.
The combination of scanning diffraction imaging with nanometre X-ray beams and microfluidic sample environments as
demonstrated here has the potential to complement other
cellular imaging methods by bridging exactly the gaps left
between electron microscopy and visible light microscopy.
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Decoding the nanostructure
of advanced TiAl alloysª
Real-time insights into the precipitation behaviour

Titanium aluminides based on the ordered γ-TiAl phase have attracted attention in aircraft and automotive
industries due to their potential as structural light-weight materials in high-temperature application. With the
intention to broaden the temperature range of usage, further alloy development is required. Alloying with carbon
improves the mechanical properties at elevated temperatures by solid solution and / or precipitation hardening.
However, the direct observation of the ongoing precipitation mechanism was difficult so far. Thus, we studied
the precipitation behaviour and thermal stability of perovskite-type carbides Ti3AlC in an advanced TiAl alloy for
the first time by means of in situ small-angle X-ray scattering in combination with ex situ high-energy X-ray
diffraction as well as transmission electron microscopy.

Figure 1
Experimental setup of the conducted synchrotron experiment. The mono
chromatic beam with an energy of 100 keV is guided through the sample
which is situated in a modified quenching and deformation dilatometer
device DIL 805 A / D from Baehr Thermoanalyse. The diffraction patterns
are recorded with a Perkin Elmer XRD 1621 Flat Panel detector in experimental hutch EH 3, whereas a mar345 Image Plate detector located
behind in EH 4 is used to record the signal from small-angle scattering.
The cylindrical sample with a size of 5 mm in diameter and 10 mm in
length was heated inductively. H = horizontal, V = vertical (related to the
crystal-coordinate system of the γ-phase).

Advanced intermetallic γ-TiAl based alloys, e.g. TNM alloys
with a nominal composition of Ti-43.5Al-4Nb-1Mo-0.1B (in
at %), have found application as turbine blades or turbo-charger
wheels in modern high-performance aircraft and automotive
engines due to their low density, high strength and creepresistance up to 750 °C as well as their good oxidation and
burn resistance [1]. However, efficiency and engine performance
is steadily improving with increasing operation temperatures,
demanding more creep-resistant structural light-weight
materials. In order to increase the high-temperature capability
of γ-TiAl based alloys and thus to widen their range of use,
alloying concepts with C are being investigated. Carbon is
reported to increase the creep strength and hardness at elevated
temperatures by solid solution hardening and / or formation
of needle-shaped precipitates of perovskite-type Ti3AlC
carbides, depending on the solubility limit of the constituent
phases and the thermal history. Nevertheless, detailed investigations of the precipitation behaviour are still lacking. Therefore,
it is needed to clarify the role of alloy composition on the
formation and evolution of carbides and thus on their influence
on microstructure and mechanical properties.
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Starting from a supersaturated TNM-1C alloy the precipitation
kinetics and thermal stability of p-type carbides Ti3AlC during
isothermal annealing at 750 °C and ensuing re-heating to
1200 °C is quantified by means of in situ small-angle X-ray
scattering (SAXS) using synchrotron radiation. Complementary,
the formed hierarchical structures on the nano-scale, i.e.
p-type carbide precipitates within ultra-fine γ-lamellae of the
α2/γ-colonies, were investigated by means of monochromatic
high-energy X-ray diffraction (HEXRD) in combination with
transmission electron microscopy (TEM).
The experiments were carried out at the HZG high-energy
materials science beamline HEMS (P07) at PETRA III. A sketch
of the experimental setup is depicted in Fig. 1. The SAXS
data were recorded with a sample-to-detector distance of
11.654 m and a frame rate of 20 images per hour. Slits made of
pure tungsten minimized undesired scattering and ensured a
low background. Data evaluation was performed by means of
the program Fit2D with respect to azimuthal integration followed
by a fitting procedure of the derived scattering curves with the
program SANSFit based on a least-square method iteration [2-5].

Figure 2
a) Progress of temperature T and length change ΔL of the dilatometer sample during
heat-treatment. Additionally, the median radius R0 of the needle-shaped p-type carbide
precipitates, their volume fraction f and their number density n are given;
b) TEM bright-field image of p-type carbides aligned within a characteristic γ-lath and
c) the HEXRD image section after precipitation annealing at 750 °C for 4 h corresponds
to a detail of the streaked (002)γ and (200)γ reflections.

The conducted in situ SAXS experiment allows determining
the precipitation behaviour during isothermal annealing at
750 °C as well as to investigate the thermal stability of p-type
carbides during further heating to 1200 °C with a rate of 2 K / min
based on the evaluation of the scattering curves in Fig. 2a.
It was found that p-type carbide formation takes place after
an incubation time of 30 min within the γ-laths, previously
formed from supersaturated α2-grains. Thus, the phase-transformation sequence takes the form
α2,ss-Ti3Al → α2-Ti3Al + γ-TiAl and γ-TiAl → p-Ti3AlC.
After ageing for 4 h at 750 °C, the carbide precipitates exhibit
a mean radius of 1.7 nm with a monodisperse size distribution.
The aspect ratio of the elongated carbides of 7, as verified by
TEM (Fig. 2b), correlates with a carbide length of 23.8 nm. In
view of the mean γ-lamellae thickness of 13.8 nm (see also
Fig. 2b), the precipitates must grow at an inclined angle to the
lamella walls. The thickness D of γ-laths and the radius R of
p-type carbides can be correlated by the geometrical relation
D = 2μR × cos(54.7°) according to the orientation relationship
(001)γ || (001)p and (010)γ || (010)p. The geometrical correlation is
valid as long as the size of p-type carbides is controlled by the
small dimension of γ-lamellae.
The SAXS data are in good agreement with the evaluation of
diffraction streaks from the two-dimensional HEXRD patterns

using the Scherrer Equation (Fig. 2c). There, the occurrence
of diffraction streaks, i.e. anisotropic peak broadening, was
found to originate from the finite thickness of γ-laths and the
geometrical relation between the monochromatic X-ray
beam and the structure of an α2/γ-colony within the polycrystalline TNM-1C material. Diffraction streaking implies that the
70.1° tilted (-111)γ lattice planes are in diffraction condition,
which do not exhibit a strong superordinate structure when
compared to (111)γ lattice planes which are by definition parallel
to (0001)α2.
The combination of SAXS and HEXRD, applying the modified
quenching and deformation dilatometer, were successfully
used to study in situ the intrinsic hierarchical nanostructure of
complex intermetallic TiAl alloys during annealing without timeconsuming TEM effort. This approach offers unique opportunities for investigating various aspects of importance for the
development of TiAl alloys and other precipitation hardened
alloy systems. In future, fast simultaneously working detector
systems combined with the high brilliance of the PETRA III
storage ring will allow a precise structural evolution of fast
precipitation sequences.
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From molecular complexes
to nanocrystalsª
In situ total scattering studies of WO3

Time resolved total scattering has been used to unravel the mechanism of WO3 nanoparticle formation from an
aqueous precursor under hydrothermal conditions. Pair distribution function (PDF) analysis of total scattering
data reveals that a precursor structure consisting of corner- and edge-sharing WO6 octahedra undergoes
reorientation before forming the nanoparticles. This structural transformation is the key to the formation of
different hexagonal phases of WO3.

Tungsten oxide (WO3) is an interesting material for applications
in solar cells, smart windows and gas sensors due to its excellent electrochemical, electrochromic, photochromic and gas
sensing properties [1-3]. The characteristics of WO3 can be
tailored by tuning the nanostructure composition, as well as
the specific synthesis procedures. Therefore, rational design
of nanoparticles with desirable properties requires fundamental
insight into the reaction mechanisms leading to the formation
of the crystalline nanoparticles from precursor solution. It is
thus crucial to gain knowledge about the reaction pathway in
order to optimize the formation process.

that WO6 octahedra form a cluster by corner and edge sharing
(Fig. 1(d)). The first two noticeable peaks at 1.87 Å and
2.22 Å correspond to W-O bond distances. The third peak
(3.28 Å) corresponds to W-W distances that arise due to edge
sharing of WO6 octahedra, whereas the peak at 3.68 Å arises
due to W-W distances of corner sharing of WO6 octahedra.
The presence of a noticeable peak at 6.02 Å is due to the second coordination sphere of W-W bond distances and it supports the formation of the cluster. It is of interest to note that
the absence of any correlations in the PDF beyond a distance

In situ total scattering studies of the formation and growth of
nanoparticles during sub- and supercritical synthesis provides
information about the precursor structure in the solutions. It
also reveals how these precursor complexes undergo structural
changes before forming solid precipitates, which eventually
transform into nanocrystals. The pair distribution function is
used to analyze the precursor structure since it reveals structural information from solutions, amorphous solids as well as
from crystals [4]. Time resolved total scattering data can be
obtained at high energy synchrotron beamlines for X-ray diffraction. The reaction mechanism under solvothermal conditions
can be followed in a specifically designed in situ reactor [5].
In the current study at the powder diffraction station of beamline P02 at PETRA III, a solution of ammonium metatungstate
(NH4)6H2W12O40 · xH2O in water was heated under high pressure of 250 bar. Time resolved data collection was started
before the heater was switched on. Figure 1 (a,b) shows the evolution of the PDF in time. Modelling of the data reveals that a
complex precursor structure exists in the solution (Fig. 1c). It
consists of edge and corner sharing WO6 octahedra. A representative data set obtained 25 sec after initiation of heating
was subjected to structural modelling analysis, and it revealed
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Figure 1
(a) Evolution of PDFs with respect to time at 250 °C reaction temperature, measured at
beamline P02.1. (b) Selected PDFs illustrating the reaction progress at 250 °C.
(c) PDF for the precursor solution. (d) Molecular cluster present in the precursor solution.

Figure 2
a) PDF fitted with the H2 model
for local structure only.
b) The H1 and H2 crystal structures.
c) Packing diagram of WO3.

of about 7 Å indicates the presence of local ordering only. While
heating the solution, the precursor structure gradually undergoes a reorientation converting the edge sharing octahedra to
corner sharing octahedra before forming the nanoparticles.
While the octahedra locally become reoriented there is no
evidence of long range order. After 10 minutes of heating,
the nuclei in the solution abruptly cluster together and form
crystalline particles. The sudden formation of nanocrystals
is also confirmed by in situ powder X-ray diffraction. Rietveld
refinement was carried out with the last data set of the
time-resolved experiment. WO3 crystallizes in a hexagonal
crystal system with space group P 6/mmm (H1). Although the
long range order in the H1 structure could be fitted with the
ordered H1 model, the short range local order could not be fitted.
The peak at 2.22 Å could be explained by the nearest-neighbor
W-O bond distance of the H1 model. However the local
order could be fitted with another hexagonal phase (space
group P 63 /mcm (H2) ) [6].

The in situ experiment resembles the hydrothermal reaction
scale in a laboratory autoclave synthesis, as the same product
was obtained. However, the other hexagonal phase H2 of WO3
was obtained in a continuous flow reactor starting from the
same precursor solution. In the flow reactor the reaction time is
very short in comparison to the autoclave. Therefore it may be
suggested that in case of flow synthesis the octahedra in the
precursor complex do not have sufficient time to reorient
themselves into the ordered H1 structure, which results in half
occupied disordered oxygen positions (H2 structure).
In conclusion, in situ X-ray scattering studies allow us to follow
reaction mechanisms for the formation of solids from solution
and to determine the dynamics associated with it. The present
study on WO3 establishes the complex precursor structure and
the reaction pathways and it also rationalizes the formation of
two different hexagonal phases of tungsten oxide.
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A first glimpse of photosynthesis
in actionª
Making molecular movies of the light sensitive protein photosystem II responsible for oxygen production

The intense, femtosecond duration X-ray pulses produced by X-ray free-electron lasers enable time-resolved
measurements with a femtosecond ‘shutter speed’ in addition to the ability to determine the structure
of radiation sensitive proteins through the principle of ‘diffraction before destruction’ [1, 2]. These unique
properties were exploited with the aim to understand the process of photosynthesis in action. Photosynthesis
is the chemical reaction responsible for turning sunlight and water into oxygen plus energy.

Photosynthesis is responsible for the majority of atmospheric
oxygen and thus for sustaining life on earth, as well as all of the
earth’s fossil fuel reserves. Photosystem II (PS II) is the molecule
responsible for capturing light and using this energy to split
water into oxygen and hydrogen, which is then used as an
energy source in subsequent reactions. PS II acts as a catalyst
in the splitting of water - it facilitates the splitting of water but is
not consumed, thus a single molecule of photosystem II may
catalyse many cycles of oxygen splitting. The splitting process
requires the absorption of four photons, each of which triggers
a separate stage of the reaction. This much is known from previous studies, but to date no one has been able to observe the
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Pump laser
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reaction in progress. However, being sensitive to light the most
interesting part of this protein is also the most challenging to
study as it is easily damaged during the process of imaging. The
femtosecond duration pulses from X-ray free-electron lasers
(FELs) provide a unique way in which to address this problem.
Measurements were performed using the newly developed
technique of serial femtosecond crystallography (SFX) [1, 2], in
which a stream of protein crystals flows across the FEL beam
and each crystal is exposed to the X-ray beam only once, as
illustrated in Fig. 1. Delivery of fresh sample to the interaction
region for each measurement ensures that each crystal is free
from radiation damage at the time of exposure to the X-rays.
Continuously replenishing the sample makes it possible to
study reactions where multiple cycles of excitation would result
in either a mixture of states, or where the reaction is not
reversible prohibiting the accumulation of signal over many
cycles of excitation. Meanwhile, the power of X-ray FELs enables
a diffraction pattern to be captured using a single femtosecond
duration X-ray pulse, reducing the effects of radiation damage
observed in the measured structure to almost negligible levels.
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Figure 1
Serial crystallography delivers fresh sample to the interaction region for each X-ray
pulse, and each crystal is exposed only once to the beam. For time resolved studies,
the crystal stream is exposed to two subsequent optical laser pulses at 527 nm
separated by approx. 200 μs before the stream interacts with the X-ray FEL beam
570 μs after the second pump pulse. Triggering the pump laser at half the FEL repetition
rate allows for alternating collection of X-ray diffraction patterns from the S1 dark
state and the double-excited S3 state shown in Fig. 2.
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Still frames of photosystem II as it splits water into hydrogen and
oxygen were recorded using the LCLS at SLAC in a pumpprobe scheme with an optical pump and an X-ray probe, as
shown in Fig. 1. Nano-crystals of photosystem II complex were
extracted from bacteria that employ photosynthesis as their
energy source, a cyanobacteria called Thermosynechococcus
elongatus. The photosystem II catalytic water splitting cycle is
illustrated in Fig. 2. It involves four light excitations to complete
one cycle in which two water molecules are converted into
oxygen and protons. The most interesting part of the cycle is
after two flashes, as this is where the largest structural changes
occur. Each crystal was no more than a few microns in size and
was exposed to two flashes of visible laser light separated by

approx. 200 μs to bring the water splitting process to the S3
state. At this point in the cycle, 570 μs after the second laser
pulse, synchronised X-ray pulses from the LCLS captured X-ray
diffraction patterns with an exposure time of ~ 30 fs, short
enough to freeze-frame the water splitting process at different
stages. This enabled observation of how the molecular structure
of the photosystem II complex changed during the process.
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Structure of the Mn4CaO5 cluster for dark (S1) and double-excited (S3) state.
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PS II. The change in this cluster is suggestive of an increase of
the distance between the cubane and the ‘dangler’ Mn and
distortion in the cubane in the S3 state, which could allow an
essential second water molecule to bind in higher S-states, as
is consistent with recent theoretical modeling [3]. Our observations also reveal an overall decrease in the dimension of the
entire cluster in the S3 state due to the lack of Jahn-Teller
distortion of Mn atoms at +4 oxidation states.
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The cycle of the oxygen-evolving complex (OEC) in photosystem II. The oxidation state
of the 4 manganese ions in the Mn4CaO5 cluster changes after each of the charge
separation events, initiated by a flash of light. Also shown in this figure is the reduction
of the plastoquinone which serves as the terminal electron acceptor of photosystem II
responsible for charge migration.

This time-resolved SFX study captures PS II after two flashes
of light and provides experimental evidence for structural
changes occurring in the S3 state of the oxygen-evolving complex (OEC) of PS II, shown in Fig. 3. Although only at modest
resolution of 5 Å, changes in the electron density of the
manganese cluster, which is responsible for catalysing the
water splitting process, were just visible. They are accompanied
by structural changes in the OEC and at the acceptor side of

Catalysis plays a big role in many fields of chemistry, and the
techniques developed here offer huge potential not only for
the study of photosynthesis, but also for the study of catalysis
in general. Observing catalysis in action may lead to insights
that in turn lead to the development of even more efficient catalysts. A deeper understanding of photosynthesis could for
instance aid the development of better solar cells and might
advance the quest for biochemistry’s holy grail, artificial photosynthesis. Extension of this experiment to high resolution
studies of all the S-states is underway and will lay the foundation
for unraveling three-dimensional, high resolution structures
of all stages of the water oxidation process.
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First human membrane protein
solved using X-FEL radiationª
Atomic structure of a human serotonin receptor at ambient temperature

The new method of serial femtosecond crystallography is applied to probing microcrystals of a human serotonin
receptor, using an X-ray free-electron laser (X-FEL). The unique properties of X-FELs (high intensity, short pulse
duration) enable us to overcome the bottleneck of radiation damage and the need for large, well-diffracting
crystals typical for conventional X-ray crystallography. We were able to solve the room temperature structure of
a member of a medically important superfamily of human membrane proteins from crystals out of reach for
a conventional source.

G-protein coupled receptors (GPCRs) represent one of the most
pharmaceutically prominent protein families, which are targets
of 30 – 40 % of all prescriptive drugs. Their main function is to
sense the presence of signalling molecules outside the cell, in
order to trigger an intracellular response appropriate to the stimulus. Hence, by either inhibiting or activating these receptors, it
is possible to specifically counteract a variety of diseases on
a molecular level.
GPCRs are difficult to analyse by X-ray crystallography, due
to high flexibility, low production yields and low stability of
the receptor after extraction from membranes, leading to very
small crystals. Conventional crystallographic experiments are
generally limited by the need of large, well-diffracting crystals,
which are particularly difficult to obtain for membrane proteins.
A variety of improvements on the level of protein engineering,
crystallization methods and the availability of modern synchrotrons, allowed for the first high-resolution GPCR structure of
the human β2-adrenergic receptor to be solved in 2007 [1], a

work that contributed to the Nobel Prize in Chemistry 2012.
Microfocus beamlines with X-ray beams of less than 10 μm
FWHM are readily available, but typically long exposure times
of several seconds are required to record weak high-resolution
reflections. During these exposures, the crystals suffer
severe radiation damage and typically require merging of data
from multiple crystals.
The method of serial femtosecond crystallography (SFX) [2]
(Fig. 1) makes use of ultrashort X-FEL pulses (< 50 fs) to outrun
radiation damage. Due to the very high brilliance (> 1012 photons / pulse) of the X-ray beam of LCLS, it is possible to obtain
interpretable diffraction patterns from individual microcrystals.
The sample is completely vaporized due to the interaction with
the X-rays, making it necessary to continuously replace the crystals in the beam. The typically used delivery technique is the
Gas Virtual Dynamic Nozzle (GVDN) system [2], where a stream
of microcrystals in aqueous solution is delivered into the interaction region. The disadvantage of GVDN is the high flow rate,

Figure 1
Scheme of the experimental setup for SFX data collection
using the LCP injector. Microcrystals grown in LCP (right)
injected into the interaction region (centre) inside a
vacuum chamber and probed with the microfocus X-FEL
beam. Diffracted rays are detected by the Cornell-SLAC
Pixel Array Detector, CSPAD (left).
(Science 342, 1521 (2013)).
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requiring 10 – 100 mg of crystallized protein for a complete
dataset, which is practically unachievable for many human
membrane proteins including GPCRs.
One of the methods that enable GPCR crystallography is the
crystallization of the proteins in lipidic cubic phase (LCP, Fig. 1)
[3]. LCP forms a 3D matrix made of lipids and water, mimicking
the cell membrane and providing a stabilizing environment
for GPCRs. LCP crystallization often leads to well-ordered but
small crystals that are ideal for SFX. We have turned an apparent disadvantage of LCP, its highly viscous gel-like texture,
into an advantage by designing a special LCP microextrusion
injector [4] that enables a better control over the flow allowing
for a more efficient use of protein microcrystals. The LCP injection system (Fig. 1), which has been developed jointly by
Arizona State University and The Scripps Research Institute,
typically requires less than 300 µg of crystallized protein, making
it very attractive for structural studies of challenging targets.
The combination of GPCR crystallization in LCP with the
exciting new technique of serial femtosecond crystallography
has allowed us to solve the first human membrane protein
structure at ambient temperatures to near-atomic resolution.
As a model system we used microcrystals of the serotonin
receptor 5-HT2B in complex with the anti-migraine drug ergotamine. This receptor is of high medical relevance, since its
malfunction is the cause of a variety of diseases, behavioural
effects and is the target of hallucinogenic drugs.
A total of 152651 crystal diffraction patterns were collected
within 10 hours, of which finally 32819 were indexed and
integrated to a final dataset, with the software package CrystFEL [5]. The structure obtained at ambient temperature was
compared to the previous synchrotron structure of the same
receptor at cryogenic conditions [6]. The overall structure and
quality of the X-FEL structure is very similar to the synchrotron structure, however some important details differ, most

Figure 2
Comparison of synchrotron (cyan) and SFX structure (light red). Close-ups represent
a selection of structural differences. A) Missing side chain in synchrotron structure,
most likely due to radiation damage, B) Salt bridge intact in SFX structure, C) and D)
conformational difference in SFX structure, probably due to room-temperature measurements (Science 342, 1521 (2013)).

likely due to the temperature difference during data collection
and apparent radiation damage in the synchrotron structure
(Fig. 2). By careful analysis of temperature factors (DebyeWaller ‘B’ factors) it was possible to identify more dynamic
regions, namely loop regions, which are involved in proteinprotein interactions necessary for signalling.
SFX enabled us to probe a GPCR structure in a physiologically
more accurate manner, and the general understanding of the
structure and function of this highly important family of membrane proteins can be improved. By further improving technical
details, such as sample handling, background scattering,
dynamic range of detectors and data processing, higher quality
data could be obtained in the near future.
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Guiding neural
networksª
How the guidance molecule netrin-1 pulls and pushes axons to their destination

Neurons are specialized cells and important components of the nervous system and extend axons over large distances to build up neural networks.
So-called guidance cue proteins steer the axons towards their destination by triggering the release of specific signals which attract or repel
receptors sitting on the tip of the axon. One such group of proteins – netrins – can cause both attraction and repulsion effects. A crystal structure of
the protein netrin-1 in complex with one of its receptors – DCC – shows that netrin-1 can bind to two molecules of DCC simultaneously. One of these
binding sites is specific to DCC but the other is a unique generic binding site. Follow-up experiments performed by neuroscientists from the
Dana-Farber Cancer Institute in Boston (USA) and Peking University (China) show that the generic site can be occupied by another receptor. Netrin-1
acts as a switch board to trigger either attraction or repulsion, depending on the receptors present at the tip of the axon. These findings also add to
our understanding of the behaviour of migrating cells including the process of tumour metastasis.

Neurons project axons that move and grow in response to
chemical signals, the release of which is triggered by proteins
known as guidance cues. Receptors which recognize and
respond to these cues sit on the tip of the axon in the so-called
growth cone. The receptors then translate the cues into movement, causing the neuron to move towards or away from the
released chemicals, so steering the axon to its final destination.
Of particular interest are the group of guidance proteins known
as netrins which are able to trigger both attraction and repulsion
responses, depending on the receptor present on the axon
growth cone. But just how one molecule can trigger two conflicting responses has long been a mystery within the field.
Netrin-1 interacts with two receptors that produce different signalling outcomes – the receptor DCC causes an attraction
response while interaction with the receptor UNC5 together with
DCC causes repulsion.
Although it has been known for some time that DCC is involved
in neuron signalling, it was actually first discovered in an entirely
different context. DCC, or Deleted in Colorectal Cancer, was
initially discovered as a marker for colon cancer, where its
absence is associated with a malignant state of the disease.
Recent work indicates that the absence of the DCC receptor in
colon cells promotes tumour metastasis [1] and desensitizes the
tumour cells to a netrin-1 dependent apoptotic pathway [2]. Also
here netrin-1 plays an important role. Without netrin, the
netrin / DCC signalling complex breaks down and the cell dies.
Tumour cells avoid this apoptotic pathway by switching off the
production of DCC. The netrin receptor UNC-5 (uncoordinated
5) was first discovered in the nematode worm, where its
absence results in uncoordinated movements. This receptor too
is associated with apoptosis, indicating both netrin receptors
can process extra-cellular signals that can drastically change the
behaviour of the cell.
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Despite its apparently important role in several cellular processes, the structure of netrin was unknown. We worked
closely together with teams from Harvard and Peking University to resolve the structure of netrin and how it interacts with
its receptors on a molecular level. The Wang group from Harvard provided us with DCC fragments, which we then combined with netrin-1 and submitted into the automatic crystallization pipeline available at the Sample Preparation and
Characterization facility at EMBL Hamburg. Together with our
collaborators we followed the crystallization experiments and
the growth of the single crystals closely via the web interface.
The crystals were then mounted on the EMBL beamlines
by hand. The crystal structure was determined on the EMBL
microfocus beamline P14 and the behaviour of the complex in
solution was studied using Small Angle X-ray Scattering at the
EMBL BioSAXS beamline P12. The structural data of netrin-1
in complex with the receptor DCC shows that netrin-1 can
actually bind to two molecules of DCC simultaneously (Fig. 1).
However, while one of these binding sites is specific to DCC,
the second is a generic site capable of taking either DCC or
UNC-5 receptors. This non-specific binding site is very unusual
and explains how netrin-1 can switch from triggering an attraction to triggering a repulsion effect (and vice versa). The Zhang
group from Peking University performed repulsion and attraction assays on neurons containing DCC and UNC-5 receptors
to verify the structural observations.
Key to this work was the close and effective team work
between Boston, Hamburg and Beijing, but also the immediate and direct access we had to the beamlines and sample
characterisation facilities at PETRA III. The close proximity of
the labs and beamlines ensured that the precious sample
was used efficiently. In the near future, the integration of the
lab facilities at the beamlines will be further enhanced with a

Figure 1
Crystal structure of two
DCC fragments (in green)
bound to one netrin-1
molecule, showing how
netrin can act as a
switchboard in axon
guidance.

robotic system to harvest crystals, and with on-line purification
and biophysical characterization set-ups on the BioSAXS
beamline P12.
Our experiments also showed that the second interaction site
requires negatively charged sulphate ions to maintain
contact between the proteins. In a cellular environment these
sulphate ions are probably replaced by larger sugar like
molecules called heparan sulphates. It was already known
that heparan sulphates influence neuronal wiring but it seems
that these molecules may also determine which receptor

binds to netrin and subsequently how the cell responds. We
are now investigating what role this so-called sugar code
plays in netrin / receptor interactions. This particular mode of
interaction could be very interesting for drug design, with
the idea that by exploiting these interactions we could possibly
interfere with netrin biology and influence a range of cell
migration pathways including tumour metastasis and apoptosis processes.
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Small beams for
small crystalsª
A novel method for determining macromolecular structures from micrometre sized crystals

Macromolecular crystallography is a powerful tool for obtaining detailed structural information about
biological macromolecules, however it is limited by the size of crystals available for measurements, radiation
damage occurring during the experiment, and the dimensions of the X-ray beam available. The crystal
structure of T. brucei procathepsin B was determined using a suspension of in vivo grown microcrystals
mounted in a standard nylon loop for crystallographic data collection on a microfocus synchrotron beamline.
The resulting structural model is consistent with that obtained at a free-electron laser source, providing
mutual validation and demonstrates potential opportunities for combining data from serial femtosecond
crystallography for the determination of high-resolution structures of micrometre sized crystals.

Crystal structure determination of biological macromolecules at
synchrotrons is typically limited by the availability of sufficiently
sized crystals and by the fact that crystal quality deteriorates
during data collection due to radiation damage to the sample.
Growing large enough crystals for crystallography from biomolecules such as proteins is notorious for being difficult and time
consuming. Large molecules and protein complexes are particularly difficult or seemingly impossible to crystallise to suitable
sizes. In such cases it would be very advantageous to be able to
use microcrystals for analysis. Advanced third generation synchrotrons with fine X-ray beams can now determine the structures of crystals with volumes less than 1000 μm3 and a number
of biomolecules have been measured at such facilities. At freeelectron laser (FEL) facilities a serial femtosecond crystallogra-

Figure 1
Crucial for the success
of this experiment was
the high-precision vertical
MD3 microdiffractometer
at the P14 beamline –
developed by scientists
and engineers at EMBL
Hamburg and EMBL Grenoble – and the micrometre sized high-flux X-ray
beam at the PETRA III
storage ring.
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phy (SFX) experiment typically involves flowing a suspension of
microcrystals across a very fine and intense X-ray beam. This
results in an extremely large number (many tens of thousands or
more) of single crystal X-ray diffraction images. New methods
and tools such as CrystFEL [1] – a suite of programs for processing diffraction data – have been developed to process and
handle these large volumes of data. In a recent study by
Redecke et al. [2] the crystal structure of the enzyme T. brucei
procathepsin B (TbCatB) was resolved using the SFX approach,
and provided the first new biological insights using FEL pulses.
The TbCatB enzyme is of particular medical interest since studies have shown that knocking out the gene encoding the
enzyme was lethal for the parasite which causes the so-called
sleeping sickness in Africa, making TbCatB an important potential drug target [3].
Inspired by this recent success and key developments in the
field of serial femtosecond crystallography, scientists from the
Center for Free-Electron Laser Science (CFEL) at DESY, the
European Molecular Biology Laboratory (EMBL) and the Universities of Hamburg and Lübeck embarked on an experiment
to determine the crystal structure of T. brucei procathepsin B
using synchrotron radiation. Microcrystals were first grown in
baculovirus infected insect cells before being isolated and
purified. For measurement on the EMBL microfocus beamline
P14 at the PETRA III storage ring (Fig. 1), a small volume of
the crystalline suspension containing approximately 5000 crystals was mounted in a standard nylon loop. A serial helical
scan approach (Fig. 2) was used during data collection.
Here, the loop was rotated during exposure while being simultaneously translated and using a fine X-ray beam of 5 μm in
diameter often creating multiple exposures of the same crystal
and so reducing systematic data collection errors. Diffraction
data from 80 T. brucei procathepsin B crystals with an average
volume of 9 μm3 were combined making them some of the

Figure 2
Schematic macroscopic
illustration of the serial
helical line-scan approach
using a standard cryogenic loop, imaged with
the inline microscope.

smallest protein crystals that have been analysed with synchrotron radiation to date. A complete data set was assembled
to 3.0 Å resolution.
The resulting structural model from the synchrotron data is
consistent with the model built on the data collected at the
free-electron laser by Redecke et al. [2], providing mutual
validation of both experiments.
Compared with current implementations of SFX the serial synchrotron crystallography approach requires relatively few

crystals making it potentially useful for a first round of measure
ments to adjust parameters before using the crystal intensive
SFX approach. At present, one of the major limitations in serial
synchrotron crystallography is the unfavourable high level of
background scatter with respect to the small signal originating
from the small crystals. To reduce the background scatter by
reducing the beam size such that it matches the crystal size,
P14 will be upgraded with compound refractive lenses in the
context of a Röntgen-Ångström-Cluster project. There are also
several approaches being followed to develop novel crystal
mounting techniques reducing the amount of material surrounding
the crystal thereby reducing the unwanted background scatter
from such non-crystalline material.
Building on developments initially made for the analysis of XFEL
based serial crystallography data, the method of serial synchrotron crystallography with serial helical scans is conceptually
simple and widely applicable. It will become available as a
standard protocol on beamline P14 in 2015.
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Macromolecular serial crystallography
at PETRA IIIª
Synchrotron facilities benefit from FEL science

The development of X-ray free-electron lasers (FELs) and of the method of serial femtosecond crystallography (SFX) to obtain
structural information of biological macromolecules at near atomic resolution has caused a paradigm shift in structural biology. It
is now possible to use protein crystals that are smaller in volume than 1 μm3 for crystallographic experiments, by recording and
merging many tens of thousands of snapshot diffraction patterns from individual crystals. New software such as CrystFEL and
Cheetah was developed to cope with the challenging data processing of such experiments. These new capabilities and concepts
are very appealing for modern high-brightness synchrotron radiation facilities since they open up high-throughput and automated
measurements with sub-millisecond exposures and reduced dose. To demonstrate this potential, we adapted FEL methods and
software to perform the first successful serial synchrotron crystallography experiment at room temperature.

X-ray crystallography is to date the most widely used method to
obtain models of biological macromolecules at atomic resolution.
The bottleneck to structural information in this case is the need
to crystallise the object of interest. The most important systems,
membrane bound receptors and large macromolecular complexes, are difficult to crystallise and often only yield weakly diffracting, very small crystals. However, small crystal size does
not necessarily prevent high resolution information to be
obtained: powder diffraction achieves this by simultaneously
exposing millions of crystallites, but loses orientational information. Our insight is that by measuring powder diffraction one
grain at a time we can orient each pattern in three dimensions
and build up a complete set of single-crystal structure factors.
The development of X-ray free-electron lasers (FELs) that produce intense pulses of tens of femtoseconds in duration
opened up data collection from room-temperature crystals
before the rapid onset of disorder [1, 2]. This method of serial
femtosecond crystallography (SFX) introduced a number of
innovations, such as data collection from a flowing suspension
of crystals in a liquid jet with high-frame-rate detectors, and
software to process millions of detector frames [3] and to
merge data from the hundreds of thousands of single-crystal
diffraction patterns [4]. We have now applied these innovations
to use with synchrotron radiation (SR). Exposure times are
measured in milliseconds rather than femtoseconds. However,
the dose requirement for any single crystal is reduced by only
recording a single “still snapshot” at a single orientation.
In order to test the feasibility of SR serial room temperature
measurements, experiments were carried out at the PETRA III
beamline P11 by flowing a suspension of chicken-egg
lysozyme crystals (with a typical size of 4 × 4 × 6 μm3) at room
temperature through a capillary positioned across the
6 × 9 μm2 focussed X-ray beam. We recorded 25 images per
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Figure 1
(a) SEM micrograph of the lysozyme microcrystals used for the serial crystallography
measurements, (b) a sketch of the experimental setup for protein serial crystallography at
PETRA III – P11 beamline, (c) a single crystal diffraction pattern. The circles show predicted
positions of Bragg peaks. Bragg spots can be observed up to the centre edge of the detector, as shown by the red arrow that indicates a Bragg spot located at 2.05 Å resolution.

second using a PILATUS 6M detector in a shutterless mode.
The data collection time per image was 10 ms, giving a detector dead-time of 75 %. The actual exposure time of a crystal
was governed by the time it took a crystal to traverse the X-ray
beam, which was no more than about 3 ms.

Figure 2
Electron density map of lysozyme at 2.1 Å resolution calculated from 40233 single

More than 1.5 million diffraction images were recorded. Of
these, about 200000 “hits” were found (that is, images containing Bragg spots). These frames were processed using CrystFEL
[4] to automatically index each pattern, providing the lattice vectors of the crystal oriented in the laboratory frame. More than
40000 patterns were indexed and integrated and then further
processed using conventional crystallography programs. We
refined a structural model of chicken egg-lysozyme against the
data to 2.1 Å resolution by molecular replacement, starting from
a model of human lysozyme and clearly observing the differences in the sequence in the electron density map. After model
building and refinement to convergence we obtained quality
metrics of Rwork / Rfree = 0.18 / 0.23, and found that while these
metrics became worse as the number of patterns were reduced,
a total of 5000 indexed patterns (2 hours of sample run time)
was enough to achieve the slightly worse, but still reasonable
values of Rwork / Rfree = 0.22 / 0.28.
In the broader context, this work is part of an effort to make use
of the software and hardware developments of SFX at X-ray FEL
facilities, which have spurred new ideas for macromolecular
crystallography with SR. The trend began at PETRA III with an
innovative approach for serial crystallography on cryogenically

crystal indexed diffraction patterns.

cooled samples. In that case, 9 μm3 in vivo grown crystals
were used to solve the structure of Trypanosoma brucei
procathepsin B [5] (see the Research Highlight in this section).
These new approaches open up the possibility for time-resolved
measurements at millisecond timescales, either through flowmixing techniques or by photoexcitation. Given its roots with
X-ray FELs, the method is demonstrably scalable to even
shorter exposure times and higher frame rates that are becoming available with modern detectors [6] and high-brightness
beams from upgraded facilities. Our results show that we
can successfully adapt methods from FEL science to synchrotrons and thus widen the bottleneck of crystallization by
using more often occurring microcrystals for crystallography
at synchrotrons.
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Electron beams from
100.000 silicon tipsª
Nanostructured ultra-fast optical field-emitter arrays

Femtosecond ultra-bright electron sources with spatially structured emission are a potentially enabling
technology for free-electron lasers, compact coherent X-ray sources, electron diffractive imaging, and
attosecond science. Here, we report the design, modelling, fabrication, and experimental characterization
of a novel ultrafast optical field emission cathode comprised of a large (> 100 000 tips), dense (4.6 million
tips · cm− 2), and highly uniform (< 1 nm tip radius deviation) array of nanosharp high-aspect-ratio silicon
columns. Such field emitters offer an attractive alternative to UV photocathodes while providing a direct
means of structuring the emitted electron beam. Detailed measurements and simulations show pC electron
bunches can be generated in the multiphoton and tunnelling regime.

Ultra-fast-pulsed (< 1 ps), ultra-bright high-current electron
sources are an enabling technology for free-electron lasers,
electron diffractive imaging [1] and compact coherent X-ray
generators [2]. State-of-the-art ultra-fast cathodes are flat
surfaces that use highly reactive materials to lower the work
function and increase the quantum efficiency of single-photon absorption for ultraviolet (UV) pulses; these devices have
short lifetimes, and need to be fabricated and operated in
ultra-high vacuum. Multiphoton-triggered field emission cathodes are an attractive alternative to circumvent these issues.
Strong-field electron tunnelling from solids without damage
occurs when the electric field of high-intensity optical pulses
interacts with field enhancing structures to bend down the
potential barrier at the surface such that the electron’s tunnelling time is shorter than one optical cycle, with the potential for
attosecond electron pulse generation [3].

Figure 1
Images and schematic of emitter structure: (a) Scanning electron microscope (SEM)
image of uniform array of high-aspect-ratio Si columns with 5 μm pitch. (b) SEM
close-up of a single tip. (c) Schematic of a single 800 nm pulse interacting with a single
silicon tip. λ is the laser wavelength, T is the pulse duration and E is the laser pulse energy.
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Much of the previous work on nanostructured photo-triggered
field emission cathodes has focused on single metal tips that
are serially manufactured; in this work, we used standard complementary metal–oxide–semiconductor (CMOS) wafer-level
fabrication techniques to create massively multiplexed arrays
of nano-sharp high-aspect-ratio single-crystal silicon pillars
with high uniformity (> 100 000 tips, 4.6 million tips · cm– 2),
resulting in greatly enhanced array electron emission (Fig. 1).
Eventually this may also enable the generation of attosecond
electron pulses with considerable charge, i.e. hundreds of
femtocoulomb from a single-cycle near IR drive source along
with a THz source for charge extraction [4].
In a field emitter array, a broad tip radii distribution causes
severe array sub-utilization because the emission current has
an exponential dependence on the local surface electric field
at the tips, which is inversely proportional to the tip radii. For
ultra-fast electron source applications, achieving a homogeneous charge distribution in the bunch is strongly desired,
thereby making small variations in the tip dimensions essential. Here, we developed a fabrication process that attains
small tip variation across the array as a result of the diffusionlimited oxidation step that sharpens the tips and identify the
parameter range in the current-voltage-optical excitation
diagram, where strong-field emission occurs and charging
effects are negligible.
The high electric field of ultra-short laser pulses combined
with the field enhancement of the nano-sharp silicon tip array
resulted in large current emission at small laser energies
(Fig. 2a). While the overall quantum efficiency (QE, inset
Fig. 2a) does not exceed 10 – 6, this is high considering that
only a very small fraction of the emitter surface is utilized, as
the tip diameter is sub-10 nm and the tip spacing is 5 μm
(i.e., about 3 millionths of the total array area emit electrons).

Figure 2
Experimental results: (a) Emitted charge and overall quantum efficiency (QE)
as a function of laser pulse energy for various anode bias voltages. A
3-photon emission growth is shown in current at low intensities, and then a
bend-over when tunneling sets in. (b) Log-log plot of emitted charge versus
bias-voltage at fixed incident pulse energy of 10.8 µJ. The < 1 slope indicates that the emission is not fully space charge limited. (c) Stability of emitted current from the photocathode over time showing stable output. In (d)
and (e) the polarization was changed continuously from 0º (along the tip) to
360º to show the effect of polarization on charge yield. (d) At an incident
pulse energy of 37 nJ, the current increases with the third power of pulse
energy (sin6(θ)). (e) At 180 nJ, the emission is in the tunnelling regime so the
current increases linearly (sin2(θ)) with pulse energy. (f, g) Computed emitted
charge profile due to field emission at the tip with 70 V anode bias at
t = 120 fs: (f) side-view and (g) top-view of the charge profile including
space-charge and image charge effects. The density of points and the colour
code represent the charge density. Each point represents a charge emitted
at a specific time step due to the existing local electric field. 1000 electrons
are emitted from each tip, which are visualized by more than 50000 particles with charges equal to fractions of an electron charge.

Assuming the same field enhancement at the tip, the overall QE
could be further increased by more than one order of magnitude
through a reduction of tip spacing using the same fabrication
methods that we employed. At low energy (< 0.2 μJ), we
observe 3-photon emission (power dependence slope of ~ 3.4
shown in Fig. 2a). Above 0.2 μJ the power dependence reduces
to a slope of ~ 1. For the case of single tips, such a bend-over in
current yield occurring near a Keldysh parameter of about 2 is in
agreement with the expected field enhancement in the structure.
This regime is commonly referred to as the strong-field or
tunnelling regime of electron emission. To further demonstrate
the effect of electric field enhancement on tip emission, the
charge yield is measured while rotating the polarization angle
(θ) (Fig. 2d and Fig. 2e). For both low and high pulse energies,
peak emission occurs when the polarization was along
the axis of the tip, and minimum emission for the orthogonal
polarization. For the case of high pulse energies, the polarization
followed a sin2(θ) dependence, while for low energies that of a
sin6(θ) dependence, corresponding to the tunnelling and multi
photon emission regions, respectively. Fig. 2c shows four

different cathode currents on four different sample locations
with the beam being unblocked at time zero at an unexposed
area. All four curves show stable current emission after 8 million
pulses with the highest curve equal to 2.3 pC of charge per
pulse, which is important for electron source applications where
surviving millions of cycles at high charge output is required.
We also modelled the emission from a single tip in the time
domain using excitation conditions shown in Fig. 1 and an
expanded Fowler-Nordheim [5, 6] electron emission model,
accounting for space charge and Coulomb-blockade effects by
adding the fields of a moving charge to the time domain Maxwell solver. Figures 2(g) and 2(f) show the charge distribution
from a single tip. The model reproduces many of the experimentally observed features and clarifies space charge effects and
the formation of a virtual cathode for extraction of large charges
at limited extraction fields.
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Pulse-by-pulse interferometry
at PETRA IIIª
Photon correlations measured at a synchrotron radiation source

Synchrotrons and free-electron lasers are nowadays the principal sources of high-brilliance hard X-ray
radiation. With the ongoing development of coherent X-ray sources, including diffraction limited storage rings
(DLSR), measurements of the transverse coherence properties of X-rays become increasingly important and are
vital for the success of coherence-based applications. These measurements can provide important information
on the source parameters, such as the photon source size, and can be used, in principle, in a feedback system.
To explore this question, Hanbury Brown – Twiss interferometry was performed at PETRA III.

Intensity interferometry, pioneered by the experiment of Hanbury Brown and Twiss (HBT) [1,2], is an exemplary technique to
investigate fundamental properties of partially coherent radiation. Originally designed as a robust setup to determine the
size of stars, it led to the development of new concepts in
statistical optics and especially initiated research in the field
of quantum optics [3]. In this work, measurements of secondorder intensity correlation functions were performed at PETRA III
by implementing HBT interferometry.
The key quantity in a HBT experiment is the normalized
second-order intensity correlation function
g(2)(r1, r2) = <I (r1)∙I (r2)> / (< I (r1)>< I (r2)>)
where I (r ) is the intensity measured at position r and <…>
denotes the average over a large ensemble of independent
single pulse measurements. Using the Gaussian moment theorem, it can be shown that the intensity correlation function
originating from thermal (chaotic) sources can be described in
terms of the amplitude correlation function, also known as the
complex coherence function γ (r1, r2), as
g(2)(r1, r2) = 1 + ζ |γ (r1, r2)|2,
where ζ = 1 / Ml is the contrast value, Ml = T / τc is the number of
longitudinal modes of the radiation field, T is the time resolution
or pulse duration for pulsed sources, and τc is the coherence
time, which scales inversely with the bandwidth and can typically be tuned. The modulus of the complex coherence function
|γ (r1, r2)| is a measure of the visibility of interference fringes in a
Young’s double pinhole experiment.

Figure 1
Top panel: Generic scheme of Hanbury Brown – Twiss interferometry performed at
PETRA III. Synchrotron radiation is generated by the two 5 m undulators, monochromatized to 1 meV by a combination of a double crystal monochromator (DCM) and
a high-resolution monochromator (HRM), and finally transmitted through a slit
system and set of KB mirrors. Individual synchrotron radiation pulses are recorded
with the AGIPD.

In this work, the new adaptive gain integrating pixel detector
(AGIPD) is used to measure intensity correlations. This detector
operates at a frame rate of multiple MHz, is able to resolve
individual synchrotron pulses, and has an exemplary spatial
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Bottom panel: Measured intensities. (a), (b) Typical intensity profiles of individual synchrotron radiation pulses recorded at the AGIPD. (c) Average intensity profile. (d) Vertical
line scans along the white lines in (a)–(c) through typical single pulses [red triangles (a),
blue squares (b)] and average intensity profile [black circles (c)].

resolution, which eliminates the necessity of a beam splitter.
Additionally, it measures intensity correlations at different
relative positions across the beam simultaneously, which allows
for full coherence characterization in a single measurement.
For our experiment, we used an AGIPD 0.4 assembly, which
is a 16 × 16 pixel prototype of the AGIPD [4].
The experiment shown in Fig. 1(a) was performed at the Dynamics Beamline P01 at the high-brilliance storage ring PETRA III at
a photon energy of 14.4 keV. The detector was synchronized
to the bunch repetition frequency of PETRA III (5.2 MHz), and
about 3 × 105 intensity profiles of individual synchrotron pulses
were recorded [see Figs. 1(a), 1(b)]. Figure 1(c) shows the average intensity profile. The pulses have significantly different profiles due to both the chaotic nature of the radiation and the low
count rates. At synchrotron sources, the latter factor dominates
the intensity fluctuations due to a small degeneracy parameter,
which is the average number of photons in a single mode.
The result of the second-order correlation function analysis
along the vertical line shown in Figs. 1(a-c) is presented in
Fig. 2(a). The normalized correlation function g(2)(y1, y2 ) shows
the expected behaviour of maximum values for small sepa
rations between the pixels and a smooth falloff for larger separations. To determine the transverse coherence length and
contrast, we extract the intensity correlation function g(2)(Δy )
from g(2)(y1, y2 ) (see Fig. 2(b)). The data shown in Fig. 2(b)
are well reproduced by a Gaussian function fit, which yields a
transverse coherence length of lc = 0.68 mm (rms) and a contrast value of ζ = 1.7 %. The contrast is in good agreement
with an estimate using PETRA III bunch parameters. We have
used the results of the transverse coherence measurements
to determine the size of the synchrotron source. Using the
Gaussian Schell model [5], where the coherence function is
homogeneous across the beam and all functional dependencies are described by Gaussian functions, we found a source
size of 7.8 μm. This value is in excellent agreement with the
photon source size σy = 7.5 μm estimated from the design
electron beam parameters of the PETRA III storage ring.

Figure 2
Intensity correlation analysis. (a) The normalized intensity correlation function g (2)(y1, y2).
(b) The normalized intensity correlation g (2)(Δy ) as a function of Δy. Fit by a Gaussian function
(black solid line) provided transverse coherence length values of lc = 0.68 mm (rms).

In summary, we have demonstrated successful intensity correlation measurements performed in the spatial domain with
hard X-rays at the storage ring PETRA III. The success of our
measurements was based on the use of the prototype AGIPD
detector that measures intensity profiles of individual synchrotron pulses with the rate of about 5 MHz. Using this pixelated
detector, we were also able to record the intensity correlation
function at different relative spatial separations simultaneously,
which is unique compared to previous measurements. We
anticipate that this technique can be extended to XFELs [6]
and will provide a valuable diagnostic tool for next generation
X-ray sources. Because of the large frame rate, the final AGIPD
detector will certainly be useful for a variety of experiments at
high-brilliance X-ray sources, for example, for studies of the
dynamics of matter from the nano- to microsecond time
scales. We also anticipate that the unprecedented combination
of outstanding temporal and spatial resolution of AGIPD
will initiate new developments in the biological and materials
sciences at high-brilliance X-ray sources.
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Center for
Free-Electron Laser Science CFELª
Three institutions working successfully together within CFEL

Figure 1
Angel Rubio presenting at
the CFEL Colloquium on
7 November 2014.

In 2014, CFEL successfully passed the seven-year itch and
increased its success in all areas. The three institutional partners in CFEL, Deutsches Elektronen-Synchrotron DESY, Max
Planck Society (MPG) and the University of Hamburg (UHH),
keep up the collaborative spirit of the starting years and with
the recent new appointments the future looks even brighter.
The CFEL building itself is now tightly packed with scientists,
engineers and students, and the last year founded MPI (Max
Planck Institute for the Structure and Dynamics of Matter) just
started with the planning of their new building. Additional to
the space the MPI uses in CFEL, a second research complex
for two more divisions is planned. The third MPI director
Angel Rubio started in November 2014 and introduced his
research field to the colleagues with a talk within the CFEL colloquium series (Fig. 1). Angel Rubio will build up the theoretical
division of the MPI with a research focus on the properties of
condensed matter. The tools his group applies range from
ab initio calculations and time-dependent modelling to density
functional theory.
The cluster of excellence The Hamburg Centre for Ultrafast
Imaging (CUI) in which all leading CFEL scientists participate,
appointed two new CFEL based groups. Junior Professor
Ulrike Frühling investigates ultrafast dynamical processes in
atomic and molecular systems. Professor Arwen Pearson
will strengthen CFEL’s research in the field of experimental
biophysics. Her activities are focused on the question how
the dynamics of bio-macromolecules (enzymes, membrane
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proteins) is related to their biological function. To this end
Arwen Pearson also develops new methods for time-resolved
X-ray crystallography.
CFEL successfully hosted its first International Summer School
of Crystallography (ISSC 14) in Hamburg (Fig. 2). As part of
the International Year of Crystallography 2014, Professor Carmelo
Giacovazzo gave focused lectures on the basics of crystallo
graphy, as well as the basics of modern phasing methods in
protein crystallography and many other topics. The participants
also learned modern applications of macromolecular crystallo
graphy using advanced light sources, such as 3rd generation
synchrotrons and XFELs. The summer school was organized
by Cornelius Gati from DESY’s CFEL Division for Coherent
Imaging in cooperation with CUI, PIER (Partnership for Innovation, Education and Research), the IMPRS UFAST (International Max Planck Research School for Ultrafast Imaging
and Structural Dynamics) and the European XFEL.
Again, several of our colleagues were successful in their work
and received awards. Stephan Stern from the Coherent Imaging
Division was honoured with a PhD Thesis Award from the
“Association of the Friends and Sponsors of DESY” for his work
on Controlled Molecules for X-ray Diffraction Experiments at
FELs. The MPI Director R. J. Dwayne Miller will be awarded
the E. Bright Wilson Award in Spectroscopy from the American
Chemical Society “for the development of femtosecond electron
diffraction and coherent spectroscopic methods for the direct

Figure 2
Participants from
24 countries at the
ISSC 14 from
11 – 17 May 2014.

observation and control of chemical dynamics at the atomic
level” in 2015. Jacob Burgess of the Dynamics of Nanoelectronic Systems Max Planck Research group received a
Humboldt Research Fellowship and a NSERC Postdoctoral
Fellowship and Nicole Teschmit from the Controlled Molecule
Imaging Group received a prestigious Kekulé Mobility Fellowship from the Chemical Industry Fund (FCI). Zheng Li – a former
CFEL PhD student from the CFEL Theory Division – won a
Peter Paul Ewald Fellowship of the VolkswagenStiftung allowing him to continue his research career as postdoc at the LCLS.
Finally, Wilfried Wurth, division head at the CFEL Advanced
Study Group of the Hamburg University, was appointed as the
new scientific head of FLASH.
Another great success was the funding with 14 million euros
by the EU of a project which aims for high resolution time
lens for the nanocosm. With a so-called ERC Synergy Grant,
the European Research Council supports the project “Frontiers
in Attosecond X-ray Science: Imaging and Spectroscopy”
(AXSIS) of Franz Kärtner and Henry Chapman (both CFEL, DESY
and University of Hamburg), Dr. Ralph Aßmann (DESY) and
Professor Petra Fromme (Arizona State University). This is the
second funded ERC Synergy Grant involving the Center for FreeElectron Laser Science. The focus of this project is to develop
the ability to film ultra-fast processes in slow motion. The four
scientists will build a kind of stroboscope with ultra-short light
flashes in the attosecond range. To reach atomic resolution,
these light flashes will be in the short-wavelength X-ray region

of the spectrum. This will allow insights into so far unobservable
processes of nature. The attosecond source will be based on a
novel, laser-driven particle accelerator technology which will
emit X-ray radiation with much shorter pulses than possible so
far. This technology can revolutionise the understanding of
structure and function at the molecular and atomic level and
unravel fundamental processes in chemistry and biology, e.g.
the dynamics of light absorption, of electron transport and of
the protein structural changes during photosynthesis – one of
the major unsolved problems of structural biology.
The ERC Consolidator Grant project “Controlling the Motion of
Complex Molecules and Particles” (COMOTION) of Jochen
Küpper also started this year. This project aims at developing
methods to control, e.g. to transport, to sort, and to align
complex molecules and particles. This includes biological samples such as peptides, proteins, viruses, and picoplankton as
well as artificial nanoparticles. The team will develop sources
to create beams of these molecules in the gas phase and to
immediately quick-freeze them. The molecules are then transported through pipes and funnels formed from laser light and
electric fields. They are sorted according to their shapes and
structures, as well as aligned and oriented in space. First
successful experiments on para and ortho water are presented
in the “Research Highlights” section of this volume.
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EMBL
Hamburg Unitª
Integrated structural biology research and services with synchrotron radiation

Research activities at EMBL Hamburg focus on challenging
structural biology projects. Scientific highlights in 2014 have
involved the groups of Thomas Schneider and Rob Meijers.
Thomas, together with EMBL Hamburg staff scientist Gleb
Bourenkov and members of the Chapman group (CFEL / DESY)
and Redecke group (University of Lübeck), reproduced the
structure of a heavy glycosylated protein β−cathepsin, which
was previously only determined with data obtained from the
LCLS X-ray free electron laser facility at Stanford. They used a
new method called Serial Synchrotron Crystallography (SSX),
which adopts new data collection approaches developed for
X-ray free electron laser applications. This work was jointly
published in the IUCr Journal. In work published in the journal
Neuron, the Meijers group, together with collaborators in
Harvard and Beijing, showed how netrin-1 steers axon guidance
through the DCC receptor. In a second paper published in
PLoS Pathogens, Rob Meijers and co-workers used structural
and functional studies to unravel how the bacteriophage
endolysin targets Clostridium bacteria. Details of these works
can be found in the “Research Highlights” section of this
report. More about publication highlights from EMBL Hamburg
research groups in 2014 can be seen at www.embl-hamburg.de
The EMBL Hamburg Unit also welcomed new group leader
Christian Löw recruited as part of EMBL’s commitment to the
on-campus Centre for Structural Systems Biology (CSSB).
His work focuses on the structure, function and dynamics of
integral membrane proteins, opening up a new field of structural
biology research to EMBL.

the sub-millisecond range, paving the way for ultra-fast time
resolved experiments. Using a new sample chamber, it will be
possible to routinely perform automated wide-angle scattering
data collection, yielding more detailed information about the
internal structure of macromolecular and colloidal systems. In
agreement with the strong demand for the in-line size exclusion
chromatography (SEC) coupled with SAXS measurements
(SEC-SAXS) an automated system was installed allowing the
analysis of thousands of data frames. The buffer corrected
frames are analysed with available SAXS tools and concentration
and molecular weight of samples can be assigned from simultaneous light scattering and refractive index measurements. Data
frames across the elution peak with consistent radius of gyration
values are averaged to produce the final SAXS curve, which
is passed down-stream modules for complete analysis and
ab initio modeling.

The EMBL Hamburg Unit is also a major provider of leading
research services in structural biology. Specifically, it offers
access to three synchrotron radiation beamlines (P12, P13, P14)
at the PETRA III synchrotron radiation source for applications in
small angle X-ray scattering (SAXS) of biological samples and
macromolecular X-ray crystallography (MX), a Sample Preparation and Characterization (SPC) facility, and various computational services for applications in structural biology. From February 2014, the PETRA III storage ring has been shutdown to
allow for major construction works so EMBL was only able to
welcome users to the EMBL beamlines during January 2014.
During user operation at the SAXS beamline P12, over 20 external groups were allocated beamtime. During the subsequent
shutdown period a multilayer monochromator for improved flux
was installed. It will provide a bandwidth between 1.5 and 2.5 %,
delivering an intense beam with a flux up to 5 × 1014 photons / second. This flux will allow SAXS data to be collected in
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Figure 1
On P13, a crystal mounting robot ‘MARVIN’ (entering from top left) was taken into
operation in 2013. The system is based on an industrial six-axes robotic system and
transfers sample from a storage Dewar onto the diffractometer (‘md2’ bottom) with a
cycle time of less than 40 sec.

Figure 2
Celebrating 10 years of bilateral cooperation between EMBL Hamburg and EMBL Grenoble.
From left to right: Head of EMBL Hamburg Matthias Wilmanns, Chairman of DESY Board of Directors Helmut Dosch, Director General of ESRF Francesco Sette, Head of EMBL
Grenoble Stephen Cusack, Director General of EMBL Iain Mattaj, EMBL Grenoble Team Leader Florent Cipriani, and EMBL Hamburg Group Leader Thomas Schneider.

Users visiting the EMBL Beamline P13 in early 2014 benefited
from the new MARVIN sample changer (Fig. 1) and the rapid
tunability over the energy range 4 – 17 keV. During the subsequent shutdown, the MD2 micro-diffractometer was upgraded
to allow data collection on P13 with samples smaller than 5
microns in size. At beamline P14, energy tuning and X-ray fluorescence scans software was established in early 2014, making
it possible to carry out multiple anomalous dispersion experiments. The macromolecular crystallography data acquisition
software and user interfaces underwent an upgrade, which
involved implementation of the newest version of the MxCuBE
interface for data collection, installation of the ISPYB data
management system and deployment of the EDNA software
package for on-line data analysis. A wealth of new experimental
options has also been installed, including X-ray based sample
localization, automated strategy determination, queued multicrystal data collection, line- and mesh-scans combined with
automated data processing. Serial Synchrotron Crystallography
(SSX) will also be offered as a standard option in the future.
The Sample Preparation and Characterization (SPC) facility at
EMBL presently consists of an integrated full-scale facility
equipped with state-of-the-art equipment to carry out purification
and characterization of macromolecular samples using techniques such as circular dichroism and isothermal titration calorimetry. New homemade thermal shift assays for checking sample stability have been tested on more than 250 different protein
constructs and are now provided to many laboratories throughout Europe. Users can also take advantage of the crystallization platform, which provides commercial screens to crys
tallize both soluble and membrane proteins. Users can design
their own screen with a new screen builder liquid handling
robot. A web-interface facilitates booking of experiments and

allows external researchers to monitor crystallization experiments remotely.
In 2014 EMBL has established new collaborative relationships
across Northern Germany. EMBL is a partner of the Centre for
Structural Systems Biology (CSSB, see separate article) and
in January, the Head of EMBL Hamburg, Matthias Wilmanns,
was appointed founding director. In May, EMBL established an
important alliance with the University Clinical Center HamburgEppendorf (UKE), the main aim being to join forces in bio
medical research and training activities by way of a strategic
bilateral partnership.
2014 has also been a year of celebrations at EMBL. In April
2014, EMBL Units in Hamburg and Grenoble celebrated ten
years of a strong bilateral collaboration, specifically, but not
exclusively, related to several synchrotron instrumentation
projects. Yearly meetings aim to support and structure the
ongoing collaborative projects. The celebratory symposium in
Grenoble (Fig. 2), organized by the Heads of the EMBL Units –
Matthias Wilmanns from EMBL Hamburg, and Stephen Cusack
from EMBL Grenoble – showcased and acknowledged the
efforts made by the meeting participants over the years and
highlighted success stories of the collaborative work. 2014 also
marks the 40th anniversary of EMBL. In addition to celebrations
at the central laboratory in Heidelberg, EMBL Hamburg is organizing an anniversary symposium and celebrations in Hamburg
on the 27th – 28th November 2014. DESY and EMBL have agreed
on the renewal of their successful partnership and the signing
ceremony took place during this event.

Contact: Matthias Wilmanns,
matthias.wilmanns@embl-hamburg.de
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Helmholtz-Zentrum Geesthacht
Outstation at DESYª
Our instruments are true GEMS

After many successful experiments at our PETRA III beamlines
and a lively user feedback in our annual satellite workshop to
the DESY Photon Science Users Meeting in January 2014, the
German Engineering Materials Science Centre (GEMS), the
outstation of Helmholtz-Zentrum Geesthacht (HZG) at DESY,
has certainly been established as an important brand for synchrotron radiation research in engineering materials science.
At the High-Energy Materials Science beamline (HEMS, P07,
jointly operated with DESY; highest in demand of all PETRA III
beamlines) the granite sub-structure for the grain mapper has
been completed and the motor control implementation is
finalised by the end of the year 2014. A line focus below 1 μm
was achieved by using one-dimensional compound refractive lenses at 38 keV. During the long PETRA III extension
shut-down several beamline components were redesigned
to enlarge the available experimental space in hutch EH3.
The gas handling system was enlarged to accommodate
new in situ instrumentation, i.e. a sputter deposition system
for industrially relevant growth rates. The chamber is currently being manufactured and planned for installation in
January 2015 within a Röntgen Ångström Cluster project in
cooperation with Linköping University, Sweden. The industrial

partner SECO Tools has completed the design for an in situ
cutting rig.
GEMS provides a number of complex sample environments for
in situ experiments mainly in the field of engineering materials
science. These allow for time-resolved studies of “real world”
processes, providing information that is not accessible in ex situ
experiments. These studies require complex sample environments that are usually developed in cooperation with HZG
in-house groups. Before the PETRA III shutdown, the in situ
laser welding experiment FlexiLas (Fig. 1) has been extensively
used. First measurements were performed with a new gradient
furnace for tomography and diffraction for the study of the solidification of Mg alloys in cooperation with the HZG Magnesium
Innovation Centre (MagIC). GEMS and MagIC will construct
a new in situ experiment for studying the in situ roller casting
process for Mg alloys (FlexiRoll). In situ diffraction and radiography experiments shall be carried out on the solidification and
subsequent deformation of new Mg alloys for lightweight construction. As a first approach to ultra-fast free-electron laser
experiments at the European XFEL the grinding process of
metals will be studied in situ using a special device at GEMS
synchrotron beamlines in collaboration with RWTH Aachen.

Figure 1
The in situ laser beam welding chamber
(FlexiLas) at P07B (side station), which
has been built and operated together with
the colleagues from the HZG laser welding group (Jie Liu, Nikolai Kashaev). The
inset shows the interior of the welding
chamber with the heating device for preheating TiAl samples to 700 °C prior to
welding. The red and blue lines indicate
the laser and photon beams, respectively.
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Figure 2
Three-dimensional nanotomographic reconstruction of a ZrO2 photonic glass used for the
determination of the packing fraction. Sample by Jefferson do Rosario (TUHH, SFB986,

scientific focus is best demonstrated by the wide range
of experiments already performed with in situ sample environments: stretching cells for tensile tests, a cryostream for temperature control, magnetic field application, a nanoindentation
apparatus and a high pressure cell – all of these methods were
successfully combined with the high spatial resolution provided by the nanofocused beam. The photon flux is currently
limited by the relatively low acceptance of the nanofocusing
mirrors, which in turn is a consequence of the requirement for
an intermediate focus. In collaboration with the Karlsruhe
Institute of Technology (KIT) we are currently exploring the
applicability of a novel type of large aperture X-ray lenses
to directly demagnify the undulator source into a nanofocus.

see text). Experimental parameters: 17.4 keV photon energy at IBL, voxel size 68 nm,
resolution (2D) 200 nm, base dimension 18 x 18 µm2, nominal sphere diameter 2µm.

In the field of X-ray imaging, high- and lower energy X-rays are
used at HEMS and at the Imaging Beamline (IBL, P05), respectively. At HEMS, grating-based phase contrast was successfully
applied in first user experiments. In 2014, a dedicated setup
for differential phase contrast (DPC) was designed including a
sample manipulator, a cell for liquid environment and an alignment system for the gratings. This system will be installed and
tested early in 2015. Micro tomography with absorption contrast
has become a routine tool at IBL, including the combination with
in situ techniques (see above). The first successful nanotomography scan in the dedicated IBL hutch was completed in February 2014. The image shown in Fig. 2 is a three-dimensional
reconstruction of a photonic glass sample made from small
zirconium spheres (experiment within SFB 986, see below). The
new IBL double multilayer monochromator was delivered in
September 2014 and will be installed by the end of the year
2014. Its high flux will enable fast tomographic techniques.

GEMS has adopted an important role in the Collaborative
Research Centre SFB 986 (“Tailor-Made Multi-Scale Materials
Systems – M3”), which is coordinated by Hamburg University
of Technology (TUHH), by providing the perfect tools for structural characterization of many new materials created within the
project (see also Fig. 2). In 2014, a new in situ heating device
enabling high temperature studies of phase transitions in
doped zirconia microparticles was designed and constructed.
In the framework of the Helmholtz Initiative for Mobile / Stationary Energy Storage Systems, HZG is involved in the development of new energy storage materials by the department of
Hybrid Materials Systems in collaboration with GEMS. Several
successful experiments have been carried out in 2014 using
both X-ray and neutron diffraction in order to characterise
materials used in Li-ion batteries.

In the beginning of 2014, a first study with a pressure cell (up
to 3.5 kbar) on the intermolecular interaction between nanoparticles and biomolecules was performed at BioSAXS (P12,
operated by EMBL together with HZG). The design phase of a
high flux mode (double multilayer monochromator) is finished,
the components have been ordered and the construction
is in progress. The scattering tube is being modified for an
additional wide-angle scattering option.

GEMS as part of the Helmholtz programme “From Matter to
Materials and Life” was very positively reviewed in April 2014.
GEMS was judged a world leader in the field of the complementary use of photons and neutrons in engineering materials
science, such that its concept should serve as a role model
for other facilities. Our continuous efforts to expand the interactions with industrial scientists and to increase the use by
industry shall be continued. An example of this successful
interaction can be seen in the “Research Highlights” section of
this report, published in Acta Materialia 77, 360–369 (2014).
We invite our users to actively take part in these exciting future
developments of GEMS.

At the Nanofocus Endstation of P03 (a collaboration with CAU
Kiel and DESY) it has been shown that scanning X-ray nano
diffraction is an excellent tool for materials science. This strong

Contact: Martin Müller, martin.mueller@hzg.de
Andreas Schreyer, andreas.schreyer@hzg.de
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University of Hamburg
on the DESY siteª
Photon Science – A Research Focus Area

Figure 1
Top: An artist view of the new Center for
Hybrid Nanostructures (CHYN) which will host
six university groups.
Bottom: A picture of the real building place
(24 November 2014). One of the university
buildings close to the DESY side entrance can
be recognized behind the trees.

Photon Science is one of the key research areas of the faculty of mathematics, informatics and natural sciences of the
University of Hamburg. In the past year a number of new
appointments have been made which further strengthen the
cooperation with DESY on the Campus Bahrenfeld.
Several new positions have been created within the Cluster of
Excellence “The Hamburg Center for Ultrafast Imaging (CUI):
Structure, Dynamics and Control of Materials on the Atomic
Scale”, www.cui.uni-hamburg.de. The goal of CUI, which is a
joint activity of the University of Hamburg and DESY together
with partners from the Max Planck Society, EMBL and the
European XFEL, is an interdisciplinary effort towards imaging
atoms and molecules on an ultrafast time scale to understand
the interplay between structure and function. It brings together
experts from physics, chemistry, biology and medicine and
creates new groups at the borderline between these disciplines.
One of the new groups is led by Prof. Arwen Pearson from
Leeds. Her research is aimed at understanding how macro
molecular structure leads to function, using X-ray crystallography
as a major tool. Two new junior groups with main activities in
Photon Science were also established. The positions were filled
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with Prof. Ulrike Frühling, research area: ultrafast dynamics in
atoms and molecules, and Prof. Martin Trebbin, research area:
structures on the nano- and mesoscale. The Hamburg Prize in
Theoretical Physics sponsored by the Joachim Herz Foundation
which is awarded by CUI on a yearly basis was given in 2014
to Prof. Antoine Georges, Collège de France and Ecole
Polytechnique, Palaiseau, for outstanding contributions to
condensed matter physics, in particular for methods to describe
strongly correlated systems. The Prize was awarded during
the CUI International Symposium 2014 (Fig. 2).
The ties between DESY and the University of Hamburg have
been further strengthened last year by two new DESY
appointments. Prof. Christian Schroer, who was appointed as
scientific head of the PETRA III facility, also holds a full professor position at the University of Hamburg. His research
focus is X-ray nanomicroscopy and novel X-ray optics. Prof.
Wilfried Wurth, who is a full professor at the University of
Hamburg since 2000 with a research focus on X-ray spectroscopy and applications to ultrafast dynamics in solids and at
interfaces, was appointed as the new scientific head of the
free-electron laser facility FLASH.

Cooperation in nanoscience will be strongly enhanced by the
establishment of the new Center for Hybrid Nanostructures
(CHYN) on the Campus headed by Prof. Robert Blick. Here
the City of Hamburg decided to fund a new research building which will include state-of-the-art instrumentation for nanoscience and sophisticated cleanroom facilities (Fig. 1). The
new centre will create strong synergies with the recently
established DESY NanoLab. Both facilities will provide complementary techniques for the preparation and characterization of
nanostructures and will thus ideally complement the opportunities for nanoscience at PETRA III and FLASH.
DESY and the university have established PIER – a Partnership for Innovation, Education and Research as a platform to
foster their long-standing collaboration. One of the strong
pillars of PIER is the PIER Helmholtz Graduate School. The
goal of the PIER Helmholtz Graduate School is to combine
the unique scientific opportunities on the Campus Bahrenfeld
with excellent PhD training for candidates from Germany and
abroad. In a very tight competition up to six outstanding students are granted PhD scholarships by the private Joachim
Herz Foundation. The activities within PIER complement the
strong network of excellence in education on the graduate

Figure 3
One of the poster sessions during the PIER graduate week at DESY October 2014.

level between DESY and the university. In Photon Science
this is manifested for example through joint master courses in
modern X-ray physics and accelerator based photon sources,
jointly supervised PhD thesis work, and joint teaching activities in the DFG funded Collaborative Research Centre SFB
925 and the Cluster of Excellence CUI. A recent event (Fig. 3)
was the “PIER graduate week 2014”, an interdisciplinary workshop and lecture week for PhD students, which took place
from 6 – 9 October 2014. These activities on the graduate
level are complemented by a very successful master program
on “Modern X-ray physics” where lectures are given by
members of DESY Photon Science and the physics department of the university.
Figure 2
During the CUI International Symposium at DESY, November 2014.

Contact: Wilfried Wurth, wilfried.wurth@desy.de
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Centre for Structural Systems Biology CSSBª
Taking shape and gathering speed

Figure 1
CSSB directorate and guests (from left to right): Martin Hällberg (Karolinska
Institute, Stockholm, Sweden), Chris Meier (University of Hamburg,
deputy CSSB research director), Matthias Wilmanns (EMBL, CSSB
research director), Tim Gilberger (Bernhard Nocht Institute for Tropical
Medicine, Hamburg, and University of Hamburg), Dietmar Manstein
(Hannover Medical School), Jörg Labahn (Research Center Jülich),
Edgar Weckert (DESY, Director Photon Science), Verena Börschmann
(DESY, CSSB building construction), Christian Löw (EMBL), Ina Plettner
(DESY, head of CSSB office), Kay Grünewald (Heinrich Pette Institute
and University of Hamburg), Thomas Marlovits (UKE, deputy CSSB
research director).

The Centre for Structural Systems Biology (CSSB) is a new
research centre on DESY campus in life sciences, focusing on
research topics in infection biology, complemented by X-ray
based structural biology, including electron microscopy und
systems biology approaches. Pursuing this combination of
themes and methods is without precedence worldwide. CSSB
has nine members at present, three universities and six
research institutes, from Northern Germany.
2014 has been CSSB’s first year with a proper governance
structure, including the establishment of a council and a directorate with delegates from all nine partners (Fig. 1). Matthias
Wilmanns, who heads the Hamburg Unit of the European
Molecular Biology Laboratory (EMBL), has been appointed as
the founding research director of the CSSB. Chris Meier,

professor of organic chemistry, from the University of Hamburg
and Thomas Marlovits, professor of structural and systems
biology of bacteria, from the University Medical Center Hamburg-Eppendorf (UKE), are CSSB deputy directors. The direc
torate meets about every six weeks at alternating partner sites.
The new CSSB office is headed by the biologist Ina Plettner.
Six CSSB partners have now completed their initial recruitments, two of them in 2014: Kay Grünewald from the University
of Oxford, a leading expert in electron microscopy of viral
particles, got a joint appointment by the University of Hamburg
and the Heinrich Pette Institute. Kay’s main initial task will be,
together with Thomas Marlovits from the UKE, setting up a
major infrastructure in state-of-the-art electron microscopy at
the CSSB. Christian Löw, working before at the Karolinska
Institute in Stockholm, Sweden, has accepted an EMBL group
leader position and will focus on integral membrane proteins,
mainly by X-ray crystallography.
The construction of the new CSSB building with an overall area
of close to 11000 m2, of which about 3000 m2 will be used
for laboratory experiments with specific requirements to work
with pathogenic material, is proceeding rapidly (Fig. 2). The
foundation stone was laid at the end of August in a ceremony
in the presence of the Hamburg senator for science and
research, Dr. Dorothee Stapelfeldt. CSSB faculty is eagerly
awaiting to move into their common building from various
interim sites.

Figure 2
CSSB building construction site close to the experimental hall “Max von Laue”
(November 3, 2014, DESY Webcam).
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Contact: Ina Plettner, ina.plettner@desy.de
Matthias Wilmanns, matthias.wilmanns@embl-hamburg.de

DESY NanoLabª
Implementing state-of-the-art equipment

In 2014, the installation of the first set of sophisticated equipment for atomic scale structural and chemical characterization
took place in the DESY NanoLab current location in building 3.
For compositional and electronic structure characterization,
a dedicated setup for X-ray photoemission spectroscopy was
installed (see Fig. 1). The ultrahigh vacuum (UHV) chamber is
equipped with a hemispherical electron energy analyzer. Al and
Mg Kα radiation are available, monochromatized for improved
energy resolution. The chamber is equipped with a liquid-N2
cryostat and sample heating. The setup has been fully commissioned and already produces state-of-the-art electron
spectroscopy data. To enable sample exchange with the
existing setups for surface characterization and growth, as well
as Fourier Transform Infrared spectroscopy, a 3.5 m long UHV
transfer chamber with base pressure of 4 × 10 –11 mbar was
integrated into the laboratory. This required a major rearrangement of the existing equipment. The UHV spectroscopy and
microscopy laboratory has been completed in December 2014
by the installation of a variable temperature STM / AFM system,
also connected to the sample transfer tunnel.
To enable fast morphological characterization of samples, a
field emission scanning electron microscope was installed in
the basement of building 3. The system allows imaging at low
acceleration voltages which is crucial for the high resolution
imaging of nanostructures on insulating substrates. It is
equipped with a platinum precursor inlet, allowing local electron beam assisted deposition of Pt atoms, e.g. as markers or
electrodes, which is important for a reproducible nano-object
coordinate system transfer from the electron microscope to
the PETRA III beamline endstations. Furthermore, the X-ray
laboratory took up operation with the X-ray reflectometer
(Mo Kα radiation) being operative as first instrument. As second
instrument a six circle grazing incidence diffractometer (Cu
Kα radiation) is currently commissioned. On both instruments
a linear Mythen detector or point detector can be installed.
Both instruments can carry large sample environments up to
60 kg weight, allowing important pre-studies prior to synchrotron experiments. Access to the DESY NanoLab techniques
was offered to the general Photon Science users for the first
time in the latest call for proposals for PETRA III, attracting
considerable interest.

Figure 1
X-ray photoemission setup at the DESY NanoLab.

The planning of the future home of the DESY NanoLab, the
Photon Science Building, which comprises high standard
laboratory and office space, had to be modified to fit a reduced
budget. This will be partially compensated for by dedicated
space in the PETRA III and former DORIS halls. The construction work for the new building is planned to start end
of 2015.

Contact: Andreas Stierle, andreas.stierle@desy.de
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FLASHª
Simultaneous lasing of the two FEL lines FLASH1 and FLASH2

FLASH – more specifically the first free-electron laser (FEL)
FLASH1 – is in full operation for users again, after a long
interruption due to construction work for the second FEL line,
FLASH2.
The fifth user period started in February 2014 and will end in
April 2015. 25 user projects and six in-house research experiments are scheduled in nine beamtime blocks with a total of
about 440 shifts including the time needed for machine tuning
and wavelength changes. The actual time distribution from
1 January to 1 December 2014 is shown in Figure 3; this period
covers the first six beamtime blocks with a total of 3630 hours,
including 781 hours (21.5 %) for set-up and tuning and
159 hours of downtime (4.4 %), i.e. 2690 hours were actually
delivered to the experiments. A fairly large amount of time
(3376 hours) was also scheduled for accelerator and FEL
studies which are regularly needed to maintain and continuously improve the performance of the facility.
The experiments at FLASH cover a wide range of research areas:
atomic and molecular physics (30 % of the projects), condensed
matter physics (24 %), new methods including coherent X-ray

imaging and FEL physics (18 %), chemistry (13 %), warm dense
matter (7 %), life science (4 %) and nanoscience (4 %). Approximately 90 % of the allocated user beamtime is dedicated to
time-resolved experiments which either combine the ultrashort
FEL pulses with optical laser or THz pulses or make use of one
of the XUV split-and-delay units integrated in the beamlines or in
the experimental systems. These units divide the FEL beam into
two parts which can be delayed with respect to each other, thus
allowing XUV-pump XUV-probe experiments with ultimate time
resolution, independent of any pulse arrival time jitter coming
from the accelerator.
After a short break in May 2015, user experiments on FLASH1
will continue with the sixth user period. 50 proposals were submitted for this new beamtime period, which will start in June and
last until the end of 2015. The proposals were reviewed and
ranked by the international project review panel in November 2014.
Up to twenty user projects and four in-house research experiments
will receive beamtime in this period. From 2016 onward, it is
intended to operate FLASH1 and FLASH2 fully parallel, thereby
doubling the amount of user experiments. Consequently, it is
planned to introduce a regular schedule with two user periods per

Figure 1
Aerial view of the FLASH facility at DESY
including the new tunnel and the new
FLASH2 experimental hall (in the lower
left corner) and the construction site
of the PETRA Extension North in early
July 2014.
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year and deadlines for proposal submission in spring and autumn
for the first and second half of the following year, respectively.
In the meantime and in parallel to the user experiments on
FLASH1, the new FLASH2 FEL is being commissioned. Several
weeks were reserved for dedicated studies in 2014 in order to
establish parallel operation of the two FELs.

Figure 3
FLASH operation statistics for the time period 1 January – 1 December 2014.
The last user beamtime block in December 2014 with ~ 500 h of scheduled beamtime
is not included.

First lasing was observed near 40 nm wavelength in August while
FLASH1 was running in parallel for user experiments with long
pulse trains (250 pulses per train) at 13.5 nm (see cover and the
News and Events section for more details). Further studies are
currently ongoing to determine the limits of the parameter
space which can be used in parallel operation, such as bunch
charge and compression. The commissioning is currently done
with preliminary photon diagnostics in the tunnel. In the beginning of 2015, some of these components will be removed and
the complete photon diagnostics and the mirrors steering the
FLASH2 photon beam into the experimental hall will be installed
in the tunnel. The two plane mirrors provide a beam offset and
allow for collimation and radiation shielding within the tunnel,
therefore no further shielding is needed in the experimental

Figure 2
Front of the new FLASH2
experimental hall.
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hall. In addition, the newly designed mirror chambers provide
the necessary degrees of freedom to compensate beam
displacements in the tunnel and to steer the FEL beam into
the experimental hall at a constant position and angle.
Subsequent to the final construction work in the FLASH2 tunnel,
all the basic photon diagnostics for users including monitors
for pulse energy, beam position and wavelength, will be installed

in the new experimental hall in a more than 10 m stretch from
the wall where the FEL beam enters the hall (the orange wall
in the centre of Fig. 4). After the diagnostics section the
FEL beam can be diverted by plane mirrors to different experimental stations.
The first mirror chamber together with two photon beamlines
will be mounted in the second half of 2015. Two plane mirrors

Figure 4
Photograph of the new FLASH2 experimental hall with
the office space for users on the left (painted red) and
the hutch for the optical pump-probe laser (painted grey)
on the right. The picture is taken against the future
FEL beam from the position of the experiment at the
end of the central beamline FL24. The photon beamline
connecting the tunnel with the experimental hall and
crossing the PETRA tunnel is already mounted in order
to avoid interference with PETRA III operation.

Figure 5
Preliminary layout of the infrastructure and the first three
photon beamlines FL22, FL24
and FL26 in the new FLASH2
experimental hall.
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Figure 6
The CAMP chamber just mounted as permanent end
station on beamline BL1.

can be moved into the beam and deflect it either left into
beamline FL22 or right into beamline FL26 (see Fig. 5). When
the mirrors are retracted, the FLASH2 FEL beam passes on
through the central beamline FL24. The first two beamlines
planned to become operational by the end of 2015 are
FL24 – initially without focusing optics – and FL26 including
the “reaction microscope” which will be set up by the MaxPlanck-Institut für Kernphysik (MPIK) Heidelberg as permanent
end station for atomic and molecular physics.
With up to seven additional photon beamlines on FLASH2 it
will be possible to further increase the efficient use of the FEL
beams by setting up several permanent experimental end
stations while still leaving a sufficient number of open ports
allowing flexible mounting of specific experimental equipment
brought by user groups.
The first two permanent end stations are currently under commissioning in the FLASH1 hall, the CAMP chamber on BL1 and the
Raman spectrometer on PG1. Beamline BL1 has been refurbished
and a multi-purpose experimental chamber mounted together with
suitable Kirkpatrick-Baez (KB) focusing optics. The experimental

system, also known as the CAMP chamber, was originally built by
the Advanced Study Group (ASG) of the Max-Planck-Society at
CFEL and used for numerous experiments on the Linac Coherent
Light Source (LCLS) in the US. In the future it will be operated
by the FLASH group of the DESY Photon Science division.
The KB system was built by a research group at TU Berlin with
special funds from the ministry for education and research
(BMBF). A recent picture of the end station during commissioning is shown in Figure 6. The PG1 branch is equipped with
a two-stage, high-resolution XUV grating spectrometer for
inelastic scattering (Raman) experiments. This system was built
in collaboration with a group at University of Hamburg also with
funds from BMBF. After significant modifications and improvements needed for the precise alignment of the FEL refocusing
optics and the spectrometer tanks, the instrument is now
in the final commissioning phase. First user experiments are
planned on both end stations during the coming months.

Contact: Josef Feldhaus, josef.feldhaus@desy.de
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PETRA IIIª
Extensions for the future

The year 2014 was characterized by the shutdown for the
PETRA extension work. After a short run period for users in
January the operation stopped on 3 February. Instantaneous,
the machine group started to take apart the sections of the
storage ring at the sites of the new PETRA III experimental
halls in the North and the East.
During the January run 576 hours of X-ray beam were made
available for user operation on all 14 beamlines. 74 experimental
sessions have been performed by users of DESY and HZG
beamlines P01 – P11.
The shutdown period was used – among many other projects – to
update the DOOR user administration software. Right on time for
the call for proposals published in June 2014 this new system
was operational. This call with deadline 3 November resulted in a
new record value of 668 proposals. For the first time also longterm proposals (LTPs) have been accepted for PETRA III beamlines. LTPs are valid for two years with the option to add one
more year and have been installed for users who significantly
contribute to one of the beamlines P01 – P11. In total, a number
of 22 LTPs have been submitted. Currently all proposals are in
the evaluation process and results of the review will be sent to
the users in early 2015. After a short period of beamline set-up
and commissioning in March 2105 regular operation of PETRA III
for users is scheduled for 27 April 2015 until November 2015.

Beamlines and Experiments
The implementation of new hardware and software for the
experiments comprised in particular the upgrade of the beamline control system (see also the article in the “New Technologies and Developments” section of this report). All computers
at DESY beamlines are now using Debian Linux as the operating
system and the control software is currently being switched to
‘Sardana’. This control software is part of the Tango software
package developed by a collaboration of large scale facilities in
Europe including DESY. This upgrade of the software is compatible with the data format Nexus / HDF5 and is necessary for
an optimal use of high-throughput detectors such as the
Eiger (DECTRIS) or the LAMBDA detector, which is a development of the DESY detector group. The new control software
Sardana will be available before the user run starts in spring
2015. These improvements are complemented by the
exchange of the central file server for detector data and additional 10 GB data transfer lines from the experimental hall to
the central server at DESY.
In addition the cooling water system has been upgraded and
the coolers of the electronic racks of the PETRA III experiments have been refurbished in order to improve the reliability
of the cooling water system.
Due to severe radiation damage, which has been detected
during the last runs, the magnet structures of the undulators

Storage ring tunnel
The storage ring tunnel has been rebuilt to accommodate the new
optics and front end devices for the new extension beamlines
P21 – P25 and P61 – P66. This includes a new magnet server
system to optimize the operation of PETRA III and the installation of a second diagnostics beamline. The machine
modifications needed for the new soft X-ray beamline P66 will
be done in the next shutdown planned end of 2015.
As a consequence of the modifications and in particular the
installation of the new magnetic lattice for the extension beamlines it is expected that the operation of the PETRA III machine
starts with a 10 – 20 % larger horizontal emittance as compared
to the operation in 2013, i.e. 1.2 nmrad. However, by careful
tuning the original value of 1 nmrad may be regained.

Figure 1
Maia detector in a backscattering geometry at the PETRA III beamline P06. The X-ray
beam comes from the right. The detector is positioned just right of the sample holder
(red rectangle). The beamstop is the red cylinder. This setup was commissioned together with Jan Garrevoet (Ghent University).
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Figure 2
Aerial view of the PETRA III experimental hall “Max von
Laue” at DESY including the two construction sites
of the PETRA extension in the East (in the lower
right corner) and in the North (in the upper left corner)
in July 2014.

P02 and P08 are being remagnetised. Both undulators will be
back in place before the restart of PETRA III. The mechanism
of the radiation damage and suitable preventive measures
are subject to further investigations.
Very good progress has been achieved in reducing the vibrations of the standard monochromators cooled by liquid nitrogen.
The design of the internal liquid nitrogen cooling system has
been altered at selected monochromators, resulting in a
reduction of the vibrations by a factor of two and an accuracy
now better than 100 nrad rms. In the future, these modifications
will be applied to other monochromators.
In addition to the upgrade in software and hardware mentioned
above, major improvements have been made or are in preparation at the following beamlines:
•	At the High Resolution Dynamics beamline P01 a new multichannel analyzer for inelastic scattering has been installed.
•	A robot for automated sample change will be put into
operation at beamline P02.1.
•	At the Small Angle Scattering Beamline P03 a microfocus
option will be available in spring 2015.
•	The Hard X-Ray Micro Probe beamline P06 is now permanently equipped with an energy dispersive Maia detector
(Fig. 1).
•	At the High Resolution Diffraction beamline P08 a pumpprobe laser system is being installed by University of Kiel.

•	At the Coherence Applications beamline P10 a bio laboratory complying with bio safety level 2 (S2) is being
installed. This laboratory will be operational and accessible
for PETRA III users in 2015. The rheometer has been
upgraded, too.
•	At the Bio-Imaging and Diffraction beamline P11 a full field /
scanning transmission microscope has been installed which
will be operated with the sample positioned in a vacuum
vessel. Also, a Kirkpatrick-Baez mirror focusing system
has been included for micro diffraction experiments.
In 2014 the three PETRA III beamlines, which were the first to
accept users from 2010 on, have been evaluated by external
committees: the High Resolution Diffraction beamline P08, the
Magnetic Resonance Scattering and Hard X-ray Photoemission
Spectroscopy beamline P09 and the Coherence Applications
beamline P10. All three got a very positive feedback from the
reviewers. They stated that the beamlines have fully achieved
the design specifications, offer a world-class instrumentation
and have already produced scientific results of the highest
international standard.
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Figure 3
Removal of the PETRA III storage ring
in the arc sections (February 2014).

PETRA III Extension
The civil engineering and storage ring reconstruction for the
PETRA III extension began as scheduled following the
machine shutdown on 3 February 2014. Contracts had been
signed with two different companies for the construction of the
two experimental halls. While earth moving activities on both construction sites in the East and the North were ongoing around
the PETRA III tunnel, this section of the storage ring was completely removed at a total length of 160 m in just about three
weeks. The first milestone was the demolition and removal of
the concrete tunnel after it had been completely exposed.
These arc sections of the tunnel had to be rebuilt as part of the
new experimental halls. Moreover the remaining part of the
existing ring tunnel next to the new buildings had to be stabilized with rather complex measures to prevent it from sliding
down into the construction pit. This had been a demanding
procedure especially at the eastern hall where the experimental
floor lies about 4 m below ground level.
Another important civil engineering milestone was the completion of the new tunnel sections which had to be accomplished
on a very tight time schedule since it determined the starting
point of the machine reinstallation. Both companies managed to
meet the scheduled date. The installation of machine and beamline components started on 30 July (North) resp. 13 August
(East) and the initial progress was quite impressive because the
tunnel rapidly filled up with a new storage ring section and
beamline front ends.
On a sunny late summer afternoon, 15 September, DESY
celebrated the “twin topping-out” of both experimental halls.
While the construction of the experimental halls was continuing
around the outside of the completed tunnel sections, inside, the

Figure 4
Demolition of the PETRA III ring tunnel section in the East (March 2014).

Figure 5
Reinstallation of the machine and beamline frontends
(started in August 2014).
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Figure 6
Digging at the site of hall east. The remaining tunnel is seen on the right (March 2014).

newly assembled machine and beamlines was heavily being
worked on. The mandatory machine interlock tests will be
completed before the Christmas Holidays so that the technical
commissioning of the machine may start at the beginning of
January 2015. Regular user operation at beamlines in the experimental hall “Max von Laue” is scheduled to resume in April 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 operation for users
in the experimental hall “Max von Laue”.
The preparatory work for the implementation of the first beamlines at the PETRA III extension, the X-ray absorption instruments
P64 and P65 in the northern hall, is in an advanced stage. Both
beamline frontends are planned to be completed before the
machine startup, the optics and experiment hutches will be set
up in spring 2015. In parallel to the installation of the technical
hall infrastructure, the X-ray optical components and other
beamline instrumentation will be built up. It is planned to start
beamline commissioning in July 2015. Beam for first user
experiments at both beamlines is expected to be available in
late summer 2015.
All technical design reports of phase 2 undulator beamlines
P21 – 24 have been reviewed and the first beamlines will be
built up starting in fall 2015. For the completion of the beamline
frontends, additional machine shutdowns are required, the first
one is planned for November 2015. The beamline commission-

Figure 8
Civil engineering of hall east (August 2014).

Figure 9
First construction phase of hall east completed (November 2014).

ing will start in 2016. The design report of the damping wiggler
beamline P61 (phase 3) will be presented in spring 2015.
A special beamline is P66, the only bending magnet source for
user experiments at PETRA III. It will be used for time-resolved
VUV spectroscopy in continuation of the very successful
activities at the former Superlumi instrument at DORIS III. The
new experimental station will be located in a separate hutch
on top of the PETRA III ring tunnel and the initial construction
work has already begun.
A complete list of all PETRA III beamlines is available in a table
at the end of this booklet.

Contact: Wolfgang Drube, wolfgang.drube@desy.de
Michael Bieler, michael.bieler@desy.de
Figure 7
Casting of the base plate for hall north (April 2014).
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European XFELª
A year of steady progress

At the European XFEL, 2014 has been a year of steady progress. The year saw the start of many crucial installations and
constructions: the first accelerator modules, the first support
components in the photon tunnels, the first of the instrument
enclosures in the experiment hall, and the start of the construction of the headquarters building in Schenefeld. Industrial
partners completed mechanical production of all the X-raygenerating undulator segments, and the work on tuning the
segments for tunnel installation is nearing completion. Scientists in the instrument groups furthered development of the
tools with which users will investigate matter in ultrahigh detail.
Due to unforeseen supply chain and assembly challenges in
the linear accelerator section of the facility, the date of first
beam and the start of user operation had to be rescheduled

in January to the end of 2016 and middle of 2017, respectively.
The schedule adjustment was already announced at the
European XFEL and DESY Photon Science Users’ Meeting in
January 2014.
Installations of infrastructure also began in the tunnel that will
contain the SASE1 undulator. These activities included casting
the concrete sockets for optical components and installing the
aluminum supports for the ultrahigh vacuum system of
the beamline. The first beamline vacuum components were
installed during the autumn. In the experiment hall, engineers
installed the complex ductwork for the air conditioning system,
which is needed to maintain precise conditions inside the
hall. Another set of ducts will deliver similar climate control
in the photon tunnels next year.

Figure 1
Aerial view of the Schenefeld site in July 2014. The European XFEL runs from the DESY site in Hamburg to the research site in Schenefeld. The headquarters building is under
construction (centre-left). The undulator systems will begin in the underground tunnels near European XFEL’s Osdorfer Born site (upper right-hand corner), and the X-ray flashes
they generate will be used for research in the experiment hall beneath the headquarters building. (Photo credit: European XFEL)
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Also in the experiment hall, the first instrument enclosure, a
heavy concrete experiment hutch for the High Energy Density
science (HED) instrument, was completed in late summer.
Tendering also was done on the lead hutches for the SASE1
beamline, in which the Single Particles, clusters, and Biomolecules and Serial Femtosecond Crystallography (SPB / SFX)
instrument and the Femtosecond X-Ray Experiments (FXE)
instrument will be installed. The construction of those hutches
will begin early in 2015, and they are expected to be ready for
the installation of the instruments in early 2016. Also, the final
two instrument technical design reports, for the Spectroscopy
and Coherent Scattering (SCS) and HED instruments, were
completed and published. In summer, a new grant for HED
and the Helmholtz International Beamline for Extreme Fields at
the European XFEL (HIBEF) user consortium was approved
by UK funding agencies.

The work on the undulator systems, of central importance for
the facility, is in full swing in terms of construction and continues to make good progress. In July, the mechanical production
of the 91 undulator segments needed for startup configuration
of the SASE1, SASE2, and SASE3 undulator systems was
completed. The European XFEL undulator group continues
with the magnetic measurements and tuning of these segments to guarantee that all of them fulfil XFEL specifications so
that all SASE systems will perform as planned. As of October,
the group has fully tuned 78 segments, which are now waiting
for the installation in the tunnel. Other major components of
the undulator systems are coming in at a steady pace. At the
close of 2014, all quadrupole movers and intersection control
racks were delivered and accepted. The last phase shifters will
arrive in early 2015.

Now scientists and engineers are focusing on detailed installation planning throughout the tunnels and experiment hall,
which is expected to be the major effort during the years 2015
and 2016. In the photon tunnels the infrastructure installations
are finished for the SASE1 and SASE3 beamlines. The installation of the undulator system and the photon beamline components has started. For the SASE2 beamline, the infrastructure
installation is the next step. The installation of the final high
quality floor has been finished. In parallel with these construction and installation activities, the planning of hutches and
infrastructure for the instruments has gone on. The planning
activities for the hutches and infrastructure of SASE3 concluded at the end of the 2014. Installation planning for the
instruments themselves is in full swing since first components
need to be mounted before the start of the hutch construction
in 2015. Meanwhile, procurement began on many system
components, including special super flat X-ray mirrors, X-ray
monochromators, X-ray beam transport components, and
optical laser systems. Further development and testing continues
on diagnostics, detectors, and control systems.
Figure 2
The L1 section of the European XFEL electron accelerator.
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Figure 3
At the Accelerator Module Test Facility (AMTF), DESY
scientists have been preparing European XFEL accelerator
modules (yellow) for installation in the linear accelerator
tunnel.

In March 2014, more components for the undulator systems
were delivered as in-kind contributions via the 17-institute
Accelerator Consortium: the vacuum systems for the intersection, the undulator vacuum chambers, beam position monitors
and their electronics, beam loss monitors, and quadrupole
magnets. The installation of the first undulator system SASE1
began, including cooling water infrastructure, concrete pillars,
support columns, and control racks. At the end of September,
35 control systems for the undulator segments and intersection
components were installed. In the following months, the first
parts of the air conditioning system and the vacuum pipe of the
laser alignment system were installed. For SASE3, installation
began about 5 months after SASE1. The SASE2 system is
scheduled to begin installation in March 2015 and the sequence
of the installation will be similar to that of SASE1 this year.
Further up the facility’s length towards the DESY campus, the
accelerator installations have begun. The DESY-led Accelerator
Consortium set into place one section of four modules, called
L1, and began to assemble the main accelerator, L3, along with
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parts of their associated waveguide components, pulse transformers, and klystrons. Meanwhile, tests and further installations
continued on the injector, which is expected to be operational
in May 2015 when injector commissioning will commence.
Next year will come installations of the L2 section, which will
close the gap between the injector and L3, and the installation of further sections of the main accelerator. Additional components for the injector and accelerator cryogenic lines are also
expected next year. Completion of the accelerator installation is
foreseen for summer 2016.
Construction of the European XFEL laboratory and office
building began in April. The three-floor structure is built
directly atop the underground experiment hall in Schenefeld
and will feature laboratories for specimen preparation, lasers,
electron microscopy, and biology on the ground floor and
offices on the two floors above. The ground floor and second
floor are structurally complete and doors and windows will be
added early next year. Two important nearby buildings that

will maintain precise humidity levels and temperatures in the
underground tunnels and experiment hall are also complete
and due to be fully functional by next summer. A large effort
in the coming year will also be renaturation of the construction site and compensation measures in its surroundings,
including restoration work on the river Düpenau. These efforts
are being discussed with local environmentalists.
European XFEL hosted the 6th Hard X-Ray FEL Collaboration
Meeting in May 2014. This meeting brought together scientists
from the hard X-ray free-electron laser (FEL) facilities around
the world – the Linac Coherent Light Source in Menlo Park,
California; SACLA in Harima, Japan; SwissFEL in Villigen,
Switzerland; and PAL-XFEL in Pohang, Korea – most of which
are either under construction or undergoing upgrades. The
meeting focused on operational experience with the functioning
FELs. Results of measurements at FLASH were presented
as an outlook to the European XFEL accelerator performance.
Collaborations in the area of accelerator and photon beam
systems were discussed.
Over the course of 2014, the European XFEL GmbH workforce
grew to about 210 employees in December 2014 from 196
in December 2013. When all positions are filled, the company
will have around 280 employees and 25 longterm guests,
with an additional 230 DESY employees operating the
accelerator.
Looking to next year, installations will continue. After climati
zation of the underground structures, critical parts of the
scientific infrastructure, such as optical components, will be
installed. The undulator group will begin installations of sensitive components in SASE1 early in the year, such as beam
position monitors, intersection control racks, quadrupole
movers, quadrupoles, and vacuum systems, leading to the
installation of the first undulator segments at the end of summer. Next year will likewise be an intense push towards
opening what will be the world’s brightest light source to users
in 2017.

Figure 4
Several infrastructure installations have been made in the SASE1 tunnel, including
cooling water infrastructure, concrete pillars, support columns, and control racks.
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Tuning the phaseª
Tuning and characterization of the FLASH2 undulators and phase shifters

Figure 1
Part of the FLASH2 SASE section comprising 12 undulators and corresponding intersections

In order to double the capacity for user beamtime, a second
undulator line was added to the FLASH facility. To assure saturation for the entire wavelength range of 4 to 60 nm and to
match the lattice, in total 12 insertion devices (IDs) of 2.5 m
length were installed in the FLASH2 tunnel. They have a period
length of 31.4 mm, provide a maximum field of 0.96 T and a
K-parameter of 2.81 at minimum gap. The variable gaps allow
for energy tuning independently from FLASH1 operation.
Before installation, each ID was tuned for minimum phase error
and trajectory roughness over the entire gap range, based on
Hall probe measurements. Thereby a RMS phase error below
2° and a trajectory flatness of 6 Tmm2 (~ 2 µm at 1 GeV) was
achieved [1].
Each intersection between the IDs comprises a phase shifter
and various components for diagnostics and beam steering.
The phase shifters are compact electromagnetic chicanes and
have to assure constructive interference of the radiation of
adjacent undulators for all wavelengths. Their magnetic perfor-

mance, field errors and the hysteresis behaviour have been
investigated and were found to be within the required accuracy.
From these data, tables for steering each phase shifter’s
current as a function of adjacent undulator gaps were derived
and implemented in the control system [2].
While manufacturing of the undulator support frames and magnet modules was done by industrial partners, the final assembly, magnetic measurements and tuning were performed in the
FS undulator lab in order to meet the stringent specifications.
Magnets were sorted according to data provided by the manufacturer and in the initial state all poles were positioned precisely
100 μm above the magnet surfaces, which already provided a
good starting value for the tuning procedure. After an accurate
mechanical alignment to the measurement bench according to
Hall probe data, the fine tuning of the vertical and horizontal
field integral was then realized by shifting and tilting each pole
individually on the μm- and sub-mrad scale.
Vertical magnetic fields were measured by a Hall-probe and
horizontal ones by a small pick-up coil, both with an accuracy of
10–5. The related data were used to ascribe any imperfections
to particular poles and calculate the pole shift or tilt required for
correction. Within a few iterative tuning steps, horizontal and
vertical trajectories straightness and phase error could be
improved simultaneously to values below 6 Tmm2 and 1° RMS,
respectively. Figure 2 shows examples for the tuning of trajectory
straightness and phase error from the initial to the final state at
minimum gap while Figure 3 gives an overview of the results
for the entire gap range of all 12 FLASH2 undulators.

Figure 2
Examples for the tuning results of one FLASH2 undulator: vertical 2nd field integral
(“trajectory”, top) and phase error (bottom). Tuning was not only done on axis (z = 0),
but also for horizontal offsets of up to z = 5 mm.
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The pole shifting and tilting was also used to correct for local
quadrupole contributions based on off-axis trajectory measurements. Although multipole components like these are usually not
considered to be crucial for FELs, even higher order multipoles
have been compensated in a limited transverse range of ±5 mm
by means of small “magic finger” corrector magnets at each end
of the ID. The arrangement of magnets in these arrays is based
on measurements of horizontal and vertical field integrals with a

stretched wire setup along the undulator. Thus, the transverse
variation of the field integrals in this range could be reduced to
0.03 Tmm. The remaining gap dependence of the end-kicks
was below 0.05 Tmm and will be corrected by small air coils at
both ends of each ID.
In order to assure constructive interference of the radiation
by two consecutive undulator segments, a phase shifting
chicane magnet is required, which extends the drift length
of the electron beam. In case of FLASH2 (Fig. 1), this
chicane consists of three electromagnetic coils on a yoke
of laminated relay iron, which are powered in series and create
a –½, 1, –½ triangular bump. They comprise an additional
corrector winding, which is used for cancellation of residual
kicks and as a horizontal steerer.
The total phase advance ΦTot between photons and electrons
consists of the vacuum phase advance in the drift section ΦD,
the phase advance induced by the end field termination of
the insertion devices ΦIDends and the contribution of the phase
shifters ΦPS. The first two components can be described in a
way that they only depend on the undulator K-parameter. The
current of the phase shifter needs then to be chosen such
that its contribution ΦPS adjusts the total phase advance to a
multiple of 2π.
ΦTot = ΦD (K) + ΦIDends (K) + ΦPS (K,I) = n 2π
The drift length between two IDs at FLASH2 is 800 mm and

the values for ΦD add up to values from 5 ∙ 2π to 23 ∙ 2π for the
entire K-range. It needs to be known quite precisely, since
an error of 0.5 mm induces an uncertainty of 1° to 5° in ΦD,
respectively. The phase advance induced by the two ends of
an undulator ΦIDends of up to 10° can be calculated from measured magnetic field maps and represented by a polynomial in
terms of K and thus be calculated during operation.
The contribution to the delay of the electrons by the phase
shifter ΦPS can be described by its 1st field integral and terms
of the undulator K-parameter. Therefore all phase shifters have
been characterized by Hall-probe and stretched wire measurements to determine phase integral and kick errors as a function
of operating current. Since for the maximum field of 0.12 T
there should be no saturation effects in the yoke, a parabolic
behaviour of the phase integral is expected up to the maximum
current of 8.8 A. The data normalised to I2 shows good
agreement with this assumption for currents above 2 A, but
becomes poor below. Therefore, the phase shifter operation
will be limited to currents above this value. Thus the devices
will cover a phase advance of 1.9 ∙ 2π to 8.5 ∙ 2π for undulator
K-values from 2.8 to 0.5. The residual field integrals of the
phase shifters due to manufacturing imperfections have been
independently calculated from Hall-probe data and measured
by a stretched wire setup and can be compensated by the
integrated corrector coil.
The magnetic tuning of the undulators was done beyond specifications by including off-axis trajectories and higher order multi
poles. This and the thorough characterization of the phase
shifters allowed for very smooth commissioning of FLASH2.
First lasing was achieved “at the push of a button” without
orbit corrections in the SASE section [3].
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Ultrashort FLASHes gaugedª
An XUV pulse duration measurement campaign verified ultra-short FLASH pulses

The ultra-short pulse duration in the femtosecond range is
characteristic for the new generation of XUV and X-ray freeelectron lasers. With these new sources ultrafast reaction
dynamics as well as the investigation of multi-photon processes
in the XUV to the X-ray range are accessible, which has not
been possible before. The accurate knowledge of the FEL key
parameters such as pulse peak power, radiance, and on-target
irradiance is crucial for the analysis of experimental data. It
turns out that the number of photons, the focal spot size
and the spectral content in such short pulses can be measured reliably, while the pulse duration is still the most difficult parameter to be determined.
At FLASH the duration of the generated photon pulses can be
varied over a range of few tens of femtoseconds up to several
hundreds of fs. Still, a reliable method to measure pulse durations for the entire parameter range is not yet available. In a
campaign nine different techniques – three electron bunch
duration measurements and six photon based methods – have
been used to determine the photon pulse duration (see Fig. 1).
They are either performed in a direct way by measuring the

photon pulse duration at the experimental end stations or by
indirect methods measuring only parameters which are
linked – by theoretical models – to the actual pulse duration.
From the measured data the actual XUV pulse duration can
be calculated using these models. From the experimental
point of view, indirect methods are typically simpler to realize
as compared to the direct approaches. However, they have
to be verified and calibrated by direct methods.
The goal was to tune the FEL to generate ~ 50 fs short pulses
at 13.5 nm. The measured pulse duration of 50 +/– 10 fs agreed
remarkably good with the target value (with a slight increase at
the end of the campaign). Most of all the used indirect methods
reveal the same results as the direct methods and thus the
assumptions made for the analysis of the indirect methods
seem to be valid for this case. In agreement with our expectations the XUV photon pulse was shorter by a factor of 0.6, as
compared to the length of the electron bunch from which it
was generated. Thus, the knowledge of the electron bunch
duration also yields important information for the determination
of the XUV pulse length.

Figure 1
The positions of the various techniques in the
FLASH FEL tunnel and hall for electron bunch
or photon pulse duration measurements
are indicated by numbers [4]:
(1) Transverse Deflecting RF Structure (TDS)
(2) Bunch Compression Monitors (BCM)
(3) THz Spectrometer CRISP
(4) XUV Spectra
(5) XUV Statistics
(6) Optical Replica (Afterburner)
(7) XUV Autocorrelation (gas phase)
(8) XUV Autocorrelation (solid state)
(9) THz Streaking
(all figures adopted from [4]; Copyright
(2014) by The American Physical Society)
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Figure 2

Figure 3

XUV pulse and electron bunch duration (FWHM) measured at FLASH by various methods

THz streaking scan as example for a pulse duration measurement. Shown are photoelec-

at a wavelength of 13.5 nm. The electron bunch measurements were scaled by a

tron spectra measured for different delay times between the THz radiation and the XUV

factor of 0.6. The deviation of two methods (TDS, AC gas) can be explained by different

pulses. The energy shift represents the vector potential of the THz field, while the widths

accelerator settings and low signal-to-noise ratio in the experiment, respectively. A shift

of the spectra represent a measure of the XUV pulse duration [4].

lasts 8 hours [4].

In conclusion, for FLASH we will further develop and automatize
the electron based diagnostics as monitor for changes within a
bunch train as well as for long term drifts in the pulse duration.
In order to use the electron pulse duration techniques to state
reliable XUV pulse durations more investigations on the various dependencies of the scaling factor on the wavelength
and other FEL parameters have to be undertaken. In addition
we will further automatize the usage of THz afterburner measurements and spectral analysis as future standard diagnostics.
Finally, for SASE FELs like FLASH it is essential to also develop
tools being able to deliver on a single-shot basis the pulse profile and the substructure as well as the arrival time in respect
to an external laser source. The methods considered for future
development are based on the XUV induced reflectivity
changes (see e.g. Refs. [1,2] and THz streaking techniques
(see Fig. 3) in particular with optical laser based THz sources
as described in Ref. [3].
The detailed description of all methods and the comparison
of the various approaches can be found in Ref. [4].
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Mutual coherence function of FLASH
via Wigner formalismª
4D phase space tomography of an FEL beam

Figure 1
Experimental setup for the measurement
of the Wigner distribution at FLASH with
a selection of spatial intensity profiles
at different positions around the beam
waist (wavelength λ = 24.7nm).

Free-electron lasers (FELs) are unique beam sources in the
extreme UV and soft X-ray spectral range. They produce ultrashort pulses with the highest brilliance available and a high
degree of spatial coherence, enabling groundbreaking experiments, e.g. in the field of coherent diffractive imaging. As long
as the lateral coherence length of the photon beam exceeds
the dimensions of the investigated object, it can be properly
recovered from the diffraction pattern [1]. On the contrary, in
case of larger samples the assumption of full coherence does
not apply anymore and the coherent reconstruction will fail [2].
It has been demonstrated, however, that exact knowledge of
the mutual coherence function (MCF) can provide a remedy [3].
Here, fundamental coherence parameters for FLASH are
derived from a reconstruction of the four-dimensional MCF
within the scope of phase-space tomography.
A photon beam can be described entirely by the Wigner dis→ →
tribution function h(x ,u ) which is defined as two-dimensional
→ →
Fourier transform of the mutual coherence function Γ(x ,s ),
→
→
where x = (x,y) and s = (sx,sy) are vectors in a plane perpendic→
ular to the mean propagation axis and u =(u,v) describes a
→ →
direction [4]. h(x ,u ) can be denoted as generalized radiance
[5], which implies the interpretation as an amplitude of a ray
→
→
passing through the point x in the direction of u . However,
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→

→

h(x ,u ) may assume negative values, which limits this interpretation to a certain extent. From the Wigner distribution, the
mutual coherence function can be derived by a two-dimensional
Fourier back-transformation. In that context, the coherence
→ →
lengths lx and ly describe the decay of Γ(x ,s ) in sx- and sydirection, and the global degree of coherence K can be considered as the inverse phase-space volume occupied by
→ →
h(x ,u ).
The Wigner distribution can be reconstructed tomographically
from a measurement of several intensity profiles. At FLASH,
a phosphor screen is employed to convert EUV radiation at a
wavelength of 24.7 nm into visible green light, and a 10x magnifying objective images the resulting beam profile to a CCD
camera (Fig. 1). This system probes the FEL beam behind
the focusing ellipsoidal mirror of beam line BL3 at 145 different positions in vicinity of the beam waist and thus,
the three-dimensional radiation field is captured. As a consequence of the projection slice theorem of tomography, in
Fourier space each measured intensity profile corresponds to
a certain 2D slice through the 4D-Wigner distribution of the
beam. Numerically, the phase space of the Wigner distribution
is constituted by a four-dimensional regular grid that contains
1294 cells. However, the described measurement suffices to

Figure 2
Intensity profiles of the FLASH beam at
mean waist position. The beam area is
confined by the beam diameters (given
in terms of 4σ values) as indicated by
the white ellipse. Correspondingly, the
coherence lengths define the coherent
area, signified by the black ellipse. It is
apparent, that the application of small
apertures to the FEL photon beam leads
to an increased coherent fraction.

reconstruct a three-dimensional sub-manifold only. This issue
is addressed by an interpolation procedure for those cells
that remain empty after the mapping. Finally, the coherence
parameters are derived from the reconstructed Wigner distribution, and a two-dimensional Fourier transform of the latter
yields the mutual coherence function.
According to our evaluations, the photon beam of FLASH
exhibits coherence lengths of lx = 9.0 µm and ly = 11.6 µm at its
mean waist position, where the beam diameters are found to be
dx = 67 µm and dx = 53 µm (derived by second moments of the
intensity distribution dx = 4(<x2>)1/2 ). Thus, fractions of 9.0 / 67 =
0.13 and 11.6 / 53 = 0.22 of the beam can be regarded as
coherent. An illustration of this result is shown in Figure 2, where
the coherent area is indicated in the intensity profile. The global
degree of coherence, derived from the Wigner distribution, is
K = 0.032. This value stands in contradiction to previous
coherence studies employing double pinhole interferograms
[6] or Hanbury Brown-Twiss interferometry [7], where values
of K = 0.43 and K = 0.78 are found for wavelengths of 8.0 nm
and 5.5 nm. Consequently, at the present situation it seems
that the beam coherence strongly depends on its wavelength,
although three fundamentally different approaches are compared to each other. Furthermore, deviations might result
from different techniques to determine beam sizes (Wigner:
phosphor screen vs. double pinhole: PMMA imprints) which
play a major role in the determination of the coherence.
In further experiments at BL2, we improved the coherence by
two identical circular apertures of different diameters, ranging
down to 1 mm, positioned 18.8 m and 23.3 m behind the center
of the last undulator. As a result, we observe an increase in the
coherence length (up to lx = 15.3 µm and ly = 18.3 µm) whereas
the beam diameter decreases (down to dx = 38 µm and
dy = 34 µm) (see Fig. 2). These two effects in combination lead
to a considerable improvement of the global degree of coherence to K = 0.198 in case of the smallest apertures.

In summary, with respect to previous studies, our investigations
imply that the coherence of FEL radiation shows a dependence
on the photon wavelength. This involves comparably low
coherence values as resulting from the Wigner measurements
which have been conducted at relatively large wavelengths.
This particular correlation should be further explored by
future experiments. A deeper insight with respect to that context might qualify the wavelength as an interesting control
parameter of the coherence properties.
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Happy CAMPerª
A permanently installed multi-purpose end station for user experiments at FLASH

The increasing complexity of the experimental setups for many
free-electron laser (FEL) experiments together with the tighter
scheduling to satisfy the growing beamtime demand has led to
the realization that permanently installed end stations, which
can host a variety of different user experiments, can, in some
cases, increase the productivity of heavily oversubscribed FEL
facilities. This worldwide trend has also been realized at
FLASH, where CAMP, a multi-purpose instrument for electron
and ion spectroscopy, pump-probe, and imaging experiments
with FELs, has just been installed as a permanent user end
station at beamline BL1 (see Fig. 1).

Differential pumping
& laser in-coupling
KB optics
Interaction
chamber

pnCCD
detectors

FEL

Laser table

Through a BMBF collaborative research project led by the
TU Berlin, the CAMP instrument including large-area pnCCD
photon detectors is made available at FLASH by the MaxPlanck-Gesellschaft, and BL1 has been equipped with new
nickel-coated Kirkpatrick-Baez (KB) optics providing a tight
focus of about 4 x 5 μm² (FWHM) over the entire wavelength
range available at FLASH. The optics are optimized for wavelengths of 13 nm and shorter, including the carbon K-edge, and
have been commissioned and characterized during FEL studies
time in October 2014 using a FLASH wavefront sensor [11] as
well as by imprint measurements. A typical imprint of the FLASH
beam on a PMMA substrate in the BL1 focus position is
shown in Figure 2.
The modular and flexible design of the CAMP end station allows
combining various spectrometers and detectors, e.g. large-area
pnCCD photon-detectors and momentum imaging ion and
electron spectrometers (Fig. 3), with a large variety of targets
ranging from gas-phase atoms, molecules, and clusters to
nano-particles and viruses in aerosol and liquid jets, and solidstate samples. Dedicated laser in-coupling optics and diagnostics for the FLASH pump-probe laser are also available.
The pnCCD photon detectors
Two large-area (78 x 74 mm²), single-photon counting 1-Mega
pixel pnCCD detectors (75 x 75 μm² pixel size) can be installed

Figure 1
Layout of the CAMP end station at FLASH BL1 including KB focusing optics, laser
in-coupling unit, and the experimental interaction chamber with pnCCD photon
detectors attached.

CAMP was developed by the Max Planck Advanced Study
Group within the Center for Free-Electron Laser Science (CFEL)
at DESY together with various Max Planck Institutes and a
number of international user groups [1]. After three extremely
successful years at the AMO beamline of LCLS, where it has
enabled a wide variety of ground-breaking FEL experiments
[2-10] in atomic, molecular, and optical physics, material and
energy science, chemistry, and biology, CAMP has now found a
permanent home at FLASH, where it is available to all users.
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10 µm
Figure 2
Imprint of the FLASH beam on a PMMA substrate in the focus of BL1. The elongated
shape in the horizontal direction is due to the angle of 60˚ in which the substrate was
mounted with respect to the FEL beam and which stretches the imprint by a factor of
two in the horizontal direction.

Figure 3
View into the CAMP chamber with
the electron-ion coincidence
spectrometer (left) and the pnCCD
photon detectors (right).

into the CAMP end station. These detectors collect scattered
and fluorescent photons with high quantum efficiency and an
energy resolution of 40 to 200 eV between <100 eV and 25 keV
at a frame read-out rate up to 200 Hz. A variable-sized gap
with a hole in the centre of the first CCD camera allows the
direct FEL beam (and a high-power pump-probe laser, if applicable) to pass through the detector, while the small-angle scattering signal within the area of the hole can be detected on
the second CCD, which has a fixed-diameter hole for the direct
FEL beam. Both pnCCD cameras can be removed individually
if they are not needed in order to provide more flexibility
inside the chamber.
Electron and ion spectrometers
A suite of doubled-sided electron and ion imaging spectro
meters (time-of-flight, velocity map imaging (VMI), and COLTRIMS / ”reaction microscope” spectrometers) are available
to detect ions and / or electrons of up to several hundred eV
kinetic energy covering the full 4π solid angle. Special conical
electrodes of the spectrometers provide an unrestricted lineof-sight from the interaction region to the pnCCD detectors.
The spectrometers use 80-mm MCP detectors that can be
operated with delay-line anodes for coincident, momentumresolved single particle detection or with MCP / phosphor screen
detectors that are read-out by CCD cameras.
Gas jets and particle injectors
A variety of (supersonic) gas and cluster jets, liquid and droplet jets, aerodynamic lenses as well as fixed-target holders
have been developed and adapted to fit the CAMP chamber.
A supersonic gas jet is available to all CAMP users, other jets
and injectors have to be provided by the user or brought in
through collaborations.
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Smooth operatorª
A fast sample changing robot for high-throughput macromolecular crystallography at beamline P11

The “Bio-Imaging and Diffraction Beamline” P11 is dedicated
to structural investigations of biological samples. The beamline
provides two different experiments: an X-ray crystallography
endstation and an X-ray microscope.
Basis of design for beamline P11 was to make full use of the
outstanding source properties of the PETRA III storage ring
and to provide a state-of-the-art endstation for macromolecular X-ray crystallography. The flexible X-ray optics of beam
line P11 allow for tailoring the beam properties to the needs
of the experiment: A micrometre sized beam is available for
structure determinations from microcrystals. For the investigation of large molecular complexes and viruses a large parallel
beam can be generated. Common to both configurations is the
high photon flux of more than 1 × 1013 ph / s at the sample
position. In combination with a PILATUS 6M-F detector installed
at P11 a full data set can be typically collected in less than two
minutes. With such short data collection times and a highly
automated software sample exchange time became a limiting
factor for efficient use of beamline P11. The new sample changing robot makes beamline P11 ideally suited for high-throughput
crystallography experiments and allows for screening a large
number of samples in a short time in order to identify and collect
data from the best diffracting crystals.
For X-ray diffraction experiments crystals are typically mounted
in nylon loops which are attached to a so-called magnetic cap
as shown in Fig. 1A. In order to prevent crystals from dehydration and to reduce radiation damage effects, samples are
stored in liquid nitrogen (LN2) and kept at cryogenic temperatures for data collection using e.g. so-called uni-pucks (see
Fig. 1B). During sample loading these cryogenic temperatures
have to be maintained in order to prevent crystal degradation.
Since commercially available sample changing robots were too
slow, provided not enough storage capacity for a large number
of samples, and suffered from icing of the crystals it was decided
to develop a new sample changing robot for beamline P11 [1].
The sample changer is already fully implemented into the experimental infrastructure of beamline P11 and in user operation
since December 2013. A picture of the installation at P11 is
shown in Fig. 2A. It consists of a large storage Dewar with a
load capacity of 368 samples. The robot is based on a Stäubli
TX60L robotic arm equipped with an in-house developed
flexure-based sample gripper with integrated sample cooling.
In the following the individual components are described in
more detail:
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Figure 1
A) Macromolecular crystals are mounted in a nylon loop (left). The surrounding mother
liquor prevents the crystals from dehydration. The loop is located on the tip of a steel
pin which is inserted into the magnetic base (right).
B) Uni-pucks used for cryogenic transfer and sample storage.

Large capacity storage Dewar
The P11 storage Dewar is based on the universal puck (unipuck) standard (see Fig. 1B). Here 16 magnetic caps carrying
the samples are mounted on one common magnetic base,
the so-called uni-puck base [2]. For transport from the home
lab to the experiment the uni-puck bases are protected with a
so-called sample enclosure (puck). The base plate located on
the bottom of our storage Dewar can carry up to 23 of these
uni-pucks (see Fig. 2B). So the Dewar has a total load
capacity of 23 × 16 = 368 samples which is enough to perform
measurements for several hours without the need to load
the Dewar with new samples.

Figure 2
A) Automatic sample changing robot installed at the P11
crystallography endstation;
B) Uni-pucks stored under LN2 in the large sample Dewar;
C) Sample gripper equipped with calcium silicate for
cryogenic sample cooling during mounting.

In order to keep the crystals at cryogenic temperatures they are
covered with LN2. The LN2 level in the storage Dewar is kept at a
constant level by continuous refilling from a phase separator
located on the roof of the P11 experimental hutch. Filling is performed indirectly via a second transfer Dewar (reservoir Dewar)
which is attached to the storage Dewar by a communicating
vessel. Due to this indirect filling the cold exhaust gas is not
released into the storage Dewar where it would cause extensive
icing of the samples. In order to prevent ice formation the
storage Dewar is covered with a flexible lid system which can
be easily moved by the gripper during sample-picking. For
effective operation the lid opening is identified by pattern recognition using a CCD camera. To further prevent ice formation
in the storage Dewar it is permanently floated with nitrogen gas
(T = 25 °C) and the outer rim of the Dewar is constantly heated.
Robotic arm and sample gripper
The sample gripper is mounted on the robotic arm and used to
grip the magnetic caps and to transfer them to the goniometer
whilst maintaining cryogenic temperatures. In contrast to other
grippers our design allows sample gripping from beneath as
illustrated in Fig. 2C. This requires very accurate positioning
but reduces the holding force to a minimum which allows using
relatively thin carbon fibre arms with a much lower heat conductivity than the steel arms commonly used. The use of low
thermal conductivity materials reduces the heat transfer from
the gripper into the Dewar and thereby significantly reduces
the LN2 consumption. The gripping mechanism is operated with
pressurized air. The joints for the gripper are based on flexural
hinges which are ideally suited for operation at cryogenic temperatures since their action is based on elastic deformation only.
To keep the sample at cryogenic temperatures during sample
transfer the gripper head is fitted with a calcium silicate tube
acting as an LN2 reservoir. Whenever the gripper is inserted
into the LN2 in order to grip a sample the reservoir is filled with
LN2 and the sample is surrounded by this reservoir. Once the
gripper is moved out of the Dewar the temperature raises and
cold nitrogen gas is slowly released from the calcium silicate.
This keeps the sample at cryogenic temperatures during the
mounting procedure and also prevents ice formation on
the sample surface by forming a continuous cold gas stream

surrounding the sample. After numerous sample mounts condensation of air moisture can lead to ice formation on the
cold gripper surface. For deicing the gripper is automatically
exposed to a stream of hot air.
The robotic arm is fully integrated into the Tango control software environment and into the P11 data collection software.
Several safety interlocks are in place for equipment protection.
For personnel safety robot operation is linked to the P11
interlock system.
After X-ray data collection the sample is transferred back to
the storage Dewar (demounting). Overall an automatic sample exchange at P11 can be realized in less than 25 seconds.
A video showing the mounting and demounting and also the
deicing procedure of the gripper can be found at [3].
In summary, the P11 sample changing robot allows rapid sample
exchange in a very reliable way in less than 25 seconds. This
compares very well to typical data collection times of 120 seconds and below. Icing of the crystals is prevented in a very
efficient way by a continuous release of cold nitrogen gas in
the gripper head during sample transfer onto the goniometer.
The large capacity of the storage Dewar allows for several
hours of operation before loading new samples.
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New material by high pressure
synthesis at PETRA IIIª
The new offline large volume press instrument

High-pressure high-temperature synthesis is one of the most
important techniques to produce new materials, especially
super-hard materials [1]. An offline large volume press (LVP) laboratory has been setup in the former DORIS III experimental
hall and is available since May 2013. The LVP laboratory which
is part of the PETRA III extension project includes a press
which allows for synthesizing samples under high pressure up
to 20 GPa and temperatures up to 2000 °C (see Fig. 1). The
LVP laboratory consists of several instruments: the offline LVP
(Max Voggenreiter, mavo press LPR 1000-400 / 50),
machining tools to prepare high-pressure cells, and a desk-top
X-ray diffraction instrument (Rigaku, MiniFlex 600).

Figure 3 shows a schematic illustration of a representative
high-pressure cell. The high-pressure cell has a cylindrical
resistive heater (LaCrO3). A sample (powder or a bulk chunk)
is usually embedded into a metal capsule (gold or platinum)
and magnesia is used for electrical insulation between the
heater and the sample capsule. Molybdenum disks and rods
are used as electrodes.

The LVP instrument has eight tungsten carbide (WC) anvils
which squeeze an octahedral high-pressure cell (Fig. 2a) [2].
The anvil assembly is located in a split cylinder that is composed of six wedges (Fig. 2b and c). The split cylinder with the
anvil assembly is compressed by a die and pistons (Fig. 2d).

Figure 2
High-pressure anvil assembly and a split cylinder system.

The generated pressure is a function of the truncated edge
length (TEL) of the WC anvils: the smaller the TEL, the higher
the pressure. Three types of high-pressure cells corresponding
to different pressure ranges are available: an 18 / 11 cell (an
edge length of an octahedral pressure medium is 18 mm and
TEL is 11 mm), a 14 / 7 cell, and a 10 / 4 cell.
Figure 4 shows relationships between generated pressure and
oil pressure of the hydraulic system. 600 bar corresponds to
900 tonf. The 18 / 11 cell is suitable for generating pressures of
5 – 10 GPa with a rather large sample volume. Typical sample
dimensions are 4.5 mm in diameter and 3 mm in height.
The 14 / 7 cell is suitable for a pressure range of 10 – 16 GPa.
The 10 / 4 cell is available for generating pressure of ~ 20 GPa.
In this case, the sample chamber is relatively small: 1.5 mm in
diameter and 1.2 mm in height.
Figure 1
The offline large volume press instrument in the former DORIS III experimental hall.
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Figure 3

Figure 4

A schematic illustration of a high-pressure cell.

Pressure generation curves of the three high-pressure cells of different dimensions.

Figure 5 shows a representative relationship between input
power and generated pressure for the 14 / 7 cell at 15.6 GPa.
The temperature (T) was measured by a thermocouple consisting of W0.95Re0.05 – W0.74Re0.26. T increases almost
linearly with the input power up to temperatures above
2000 °C. In all the cell assemblies we confirmed temperature
generation of more than 2000 °C.
Using the newly installed LVP system, we can synthesize
high-pressure samples up to 20 GPa and 2000 °C. Recently,
we have used the LVP successfully to synthesize stishovite,
SiO2 at 15.6 GPa and 1100 – 2000°C [3].
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A representative power vs. temperature plot (14 / 7 cell at 15.6 GPa).
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NeXus integration at PETRA IIIª
The deployment of a common file format including configuration procedures and user interfaces

Experimental data should be recorded in a way that the information necessary to understand the measurement is captured
in the output files. This comprises the source parameters, the
optical components of the beamline and all details of the sample
environment. All information is needed for a comprehensive
analysis and visualization of the measured data. The biggest part
of the data is generated by the readout of detectors, motion controllers and other electronics equipment. However, information
describing the experimental setup and the precise experimental
procedure is of equal importance. The output files should also
contain details about the facility, the beamtime and the scientists
involved. To allow for a verification of published results, derived
data have to be accompanied by a documentation of how they
were achieved. NeXus / HDF5 [1, 2] has been chosen as the
standard data format for the PETRA III experiments at DESY
because it is capable to manage the aforementioned raw / derived
data and associated metadata. The work described in this report
has been carried out within the PaN-data ODI [3] project which
is an initiative of European photon and neutron sources.
The following paragraphs focus on integration issues. The
central part is the configuration of the NeXus files which is a
complex task especially for experimental stations with frequently
changing setups. It is discussed how the configuration is
prepared depending on the applied experimental technique
and how the data acquisition process implements the NeXus
configuration.
Data acquisition process

The PETRA III data acquisition system is a modular framework
consisting of applications and servers that communicate
through standardized interfaces (Fig. 1). Experiment control
clients (ECC) are used by researchers to conduct measurements. They have graphical and command line interfaces.
Scripts may also act as ECCs.
Since Tango [4] is the communication layer all devices are
exported via Tango servers with interfaces consisting of properties, commands and attributes. Attributes are of special interest
because they provide data being read by the NeXus Writer,
e.g. motor positions, counter readings or MCAs.
The NeXus Writer is a Tango server which opens NeXus files,
creates the internal structures and fills them with data coming
from the ECC, other Tango servers, database queries or
Python scripts. The NeXus Writer is controlled by the ECC.
The Configuration Server is a Tango server managing the information necessary to build the structure of the NeXus files. It
has access to a configuration database. The facility database
provides administrative information stored in the NeXus files.
NeXus configuration
The key idea of the NeXus configuration is that the internal
file structure is expressed in terms of components and data
sources. Components are objects constructed of NeXus base
classes representing simple devices (e.g. counter, MCA), composite devices (e.g. molecular beam epitaxy chambers mounted
in a beam path) or structures only holding metadata (e.g.
mandatory metadata). The available data sources are listed
below. The whole concept is inspired by the following correspondence between scientific notions and technical terms:
measurement ↔ file
experimental setup ↔ NeXus configuration
device ↔ component
device attribute ↔ data source
The central point is the relation between devices and components. Devices are selected or de-selected depending on
the experimental technique applied. Likewise components are
inserted into a configuration or deleted from it.
Components consist of:
Names identify the component.
Data sources specify where the data to be stored in NeXus

Figure 1
Data acquisition framework

118 | New Technologies and Developments

fields have to be fetched from. The available data source types
are: Tango attributes, database queries, data supplied by the
experiment control client (ECC) and output of python scripts.
Strategies indicate when the data have to be captured.
Four strategy types are implemented: INIT, STEP, FINAL and
POSTRUN. A NeXus field or attribute is marked with the
POSTRUN tag, if the information is inserted by a subsequent
data processing step.
NeXus paths specify the absolute position of the data inside
the file. It is expressed in terms of NeXus groups.
Since components contain absolute path names, they can
be merged to obtain the complete configuration. In practice,
NeXus files typically consist of 20 to 40 components.
The preparation of components and data sources is a rather
tedious task and therefore an application has been developed
that creates new components and data sources, edits existing
ones or links data sources to components.

Ideally all devices are contained in components ensuring that
they have sensible NeXus paths and meaningful metadata
associated with them. In practice this is not always possible.
In order to handle this situation, dynamical components have
been introduced. They are automatically created whenever a
selected device is not covered by a component. The CS also
offers a window for user-supplied metadata like title, sample
name and comments.
The selected components are stored on a dedicated Tango
server making them available for experiment control clients.
The most important of these is Sardana [5] which has a full
implementation of the described NeXus file production. Other
experiment control clients like Python scripts or Online [6] can
also create NeXus files by means of the described framework.
Mandatory metadata
Certain metadata contained in NeXus files are common to all
PETRA III experiments, the mandatory metadata (MMD). They
comprise the beamtime id, the beamline, a title, etc. This
information is used by the ingestion procedure inserting files
into the metadata catalogue where the files can be discovered
and downloaded by scientists.
Conclusion
At PETRA III, a framework supporting the production of
NeXus / HDF5 files has been developed and implemented.
A configuration procedure based on components and data
sources allows for a complete description of the data stored.
Interfaces to all relevant experiment control clients are provided.

Figure 2
Component Selector

NeXus integration
Before a measurement is started components (aka devices)
have to be selected. This can be done by scripts from the
command line or by a graphical user interface, the Component
Selector (CS, Figure 2). Components with multiple data
sources appear in the leftmost part of the window. The other
components are distributed in the frames labelled Counters,
ADC, MCA, etc. Simple components may be part of composite
components. As a consequence, selecting a composite component may implicitly select one or more simple components.
The CS makes this dependency visible to the user.

Contact: Jan Kotanski, jan.kotanski@desy.de
Thorsten Kracht, thorsten.kracht@desy.de
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Light source
characteristicsª

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

FLASH2

FLASH1

Machine parameters FLASH

Electron energy (max.)
Length of the facility
Normalized emittance
Emittance
Bunch charge
Peak current
Bunches per second (typ. and max.)

FLASH Lasing parameters

Photon energy (max.)
Wavelength (min.)

Pulse duration (FWHM)
Peak power

Bunch energy (average)
Photons per bunch
Average brilliance

Peak brilliance
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1.25 GeV
315 m
1.5 mm mrad (rms)
0.6 nm rad (rms)
0.1 – 1 nC
1 – 2 kA
300 and 6000

301 eV (fundamental)

4.12 nm (fundamental)
50 – 200 fs
1 – 3 GW

up to 500 µJ
1011 – 1013

1017 – 1021 photons/sec/mm2/mrad2/0.1%
1029 – 1031 photons/sec/mm2/mrad2/0.1%

FLASH beamlines
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PG2	
  
	
  
	
  

non-‐monochromatic	
  FEL	
  photons	
  
	
  
Kirkpatrick-‐Baez	
  (KB)	
  focusing	
  optics,	
  	
  FEL	
  focal	
  spot	
  of	
  ~3	
  µm	
  x	
  4	
  µm	
  (FWHM)	
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split-‐and-‐delay	
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  XUV	
  pump	
  -‐	
  XUV	
  probe	
  experiments	
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  up	
  to	
  ns	
  delay)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  TU	
  Berlin*	
  
optional	
  pump	
  -‐	
  probe	
  experiments	
  using	
  FLASH1	
  optical	
  laser	
  system	
  
	
  
permanent	
  end	
  station:	
  
multipurpose	
  CAMP	
  chamber	
  with	
  two	
  pnCCD	
  detectors,	
  electron	
  and	
  ion	
  spectrometers	
  and	
  collinear	
  incoupling	
  
optics	
  for	
  optical	
  laser,	
  optional	
  supersonic	
  gas	
  jet	
  (as	
  sample)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
non-‐monochromatic	
  FEL	
  photons	
  
focused	
  to	
  ~20	
  µm/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.	
  Münster*	
  
optional	
  pump-‐probe	
  experiments	
  using	
  FLASH1	
  optical	
  laser	
  system	
  
	
  
about	
  3	
  x	
  4	
  m	
  footprint	
  for	
  user-‐provided	
  end	
  station	
  
non-‐monochromatic	
  FEL	
  photons,	
  spectral	
  range:	
  >4.5	
  nm	
  (carbon	
  coated	
  optics)	
  
focused	
  to	
  ~20	
  µm/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	
  µm;	
  up	
  to	
  100	
  µJ/pulse;	
  ~10	
  %	
  bandwidth	
  
-‐	
  broadband	
  at	
  200	
  µm,	
  up	
  to	
  10µJ/pulse;	
  ~100	
  %	
  bandwidth	
  
-‐	
  synchronized	
  and	
  phase	
  stable	
  to	
  X-‐ray	
  pulses	
  (down	
  to	
  5	
  fs)	
  
-‐	
  delivered	
  to	
  the	
  experiment	
  via	
  vacuum	
  beamline	
  as:	
  
-‐8	
  
(i)	
  ultra-‐high	
  vacuum	
  (~10 mbar),	
  shorter	
  delay	
  between	
  THz	
  and	
  X-‐ray	
  (~4	
  m	
  path	
  difference),	
  can	
  
accommodate	
  up	
  to	
  0.3	
  m	
  wide	
  setup	
  
-‐6	
  
(ii)	
  high	
  vacuum	
  (~10 mbar),	
  longer	
  delay	
  between	
  THz	
  and	
  X-‐ray	
  (~7	
  m	
  path	
  difference);	
  can	
  accommodate	
  
up	
  to	
  2	
  m	
  wide	
  setup	
  
about	
  3	
  x	
  4	
  m	
  footprint	
  for	
  user-‐provided	
  end	
  station	
  
-‐4
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	
  µm	
  (vertically)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Univ.	
  Hamburg*	
  
permanent	
  end	
  station:	
  
two-‐stage	
  VUV-‐Raman	
  spectrometer	
  for	
  high-‐resolution	
  measurements	
  close	
  to	
  Rayleigh	
  line	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Univ.	
  Hamburg*	
  
uses	
  the	
  same	
  monochromator	
  as	
  PG1	
  
50	
  μm	
  focus	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  Univ.	
  Hamburg*	
  
XUV	
  beamsplitter	
  with	
  variable	
  time	
  delay	
  (±6	
  ps)	
  for	
  time	
  resolved	
  studies	
  
optional	
  pump	
  -‐	
  probe	
  experiments	
  using	
  FLASH1	
  optical	
  laser	
  system	
  
	
  

	
  
about	
  3	
  x	
  4	
  m	
  platform	
  for	
  user-‐provided	
  end	
  station	
  
	
  
FLASH1	
  optical	
  /	
  NIR	
  laser	
  system	
  for	
  pump	
  -‐	
  probe	
  experiments	
  
10	
  Hz	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  single	
  pulse	
  
3.5	
  mJ,	
  90	
  fs	
  
synchronization	
  to	
  FEL	
  better	
  than	
  100	
  fs	
  r.m.s.	
  
Burst-‐mode	
  	
  	
  up	
  to	
  400	
  pulses	
  /	
  burst	
  
20	
  µJ,	
  110	
  fs	
  
synchronization	
  to	
  FEL	
  better	
  than	
  100	
  fs	
  r.m.s.	
  

	
  

	
  

	
  

FLASH2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -‐	
  under	
  commissioning	
  -‐	
  
FL22	
  
	
  
FL24	
  
	
  
FL26	
  
	
  
	
  

wavelength	
  range:	
  6	
  –	
  40	
  nm	
  with	
  6σ,	
  up	
  to	
  80	
  nm	
  with	
  3σ	
  acceptance	
  
	
  
	
  
	
  
wavelength	
  range:	
  4	
  –	
  16	
  nm	
  for	
  the	
  fundamental	
  with	
  6σ	
  acceptance,	
  for	
  harmonics	
  down	
  to	
  0.8	
  nm	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Univ.	
  Münster	
  
grazing	
  incidence	
  (1.8	
  °)	
  split-‐and-‐delay	
  unit	
  with	
  ±12	
  ps	
  delay	
  	
  
wavelength	
  range:	
  6	
  –	
  40	
  nm	
  with	
  6σ,	
  up	
  to	
  80	
  nm	
  with	
  3σ	
  acceptance	
  
	
  
permanent	
  end	
  station:	
  
-‐ 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.	
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PETRA IIIª
Beamlines and parameters
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Circumference of the storage ring
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Electron beam energy spread
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126 | Facts and Numbers

6.08 GeV
2304 m
3840
960, 60, and 40
8 ns, 128 ns, and 192 ns
100 mA (top-up)
1.0 nmrad (rms)
1.0 %
0.01 nmrad (rms)
0.1% (rms)
141 µm x 5.2 µm
36 µm x 5.7 µm

P23
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PETRA III beamlines
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Committees 2014ª

Photon Science Committee PSC — advises the DESY Photon Science management
Markus Drescher (chair)

Universität Hamburg, DE

Melissa A. Denecke (vice chair)

University of Manchester, UK

Christian David

Paul Scherrer Institute, Villigen, CH

Stefan Eisebitt

Technische Universität, Berlin, DE

Gwyndaf Evans

Diamond Lights Source Ltd., Oxford, GB

Maya Kiskinova

Sincrotrone Trieste, IT

Franz Pfeiffer

Technische Universität München, DE

Henning Friis Poulsen

DTU Fysik, Lyngby, DK

Harald Reichert

ESRF, Grenoble, FR

Anthony J. Ryan, OBE

University of Sheffield, GB

Bernd Schmitt

Paul Scherrer Institute, Villigen, CH

Andrea Somogyi

Synchrotron Soleil, FR

Julian Stangl

Johannes Kepler Universität Linz, AT

Lucia Incoccia-Hermes (PSC secretary)

DESY, Hamburg, DE

PSC members from the right:
Julian Stangl, Bernd Schmitt, Christian David.
In the middle: Stefan Eisebitt, Maya Kiskinova,
Gwyndaf Evans, Henning Friis Poulsen.
On the left: Harald Reichert, Markus Drescher (chair),
Melissa A. Denecke (vice chair), Andrea Somogyi.
Here absent: Anthony J. Ryan, Franz Pfeiffer
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Laser Advisory Committee LAC — shared between DESY and the European XFEL
Uwe Morgner (Chair)

Universität Hannover, DE

Giulio Cerullo

Politecnico di Milano, IT

Mike Dunne

SLAC, Menlo Park, CA, US

Patrick Georges

CNRS, FR

Alfred Leitenstorfer

Universität Konstanz, DE

Robert Schoenlein

LBNL, US

William E. White

SLAC, Menlo Park, CA, US

Andreas Galler (European XFEL LAC secretary)

European XFEL GmbH, Hamburg, DE

Oliver D. Mücke (DESY-CFEL LAC secretary)

DESY, Hamburg, DE

DESY Photon Science User Committee DPS-UC — represents the user community
Peter Müller-Buschbaum (Chair)

Technische Universität München, DE

Thomas Möller

Technische Universität Berlin, DE

Julian Stangl

Johannes Kepler Universität, Linz, AT

Gregor Witte

Ludwig-Maximilians-Universität, München, DE

Joachim Wollschläger

Universität Osnabrück, DE

Komitee Forschung mit Synchrotronstrahlung KFS
representative body of the German synchrotron radiation and FEL user community
Stefan Eisebitt (chair)

Universität Hamburg, DE

Bridget Murphy (vice chair)

Universität Kiel, DE

Ronald Frahm

Universität Wuppertal, DE

Jan-Dierk Grunwaldt

KIT Karlsruhe, DE

Christian Gutt

Universität Siegen, DE

Birgit Kanngießer

Technische Universität Berlin, DE

Lutz Kipp

Universität Kiel, DE

Tim Salditt

Universität Göttingen, DE

Hermann Schindelein

Universität Würzburg, DE

Andreas Schreyer

Helmholtz-Zentrum Geesthacht, DE

Peter Albers

AQura GmbH, DE
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Project Review Panels 2014ª
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