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Twenty Nobel Prizes in Physics, Chemistry and Medicine have been awarded for studies with X-rays, starting with 
W.C. Röntgen’s first Prize in Physics in 1901. Up to the present day and with ever-increasing impact, imaging and 
investigations of structural and electronic properties of matter have remained of prime interest for forefront re-
search and applications in physics, chemistry and biology. 

After the first observation of “synchrotron” radiation in 1947, progress over the past 60 years has very much been 
driven by the enormous gain in brilliance of synchrotron radiation provided by electron storage rings, allowing for 
exciting views into the structure of matter. Here, most frontline X-ray studies explore static, i.e. time independent, 
ground-state properties of complex systems including large molecular machines that are of paramount importance 
for biology. Recently developed next-generation accelerator based light sources, the X-ray Free-Electron Lasers 
(XFEL), surpass the peak brilliance of state-of-the-art electron storage rings by one billion at pulse durations of 
about 1 to 300 fs, which is up to ten thousand times shorter than what is presently available. Moreover, the light is 
fully coherent along the lateral directions and partially along the longitudinal direction enabling innovative imaging 
schemes. Beams of adjustable wavelength are provided in sequences of ultrashort pulses containing about 1012 

photons each. By comparison, a full second is necessary to get this many photons from today’s best synchrotron 
radiation facilities. Therefore, this is a groundbreaking revolution in X-ray science.

The gain in peak brilliance, along with the ultrashort duration of the light-flashes, allows scientists, for the first time, 
to study the dynamics of complex systems with atomic resolution in space and time. Thus, this new era in science 
will be characterized by taking “movies” instead of “pictures”, by exploring “dynamics and function” instead of “static 
structure”. The goal is to understand and ultimately control the “functioning” of matter, of biological systems and 
drugs, of correlated materials, of chemical reactions or of nanostructures.

In December 2003, after the decision by the German Federal Government to realize the X-ray FEL proposed by DESY 
as a European project, DESY submitted the vision of a Center for Free-Electron Laser Science (CFEL) for strategic 
evaluation by the Helmholtz Association of National Research Centers (HGF). In October 2004 the Helmholtz Senate 
strongly recommended to strengthen DESY’s photon science in-house research through CFEL. This should serve as 
an anchor point for the preparation of the scientific programs at the Vacuum Ultraviolet Free-Electron Laser (VUV-
FEL) and the planned European XFEL Laboratory. 

At the same time, based on a memorandum to exploit the new challenges posed by XFELs in 2003, the “Perspec-
tive Commission” of the Max Planck Society (MPG) recommended entering this innovative field of science in May 
2004. Supported by the President’s “Innovation Fond” since 2005, scientists from several Max Planck Institutes have 
performed pioneering experiments at FELs. Further deliberations led to a recommendation by both the Chemical, 
Physical and Technical Section as well as the Biological and Medical Sections of the MPG. They advised to establish 
an interdisciplinary “Max Planck Research Group” together with the University of Hamburg at DESY, including an 
“Advanced Study Group”. 

Cfel – a novel enTerPrise  

using revoluTionary lighT-sourCes:

MoTivaTion and sTarT-uP Phase

JoChen sChneider, JoaChiM ullriCh, Wilfried WurTh

sinCe Their disCovery in 1895 by WilhelM Conrad rönTgen, X-rays 

have Played a CruCial role in essenTially all areas of basiC and 

aPPlied sCienCe WiTh TreMendous iMPaCT on biology and MediCine. 
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The concept of a Max Planck Research Group at the University of Hamburg materialized in 2007 with the joint signature 
of a cooperation contract between the University of Hamburg and the Max Planck Society. In the beginning of the 
same year, the FEL research activities of several Max Planck Institutes had been joined to form the Advanced Study 
Group, acting as a key link for future Max Planck FEL activities from all other departments. Following this example, the 
University of Hamburg decided to concentrate its involvement in FEL research in a second Advanced Study Group.

In 2007, these parallel activities were merged. DESY, the Max Planck Society, the University and the City of Hamburg 
signed a collaboration contract on the establishment and operation of the Center for Free-Electron Laser Science. 
CFEL, acting across the classical scientific disciplines and, for the first time, across German Science Organiza-
tions, was envisioned to provide a novel platform for transforming the technology-driven “X-ray revolution” into a 
revolution in science and applications at the frontiers of knowledge. CFEL integrates the scientific activities and the 
expertise in different fields of all founding partners in a coordinated and synergetic effort to create a world-leading 
center in the field of Free-Electron Laser Science.

The organizational chart of CFEL includes several departments and junior research groups provided by the partner 
organizations DESY, University of Hamburg, and Max Planck Society. DESY is in charge of two experimental and one 
theory division plus one junior research group. The Max Planck Society and the University of Hamburg jointly sup-
port two experimental divisions with three junior research groups. In addition, both institutions operate Advanced 
Study Groups with two and three junior groups, respectively. Each of the CFEL partner organizations promotes the 
research and development of high-performance radiation/X-ray detectors. The City of Hamburg is building the 
CFEL Office and Laboratory Complex.

Advised by a Foundation Committee, CFEL was able to attract and appoint leading scientists from all over the world 
in a highly competitive environment, such that all five divisions and many junior research groups have become fully 
operational within only three years. CFEL scientists contribute to highest-level teaching and training of students at 
the University of Hamburg within a DFG-funded Research Training Group and an International Max Planck Research 
School. 

This report introduces the Center for Free-Electron Laser Science and summarizes the exciting results achieved by 
CFEL researchers in only a few years since its foundation. Many of the results exploit and build on the synergies 
between the different groups. Upon evaluation in spring 2011, the Max Planck contribution to CFEL is envisioned 
to emerge into a full-fledged Institute with four divisions and the Advanced Study Group such that CFEL will be well 
prepared to meet the challenges of the “X-ray revolution” in the future.
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Cfel – ParTners

Prof. dr. PeTer gruss
PresidenT of The MaX PlanCk soCieTy

“Together we are strong” - the Center for Free-Electron Laser Science (CFEL) is a wonderful illustration of the truth 
of this saying. The scientific success of CFEL is testimony to the farsightedness of an initiative that was launched 
as a cross-institutional scheme nearly 10 years ago. This was the time that saw a global, burgeoning interest in 
conceptualising and developing X-ray free-electron lasers (FEL), such as the European XFEL in Hamburg, the Linear 
Coherent Light Source LCLS in Stanford, as well as a corresponding device in Japan. The wave of research into FELs 
at the time provided Max Planck scientists with the impetus to reflect on the potential of such large-scale scientific 
equipment for basic research in the Max Planck Society (MPG). The relevant deliberations led to a participation in 
the CFEL in form of a Max Planck Research Group at the University of Hamburg and of an Advanced Study Group 
of the Max Planck Society with the involvement of scientists of several MPIs. It also became apparent that an ef-
ficient and optimal use of FELs could be best realised in close cooperation with other research organisations. For 
me, CFEL is thus a successful example for those synergies resulting from the close collaboration of partners with 
complementary expertise. In this respect, the close ties that the Max Planck Society has forged with universities 
over the years have paid off; ties that did not only result in joint appointments at CFEL, but also in a graduate 
school which is currently in the process of being established. The International Max Planck Research School for 
Ultrafast Imaging and Structural Dynamics at the University of Hamburg is dedicated to providing a structured 
training programme for junior researchers, offering excellent framework conditions for independent research and 
interdisciplinary PhD projects.  

From the point of view of the Max Planck Society, CFEL is a first-class strategic investment in the future of the 
research and technology landscape in Hamburg and its environs. It is to be expected that the key technology 
“photonics” will attract numerous high-tech companies to Hamburg as a site of thriving research, initiating an 
intensive transfer of knowledge into applications. I wish the scientists at CFEL continuing success and hope they 
will always have sufficient photons with the required properties in their experiments! 

Prof. Dr. Peter Gruss
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Prof. dr. dieTer lenzen
PresidenT of The universiTy of haMburg

The University of Hamburg took the unique opportunity to cooperate with two excellent external research organi-
zations that opened up with the joint foundation of the CFEL with the partners DESY, Max Planck Society and the 
Free and Hanseatic City of Hamburg.

The excellence cluster of physics of the University of Hamburg is profiting already in research, education and 
young talent support from the research network established in CFEL. This network pools the activities in science 
related to free-electron lasers and allowed the university and its partners to recruit renowned researchers with 
excellent reputations from all over the world. It allowed the University of Hamburg, in cooperation with its excel-
lent partners, to sharpen the University’s profile in research with and at the next generation light sources. First 
visible successes are the funding of Hamburg’s Excellence Cluster “Frontiers in Quantum Photon Science”, an 
international Max Planck Graduate School, a DFG Graduate School and the cooperation with Hamburg School for 
Structure and Dynamics in Infection. Further proposals for a DFG Collaborative Research Center and a cluster of 
excellence within the Federal German Excellence Initiative are in preparation.

The local and scientific proximity to the European XFEL project opens world wide the best opportunities for CFEL’s 
young talents and its established researchers of the University of Hamburg. These opportunities will additionally 
increase when the construction of the new CFEL research center is finished. These most modern laboratories and 
office spaces became possible due to the generous support of the Free and Hanseatic City of Hamburg and will 
further enhance the attractiveness of the University of Hamburg.

Prof. Dr. Dieter Lenzen
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Prof. dr. helMuT dosCh
ChairMan of The board of direCTors of desy

When CFEL has been founded the three partners - the University of Hamburg, Max Planck Society and DESY - had 
bold visions on the future challenges and revolutionary opportunities offered by the novel X-ray laser light. Today, I 
can proudly say, that CFEL has made tremendous progress to realize the vision to become the world-leading center 
for FEL research. Already today, CFEL is a world-wide applauded structure for top-notch research.

The year 2010 has been a particularly successful year for CFEL. Dwayne Miller who joined CFEL coming from To-
ronto University has successfully launched his research activities. It has been fascinating to observe how fast the 
new Relativistic Electron Gun for Atomic Exploration (REGAE) facility has been built up. I am particularly grateful to 
the DESY accelerator team for the most efficient cooperation with the CFEL team. Also in 2010, Robin Santra from 
Argonne National Lab/University of Chicago has started to build up the theory department within CFEL. Robin, an 
internationally renowned scientist in the theory of ultrafast phenomena, will develop the theory roof of CFEL. To add 
to the 2010 success story, we could attract Franz X. Kärtner from the Massachusetts Institute of Technology (MIT). 
Franz, who will start on Jan 1, 2011 at CFEL, will bring the indispensable laser technology to CFEL. His expertise in  
optical lasers, attosecond-photonics, attosecond-science (High Harmonic Generation (HHG) for seeding and spec-
troscopy) and laser acceleration will boost the full potential of the FEL facilities.
The smooth and most successful cooperation between three partners under the CFEL roof is an excellent example 
of successful cooperation between the three different pillars of the German scientific landscape. With the successful 
appointments over the last two years CFEL has all leading scientists on board. In 2011, the Max Planck Society will 
have an in-depth evaluation of the CFEL achievements and its future visions. I am very optimistic that this exercise 
will most positively influence the decision on a new Max Planck Institute to be founded within the CFEL umbrella.
Moreover, the CFEL building now slowly takes on shape. We are quite positive that the CFEL scientists can move into 
the new offices and labs in 2012. We are looking forward to the next years of CFEL which will be full of discoveries 
and advancements of FEL science and laser technology. 

I warmly thank the many committed collaborators at  
CFEL for their impressive work during these years.

Prof. Dr. Helmut Dosch
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dr. herlind gundelaCh
haMburg‘s senaTor for sCienCe and researCh

A research and science location must concentrate on its strengths and identify the nationally and internationally 
competitive topics strategically suitable as a basis for further development using this potential. Therefore the Sen-
ate of the City of Hamburg decided to strongly support physics in cooperation with the best partners in Germany. 
The aim is to create a leading cluster of excellence in structure research in Germany and Europe. At the same 
time the Senate aims to intensify the networking between universities and external research organizations under a 
single roof. In this sense not only the dividing borders between the disciplines but also the borders between states 
and countries will be overcome to create truly free science at its best.

CFEL is an excellent role model for this purpose. Uniting the specialized competences across classical borders of 
departments it establishes a striking and unique cooperation between DESY, Max Planck Society and the University 
of Hamburg. I am very glad that the expectations regarding its reputation and scientific results have exceeded all 
expectations in the first years and that we are able to draw a positive interim balance. The scientific success is 
based mainly on the successful recruitment of renowned researchers with excellent reputations from all over the 
world. These results clearly demonstrate that CFEL offers the best opportunities to perform outstanding research 
with and at free-electron lasers. Hamburg’s CFEL is developing into the world’s leading competence center for 
research with the next generation light sources.

Not by chance is CFEL already a scientific success story. This success is the result of the hard, committed and 
creative work of all involved scientists and science managers.

In July 2010, we celebrated the topping out for the new building which will start operating officially in spring 2012. 
I am very certain that there are no obstacles for the future development of CFEL to a research center for highest-
quality structure research. For the future I wish all parties concerned pleasure and success at their work.

Dr. Herlind Gundelach
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Cfel – a lighThouse for sCienCe

haMMeskrause arChiTeCTs

At the Center for Free-Electron Laser Science in Hamburg, an international focal point is being established for 
basic research at and with free-electron lasers. The center represents the first cooperative endeavor between 
the University of Hamburg, the Max Planck Society and the Deutsches Elektronen-Synchrotron (DESY) for the 
purpose of developing a shared building. One of our first concerns when launching the project was to find out in 
conversations with the directors in charge at the three independent research institutions how the scientists in the 
various groups intended to collaborate, what kind of “spirit” the building should manifest, and which architectural 
environment might best support the diverse work processes.

Both elevated laboratories and vibration-isolated physical measuring rooms were called for, as well as offices 
and conference rooms. The demands placed on the structural dynamics of rooms for working with free-electron 
lasers are extremely high, which made it expedient for several reasons to arrange these rooms together on the 
ground floor. The experiments furthermore require shielded working conditions, which made it very important to 
put the scientists in close proximity to the areas for joint utilization, thus conjoining theoretical and experimental 
activities.

In order to generate a high level of synergies between the various research groups, areas between the rooms have 
been opened up to promote communication. Above a one-story structure set aside for experimental work rise three 
office floors in the form of a rotunda containing rooms offering a variety of different layouts. Along with cubicle 
offices, there are also combi-zones, tea kitchens and conference rooms spread throughout the atrium spaces. The 
central atrium serves the purposes of communication and knowledge transfer, connecting the various functional 
areas over four floors. The ground floor contains all experiment areas, the seminar rooms and a cafeteria, arranged 
around the light-filled entrance hall and two central garden courts.

10



The ground floor with its laboratories and the office floors located above are distinguished both formally and 
thematically. Their design and outward appearance convey the contrast between the laboratory versus the office 
function. In thematic terms, the ground-floor level forms a solid and closed base for the rotunda element. The 
self-contained solidity of the base is underlined by its almost complete lack of windows and an exterior cladding of 
narrow bricks. Diametrically opposed to this handling, the three office floors have been given a light and transpar-
ent facade with linear bands of windows, which emphasizes the roundness of the structure. The character of the 
atrium is shaped mainly by the free-form skylight above. This consists of a filigree steel grid supporting multi-layered 
cushions of translucent ETFE (ethylene tetrafluoroethylene), supplying the building with a bright and lightweight 
crowning element.
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Cfel – aCross The disCiPlines

The Center for Free-Electron Laser Science (CFEL) is a joint research collaboration among three institutions: 
Deutsches Elektronen-Synchrotron (DESY), the Max Planck Society (MPG), and the University of Hamburg (UHH). 
CFEL consists of seven divisions as depicted in the “CFEL House Sketch” in Figure 1. In the center are the fi ve core 
divisions surrounded by the two pillars of the Advanced Study Groups (ASGs). 

Three core divisions are supported by DESY (marked in blue): the “CFEL Theory Division” led by Robin Santra (see 
also page 24), the “Ultrafast Optics & X-rays Division” under the leadership of Franz X. Kärtner (see also page 26), 
and the “Coherent Imaging Division” led by Henry Chapman (see also page 14 and 32). Within this last division an 
independent junior research group has been established. It is led by Jochen Küpper and focuses on “Controlled 
Molecule Imaging” (see also page 16).

Two core divisions are jointly supported by the MPG, the Free and Hanseatic City of Hamburg, and the UHH. They 
form the Max Planck Research Department for Structural Dynamics (MPSD) at the University of Hamburg (marked in 
green&red): the “Condensed Matter Dynamics Division” led by Andrea Cavalleri (see also page 18 and 36), and the 
“Atomically Resolved Dynamics Division” under the leadership of R. J. Dwayne Miller (see also page 22 and 40). In 
the latter division an independent junior research group will be initiated by Nils Huse starting in early 2011. Adrian 
Cavalieri’s independent junior research group on “Extreme Timescales” within the Condensed Matter Dynamics 
Division is already fully operational (see also page 20).

Figure 1: CFEL House – A brief chart of the organizational (not fi nancial) structure of the groups and institutions that are 
joining forces in the Center for Free-Electron Laser Science in Hamburg. 
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The ASGs comprise the University of Hamburg Advanced Study Group (UHH-ASG in red) led by Wilfried Wurth 
(see also page 30 and 49), Spokesperson of the BMBF Priority Program FSP-301 “FLASH: Matter in the light of 
ultrashort and extremely intense X-ray pulses” and the Max Planck Advanced Study Group (MPG-ASG in green) led 
by Joachim Ullrich (see also page 28 and 44), Director at the Max Planck Institute for Nuclear Physics Heidelberg 
(MPI-K). The ASGs are designed to focus and support the strong activities in FEL science that started in both or-
ganizations prior to the foundation of CFEL and to act as a nucleus for emerging interdisciplinary science within 
their respective organizations in research fields where the problem solving potential of FEL technology and science 
is not yet fully exploited. 

The UHH-ASG consists at the present time of groups from the Institutes of Experimental Physics, Laser Physics and 
Applied Physics of the Physics Department within the Faculty of Mathematics, Informatics and Natural Sciences. To 
further enhance the UHH-ASG activities within CFEL hiring of the heads of up to three independent junior research 
groups is currently in progress.

The MPG-ASG consists of a central group of researchers located at Hamburg as well as of scientists from various 
Max Planck Institutes (MPIs) with prime interest in FEL science and is managed by a Steering Committee. Scientists, 
students, and technicians residing directly in Hamburg (MPG-ASG Hamburg) form the heart of the ASG support-
ing and assisting the FEL-related efforts of individual MPIs. The MPG-ASG Hamburg was recently strengthened by 
establishing the two independent junior research groups led by Melanie Schnell and Nina Rohringer. Presently eight 
Max Planck Institutes all over Germany collaborate within the MPG-ASG: 
Max Planck Institute for Nuclear Physics (MPI-K) and for Medical Research (MPI-MF), both in Heidelberg, for the 
Physics of Complex Systems in Dresden (MPI-PKS), for Biophysical Chemistry in Göttingen (MPI-BPC), for Plasma 
Physics (IPP), of Quantum Optics (MPQ), both in Garching, the Fritz Haber Institute of the Max Planck Society in 
Berlin (MPI-FHI), and the Max Planck Halbleiterlabor (German for semiconductor laboratory) in Munich (MP-HLL). 

CFEL is led by the division directors and the heads of the Advanced Study Groups, jointly constituting the CFEL 
Management Board, with Joachim Ullrich acting as its present Chair, assisted by the Research Coordinator, Ralf 
Köhn. During the foundation phase the Management Board was assisted and advised by the Foundation Commis-
sion which will be followed by a Scientific Advisory Board as soon as steady-state operation is approached.

Figure 2: Interim buildings (49 & 49a) for the CFEL Core Divisions with offices and laboratories.
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CoherenT iMaging division

division leader Prof. dr. henry ChaPMan

Understanding the processes in the 
living cell requires deducing the func-
tions of its molecular machinery from 
both static and dynamic three-di-
mensional images of those machines. 
Determining the molecular function 
usually requires imaging or uncover-
ing the structure at the resolution of 
the constituent atoms. Such knowl-

edge allows a “bottom up” view of the organization and 
processes of life, providing valuable insights into disease 
and drug design. X-ray crystallography has provided most 
of the macromolecular structures determined to date. This 
method amplifies the scattering from a single molecule 
by the coherent addition of billions of their repeats in a 
regular lattice. However, the need to crystallize proteins is 
a major bottleneck in structure determination, often tak-
ing decades of effort to grow crystals of adequate quality. 
“Single particle” imaging aims to sidestep the requirement 
for crystals, using the enormous intensity of X-ray free-
electron laser pulses to make up for the loss of scattering 
strength. In many cases sub-micron “nanocrystals” may be 
readily obtained, which are too small or radiation sensi-
tive for conventional synchrotron-based studies. One of 
the most significant classes of proteins, membrane-bound 
proteins, tends only to form two-dimensional crystals or 
3D nanocrystals. Less than 300 membrane proteins have 
been solved to date, despite the fact that 60% of all drugs 
target these proteins. Femtosecond protein “nanocrystal-

lography” marries single-particle X-ray FEL techniques with 
traditional crystallography, offering structural biology a 
high-throughput method to obtain structures without the 
need for time-consuming crystallization. Our method has 
opened up a new method of structure determination.

The CFEL Imaging Division is developing these methods of 
3D imaging of identical biological objects using intense X-
ray FEL pulses. This work can be characterized as pushing 
X-ray imaging beyond conventional limits. We overcome 
these limits on many fronts. In an X-ray microscope, the fin-
est features that can be examined are usually limited by the 
quality and performance of the X-ray lens. Our methods are 
“lensless” techniques that invert an image from the coher-
ent X-ray diffraction pattern of an object. In this case the 
finest resolution that can be achieved will then be limited 
by radiation damage to the sample: the ionizing X-ray ra-
diation used to form the image causes changes to the very 
structure under examination, during the exposure. We have 
shown that even this limit can be overcome by outrunning 
the damage processes, by utilizing the ultra-short and 
ultra-intense pulses of X-ray free-electron lasers. Dubbed 
“diffraction before destruction,” the X-ray FEL pulses are 
faster than the timescales of significant radiation damage 
so that the diffraction pattern represents the undamaged 
structure. We are also pushing these techniques to the 
fastest timescales, in the imaging of photo-induced proc-
esses that are synchronized to the X-ray probe pulse, and 
by diffraction of laser-aligned molecules. The group carries 
out experiments at synchrotron sources, such as the Swiss 
Light Source and Petra III, and the FLASH and LCLS FELs. 
The group has also contributed to the design of diffractive-
imaging apparatus at the upcoming FERMI seeded soft-X-
ray FEL, in Trieste, and will utilize this source for ultrafast 
time-resolved imaging experiments.

The ambitious goals of single particle and nanocrystallo-
graphic imaging require large technical advancements. We 
are taking part in a large international collaborative pro-
gram to make the necessary improvements in X-ray focus-
ing and compression, detectors, delivery and preparation 
of the molecular beam, data assembly, and phase retrieval 
techniques to obtain an image. Additionally, we are inves-
tigating the damage effects of X-ray pulses and methods 
to delay the onset of damage. We have led experimental 
campaigns at the FLASH and LCLS X-ray free-electron la-

Figure 1: Group members preparing for experiments at the 
FLASH soft-X-ray FEL facility at DESY. From left to right:  
Andrew Aquila, Lars Gumprecht, and Karol Nass.
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Figure 2: Anton Barty (left), Joachim Schulz (center), and Andrew Aquila (facing away) carrying out tests on the CFEL ASG CAMP 
instrument at the AMO beamline at LCLS, in preparation for coherent diffractive imaging measurements.

sers which have been key in driving the instrumentation 
and technological advances. Our first diffraction patterns 
of nanostructures, each recorded with a single 30-fs pulse, 
produced the fastest images ever made. We have applied 
this unique capability to create ultrafast stop-motion im-
ages of laser-induced processes, such as laser ablation, 
and for studying the interaction of the X-ray pulse with the 
sample itself. We have developed novel holographic meth-
ods to help phase diffraction patterns and to follow the time 
dependence of the X-ray interaction. 

The group has developed a coherent diffractive imaging 
apparatus for soft-X-ray imaging at FLASH, carried out 
by Joachim Schulz, Holger Fleckenstein, and their col-
leagues. Diffraction patterns are recorded on moveable 
sets of CCD detectors, from single pulses scattering from 
nanostructures positioned in the beam, or from particles 
on the fly that are injected across the beam. This instru-
mentation has been used to optimize particle injection and 
collect single particle diffraction data to test assembly 
and phase retrieval algorithms. It is also being used for 
studies in warm dense matter and imaging the explosion 
of particles irradiated by FEL pulses, to determine condi-
tions and strategies for highest-resolution imaging. The 
instrumentation efforts of the group also extend to liquid 
microjets and synchronized droplets, for nanocrystallog-
raphy and solution scattering experiments, through the 
work of Daniel DePonte. Mengning Liang and Francesco 
Stellato have utilized these techniques to better charac-
terize and prepare a wide range of nanoparticle systems 

for imaging and experiments on the effects of radiation 
damage. These experiments have led Anton Barty, Carl 
Caleman, and colleagues to the realization that the limits 
of imaging can more easily reach atomic resolution than 
previously thought. 

Imaging experiments at X-ray FELs generate large volumes 
of data, with a typical week-long run yielding 50 TB of data. 
These data are processed on a new SGI 72-core computer 
cluster with 600 2TB hard-drives. Managing this volume 
of data is a large challenge, and the group, led by Anton 
Barty, develops specialized tools for data reduction, such 
as image recognition and “hit finding”. Nanocrystallogra-
phy and single-particle imaging involves processing mil-
lions of diffraction patterns to create a single 3D dataset, 
and software tools have been developed by Thomas White 
and his colleagues to process these by customizing and 
improving upon traditional crystallographic software. The 
group actively develops phase retrieval algorithms, build-
ing upon iterative methods that recover phases based on 
real-space constraints, and extending to extracting single 
particle images from diffraction patterns of ensembles. 
Novel methods are under development by Andrew Martin. 
The group is also working on extending traditional crystal-
lographic phasing techniques by taking advantage of the 
high spatial coherence of the X-ray pulses and their high 
intensities. Working with the CFEL Theory Division, phasing 
methods are being developed that capitalize on changes in 
atomic structure that are induced by the immense intensity 
of focused X-ray FEL pulses.
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ConTrolled MoleCule iMaging grouP

grouP leader Prof. dr. JoChen küPPer

Progress in experimental physics is 
driven by the development of novel 
or improved experimental techniques 
and by the applications made possible 
by these advanced methods. In the 
Controlled Molecule Imaging Group 
we develop methods for the manipu-
lation of complex neutral molecules in 
the gas phase. These methods, in turn, 

allow us to perform novel investigations of the molecules’ 
structure and dynamics, aiming at a complete under-
standing of atomic and molecular processes that underlie 
chemistry and biology.

We use electric fields to manipulate the translational and 
rotational motion of large molecules. These experiments 
range, for example, from dc electric fields in the electric 
equivalent of the Stern-Gerlach deflector over switched 
electric fields in AC guides and decelerators to high-
frequency laser fields for alignment and mixed field ori-
entation of the molecules. We have demonstrated the 
quantum-state and conformer (structural isomer) selec-
tion, the alignment and orientation, and the deceleration 
of large and complex molecules in the gas phase. We have 
also been involved in experiments applying decelerated 
ammonia molecules in prototype experiments for spectro-
scopic purposes, in storage rings, and in micro-structured 
molecule-optics experiments. 

Exploiting these control techniques we have demonstrated 
that the quantum-state-selected polar ensembles pro-
duced by our methods allow unprecedented degrees of 
alignment and orientation. We have demonstrated the 
feasibility to obtain molecular-frame photoelectron an-
gular distributions in femtosecond experiments, providing 
a direct pathway to the making of the “molecular movie”. 
Such state- and conformer-selected oriented ensembles 
are ideal samples for diffractive imaging studies of gas-
phase molecules, for high-harmonic generation and to-
mographic imaging, for molecular-frame photoelectron-
angular-distribution studies, for reactive scattering, and 
many other experiments in chemistry and physics. 

At CFEL we are now setting up next-generation experiments 
to study the ultrafast dynamics of mass-, isomer- and 
quantum-state-selected complex molecules and molecular 
aggregates using various experimental techniques. We will 
investigate molecular-frame photo-electron-angular distri-
butions from strong laser fields and from extreme ultravio-
let (XUV) or X-ray lasers or X-ray and electron diffraction 
imaging. In parallel we develop cold beams of prototypical 
complex molecules, such as the “building blocks of life”, 
peptides, and similar large molecules in order to apply our 
techniques to these interesting yet very complex samples. 
These experiments will allow us to investigate intra- and 
inter-molecular dynamics of complex molecules on fast and 
ultrafast timescales. 

Figure 1: Controlled Molecule Imaging Group in the laboratory. From left to right: S. Stern, J. Küpper, S. Trippel, L. Holmegaard 
(left). Stereoisomers of complex molecules generally have distinct electric dipole moments for the same mass. The different 
dipole-moment-to-mass ratios can be exploited in the spatial separation of these species using electric fields. The pure samples 
thus created offer opportunities in isomer-specific and stereoselective investigations (right).
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Bird’s-eye view on the CFEL construction site from the south (September 2010).
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Condensed MaTTer dynaMiCs divison

division leader Prof. andrea Cavalleri

Condensed matter research is con-
cerned with the microscopic descrip-
tion of macroscopic phenomena in 
the solid state. Superconductivity, 
magnetism, metal-insulator transi-
tions and many other phenomena of 
fundamental and applied interest are 
typically studied using a combina-
tion of microscopic techniques (X-ray 

diffraction, neutron scattering, scanning tunneling micro-
scopy), and macroscopic probes (e.g. transport, magne-
tometry or optical spectroscopy), as well as by theory and 
material discovery. The great majority of these studies 
concentrate on equilibrium properties of solids, seeking to 
understand the ground state properties and their interac-
tion with low-lying excitations. 

Yet, most modern applications to devices require control 
of materials properties on the shortest length scales and 
the fastest timescales, situations in which matter is not 
in equilibrium, and conventional thermodynamics fails to 
capture its properties. In this division, we focus on the 
non-equilibrium properties of condensed matter, and on 
their control on the shortest timescales. On the one side, 
we seek to develop tools to steer solids in desired direc-
tions, developing sources in which for example sculpted 
THz pulses at high fields can be used to steer condensed 
matter in new directions. However, we are also taking 
advantage of the breathtaking developments of the past 
few years, making use of ultrafast probes over nearly 
seven orders of magnitude in wavelength (from the THz 
to the hard X-rays), which are used for scattering and 
spectroscopy. Further, we explore dynamics of solids on 
extreme timescales, reaching into the attosecond range. 
Free-electron lasers, a new revolutionary technology in 
photon science, feature in our research as a major ena-
bling technology.

Figure 1: Condensed Matter Dynamics Division: Left to right: 1st row: A. Cavalleri, P. Johanssen, V. Khanna, M. Hoffmann,  
A. Cavalieri, D. Nicoletti, 2 nd row: S. Tober, P. Popovich, I. Grguras, M. Petrich, F. Habenicht, A. Simoncig, J. Harms, 3 rd row:  
C. Manzoni, M. Först, S. Lupi, R. Brodowski, S. Kaiser.
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Dr. Matthias C. Hoffmann: Nonlinear THz science
Many collective excitations in strongly correlated condensed 
matter systems can be observed by optical spectroscopy in 
the terahertz (THz) range of the electromagnetic spectrum, 
at frequencies between 0.1 and 15 THz (3 and 500 cm-1). 
However, until recently most radiation sources at these 
wavelengths have been too weak to allow manipulation of 
collective excitations by light. The nonlinear THz science 
subgroup led by Matthias C. Hoffmann is using newly devel-
oped intense table-top THz sources to study the behavior of 
correlated electron systems subjected to sub-picosecond 
electromagnetic pulses with high field strengths.

Dr. Michael Först: Materials control
To control the phase state of materials in a non-thermal 
fashion is one of the main goals in ultrafast condensed 
matter science. For example, we seek to manipulate com-
plex electronic and magnetic states by coherent optical 
excitation of specific vibrational modes. In-house devel-
oped sources of few-cycle high-amplitude carrier-envelope 
phase-stable electric fields at mid-infrared wavelengths 
are key enabler of our investigations to identify nonlinear 
control mechanisms. We further exploit the potential of 
ultrafast resonant soft X-ray diffraction at free-electron 
lasers, to uncover transition pathways of the magnetic and 
electronic states. 

Dr. Stefan Kaiser: Spectroscopy of  
correlated electron systems
Understanding doped Mott insulators, materials that are 
at the border between bad metals and correlated electron 
insulators, is one of the key challenges in modern con-
densed matter physics. It is believed that these phases hold 
the secrets to understand and control high temperature 
superconductors. We study the dynamics of doped Mott in-
sulators in materials systems that range from cuprate high 
Tc superconductors to organic salts. We use ultrafast tech-
niques that range from THz and infrared optics to extreme 
ultraviolet (XUV) photo-electron spectroscopies. Figure 2: S. Kaiser enhancing the pump-probe spectroscopy 

setup to the MIR range to measure the photo-induced  
dynamics of the Mott-gap in correlated electron systems.

Figure 4: M. Först setting up a mid-infrared light source, 
comprising an optical parametric amplifier and difference-
frequency mixing stage, that enables vibrational excitation  
of condensed matter. 

Figure 3: M. C. Hoffmann just found the IR-Pump/THz probe 
signal.
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eXTreMe TiMesCale grouP

grouP leader Prof. dr. adrian l. Cavalieri

Attosecond spectroscopy was first ex-
tended to condensed matter systems 
in 2007 (A. L. Cavalieri, et. al. Nature, 
2007). In this demonstration, sub-100-
attosecond time resolution allowed 
relative escape times of photo-emit-
ted electrons through a metal surface 
to be measured. While these first ex-
periments focused on the observation 

of the elementary photoemission process, this result also 
established a route to probing stimulated and controlled 
dynamics on extreme timescales. 

At CFEL, the range of available pump photon energies will 
be expanded beyond the XUV to include the THz, and deep 
UV, allowing for targeted excitation of complex, condensed 
matter systems. The key to this advance, is the applica-
tion of single-cycle, NIR driving laser pulses, ideally suited 
for frequency conversion through nonlinear processes in-
cluding three and four-wave mixing, optical rectification 
and through high-harmonic generation. Single-cycle drive 
pulses, comparable in energy and duration to the shortest 
optical laser pulses available in the world, are obtained at 
CFEL by tuning the temporal dispersion in an otherwise 
commercial multi-pass Ti:Sapphire amplifier system with the 
addition of customized chirped mirror multi-layer optics.

With this uniquely tunable source, we will probe subse-
quent dynamics in condensed matter systems using time-
resolved, angularly-resolved photoemission and absorption 

spectroscopy. Rather than striving for the highest time-
resolution alone, temporal and spectral resolution will be 
balanced to suit the problem at hand. In titanium disulfide, 
for example, where we would like to time the collapse of a 
Mott insulating state, the spacing between the associated 
energy levels is ~1 eV. Therefore, we plan to probe this 
system with approximately 1 fs resolution such that distinct 
energy levels can be resolved while the fastest dynamics 
can still be captured. 

In the future, we expect that extreme timescale spectros-
copy will make use of large-scale FEL sources reaching 
well beyond our original work and capability with tabletop 
laser-based sources. However, to perform time-resolved 
experiments, the relative timing of the FEL X-ray pulses must 
be characterized or controlled on the sub-fs level. Further-
more, for few-fs or even attosecond FEL pulses, the precise 
temporal profile of each X-ray pulse, which is expected to 
be highly structured and vary randomly from shot to shot, 
must be determined to calculate the intensity of the X-ray 
pulses used in our measurements. 

Currently, we are leading an international collaboration 
to characterize X-ray pulses at LCLS (approved proposal 
2011). We expect to continue these efforts at FLASH and 
the European XFEL. Additionally, we have plans to slice the 
FEL pulse at FLASH by modulating the energy of the driv-
ing electron bunch with a single-cycle optical pulse, which 
would result in a synchronized and shaped - or controlled -  
attosecond FEL pulse. 

Figure 1: Extreme Timescale Group in the laboratory. From left to right: I. Grguras, H. Höppner, A. Cavaleri, A. Simoncig, S. Huber  
(left). An illustration of attosecond time-resolved photoemission from core-level and valence-band states in tungsten (right). 
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Bird’s-eye view on the CFEL construction site from the north (September 2010).
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aToMiCally resolved dynaMiCs division

division leader Prof. dr. r. J. dWayne Miller 

Structural information is essential to 
understanding chemical and biologi-
cal processes. However, structures 
alone are insufficient. The world is 
dynamic. The very act of chemistry 
involves an interconversion between 
atomic positions that lead the sys-
tem to new molecular species. In this 
context, biology is powered by chemi-

cal processes albeit at highly optimized active sites to 
direct the chemical process through control over barrier 
heights and strong correlations in fluctuations imposed by 
structural constraints. To completely understand molecu-
lar processes we need information on structures, dynamics 
of both electronic and nuclear degrees of freedom, and the 
energetics driving the process. To this end, the Miller group 
has developed a number of different spectroscopic tools 
that enable dissection of the problem towards these three 
system variables. 

Atomically Resolved Dynamics. One of the great dream 
experiments in science is to watch atomic motions as they 
occur. Such vision requires extremely high spatial resolu-
tion with subpicosecond time resolution. This experiment 
was first realized by the Miller group with high brightness, 
nonrelativistic, electron pulses to light up the atomic mo-
tions [Science 302 (2003) 1382]. It is now possible to 
directly watch atomic motions at critical points for even 
complex systems, i.e. observe the passage through the 
so-called transition state region of polyatomic molecules, 
the free energy surface of which is a highly multidimen-
sional surface. The concept of a transition state has been 
a central unifying concept for chemistry and biology and 
is now open to direct inspection. This experiment has 
been referred to as “making the molecular movie” and 
given the extremely high spatial and temporal resolution 
that has been previously discussed in the context of a 
gedanken experiment. Recent advances in electron source 
technology have made it possible to generate 100 fem-
tosecond electron pulses with sufficient number density 
to execute single shot structure determinations. Further, 
previously thought intractable problems of determining 
t=0 (to effectively synchronize the filming process) and 
fully characterizing electron pulses on the femtosecond 
time scale have now been solved through the use of the 
laser pondermotive potential to provide a time dependent 
scattering source. Synchronization of electron probe and 
laser excitation pulses is now possible with an accuracy 
of 10 femtoseconds to follow even the fastest nuclear 
motions. 

Since joining CFEL, the Atomically Resolved Dynamics 
Group has further increased the bunch charge and has an 
ongoing collaboration with the Machine Physics Group of 
DESY, headed up by Klaus Flöttmann, to build a relativistic 
electron gun to effectively open up all samples to atomic 
level inspection. Atomic level views of the simplest possible 
structural transition, melting, have been obtained for a 
number of systems involving both thermal and purely elec-
tronically driven atomic displacements. Optical manipula-
tion of charge distributions and effects on interatomic 
forces/bonding can be directly observed. New phenomena 
involving cooperative phase transitions in strongly cor-
related electron systems have also been observed. The 
primitive origins of molecular cooperativity have also been 
discovered. 

Figure 1: R. J. Dwayne Miller with his “baby” – the 3 rd generation 
electron gun that broke the barrier to resolving structural 
dynamics on the femtosecond time scale.
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Figure 2: A depiction of the dream ex-
periment driving the research – a direct 
observation of the transition state in 
chemistry and biology. Specifically, this 
figure depicts the heavy atoms at a 
protein binding site as star like objects 
moving in response to the release of 
chemical energy during bond breaking 
events.

The long range goal of this program is to directly observe 
the structure-function correlation in biomolecules – the 
fundamental molecular basis of biological systems. With 
the new Relativistic Electron Gun for Atomic Exploration 
(REGAE) coming on line at CFEL/DESY, and recent develop-
ments at 4th generation light sources such as the LCLS and 
soon European XFEL, this goal is now in reach. The chal-
lenge is to make the connections of the observed dynamics 
to topological features of protein structure. 

Quantum State Dynamics – the Electronic Coordinate. 
This aspect of the group’s research is headed up by Valen-
tyn Prokhorenko. A new fully general, multidimensional 
coherent spectroscopy set up has been developed based 
on recently discovered means to cancel phase noise in 
interferometer designs. The system is capable of few fem-
tosecond time resolution, and able to generate nearly arbi-
trary pulse shapes from wavelengths spanning the UV to IR. 
This system is unique. It is now possible to do many of the 
experiments used in NMR with respect to coherence trans-
fer between nuclear spins to obtain structures; whereas in 
the optical domain this system makes it possible to control 
electronic and nuclear coherences and thereby control 
chemistry. A new class of experiments is in progress that 
will make it possible to control energy flow in molecules, 
enhance quantum interference effects or turn them off, and 
give direct information on the coupling between a quantum 
system and the surrounding bath using weak field coherent 
control concepts developed by the group. 
In the past two years, this group has developed coherent 

control 2D electronic spectroscopy and shown that it is 
possible to control quantum decoherence even in highly 
dissipative media such as solution phase dynamics. In ad-
dition, by using 2D electronic spectroscopy, it was possible 
for the first time to map the wavepacket evolution through 
a conical intersection for the classic photoisomerization of 
bacteriorhodopsin that also serves as a model system for 
the primary step of vision. This work showed strong cor-
relations through the conical interface and strong mixing of 
the two electronic surfaces that is intriguing and now chal-
lenges our present understanding of what is considered 
one of the best defined reaction coordinates.

Energetics – the Driving Force for Chemical and Biologi-
cal Processes. The group developed picosecond thermal  
phase grating methods to achieve picosecond time reso-
lution to directly measure energetics on sufficiently short 
time scales to capture structural intermediates. The re-
action energetics and dynamics for heme proteins have 
been well characterized, as part of the effort to make the 
structure-function correlation. 

Future Prospectus: The new facilities at CFEL have capa-
bilities for programmable pulse shapes from the UV to IR to 
enable modifying the energetics driving reaction dynamics 
on the fly. This part of the research program will implement 
coherent control protocols along with atomically resolved 
dynamics using the new electron sources for structural 
probes to directly watch wave function interference effects – 
to see matter waves in action.
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Theory plays a critical role in mod-
ern science. With the help of theory, 
scientific tools such as free-electron 
lasers can be put to use more effi-
ciently, i.e., searches for scientific op-
portunities can be greatly accelerated. 
Theory often predicts new, previously 
unobserved phenomena, which inspire 
the planning and execution of experi-

mental investigations. Moreover, without support by theory 
the outcome of an experiment lacks a conceptual founda-
tion. It is through theory that we understand nature. The 
general strategy in theory proceeds in two steps. In the first 
step, a mathematical model is developed to describe the 
physical situation under consideration. This mathematical 
model rests either on fundamental natural laws already es-
tablished, or on approximations to these laws, or on entirely 
new theoretical concepts. In the second step, mathematical 
tools are identified that allow one to find a solution to the 
mathematical model. In rare cases, it is possible to find a 
so-called analytic solution, i.e., an explicit equation that 
represents the solution. In most practical cases, however, 
the mathematical model can only be solved using numeri-
cal techniques. For this reason, theorists make heavy use 
of computers. 

In the CFEL Theory Division, we develop theoretical and 
computational tools to predict the behavior of matter 
exposed to intense electromagnetic radiation. Examples 
for intense electromagnetic radiation include the visible 

light emitted by modern table-top lasers and the X-rays 
produced by the latest generation of free-electron lasers. 
We employ quantum-mechanical and classical techniques 
to study ultrafast processes that take place on the char-
acteristic time scales on which atoms, and the electrons 
within atoms, move. The CFEL Theory Division consists of 
three subgroups: (a) Ab Initio X-ray Physics, (b) Chemi-
cal Dynamics, and (c) Modeling of Complex Systems. The 
subgroup working in the area of Ab Initio X-ray Physics, 
led by Prof. Dr. Robin Santra, focuses on the microscopic, 
quantum-mechanical characterization of the interaction 
of X-rays with atoms and molecules. “Ab Initio” means 
that the theoretical description employed is based on first 
principles, i.e., fundamental natural laws. The informa-
tion obtained in our research is important for maximizing 
the utility of novel radiation sources such as X-ray free-
electron lasers. Of central interest to us is the exploration 
of novel techniques made possible by the extremely short 
pulse duration, and the extremely high intensity, offered by 
X-ray free-electron lasers. We are exploring, for instance, 
whether such pulses can be employed to directly watch the 
behavior of molecules in strong optical laser fields. A goal 
of this research is to find out whether it is generally pos-
sible to use strong optical lasers as catalysts of chemical 
reactions. We are also exploring opportunities for directly 
observing and manipulating the motion of electrons in 
matter. Since electrons provide the glue that binds atoms 
together to form molecules, the ability to control electrons 
in matter could have revolutionary consequences for ap-
plications.

Cfel Theory division 

division leader Prof. dr. robin sanTra

Figure 1: Paper discussion by S. Pabst, S.-K. Son and O. Vendrell (left). Discussion on theories for the interaction of X-rays with 
atoms and molecules by S.-K. Son, S. Pabst and M. E. A. Madjet (right).
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Using an X-ray source, the positions 
of atoms in matter may be imaged. X-
ray free-electron lasers, in particular, 
produce extremely intense radiation 
bursts that are so short that they are 
over before atoms have time to move. 
X-ray free-electron laser pulses can 
therefore be used to view chemical 
reactions as they occur, both in time 

and space. In this context, the Chemical Dynamics sub-
group, led by Dr. Oriol Vendrell, addresses fundamental 
questions related to the interaction of molecules and clus-
ters with light, and to the application of modern photon 
sources to studying the dynamics of chemical processes 
with high spatial and temporal resolutions. This includes 
deciphering and also predicting the response of matter to 
the interaction with laser pulses, and proposing new opera-
tion modes and techniques that optimize the possibilities 
of such photon sources. On the other hand, the high inten-
sity and energy of X-ray free-electron lasers are also a main 
source of damage to molecular systems, inducing changes 
to the electronic cloud that keeps the atoms together, and 
consequently to the molecular structure. Radiation dam-
age also occurs in nature when molecules, proteins, etc. 
are hit by X-rays or other ionizing radiation. Describing and 
understanding the radiation damage process in a consist-
ent fashion is an extremely challenging theoretical and 
numerical problem for which dedicated simulation tools 
are being developed in our group. Research in this area 
may lead to new ways to alleviate the impact of radiation 
damage. 

The Modeling of Complex Systems sub-
group, led by Dr. Beata Ziaja-Motyka, 
explores how the unique properties 
of X-ray free-electron laser radiation 
may be employed to characterize and 
modify extended atomic or molecular 
assemblies. Among our research inter-
ests are: (i) radiation-induced changes 
in complex systems, (ii) diffraction im-
aging techniques, and (iii) properties 

of laser-created plasmas. (Plasmas, often referred to as the 
fourth state of matter, consist of electrons and charged 
atomic particles.) The X-ray flashes from a free-electron 
laser will enable novel 3D insight into the nanoworld and 
thus shed light on future technological applications. The 
theoretical goal is to investigate ultrafast transformations 
in solids induced by intense radiation, such as changes of 
optical and magnetic properties of materials, and formation 
of defects. Also, using the X-ray flashes from a free-electron 
laser, scientists can uncover the atomic structure of bio-
molecules, cell constituents, and viruses. This provides the 
basis for future medical breakthroughs. Research by the 
theory group is focused on novel techniques to retrieve 
static and dynamic information on the structure of the 
imaged objects at atomic resolution. Finally, with an X-ray 
free-electron laser, plasmas can be created that are as hot 
as the interiors of giant planets. It will be possible to fol-
low the evolution of dense plasmas in time. The theoretical 
research of our group concentrates on the properties of 
plasmas far from equilibrium, and on the high-field regime 
that leads to the creation of new states of matter.

Figure 2: Quantum-mechanical calculations reveal the behavior 
of an electron ejected from a neon atom by an extreme ultra-
violet pulse that is only 100 attoseconds long (1 attosecond = 
1 as = 10-18 s). Results are shown for three different times after 
the peak of the attosecond pulse. Panels a) and b) correspond 
to electron ejection from two different orbitals of neon.

a)

b)

t=7 as t=250 as t=610 as
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X-ray FEL facilities are combined ac-
celerator and laser laboratories.  
Ultrashort pulse lasers are essential 
in producing electron beams with un-
precedented brightness, in precise 
control of microwaves for acceleration 
and bunch compression and electron 
beam diagnostic. They provide ul-
trashort visible, infrared and terahertz 

(THz) pulses. These pulses may be as short as a single-cycle 
and are used for time resolved experiments or in advanced 
FEL schemes for electron beam modification. Ultralow noise 
femtosecond lasers enable distribution and synchroniza-
tion of all microwave and optical sources in these often 
many km-sized facilities with femtosecond and potentially 
attosecond precision. 

The Ultrafast Optics and X-ray Division develops novel 
ultrashort pulse lasers and laser based instrumentation to 
achieve: 
  advanced control, monitoring and seeding of X-ray FELs, 
  stand-alone compact soft and hard X-ray sources to 
study physical processes on the attosecond time and 
Ångström to nanometer length scale. 

Attosecond Precision Photonics is based on ultralow 
timing jitter optical pulse trains from mode-locked lasers. 
The high timing precision of these pulse trains enables ap-
plications such as (i) femto- and attosecond level timing 
distribution and synchronization as well as (ii) high speed 

sampling and down-conversion with photonic Analog-to-
Digital Converters (ADCs). As an example, Figure 1 shows 
part of a fiber optic timing distribution and synchronization 
system for X-ray FELs. Tightly synchronized optical pulses 
are delivered to all positions in a FEL facility where precise 
timing information is needed. The input optical pulse is split 
into a reference pulse (pulse 1) and a pulse transmitted 
through the fiber link. At the fiber end, part of the transmit-
ted pulse is coupled out as the stabilized timing signal, and 
the rest of the pulse is reflected back by a Faraday rotating 
mirror having an orthogonal polarization state (pulse 2). 
Pulse 1, the reference pulse, and pulse 2, back-reflected 
from the link, are combined at the input of a single-crystal 
balanced cross-correlator, detecting the timing offset be-
tween the two pulses, ∆t. The output from the balanced 
cross-correlator drives the PZT and the collimator-mounted 
motorized translation stage to compensate the fast and 
slow noise introduced to the link by temperature and envi-
ronmental perturbations, respectively. With the help of in-
dustrial partners a multi-link system based on this concept 
was installed at the VUV FEL FERMI at ELETTRA, Sincrotrone 
Trieste, Italy in 2010. Another application of this technology 
are high sampling rate and high resolution photonic ADCs. 
Current electronic ADCs are limited in sampling of rf-signals 
with high resolution by electronic jitter. Today, this jitter is 
about 100 fs, enabling sampling at 1 GSa/sec with 10 ef-
fective bits. Photonic ADCs powered by femtosecond lasers 
enable reduction of this jitter by three orders of magnitude 
and beyond. This gives hope to potentially sample 50 GHz 
signals at 100 GSa/sec with up to 14 effective bits.

ulTrafasT oPTiCs and X-rays division 

division leader Prof. dr. franz X. kärTner

Figure 1: Timing-stabilized fiber link. 
Schematic of the timing-stabilized fibre 
link (SM, silver mirror; QWP, quarter-
wave plate; PBS, polarizing beamsplitter; 
DBS, dichroic beamsplitter; DM, dichroic 
mirror; PPKTP, periodically poled KTai-
OPO4; PD, photodiode; DCF, dispersion-
compensating fibre; PZT, piezoelectric 
transducer; PI, proportional-integral 
controller; SMF, single-mode fibre; EDFA, 
erbium-doped fibre amplifier; FRM,  
Faraday rotating mirror) [J. Kim et al., 
Nat. Photon. 2 (2008) 733].
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High Harmonic Generation is used to achieve laser 
driven ultrafast tabletop coherent radiation sources in the 
extreme ultraviolet (XUV) (120 – 10 nm) and soft X-ray (10 –  
0.1 nm) range. These sources enable seeding of X-ray FELs, 
time-resolved investigation of ionization processes, imag-
ing of molecular orbitals and soft X-ray lensless imaging. 
They are based on high intensity ultrafast laser pulses 
that are focused into noble gases to produce high-order 
harmonics of the laser frequency by a non-perturbative 
nonlinear optical process, termed High Harmonic Genera-
tion (HHG). HHG involves laser-induced electron ioniza-

tion, acceleration and recombination. All these processes 
depend critically on laser parameters such as frequency 
and intensity, and material properties such as ionization 
threshold, dipole transition probabilities, and linear refrac-
tion of the gas.

The development of these sources critically depends on 
robust, high power, and optimized laser sources, as well 
as a sophisticated understanding of parameters affecting 
HHG efficiency. Our research program combines these two 
aspects. For example, we are developing ultrabroadband 
optical parametric chirped pulse amplifiers (OPCPAs) at 
near- and mid-infrared wavelengths that are groundbreak-
ing both in pulse duration and average power. In pursuit 
of these aims, we synthesized high-energy sub-cycle opti-
cal pulses by locking the output of 800-nm and 2-micron 
wavelength OPCPAs both in phase and in timing coher-
ently together. The OPCPAs are seeded from a common 
octave spanning, carrier-envelope phase controlled, 5-fs 
Ti:sapphire laser. The combined spectrum spans 1.5 oc-
taves, and has the capability of producing 2.5-fs, 0.6-cycle 
pulses, a pulse width ideal for efficiently generating iso-
lated attosecond pulses through HHG for applications in 
Attosecond Science, see Figure 2. Average power scal-
ing of this synthesizer is pursued based on cryogenically 
cooled Yb:YAG amplifiers jointly developed with MIT Lincoln 
Laboratory. We are investigating the scaling of HHG effi-
ciency through experiments, analytic theory, and numerical 
simulations. 

Ultrafast Laser Technology is key to all our research 
efforts. We are developing broadly few-cycle carrier-
envelope phase controlled oscillators, femtosecond fiber 
and waveguide lasers, femtosecond enhancement cavities, 
novel dispersion compensating mirrors, high energy fiber 
and solid-state amplifiers. These technologies support fun-
damental studies and a wide range of laser applications. 

Figure 2: (A) Spectra of combined 800-nm and 2-micron 
OPCPA pulses, indicating power spectral density, and group 
delay, extracted from the measured two-dimensional spectral 
interferometry traces shown in (B) and (C). (D) 1f-2f and (E) 
1f-3f interferograms indicating 130-mrad and 150-mrad CEP 
fluctuations for 800-nm and 2-micron OPCPA systems, respec-
tively. (F) synthesized sub-cycle waveform with intensity shown 
on upper right inset and fit to the carrier wave, lower left inset. 
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MaX PlanCk advanCed sTudy grouP

division leader Prof. dr. JoaChiM ullriCh

finiTe QuanTuM sysTeMs, CoherenT iMaging & forefronT  

insTruMenTaTion. 

Figure 1: The MPG-ASG Hamburg, located at CFEL, forms the heart of the ASG. It ties together and supports activities of the 
participating Max Planck institutes that combine expertise in biology, physics, chemistry and theory, reminiscent of a clover 
leaf (right). Left to right: S. Epp, D. Rolles, C. Schmidt, A. Rudenko, B. Erk, F. Krasniqi, B. Rudek, L. Foucar, A. Hömke, M. Schnell, 
Y.-P. Zong, J. Ullrich (left). 

BIOLOGY & 
CHEMISTRY

DETECTORS

PHYSICS

THEORY

ASG
HAMBURG

Free-Electron Lasers (FEL) deliver light 
flashes with unprecedented properties: 
the pulses are many billion times more 
intense and more than a thousand times 
shorter than those from conventional 
sources. Their wavelengths are so short 
that objects on the nanometer and even 
Ångstrom scale, e.g. the atoms in a mol-
ecule, can be observed with a time-

resolution of a few femtoseconds (1 fs = 10-15 s). Thus, FELs 
are the fastest ever, ultrahigh-resolution snapshot cameras! 
The Max Planck Advanced Study Group (MPG-ASG) at CFEL 
pursues forefront science exploring questions like:
  How do these extremely intense, ultra-short light pulses 
interact with the building blocks of matter, atoms and mol-
ecules? Can we simulate the extreme conditions close to 
the light-escape horizon of a black hole? Can we unravel the 
chemistry in upper planetary atmospheres or in interstellar 
clouds where complex organic molecules, potential precur-
sors of life, have been found? Will we be able to “record a 
molecular movie”, i.e. trace the motion of individual atoms 
or of binding electrons during chemical reactions in time?

  How do the light pulses interact with more complex sys-
tems, conglomerates of several thousands to millions of 
atoms like clusters or aerosols? Can we follow vibrations 
in solids, the chemistry in solutions or in an environment 

in time? Will we be able to “image” biomolecules, aerosols, 
nanocrystals, viruses or bacteria at atomic resolution and 
thus get a glimpse of how they function before they evapo-
rate in the light-flash?

  And last but not least, what kind of new instrumentation 
do we need in order to answer these questions and to fully 
exploit the unprecedented FEL pulse characteristics?

Reflecting the interdisciplinary challenge posed by the new 
light machines, the MPG-ASG is a novel, highly flexible divi-
sion established within CFEL which is open to and supportive 
of any group in any Max Planck Institute (MPI) that is inter-
ested in science with FELs. This MPG-ASG – a “virtual MP 
department” – is headed by Prof. Dr. J. Ullrich, a physicist, 
and Prof. Dr. I. Schlichting, a biologist.

Presently, eight MPIs from both the Biological-Medical 
(BMS) and the Chemical-Physical and Technical Sections 
(CPTS) of the Max Planck Society (MPG) collaborate within 
and are supported by the MPG-ASG. Currently they are 
assisted by a central expert group of six scientists, four 
students and two technicians located at the CFEL in Ham-
burg. The “MPG-ASG Hamburg”, whose members are shown 
in Figure 1, is complemented by two newly established 
independent research groups: one in chemistry, lead by  
Melanie Schnell, and one in theory, lead by Nina Rohringer. 
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Figure 2: The CAMP instrument. View into the inside with the FEL beam coming from the left, the 
gold-plated potential rings of the REMI to guide ions and electrons, and the pnCCDs, detecting 
scattered and fluorescent photons (top). The REMI being mounted (left).

Central to the MPG-ASG mission is advancing FEL-enabled 
science by: 
  efficiently supporting forefront research projects of indi-
vidual MPIs, 
  fostering collaborations across disciplines within the MPG 
and beyond,
  designing and developing advanced instrumentation.

One show case example for simultaneously achieving all 
three goals is the design, realization, and successful opera-
tion of the CFEL-ASG Multi-Purpose (CAMP) instrument. 
Driven by the interdisciplinary scientific visions of the ASG, 
and enabled by ASG’s unique, division-like, effective organi-
zational structure, this apparatus was created within less 
than two years in collaboration between ASG physicists, 
biologists, chemists, detector scientists and theoreticians 
in consultation with the scientific community, ultimately 
setting new standards in FEL research and instrumentation 
which reach far beyond the ASG. 

CAMP (Figure 2) enables the simultaneous detection of 
all fragments that form upon interaction of an FEL pulse 
with matter. This well-established technology, known as a 
“reaction microscope” (REMI), has been combined for the 
first time with special CCD chips to record the scattered 
FEL light. The chips, fabricated by ASG, are the world’s larg-
est, low-noise and fast-read-out X-ray cameras allowing to 
unravel the structure of FEL-illuminated objects. Although 
the objects are ultimately destroyed by the FEL pulse, their 

fragments tell us about the fate of the sample and the de-
tails of its evaporation-like destruction. 

Indeed, first experiments indicate that the FEL “shutter 
time” is short enough to “beat the heat”: By taking millions 
of pictures, ASG scientists, their partners in CFEL, and col-
laborators could catch a glimpse of aligned molecules, of 
nanoscaled clusters and aerosol particles, of nanocrystals, 
viruses and plasmas. 

Since 2007, the MPG-ASG has been at the cutting edge of 
FEL science. Four international workshops were organized, 
attracting leading scientists worldwide from all institutions 
active in FEL research. MPG-ASG groups have been leading 
scientists in about one third of all proposals at FLASH. More 
than 30% of all experiments in the first year of opera-
tion of the world’s first X-ray laser, the LCLS at Stanford, 
took place in CAMP, actively involving MPG-ASG scientists. 
Moreover, they have substantially contributed to pioneering 
measurements at Japan’s SCSS test facility. MPG-ASG sci-
entists are essential members of an envisioned “Max Planck 
Center at Stanford”. They play a key role in an approved $ 13 
Mio project between MPG, LCLS and DOE for developing 2nd  
generation instrumentation at LCLS (LAMP), as well as in a 
BMBF-supported project with German universities on imag-
ing instrumentation at FLASH. The MPG Semiconductor Labo-
ratory as part of ASG has invented one of the three success-
ful X-ray detection concepts with ultra-fast readout for the  
European XFEL, based on Active Pixel Detectors (DePFETs).
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Free-electron laser sources like FLASH, 
the free-electron laser at DESY in 
Hamburg, or the Linac Coherent Light 
Source (LCLS) in Stanford with their un-
precedented brilliance, their ultrashort 
pulses and their coherence properties 
are fantastic sources for extreme ul-
traviolet, as well as soft and hard X-ray 
radiation. As microscopes with unique 

spatial- and temporal resolution they open up completely 
new areas of research. The Advanced Study Group of the 
University of Hamburg focuses the very strong activities 
in FEL science which existed at the University of Hamburg 
already prior to the foundation of CFEL. Currently driven 
by groups of the Physics Department the ASG is envisioned 
to act as a nucleus for interdisciplinary FEL science at the 
University. Within the UHH-ASG new junior research groups 
are and will be established which shall provide excellent 
opportunities for young scientists in FEL science. The main 
scientific areas which are currently pursued by members of 
the UHH-ASG are:

Investigation of fundamental light-matter interaction
Free-electron lasers with their capability to produce ex-
tremely intense short wavelength radiation allow for the 
first time to study the simultaneous or quasi-simultaneous 
interaction of more than one XUV- or X-ray photon with 
an atom, a molecule or a solid. The nonlinear interaction 
of photons with the electrons in a quantum system is well 
known and very important when optical lasers interact with 
matter. With the new FEL sources such processes are ac-
cessible in the XUV- and X-ray regime. Their understanding 
is of fundamental importance for FEL applications such as 
coherent imaging of biomolecules and nanocrystals and 
real time movies of chemical reactions and is one of the 
main research topics in the Advanced Study Group of the 
University. Especially the imaging of small particles will also 
greatly benefit from the controlled manipulation of these 
particles by laser light fields such as “optical tweezers” and 
optical traps. These manipulation techniques are another 
research focus of the ASG.

Ultrafast science  
Ultrafast processes in molecules, clusters, and at sur-
faces and interfaces, are of central importance for the 
understanding of elementary chemical reactions, the evo-
lution of photochemical and biophysical processes, and 
molecular electronics. In solids they govern the subtle 
interplay between microscopic excitations that leads to 
surprising emergent macroscopic properties such as high-
temperature superconductivity. The most important re-
laxation processes occur on femtosecond time scales and 
if electron dynamics is concerned even in attoseconds. 
With FELs the investigation of ultrafast processes using 
stroboscopic techniques on atomic length and time scales 
is within reach. Therefore, another key research topic of 
the UHH-ASG is ultrafast dynamics, in particular in the 
electronic system.

Innovative concepts for accelerator-based light 
sources and X-ray imaging detection schemes
 Free-electron lasers see an extremely rapid development 
in source properties such as peak brilliance, pulse dura-
tion, and spatial and temporal coherence. In particular, the 
quest for ever shorter pulses with controlled pulse proper-

universiTy of haMburg advanCed sTudy grouP

division leader Prof. dr. Wilfried WurTh

fundaMenTal lighT-MaTTer inTeraCTion, ulTrafasT sCienCe,  

aCCeleraTor-based lighT sourCes. 

Figure 1: XUV beamsplitter designed, constructed and built  
by members of the UHH-ASG.

30



ties has led to numerous new concepts which are currently 
pursued at the new sources. Especially, the idea to seed 
the free-electron laser pulse with an extremely well-defined 
pulse from another laser has triggered a lot of activities 
world-wide. Members of the ASG of the University are key 
players in this research area. They develop innovative 
concepts for seeding of FEL sources and they investigate 
possibilities to achieve and control very short FEL pulses 
down to a few femtoseconds and below. Another important 
parameter for the usage of free-electron lasers in many 
research areas is the repetition rate at which the pulses 
are delivered which also governs the available average flux. 
Here the superconducting accelerator technology which 
is used at FLASH and will be used at the European XFEL is 
the key technology for the highest repetition rates. Manda-
tory for the efficient use of the pulses are developments 
in detector technology for X-ray imaging. Members of the 
UHH-ASG are important partners in the detector develop-
ment program at the European XFEL. 

Since its foundation in 2007, the UHH-ASG has contrib-
uted very significantly to the development of FEL sources, 
to highly innovative instrumentation at the new sources 
and to fore-front science with free-electron lasers. Cur-
rently the members of the UHH-ASG come from the Insti-
tutes of Experimental Physics, Laser Physics and Applied 
Physics of the Physics Department within the Faculty of 
Mathematics, Informatics and Natural Sciences of the 
University of Hamburg.

Members of the UHH-ASG play a significant role in the 
BMBF priority program FSP-301 “FLASH: Matter in the 
light of ultrashort and extremely intense X-ray pulses” 
(spokesperson: Wilfried Wurth) which provides major parts 
of the necessary instrumentation at the FLASH facility. An 
intense collaboration exists with Stanford University and 
Lawrence Berkeley National Laboratory in the framework 
of the consortium „Soft X-ray Materials Science“ at the 
Linac Coherent Light Source (LCLS), the free-electron la-
ser at SLAC National Accelerator Laboratory in Stanford. 
Furthermore, UHH-ASG members are part of excellence 
in graduate education through a DFG research training 
unit on “Physics with new advanced coherent radiation 
sources” which has just recently been extended for four 
more years after receiving highest marks in the evalua-
tion. They were among the driving forces of the Lande-
sexzellenzcluster “Frontiers in Quantum Photon Science” 
within the excellence initiative of the State of Hamburg. 
The focus of this cluster is on the establishment of young 
investigator groups at the border line between the Center 
for Optical Quantum Technologies and CFEL and hence, to 
foster the synergy between these two research centers on 
the Photon Science Campus Bahrenfeld. Together with the 
other partners at CFEL the members of the UHH-ASG are 
also at the nucleus of a new SFB initiative on “Light induced 
dynamics and control of correlated quantum systems” and 
a new proposal which is aimed at the establishment of a 
Hamburg Center for Ultrafast Imaging as an interdiscipli-
nary research cluster at the University of Hamburg within 
the Federal excellence initiative. 

Figure 2: Members of the UHH-ASG 
performing surface femtochemistry 
experiments with the surface science 
collaboration at the SXR instrument  
at LCLS in Stanford.
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We proposed and demonstrated X-ray FEL nanocrystallog-
raphy as a method to collect high-quality diffraction data 
for structure determination, by carrying out the analogous 
steps to single particle imaging. In December 2009 and June 
2010, we carried out the first experiments at LCLS in nanoc-
rystallography and single particle imaging. Experiments were 
carried out in the CFEL Max Planck ASG CAMP instrument 
(see page 29), as part of the Imaging Collaboration led by 
the CFEL Coherent Imaging Group. Millions of single-pulse 
single-particle diffraction patterns were recorded from na-
nocrystals of the photosystem I complex, lysozyme, cathe-
psin, and several others. Strong Bragg diffraction peaks 
were observed at 7.5 Å resolution, the highest accessible 
by the detector, with X-ray pulses of 6.2 Å wavelength. The 
single-pulse dose to the sample exceeded 3 GGy, which is 
100 times the dose that proteins can usually tolerate in 
conventional synchrotron experiments. Our results confirm 
a plasma physics model that describes the heating and 
disintegration of the crystal during the pulse [ACS Nano 

2010 advance online, DOI: 10.1021/nn1020693]. We have 
used this to predict that atomic resolution will be possible 
once beamlines at LCLS are available for measurements at 
shorter wavelength. This method may revolutionize struc-
tural biology by sidestepping the requirement to grow large 
well-diffracting protein crystals. In the case of photosystem I, 
the high-resolution synchrotron structure required 13 years 
of effort to produce high quality crystals.

The nanocrystals flow across the X-ray beam in a microjet 
of water, developed by our collaborators at Arizona State 
University. The concentration of crystals in the suspension 
is set so that no more than a single crystal is exposed per 
pulse. This crystal is in a random orientation, and gives 
rise to a single crystal “still” diffraction pattern. The full 3D 
diffraction pattern is built up from many such diffraction 
patterns, but first each must be oriented with respect to 
all others to build up tomographic information. Compared 
with the continuous diffraction patterns from non-crystalline 

CoherenT iMaging division 

The CFEL Coherent Imaging Division pushes X-ray imaging beyond conventional resolution limits caused by radiation 
damage and technology. We are pursuing “diffraction before destruction” imaging, whereby the ultrafast and ultrain-
tense X-ray pulses give rise to measurable diffraction signals from weakly scattering objects. The dose to the sample 
may be more than one hundred times the conventional tolerable dose for biological materials. However, this dose is 
delivered on a timescale shorter than the time for radiation damage to manifest. The inertia of atoms keeps them in 
place long enough for the single-pulse diffraction pattern to represent the undamaged object. The method is applicable 
to single non-periodic objects, ensembles of laser-aligned molecules, and nanocrystals of proteins. We have confirmed 
the validity of this concept to sub-nanometer spatial resolution. 

Figure 1: 3D molecular structure factors of the membrane complex photosystem I, merged from over 15 000 indexed nano-
crystal patterns recorded at LCLS (left). The structure of PS I refined from the data is shown at right. The crystals were grown by 
Petra Fromme at Arizona State University.
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objects, crystals give a particular advantage that the pattern 
of Bragg spots very effectively encodes the orientation of 
the crystal. We have developed a software suite, CrystFEL, to 
carry out indexing of the millions of diffraction patterns col-
lected and the merging of these into a 3D single crystal pat-
tern. Each structure factor in this pattern is the combination 
of hundreds of partial reflections from different crystals, and 
is an integration over these crystal shapes and orientations, 
just as is carried out in the formation of Debye-Scherrer 
rings in a powder diffraction pattern. Indeed, our pattern is 
a 3D powder pattern, collected one grain at a time, where 
each grain is oriented before integration. These steps are 
essentially equivalent to those required to build up the 3D 
single-molecule diffraction pattern, which we are approach-
ing by making smaller and smaller nanocrystals. 

From studies of the dependence of the nanocrystal diffrac-
tion measurements on the X-ray pulse duration, we have 
determined that the high-resolution structure persists for 
about the first 30 fs of the pulse. During this time the pe-
riodic order of the unit cells contributes to the diffraction 
pattern. As the crystal starts to explode, order is initially lost 
at short length scales, which progresses to longer correla-
tion lengths. The arising disordered structure gives rise to a 
much weaker diffuse background. The effect of the explo-
sion can be accounted for quite trivially in the measured 
diffraction data, and the quality of our data can be verified 
by structure refinement from the merged 3D diffraction data. 
A refinement of photosystem I shows very good agreement 
with the known structure of this complex. This is remarkable, 
given that our data are collected at close to room tempera-

ture whereas conventional synchrotron data can only be ob-
tained upon freezing the sample to cryogenic temperatures. 
The structure has been deposited in the Protein Data Bank, 
with the ID number 3PCQ. This is the first X-ray FEL structure 
to be deposited to the PDB.

We have carried out a series of experiments on single parti-
cle imaging at FLASH and LCLS, as part of the international 
Imaging Collaboration. Coherent diffraction patterns are 
collected from reproducible particles from a beam generated 
by aerodynamically focusing an aerosol source [Aerosol Sci. 
Tech. 44 (2010) i-vi]. We have collected hundreds of thou-
sands of diffraction patterns from a range of biological and 
nanoscience particles including single viruses, cells, single 
spherical and nonspherical nanoparticles and their clusters, 
and aerosol particles such as soot. The recorded diffraction 
patterns exhibit high signal to noise and high contrast, which 
we can readily phase to give high-resolution 2D images. These 
images indicate the high coherence of the X-ray laser pulses, 
and show no evidence of sample destruction by the pulses.

We have succeeded in performing the 3D merging of con-
tinuous diffraction patterns of ellipsoidal nanoparticles, us-
ing an expectation maximization algorithm [Phys. Rev. Lett. 
104 (2010) 225501]. Every measured diffraction pattern is 
a randomly-oriented slice of the 3D Fourier transform of 
the object. Unlike in nanocrystallography, the orientation of 
the particle is not unambiguously encoded in the diffraction 
pattern. The algorithm iteratively aligns each pattern in turn 
to best fit a model constructed from all the patterns, which 
successively refines the model to reach agreement between 

Figure 2: Single-shot coherent diffraction pattern of a cluster of 140-nm diameter latex spheres (left) and the image obtained  
by phase-retrieval (right). The cluster was captured on the fly at LCLS, with a pulse of 0.69 nm wavelength.
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Figure 4: Diffraction pattern of a giant Mimivirus particle, 
recorded at LCLS, showing diffraction to a resolution of  
14 nm. A reconstruction of this single view of the particle 
is shown in the inset, obtained by an interative phas-
ing algorithm. The virus particles were prepared by Prof. 
Janos Hajdu and collaborators from Uppsala University.

all patterns. This is an important demonstration that shows 
the feasibility of this approach for single molecule imaging, 
and we are currently applying the method to more compli-
cated structures such as viruses. 

The achievable resolution of non-periodic objects will be lim-
ited by the degree of damage during the pulse. We confirmed 
our earlier predictions that damage can be suppressed by 
encasing the particle in a sacrificial layer, by carrying out 
time-delay holographic recordings of the explosion of alu-
minum nanoparticles encased in a layer of silicon [Phys. Rev. 
Lett. 104 (2010) 06480]. These materials mimic the scatter-
ing of protein in water at shorter wavelengths. We measured 
the effect of the X-ray pulse on the sample, by reflecting 
that pulse back on to the sample to coherently probe it at a 
later time. The use of a tamper delayed the explosion of the 
nanoparticles by ~ 1 ps at a resolution of 13 nm. 

In contrast to the “top down” approach of determining 
macro molecular structure from nanocrystals we are also 
pursuing a “bottom up” strategy by creating a cold beam of 
aligned molecules , i. e., 2,5-diiodobenzonitrile and 1,4-di-
bromobenzene. The molecules are seeded in 50 bar of 
helium, supersonically expanded into vacuum, separated 
from the atomic seed gas, and quantum-state selected us-
ing an electric deflector. The ensembles are then adiabati-
cally aligned using the strong ac electric field of a Nd:YAG 
laser. These strongly aligned samples are investigated in ion 
and electron time-of-flight and imaging experiments and 
throughout X-ray diffraction. In the molecular beam rota-
tional temperatures on the order of 1 K are obtained. A very 
high degree of alignment of <cos2\theta>2D~=0.9 – probed 
by velocity map ion imaging – was demonstrated at LCLS.
We confirmed that scattering signals could be acquired from 
the molecules, at a rate of less than a photon per pulse, with 
a beam density of hundreds of molecules intersecting with 
the focused pulse. Although the molecular structure was not 
observed, presumably due to a pulse duration that exceeded 
the damage timescale, this experiment shows the feasibility 
of recording signals from single macromolecular samples. 

With the availability of hard and soft X-ray free-electron la-
sers we have now completed many of the proof-of-principle 
demonstrations of the necessary steps in the 3D diffractive 
imaging of reproducible particles. Already the research is 
opening up new vistas in structure and we will continue to 
extend imaging to further horizons. 

Figure 3: Single-pulse highly-sampled diffraction pattern of 
a photosystem 1 nanocrystal, recorded at LCLS, showing 
the low-order Bragg peaks that are modulated by the 
“shape transform” due to the finite size of the crystal.  
This coherent diffraction gives the opportunity to obtain 
much more information about the underlying molecular 
transform than in conventional crystallography, which 
may offer a way to phase the diffraction data. This particular 
crystal had a width of 19 unit cells, as can be determined 
by the number of interference fringes.

Figure 5 on the right: 3D rendering of the structure factors of 
photosystem I obtained by femtosecond X-ray protein nano-
crystallography.
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forming experiments at the Stanford Linac Coherent Light 
Source (LCLS), where we will interrogate the electronic and 
magnetic order with soft X-ray scattering whilst the system 
is turned into a superconductor, and clarify the relationship 
between the two phenomena. 

Coherent Many-Body Dynamics in Electronic Insulators: In 
conventional solids, the interaction between electrons is 
considered negligible, and the macroscopic properties can 
be understood in terms of band theory. Such theory has 
been enormously successful and has guided us through, 
among other things, the development of semiconductor 
technology and the electronic revolution. When electrons 
feel the charge of other electrons, the mobility is determined 
by complex interactions within the electron gas, and as a 
result, the electronic structure is very sensitive to doping. 

Light-induced Superconductivity: One of the recent 
highlights has been the discovery of the “light-induced 
superconductivity” effect [Science 331 (2011) 189]. Indeed, 
one of the most intriguing features of some high-temper-
ature cuprate superconductors is the interplay between 
one-dimensional, “striped”, spin- and charge-order and su-
perconductivity. We have used mid-infrared femtosecond 
pulses to transform one such stripe-ordered compound, 
non-superconducting La1.675Eu0.2Sr0.125CuO4, into a transient 
three-dimensional superconductor. The emergence of co-
herent interlayer transport was evidenced by the c-axis 
optical properties. The timescale needed to form the super-
conducting phase was estimated to be 1-2 ps, significantly 
faster than expected, and placing stringent new constraints 
on our understanding of unconventional superconductivity 
in the cuprates. To understand this process we will be per-

Condensed MaTTer dynaMiCs division 

This division of the Max Planck Research Department for Structural Dynamics at CFEL (MPSD-CFEL) works on control 
of quantum condensed matter. It seeks to understand and to direct with light phenomena that to date have only been 
studied near equilibrium, such as superconductivity, charge density waves or complex magnetism. To this end, we use 
advanced nonlinear optical techniques, typically in the THz range, to drive complex many-body excitations into new 
states, which are not accessible thermally. These processes are then interrogated with fast X-ray pulses from free-
electron lasers, synchrotrons and tabletop instrumentation. 

Figure 2 on the right: Side view of a layered copper-oxide insulator, exhibiting one-dimensional “stripes” of aligned spins and 
trapped charges within a buckled lattice. By irradiating one such striped compound with light it has transformed from an 
insulator to a superconductor within one millionth of a millionth of a second, freeing electrons from their traps and making it 
possible for them to tunnel in pairs between second neighbouring planes (the same stripe direction).

Figure 1: Sketch of a typical experiment carried out in the Condesed Matter Division: a short light pulse is used to deform the 
crystal lattice of a complex material. The induced dynamics are monitored through changes of the X-ray scattering pattern, which 
can be analyzed to take movies of the temporal evolution of the lattice, orbital, and magnetic degrees of freedom.

36



© Jörg M. Harms

37

s
c

iE
n

c
E



Figure 5: Snapshots of the momentum-dependent photo emission intensity at different time delays before and after excitation: 
As the insulator-metal transition proceeds, transfer of intensity across the Fermi level, i.e. the collapse of the Mott state, is 
evident throughout both Brillouin zones. Also, the band gap at the M-point, related to the CDW order, breaks down on sub-
vibrational timescales.

Figure 4: (a) Time-resolved maps of photoemission intensity at Γ– and M-point of the CDW compound after optical excitation. 
The collapse of the Mott gap is highlighted by the prompt transfer of intensity across the Fermi level (EB=0 meV) at different 
points of the Brillouin zone. The destruction of CDW order appears as the collapse of two distinct bands into a single feature. 
(see also panel (b), showing individual energy distribution curves before and after photoexcitation).

Figure 3: Simulated temporal evolution of the  
quantum interference between ionized and 
bound doublon-holon pairs after optical 
excitation of a Mott insulator (time axis from 
left to right). Electrons are not created with 
complete freedom to move, but are recurrently 
pulled back to the ‘holes’ they leave behind, 
forcing them to oscillations between the bound 
and ionized states. 
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Figure 6: Time-resolved reso-
nant soft X-ray diffraction on 
a manganite compound after 
mid-infrared excitation. Meas-
urements at the LCLS free-
electron laser demonstrate 
ultrafast lattice-induced melt-
ing of orbital and magnetic 
order. The upper panel shows 
the scattering geometry and 
the diffracted spot intensities 
for the (1/2, 1/2, 0) and (1/4, 
1/4, 1/2) wave vectors, which 
probe orbital and magnetic 
order, respectively.

Understanding doping of the Mott insulator is one of the 
grand challenges of modern condensed matter physics, 
as a bewildering variety of interesting quantum phases of 
matter emerge in this process, including, in two dimensions, 
high temperature superconductivity. Photoexcitation, which 
redistributes charge between sites, can control many-body 
processes in Mott insulators on the ultrafast timescale. 
Quantum many-body dynamics have only been detected 
in the controlled environment of optical lattices, where 
they are slower and lattice excitations are absent. By using 
near-IR pulses of extreme duration (<10 fs), we have meas-
ured coherent electronic excitations in the organic salt ET-
F2TCNQ, a prototypical one-dimensional Mott Insulator. We 
have measured oscillations in the spectroscopic response 
of these systems on extremely fast timescales, detecting 
coherent evolution of the many-body wave function, and 
singling out the physics of exotic quasi-particles called 
holons and doublons, which were found to determine the 
excitation of the system [Nat. Phys. 2010 advance online 
DOI: 10.1038/NPHYS1831].

Snapshots of electronic structural dynamics by Time and 
Angle Resolved Photo-emission spectroscopy: Charge den-
sity waves (CDW) underpin the electronic properties of many 
complex materials. Near-equilibrium CDW order is linearly 
coupled to a periodic, atomic-structural distortion and the 
dynamics is understood in terms of amplitude and phase 
modes. 

However, at the shortest timescales lattice and charge 
order may become de-coupled, highlighting the electronic 
nature of this many-body ground state. Using time and 
angle resolved photoemission spectroscopy with sub-30-fs 

XUV pulses near 20 eV photon energy, we have mapped 
the time- and momentum-dependent electronic structure in 
photo-stimulated 1T-TaS2, a two-dimensional charge den-
sity wave compound. Contrary to what was expected, we 
found that CDW order melted well before relaxation of the 
underlying structural distortion. These studies were com-
bined with ultrabroadband optical spectroscopy to connect 
the physics of this unconventional photo-excited state with 
the polaronic transport in these transiently photometallic 
compounds [Phys. Rev. Lett. 106 (2011) 016401].

In the future, we plan to extend the studies of complex 
many-electron dynamics to few femtoseconds or even at-
tosecond timescales, in a collaborative effort with the group 
of Adrian Cavalieri (see page 20).

Controlling magnetism through the lattice: Control of mag-
netism with light is of interest for high speed switching 
applications. To date all experiments have used eV photon 
energies to drive spin flips on tens of meV energy scales, 
resulting in excessive heating. 
We demonstrated that magnetic order in La1.5Sr0.5MnO4, a 
complex magnetoresistive manganite, can be disordered 
through excitation of an infrared active lattice distortion 
(600 cm-1, 80 meV). Femtosecond resonant soft X-ray dif-
fraction, which was first demonstrated by our group using 
radiation from a synchrotron storage ring operating in low 
alpha mode, has been now performed at the LCLS X-ray 
free-electron laser. We have used this technique to clock 
the loss of antiferromagnetic order after lattice excitation. 
Switching through lattice excitation in the mid-infrared, lim-
ited in speed by spin lattice relaxation rates, is also found 
to be more efficient than in the near infrared.
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“Making the Molecular Movie” –  
First Frames and First Surprises
One of the long sought objectives in science has been to 
directly watch atomic motions during structural changes. 
This objective requires extremely high spatial resolution 
(<.1 nm) and temporal resolution (100 femtosecond time 
scale) with sufficient source brightness to fully resolve the 
dynamics of interest. In this space-time limit, it is possible 
to directly observe chemistry as it happens, to follow the 
primary events driving biology, and to separate electronic 
and nuclear factors in studying strongly correlated elec-
tron-lattice dynamics. This level of acuity makes it possible 
to directly determine the anharmonic couplings, common 
to all dynamical problems, in a single measurement. The 
importance of this problem is one of the drivers for CFEL 
and has been emphasized throughout this report. The Miller 
group was the first to achieve atomically resolved structural 
dynamics in the required subpicosecond domain through 
the development of what can be considered “ultrabright” 
nonrelativistic electron sources to light up the atomic mo-
tions. At the atomic level of observation, we have now 
reached what can be considered the fundamental limit to 
following structural dynamics. 

This level of acuity has revealed a number of surprises. 
The first report focused on the simplest structural transi-
tion possible, that of melting, albeit under rather unusual 
conditions of a strongly laser-driven phase transition [Sci-
ence 302 (2003) 1382]. The first surprise was that the 
material melted from the “inside-out” in a process known 
as homogeneous nucleation rather than the conventional 
melting from the “outside-in” as for example in the everyday 
experience of melting ice. In the process, it was possible to 
literally watch bonds break and the lattice shake itself apart, 
forming nucleation sites or liquid domains that remained on 
the nm or molecular level. 

As much of a pure curiosity that this observation may seem, 
this simple finding demonstrated the physics needed to se-
lectively excite and remove material without the formation 
of macroscale nucleation sites and associated cavitation 
with shock wave induced damage. A new concept in laser 

aToMiCally resolved dynaMiCs division 

The Atomically Resolved Dynamics Division officially started on July 1, 2010 with R. J. Dwayne Miller taking up the posi-
tion as Division Leader. Since this time, laboratories have been renovated in the cyclotron building of the University 
of Hamburg and the original DESY LINAC 1 Hall to accommodate the research program that primarily focuses on the 
development of ultrabright electron sources. Research is also being conducted jointly at the University of Toronto to 
keep this program advancing as much as possible as the group is being built up in Hamburg.

Figure 1 on the right: Key concepts observed with the first atomic 
view of the order parameter for Charge Density Wave forma-
tion in TaS2 as an example of strong electron-lattice coupling. 
The excitation processes led to a highly cooperative response 
in which the light effectively ‘becalmed’ the Charge Density 
Waves within fundamental limits for correlated atomic motions.

surgery was developed along with a novel solid state laser 
concept that made it possible to selectively energize water 
in biological tissues and remove soft tissue without damage 
to surrounding tissue [Opt. Express 17 (2009) 22937; Phys. 
Chem. Chem. Phys. 12 (2010) 5225]. This laser concept has 
now achieved the fundamental limit to surgery and most 
important without apparent scar tissue formation [PLoS 5 
(2010) e13053]. This discovery could be a significant break-
through as scar tissue leads to complications in all surger-
ies and loss of function to some degree. In some cases, full 
function is not recovered. This latest advance opens up the 
prospect of surgery with near perfect healing at the single 
cell level of precision. This advance came from the basic 
research program but has far reaching implications for both 
surgeries and biodiagnostics. A unique collaboration with 
University Medical Center Hamburg-Eppendorf (UKE) medi-
cal researchers has been formed to fully explore the medical 
applications with a new laboratory built at the UKE to facili-
tate translation of these finding to clinical applications.

Since this first report, the group has continued to increase 
the source “brightness” by increasing the bunch charge and 
minimize momentum spread. They have achieved single 
shot structure determinations with time resolution better 
than 200 fs. On this timescale, the lattice is essentially 
frozen. The use of femtosecond laser excitation makes it 
possible to change the electron distribution and directly 
observe the changes in the potential energy landscape of 
the lattice, i.e. the affect on the fundamental bonding in 
the lattice. Under extremely high excited electron distribu-
tions, it was possible to track the formation of Warm Dense 
Matter and discover that a nascent liquid state is involved 
as well as evidence for bond hardening in Au [Science 323 
(2009) 1033].
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This latter observation is surprising as almost all materials 
become softer when excited (e.g. metals become more 
malleable upon heating). Here the lattice was becoming 
harder not softer. This process is only observable un-
der the incredibly fast time scale of these observations 
and is in agreement with recent time dependent density 
functional calculations. Studies of the Peierls distorted 
lattice of Bi also gave some surprises. It was found that 
when up to 10% of the valence electrons were excited, 
the lattice was transformed into a true liquid in less than 
½ period of a lattice vibration [Nature 458 (2009) 56]). 
This work constitutes the first observation of ballistic 
melting, melting without collisions, and one of the fastest 
structural changes ever measured. The motions involved 
are larger in amplitude and faster than the cis to trans 
isomerization step of vision that was the fastest structural 
change known until this finding. This work was further 
extended to even more strongly coupled electron-lattice 
systems in following the highly cooperative response of 
Charge Density Waves to perturbations in the electron 
distribution as exemplified by TaS2 [Nature 468 (2010) 
799]. Here again there as a surprise. It was possible to 
directly observe the structure order parameter in which 
the supermodulation of the lattice (Charge Density Wave) 
collectively responded to the electron perturbation. The 
laser excitation literally becalmed the Charge Density 
Waves, and as soon as the excitation was transduced to 
acoustics not matching the order parameter, the system 
immediately latched back to the supermodulation in an 
incredibly cooperative response. The quality of data, and 
full in-plane reconstitution of the atomic motions along 
the key coordinates made possible with electron diffrac-
tion, illustrates the importance of this new tool for study-
ing highly cooperative effects that in turn could lead to 
new material properties.

For the full story please refer to the review: “Making the 
Molecular Movie: First Frames” by R. J. D. Miller, R. Ernstor-
fer, M. Harb, M. Gao , C. T. Hebeisen, H. Jean-Ruel, C. Lu, G. 
Moriena, G. Sciaini [Acta Cryst. A 66 (2010) 137].

Quantum State Dynamics – New Coherent Multi  -
dimen  sional Spectroscopies Light Up Correlations 
The wave function of matter is usually written with the 
electronic contributions separated from the nuclear in 
the classic Born-Oppenheimer approximation. This ap-
proximation is valid in most cases based on the clear 
separation in time scales for electron and nuclear motions. 
For thermally sampled coordinates, the electrons adi-
abatically follow the nuclear motions. The coupling to the 
bath and irreversible structural dynamics are determined 
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Figure caption for all figures: Single frames from the movie 
from M. Eichberger, H. Schäfer, G. Sciaini et. al. [Nature 468 
(2010) 799] as supplementary information available at 
http://www.nature.com/nature/journal/v468/n7325/full/
nature09539.html#/supplementary-information.

by the time sale of the nuclear fluctuations. This approxi-
mation breaks down at conical intersections in which the 
change in electron distribution dictates the time scales for 
the structural dynamics. For optically excited systems, as 
discussed above, changes in the electron distribution are 
well above kT and persist long enough to affect nuclear 
motions. With atomically resolved dynamics, we have the 
perfect probe to connect this correlation between electron 
and nuclear coordinates. Independent information on the 
quantum state or electronic degrees of freedom can be 
obtained by conventional time resolved spectroscopy. The 
problem has been that the optical signatures are often 
obscured by the classic problem in spectroscopy of inho-
mogeneous broadening. The Miller group has developed 
a fully general optical analogue of NMR in which Coherent 
Control pulse shaping protocols have been implemented in 
a newly discovered interferometer design that is passively 
stabilized against phase noise (path length variations) [Opt. 
Express 17 (2009) 9764, Acc. Chem. Res. 42 (2009) 1442]. 
This new concept has made is possible to execute the 
same kind of coherence transfers among states as done in 
NMR but rather than spins, the relative phases and coher-
ences of electronic states can be manipulated. The energy 
range of the states manipulated is in the range of chemi-
cal bonds. In this case, the objective is not to determine 
structure as in NMR (structural information is obtained via 
electron structural probes) but to manipulate the phase of 
the electronic wave function and thereby control dynamics 
and chemistry. This approach gives specific information on 
the phase of the wave function. It has also been shown that 
it is possible to control quantum decoherence to a certain 
degree by controlling the state preparation. This approach 
has been used to study the photoisomerization of bacteri-
orhodopsin in which electronic state evolution through the 
conical intersection has been manipulated. By virtue of the 
ability to rephrase the coherence, it has also been possible 
to selectively tag a frequency/state and directly monitor 
the state evolution through a conical intersection even 
for systems as complicated as biological molecules. This 
work has led to fundamental new insight into the difference 
between closed and open quantum systems with respect 
to weak field coherent control and has important implica-
tions in understanding the role of the bath in controlling 
reaction dynamics.
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Figure caption for all figures: Single frames from the movie 
from M. Eichberger, H. Schäfer, G. Sciaini et. al. [Nature 468 
(2010) 799] as supplementary information available at 
http://www.nature.com/nature/journal/v468/n7325/full/
nature09539.html#/supplementary-information.

Future Prospectus
The above discussion gives the ongoing activities of the 
group. There are four new labs being built up that are slated 
to come on line by the summer of 2011. One lab is dedicated 
to the development of a relativistic electron gun to increase 
the electron bunch density by an order of magnitude and 
push the time resolution down to less than 50 fs. This facility 
is also being used as a test bed for electron gun develop-
ment and electronic synchronization that will be of benefit 
to the European X-FEL. Two other nonrelativistic electron 
guns will provide the ability to study gas phase and surface 
reaction dynamics. The fourth lab focuses on quantum state 
dynamics and will be the home to a full suite of optical 
wavelengths ranging from the UV to IR with full control over 
electric fields with few femtosecond time resolution and 
multidimensional capabilities to provide complementary 
frequency/quantum state correlation information.

The research program has been focusing on solid state phys-
ics issues as test cases towards the ultimate goal of studying 
the structure-function correlation in biological systems. The 
new high brightness electron guns will now enable the study a 
number of biological systems and effectively open up nearly 
all chemical reaction dynamics to exploration with electron 
structural probes. The electron source development is highly 
complementary to the FEL scientific focus. There are certain 
systems that can not be studied with electrons due to con-
straints in sample conditions. Here X-rays are the only choice. 
To enable exploitation of the full brightness of 4th generation 
light sources, the group has developed a photocrystallogra-
phy chip concept that makes it possible to mount up to 1 M 
microcrystals in an ordered array within seconds [Anal. Chem. 
2010 in press, DOI: 10.1021/ac1021024]. This latter develop-
ment could be quite important in opening up both the study 
of nanocrystals but also time resolved studies using X-FELs 
in which a minimum basis of some 10,000 protein crystals 
(or different locations) are needed to construct a full time 
sequence of motions at the atomic level of resolution. Recent 
beam time at the LCLS in collaboration with the Schlichting 
group (MPG-ASG) has shown that it is possible to use the full 
brightness of the X-ray source with this new chip concept. The 
first femtosecond time resolved protein structural dynamics 
were conducted as well as the first step towards resolving the 
structure-function relationship in biological molecules.
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Figure 1: ASG-instrumentation at FLASH: A trap for hot plasmas (EBIT), a reaction microscope (REMI), a magneto-optical trap 
spectrometer (MOTRIMS), a molecular ion facility (TIFF) and a water jet.

The “last cry of matter”, heated to millions of degrees in an 
accretion disk before disappearing forever in a black hole, 
is X-ray light emitted or absorbed by the highly ionized 
plasma near the event horizon. At FLASH, ASG research-
ers exposed for the first time such hot but dilute matter, 
produced and confined in an electron beam ion trap (EBIT), 
to the intense VUV radiation, and studied its absorption 

with unprecedented accuracy [Phys. Rev. Lett. 98 (2007) 
183001]. In this way not only important data for astrophys-
ics can be recorded but, in addition, the most precise theory 
in physics, quantum electrodynamics, can be tested in a 
regime called non-perturbative, which has not been ac-
cessible before with such accuracy. In February 2011, even 
hotter matter will be illuminated by hard X-rays from the 

finiTe QuanTuM sysTeMs, CoherenT  

iMaging & forefronT insTruMenTaTion 

MaX PlanCk advanCed sTudy grouP

The Max Planck Advanced Study Group (MPG-ASG) at CFEL pursues science at the full breadth enabled by FELs: Ex-
ploring the (non-linear) interaction of the FEL radiation with individual ions, atoms and molecules, tracing of chemical 
reactions, investigating large but finite quantum systems such as clusters, and coherent imaging of biological samples. 
The experimental program, with a suite of novel and dedicated instruments operated at FLASH (Figure 1) as well as at 
LCLS (page 29), is strongly supported by theory. A selection of recent highlights is presented here.
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Figure 2: Illustration of a black hole and its accretion disk in an active galactic nucleus, and an inverse absorption spectrum  
of 23-fold charged iron ions as measured at FLASH.

LCLS, heralding a new era in research enabled through the 
unprecedented FEL photon flux! 

The first molecule in the universe was HeH+! While details of 
its formation are still in the dark, it is safe to say that it had 
to struggle for survival from the very beginning: Radiation 
flooding all of space could cause dissociation and thus, its 
destruction. Making use of the huge photon flux at FLASH, 
ASG scientists had a first glimpse of this process finding 
and characterizing pathways hitherto completely missing 
in theory [Phys. Rev. Lett. 98 (2007) 223202]. With the TIFF 
apparatus, molecular ions of many types can be cooled 
and prepared in well-defined quantum states and emerging 
photofragments can be fully characterized (mass, velocity 
and emission direction). This allows not only unraveling 
their light-induced destruction mechanisms but, moreover, 
provides information on their structure for a wide variety 
of samples. They include simple molecules like proto-
nated water [Phys. Rev. Lett. 105 (2010) 253003] or water 

complexes which are important for the chemistry in upper 
planetary atmospheres, polycyclic aromatic hydrocarbons 
found in interstellar clouds, mass and size-selected cluster 
ions, biomolecules or even dust grains, thus opening a 
whole new field of research. 

 Observing chemical reactions in real-time at femtosecond 
resolution is one of the most promising research areas 
envisioned at the FELs. Using a “reaction microscope” 
(REMI), ASG researchers determined the ultrashort time 
span that is needed for a so-called isomerization reaction, 
which is essential in eye vision or photosynthesis. This was 
an elusive aim sought after for thirty years. The decisive 
tool, a REMI, allows tracing masses, velocities and emis-
sion directions of all fragments [Phys. Rev. Lett. 102 (2009) 
123002]. Here, data show how in a singly ionized acetylene 
molecule one proton moves from one end to the other , 
forming vinylidene in just about 50 fs [Phys. Rev. Lett. 105 
(2010) 263002].
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Figure 3: Fragment momentum distributions from  
(un-)cooled HeH+ after FLASH VUV photo absorption.

Figure 4: Real-time observation of photon induced isomeriza-
tion from acetylene cations [H-C≡C-H]+ to vinylidene [C≡C-H2]+.

 Unexpectedly, a novel split mirror technology provided 
time resolution only limited by the coherence length of the 
FEL radiation. Spikes as sharp as 4 fs were observed [Phys. 
Rev. A 82 (2010) 041403], and explained theoretically [Opt. 
Lett. 35 (2010) 3441], even though the pulse envelope is 
much longer. This points to the exciting possibility to reach 
attosecond time-resolution in similar experiments antici-
pated at the LCLS. Here, a large international collaboration 
led by ASG scientists took first images of aligned molecules 
by inspecting the diffraction of emitted photoelectrons as 
a function of time. This technique, called “photoelectron 
holography” is expected to provide femtosecond snap-
shots of moving atoms in a chemical reaction with sub-Å 
position resolution. 

 The characterization of chemistry in its real time dynami-
cal complexity (“from local to global”) has been one of the 
driving forces for building FELs. Knowledge of these prop-
erties will enable designing new functional materials like 

molecular fast switches. Extracting (time-resolved) crystal-
lographic information on complex chemicals was demon-
strated for the first time at FLASH for an organometallic 
compound with a lamellar structure similar to the ones of 
nanotubes or liquid crystals, all of significant importance 
for a variety of applications [Phys. Rev. Lett. 104 (2010) 
125503]. Pioneering time-resolved experiments on the pe-
riodic reflectivity change of organic polymer foils as well as 
of water [J. Phys. B. 43 (2010) 194009] pave the way for 
observing structural dynamics during chemical reactions 
in complex molecular compounds, in liquids or for surface 
catalysts. Monitoring structure on the Ångstrom scale is 
expected at X-ray energies where ASG researchers watched 
electron solvation dynamics at the LCLS. 

One of the holy grails of research envisioned at X-ray FELs 
is to determine the atomic structure of non-crystallizable 
and / or non-reproducible biomolecules or complexes like 
membrane proteins, bacteria, viruses or cells. Time-re-
solved measurements will give direct access to study biol-
ogy or biochemistry in action. Beyond being of biological 
interest where one ultimately seeks to understand how 
these units function, such studies constitute one essential 
building block towards producing new medicines or drugs. 
Being one of the driving goals of the ASG from the begin-
ning, the unique bundling of multidisciplinary ASG expertise 
and technology enabled creating the CAMP instrument 
(see 29). Combined with world-leading experience in the 
Coherent Imaging Division, CFEL groups took the lead in 
this high-impact field of FELscience in the first year of LCLS 
operation. 

In addition to operating CAMP, ASG researchers concen-
trated on investigating sub-micron lysozyme crystals and 
T4 viruses as test cases. With its structure well known since 
decades, millions of pictures of individual lysozyme na-
nocrystals were taken, combined, indexed and integrated, 
yielding an amazing and extraordinarily important result: 
The recorded sub-nanometer resolution diffraction pat-
terns correlate extremely well with conventional synchro-
tron data even though the crystals are completely vapor-
ized within some tens of femtoseconds after exposure to 
the FEL beam. 

Whether the above still holds true if one goes to even 
shorter wavelengths to achieve atomic resolution is an 
open question. Nonetheless, a mechanism discovered by 
the ASG theory group might be of decisive help: Micro-
scopic calculations for clusters revealed ultrafast field 
ionization and electron migration towards the center of 
the cluster after substantial ionization of the sample in 
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Figure 5: Lysozyme structure (upper left) and virtual powder diffraction pattern assembled from millions of individual  
nanocrystal diffractions.

Figure 7: Radial charge density plot for a Ne1500 cluster 
and T=10 fs pulse with (right) and without (left) field 
ionization (see text). 

Figure 6: Silver behenate (structure left inset) with  
a 5.8 nm periodic spacing between the lamellar features. 
Measured Bragg peak (right inset).

the rising edge of the X-ray pulse [Phys. Rev. A 79 (2009) 
041201]. Thus, positive charges in the inner part (up to 
the lower white line in Figure 7) of the cluster are shielded 
whereas the outer rim (in between the white lines) becomes 
highly charged and explodes with significant consequenc-
es on diffractive imaging. Surrounding the probe with a 
“sacrificial layer”, or tamper, of helium atoms leads to a 
substantial improvement of the diffraction image for the 
embedded objects.

In summary, the flexible, interdisciplinary organization of 
the virtual MPG-ASG department with a stable anchor 
point of experts in Hamburg has proven extraordinarily 
beneficial for pursuing forefront research at FELs. Pio-
neering cutting edge science in several emerging fields at 
the border of knowledge promises exciting results in the 
upcoming years.
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A few-femtosecond X-ray streak camera has been realized 
[Nat. Photonics 3 (2009) 523] using a pump–probe scheme 
that samples the transient response of matter to ionizing 
soft X-ray radiation of FLASH in the presence of an intense 
terahertz field produced by the same electron bunch as 
the soft X-ray pump pulses and thus being fully synchro-
nized. Borrowing its concept from attosecond metrology, 
the femtosecond X-ray streak camera fills the gap be-
tween conventional streak cameras with typical resolutions 
of hundreds of femtoseconds and streaking techniques 
operating in the sub-femtosecond regime. The camera 
allows single-shot characterization of soft X-ray pulses 
from FLASH in terms of their duration and time struc-
ture. For several classes of experiments in time-resolved 
spectroscopy, diffraction or imaging envisaged with novel 
accelerator- and laser-based short-pulse X-ray sources 
this knowledge is essential, but so far presents a major 
challenge to X-ray metrology.

Also for the characterization of FLASH pulses and for XUV-
XUV pump-probe experiments an XUV beam splitter and 
autocorrelator has been developed which is based on a 
Mach-Zehnder-type interferometer and is integrated in the 
monochromator beamline at FLASH. With this device the 
longitudinal coherence of individual FLASH pulses as well 
as the pulse duration has been determined [Opt. Lett. 35 
(2010) 372] which is important information for all time-
resolved experiments and for coherent imaging with FEL 
pulses. Furthermore the device has been used to study mo-
lecular wave packet dynamics induced by XUV excitation.

The quest to understand non-equilibrium dynamics induced 
by transient light fields is one of the key research topics 
of the UHH-ASG. Recently two important scientific results 

have been obtained in this area. Using time-resolved X-ray 
emission spectroscopy electronic structure maps of silicon 
have been taken after optical excitation of electrons and 
creation of a non-equilibrium hot electron distribution. In 
the transient electronic structure maps monitoring the 
ultrafast response of the system a metastable liquid phase 
has been identified [Proc. Natl. Acac. Sci. U S.A. 107 (2010) 
16772]. This low-density liquid phase which converts into 
the thermodynamically stable high density liquid phase in a 
first-order phase transition is very important to understand 
the peculiarities of liquids like for example water, where the 
liquid has a higher density as the corresponding solid.  

In cooperation with the University Kiel the first direct meas-
urement of charge-order dynamics in a strongly correlated 
material with combined femtosecond time resolution and 
chemical, elemental, and atomic-site sensitivity has been 
performed [Phys. Rev. Lett. 105 (2010) 187401], thereby 
establishing the technique of time-resolved core-level 
photoemission spectroscopy at FLASH. In the future, this 
technique will also enable to create detailed movies of lo-
cal electron dynamics. These movies will not only help to 
unravel ultrafast phase transitions in correlated materials, 
but will also allow to monitor chemical reactions on solid 
surfaces in real time.

An area where the University is particularly strong is the 
research on innovative concepts for accelerator based 
light sources. The seeding experiment “sFLASH” (Markus 
Drescher and Jörg Roßbach) which is funded within the 
framework of the BMBF priority program FSP-301 has 
started operation in 2010 and is now in the commis-
sioning phase. Jörg Roßbach and his coworkers are also 
pursuing two new projects where the focus is on the crea-

fundaMenTal lighT-MaTTer  

inTeraCTion, ulTrafasT sCienCe,  

aCCeleraTor-based lighT sourCes

universiTy of haMburg advanCed sTudy grouP

The Advanced Study Group of the University of Hamburg (UHH-ASG) at CFEL pursues a wide variety of scientific goals 
which are enabled by the new free-electron laser sources. Among those goals are the exploration of the fundamental 
light-matter interaction induced with short wavelength (Extreme Ultraviolet (XUV) and Soft X-rays) radiation, the study of 
the ultrafast dynamic response induced by light in atoms, molecules, clusters and solids, and the development of inno-
vative concepts for accelerator-based light sources and imaging particle detection. The experimental program includes 
work on innovative instrumentation at FLASH as well as at LCLS. A selection of recent key instrumental developments 
as well as scientific highlights is presented here.
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Figure 1: Series of kinetic energy spectra of 4p photo-
electrons detached from krypton atoms by 13.5-nm 
soft X-ray pulses in the presence of an intense pulsed 
terahertz field. The energy shift of the electrons versus 
the X ray/terahertz delay directly represents the vector 
potential of the terahertz field.

Figure 2: Interference fringes in zero order (left) and first 
order (right) of the grating imaged in the exit slit plane of 
the plane-grating monochromator at FLASH.

tion of extremely short X-ray pulses at FLASH (sub-10 fs) 
either through seeding with high harmonic laser sources 
or through the production and manipulation of ultrashort 
electron bunches. All these developments are key to en-
hance the possibilities for ultrafast science at the free-
electron laser sources.

The Advanced Study Group of the University has built the 
monochromator beamline at FLASH which enables experi-
ments where the spectral content of the FEL pulses has to 
be well defined as in scattering and coherent diffraction 
with resonant excitation or high-resolution spectroscopy. 
Especially for high-resolution spectroscopy a new RAMAN 
spectrometer has been developed as a permanent endsta-
tion at one of the branch lines of the monochromator by 
the group of Michael Rübhausen. This spectrometer which 
is in operation since 2009 is used for inelastic scattering 
experiments with unprecedented resolution in the XUV- 
and soft X-ray regime.

Members of the UHH-ASG (Robert Klanner and his group) 
are partners in the development of fast X-ray imaging pixel 
detectors for the European X-ray free-electron laser. This 
is a key development for all experiments at the European 
X-FEL since it will allow scientists to take single shot images 
at an unprecedented rate enabled by the superconducting 
technology of the linear accelerator. 

In summary, the flexible and open structure of the UHH-
ASG department within CFEL is a nucleus for science with 
FELs at the University of Hamburg and provides a stable 
platform for the further development of interdisciplinary 
science with the new sources for all interested departments 
of the university. The fore-front research which is pursued 
ensures excellence in FEL science in the upcoming years. 
This will be further strengthened by establishing junior re-
search groups in the aforementioned scientific areas which 
should provide excellent young scientists unprecedented 
opportunities to perform science with FELs. 

Figure 3: Mirror chamber for injection of VUV-seed-pulses 
into the FLASH accelerator. The electron beam comes from 
behind, while the VUV-seed-pulse is injected from a lower 
position on the right side.
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Figure 5: VUV Raman spectrometer at FLASH beamline PG1.

Figure 4: (A): Strong optical pump laser pulses (blue) induce a non-equilibrium electron distribution in the silicon sample. The evolu-
tion of the electronic structure is monitored by probing with soft X-ray pulses (gray) and analyzing the X-ray emission with a grating 
spectrometer. (B): X-ray emission spectra as function of the delay between excitation and probe provide snapshots of the electronic 
structure during ultrafast relaxation.
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Cfel evenTs

September 29th 2009 Laying of the Foundation Stone
A first milestone in the construction of the CFEL building was 
achieved with the laying of the foundation stone. Despite the 
rainy weather approximately 150 people attended the laying 
of the foundation stone. Dr. Herlind Gundelach, Hamburg’s 
Senator for Science and Research opened the ceremony 
with a short greeting. Prof. Dr.-Ing. Hans Siegfried Stiehl, Vice 
President of the University of Hamburg and Christian Scherf, 
DESY Director of Administration gave short addresses un-
derlining the importance of CFEL for their institutions. Both 
speakers acknowledged the city of Hamburg for supporting 
this new building that enables this interdisciplinary institu-
tion to attract the best scientists from all over the world. 
Prof. Dr. Joachim H. Ullrich, head of the CFEL management 
board, head of the MPG-ASG, and director at the MPI for 
Nuclear Physics in Heidelberg addressed the audience on 
behalf of the Max Planck Society and CFEL, agreeing with 
the previous speakers about the importance of CFEL for the 
three institutions and the city of Hamburg.

The four speakers placed the traditional items into a copper 
time capsule: a local newspaper of the day, current coins, 
one set of the architects’ drawings of the CFEL building, 
several scientific papers published by the CFEL group lead-
ers, and two special items related to the CFEL research - the 
prototype of a pnCCD detector chip for fast X-ray detection 
and the CFEL logo drilled in a silicon wafer by a focused ion 
beam. The copper capsule was then sealed and buried in the 
central ground plate of the building, according to tradition. 

Finally, the ceremony ended with a small reception in the 
adjoining PETRA III hall. 

June 8th-11th 2010 Coherence: International Work-
shop on Phase Retrieval and Coherent Scattering
Coherence 2010 took place in Rostock-Warnemünde in 
Germany, mainly organized by CFEL scientists and staff 
from the Coherent Imaging Division together with scientists 
from DESY, XFEL, and TU Berlin. Coherence 2010 was the 
fifth international conference in a series dedicated to the 
understanding of phase retrieval and coherent scattering. 
With over 130 researchers it offered great talks and an 
exciting poster session. The participation of lots of young 
people clearly showed that the research field is expanding 
significantly.

Juli 20th 2010 CFEL Symposium and Topping out 
Ceremony 
The Center for Free-Electron Laser Science celebrated the 
topping out of the future CFEL home together with the 
three partner institutions and the Free and Hanseatic City 
of Hamburg (FHH). On this occasion CFEL held a scientific 
symposium in the morning followed by the topping out in 
the early afternoon.

Joachim Ullrich – head of the CFEL management board, head 
of the MPG-ASG, and director at the MPI for Nuclear Physics 
in Heidelberg – welcomed the audience and honored Prof. 
Dr. Jochen Schneider as the first CFEL Distinguished Fellow 

Laying of the foundation stone for the CFEL building. (Right picture: from left to right C. Scherf (DESY), H. Gundelach (FHH),  
H. S. Stiehl (UHH), and J. Ullrich (MPG, CFEL). Left picture: in action.)
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Topping-out (from left): Prof. Dr.-Ing. H. Siegfried Stiehl (UHH), Prof. Dr. Helmut Dosch (DESY), Dr. Herlind Gundelach (FHH),  
Prof. Dr. Martin Stratmann (MPG), Prof. Dr. Joachim H. Ullrich (MPG, CFEL). 

at the beginning of the symposium. The scientific program 
included four invited talks presented by: Joachim Stöhr, 
LCLS Director at the SLAC National Accelerator Laboratory, 
“Ten Years After: LCLS, From Vision to Reality”; Henry Chap-
man, Director of the Coherent Imaging Division at CFEL, 
“Coherent X-ray diffraction at X-ray Free-Electron Lasers”; 
Tsumoru Shintake, Accelerator Group Director at the Insti-
tute of Physical and Chemical Research (RIKEN) in Japan, 
“Coherent illumination of Angstrom-scale matter with high/
low fast/slow photon/lepton waves”; Andrea Cavalleri, Di-
rector of the Condensed Matter Dynamics Division at CFEL, 
“Ultrafast X-ray science in complex solids”.

The topping out ceremony started with raising the flags 
of Germany, the Free and Hanseatic City of Hamburg, and 
the three CFEL partner organizations - the University of 
Hamburg, Deutsches Elektronen-Synchrotron, and the Max 
Planck Society - over the construction site in early after-
noon’s sunny blue sky. In her address Science and Research 
Senator of Hamburg Dr. H. Gundelach expressed her pride 
and her thankfulness to all those committing themselves 

to the idea of an interdisciplinary research center for Free-
Electron Laser Science in Hamburg. The Vice-President of 
the University of Hamburg, Prof. Dr.-Ing. Hans Siegfried 
Stiehl, pointed out that the unique cooperation between 
DESY, MPG and the University of Hamburg has already 
achieved excellent networking among the three organiza-
tions in the field of FEL research. Prof. Dr. Martin Stratmann, 
Vice President of the Max Planck Society, wished all CFEL 
scientists power, endurance, intuition and enthusiasm to 
explore their fascinating new research field. Prof. Dr. Hel-
mut Dosch, Chairman of the DESY Board of Directors, 
expressed his conviction that CFEL will set new standards 
in research and dramatically expand the borders in bio and 
nano science. In the final address Prof. Dr. Joachim H. Ullrich 
thanked the city of Hamburg for its strong commitment and 
the architects for their excellent design.

The ceremony ended traditionally with the topping out toast 
by the construction foreman, the raising of the topping out 
wreath and finally the topping out feast on the lawn right 
next to the FLASH hall.
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