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Preface

This Annual Report provides an overview of the research activities and results of the MaxBorn-Institut (MBI) in 2016. A presentation of scientific highlights is followed by reports on
all projects which are part of the scientific program of the institute. A complete record of
publications and invited talks is given in the appendix, together with information on academic
teaching and training, guest lectures, activities in scientific organizations, and third-party
funding. More detailed information is available on the MBI website (http://www.mbi-berlin.de).
In 2016, a number of key results stand out in the extensive scientific output of MBI:
•

Strong-field ionization in circularly polarized laser fields is shown to generate sub-femtosecond bunches of spin-polarized electrons. This theoretical prediction has now been
experimentally confirmed in collaboration with researchers from Goethe University Frankfurt. Importantly, it has also been shown to extend to ionizing fields with modest ellipticity and to multi-color laser fields, both enabling attosecond recollision of spin-polarized
electrons with parent ions, which are both angular-momentum and spin-polarized by the
same ionization process.

•

Light-induced self-organization and subwavelength localization of Raman active molecules (molecular hydrogen) in a hollow photonic crystal fiber has been theoretically
predicted and experimentally demonstrated, in collaboration with the XLIM Institute in
Limoges, France. Nonlinear interaction of the incident light with molecules generates the
Stokes sideband, which travels back and forth in the fiber due to reflections from the fiber
ends and forms a standing wave with interchanging regions of high and low field, leading
to self-organization of the molecular gas.

•

Ionization of clusters by XUV and IR pulses proceeds along mechanisms (multi-photonionization, electron impact ionization, etc.) that have been studied in detail within the last
two decades. New experimental results show that the interplay between XUV-induced
and IR-induced excitation can be exploited to create highly efficient ionization under conditions where the XUV- and IR pulses by themselves hardly affect a cluster. This novel
“ignition” scheme introduces new ways to control light-matter interactions, with potential
applications in laser-induced material modification.

•

XUV transient absorption spectroscopy is an important emerging experimental technique,
where two of the properties of XUV pulses produced by high-harmonic generation, namely their femtosecond (or even attosecond) duration and the atomic core-level specificity
of their photoabsorption are exploited. In XUV transient absorption spectroscopy of the
UV-induced photodissociation of methyliodide and iodomethane, iodine atom core-level
photoabsorption was used to monitor ultrafast electron transfer processes, as well as the
evolution of the molecules into fragments.

•

The yield in strong-field excitation of Ar and Ne atoms was determined in both the tunneling and multiphoton regimes and could be rigorously interpreted by time dependent
Schrödinger equation calculations. The emerging picture allows to unify the seemingly
disparate strong-field regimes – characterized by the Keldysh parameter – with their
complementary concepts of light as a wave or a stream of photons.

•

Electric fields at the interface between native DNA and water have been determined in a
quantitative way by combining two-dimensional infrared spectroscopy of DNA backbone
modes and in-depth theoretical calculations and simulations. The time averaged electric
fields reach very high values on the order of 100 MV/cm and originate mainly from water
molecules in the first two layers around DNA. Thermal motions of the water molecules
result in subpicosecond field fluctuations with an amplitude of some 25 MV/cm. These
results settle longstanding controversies in the literature.
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•

The dynamics of solvated protons were studied for the Zundel cation (H5O2)+, a prototype
species selectively prepared in a polar liquid environment. Ultrafast infrared spectroscopy
allows for the first time for the separation of its broadband infrared absorption continuum
from the vibrational bands of the water molecules. The infrared continuum reflects the
strong modulation of vibrational transition frequencies in the proton’s double minimum
potential, induced by fluctuating electric fields exerted by the polar solvent.

More than 190 articles have been published in peer-reviewed journals and books, including a
substantial number of papers in a wide range of high-impact journals. The number of invited
talks at international conferences has been maintained at a high level.
Both the research and the organizational structure of MBI have been changed in 2016. The
new topics of research introduced by Stefan Eisebitt were implemented primarily in combination with existing projects in order to promote synergy. Furthermore, one new infrastructural
project was added. In parallel, the research on plasma dynamics and particle acceleration
with high-field lasers has been discontinued. The creation of MBI’s theory department under
the leadership of Misha Ivanov represents a major organizational change which aims at further enhancing the successful collaboration of theoreticians at the institute and giving them
a higher visibility in the international community. The joint appointment of Olga Smirnova as
a W3-S-Professor for Theoretical Physics with the Technical University Berlin was another
highlight in this context.
There have been several academic honors and recognitions for MBI scientists and staff members. Maria Richter won the Dissertation Award 2016 of the Leibniz Association for her PhD
thesis on imaging and control in strong laser fields. Simon Birkholz was awarded the Lise
Meitner Prize of Humboldt University for his dissertation on rogue waves. Benjamin Fingerhut
received the Robin Hochstrasser Young Investigator Award from the journal Chemical Physics and Thomas Elsaesser won the Ellis R. Lippincott Award for Vibrational Spectroscopy,
granted by the Optical Society, the Coblentz Society, and the Society for Applied Spectroscopy. He has also been re-elected to the board of the Berlin-Brandenburg Academy of Sciences.
We would like to thank our staff members, guest scientists, and collaboration partners for their
enthusiasm and dedicated research work and, last but not least, our funding bodies for the
decent support of MBI.

Berlin, March 2017

Thomas Elsaesser
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Marc Vrakking

Stefan Eisebitt
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Lattice of nanotraps and line narrowing in Raman gas
M. Alharbi1, 2, A. Husakou1, 3, M. Chafer1, B. Debord1, F. Gérôme1, and F. Benabid1, 2
1
GPPMM Group, XLIM Research Institute, University of Limoges, Limoges, France,
2
Physics Department, University of Bath, UK, 3 Max-Born-Institut, Berlin, Germany

Decreasing the emission linewidth from a molecule
is one of the key aims in precision spectroscopy.
One approach is based on cooling molecules to near
absolute zero. An alternative way is to localize the
molecules on subwavelength scale. A novel approach in
this direction uses a standing wave in a gas-filled hollow
fibre. It creates an array of deep, nanometer-scale
traps for Raman-active molecules, resulting inlinewidth
narrowing by a factor of 10 000.

modulate the density of the gas, which is naturally suited
for developing quasi-phase-matching schemes for other
nonlinear processes, such as effective generation of
high harmonics.

The radiation emitted by atoms and molecules is usually
spectrally broadened due to the motion of the emitters,
which results in the Doppler effect. Overcoming this
broadening is a difficult task, in particular for molecules.
One possibility to overcome the molecular motion is by
building deep potential traps with small dimensions.
Previously, this was done, e.g., by arranging several
counterpropagating beams in a complicated setup, with
limited success.
In a cooperation effort of the Max-Born-Institut (A.
Husakou) and Xlim Institute in Limoges, researchers
show that subwavelength localization and line narrowing
is possible in a very simple arrangement due to selforganization of Raman gas (molecular hydrogen) in a
hollow photonic crystal fibre. Due to Raman scattering,
the continuous-wave pump light transforms into the socalled Stokes sideband, which travels back and forth in
the fibre due to reflections from fiber ends and forms a
stationary interference pattern – a standing wave with
interchanging regions of high and low field (Fig. 1). In
the high-field regions, the Raman transition is saturated
and is not active, and the molecules have high potential
energy since they are partially in the excited state. In the
low-field region, the molecules are Raman-active, and
they have low potential energy since they are close to
the ground state. These low-field regions form an array
of roughly 40 000 narrow, strong traps, which contain
localized Raman-active molecules. The size of these
traps is around 100 nm (1 nm = 10-9 m), which is much
smaller than the light wavelength of 1130 nm. Therefore
the emitted Stokes sidebands have a very narrow
spectral width of only 15 kHz – this is 10 000 times
narrower than the Doppler-broadened sidebands for the
same conditions!
The self-organization of the gas manifests also on the
macroscopic scale. First, the calculations show that
the Raman process mainly happens exactly in the fibre
section where the standing wave is formed, as shown in
the top panel of Fig. 1. Second, the macroscopic gradient
of the potential leads to the gas flow towards the fibre
end, which is observed by eye in the experiment.

Fig. 1:
On the macroscopic scale, the pump light transforms
into forward-propagating Stokes (FS) radiation, which
is partially reflected from the fibre end and becomes
backward-propagating Stokes radiation (BS) which is
also amplified by the pump. In the region where both
FS and BS are strong, they form interference pattern
of standing wave, which is shown on the microscopic
scale. In the low-field regions (denoted by red-color
molecules) the molecules are in the ground state and
strongly trapped, as shown by the potential in the
bottom panel. Exactly these trapped molecules are
Raman-active, leading to line narrowing.

Publication
AHC16: M. Alharbi et al.; Nat. Commun. 7 (2016)
12779/1-9

This strong localization and the linewidth narrowing
can find various uses, e.g., in spectroscopy. However,
it can also be used as well as a method to periodically
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A new twist in femtochemistry through attosecond science
L. Drescher, M. C. E. Galbraith, G. Reitsma, J. Durá Diez, N. Zhavoronkov, S. Patchkovskii, M. J. J. Vrakking,
and J. Mikosch

Time-resolving the motion of electrons in atoms, molecules and solids on their natural timescale is the prime
target of the exciting new research field of Attosecond
Science. Purely electronic dynamics derives from the
creation and evolution of coherence between different
electronic states and can proceed on sub-femtosecond
timescales. In contrast, chemical dynamics involves position changes of atomic centers and functional groups
and typically proceeds on a slower, femtosecond timescale inherent to nuclear motion.
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Fig. 1:
XUV absorption spectrum of ground-state CH3I measured with an HHG-derived attosecond pulse train of a
few femtosecond duration. The cyan line is a fitted
spectrum using Voigt profiles (dashed red lines). The
labeled vertical lines indicate the transitions assigned in
table I of Drescher at. al.
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The short duration of attosecond pulses implies a broad
and continuous spectrum in the frequency domain.
Such spectra are ideally suited for transient absorption
spectroscopy in molecules. A time-resolved experiment
involving an XUV attosecond probe pulse takes advantage of both the appealing spectral and temporal properties of attosecond pulses. Photon energies in the range
up to hundreds of electron Volts cover transitions from
core shells to vacancies in the valence shell (see Fig. 1).
Core-to-valence transitions offer unique insight into the
structure and dynamics of molecules (see Fig. 2). These
transitions are element specific, due to the strong localization of core orbitals, and are at the same time sensitive to the intramolecular environment of the reporter

(a)

ΔA

Attosecond science allows to investigate the ultrafast
electronic rearrangements which follow an excitation of
the valence shell in a femtochemistry experiment. These
rearrangements can precede and drive the nuclear
dynamics which ensues.

Fig. 2:
XUV absorption from the core shell to vacancies in the
valence shell is element specific and sensitive to the
local chemical environment around the reporter atom.

ΔmA

Nonetheless, as we demonstrate in our publication
[DGR16], there are exciting ways in which attosecond
science can make an important impact on chemistry,
both conceptually and technologically.

Fig. 3:
(a) Transient XUV absorption action spectrum of
photodissociation of CH3I, i.e., the difference in the
XUV absorption spectrum before and after photodissociation. Lines associated with molecular CH3I are
depleted while atomic iodine lines have appeared.
(b), (c) Absorption lines converging to atomic iodine
appear promptly in CH3I, but time-delayed in C6H5I, as
seen by comparing to the UV-XUV cross-correlation,
convoluted with a step function (red).

atom, due to the dependence of the vacancies on molecular bonding.
In our work, published in JCP Communications [DGR16],
we studied the electronic processes surrounding the
photodissociation of iodomethane (CH3I) and iodobenzene (C6H5I) molecules. Following pumping with a UV
laser pulse in the A absorption band, we performed transient absorption spectroscopy of a HHG created XUV
pulse as a function of time-delay. Molecular transitions
were studied at the iodine N4,5-edge. We observe a distinct difference for the two molecules (see Fig. 3): While
the molecular core-to-valence absorption lines fade immediately, within the pump-probe time-resolution, absorption lines converging to the atomic iodine product
emerge promptly in CH3I but are time-delayed in C6H5I.
We also measured a continuous shift in energy of the
emerging atomic absorption lines in CH3I. Importantly,
the time scales observed are much shorter than the
clocking times known from previous femtochemistry
experiments.
Our data reveals the ultrafast adjustment of the valence
shell following UV pumping, prior to dissociation. In the
case of CH3I, our observation implies the UV-creation
of a vacancy in the valence shell, which is spatially
located at or very close to the iodine reporter atom. This
entails a high probability for an XUV-transition from the
iodine core shell immediately following UV photoabsorption. The energetic adjustment of the transitions is weak,
since the hole is created in a non-bonding orbital, the iodine lone pair. In contrast, in C6H5I the valence shell hole
is predominantly created in the phenyl ring through a
π → σ∗ excitation, which is distant from the iodine reporter atom. The experiment determines the time it
takes for the UV created hole to migrate to the reporter
atom in the molecule.
Our experiment opens further opportunities in two different directions. Extending NEXAFS (Near Edge X-Ray
Absorption Fine Structure) spectroscopy to the ultrafast
time domain is anticipated to become an extremely powerful tool of chemical dynamics studies. It would allow
the molecular evolution to be followed from the perspective of different reporter atoms within a molecule. The
extreme time-resolution and high sensitivity of transient
absorption on the other hand should allow the application of such a intramolecular probe also to studies of hole
migration on a much shorter, purely electronic timescale.

Publication
DGR16: L. Drescher et al.; J. Chem. Phys. 145 (2016)
011101/1-5
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Interference stabilization of a molecular Fano resonance
N. Mayer and O. Kornilov

In 2016, the team of researchers from the Max-BornInstitut in Berlin, in collaboration with colleagues from
Milan and Padova, was able to show that the effect of
interference stabilization can also be found in natural,
non-engineered conditions. The authors employed time-,
energy- and angular-resolved photoelectron imaging
at a newly constructed XUV time delay compensating
monochromator beamline and investigated the decay
of one of the autoionizing resonances in nitrogen molecules [EYF16]. By observing time-dependent angular
distributions (see Fig. 1), they were able to track two
evolving coupled Rydberg orbitals contributing to this
resonance and concluded that one of the states has a

Asymetry parameter β2, β4
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Fig. 2:

Plot of the quasi-energies of the dressed system for two
states coupled to two continua. Resonance positions
(dotted black line) and effective resonance boundaries
(red and blue zones) are plotted against the total coupling strength Γ for three sets of parameters describing
the discrete-continuum interaction. a) Balanced case:
the two discrete states have identical coupling strength
to the two continua. b) Partially balanced case: the
coupling strength of both discrete states to the two continua is balanced but one resonance is coupled to the
continua weaker than the other. c) Unbalanced case:
the couplings of the two discrete states are different for
each continuum.
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What happens, however, if several such resonances exist in close vicinity of each other? Since the original Fano
paper was first published, most attempts to describe
such systems were based on numerical approaches
until in the early 1990s the first comprehensive analytical description of these mixed resonances was developed by Fedorov, Movsesyan, Popov and co-workers
for the case of laser-induced resonances. Their work
showed that when two Fano resonances are sufficiently
close to each other, an interaction via the continuum of
states can occur, resulting in significant changes of their
spectral and temporal properties. The most striking and
counterintuitive effect is the interference stabilization –
the increase of the lifetime of one of the states at the
expenses of the other. The stronger the interaction with
the continuum is, the stronger the stabilization against
ionization of one of the states.

3.0

Energy [arb. un.]

Fano resonances are ubiquitous across many areas of
physics. They arise when one or more discrete quantum states are coupled or embedded into a continuum
of states. Asymmetric Fano line shapes reflect interference of the background (via continuum) and resonant
(via quantum state) scattering processes. In atomic and
molecular physics such interference patterns can be
found, for example, in autoionization. Fano resonances
were first identified in the 1930s in helium atoms and
nitrogen molecules, but their asymmetric spectral shape
remained unexplained until 1961, when Ugo Fano developed his seminal theory.
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Angular distributions of photoelectrons emitted upon
ionization of an excited nitrogen molecule by a weak
IR pulse. The insets show individual angular distributions for time delays marked by black arrows.
The green and blue curves quantify the angular
distributions in terms of angular asymmetry
parameters – the relative weights of the second and
forth Legendre polynomials in the angle distributions.

lifetime of 20 fs, a significantly longer decay time than
the lifetime of the other state.
In the follow-up publication [EMY16], the team extended
the framework of the interference stabilization theory to
the case of two autoionizing states coupled to several
continua. This corresponds to the realistic case of autoionization of nitrogen molecules, where the molecular
ion can appear in a number of electronic and vibrational
states. The resulting generalized theory demonstrates
that different cases of the interference stabilization
effect can appear depending on the exact coupling conditions of the two resonances (see Fig. 2). Furthermore,
the team was able to fit the absorption line-shape of the
investigated resonance based on ab-initio calculations
available in the literature, resolving previously unexplained discrepancies between theoretical calculations
and experimental results. As overlapping Rydberg series can be found in many molecular systems, the team
is planning to continue developing both theory and experiment, in an effort to further expand the time-domain
tools to the case of spectrally complex resonances,
which in turn may lead to a deeper fundamental understanding of their dynamics.

Publications
EMY16: M. Eckstein et al.; Faraday Discuss. 194 (2016)
509-524
EYF16: M. Eckstein et al.; Phys. Rev. Lett. 116 (2016)
163003
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Quantum friction: Beyond the local equilibrium approximation
F. Intravaia and K. Busch

Systems out of thermodynamic equilibrium are very
common in nature. In recent years they have attracted
constantly growing attention because of their relevance
for fundamental physics as well as for modern nanotechnology. In a collaborative effort, the Theoretical
Optics & Photonics group at the Max-Born-Institut and
Humboldt-Universität zu Berlin together with colleagues
from the Universität Potsdam, Yale University and the
Los Alamos National Laboratory now report on detailed
new physical insights of non-equilibrium atom-surface
quantum friction.
A particular class of non-equilibrium phenomena is represented by dynamical van der Waals/Casimir forces
acting between atoms, molecules and surfaces. These
forces, whose origin is deeply rooted in quantum theory,
are at the origin of contactless (quantum) friction between two objects that, when separated by a few tens
of nanometers, move relative to each other (see Fig. 1).
Unfortunately, the detailed quantitative description of
non-equilibrium systems is rather challenging and the
most common approaches rely on the assumption that
corrections to the associated equilibrium characteristics
are relatively small. However, the validity of these procedures and of the corresponding approximations has
been scarcely verified, inevitably limiting the reliability
of the results.

Fig. 1:
Schematic of quantum friction on an atom moving at
constant velocity parallel to a surface.The phenomenon
can be intuitively understood as the interaction between
the atomic dipole and its “delayed" image. The underlying physics is also related to the so-called anomalous
Doppler effect, where negative frequencies become
positive because of the motion-induced Doppler shift.

In stark contrast with widely accepted assumptions that
dominate the existing literature, the researchers have
shown that the local thermal equilibrium (LTE) approximation, which treats interacting subsystems in a general
non-equilibrium system as being locally in equilibrium
with their immediate environment, fails dramatically
when applied to the study of quantum friction.
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Using general quantum statistical arguments and exactly solvable models, the researchers determined that the
LTE approximation underestimates the magnitude of the
drag force by approximately 80% (see Fig. 2). Considering that the LTE approximation has been the workhorse
for the theoretical description of many non-equilibrium
phenomena, ranging from thermal energy transport to
non-equilibrium dispersion forces, these results demonstrate that LTE-based calculations lack rigorous justification and have to be re-examined.

(a)

(b)

Fig. 2:
Schematic representation of the difference between
the local thermal equilibrium approximation (a) and the
full non-equilibrium description (b) for quantum friction.
In the first case it is assumed that the atom and the
surface are separately in thermal equilibrium with their
immediate local environments. However, quantum correlations between the atom and surface (pictorially represented by the black arrows in (b)) lead to a failure of
this approximation, which underestimates the magnitude
of quantum friction by approximately 80%.

Besides addressing fundamental questions in the
highly interdisciplinary field of van der Waals/Casimir
forces, these new results will have considerable impact on many other applications of current interest in
non-equilibrium physics, such as miniaturized traps for
ultra-cold gases (atom chips), nano-electromechanical
systems (NEMS) and near-field radiative heat transfer.
Altogether, this work provides a quantitative analysis
whose conclusions represent a substantial advance in
the understanding of non-equilibrium quantum physics.

Publication
IBH16a: F. Intravaia et al.; Phys. Rev. Lett. 117 (2016)
100402

Quantum swing: A pendulum that moves forward and backwards at
the same time
C. Somma, G. Folpini, K. Reimann, M. Woerner, and T. Elsaesser

A quantum-mechanical treatment of the vibrations of atoms in a crystal lattice leads to quasiparticles, the phonons. On the other hand, many properties of phonons,
e.g., their dispersion, can be described with a classical
picture considering point masses connected by mechanical springs. Both in the classical and the quantummechanical treatment the crystal is treated as a collection of harmonic oscillators.
A classical harmonic oscillator, e.g., the pendulum of a
clock, has a well-defined position and velocity at any instant in time (Fig. 1(a)).
In contrast, an energy eigenstate in quantum mechanics
leads to time-independent expectation values for position and velocity, i.e., there is no oscillation. Oscillations
in quantum mechanics require a superposition of different quantum states. Here, the coherent superposition
of the ground state and the first excited state, a onephonon coherence, results in an atomic motion closely
resembling that of the classical pendulum, if one uses
instead of the position the maximum of the probability
density (Fig. 1(a)).
Much more interesting are two-phonon coherences, in
the simplest case formed by the coherent superposition
of the ground and the second exited state. These are
nonclassical excitations which may be visualized by a
pendulum being at two different positions simultaneously (Fig. 1(b)). This implies two different velocities, the
pendulum moves at the same time both to the right and
to the left.

Fig. 1:
Classical pendulum (top) and quantum-mechanical
probability density (below) for (a) one- and (b) twoquantum coherences.
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-1.0
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Two-quantum oscillations of atoms in a semiconductor
crystal are excited by ultrashort terahertz pulses. The
terahertz waves radiated from the moving atoms are
analyzed by a novel time-resolving method and demonstrate the nonclassical character of large-amplitude
atomic motions.

-0.5

0.0

0.5

-1.0

-0.5

40

0

0.0

0.5

-1.5
-1.0
-0.5
0.0
40
20
0
-20
-40

0

20

40

0

20

20

40

Detection frequency νt [THz]

Fig. 2:
(a) Electric fields of the three THz pulses A, B, and C
transmitted through the sample as a function of real
time t and coherence time τ for a fixed waiting time TW.
(b) Nonlinear signal. (c), (d) Two-dimensional Fourier
transform of the nonlinear signal for two values of TW.
The circles mark the two-phonon signals. (e) Theoretical
result.

A novel method of two-dimensional terahertz (2D-THz)
spectroscopy allows for generating and analyzing nonclassical two-phonon coherences with huge spatial amplitudes [SFR16a, SFR16c]. Three phase-locked THz
pulses interact with a 70 μm thick crystal of the narrowgap semiconductor InSb and the transmitted electric
field is measured in amplitude and phase as a function
of time. Since the electric field transmitted through the
sample contains also the field radiated by the moving
atoms, it enables one to map the phonons in real time.
Two-dimensional scans in which the time delay between
the three THz pulses is varied, display strong two-phonon signals and reveal their temporal signature (Fig. 2).
A detailed theoretical analysis shows that multiple nonlinear interactions of all three THz pulses with the InSb
crystal generate strong two-phonon excitations.
Apart from the two-phonon coherences the same experiment also shows two-photon coherences caused by
the excitation of electrons from the valence to the conduction band by the simultaneous absorption of two THz
photons [SFR16b].
All experimental observations are in excellent agreement with theoretical calculations. Despite moderate
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Fig. 3:
Selection of diagrams relevant for the observed signals.
The orange wiggly line denotes the two-phonon coherence. (a) The two-phonon coherence can be generated
by linear absorption, but because of the small transition
dipole moment d2ph this results only in small amplitudes.
(b) For the temporal overlap of the three pulses the twophonon coherence can be generated by the third-order
nonlinearity shown. (c), (d) For finite times between the
pulses it is necessary to invoke nonlinearities at least
of seventh or even eleventh order. The transition dipole
moments involved are d2ph between the ground and the
two-phonon state (very small), dcv between valence and
conduction band (very large), and dfc between the conduction band and the two-phonon state (intermediate).

field amplitudes of the order of 50 kV/cm, the response
of the InSb crystal is beyond the third order in the electric field (the lowest nonlinear order allowed by symmetry). Depending on the type of signal, nonlinearities of at
least seventh or even eleventh order occur (Fig. 3). The
transition dipole moment between the ground state and
the two-phonon state is very small, whereas the interband dipole moment from the valence to the conduction
band is very large. Therefore, diagrams involving several interband transitions can lead to larger signals than
diagrams with only two two-phonon transitions.
Two-phonon coherences are highly relevant in the new
research area of quantum phononics where tailored
atomic motions such as squeezed and/or entangled
phonons are investigated. This new type of 2D THz
spectroscopy presented here paves the way towards
generating, analyzing, and manipulating other low-energy excitations in solids such as magnons and transitions between ground and excited states of excitons
and impurities with multiple-pulse sequences.
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Amplification of sound waves at extreme frequencies
K. Shinokita1, K. Reimann1, M. Woerner1, T. Elsaesser1, R. Hey2, and C. Flytzanis3
1
Max-Born-Institut, Berlin, Germany, 2 Paul-Drude-Institut für Festkörperelektronik, Berlin, Germany,
3
Laboratoire Pierre Aigrain, École Normale Supérieure, Paris, France
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We have demonstrated a new method for sound amplification in a specially designed semiconductor structure
(Fig. 1). The active region in this structure consists of alternating layers of gallium arsenide and aluminium gallium arsenide. The absorption of the pump pulse from a
femtosecond laser leads to the generation of additional
electron-hole pairs in the GaAs layers. The reflection of
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Ultrasound is an acoustic wave at a frequency well above
the human audible limit. Ultrasound in the megahertz
range finds broad application in sonography for, e.g.,
medical imaging of organs in a body and nondestructive
testing of materials. The spatial resolution of the image
is determined by the ultrasound wavelength, which is
given by the speed of sound divided by the frequency.
Since the speed of sound is much lower than the speed
of light, for a given wavelength sound waves have a
much lower frequency than light waves. To achieve a
spatial resolution of 10 nm (a length scale relevant for
the study of viruses, components of living cells, highly
integrated electronic circuits, etc.), sound waves with a
frequency of several 100 GHz are required. To develop
such waves into a diagnostic tool, novel sources and
sound amplification schemes need to provide sufficient
sound intensities.

the probe pulse from the sample surface is influenced
by the additional electron-hole pairs (Fig. 2(a)). Superimposed on this signal are oscillations from sound
waves excited in the sample (Figs. 2(b) und 2(c)). As
shown in Fig. 2(g), the main peaks have frequencies of
40 and 410 GHz. While the 40 GHz oscillation is excited
by a Raman process, the 410 GHz phonons originate
from displacive excitation in which the change of the vibrational potential energy surface upon electronic excitation results in a phonon elongation.
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An electric current through a semiconductor nanostructure amplifies sound waves at ultrahigh frequency. This
method allows for novel, highly compact sources of ultrasound, which can serve as diagnostic tool for imaging
materials and biological structures with very high spatial
resolution.
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Fig. 1:
Experimental setup and schematic of the sample. The
reflected intensity of the probe pulse is measured as a
function of the delay after the pump pulse and as a function of the electric current through the sample between
the Ag contact on top and the Au/Ge/Ni contact on the
substrate.

Experimental results: (a) Total reflectivity change as a
function of the delay time after the pump pulse, caused
mainly by thermalization and cooling of the additional
electron-hole pairs. (b) Superimposed on this are oscillations from sound waves. Their amplitudes are higher
with (red) than without (black) electric current. (c) – (e)
Current-induced difference in reflectivity; (c) total signal, (d) retaining only frequencies around 40 GHz, (e)
around 410 GHz. (f) Frequency-filtered signal around
410 GHz with and without current on an expanded time
scale. (g) Spectra of the observed oscillations.
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Applying a current through the sample, the intensities of
both peaks increase (Fig. 2(g)). There is, however, an
important difference, as seen by the dependence on delay time (Figs. 2(d) and 2(e)). For the 40 GHz peak the
increase is delay independent, whereas the 410 GHz
peak increases with delay. Thus, the increase of the
40 GHz peak cannot be caused by phonon amplification which requires phonon propagation in the sample
and, thus, cannot happen instantaneously). Instead, it
is caused by an increase of the Raman scattering efficiency.
In contrast, the increase of the 410 GHz peak is fully
compatible with the picture of phonon amplification. At
least for the first 200 ps, this peak increases approximately linear with delay. The sound amplification is
based on a process called "SASER", Sound Amplification by Stimulated Emission of Radiation [1], in full analogy to the amplification of light in a laser. As seen in
Fig. 2(f), the phases of the oscillations with and without
current are perfectly in phase, as expected by a process
involving stimulated emission.
Sound amplification is only possible if the electrons
move with a speed higher than the speed of sound [2].
For a given electron density the average electron speed
is proportional to the electric current. Thus one expects
a minimum current for sound amplification. This is seen
in Fig. 3, which shows the amplification as a function of
current. One has significant amplification only for currents above 0.5 A. At currents around 1 A the amplitude
has increased by a factor of two. Considering the thickness of the active region of 0.8 µm, this corresponds to
a gain coefficient of 8000 cm-1. Calculations using the
known value for the deformation potential, the relevant
interaction in our case, agree well with this result.
The present work is a proof of principle. For a usable
source of high-frequency sound waves, it is necessary
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Fig. 3:
Current-induced changes of the reflectivity at an oscillation frequency of 410 GHz.
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to further increase the amplification, which should be
possible by improving the design of the structure and,
most importantly, better cooling of the semiconductor
device. Once such a source is available, it can be used
for extending the spatial resolution of sonography towards a length scale much shorter than the wavelength
of visible light.
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Indirect excitation of ultrafast demagnetization
C. von Korff Schmising, B. Pfau, M. Schneider, and S. Eisebitt

In a large international cooperation, we were able to
resolve a specific and intensely debated controversy
regarding the efficiency of ultrafast demagnetization via
indirect or “photonless” excitation via a non-equilibrium
electron current.
The experiment was carried out at the X-ray Free Electron Laser facility LCLS via an optical pump (l = 800 nm)
small angle X-ray scattering probe experiment in transmission geometry. We investigated prototypical Co/Pd
multilayers exhibiting an out-of-plane magnetic domain
network (Fig. 1). When tuning the X-ray photon energy
to the magnetically dichroic Co L3 edge at 778 eV, this
grating-like magnetic domain structure gives rise to
scattering intensities at positive and negative diffraction
orders. In Fig. 2(a) we show both the scattering pattern
for a single resonant X-ray pulse of 50 fs duration (inset)
as well as the integrated signal from 1000 shots giving
rise to clearly visible intensity up to the 5th diffraction
order. The number of scattered photons is proportional
to the square of the element specific magnetization of
the (buried) Co layers. Furthermore, the intensity distribution over the diffraction orders can give direct access
to the nanoscale spatial arrangement of the magnetic
domain walls.

To investigate the hypothesis of “photonless” demagnetization, one Co/Pd sample was capped with a 40 nm
thick layer of aluminium to prevent a direct interaction
with the optical pump beam (Fig. 1(a)). The optical
transmission of this Al layer was carefully determined
to be as low as 10-4, allowing us with certainty to exclude any significant direct IR photon excitation of the
magnetic film. The result of the time resolved experiment is shown in Fig. 2(b) and compares the response
of the capped and uncapped samples. While both samples exhibit a pronounced drop of the magnetization on
an ultrafast time scale, the capped sample exhibits a
smaller demagnetization amplitude and, importantly, a
delayed onset of the dynamics and a longer demagnetization time constant. These observations are an
unambiguous proof that ultrafast demagnetization does
not require direct interaction with a photon pulse and is
compatible with the following scenario: the incident IR
laser is absorbed in the top layer of the aluminium cap
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The phenomenon of optically driven demagnetization
has intrigued and puzzled physicists ever since it was
first discovered that a femtosecond light pulse can efficiently quench the magnetization on an ultrafast, femtosecond time scale. While various competing models
have been suggested, a consensus on the responsible
microscopic picture is still missing. Recent advances
in theoretical work as well as new experimental tools
based on extreme ultraviolet and soft X-ray radiation,
however, are starting to give a more and more comprehensive picture.
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Fig. 1:
a) Schematic of the Co/Pd multilayer for small angle soft
X-ray scattering experiments in transmission geometry.
b) Nanoscale grating of alternating out-of-plane
magnetization formed by the ferromagnetic domains in
the Co/Pd multilayer.

a) Resonant small angle X-ray scattering image of
nanoscale magnetic domains for a single X-ray pulse
(inset) and the sum of 1000 X-ray pulses. We observe
significant intensity up to the 5th diffraction order. b) Integrated diffracted intensity as a function of pump-probe
delay for a capped and uncapped Co/Pd multilayer
system.
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and triggers a cascade of “hot” electrons which excite
the underlying magnetic film. The delay can be interpreted as the traveling time of the hot electrons through
the Al cap layer and the slowing down of the observed
demagnetization dynamics can be understood as a
broadening of the excitation pulse due to a stochastic
electron-electron scattering cascade.
The excellent signal to noise ratio is achieved by utilising a novel pnCCD soft X-ray camera which allows
to record single X-ray pulse scattering patterns with a
repetition rate of 120 Hz. In only a few minutes we were
able to acquire tens of thousands of intensity normalized images while randomly varying the pump-probe
delay and at the same time recording the timing jitter
for every single shot. Afterwards, the data is grouped
in time bins matching the desired time resolution and
yields the traces shown in Fig. 2(b).
Analysis of the intensity distribution over the diffraction
orders is ongoing and may allow to draw conclusions on
ultrafast changes of the spin structure within the domain
walls of the Co/Pd multilayer system.
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Towards attosecond pulses of spin-polarized electrons and
attosecond spin-sensitive imaging
F. Morales, M. Ivanov, and O. Smirnova

Electrons are unique tools for studying matter, both its
structure and dynamics. Already for about a century,
electron diffraction has been and remains one of the
most important ways we have to look into the microworld. Thanks to the wave nature of the quantum world,
electrons can be used just like light, providing the basic
‘electron camera’ to look into the micro-world. And just
like with a regular camera, we would need very short
pulses of electrons to take images of fast processes in
the micro-world.
As a fundamental property of the electron, the spin plays
a decisive role in the electronic structure of matter, from
molecules and atoms to solids, where it determines, for
example, the magnetic properties of materials. Since
electron spin is an essential variable in diffraction, ultrashort pulses of spin-polarized electrons would add a
completely new dimension to this field. In essence, they
will make the electron camera sensitive to the spin and
allow it to see the rich variety of processes where spin
is a key actor.
One may hope, for example, that ultrashort pulses of
spin-polarized electrons could be used to see how magnetization changes, or how spin currents flow in a material. Spin-polarized electrons are also sensitive to chiral
properties of matter, able to see the subtle differences
between left and right in the micro-world.
To realize the dream of making movies of how spins flow
in materials, how these materials change their magnetic
properties, or how left-handed molecules change into
the right handed ones, one would need a very fast camera sensitive to the electron spin. But where could one

50
Spin polarisation [%]

40
30
20
10
0
-10
-20
-30
-40
-50

0

5

10
Energy [eV]

15

20

get such a camera? In other words, where can one get
such short pulses of spin polarized electrons?
One way to generate pulses of electrons is to use ionization in strong laser fields, tearing electrons from neutral atoms, molecules, or solids. This process naturally
produces electrons in ultrashort bursts. The bursts last
only a small fraction of the laser cycle: they occur when
the oscillating electric field passes its instantaneous
peak and is just strong enough to tear the bound electron away. But would these electron bursts be spin-polarized? Surprisingly, until very recently, this question
has never been asked.
This situation has now changed with the joint experimental and theoretical work of A. Hartung et al., inspired by the earlier theoretical prediction of I. Barth and
O. Smirnova [Phys. Rev. A 88 (2013) 013401]. Using the
gas of Xe atoms, the authors present the first experimental detection of electron spin polarization created by
strong-field ionization. The measured spin-polarization,
shown in Fig. 1, was found to be as high as 30%, changing its sign with the electron energy.
This work brings the new dimension “spin” to strong-field
physics. It paves the way to the production of sub-femtosecond spin-polarized electron pulses with applications
ranging from probing the magnetic properties of matter
at ultrafast time scales to testing chiral molecular systems with sub-femtosecond temporal and sub-Ångström
spatial resolutions.
Not only can the laser field tear the electron away, it can
also bring it back to the parent ion. There, the returning
electron can diffract, carrying away a “snapshot” of the
parent. The paper by Hartung et al. shows that spin polarization is important during such laser-driven electron
recollisions with the parent ion, as long as it is induced
by the elliptical laser field. And since in the laser-driven
electron collision with the parent ion the electron is fully
controlled by the laser field, the dynamics can now be
studied not only with attosecond temporal and angstrom
spatial resolution, but also with spin sensitivity.
Finally, spin polarization of the ejected electron is firmly
linked to the creation of the parent ion in an initially spinpolarized state. Spin–orbit coupling then leads to internal circular electron and spin currents. Looking inside
such dynamics is another exciting step in the new direction launched by A. Hartung et al.

Fig. 1:
Spin polarization measured as a function of electron
energy. The blue curve is the theoretical prediction,
while the red dots with error-bars show the experimental
results. The measurement was done for Xe atoms.
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1.1: Fundamentals of Extreme Photonics
O. Smirnova, F. Intravaia (project coordinators)
and A. A. Andreev, D. Ayuso, I. Babushkin, W. Becker, T. Bredtmann, K. Busch, B. Fingerhut, A. Harvey, P. Hawkins,
J. Herrmann, A. Husakou, Á. Jiménez Galán, J. Kaushal, L. Medišauskas, F. Morales, M. Oelschläger, A. Ordonez, M. Osswald,
S. Patchkovskii, A. Perez-Leija, E. Pisanty, D. Reiche, H. Reiss, M. Richter, T. Sproll, R. E. F. Silva, Z. Masin, L. Torlina

1. Overview

3. Results in 2016

The main objective of the Project 1.1 is the development
of analytical and numerical methods for the description
of light-matter interactions in extreme conditions. In particular, the number of photons in the electromagnetic
field can range from zero or a few, to very intense laser
fields. In the case of a low number of photons, the quantum properties of matter and light play a very important
role in the description of the system. For high intensity
field a classic description of light is enough but a precise
description of the (often highly nonlinear) quantum properties of matter is needed. Non-perturbative theoretical
models and methods are developed and applied, focusing on adequate description of system’s optical properties and geometrical structure, as well as on many-body
effects such as electron-electron correlation, coupled
electronic and nuclear dynamics, and the role of quantum coherence in these dynamics.

For each of the general directions, representative highlights are given below.

2. Topics and collaborations

At present, the project is organized in four general directions:
T1: Theory of attosecond and few-femtosecond
electron dynamics
T2: Theory of matter in intense laser fields
T3: Systems with zero or a few photons (Joint HUMBI Group on Theoretical Optics)
T4: Bio-molecular dynamics in condensed phase.
Emerging direction: Many-body effects and self-organization in strongly correlated systems and their spectroscopy.
Collaboration partners: IC London, UK, HU Berlin,
Germany, TU Berlin, Germany, Weizmann Institute,
Israel, CEA Saclay, France, UPMC Paris, CELIA and U
Bordeaux, France, U Ottawa, Canada, U Arizona, USA,
Ohio State University, USA, TU Wien, Austria, RQC
Moscow, Russia, UA Madrid, Spain, XLIM Limoges,
France, U Sherbrook, Canada, ANU Canberra, Australia, ETH Zurich, Switzerland, and University of Central
Florida, USA.
In-house collaborations with Projects 1.2, 2.1, 2.2, 2.3,
3.1, and 3.2.

T1: XUV light amplification during high harmonic
generation in gases
The efficient generation of ultra-short laser pulses in the
X-ray and extreme-ultraviolet (XUV) region is central to
time-resolved optical sciences.
High-order harmonic generation (HHG) is capable of
producing such radiation in compact table-top setups
with high repetition rates. However, the main drawback
of HHG sources is their low conversion efficiency. Finding ways to increase this efficiency is of utmost practical
and fundamental importance.
Recently, a series of experimental studies reported the
possibility of strong-field driven amplification of XUV/
X-ray radiation, see e.g., [SSH10, DDH15]. However,
the interpretation of these experiments may be challenged. We have developed [BCB16], [BPI16] rigorous
quantum-mechanical theory for studying the possibility
of gain in a strongly driven (dressed) quantum system,
possibly undergoing rapid ionization.
Our calculations have led to the following conclusions.
First, the gain (amplification) reported theoretically in
[Ser13, SRB16] supporting the interpretation of the
above experiments as stimulated HHG, is indeed the
opposite, i.e. XUV loss.
Second, any scheme extending parametric amplification to the XUV/X-ray domain must address a fundamental challenge: While in optical parametric oscillators
the gain medium is transparent for the amplified wave,
this is no longer the case in the XUV/X-ray region. Onephoton absorption of XUV/X-ray radiation into the continuum has rather large cross sections, leading to XUV/
X-ray loss if no effective population inversion is created
between the unexcited ground state and the continuum
electrons.
Third, we have shown [BCB16] how this challenge can
be successfully met: XUV amplification becomes possible when the IR field intensity approaches I~1015 W/cm2,
leading to complete depletion of the ground state while
trapping population in the strongly laser-driven Rydberg
states, which become stable against ionization at high
laser intensity. These provide the required population
inversion.

27

Integrated signal [a.u.]

0.08

0.04

0

-0.04

1013

1014

1015

IR intensity [W/cm2]

Fig. 1:

Gain (red) vs loss (blue) signals obtained for H2+ molecules prepared in the ground (blue) or excited (red)
states, dressed by intense IR field and probed by a
weak 2.4 fsec XUV pulse centered at 20.4 eV. The
overall gain is achieved at IR intensities exceeding
I~1015 W/cm2. The results are obtained from ab-initio numerical simulations of the time-dependent Schrodinger
equation, including electronic and nuclear motions.

Emerging topic: Nano-scale self-organization of molecules in hollow photonic crystal fibers
Decreasing the emission linewidth from a molecule is
one of the key aims in precision spectroscopy. One possibility to overcome the molecular motion and Doppler
broadening is by building deep potential traps with small
dimensions. Previously, this was done, e.g., by arranging several counter-propagating beams in a complicated
setup, with limited success.
In cooperation with Xlim Institute in Limoges, we have
shown [AHC16] that subwavelength localization and line
narrowing is possible in a very simple arrangement due
to self-organization of Raman gas (molecular hydrogen)
in a hollow photonic crystal fiber. Due to Raman scattering, the continuous-wave pump light transforms into the
Stokes sideband, which travels back and forth in the fiber due to reflections from fiber ends and forms a standing wave with interchanging regions of high and low field
(Fig. 1). In the high-field regions, the Raman transition is
saturated and is not active, and the molecules have high
potential energy since they are partially in the excited
state. In the low-field region, the molecules are Ramanactive, and they have low potential energy since they
are close to the ground state. These low-field regions
form an array of roughly 40 000 narrow, strong traps,
which contain localized Raman-active molecules. The
size of these traps is around 100 nm, which is much
smaller than the light wavelength of 1130 nm. The emitted Stokes sidebands have a very narrow spectral width
of only 15 kHz, which are 10 000 times narrower than
the Doppler-broadened sidebands for the same conditions.
The self-organization of the gas manifests also on the
macroscopic scale. The calculations show that the Raman process mainly happens exactly in the fiber section
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Fig. 2:

On the macroscopic scale, the pump light transforms
into forward-propagating Stokes (FS) radiation, which is
partially reflected from the fiber end and becomes backward-propagating Stokes radiation (BS) which is also
amplified by the pump. In the region where both FS and
BS are strong, they form interference pattern of standing wave, which is shown on the microscopic scale. In
the low-field regions (denoted by red-color molecules)
the molecules are in the ground state and strongly
trapped, as shown by the potential in the bottom panel.
Exactly these trapped molecules are Raman-active,
leading to line narrowing.

where the standing wave is formed, as shown in the top
panel of Fig. 1. Second, the macroscopic gradient of the
potential leads to the gas flow towards the fiber end,
confirmed in the experiment.
This strong localization and the linewidth narrowing
can find various uses, e.g., as a method to periodically
modulate the density of the gas, which is naturally suited
for developing quasi-phase-matching schemes for other
nonlinear processes, such as effective generation of
high harmonics.
T2: Generation of spin-polarized electrons by strongfield ionization
Strong-field ionization has been studied for over half a
century. Yet, the role of electron spin during this process
has been largely overlooked. Our study [HMK16] shows
that a chance of detaching spin-up or spin-down electron from an atom can be very different and that these
electrons can be brought back to the atom, leading to
spin-polarized recollision.
As a fundamental property of the electron, the spin plays
a decisive role in the electronic structure of matter, from
molecules and atoms to solids, where it determines, for
example, the magnetic properties of matter. Ultrashort
pulses of electrons are unique tools for studying materi-

als, both their structure and dynamics, opening a rich
field of ultrafast diffraction imaging. Since electron spin
is an essential variable in diffraction, ultrashort pulses
of spin-polarized electrons would add a completely new
dimension to this field. But where could one get such
pulses?
One way is to use ionization in strong laser fields.
This process naturally produces electrons in ultrashort
bursts. The bursts last only a small fraction of the laser
cycle when they are released from the confines of the
binding potential. But would these electron bursts be
spin-polarized, and can they be used for ultrafast collisions with atoms or molecules?
Our work [HMK16] gives positive answer to both questions. First, it presents the first experimental detection of
electron spin polarization created by strong-field ionization in circularly polarized fields, predicted in our earlier
work [BSm13]. The measured spin-polarization, shown
in Fig. 3, was found to be as high as 30%, changing its
sign with the electron energy, and is in excellent agreement with our numerical simulations based on solving
the time-dependent Schrodinger equation.
Second, our theoretical calculations show that strong
spin-polarization persists for elliptically polarized fields
with ellipticity as low as 20%, where the recollision of
the spin-polarized, attosecond electron wavepacket with
the parent ion is still possible and is fully time-resolved,
thanks to the correlation between the energy of the
recolliding electron and the time of recollision.
This work opens the new dimension of spin to strongfield physics. It paves the way to the production of
sub-femtosecond spin-polarized electron pulses with
applications ranging from probing the magnetic properties of matter at ultrafast timescales to testing chiral
molecular systems with sub-femtosecond temporal and
sub-Ångström spatial resolutions. Since in the laserdriven electron collision with the parent ion the electron
is fully controlled by the laser field, the dynamics can

now be studied not only with attosecond temporal and
angstrom spatial resolution, but also with spin sensitivity. This would allow chiral molecules to be probed with
sub-femtosecond temporal resolution and sub-Ångström
spatial resolution. Finally, spin polarization of the ejected electron is firmly linked to the creation of the parent
ion in an initially spin-polarized state. Spin-orbit coupling
then leads to internal circular electron and spin currents.
T3: Systems with zero or a few photons (Joint HUMBI Group on Theoretical Optics)
When the electromagnetic field contains few or even
zero photons light-matter interaction shows several
peculiar features typical of quantum mechanical systems. Prototypical examples of are the appearance of
dispersion interactions, the modifications in the decay
rate of atomic systems and the appearance of quantum
correlations in coherent light transmitted through disordered one-dimensional photonic lattices. A key result of
our research activity was to show that commonly used
approximations, such as the Markov approximation and
the local thermal equilibrium approximation, fail to provide reliable predictions for equilibrium and nonequilibrium dispersion forces. Depending on the targeted level
of accuracy, they can lead to incorrect results for the
Casimir-Polder force on an atom close to a surface, and
the quantum frictional force experienced by the same
atom as soon as it starts moving above the surface.
Although in some circumstances these approximations
are known to strongly affect the dynamics of quantum
systems, their impact on dispersion forces in and out of
equilibrium was not thoroughly explored. In particular we
showed that the local thermal equilibrium approximation
drastically fails for quantum friction by underestimating
by approximately 80% the magnitude of the drag force.
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Schematic of the configuration considered to study
the optoelectronic properties of a graphene layer. The
fluorescence life-time of an emitter (red sphere) is considered as a function of the transition frequency and
distance from the graphene sheet. The change in the
decay-time is used to infer the properties of the layer.
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Fig. 3:

Spin polarization during strong-field ionization of Xe
atom by circularly polarized field: measured (red points)
and calculated (blue curve), as a function of electron
energy.

Studying the modifications in the dynamics of a system
induced by its environment opens interesting pathways
for the development of (quantum) sensors. In this respect, we demonstrated how the high degree of control
and accuracy available in systems like cold atoms and
Si and NV centers in nanodiamonds can be employed
for detailed investigations of graphene’s optoelectronic
properties. Specifically, focusing on the fluorescence
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Fig. 5:
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Diagrams of the
QF-NEP algorithm
(left) and simulated
2DUV signal of DPM
subject to nonadiabatic relaxation
dynamics (right).

Ω3 [103 cm-1]

44
42
40
38
36
34
34 36 38 40 42 44 46
Populations
[e1 = e2]

Coherences
[e1 ≠ e2]

life-times of emitters held in close proximity to graphene
layers, we showed that these allow for direct access to
features like band gaps as well as plasmons and/or plasmonlike resonances. Finally, part of our work this year
was devoted to the analysis of the coherence properties
of light propagating through disordered one-dimensional
photonic lattices (evanescently coupled waveguide arrays). In a theory-experiment collaboration we have
demonstrated that the propagation of a uniformly extended coherent field in disordered lattices results in
the emergence of intensity anticorrelations – photon
antibunching – at certain waveguide separations. This
anticorrelation was verified by observing the normalized
intensity correlations drop below unity at these separations and was supported by simulations of the propagation dynamics.
T4: Nonlinear spectroscopic signals from nonadiabatic Ab-Initio molecular dynamics simulations
The outcome of nonadiabatic relaxation dynamics via
conical intersections of biological relevant molecules is
decisively determined by employed ab-initio force fields
and (semi-classical) approximations where simulated
time resolved spectroscopic observables can provide
rigorous benchmark. Emerging two-dimensional electronic spectroscopy in the UV spectral range (2DUV)
here appears especially promising to investigate prominent electronic absorption bands of a wide class of
organic molecules (e.g., DNA nucleobases and (hetero-) aromatic compounds) where striking nonadiabatic
relaxation channels appear.
Our group [RFi16] developed a novel quantum-classical
feedback non-linear exciton propagation (QF-NEP) algorithm that incorporates back coupling between the
quantum and classical sub-system, naturally accounts
for nuclear relaxation effects (dynamic Stokes shift)
and thermal equilibrium between reaction channels,
thus providing a rigorous way for the simulation of the
microscopic origin of (non-Gaussian) fluctuations and
respective lineshapes. In a proof-of-principle application
the 2DUV signal of the prototypic UV bichromophore
diphenylmethane (DPM) was simulated in full coordinate space directly from semi-classical nonadiabatic
ab-initio molecular dynamics revealing particular sensitivity of the signal to employed force fields where population dynamics appears indistinguishable.
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In collaboration with groups from LMU and UCI a novel
X-ray detection technique, termed attosecond stimulated Raman spectroscopy (ASRS), was proposed
that transfers concepts of time- and spectrally-resolved
vibronic detection to the electronic domain [HOB16a].
The numerical simulations demonstrate the sensitivity of
the ASRS technique to changes in electronic structure
and population dynamics mediated in the vicinity of conical intersection. Due to the broad bandwidth of the attosecond Raman probe, the technique is able to capture
the entire state evolution, irrespective of the changes in
inter-valence transition moments and the vanishing energy gap during the valence state relaxation dynamics.
The probed core-to-valence transitions in ASRS provide
a high density of states, which helps to characterize
regions of the PES close to the conical intersection
seam. By combining femtosecond-attosecond pumpprobe pulses for X-ray Raman detection without the
necessity for phase control, broadband signals are
recorded in a single shot, making ASRS a promising tool
for emerging nonlinear X-ray spectroscopy.
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O. Smirnova; ITAMP Workshop: Electronic-Structure
Problem in Theoretical Strong-Field Physics (Harvard,
Cambridge, MA, USA, 2016-10)

1.2: Ultrafast Laser Physics and Nonlinear Optics
G. Steinmeyer, U. Griebner, V. Petrov (project coordinators)
and F. Bach, M. Bock, W. Chen, E. Escoto, T. Feng, L. v. Grafenstein, R. Grunwald, J. Hytti, R. Jung, M. P. Kalashnikov,
N. Khodakovskiy, M. Mero, X. Mateos, N. Raabe, A. Treffer, J. Tümmler, I. Will, Y. Wang

1. Overview

2. Topics and collaborations

The main objective of this project is to develop
advanced sources of ultrashort pulses in the near- and
mid-infrared (IR) wavelength range. To this aim, new
laser geometries and pump sources, special operational
modes and pulse-shaping techniques are investigated.
A major part of the results generated in this project is
directly applied for implementing new laser systems for
other research projects.

At present the project is organized in three topics:

Some part of this project is dedicated to fundamental
research on ultrafast nonlinear optics, carrier-envelope
phase effects, pulse characterization, and beam shaping
techniques. There currently is a strong trend towards
the development of CEP-stable mid-infrared sources at
wavelengths >1.5 µm. Such wavelengths are desirable for
shorter cut-off wavelengths in high-harmonic generation
but also for driving hard X-ray plasma sources, where
presently no CEP control is required. A great deal of the
activities is devoted to exploring components for such
systems which includes characterization and testing
of various laser and nonlinear materials in diverse
operational regimes. The first complete OPA system for
use in other MBI projects, a novel 100 kHz few-cycle
OPCPA source, is pumped at ~1 µm and seeded near
1.5 µm, with the option for generation of broadband
femtosecond pulses also at ~3 µm. The first two OPA
stages of this system were completed in 2016, providing
output energies already at the desired level. The work
on the second large scale OPCPA system targeting
the 5 µm wavelength range in the mid-IR and aiming
at sub-100 fs, 1 kHz pulses, has continued in 2016 with
the completion of the pump channel at ~2 µm and the
implementation of the femtosecond mid-IR parametric
amplifiers with unprecedented output parameters.
A separate topic of the project encompasses the
development of picosecond thin-disk amplifiers of high
average power at 1 µm. The Yb:YAG thin-disk laser
systems pumped with diodes from the Ferdinand-BraunInstitut, Leibniz-Institut für Höchstfrequenztechnik have
been continuously improved and are now applied as
drivers for OPCPA with terawatt peak power (Project
4.1) and for a soft X-ray plasma source (Project 3.3).
The latter was also included in the Laserlab Europe
Access program.
Activities on the high-field laser are part of the project,
were primarily focused on development of methods for
improvement of the pulse parameters of the Ti:sapphire
based laser sources. This concerns broadening the
amplification bandwidth of the gain medium and
implementing novel Ti:sapphire thin-disk booster
amplifiers.

T1: Ultrafast nonlinear optics
Partly supported by DFG and CSC/DAAD
• Carrier-envelope phase noise and stabilization
• Novel nonlinear optical effects
• Adaptive shaping of structured nondiffracting fewcycle wavepackets
• Advanced methods for spatio-temporal pulse characterization.
T2: Thin-disk and ultrahigh intensity lasers
Partly supported by EU Laserlab JRA EUROLITE and
EU Marie Skłodowska-Curie Foundation (JMAP)
• Application of the developed thin-disk laser systems
at 1 µm as drivers for an OPCPA amplifier and a soft
X-ray plasma source
• Enhancements of the laser systems to the benefit of
the applications
• Development of methods for broadening the amplification bandwidth in Ti:sapphire crystals
• Implementation of thin-disk Ti:sapphire boosters in
the high-field laser amplifier chain.
T3: Power scaling of diode-pumped femtosecond
laser systems beyond Ti:sapphire
Partly supported by SAW, Marie Skłodowska-Curie
Foundation and Laserlab JRA ILAT grants
• Ultrafast lasers/amplifiers based on different dopanthost combinations for the 1 to 2 µm spectral range
• Second-order nonlinear frequency conversion for
ultrafast systems, especially OPA and OPCPA for
down conversion to longer wavelengths in the nearand mid-IR.
Collaboration partners: M. Guina (ORC, Tampere,
Finland), G. Genty (TUT, Tampere, Finland),
A. Demircan, U. Morgner (Leibniz-Universität Hannover,
Germany), C. Brée (Weierstraß-Institut, Berlin,
Germany), A. Bjeoumikhov (IFG, Berlin, Germany),
R. Trebino (Georgiatech, Atlanta, GA, USA), A. Fry,
(SLAC, USA), B. Hofmann (TU Chemnitz, Germany),
Y. Song (Tianjin University, China), A. Zach and
W. Kaenders (Toptics Photonics, Germany), W.
Hänsel and R. Holzwarth (Menlo Systems, Germany),
U. Wallrabe (IMTEK, University Freiburg, Germany),
metrolux GmbH (Göttingen, Germany), J. Jahns
(FernUniversity, Hagen, Germany), W. Seeber (Otto

33

Schott Institute, FSU Jena, Germany), E. McGlynn
(School of Physics, Dublin City University, Dublin,
Ireland), F. Güell (University Barcelona, Spain),
HoloEye Photonics AG (Berlin, Germany), P. Kazansky
(University Southampton, UK), F. Diaz (University
Tarragona, Spain), P. Fuhrberg (LISA laser OHG,
Germany), H. Zhang (Shandong University, P. R. China),
F. Rotermund (Ajou University, South Korea), M. Tonelli
(University Pisa, Italy), A. Agnesi (Pavia University,
Italy), J. Liu (Qindao University, China), A. Kovacs,
K. Osvay (University Szeged, Hungary), M. Romanovsky
(General Physics Institute, Russia), A. Savelev (Moscow
State University, Russia), J. P. Chambaret (ILE, France),
J.-Ch. Chanteloup (LULI, Palaiseau, France), S. Schad
(TRUMPF Lasers GmbH, Germany), B. Kanngießer
(TU Berlin, Germany), L. Isaenko (DTIM Novosibirsk,
Russia), V. Pasiskevicius, (KTH, Stockholm, Sweden),
P. Schunemann (BAE Systems, Nashua, USA),
V. Badikov (HTL, Krasnodar, Russia), K. Kato (Chitose,
Japan), l. Buchvarov (Sofia University, Bulgaria),
M. Ebrahim-Zadeh (ICFO, Barcelona, Spain),
M. Eichhorn (ISL, France), V. Panyutin (Kuban State
University, Russia), A. Leitenstorfer (University of
Konstanz, Germany), and G. Arisholm (FFI, Norway).

but it is suspected that lasers with a rather long
upper-state lifetime restrict pump power modulation.
In a comparative analysis including 4 different lasers
(3 commercial ones), we measured the free-running
CEP beat notes of these lasers. Comparing the
power spectra of two erbium fiber lasers by different
manufacturers, it is striking that the noise bandwidth
of the lasers deviates by a factor of 20, despite an
identical gain material, see Fig. 1(b). In a second step
of our analysis, we separated the noise signal into
frequency noise and amplitude noise. We then used a
rank correlation method for detecting weak correlations
between these two noise contributions. Above the upper
state lifetime of the medium, one does not expect such
a correlating mechanism as there is no correlation in
quantum noise. Here it is striking that the fiber laser
with the rather broad noise bandwidth does exhibit such
a coupling mechanism, which is very broadband and
does not roll off towards higher frequencies. Moreover,
as this laser is the only laser that relies on a SESAM
for mode-locking and not on instantaneous χ(3) effects,
there appears to be a fast coupling effect inside the
SESAM that converts pulse energy fluctuations into
additional frequency noise. More details will be revealed
in a forthcoming publication.

3. Results in 2016

Intracavity measurements of the electro-optic Kerr
coefficient

T1: Ultrafast nonlinear optics
Carrier envelope phase noise
The stabilization of the carrier-envelope phase (CEP)
has reached a high degree of maturity for a number
of different lasers by now, with commercially available
products that include fiber lasers and Ti:sapphire
oscillators. Nevertheless, a number of lasers remain,
which have been found very difficult or impossible to
stabilize, e.g., Yb-doped thin-disk lasers. The reasons
for the observed problems are often totally unclear,
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Today the original electro-optic Kerr effect is only very
rarely used for building light modulators. Using materials
like nitrobenzene, sufficient retardation can typically
be achieved in relatively short cells, but nitrobenzene
has a lot of disadvantages, so Kerr cells have been
widely replaced by Pockels cells. The Pockels effect,
nevertheless, is restricted to non-isotropic media and
cannot be used for gaseous media. On the other hand,
there is quite some interest in measurements of the Kerr
effect in atmospheric air, as this would allow contactless
and even probe-less measurements of high voltages
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Comparison of the spectral power density of free-running carrier envelope beat notes measured from
(a) a 10 fs Ti:sapphire laser (KLM), an Yb:fiber oscillator (nonlinear polarization rotation, NPR),
(b) an Er-fiber oscillator (nonlinear optical amplifying loop mirror, NALM) mode-locked by a NALM, and
an Er:fiber laser (SESAM) mode-locked by a SESAM.
(c) Correlation between amplitude and frequency noise of the demodulated CE beat notes.
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Fig. 2:

Intracavity measurement of Kerr effect. (a) Setup. AOM, acousto-optic modulator; PA, audio power amplifier; DSO,
digital storage oscilloscope; APD, avalanche photodiode; LPF, low-pass filter; HPF, high-pass filter; HVT, high-voltage
transformer; OC, output coupling mirror.
(b) Radio frequency spectrum of the modulated CEP beat note of the stabilized Ti:sapphire laser with perpendicular dc
and light fields; dB units refer to electrical powers and have been normalized to the carrier level. Gray line, measurement; red line, fitted model.

in remote locations. Given that the effect is extremely
weak, researchers have so far resorted to high pressures
and very long effective path lengths (about 100 m) to
obtain a reasonable accuracy in their measurements.
We pursued a different approach here and measured
the resulting phase shift intracavity via the induced CEP
effect, see Fig. 2(a). To this end, we built a resonant
high-voltage circuit, which is driven at 17.5 kHz and
reaches several kV peak voltage, sufficient to cause
a breakdown of the atmospheric air. This high-voltage
modulation causes a frequency modulation in the CEP
signal at double frequency (35 kHz, Fig. 2(b)). This
clearly measurable effect was obtained in a capacitor
assembly that was only 8 cm long, i.e., about a factor
1000 shorter than in all previous experiments. Further
details can be found in [FRR16].
Adaptive pulse shaping and characterization
Adaptive pulse characterization was performed with
high-speed piezo-actuated Fresnel-type bi-mirrors
of tunable angle. High robustness was obtained by
scalability and the option of adaptive self-reconstruction
[TBB16]. Currently, the applicability of phase shift
algorithms is investigated. The approach promises
further application potential for tomographic methods,
e.g., for sampling microscopic objects or probing laserinduced transient interaction zones. Further experiments
were performed on array-specific propagation effects of
nondiffracting few-cycle pulses and on spectroscopic
signatures of femtosecond laser filament generation
with nondiffracting beams [Koe16].
Spectral mapping of ultrashort vortex pulses
Polychromatic vortex beams exhibit characteristic
spectral anomalies close to phase singularities. These
anomalies result from a redistribution of spectral content

(red and blue shift, radial and axial oscillations). For
ultrabroadband vortex pulses, such effects are not
understood in much detail. One has to expect distinct
spectral effects and space-time coupling, which causes
temporal gradients in the wavefronts and thus represents
a special kind of spatial chirp. On the other hand, spectral
patterns can be used to transfer specific information to a
receiver or momentum to a molecule. The low intensities
near the singularity and the small spatial scale, however,
are challenging for the detection technique. Therefore,
oscillatory and rotational phenomena were investigated by two-dimensional mapping with single-photon
capable EMCCD cameras, high resolution fiber-based
spectrometers, noise reduction by careful spectral
calibration and achromatic imaging optics [BJM16].
In the experiments, a sub-3-cycle Ti:sapphire laser
oscillator (minimum pulse duration 6 fs, maximum pulse
energy 7 nJ, center wavelength 800 nm, repetition rate,
80 MHz, maximum spectral FWHM 200 nm) was used
as broadband source. An orbital angular momentum
was generated with a diffractive spiral axicon with
broadband dispersion self-compensation (3.5 π phase
stroke for the center wavelength, 2 mm diameter,
designed and fabricated by FernUniversity Hagen).
The spiral phase plate transforms the laser beam into
a vortex with a topological charge of L = 2. Spectral
maps were sampled by moving the spectrometer
fiber through selected planes with an xyz-translation
stage in steps of 20 μm. A pinhole of 15 µm diameter
in front of the fiber facet was used as a spatial filter.
Figure 3 shows the experimental results of spectral
mapping. The second spectral moment plots indicate
both rotation and fast spatial oscillation in 2D maps of
the second statistical moment, which is directly related
to the spectral bandwidth. The distribution results from
spectral interference and has direct implications for the
spatially resolved temporal properties of the twisted
wavepackets.
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Fig. 3:
Rotation and oscillation signatures in spectral maps of ultrafast vortex pulses indicating a redistribution of spectral contributions. Pulses were generated by a sub-3-cycle few-nanojoule Ti:sapphire laser oscillator. The 2D map of second spectral moment (a) indicates a characteristic rotational pattern (“spectral eyes”) around the central singularity. The central
radial cut (b) in the direction of the long axis of the dumbbell-shaped distribution follows a tangent-like curve with distinct
peaks and valleys. Near the singularity, a steep spectral gradient appears [BJM16].
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T2: Thin-disk and ultrahigh intensity lasers
High average power thin-disk lasers @1 µm
In the beginning of 2016, some strategic changes in the
project were executed. After some final experiments with
the soft X-ray laser (see Project 3.3) the Yb:YAG thindisk driver laser was disassembled for this application.
The thin-disk laser was re-designed and converted into
a more compact version without power amplifier and
without the second amplifier arm. In order to install
the system in a smaller laboratory, front-end, stretcher
and thin-disk amplifier are now placed together on one
optical table, while the compressor was set up in a folded
geometry on a separate second table. Figure 4 shows
the setup and illustrates the relevant output parameters.
While the former system had been used as driver
for a soft X-ray laser, the present system is applied
to drive an incoherent plasma source for soft X-ray
spectroscopy applications. This thin-disk laser system
delivers laser pulses with up to 140 mJ energy at 100 Hz
repetition rate. A pulse duration of 2 ps, 200 ps or 2 ns
can be chosen to optimize the soft X-ray plasma source
properties. The pulse energy is continuously adjustable
by means of a half-wave plate / polarizer combination.
The stability of the pulse energy is at best as high as
0.3% (rms). The spot in the focus of an f = 150 mm lens
has 17 µm diameter (FWHM) with a pointing stability of
1.1 µm (rms).
The second thin-disk laser system at 1 µm has been
used to pump an OPCPA with terawatt peak power,
which is being developed at the MBI. For details of this
work, see Project 4.1, T3.
Thin-disk Ti:sapphire amplifier

technology to Ti:sapphire laser material may allow
broadband amplification at kW average power around
0.8 µm. In this configuration the suppression of the
transverse amplified spontaneous emission (TASE) and
the transverse parasitic generation (TPG) are primary
challenges. Applied to Ti:sapphire media these can be
mitigated by using the technology of Extraction During
Pumping (EDP) [V. Chvykov, J. Nees, K. Krushelnick,
Opt. Comm. 312 (2014) 216].
The proof-of-principle experiment of the operation of a
broadband EDP-TD amplifier in a 100 TW CPA laser
system was done using a commercial amplifier system
of the high-field laser providing 100 TW peak power,
28 fs laser pulses at 10 Hz repetition rate. In the experiment the final cryogenically cooled Ti:sapphire amplifier
has been replaced with the EDP-TD room temperature
cooled amplifier module (Fig. 5). A Ti:sapphire crystal
with a 35 mm diameter, 3 mm thickness and an absorption coefficient of 2 cm-1 was mounted in the home made
thin-disk head module. The amplifier was designed in the
scheme of an active mirror. The front surface of the crystal was AR coated while the rear side was HR coated for
both pump (532 nm) and seed (800 nm) wavelengths.
The absorbing material IR140 (Exciton, refractive index
of 1.76 at 800 nm), dissolved in series M liquid (Cargill
labs) was applied to the sides surface of the Ti:sapphire
crystal for transverse amplified spontaneous emission
(TASE) and transverse parasitic generation (TPG) suppression. The rear surface of the crystal was actively
cooled to room temperature. An area of 24 mm diameter
of the crystal was pumped by three synchronized lasers,
each providing 15 ns, 2 J pulses at 532.
Each of the three pump beams (Fig. 6) passed through
the thin-disk twice. One pass includes the reflection from
the rear surface of the crystal, resulting in effectively

Thin-disk (TD) technology may offer the potential to
be used in systems with both high peak and average
output power. So far research and development have
been mainly devoted to rare-earth doped YAG media
exhibiting a spectral emission bandwidth supporting
only few-ps pulse durations. The application of this

Fig. 5:
Scheme of the Ti:sapphire thin-disk amplifier module.

Fig. 6:
Schematic diagram of the experimental set-up.
The green beams are the pump; the red beams are
the seed. Mirrors P1-1 and P1-2 were used for pump
laser 1, mirrors P2-1 and P2-2 were used for
pump 2, mirrors P3-1, P3-2 and P3-3 were used
for pump 3. The layout of the seed amplification
consists of mirrors S1-S5. The incidence angles are
exaggerated for clarity.
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Fig. 7:

Near field cross-section of the typical pump
beam (a) and seed beam after the third pass (b).

Fig. 8:

Wavefront profiles before heating (a) and
after temperature stabilization (b).

4 passes per the pump beam. The total absorption per
double pass of the pump was measured to be 85%.
P1-2 and P2-2 were slightly tilted to prevent damage to
the pump lasers from residual reflected pump beams.
The side view demonstrates the vertically separated
pump beams with the smallest incidence angles, where
pump 2 was omitted. A positively chirped seed (0.5 J
energy, pulse duration of few hundred picoseconds)
was amplified during three passes (mirrors S1-S5) with
a total gain of about 5.

Multiphysics software. The results of computer modeling
fit the experimental results well and support the findings
that the new amplifier design overcomes the limitations
associated with thermal wavefront distortion of the
amplified pulse and losses due to TASE and TPG in
high peak and average power laser systems, enabling
the scaling of the Ti:sapphire thin-disk system up to
the repetition rates of hundreds of Hz or to a PW-level
output peak power for tens of Hz repetition rates.

This saturated amplification was achieved by three
passes of the seed and two passes of the pump due
to the sufficiently high emission cross section and
doping of the Ti:sapphire crystal. Figure 7 shows the
typical near field cross-section of the flat-top pump (a)
and seed amplified after the third pass (b) beams. The
deviation from the flat-top energy distribution of the seed
beam is induced by the slightly cylindrical rear surface of
the used thin-disk and is due to a manufacturing defect.
Using the EDP technique an output energy of 2.6 J
was reached for a total absorbed pump energy of ~5 J.
At these pump conditions (5 J at 10 Hz) the temperature
stabilization of active medium was achieved after
20 seconds.

T3: Power scaling of diode-pumped femtosecond
laser systems beyond Ti:sapphire

The wavefront of the light passing through the
Ti:sapphire thin-disk was measured during the crystal
heating. The expanded beam of a HeNe-laser was used
to completely cover the thin-disk aperture and, after
reflection from the rear surface and diameter reduction
by a telescope, was then directed to a wavefront sensor.
Measurements were taken during the period until the
crystal temperature was stabilized. Figure 8 shows the
two wavefront diagrams before heating and after the
temperature stabilization. The measured wavefront
parameters before and after pumping are consequently
peak-to-valley (P-V): 0.32 μm, rms: 0.06 μm and after
the heating stabilization P-V: 1.51 μm, rms: 0.39 μm.
These results show that the wavefront distortions are
not overly large and can be corrected by deformable
mirrors [CCN16].
The corresponding numerical modeling of heat
extraction from the thin-disk was done using COMSOL
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P-V: 1.51 um
RMS: 0.39 um

Laser damage studies of mid-IR nonlinear crystals for
optical parametric amplification
Systematic laser-induced damage threshold (LIDT)
measurements using the R-on-1 irradiation mode were
continued on a wide range of LiNbO3 (LN) and rubidiumdoped KTiOPO4 (RKTP) crystals at typical laser and
crystal parameters employed in high repetition rate
optical parametric amplifier systems based on ultrafast
Yb-laser pump sources. Figure 9 summarizes the results
obtained for uncoated blank LN samples. The fact that
catastrophic laser damage was observed exclusively at
the rear side of the crystals in both the uncoated and
the AR-coated case was confirmed to be a result of selffocusing due to the electronic Kerr-effect. We estimated
the incident LIDT fluence in the absence of self-focusing
(i.e., crystal thickness <<2 mm and/or pulse durations
of 5-10 ps) for uncoated LN crystals as ~470 mJ/cm2.
Photorefractive effects manifested themselves as a
source of nonlinear light scattering complicating the
detection of catastrophic LIDT and as distortions in the
transmitted laser beam profile at threshold intensities
a few 10% below that of catastrophic damage. The
observed photorefractive effects were not permanent
and their influence increased with repetition rate and
decreased with crystal temperature, but was always
present in the parameter range of this study. However,
the LIDT of uncoated blank LN samples was independent
of crystal temperature within error bars in the 20 - 170 °C
range. At a pulse duration of 1 ps, the incident LIDT
fluence and intensity were approximately independent
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Fig. 9:
Measured damage threshold peak on-axis fluence (a) and intensity (b) for uncoated LiNbO3 at different repetition rates
and a pulse duration of 330 fs and 1 ps. The front side of the sample was placed in the focal plane. The solid lines serve
to guide the eye.
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of the repetition rate between 10-1000 kHz suggesting
that the influence of thermal and defect accumulation
effects is minor in this parameter range. The measured
values ranged from ~180 mJ/cm2 at 10 kHz to ~160 mJ/
cm2 at 1000 kHz. In contrast, at a pulse duration of
330 fs, we observed a large drop in LIDT from ~800 to
~180 mJ/cm2 when the repetition rate increased from
20 to 100 kHz, while the LIDT stayed approximately
constant at 100-120 mJ/cm2 between 500-1000 kHz.
The strong variation of LIDT in the 20-100 kHz range
was accompanied by white light continuum generation
and was tentatively attributed to the resulting spectral
and temporal broadening.
The incident LIDT values of RKTP were found to be
~20% higher than those of LN. However, since the
nonlinear refractive index and the resulting self-focusing
are in general different for RKTP and LN, and in all cases
the results are influenced by the self-focusing effect, it

is difficult to compare the incident values measured
for the different crystals even under similar conditions
and they should be understood more as practical limits.
In general, KTP is considered to have higher damage
resistivity compared to LN and this is confirmed in our
study. Somewhat unexpectedly, also in terms of beam
distortion due to the photo-refractive effect, LN and
RKTP crystals showed similar behavior [BMC].
100 kHz OPCPA at 1.55 µm/3.1 µm
The Leibniz SAW project launched in 2012 is devoted
to the development of a high average power OPCPA
system pumped with 1.03 µm pulses at a repetition
rate of 100 kHz with a dual output of 1.55 µm, carrierenvelope phase (CEP)-stable and 3.1 µm, non-CEP
stable beams. As mentioned in a previous report, active
CEP stabilization at 1.55 µm was abandoned due to the
massive phase and amplitude noise of the CEO beat
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Fig. 11:
Angular dispersion compensated and recompressed 3.1 µm idler pulses after the second OPA stage: (a) retrieved temporal
intensity and phase and (b) average power stability. The FWHM pulse duration is 70 fs. Inset (b): near-field beam profile.

note signal obtained for the commercial Er-fiber seed
laser, which has been attributed to the mode-locking
mechanism (SESAM) in this laser (cf. blue lines in Fig. 1).
The present status of the OPCPA system is shown in
Fig. 10. Using only a small fraction of the total available
pump power and only two amplifier stages, we reached
the target pulse energies at both wavelengths. Due to
the noncollinear geometry of the second OPCPA stage,
the generated 3.1 μm idler beam is angularly dispersed
and propagates in a direction different from the direction
of the signal beam. The measured pulse energy at
3.1 μm after the KTA crystal is half of that of the signal
pulse energy, i.e., 45 μJ. The pulse energy and spectral
bandwidth of the idler output of the second OPCPA
are very competitive when compared to existing 3 μm
state-of-the-art high repetition rate systems. However,
due to the strong angular dispersion in noncollinear
OPCPAs, such beams are typically considered
useless and are discarded. Despite the strong angular
dispersion, we successfully implemented an angular
chirp compensation scheme with a throughput of 66%.
The small residual astigmatism and spatial chirp can
be improved by appropriate optics in a straightforward
way, when needed. After angular dispersion had been
corrected, recompression of the idler beam became
possible.
Successful recompression was achieved to near the
~65 fs transform limited duration at a pulse energy
of up to 30 μJ. The recompressed pulse duration is
typically in the 69-72 fs range. Even though the pulse
duration at FWHM is only 70 fs, there is a significant
pedestal similar to the case of the 1.55 μm beam line
(cf. Fig. 11(a)). The origin of this pedestal is attributed
mainly to parasitic frequency conversion effects in
the PPLN-based first OPCPA stage and the strongly
modulated seed spectrum. Removal of the pedestal
using the pulse shaper in the 1.55 μm beam line was
not successful. The difficulty is due to the fact that the
spectral phase distortions are not polynomial and that
there is a complicated interplay between the phase mask
loaded onto the pulse shaper and the spectral phase
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and even pulse energy after the pulses are amplified.
The average power stability of the recompressed signal
and idler beams is 0.5% rms over a duration of 1 hour
(cf. Fig. 11(b)). The excellent power stability is due to
an active timing jitter compensation setup based on a
high speed piezo based, servo controlled translation
stage, which turned out to be crucial for keeping the
OPCPA output stable. As a demonstration of the utility
of the recompressed idler beam, a fraction of the beam
was focused into a sapphire window and a multi-octave
supercontinuum was generated, which extended from
450 nm to the mid-infrared.
The capabilities of the OPCPA were demonstrated
by a series of experiments on strong-field Coulomb
explosion and fragmentation dynamics of CO2 and
acetone using a recently developed ion-ion coincidence
momentum map imaging spectrometer. Benefitting from
the high repetition rate of the OPCPA, fragment ions
resulting from multi-electron ionization were detected in
coincidence. These experiments demonstrated that the
OPCPA system is most useful in long-term application
experiments.
1 kHz OPCPA at 5 µm
The second SAW project launched in 2014 aims at the
development of a high energy (>1 mJ) OPCPA system
at a repetition rate of 1 kHz with sub-100 fs pulses at
5 µm. In the third year the main activities were devoted
to the implementation of the mid-IR optical parametric
amplifier (OPA) chain. Furthermore, the required pump
source at 2 µm was completed.
The setup of the 2 µm chirped pulse amplifier laser
source is described in detail in [GBU16]. It is based
on Ho:YLF and consists of a regenerative amplifier
(RA) and two booster amplifiers. All amplifiers are
end-pumped by continuous-wave (cw) Tm:fiber lasers
around 1940 nm wavelength. Chirped volume Bragg
gratings (CVBG) are employed to stretch and compress
the pulses. The system, operating at room temperature,
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Dependence of amplified pulse energy on pump power of the two subsequent Ho:YLF booster amplifiers at 1 kHz repetition rate. (a) First booster amplifier (insets: Far-field intensity distribution and autocorrelation trace). (b) Second booster
amplifier (inset: Far-field intensity distribution). (c) Autocorrelation trace and optical spectrum (inset) of the compressed
pulse after the Ho:YLF booster amplifiers with an energy of 25 mJ.
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Characterization of the of the idler pulses after the 3rd OPA stage. (a) Optical spectrum (FTL: Fourier-transform limited),
inset: Far-field intensity distribution; (b) Measured interferometric autocorrelation. The measurement is based on the twophoton absorption (TPA) nonlinearity in an InGaAs photodiode.

displays an excellent stability with a pulse-to-pulse rms
as low as 0.3%. This low noise level mainly originates
from the high-gain Ho:YLF RA, which is optimized for
stable operation in the single-energy regime [GBS16].
In the 1 kHz pulse train, ~10 mJ pulses were generated,
the highest energy to date of any single-energy
picosecond RA emitting around 2 µm. Seeding the two
subsequent single-pass booster amplifiers a single pass
gain of 5.8 was achieved resulting in 55 W average
power (Figs. 12(a), (b)). This value corresponds to a
high extraction efficiency for the whole amplifier system
beyond 20% with respect to the optical pump power.
Pulse compression at 25 mJ pulse energy provides
almost transform-limited pulses with a duration of 4.3 ps
(Fig. 12(c)), translating into the highest peak power of
4.4 GW achieved for 2 µm CPA systems so far [GBU16].
The signal pulse for the OPA is generated at 3.2 µm
via difference-frequency generation (DFG) between the
1.0 and 1.5 µm pulses of our three color seed source
(Toptica) in a MgO:PPLN crystal. DFG yields pulses with

a spectrum covering >700 nm bandwidth (FWHM) and a
pulse duration of 25 fs. The signal pulses are negatively
chirped and stretched to ~20 ps in sapphire rods for
parametric amplification. The OPA chain is composed
of three stages, designed for different gain levels. We
chose ZnGeP2 (ZGP) crystals, the most promising
nonlinear material for 2 µm pumped OPCPA, which
features an extremely high nonlinearity of deff = 75 pm/V.
The first and the second stage are built in noncollinear
OPA geometry and contain 5 mm long AR-coated ZGP
crystals with an aperture of 5 x 5 mm2. The ~1 mJ pump
of the first stage is focused to an intensity of 2 GW/cm2
resulting in a gain of ~105 for the signal pulse. Using 4 mJ
of pump energy and similar pump intensity as in the first
stage, the second amplifier yields 270 µJ signal pulses.
The corresponding spectrum is centered at 3.4 µm with
a bandwidth of 835 nm (FWHM). A 3 mm long ZGP
crystal in a collinear OPA design is chosen in the third
stage to prevent an angular dispersed idler. 14 mJ pump
energy is applied in this booster stage which results in
600 µJ per pulse in the idler. Given the 1 kHz repetition
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rate of the OPCPA system a sizeable average power
of 0.6 W is achieved. By blocking the signal of the OPA
chain we estimate the contribution of superfluorescence
to below 5%. The OPCPA output spectrum of the idler
is recorded with an imaging spectrometer and shown in
Fig. 13(a). It extends from 4350 to 5400 nm at 1/e2 and
supports a Fourier-transform limited pulse duration of
55 fs. From the far field intensity distribution presented
in Fig. 13(a) (inset) we deduce a beam profile close to
diffraction limited performance.
Compression of the positively chirped idler pulses is
performed with CaF2 bulk material. The measured
interferometric autocorrelation trace of the compressed
idler pulses is presented in Fig. 13(b). From this data, the
intensity autocorrelation trace was extracted by Fourier
filtering. The best fit to the data was achieved assuming
a sech2-pulse shape and a duration of 166 fs is then
extracted from this trace. We attribute the slight chirp
on the pulse to uncompensated third order dispersion
(TOD) because mainly the group velocity dispersion
(GVD) is compensated by our several ten centimeter
long CaF2 bulk compressor. The energy throughput
of the compressor is ~40% mostly limited because of
Fresnel loss at the large number of uncoated CaF2
surfaces.
In 2017, further scaling and compression of the 5 µm
pulses to energies >1 mJ and durations <100 fs will be
performed.
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2.1: Laser Plasma Dynamics and Particle Acceleration
M. Schnürer (project coordinator)
and A. A. Andreev (also at Vavilov State Optical Institute, St. Petersburg, Russia), F. Abicht (until February 2016),
J. Bränzel, L. Ehrentraut, Ch. Koschitzki, A. Lübcke, D. Casas (guest, until September 2016), P.V. Nickles (guest)

1. Overview
The project Laser Plasma Dynamics and Particle
Acceleration has been successfully completed in 2016.
In view of a new research strategy MBI has decided to
discontinue ultra-intense laser matter interaction physics and to reconstruct the high-field laser infrastructure
(Project 4.2). During the last 12 years the project has
aimed for the investigation and optimization of the dynamics in laser-plasma particle accelerators. The research was carried out in by MBI’s high-field laser infrastructure with two optically synchronized, 10 Hz ultrahigh intensity lasers, providing ultra-high contrast pulses
with a peak power/pulse duration of 100 TW / 25 fs and
70 TW / 35 fs.
MBI´s membership in the DFG Transregio 18 collaboration (2004 – 2016) was an essential basis for the project.
The TR-18 comprised the major German laboratories in
the field of relativistic plasma dynamics. Within this collaboration, laser driven ion and electron acceleration
was studied over a wide range of laser parameters for
applications in plasma physics.
The dual beam MBI system (Ti:sapphire laser with two
arms: 70 TW and 100 TW) represented the experimental basis for novel particle acceleration and short
wavelength radiation experiments. This system excelled
especially with respect to its temporal pulse contrast.
During the past years, experimental projects using the
laser arms separately and in parallel for complex pumpprobe experiments at relativistic laser intensity levels
were performed.
The project had two major topics:
a) The first topic on relativistic plasma dynamics focused
on the investigation of laser driven ion/proton acceleration. Research concentrated on a detailed study of energy
transfer processes in relativistic plasmas, including effects
of collective electron motion in ultra-strong laser fields. In
2015/16 the last experiments and theoretical simulations
focused on the influence of target surface structure in
comparison to other optimization routes. These findings
are important for target technology with respect to cost
effective and robust systems which provide ion pulses at
moderate repetition rate at about 10 Hz.
Intensities of the order of 1020 W/cm2 allowed the investigation of radiation pressure dominated processes. All
experiments relied on temporal pulse contrast improvement with unprecedented values due to a combination
of a XPW-frontend, novel pre-amplifier architectures
(cf. research in Project 1.2) and a double plasma mirror.
The in-house target lab developed methods to produce
freestanding polymer and metal foils in the nm range,

as well as freestanding two component targets (metal
coated ultra-thin polymer foils). Tailored and well characterized targets provided the basis for interaction experiments enabling high energy transfer efficiency and
to explore the interplay between electron dynamics and
efficient ion acceleration. The target systems have been
instrumental for the study of the concurrent processes
of ion acceleration, electron transport, electron emission
as well as the production of high harmonic radiation.
New break through results were achieved in particular
with ultra-thin heavy metal foils with respect to heavy ion
acceleration and direct electron acceleration in a laser
field.
b) The second topic on electron acceleration aimed at
the investigation of interaction schemes allowing for
stable GeV-electron beam production. The development
of stable acceleration schemes is a key requirement for
such schemes to be successful in novel X-ray sources
and electron accelerators. In addition to laser and target
diagnostics, the optical interferometry of the laser driven
gas target turned out to be of essential importance. The
production of electron bunches of 300 MeV energy with
1% energy spread is an important development step for
future injector/accelerator schemes. Systematic parameter scans have revealed, however, that the further improvement of laser stability will be difficult but crucial to
pave the way for new laser based accelerator technology.

2. Topics and collaborations
T1: Relativistic laser plasmas and ion acceleration
Collaboration partners: joint projects within the national Transregio 18 project, supported by the DFG: Univ.
Düsseldorf, Univ. Jena, LMU München, MPQ Garching; plasma theory: V. T. Tikhonchuk (CELIA, Université Bordeaux 1, France); experiment: A. Zigler (Hebrew
University, Jerusalem, Israel), S. Ter-Avetisyan (GIST,
Korea), P. Gibbon (Jülich Supercomputing Center),
V. Malka (LOA, France), D. Batani (Univ. Milano, Italy),
T. Sokollik (Key Laboratory for Laser Plasmas, Shanghai Jiao Tong University, China).
In-house-collaborations with Projects 1.2, 3.2, 3.3, and
4.2.
T2: Electron acceleration
Transregio 18 partners: Univ. Düsseldorf, Univ. Jena,
LMU München, MPQ Garching, S. Steinke (LBNL,
USA), experiment; L. Yu (Key Laboratory for Laser Plasmas, Shanghai Jiao Tong University, China), theory.
In-house collaborations with Projects 1.2, 3.2, and 3.3.
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T1: Relativistic laser plasmas and ion acceleration
Potential of target nanostructuring for laser proton
acceleration
The current goal in laser proton acceleration is to increase the maximum achievable proton energy and the
laser to proton energy conversion efficiency. It is of particular interest to achieve these goals without ever increasing the input laser energy. One key to success lies
in increasing the laser absorption and thus the energy
transfer from the laser to the ions.
A promising approach is the use of nanostructured surfaces. Since nanostructuring requires a suitable target
thickness, the relevant ion acceleration mechanism is
target normal sheath acceleration (TNSA). Another option to optimize the TNSA process is enhancing the absorption by a finite plasma gradient. Thus, starting from
a flat target with step-like density profile, proton acceleration can be optimized by nanostructuring or by a finite
plasma scale length.
In 2016, we have investigated under which conditions
nanostructuring is beneficial and how nanostructuring
compares with the application of an appropriate plasma
gradient.
In the community, different studies have been performed using very sophisticated target manufacturing
processes, which make the targets very expensive and
highly repetitive target systems practically impossible.
For our studies we have pursued a different strategy:
The use of Laser Induced Periodic Surface Structures
(LIPSS) provides us with highly absorbing surfaces that
can be prepared in-situ and thus also allow for high repetition rate solutions. The particular morphology of the
nanostructures approaches parameter conditions for
optimum absorption of very intense femtosecond laser
pulses at 800 nm wavelength. A typical surface structure used is displayed in Fig. 1.

the last years. The available knowledge and data basis
enabled us to realize LIPSS efficiently without spending
time costly parameter scans.
Regarding the plasma scale length, two different conditions were applied: By use of a double plasma mirror (DPM) the pre-pulse free peak-to-amplified spontaneous emission contrast was 1014 (ultrahigh contrast),
while without the DPM, the contrast was still better than
1010 (high contrast).
To prove the enhanced laser absorption by nanostructured surfaces we have investigated the Ka yield as
function of laser intensity for different contrast conditions. The Ka yield strongly depends on the total electron number and their energy distribution and is thus a
sensitive measure of laser absorption. As evident from
Fig. 2, the Ka yield and thus the laser absorption is significantly enhanced for a nanostructured target over a
wide intensity range. Remarkably, this is true for both
contrast conditions and proves the functionality of the
nanostructures even in case of the lower contrast and at
highest intensities.
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3. Results in 2016
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Fig. 2:

Ka yield as function of intensity for high contrast
(solid line) and ultrahigh contrast (dashed line) for
plane (black) and nanostructured (red) targets.

In Fig. 3 we show the effect of nanostructured targets
on the laser acceleration of ions. More specifically, we
plot enhancement factors of the cut-off energy (black)
and the conversion efficiency as a function of intensity
for the high contrast mode. While at lower intensities
(~1017…1018 W/cm²) there is a huge impact of the presence of a nanostructured surface (fourfold increase of
cutoff energy, 100 times increase of conversion efficiency), this beneficial effect vanishes at highest intensities
(~1020 W/cm²).

Fig. 1:

Typical SEM image of LIPSS on Titanium.

Very beneficial for the success of this project was the
close collaboration with MBI project group 3.2 during
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In conclusion, on the one hand we observe an increased
absorption of laser light due to the presence of LIPSS
as evident from increased Ka yield. On the other hand
this additional energy coupled into the target is not reflected in the proton spectra at highest intensities and
finite plasma gradient. The key to resolving this apparent contradiction lies in the relevant part of the electron
energy spectrum. While Ka emission is determined by

the entire electron distribution, for proton acceleration
only the hot electrons contribute. Accordingly, our data suggest a fundamental limitation in energy transfer
processes which precludes a significant increase of
the hot electron average kinetic energy. Nevertheless,
we have clearly shown that for non-optimal laser-target
systems (e. g., low intensities, steep plasma gradients),
nanostructures can significantly improve proton acceleration in terms of maximum proton energy and proton
numbers.
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Experimental setup for the two laser pulse experiment
in counter propagating geometry. Particles and radiation were detected in the propagation direction of the
stronger drive pulse. The weaker second laser pulse
was travelling in the opposite direction and was applied as pre- or post-pulse.

1020

Intensity [W/cm ]

N

Fig. 3:

Intensity dependent enhancement factors of cutoff
energy (black) and conversion efficiency (red) due to
LIPSS. Filled symbols: experimental data; open symbols: simulation.

Controlled manipulation of laser plasma dynamics via
two counter-propagating laser pulses
The recent technology development pertaining to improved laser contrast allows to study the interaction between relativistic laser pulses with a steep scale length
of the plasma density gradient. With ultrahigh laser contrast new physical processes were discovered, starting
during the laser plasma interaction. Examples are radiation pressure ion acceleration (RPA) or the emission of
high harmonic radiation. Today, intense laser systems
usually provide two different contrasts conditions (high
and ultrahigh, cf. above) and hence, offer two different
pre-plasma conditions. The resulting differences in the
experimental results are significant, still the underlying
mechanisms are not yet understood.
In order to clarify the substantial differences in the laser plasma interaction for different pre-conditions, we
have realized for the first time a two laser pulse experiment at extreme laser intensities (of I(1)=5x1019 W/cm2 /
I(2)~8x1018 W/cm2) in a counter-propagating geometry.
A schematic is shown in Fig. 4. The two counter-propagating laser pulses were focused on ultrathin polymer
foils (10 – 300) nm. They could be delayed in a time
range from some hundred fs to some ps. This setup was
used to examine the influence of an intense pre-pulse
at ultra-high laser contrast on the laser ion and electron
acceleration, as well as on the high harmonic generation
from ultrathin foil targets.
Our experiments revealed that via a controllable preplasma, each process can be enhanced or suppressed.
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Fig. 5:

High Harmonic Radiation from a two laser pulse and
ultrathin foil interaction: The weaker laser pulse was
applied as a pre-pulse at different delay times in order
to manipulate the pre-plasma, leading to a resonancelike enhancement of the HH intensity for a particular
delay time. The side maxima of the maximized HHG
spectrum are a diffraction pattern from the supporting
mesh of the transmission grating used.

While an earlier pre-illumination of the target enhances the ion particle number, it lowers the maximum ion
charge state (e.g., for gold) and the maximum kinetic
energy. At the same time a remarkable increase of the
efficiency for the high harmonic radiation generation
sets in, as shown in Fig. 5. The intensity of the HH radiation could be increased by up to one order of magnitude
for an optimized pre-plasma.
This optimum condition can be controlled by a co-parametric dependence between the pre-pulse intensity and
delay. The pre-pulse introduces a target expansion and
changes the plasma density gradient that determines
the efficiency of the electrons’ oscillations in the laser
field on the target front side. These oscillations are the
source for coherent radiation emission at high frequency
– known as high harmonic generation from dense laser plasmas. These findings gave important insight into
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the question which particular generation mechanism is
responsible for the HHG emission in the laser propagation direction: A longer plasma density gradient was
predicted to inhibit the so-called coherent wake emission (CWE) as a driving mechanism but does favor the
coherent synchrotron emission, allowing a scaling to
higher laser intensities.
We also examined how the already accelerated particles can be manipulated by a post-interaction of the second laser pulse on the sub-ps timescale. The interaction
allows for the realization of a charge-selective spectral
filter for the accelerated carbon ions, leading to narrow
spectral bandwidths. The observation is interpreted as
a consequence of recharging processes induced by the
interaction between the co-moving electrons and the
counter-propagating laser pulse, with theoretical analysis still ongoing.
In conclusion, the two laser pulse experiments showed
a new way to investigate and significantly influence the
laser plasma dynamics. They provide a promising handle to suppress or enhance subsequent processes such
as the HHG generation from ultrathin foils.
Theory
Stability of mesa structures during ultra-high intensity
laser irradiation
Mesa structures play an important role in laser absorption and in consecutive particle acceleration. Hence, it
is necessary to study if these mesa structures are preserved during the interaction time of the high intensity
laser pulse. We investigate the mesa stability in two
scenarios; first we consider the case when the target is
fixed in space and second, when the target is accelerated in the laser propagation direction. For a target at
rest the pre-pulse of the main laser pulse can destroy
the surface modulation due to heating and subsequent
pre-plasma formation. It is possible to estimate an upper level of a harmless laser pre-pulse duration: It is not
detrimental for the surface modulation, when the spatial
extent of ion thermal wave is smaller than the spacing of
the modulation period of the mesa structure. The intensity of the pre-pulse corresponds to the experimentally
achievable contrast. Estimation of absorption at a given
contrast level and of the subsequent target expansion
translates also into a restriction for the pre-pulse duration. In case of light target material typically a duration
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15.0

of one nanosecond is obtained. Replacement of carbon
by heavy material can increase the tolerable pre-pulse
duration up to several nanoseconds.
The ponderomotive pressure of the laser pulse can also deform the mesa structure. If the laser intensity approaches ~ 1021 W/cm2, the high ponderomotive pressure pushes electrons deeply inside the target and the
resulting strong electrostatic field causes a deformation
of the target surface. During the high intensity interaction, the plasma develops at the surface and blows off.
Thus a surface structure can only resist for a certain
time, limiting useful drive laser durations.
In Fig. 6 the mesa structure is shown at different times
during the high intensity laser pulse interaction. Evidently, after the triggered ion expansion from the initial distribution, a new dynamic structure of stagnated
ion plasma streams is created. This dynamic structure
exhibits maximum density at the positions of previous
valleys in the pattern. This dynamically formed high
density modulation persists sufficiently long (~ 100 fs),
and thus high absorption of incident laser light at very
high intensity is even possible for several 100 fs, which
is an interesting option for such an interaction scheme
also for longer sub-ps laser pulses. In order to approximate the dynamic lifetime of the mesa we use the model equation (1) and parameters d1, d2, h ; D1, D2, H
(cf. Fig. 6). Smoothing of a mesa (increase of d1) can be
interpreted as the motion of its vertical (lateral) boundary in the potential Ψ(ξ,ς=0) (cf. Fig. 6a ). The motion of
mesa boundaries obeys the conservation of the period
d1(t) + d2(t) = d10 + d20 = d0. A mesa structure reproduces itself if d1 > d10+ d20 and new dense ledges
appear. We associate the mesa lifetime tr with the time
when d1(tr) = d10 + d20 . Considering the motion of potential boundaries of the mesa, one can write the following formula for the mesa lifetime:

t
(1).
The calculation (1) for the parameter of Fig. 6(a) yields
about 100 fs which is close to the 69 fs point shown in
Fig. 6(b), when the collision of ion fronts streaming off
the side walls of the front mesa is observed. The lifetime of this new dynamic mesa structure is about 100 fs,
allowing an irradiation with pulses of several 100 fs
duration.
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Fig. 6:
а) The initial profile with a front- (down) and
rear-side (up) mesa structure of the target, front
is laser illuminated;
b) PIC-simulation: creation of the new dynamic
mesa structure when stagnation of ion fronts from
side parts of the mesa occurs at t = 69 fs after
interaction of the laser pulse. Here h = 0.4 µm,
d1 = 0.3 µm, d2 = 0.35 µm, (front-side);
D1 = 0.1 µm, D2 = 1 m, H = 0.2 µm, I = 1020 W/cm2,
tL = 30 fs, dL = 3 µm.

T2: Electron acceleration
In the recent past, accelerators based on Laser Wakefield Acceleration (LWA) have demonstrated the production of Multi GeV electron beams. Potential application
in novel accelerator technology sets strong boundary
conditions on the reproducibility of the beam parameters. Therefore, research in the field is still focused on
obtaining a detailed picture of all relevant processes
which account for energy distribution, beam divergence
and charge.
LWA is realized in gaseous media with subcritical density. As the laser ionizes the gas, electrons are typically
injected from the background plasma into the acceleration field. This injection depends critically on plasma parameters. In particular, the plasma density plays a crucial role. Therefore, methods using density variation are
investigated in detail here.

spread in case of shock front injection) the analyzed
data reveal a possibly universal correlation which has
not been discussed so far. In Fig. 7 we show the data of
different parameter scans in order to access the entire
electron energy range between 50 MeV and 300 MeV
with our laser and focusing parameters used. If the electron charge generated (at different energy and different
energy spread) in the beam is plotted against the product of the energy spread and the overall divergence, a
linear relation becomes visible. As a possible interpretation is that the LWA is a self-organizing process where
the amount of accumulated charge determines other
beam parameters.

The acceleration experiments were typically realized at electron densities above 2 x 1018 cm-3, in order to fulfill the above-critical power requirement. At
the same time, one has to stay below 6 x 1018 cm-3
to avoid self-injection. Two different methods of charge
injection have been studied and compared. Electrons
can be produced in a background gas with high ionization level (Helium) if a dopant gas with low ionization level
(Nitrogen) is added with a low volume percentage (2%).
This method – called ionization injection – is compared
to shock front injection. Here, a knife edge is put into the
supersonic gas flow at the nozzle outlet, producing a
density shock (high density) and triggering ionization. In
ionization injection, steering is realized via gas pressure
and nozzle geometry. Additionally, in shock front injection the front position and thus the length of the interaction medium can be varied via the knife edge position.
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Fig. 7:
Comparison of shock front (black) and ionization injection (red) in laser driven electron acceleration with
respect to the bunch charge obtained as a function of
energy spread times horizontal times vertical divergence.

Although both methods deliver quite different spectra
(broad in case of ionization injection, narrow energy
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2.2: Strong-field Few-body Physics
F. Morales Moreno, H. Rottke (project coordinators)
and D. Ayuso, F. Bach, W. Becker, F. Brauße, T. Bredtmann, U. Eichmann, S. Eilzer, F. Freyse, F. Furch,
Á. Jiménez Galán, A. Giree, A. Gusakov, A. Harvey, P. Hawkins, M. Y. Ivanov, J. Kaushal, F. Krecinic, J. Long, Z. Masin,
S. Meise, J. Mikosch, D. B. Milošević, S. Patchkovskii, E. Pisanty, L. Plimak, K. Reininger, H. R. Reiss, A. Rouzée,
F. Schell, C. P. Schulz, B. Schütte, O. Smirnova, L. Torlina, C. Zhang, N. Zhavoronkov, H. Zimmermann

1. Overview
On a sub-femtosecond temporal and Ångström spatial
scale the project aims at
•
•

Understanding the strong-field induced dynamics in
atoms and molecules
Employing strong-field processes as a tool for imaging and understanding atomic and molecular electron dynamics and molecular structural changes.

We put specific focus on the fundamental aspects of
strong-field induced multi-electron dynamics, on the excitation of neutrals, on the forces exerted on these neutrals, and on the role played by molecular structure and
dynamics. The strong-field regime of interaction of light
with matter is typically entered at light intensities beyond
1013 Watt/cm2 in the infrared spectral range. There the
electric field of the light wave starts to become comparable with the inner-atomic/inner-molecular field experienced by the valence electrons. Based on the knowledge of the fundamental strong-field interaction mechanisms gained we employ these phenomena to track and
image molecular dynamics, of both the electronic and
the nuclear degrees of freedom and of their coupling, in
real-time, through strong-field ionization mapping.

2. Topics and collaborations
We tackle the objectives from the experimental side and
closely linked therewith by a focused theory presently
on four topical research fields:
T1: Single- and multi-electron strong-field phenomena and their time resolution
T2: Dynamics of strong-field ionization of ordered
structures and clusters
T3: Probing molecular dynamics by strong-field ionization
Collaboration partners: G. G. Paulus (Friedrich Schiller
Univ., Jena), C. Faria (City College London, UK),
S. P. Goreslavski, S. V. Popruzhenko (National Research
Nuclear University (MEPhi), Moscow, Russia), A. Saenz
(HU Berlin), Y. Mairesse (CELIA, Université Bordeaux,
France), N. Dudovich (Weizmann Institute, Rehovot,
Israel), J. Marangos (Imperial College, London, UK),
X. J. Liu (Wuhan, Chinese Academy of Sciences,
China), J. Chen (Peking University, Beijing, China),
T. Marchenko (Université Pierre et Marie Curie, Paris,
France), F. Lépine (Laboratoire de spectrométrie ionique et moléculaire, Villeurbanne, France), J. M.

Bakker, G. Berden, B. Redlich (FOM-Institute for Plasma
Physics Rijnhuizen, The Netherlands), A. Stolow (Steacie Institute for Molecular Sciences, National Research
Council of Canada), M. M. Murnane, H. C. Kapteyn
(JILA and Department of Physics, University of Colorado, USA), F. Martín (Universidad Autónoma de Madrid, Madrid, Spain), H. Stapelfeldt (Aarhus University,
Denmark), J. Küpper, A. Rubio (Center for Free Electron Laser, Universität Hamburg), T. Fennel (Universität
Rostock), A. I. Kuleff (Universität Heidelberg), M. Krikunova (TU Berlin), V. R. Bhardwaj (University of Ottawa,
Canada), R. Cireasa (Institut des Sciences Moléculaires
d’Orsay, France), F. Legare (ALLS Montreal, Canada).
In-house collaborations with Projects 2.3, 4.1, and 4.2
(FAL, G. Steinmeyer).

3. Results in 2016
T1: Single- and multi-electron strong-field phenomena and their time resolution
Unified time and frequency picture of ultrafast atomic
excitation in strong laser fields
In a combined experimental and theoretical study on
ultrafast excitation of atoms in intense short pulse laser
fields we succeed to show that the prevailing and seemingly disparate intuitive pictures that are usually used
to describe the interaction of atoms with intense laser
fields, the multiphoton picture and the tunneling picture,
can be finally united and ascribed to a single nonlinear
process.
In our investigation [ZPI] we focus on the signatures of
channel closing, a genuine multiphoton effect (or more
precisely, an effect of the time-periodicity of the driving
field), in the excitation and their evolution through the
two regimes, from multiphoton to tunneling. Channel
closings originate from the ponderomotive shift
(in atomic units) of the ionization continuum, where F0
is the peak electric field (peak intensity
) and ω
is the laser frequency. An m-photon ionization channel
closes when mw ≤ Ip, + Up, i.e., the combined energy of
m photons falls below the upshifted continuum threshold (Ip is the ionization potential). The closing decreases
the ion yield in the m-photon channel. Concomitantly,
the underlying resolved or unresolved quasicontinuum
of Rydberg states shifts into resonance and is excited,
which results in a modulation of the excitation cross section in the vicinity of a channel closing.
In our experiments we measure directly the excitation
yield of Ar and Ne atoms, see e.g., [ZEi16], as a func-
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Fig. 1(a), as well as the smooth excited atom yield in
the tunneling regime, Fig. 1(b). An important question
is whether channel closing signatures persist in the
tunneling- and over-the-barrier-ionization regime and,
if so, how do they evolve from the multiphoton to the
tunneling regime?
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Fig. 1:
Yield of strong-field excited Ar and Ne atoms as a
function of the laser intensity. The Keldysh γ
parameter for argon is shown on the upper x axis.
(a) 400 nm laser wavelength. Volume-averaged TDSE
results for the all-electron (AE; red dashed line) and
core-eliminated (CE; blue dotted line) model potentials
are shown for comparison. Selected channel-closure
intensities are indicated by black (Ar, top) and green
(Ne, bottom) vertical arrows.
(b) 800 nm laser wavelength. Channel closings are
found at ≈ 26 TW cm-2 intervals, and are not shown.

By solving the time dependent Schrödinger equation
numerically [PMu16], we obtain the probability for excitation, Fig. 2. To compare with the experimental data,
we have to include focal volume averaging (FVA) to
calculate the yield as a function of the laser intensity,
which typically blurs the spikes at the channel-closings.
In general, we obtain excellent overall agreement, as
can be seen in Fig. 1. The pronounced step in Ar, where
the yield is enhanced by a factor 100, is reproduced,
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tion of the laser intensity covering both the multiphoton
and tunneling regimes by choosing 400 nm and 800 nm
wavelengths. In the multiphoton regime, characterized
by the Keldysh parameter g > 1, we observe pronounced
resonant enhancements in the excitation yield. These
are particularly striking in the case of Ar, Fig 1(a), where
the sharp step occurs at the 6 photon channel closing. We note that the enhancement provides a nearly
model-independent intensity calibration. In the tunneling
regime, g < 1, no structure due to channel closings is
apparent.

Probability of neutral excitation in Ar as a function of
the laser intensity. Probabilities above (below) brown
horizontal line at P ≈ 0.01 are shown on a linear
(logarithmic) scale. (a) Excitation by a 400 nm field.
Red dashed line: AE potential; Blue dotted line: CE
potential. Intensities of m-photon channel closings are
indicated on the top x axis. (b) Probability of neutral
excitation in argon for 800 nm driving field.

Inspecting Fig. 2(a) one clearly recognizes the channel
closing effect for 6 and 7 photons. In the tunnelling regime at low intensities, Fig. 2(b), we observe very narrowly, but regularly, spaced spikes due to channel closing. Obviously, FVA hinders their experimental observation. At higher intensities the spacing becomes irregular, but is clearly present in the spectrum. As detailed
in [ZPI], the transition from regular to irregular spacing
can be understood within the time picture. At each laser
cycle maximum an electron wave packet is launched
with the respective tunnelling probability. It can be
shown that the electron wave packets pick up a phase
of
between two consecutive cycles, where R
denotes the relative intensity change. In the multiphoton
regime we find that the electron wavepackets are predominantly produced at the maximum of the laser pulse,
where the field cycles have similar intensity, i.e., R ~ 0,
. This results in construcwith phase differences of
tive interference in the time domain, which gives rise to
peaks at the channel closings in the frequency domain.
In the tunneling regime electron wave packets are produced in the rising part of the laser pulse, so that R » 0.

Finally, we have also measured and analyzed the
n-distribution of Rydberg states. We are able to observe hints of intensity-dependent control of the excited
Rydberg state distributions, which are strongly supported by our TDSE results.
Ionization channel-resolved observation and characterization of recolliding wavepackets in polyatomic
molecules
It is well-known that for polyatomic molecules – contrary
to atomic targets – more than one electron is relevant
to the strong-field response. 1,3-butadiene (C4H6) is a
model system for the participation of multiple ionization continua when subject to a short and intense laser
pulse. Using coincidence detection of electrons and ions
in a reaction microscope, one can distinguish whether
the released electron emerged from the HOMO (D0
channel) or from the next lower lying state (D1 channel).
Multiple ionization continua are expected to also contribute to the signal of rescattered electrons and thus
may complicate its interpretation in applications such as
laser-induced electron diffraction.

difference between the two orbitals is a nodal plane perpendicular to the molecular axis for D0, which is absent
for D1. This nodal plane leads to a higher lateral momentum component of the released wavepacket in the D0
channel, which thus also requires a larger lateral component of the driving electric field to be able to revisit
the parent ion and rescatter from it. The measurement
therefore demonstrates the participation of multiple ionization continua in electron recollision. Furthermore, we
could also observe the nodal structure of the wavepackets in the two ionization channels more directly by prealigning butadiene with a stretched 800 nm pulse prior
to ionization with the mid IR pulse. Varying the angle
between the alignment and ionization pulses, the center
of the released wavepacket can be probed in different
directions. The resulting angular rescattering probabilities (Fig. 4) clearly reflect the nodal structure of their respective Dyson orbital.
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This corresponds to large contributions to the continuum
phase sufficient to change the sense of the interference,
as observed.
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Angular rescattering probability for the D0 and the
D1 channels, deconvolved with the measured alignment distribution. For better visibility, the curve for the
D0 channel has been scaled by a factor of 2.5. The
dashed lines denote the confidence interval due to the
uncertainty in the alignment distribution.
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Fig. 3:
Ellipticity dependence of laser-driven rescattering
measured with ~30 fs 1280 nm laser pulses and
randomly aligned 1,3-butadiene molecules.
The distribution is significantly wider for the D0 than for
the D1 channel. Also shown are the Dyson orbitals for
the ionic ground (D0) and excited (D1) state.

In 2016, we continued our experimental work on
channel-resolved laser-driven electron rescattering in
butadiene. In Fig. 3, the yield of electrons detected with
energies in the recollision regime is shown in dependence of the ellipticity of the ionizing laser pulse with a
wavelength of 1280 nm. Clearly, the drop-off with ellipticity is faster for the D1 channel than for the D0 channel.
This can be explained using the nodal structure of the
respective Dyson orbitals (also see Fig. 3). The major

Potential impact of spatio-temporal aberrations on
carrier-envelope phase dependent applications in
strong-field physics
In the context of Project 4.1, a noncollinear optical parametric amplifier (NOPA) has been developed that delivers CEP-stable few-cycle pulses with 10 µJ of energy
around a central wavelength of 800 nm and at a repetition rate of 400 kHz [FGM16]. The system is intended
to be used in applications in strong-field physics where
the detection of electrons and ions produced during
photoionization will be performed in coincidence with a
reaction microscope.
Spatio-temporal aberrations (i.e., the coupling of temporal and spatial degrees of freedom of the electromagnetic field) are known to be intrinsic to the parametric amplification process, and they can be particularly important in the case of amplifiers exploiting the noncollinear
geometry. These effects can be particularly problematic
in strong-field ionization experiments that are sensitive
to the CEP of the ionizing pulse. In particular, if the pulse
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temporal change is strongly varying over the spatial profile, it may not even be possible to define a value of CEP
that describes the whole field.
As a quantitative example of the impact of these distortions in applications that are within the scope of interest
of our research activities, an experiment studying stereo
Above-Threshold-Ionization with CEP-stable few-cycle
pulses was simulated. Plateau-electrons in the photoelectron kinetic energy spectrum are extremely sensitive
to the exact temporal shape of the pulse, and therefore
a good probe for CEP-effects and the exact spatiotemporal shape of the field. Four different near field
distributions representing typical residual spatio-temporal distortions present in our NOPA after optimization:
I. ideal spectrum (constant spectrum across the beam
profile) supporting 5 fs pulses combined with a constant spectral phase; II. spatial chirp with at a rate of
30 nm/mm; III. a pulse front tilt of 2.8 fs/mm); IV. combination of pulse front tilt and spatial chirp.
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asymmetry is reduced. In the case that pulse-front tilt
is present in the near field, the results change dramatically. The amplitude of the oscillation in the asymmetry
parameters reduces by more than 50% in cases III and
IV. By studying the temporal shape of the electric field
as a function of position in the interaction region, it is observed that for cases I and II the temporal shape is relatively constant around the centre of the beam. In contrast to this, in case III and IV the field temporal shape
changes more radically with position. Moreover, this
change is not symmetric around the centre of the beam.
As a consequence, the left/right asymmetry imprinted
onto the emitted photoelectrons depends strongly on
where in the interaction volume the atom was ionized.
After integration over the interaction volume, the net result is a weaker asymmetry of the total angle-resolved
kinetic energy distribution.
Classical simulation of the low-energy structure in
above-threshold ionization [KBG16]
The so-called low-energy structure (LES) refers to a
pronounced peak in the electron spectrum of abovethreshold ionization induced by a linearly polarized
mid-infrared laser field at energies of about one tenth of
the ponderomotive energy and below. First observed in
2009, it has greatly contributed to the understanding of
laser-induced ionization. The LES has been explained in
various seemingly contradictory ways, but there is growing consensus that it is related to forward rescattering of
the liberated electron off its parent ion.

Fig. 5:
Asymmetry parameter as a function of CEP for the
four different field distributions described in the text.

In the ideal case (I), the asymmetry oscillates with the
CEP, as a result of the asymmetry in the shape of the
electric field. This behaviour is also observed almost
unaltered when the spatio-temporal distortions comprise only a mild spatial chirp in the near field (case II).
It is of course expected that for stronger spatial chirp the
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For each near field spatio-spectral distribution, the electric field as a function of position and time was calculated
in the interaction region where the peak intensity reaches 1014 W/cm2 assuming a pulse energy of 10 µJ. The
next step was to solve the Time Dependent Schrödinger
Equation (TDSE) for ionization of Argon. This was done
at each position where the electric field is not negligible. All contributions were summed to obtain the angleresolved photoelectron kinetic energy distribution. Then,
for a given simulated distribution, two small angular
slices (30°) were selected along the direction of the laser
polarization. Finally the number of plateau-like electrons
with kinetic energy higher than 0.6 a.u. (= 2.4 Up) within
each angular slice was used to calculate an asymmetry
parameter according to A = (NR-NL)/(NR+NL), where NR(L)
is the number of electrons flying to the right (left) along
the laser polarization. The calculation was repeated for
different values of the CEP and the parameter Asymmetry (A) was recorded as a function of the CEP (Fig. 5).
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Fig. 6:
Figure caption: Mapping, mediated by the full equation of motion, of the lines v0 = const (with start times
between 75° and 105° around a field maximum at 90°)
on the plane of final momenta px and py at the end
of a long laser pulse. The black rectangle marks the
boundaries of the mapping if the Coulomb potential
were neglected. Scattered points betray chaotic scattering, which may occur for very small initial transverse velocities. The parameters are argon
(Ip = 0.579 a.u.), intensity = 150 TW/cm2
(Up = 56.1 eV), wavelength = 2 µm.

We have looked at the LES in the context of the classical equation of motion for the liberated electron in the
presence of both the laser field and the Coulomb field
of the parent ion. At the time t0 and at the so-called “exit

of the tunnel”, the electron is released with zero velocity
in the polarization direction (x) of the laser field and a
velocity of v0 in the transverse direction (y). It is crucial
for our approach that the electron remains confined to
the plane defined by the field polarization and its initial
velocity. We consider the mapping, mediated by the
equation of motion, of the initial conditions (t0,v0) onto
the plane of the final momenta (px,py) at the end of the
laser pulse. Especially, we consider the image of a line
v0 = const. with various start times t0 around a maximum
of the field in the final-momentum plane, which is depicted in Fig. 6. Without the Coulomb potential, the image of
the horizontal line v0 = const. would be another horizontal line py = const., since there is no force acting in the
y direction. The Coulomb potential causes substantial
distortions, as shown in Fig. 6.

Further investigation of the LES in this context is in progress. It turns out that the structures in the (px,py) plane
are formed by “dynamical” caustics, whose detailed
shape (in contrast to their locations) depends on the
specific interaction potential, here the Coulomb potential. This appears to be a novel feature of one of the simplest time-dependent systems in physics: the hydrogen
atom driven by a monochromatic field.
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T2: Dynamics of strong-field ionization of ordered
structures and clusters
Autoionization in atomic and molecular clusters

20

0

there is also “Coulomb defocusing”, that is, the final
transverse-momentum distribution has spilled over in
the fourth quadrant. It is here that structures at about
px ~ 0.59 a.u. (and also at 0.32 a.u.) for negative py
have developed, which correspond to the LES (and the
so-called LES2). The interpretation is supported by approximating the exact equation of motion by a model
that only considers the Coulomb potential acting on
the released electron at the exit of the tunnel and at
the subsequent first and second reencounter with the
parent ion, of which the second is a “soft recollision”,
which takes place at very low velocity. This model can
be solved analytically and agrees very well with the exact numerical solution of the equation of motion. We
conclude that the LES is due to soft rescattering and
Coulomb defocusing.

0

1

2
3
Kinetic energy [eV]

4

5

Fig. 7:
(a) Electron kinetic energy spectrum from Kr clusters
(with an average size of <N>=4000 atoms) following
ionization by NIR laser pulses (I=5x1013 Wcm-2). A clear
peak is observed at 0.5 eV that is attributed to autoionization of spin-orbit excited states of Kr atoms during the
cluster expansion. An exponential curve (black) represents thermal emission from the cluster (gray-shaded
area), whereas the orange-shaded area is attributed to
non-thermal processes. The inset shows an ion time-offlight spectrum, where the Kr+ contribution dominates.
(b) Electron kinetic energy spectra for various cluster
sizes, showing that the autoionization peak is smeared
out for an increasing cluster size. This can be explained
by an enhanced probability of the emitted electrons to
exchange energy with the cluster environment.

One notices “Coulomb focusing”, that is, the final transverse momenta py tend to be smaller than v0. However,

The interaction of atomic and molecular clusters with
intense near-infrared (NIR) laser pulses leads to the formation of plasmas, which are confined to a nanometer
scale. It has been shown that ionization of clusters by
NIR pulses is extremely efficient. However, theoretical
models predict that most of the generated electrons
recombine with ions in the nanoplasma, making it difficult to rationalize highly charged ions that have been
observed in experiments.
We have recently shown for molecular oxygen clusters
that electrons can be emitted into the continuum by
autoionization processes, following recombination that
leads to the formation of doubly-excited atoms [SLO15].
Last year it could be demonstrated that autoionization is
a generic phenomenon that takes place in all atomic and
molecular clusters under investigation [SLO16]. This is
exemplary shown for Kr clusters in Fig. 7(a), where a
clear peak at 0.5 eV is observed in the electron kinetic
energy spectrum. This peak is attributed to autoionization of spin-orbit excited Kr atoms that are formed in the
nanoplasma. Only electrons that are emitted on a picosecond to nanosecond timescale can be clearly identified in the electron spectrum, whereas autoionization
electrons emitted on a femtosecond timescale would exchange energy with the cluster environment and would
therefore be indistinguishable from the thermal background (gray-shaded area). The influence of the cluster environment is made visible in Fig. 7(b), where the
autoionization peak becomes smeared out when
the cluster size is increased. This is attributed to an
increased probability of energy exchange between the
emitted electrons and the cluster environment. In addi-
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tion to Kr clusters, we have also observed autoionization
signatures in Xe and CO2 clusters.
Up to now, theoretical models have treated electron
dynamics in expanding clusters classically. The current
results show that quantum-mechanical processes need
to be included in future models of nanoplasma dynamics. Sophisticated calculations and experiments could
provide insights into the role of autoionization processes
taking place on a femtosecond to few-picosecond timescale. This is important, because efficient autoionization processes may explain the observation of highly
charged ions from clusters.

tion microscope. Figure 8 shows in blue the time-of-flight
spectrum, recorded along the polarization direction of
the laser field. While mass ranges can be identified (see
labels), the spectrum is characterized by a broad distribution, due to the large amount of momentum carried by
the fragments. Sharp peaks result either from the parent
ion or background gas. Depicted in red are triple coincidence events, where a CH2+, Br+ and I+ fragment was
detected. In addition, the restrictive condition of momentum conservation was applied.
2
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T3: Probing molecular dynamics by strong-field ionization
Impulsive and Sequential Pathways in the Coulomb Explosion of CH2IBr

CH2IBr3+ → [CH2Br2+]* + I+ → CH2+ + Br+ + I+
CH2IBr3+ → [CH2I2+]* + Br+ → CH2+ + I+ + Br+,
which result from triple ionization of CH2IBr in an intense
laser field.
CH2IBr molecules were strong-field ionized in an 800nm
wavelength laser field at intensities in the 1015 W/cm2
range. The experiment was performed at a repetition
rate of 10 kHz with linear laser polarization in a reac-
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Coulomb explosion imaging induced by an ultrashort
intense laser field is a powerful tool for analyzing the
time-dependent evolution of molecular structure.
Reconstruction of the entire molecular structure is based
on rapid and complete impulsive fragmentation and on
the coincidence detection of all three-dimensional fragment momenta.
The highly differential data from a complete coincidence
momentum measurement of all fragments allows one
to distinguish the dominant, impulsive Coulomb explosion channel from a sequential breakup of the molecule,
which leads to the same fragments. Uncovering the
latter, typically much weaker channel, has been recently
demonstrated for the first time for Coulomb explosion of
CO2 and SO2 molecules. Here we extend these studies
to asymmetric molecules and demonstrate that we can
separate the sequential pathways
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Fig. 9:
Newton diagram of momentum vectors from triple
fragmentation of CH2IBr molecules into CH2+, Br+ and
I+ fragments, plotted in the center-of-mass frame. The
structures marked as ‘Rings’ represent the sequential
pathways involving initial breakup of the C-I and the
C-Br bonds and the creation of metastable doubly
charged [CH2Br2+]*/ [CH2I2+]* fragments.

For the in this way selected triple coincidence events,
the CH2+, Br+ and I+ fragment momenta are depicted
in the Newton diagram of Fig. 9 in the center-of-mass
frame. Dominant are the structures denoted as ‘Peaks’
in the figure, which originate from impulsive Coulomb
explosion. Additionally, two weak shifted rings can be
identified, which are marked in red and green. These
rings are attributed to the two sequential pathways denoted above. The assignment results from transformations into the CH2+ + Br+ and CH2+ + I+ center-of-mass
frames, which transform the red and the green rings,
respectively, into concentric structures.
Fig. 8:
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Time-of-flight spectrum from
strong field ionization of CH2IBr
molecules, characterized by the
fragments carrying large amounts
of recoil momentum. Depicted in
blue is the spectrum of all ions recorded, while in red we show triple
coincidence events of CH2+, Br+
and I+ ions with momentum conservation condition applied.
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Fig. 10:
Left: 2D image of ions transmitted through a resolution mask placed 5 mm in front of the MCPs + Timepix detector, after
centroiding. The mask contains five different groups of lines characterized by different slit widths produced by laser
machining. The slits are separated by an un-machined area that has a width equal the slit width.
Right: Time-of-flight spectrum of Xe atoms ionized by a high repetition rate femtosecond laser system.
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Fig. 11:
Left: Photoion-photoion coincidence image for two-body dissociation of CO22+. A slow dissociative channel (CO+ + O+)
is labelled region I. An ultrafast dissociative channel (CO+ + O+) is marked as region II. The ion-pair (C+ + O2+) is also
observed and highlighted within the red rectangle.
Right: Momentum distribution of CO+ ion. The ion events are extracted from the region II in Fig. 2 (left). The white
double-arrow line indicates the laser polarization direction.

Ion-ion coincidence imaging at high event rate using an
in-vacuum pixel detector
Nowadays, coincidence detection techniques play an
important role in the study of atomic/molecular ionization and fragmentation processes. Recently, we have
developed a compact ion-ion coincidence momentum
imaging spectrometer by using an in-vacuum pixel
detector that combines a set of chevron microchannel
plates (MCPs) and a so-called Timepix detector with a
pixel size of 55 x 55 µm2. By applying center-of-mass
centroiding, the images obtained in TOF mode have
a spatial resolution of < 6 µm. The left part of Fig. 10
shows a distribution of ions transmitted through a homemade resolution mask. Five different groups of lines are
clearly resolved. In fact, the pores (12 µm) and pitches
(15 µm) of the MCP are also distinctly observed. High
mass resolution (M/ΔM >2700) is obtained by picking
off an AC signal from the MCPs and sending it to a high
speed time-to-digital converter (time resolution 25 ps) as
shown in Fig. 10 (right).

To demonstrate the capability of the new spectrometer
ion-ion coincidence experiments have been performed
studying dissociative double ionization of CO2. The high
repetition rate 400 kHz OPCPA system mentioned earlier in the report has been used to perform the experiment. By focusing the 10 µJ, 7 fs pulses into the CO2
molecular beam a count rate of 104 ions per second
was achieved. Fig. 11 (left) shows that for the dissociative channels (CO+ + O+) two different time scales
are observed: a slow process (microseconds) marked
as region I and an ultrafast process (femtoseconds)
marked as region II. For the ultrafast process an anisotropic momentum distribution is observed as shown for
the CO+ ion in Fig. 11 (right). The CO+ and O+ ions are
dominantly emitted along the laser polarization direction
which confirms that the dissociation occurs on a time
scale much shorter than the rotational period of CO2. In
addition, a second dissociation channel (C+ + O2+) has
been observed (see red rectangle in Fig. 11 left). For a
detailed study of this channel pump-probe coincidence
imaging experiment will be performed in the near future.
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2.3: Time-resolved XUV-science
A. Rouzée, S. Patchkovskii (project coordinators)
and F. Brauße, T. Bredtmann, L. Drescher, J. Durá Diez, T. Fennel, F. Furch, M. Galbraith, A. Giree, G. Goldsztejn,
A. Harvey, J. Hummert, M. Ivanov, O. Kornilov, F. Krecinic, J. Long, C. Luan, N. Mayer, J. Mikosch, N. Monserud,
F. Morales Moreno, T. Nagy, S. Raabe, G. Reitsma, H.-H. Ritze, F. Schell, C. P. Schulz, B. Schütte, O. Smirnova,
M. J. J. Vrakking, T. Witting, N. Zhavoronkov

1. Overview
The main goal of Project 2.3 is to study real-time
electronic and nuclear dynamics in simple and complex
photochemical
and
photobiological
processes.
The project has both experimental and theoretical
components. Experimentally, we are developing a
framework of closely interconnected time-resolved
methods, unified by the application of novel XUV/X-ray
light sources, both table-top, such as obtained by high
harmonic generation, or at free electron laser facilities.
Using photoionization as a probe step in a pump-probe
configuration, we investigate attosecond electron
motion in atoms and molecules and its coupling with the
nuclear motion. This is done by combining the extreme
temporal resolution (attosecond) with atomic-scale
spatial resolution provided by these new light sources.
Our experimental framework is complemented by an
advanced theory program aiming at (i) tracking down
and resolving correlated multi-electron dynamics on
the attosecond time scale, and (ii) understanding the
impact of coherently excited attosecond multi-electron
dynamics on the longer, femtosecond-scale nuclear
motion. Our common goal is to push atomic and
molecular science beyond the present state-of-theart by looking at the new time scale in chemical and
physical processes.

2. Topics and collaborations
Presently, the project is organized in three topics:
T1: Attosecond electron and nuclear dynamics and
control in atoms and molecules
T2: Atoms, molecules and clusters in intense XUV
pulses
T3: Time-resolved XUV/X-ray spectroscopy of ultrafast molecular processes.
Collaboration partners: P. Johnsson (Lund University,
Sweden); A. Rudenko, D. Rolles (Kansas State University, Manhattan, USA); H. Chapman, J. Küpper (Center
For Free-Electron Laser, Hamburg); H. Stapelfeldt (Aarhus University, Denmark); K. Ueda (Tohoku University,
Japan); G. Sansone, M. Nisoli, F. Calegari (Politecnico
de Milano, Italy); F. Lépine (Institut Lumière et Matière,
Lyon, France); D. Holland (Science and technology facility council); P. Wernet (Helmholtz-Zentrum Berlin für
Materialien und Energie); L. Poletto (LUXOR, Padua,
Italy); T. Fennel (Universität Rostock); M. Krikunova,
D. Rupp, and T. Müller (Technische Universität Berlin);
T. Pfeiffer (Max Planck Institute for nuclear physics),
K. Varju (University of Szeged, Hungary), L. Banares

(Universidad Complutense de Madrid, Spain), E. Pisanty
(Imperial College London, UK), M.-E. Madjet (Qatar Environment & Research Institute, Doha, Qatar);
P. Decleva (Universitá di Trieste, Italy); H.-S. Chakraborty
(Northwest Missouri State University, USA); D. Strasser
(The Hebrew University of Jerusalem, Israel); K. Schaffer (Louisana State University, USA), H. Köppel and
A. Kuleff (University of Heidelberg).
In-house collaborations with Projects 1.1, 2.2, 3.1 and
4.1.

3. Results in 2016
T1: Attosecond electron and nuclear dynamics and
control in atoms and molecules
Attosecond science is an exciting new research field,
aimed at time-resolving the motion of electrons in
atoms, molecules and solids on their natural timescale. Purely electronic dynamics is initiated via the creation of a coherent superposition of different electronic
states. In contrast, chemistry involves motion and rearrangement of nuclei and typically leads to breaking
and making of chemical bonds. Nonetheless, there are
exciting ways in which attosecond science can make
an important impact on chemistry. We explored two of
these ways in 2016.
The short duration of attosecond pulses implies a
broad and continuous spectrum in the frequency domain. Such spectra are ideally suited for transient absorption spectroscopy in molecules. A time-resolved
experiment involving an XUV attosecond probe pulse
takes advantage of both the appealing spectral and
temporal properties of attosecond pulses. Photon energies in the range up to hundreds of electron Volts cover
transitions from core shells to vacancies in the valence
shell. Core-to-valence transitions offer unique insight
into the structure and dynamics of molecules. These
transitions are element specific, due to the strong localization of core orbitals, and are at the same time
sensitive to the intramolecular environment of the reporter atom, due to the dependence of the vacancies
on molecular bonding.
We studied the ultrafast adjustment of the valence shell
in iodomethane (CH3I) and iodobenzene (C6H5I) molecules following UV pumping, which ultimately leads to
dissociation [DGR16]. The experiment determines the
time it takes for the UV created hole to migrate to the
reporter atom in the molecule. Our work is described in
more detail in a Highlight article at the beginning of this
Annual Report.
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photoexcitation, such as the nanoplasma formation and
explosion of clusters [GSC16] following strong-ﬁeld ionization by 800 nm laser pulses and the photodissociation of small molecules.
In a joined project between Thomas Pfeifer, Max Planck
Institute for Nuclear Physics, and the MBI, we have recently performed ﬁrst time-resolved X-ray coherent diffractive imaging of photoexcited C60 molecules at the
Linac Coherent Light Source (LCLS), the free electron
laser at Stanford. Strong near-infrared pulses were used
to Coulomb explode the molecule and diffraction patterns from elastically scattered X-ray photons (1.8 keV)
were recorded on a high sensitivity pnCCD camera for
various delays between the NIR and the X-ray pulses
(see Figs. 3(a) and (b)). Disappearance of the scattering
signal was observed within less than 100 fs following the
NIR laser excitation due to the ultrafast disintegration of
the molecules by Coulomb forces (Fig. 3(b)). At lower
NIR intensities more complex variations of the size of
the scattering pattern have been observed on longer
time scales (up to ps). Detailed analysis of the data is
currently underway.
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With respect to FEL, high-order harmonic generation
(HHG) is a process that allows for the generation of burst
of XUV and soft X-ray pulses with pulse duration reaching the attosecond domain. However, the brightness that
is achieved is orders of magnitude lower than that of a
FEL. As a result, coherent diffractive imaging using HHG
sources has only been achieved in ﬁxed targets. In these
experiments, averaging over multiple-shot exposure
was necessary in order to get enough statistics for the
3D retrieval characterization of the structure of the sample. In a joint project between Daniela Rupp, Technical
University of Berlin, and Francesca Calegari, Politecnico
di Milano, we have successfully demonstrated the ﬁrst
application of an intense high-order harmonic source
for single-shot coherent diffractive imaging of individual
nanoparticles. In the experiment, 2 µJ of XUV light (photon energy between harmonics 11 and 19) was generated and subsequently focused tightly into a He nanodroplet beam. The individual diffraction patterns were recorded using a MCP/phosphor screen assembly coupled to
a CCD camera. A typical diffraction pattern is shown in
Fig. 4a). Most of the diffraction patterns are composed
of a ring structure that can be assigned to the formation

1 0

Fig. 3:
a) Scattering patterns recorded for intact C60 molecules using 1.8 keV, 60 fs X-ray pulses from LCLS. b) Number of scattered photons (red) as a function of the delay between the ionizing 800 nm laser pulse and the X-ray pulse. The large decrease observed near zero delay is assigned to the disintegration of the molecule by Coulomb explosion. Green and blue
lines show the time-dependent change of the width of the projected distribution along the vertical and horizontal axis.

Fig. 4:
a) Example of a bright scattering pattern from a spherical nanodroplet recorded
experimentally. Crescent
moon-like shaped scattering
patterns measured b) and
simulated d) from a tilted
prolate-shaped droplet c).
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Following ultrafast molecular rearrangement with femtosecond time resolution and atomic spatial resolution remains a formidable challenge. The emergence of tabletop femtosecond laser systems based on Ti:sapphire
laser technology has led to the development of ultrafast molecular spectroscopy, where two or more optical
pulses with tunable time delays are used to investigate
the processes occurring during a photoinduced chemical reaction. One powerful technique consists to rapidly
remove several electrons from a molecule undergoing
structural changes using a high intensity femtosecond
visible/near-infrared laser pulse. Multiply charged molecular ions are formed in the process and further explode
to form charged fragments that repel each other due to
the Coulomb force. In case the axial-recoil approximation holds, i.e. if the molecular rotation is slow compared
to the fragmentation, then the momentum vectors of the
outgoing charged particles depend on the initial position
of the atoms in the molecule before ionization and can
be used to retrieve the molecular structure.
Inner-shell ionization of a molecule following absorption of one or more extreme ultraviolet (EUV) or soft
X-ray photons is often accompanied by Auger processes leading to a multiply charged molecular ion. In a similar way, the highly charged molecular ion will fragment
by Coulomb explosion and monitoring the momentum
distribution, i.e., the kinetic energy and angular distribution, of the emitted charged fragments can provide
valuable information about the structure of the molecule before and during a photoinduced molecular process. In collaboration with the groups of Daniel Rolles
(Kansas State University), Mark Brouard (University of
Oxford), Henrik Stapelfeldt (University of Aarhus), Tatiana Marchenko (CNRS) and Jochen Küpper (CFEL),
we have recently used this concept to investigate the ultrafast UV-induced dissociation dynamics of halocarbon
molecules (CH3I, CH2ICl, CH2IBr, F2C6H3I) using intense,
EUV pulses at a central wavelength of 11.5 nm obtained
at the free electron laser of Hamburg, FLASH. The photon energy was set above the 4d inner-shell ionization
threshold of iodine. The experiment was performed
at the focus of beamline 3 at FLASH using the CAMP
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T3: Time-resolved XUV/X-ray photoelectron imaging
and spectroscopy of ultrafast molecular processes

instrument equipped with a double-sided velocity map
imaging spectrometer for the simultaneous detection of
the photoelectrons and ions EUV ionization. On the ion
side of the spectrometer, a pixelated camera detector
(PImMS) that can record the hit positions and arrival
times of up to four charged particles per pixel and acquisition cycle was used [ABL]. The dissociation of the
molecule was achieved by a moderately intense femtosecond UV pulse obtained by third harmonic generation of the NIR laser pulse delivered from the FLASH
pump-probe laser system. Due to the inherent time
jitter between the FEL pulses and the UV pulses and
the large shot-to-shot energy ﬂuctuation of the FEL, all
measurements were acquired in single-shot mode and
sorted latter on according to several pulse parameters
recorded in parallel such as the FEL pulse energy measured using the gas monitor detector and the arrival time
between the electron bunch and an optical reference
measured using the beam arrival-time monitor (BAM).
The data correction procedure was tested in the case of
the UV-induced photodissociation of F2C6H3I, showing
a large improvement of the time resolution [SBB] (see
Fig. 5).
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of spherical He nanodroplets. The ring spacing can be
used to directly retrieve the radius of the nanodroplet.
Surprisingly, 3% of the recorded patterns present a crescent moon-like shape distribution as shown in Fig. 4b),
in close resemblance with previous X-ray scattering experiments performed at LCLS. However, a pronounced
bending of the distribution at large scattering angle is
observed whereas only straight streak patterns were
measured in the X-ray experiments. Three-dimensional
multi-color scattering simulations were performed to assign the shape of the He nanodroplet responsible for the
measured diffraction pattern. Our simulations show that
the crescent-shape streaks arise from prolate nanodroplets (see Figs. 4c) and d)) that are tilted out of the scattering plane. Our experiment paves the way towards
CDI of ultrafast structural changes with attosecond time
resolution.
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Fig. 5:
a) Time-evolution of the I3+ ion yield recorded as a
function of the UV-FEL time delay. A large increase of
the signal is observed due to the UV-induced photodissociation.
b) Same as a) with the single-shot data resorted with
respect to the BAM and normalized with respect to the
FEL intensity.
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In the second line of experiments we characterize one of
the fastest internal conversion process studied to date.
Non-adiabatic molecular dynamics play a key role in diverse very active fields of research in modern chemistry:
molecular machinery and electronics, radical chemistry, photobiological phenomena such as DNA damage
and repair, vision and photosynthesis. Importantly, the
dynamics within the first few femtoseconds of the photochemical process are often crucial. This territory was
previously largely inaccessible within the femtochemistry toolkit.
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Fig. 2:
Experimentally measured C4H3+ fragment yield as a
function of the XUV-VIS/NIR delay (red dots). The
bold black line is a biexponential fit to the data, the
dashed lines represent the contributions from the two
timescales. The inset displays a long range pumpprobe scan of C4H3+.
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Fig. 1:
Potential energy of the lowest eight electronic component states of the benzene cation, as a function
of a dimensionless effective nuclear coordinate Qeff.
The violet arrows represent the ionization by the
XUV pulse, and the orange arrows the excitation by
the VIS/NIR probe pulse. The dashed black line corresponds to the appearance energy for dissociation
producing C4H3+. The dashed green curves illustrate
the time-evolution of a cation originally transferred to
the E state and then undergoing a series of internal
conversion processes to the D and subsequently to
the B states, via the conical intersections indicated in
the figure.

Using few-femtosecond XUV and few-cycle NIR laser
pulses, we performed a pump-probe experiment in the
benzene molecule (see Fig. 1) [GSG]. By recording the
time-dependent yield of several fragments with the appropriate appearance energies, we studied the population transfer through two sequential conical intersections in the benzene cation. The achieved short crosscorrelation of 10±1 fs was crucial in order to resolve the
time constant of 11±3 fs for crossing of the EàD conical
intersection (see Fig. 2).
Such an experimental time-resolved investigation has
been long-awaited. The dynamics in benzene has been
studied by theoretical modelling in a groundbreaking se-
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ries of publications by the group of Horst Köppel (Heidelberg), which constituted the first quantum dynamical
investigation of a molecule exceeding three coupled
potential energy surfaces. These in-depth theoretical
studies were thus far contrasted by a lack of validating
time-resolved experiments, which were previously experimentally out of reach.
We established a collaboration with the groups of Horst
Köppel and Alexander Kuleff to obtain MCTDH simulations tailored to the experimental conditions. These
allowed for a detailed comparison with our measurements, validating the computational approach.
T2: Intense XUV pulses and attosecond XUV pumpXUV probe applications
The recent emergence of XUV and X-ray Free-Electron
Lasers (FELs) has opened a new path for investigating structure and dynamics of matter. FELs deliver intense and ultrashort pulses of short wavelength radiation that can be used for coherent diffractive imaging
(CDI) studies. With a pulse duration that can reached
a few femtoseconds and a peak intensity above
1015 W/cm2, single-shot bright scattering patterns from a
single nanoparticle can be obtained, therefore allowing
the structural characterization of nanoscale samples.
Coherent diffractive imaging experiments with FELs
have been demonstrated in nanocrystalized samples
of proteins, single mimivirus particles, aerosols and for
gas-phase molecules and atomic clusters. Whereas
most of the experiments so far have been dedicated to
the structural determination of static samples, pioneering FEL experiments have recently explored the possibility to image ultrafast structural changes following
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(left) 2D electron momentum distribution recorded following photoionization of CH2ICl at 107 eV. (right) Time evolution of
the I 4d photoline corresponding to the molecular contribution (upper panel) and the atomic contribution (lower panel).
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Fig. 6:
(Top panel) Time-dependent I2+ kinetic energy distribution as a function of the UV pump-EUV probe delay.
(Bottom panel) Yield of the low-kinetic energy contribution (~0.5 eV) of the I2+ ions and the Coulomb explosion
channel (~7 eV).

in 150 fs. Given the FEL (120 fs, FWHM) and the UV
(150 fs, FHWM) pulse durations, the observed timescale
only provides an upper value for the dissociation of the
molecule.
A clear signature of the molecular dissociation is
observed as well in the time-dependent photoelectron
kinetic energy spectra shown in Fig. 7 near the iodine
4d photo-line. A depletion of the molecular I 4d line
is observed together with the appearance of a new
contribution corresponding to the ionization of iodine atoms that are formed by photodissociation. This contribution is expected to be shifted by 1 eV with respect to the
molecular 4d photoline. In our measurement, the atomic
contribution lies underneath the molecular photoline due
to the low resolution of the VMI spectrometer (~3 eV).
However, by fitting the photoelectron spectra near the
4d line using two Gaussian functions, one can clearly
distinguished the atomic contribution from the molecular
contribution (see Fig. 7).
In these experiments, we successfully demonstrated
the possibility to use EUV FEL pulses to probe the
dissociation of halocarbon compounds by time-resolved
photoions and photoelectrons spectroscopy. Future
experiments are planned to probe complex molecular
dynamics, such as photoinduced ring opening process.

Figure 6 shows the time-evolution of the I2+ ion kinetic
energy distribution recorded in CH2ICl. At negative time
delays, when the EUV pulse arrives before the UV pulse,
the I2+ kinetic energy spectra is dominated by a Coulomb
explosion channel at 7 eV involving the formation of a
doubly charged I2+ ion and a F2C6H3+ co-fragment ion.
Around t = 0, a low energy channel appears that can
be attributed to the ionization of the molecules by the
EUV pulse from the dissociative state that is populated
by single photon UV absorption. This channel rises with-
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3.1: Dynamics of Condensed Phase Molecular Systems
E. T. J. Nibbering, O. Kornilov (project coordinators)
and R. Costard, F. Dahms, J. Durá Diez, M. Ekimova, B. Fingerhut, B. Guchait, J. Hummert, I. Katechis, N. Mayer,
M. Oßwald, G. Reitsma, M. Richter, H.-H. Ritze, T. Siebert, Y. Liu

1. Overview

3. Results in 2016

This project aims at a real-time observation of ultrafast
molecular processes in the condensed phase, addressing the dynamics of elementary excitations, photoinduced chemical reactions and ultrafast changes of the
electronic and/or chemical structure of molecular systems. The project makes use of a broad range of experimental techniques including all-optical pump-probe
spectroscopy in a range from the ultraviolet to mid-infrared, infrared photon-echo and multidimensional vibrational spectroscopies, and photoelectron spectroscopy
using ultrashort VUV, XUV, and soft-X-ray pulses.

T1: Hydrogen bond dynamics in hydrated biomimetic and biomolecular systems

2. Topics and collaborations
Research in this project has been structured into four
major topical directions:
T1: Hydrogen bond dynamics in hydrated biomimetic and biomolecular systems
Collaboration partners: J. T. Hynes (University of Colorado, Boulder, USA), D. Laage (École Normale Supérieure, Paris, France), S. Mukamel (University of California at Irvine, USA).
T2: Transient structure determination of hydrogen
bonded acid-base pairs
Collaboration partners: V. S. Batista (Yale University,
New Haven, CT, USA), M. Odelius (Stockholm University, Sweden), Ph. Wernet (Helmholtz Zentrum Berlin,
Germany), P. M. Tolstoy (St. Petersburg State University, Russia).
T3: Charge transport in biomimetic and biological
systems
Collaboration partners: E. Pines (Ben Gurion University of the Negev, Beer-Sheva, Israel), D. Sebastiani
(Martin-Luther-University Halle-Wittenberg, Germany).
T4: Electronic excited state dynamics in molecular
model systems
Collaboration partners: L. Poletto and F. Frassetto
(LUXOR, Padova, Italy).
Internal collaboration with Projects 2.3 and 3.3 has been
established.

Biomimetic and biomolecular systems are studied in a
wide range of hydration levels to unravel the interactions between the molecular systems and the fluctuating water shells in the electronic ground state. Hydration dynamics of artificial short DNA oligomers and
native salmon DNA in thin films and solution [GLS16a,
GLS16b, and SGL16], in hydrated phospholipid reverse
micelles, as well as of phosphate ions are the main topics in recent years [CTF16, FCE16]. A new research line
is the investigation of the vibrational dynamics of the hydrated proton. First experiments on the Zundel cation,
H5O2+, have been accomplished [DCN16, DCP16, and
DCF16]. The experiments are based on ultrafast twocolor infrared (IR) pump-probe and multi-dimensional
photon echo spectroscopies, complemented by computational methods such as density functional theory and
ab initio molecular dynamics to simulate linear and multidimensional spectra.
DNA molecules are the carrier of genetic information
and form a double helix structure in their native aqueous environment (Fig. 1(a)). The structure and dynamics of the DNA double helix are influenced in a decisive
way by the surrounding water shell due to the interaction with the water environment. The interaction of the
electric dipoles of water molecules with the charges of
the counterions and phosphate groups as well as the
polar units generates electric fields at the DNA surface.
Such fields are being discussed in a highly controversial
way, even after decades of intense research, reflecting the structural complexity of this many-body system
and its thermal fluctuations on short time scales. The
underlying mechanisms are understood insufficiently
and include both local hydrogen bonding and fluctuating
electric forces from water and other ions.
In a novel approach, the backbone modes of the DNA
double helix serve as probes of processes and electric
fields at the DNA-water interface. By combining two-dimensional infrared spectroscopy of the backbone vibrations of native salmon DNA (Fig. 2) with in-depth theory
the strength, range, and ultrafast dynamics of electric
fields at a native DNA surface were determined [SGL16].
By varying the water content of the DNA samples in a
systematic way, different contributions to the fluctuating electric fields at the DNA surface were discerned.
The experiments and a detailed theoretical analysis performed in parallel [FCE16] show that water molecules
in the first two layers at the DNA surface generate an
extremely strong electric field whereas the ionic groups
and outer water layers play a minor role. The spatial
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Fig. 1:
(a) Surface of a DNA double helix.
(b) Time-averaged electric field (blue) as a function of
the distance from the DNA surface. Water molecules
in the first layer (around 0.4 nm) generate approximately 70% of the total field, the second water layer
contributes some 20%.
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Two-dimensional infrared spectrum of backbone vibrations of salmon DNA. Nonlinear vibrational signals
are plotted as a function of excitation and detection
frequency. The line shapes of the resonances on the
diagonal (identical excitation and detection frequency)
are directly influenced by fluctuating electric fields.
The off-diagonal signals originate from couplings between different backbone vibrations.

Eigen, and a strong hydrogen-bonded water dimer
bridged by a proton, H5O2+ (i.e., H2O…H+…OH2), as
proposed by Georg Zundel. In particular, broadband IR
absorption continua have been ascribed by Zundel to
H5O2+. In fact, Zundel cations, in acetonitrile solution,
show this prominent broadband continuum besides the
O-H bending band at 1740 cm-1 and the O-H stretching
transitions around 3400 cm-1 (see Fig. 3(a)). However,
the mechanisms generating the infrared absorption continuum are not understood in detail.

range of the field is approximately 1 nm, its strength
reaches values up to 100 megavolts/cm (hundred million volts per centimeter) (Fig. 1(b)). Thermal motions
of the water molecules result in ultrafast field fluctuations of 25 MV/cm on a 300 fs time scale. The time scale
of fluctuations demonstrates a moderate slowing down
compared to neat water. This new quantitative insight is
important for understanding the key role of water and its
dynamics at biological interfaces such as charged cell
membranes and the surface of proteins.

Ultrafast two-color IR pump-probe measurements were
performed to dissect the different contributions to the
IR-active vibrational spectrum (Fig. 4). Vibrational lifetimes of the O-H stretching mode of less than 50 fs
and of the O-H bending mode of less than 60 fs are
observed, close to the experimental time-resolution.
More importantly, the transient response when exciting
the Zundel cation at 2700 cm-1 is clearly different from
that of the O-H stretching response. This important finding shows that the absorption at 2700 cm-1 has a distinct character as part of the continuum absorption. In
particular, it is not due to O-H stretching transitions of a
subensemble of Zundel cations with stronger hydrogen
bonds to the solvent.

Hydrated protons are the vehicles with which proton
transport occurs in numerous media, ranging from bulk
water (the von Grotthuss mechanism), hydrogen fuel
cells, and proton pumps in transmembrane proteins.
The nature of the hydrated proton has been a topic
of intense research since many decades. In aqueous
media possible hydrated proton structures have been
considered: the three-fold hydrogen-bonded hydronium
ion H9O4+ (i.e., H3O+–(H2O)3), as proposed by Manfred

Quantum chemical calculations have been performed
to construct a 3D potential energy surface considering the O…O hydrogen bond stretching coordinate R
and the O…H+…O proton transfer mode z as well as an
orthogonal proton out-of-plane mode x. To assess possible contributions of overtone or combination bands,
the intermolecular mode couplings have been determined up to second order by a multi-mode expansion of
the vibrational Hamiltonian using the DF(SOGGA11-X)
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method (basis: aug-cc-pVTZ). Figure 3(b) shows the
double minimum character of the calculated potential
along the O…H+…O coordinate z, benchmarking the low
barrier strong hydrogen bond of the inner proton of the
Zundel cation. Figure 3(b) exemplifies the impact on the
potential by a static electric field of 25.7 MV/cm, a field
strength typical for the polar acetonitrile environment.
Calculated frequencies of different vibrational transitions are plotted as a function of the electrical field amplitude in Fig. 3(c), along with absorption strengths. The
latter results show that the fundamental transition of the
H+ transfer vibration between the two water oxygens, its
overtone and combination tones with other modes are
behind the absorption continuum.
At ambient temperature, the arrangement of solvent
molecules undergoes rapid fluctuations with the fastest
components in the sub-100 fs time domain. Due to the
polar character of acetonitrile, such structural fluctuations result in a fluctuating electric field with amplitudes
in the range shown in Fig. 3(c). Electric field fluctuations modulate the vibrational potential along the proton transfer coordinate z and, thus, generate strong
frequency excursions of most notably the fundamental
v = 0→1 and first overtone v = 0→2 transitions of the proton transfer mode z. All such modes have considerable
solvent-induced transition dipole moments and contribute to the absorption continuum. Instead of an inhomogeneous distribution of vibrational transition frequencies,
the ultrafast modulation of the double-minimum potential
causes the infrared absorption continuum.
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Fig. 3:
(a) FT-IR spectrum of the Zundel cation, together with that
of water monomer (blue) and
the solvent
acetonitrile (grey).
(b) Calculated vibrational potential and wave
functions of the lowest vibrational states of z for
R = 2.45 Å for external fields
Fz = 0 and
Fz = 2.57 GV m−1.
(c) Calculated transition frequencies (solid lines) and
absorption strengths (dotted
lines) as a function of the external field Fz, calculated for
the z fundamental and z first
overtone transition, as well as
the combination tone of z with
the O…O vibration.
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Transient infrared absorption spectra for pump-probe
delays between 100 fs and 50 ps. The absorbance
change ΔA is plotted as a function of probe frequency.
The spectra in (a) and (b) were recorded with excitation centered at 3400 and 2700 cm−1, respectively.
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T2: Transient structure determination of hydrogen
bonded acid-base pairs
(DFG NI 492/11.1)
This activity aims at an analysis of the hydrogen bonded
structure of acid-base pairs. By determining structure,
the elementary chemical processes of proton release,
transfer, and acceptance by the base will be elucidated
most directly. Femtosecond infrared techniques are applied to unravel the dynamics of particular hydrogen
bonded groups. This information will be complemented
by steady-state and time-resolved methods ranging
from NMR to X-ray absorption and emission spectroscopies. The experimental results are analyzed in close
collaboration with theory groups.
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For both quasistationary and time-resolved X-ray spectroscopy, we have successfully applied the novel flatjet,
which utilizes the phenomenon of formation of stable
liquid sheets upon collision of two identical laminar jets.
The liquid flatjet operates fully functional under vacuum
conditions (<10-3 mbar), allowing soft-X-ray absorption
spectroscopy (XAS) of aqueous solutions in transmission mode. Using this approach, two beam time periods performed at HZB-BESSYII have been dedicated
to measure the soft-X-ray K-edge spectra of a collection of acids and bases. These soft-X-ray spectra are
now combined with FT-IR measurements and quantum
chemical molecular dynamics calculations to provide a
detailed description of hydrogen bonding of these acids
and bases. Moreover, the L-edge absorption has been
measured of particular metal-ligand complexes, which
are model systems for light harvesting in antenna complexes.
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Fig. 5:
(a) Chloroacetic acid-2-picoline hydrogen-bonded
complex; (b) FT-IR spectrum of the C = O and CO2stretching region showing the neutral and zwitterionic
forms; (c) 1H-NMR spectrum showing the downfield
shift of the inner proton; (d) ab initio MD calculation
showing the relative population of the neutral and
zwitterionic forms.
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In a combined 1H and 13C NMR and FT-IR spectroscopic study a series of intermolecular hydrogenbonded 1 : 1 complexes formed by chloroacetic
acid with 19 substituted pyridines and one aliphatic
amine have been studied [KPA]. In low temperature
CD2Cl2 solutions the hydrogen bond geometries in
these complexes vary from molecular (O–H…N) to
zwitterionic (O-…H–N+) ones, while NMR spectra
show the formation of short strong hydrogen bonds
in intermediate cases (Fig. 5). Contrasting to the low
barrier strong hydrogen bond in H5O2+, the hydrogenbonded chloroacetic acid-pyridine complexes form
a double-well potential with high barrier, i.e., in the
v = 0 ground state the proton is either located near
the acid donating group, or near the accepting base
group. Analysis of C = O stretching and asymmetric
CO2− stretching bands in FT-IR spectra reveal the
presence of proton tautomerism. Ab initio molecular
dynamics calculations of the complex formed by chloroacetic acid with 2-methylpyridine, surrounded by
71 CD2Cl2 molecules, reveal a dual-maximum distribution of hydrogen bond geometries in solution. The
analysis of the calculated trajectory shows that the
proton jumps between molecular and zwitterionic
forms are indeed driven by dipole–dipole solvent–solute interactions, but the primary cause of the jumps
is the formation/breaking of weak CH…O bonds from
solvent molecules to oxygen atoms of the carboxylate
group.

T3: Charge transport in biomimetic and biological
systems
(DFG NI 492/13-1)
In this topical area, elementary charge transport dynamics in solution are investigated from the viewpoint of their
functional role in biochemical processes. The objective
is to elucidate the underlying mechanisms for electron
transfer, proton transfer as well as proton coupled electron transfer. This line of research builds on previous
ultrafast studies of aqueous proton transfer using photoacids, as well as of photoinduced electron transfer in
donor-acceptor complexes. Experimental techniques
include transient UV/IR spectroscopy and photoelectron
spectroscopy.

time-dependent density functional theory, respectively.
The calculations provide insight into the nature of electronic excitation of these four different charged forms of
7HQ, suggesting the key role of electronic charge distribution changes upon electronic excitation of 7HQ and
hydrogen bond changes at the donor hydroxyl and acceptor nitrogen moieties.
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T4: Electronic excited state dynamics in molecular
model systems
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Absorbance change [mOD]

4
2
0

Determination of the ultrafast electronic excited state
dynamics of organic molecules in solution is the main
objective of this topical area. Photophysical events such
as internal conversion, and photochemical transformations, trans/cis isomerization, ring opening or closure
are examples of elementary processes to be studied in
detail.
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Transient IR spectra of 7HQ recorded
after electronic excitation of
(a) N in methanol-d4, (b) C in methanol-d4, (c) N in DMSO-d6, and
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pulse delay between the UV pump
and IR probe pulses. Inverted steadystate FT-IR spectra, indicating the positions of ground-state bleach signals,
are shown as black dashed lines.
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The photophysics of 7-hydroxyquinoline (7HQ) in protic
media results from an interplay of acid-base chemistry,
prompted by the effects of photoacidity of the hydroxyl
group and photobasicity of the nitrogen atom in the quinoline aromatic system [HEB16]. With ultrafast IR spectroscopic measurements, the proton transfer dynamics
of 7HQ in its four possible charged forms in methanol solution has been explored (Fig. 6). In deuterated
methanol, deuteron transfer time constants from the
neutral to the zwitterionic form are 330 ps, from the cationic form to the zwitterionic form 170 ps, and from the
anionic form to the zwitterionic form 600 ps. A good
correspondence is found between the observed IRactive fingerprint marker patterns in the electronic
ground state and the first electronically excited 1Lb-state
with those calculated using density functional theory and

	
  

The experiments address investigation of dynamics
in electronically excited states with time-resolved
photoionization methods. The major current activities
are experiments employing the novel time delay
compensated XUV monochromator beamline. Its
performance was demonstrated in the previous years.
The monochromator beamline was combined with the
end station for phototelectron spectroscopy of solvated
molecules. The end station consists of a magnetic bottle
time of flight spectrometer coupled to a chamber hosting
a microliquid jet with a diameter of few tens of microns.

	
  

Building on successful experiments on gas phase
molecular systems [EMY16], the first successful
experiments on electronic excited state dynamics
of solvated molecules were performed in 2016. The
yellow dye molecules Quinoline Yellow, Metanil Yellow
and Methyl Orange were studied (Fig. 7). In all cases
it was possible determine the ground state energies of
the molecules dissolved in water as well as to record
dynamics of electronic relaxation upon excitation by a
short 400 nm pulse, which is resonant to the absorption
bands of those molecules. These pioneering studies
help to identify the sample handling strategies suitable
for use with the micro liquid jet system. Moreover, in
addition to the jet charging due to streaming currents,
which are conventionally controlled by adding a small
amount of salt to the solutions, dynamical charging due
to a pump-pulse ionization plays a significant role and
influences the recorded photoelectron spectra upon
ionization by the probe XUV pulse. These changes
depend on the delay between the pump and probe
pulses and thus need to be corrected for revealing
the relaxation dynamics of the excited states. It was
demonstrated that such correction can be implemented
based on the strong signal due to XUV ionization of
liquid water, which helps to avoid an algorithm, where
molecular signals (those of solute molecules) would be
used for such corrections. The scheme is successfully
implemented in the data analysis protocol.
The corrected maps for the molecule Quinoline Yellow
show initial excitation from the HOMO orbital, which,
based on the signal intensity, is identified with the lone
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pair orbital. The signal decays on two time scales:
sub-ps and few tens of ps. These time scales can be
tentatively assigned to S2-S1 internal conversion and a
conformer change proceeding from the S1 state. Further
studies of the Metanil Yellow and Methyl Orange allow
to investigate molecular switching of these molecules,
which are both azobenzene derivatives. Data analysis,
theory contributions and manuscript preparations are
underway.
Further experimental activities at the monochromator
beamline included investigation of ultrafast relaxation
in naphthalene – a prototypical polyaromatic hydrocarbon (PAH). Photoionization fragment and double cation yields were recorded in a pump-probe configuration
and as a function of the XUV wavelength, fully exploiting
the capabilities of the XUV time delay compensating
monochromator beamline. The results demonstrate that
electronic relaxation of naphthalene cations created by
the XUV pulse depends on the XUV wavelength, which
suggests that the composition of the cationic states
changes in dependence of the wavelength even beyond
the ionization energy of the inner valence orbital. The
results are in preparation for publication.
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Fig. 7:

Excited state dynamics of Quinoline Yellow studied
by time-resolved photoelectron spectroscopy using
400 nm pump and XUV probe pulses.
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3.2: Solids and Nanostructures: Electrons, Spins, and Phonons
C. v. Korff Schmising, M. Woerner (project coordinators)
and K. Busch, G. Folpini, R. Grunwald, M. Hennecke, F. Intravaia, P. Juergens, R. Kernke, R. Kieschke, F. Mahler,
A. Mermillod-Blondin, T. Noll, M. Oelschläger, C. Patzek, A. Perez-Leija, B. Pfau, I. Radu, K. Reimann, A. Rosenfeld,
M. Schneider, K. Shinokita, C. Somma, J. W. Tomm, P. Varytis, D. Weder, R. Wehner, F. Willems

1. Overview

T4: Magnetism and transient electronic structure

This project addresses ultrafast and nonlinear phenomena in solids and nanostructures. In highly correlated
condensed-matter systems, interaction of electrons,
phonons and spins lead to a broad range of novel and
unusual phenomena, which are interesting from the
point of view of both fundamental research and practical applications. To gain new insight into fundamental
phenomena in this thriving field of research, experiments
are performed with ultrafast time resolution and in a very
wide spectral range extending from terahertz (THz) to
the X-ray frequencies. The work includes studies in the
range of nonperturbative light-matter interactions.

Projects: BMBF „DynaMaX: Messplatz für ultraschnelle
Dynamik bei BESSY II“ in cooperation with TU Berlin and
FU Berlin. BMBF „Femto-THz-X („THz Instrumentierung
und weitere Entwicklungen am FemtoMAX Strahlrohr
an MAX IV“) in cooperation with U. Potsdam and University Lund, Sweden. A further cooperation partner is
J. Lüning at Sorbonne Universités, Paris, France.

Our research is complemented by studies of light-matter interactions in materials processing with ultrashort
optical pulses and by work on optoelectronic devices.
The project includes five topics.

2. Topics and collaborations
T1: Nonlinear THz and mid-infrared spectroscopy
Cooperation partners are K. Biermann (Paul-DrudeInstitut, Berlin) and C. Flytzanis (École Normale Supérieure, Paris, France).
T2: Material modification with femtosecond laser
pulses
Projects: DFG GR 1782/12-2, Laserlab-Europe MBI
002096.
Cooperation partners: D. Ashkenasi (Laser Medizin Technik Berlin, LMTB) and J. Krüger (Bundesanstalt für Materialforschung und -prüfung, BAM), A. Pfuch and T. Toelke
(INNOVENT, Jena), W. Seeber (Otto Schott Institute, FSU
Jena, E. McGlynn (School of Physics, Dublin City University, Dublin, Ireland), F. Güell (University Barcelona, Spain),
P. Kazansky (University Southampton, UK).
T3: Optoelectronic devices
The group works in the BMBF-project ‘Spektroskopische
Analyse GaN-basierter Einzelemitter und Barren, Direkt-blaue Kilowatt-Diodenlaser’ (BlauLas), 13N13901.
Moreover, there are research contracts with Lumentum
(Milpitas, CA, USA) and Trumpf (Cranbury NJ, USA) on
high-power diode lasers. Collaborative work on quantum
dot emitters and GaN-based structures is done together
with F. Yue (Shanghai). Moreover, there is on-campus
cooperation with eagleyard Photonics, Jenoptik Diode
Lab, and the Ferdinand-Braun-Institute.

T5: Joint HU-MBI Group on Theoretical Optics
Projects: Within the DFG-SPP-1839 “Tailored Disorder”,
project Bu 1107/10-1 “Light-path engineering in disordered waveguiding systems”.
Cooperation partner: W. Pernice (Universität Münster).

Results in 2016
T1: Nonlinear THz and mid-infrared spectroscopy
Nonlinear two-dimensional THz spectroscopy in InSb
Two-dimensional THz spectroscopy was extended to a
full three-pulse sequence, now allowing for the detection
of spectral diffusion and relaxation processes during a
waiting time period. Applying this scheme, two-dimensional spectroscopy has been performed on InSb. Results on two-phonon coherences [SFR16a, SFR16c] are
presented in the Scientific Highlights.
Apart from the two-phonon coherences the same experiment also shows two-photon coherences caused by
the excitation of electrons from the valence to the conduction band by the simultaneous absorption of two THz
photons [SFR16b].
The THz pulses interact with a 70 μm thick crystal of the
narrow-gap semiconductor InSb. Their carrier frequencies are centered around 20 THz, so that the pulses
are nonresonant both for phonons (the phonon with the
highest frequency, the longitudinal optical phonon, is
at 5 THz) and for electronic excitations (the band gap
of InSb is at 44 THz). The electric field radiated by the
sample serves as a probe for mapping both the phonons
and the electronic excitations in real time. Two-dimensional scans, in which the time delays between the three
THz pulses are varied, display strong nonlinear signals
and reveal their temporal signature.
Of particular interest is the two-photon coherence shown
in Fig. 1. Despite the moderate electric field amplitudes
(around 50 kV/cm) it is not possible to describe the observed nonlinear signals with nonlinear susceptibilities

71

Fig. 1:
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Fig. 2:
(a) - (d) Femtosecond pump-probe diffraction with 800 nm pump and
400 nm
probe laser wavelengths. The pictures show the scattered and diffracted
signals on a screen at different time delay for N = 2 pulses. During the presence of the laser pulses, plasmon interference is observed (1). The second
diffraction order (2) starts at about 5 ps. The fully stabilized state is shown
for a delay time of 2 s.
(e) Evolution of scatterer distance and orientation in the initial stage of
laser-induced nanograting formation in crystalline silicon
(P = polarization direction, white arrows: mean angle of neighboring scatterers). Numbers of pulses: (1) N = 1, (2) N = 6, (3) N = 10.

up to the third order. Instead, it is necessary to include at
least nonlinearities of the ninth order to account for the
observed nonlinear signals. The reason that such high
nonlinearities are observed is the large interband dipole
moment of InSb.

tions in solids such as magnons and transitions between
ground and excited states of excitons and impurities
with multiple-pulse sequences.

All experimental observations are in excellent agreement with theoretical calculations. This new type of 2D
THz spectroscopy paves the way towards generating,
analyzing, and manipulating other low-energy excita-

It is shown that an electric current through a semiconductor nanostructure amplifies sound waves at ultrahigh
frequencies [SRW16a, SRW16b]. Further details are
given in the Scientific Highlights.

Current-induced amplification of superlattice phonons

T2: Material modification with femtosecond laser
pulses
The physics of laser-induced periodic surface structure
formation was addressed by studying the role of laser
induced surface plasmon polaritons and nano-feedback
processes.
Basic mechanisms of laser-induced surface modifications and plasmon excitation in metals and semiconductors with near infrared femtosecond laser pulses were
studied. Related experimental and theoretical studies
were focused on
• generation of far sub-wavelength gratings, e.g., in
thin metal foils [DAM16],
• the evolution of scatterers in the initial stages of
excitation and nano-feedback,
• field enhancement by nanogratings [LAH16],
• pump-probe diffraction experiments and combined
thermal-nonthermal mechanisms [Weh16].
Femtosecond pump-probe diffraction experiments and
nano-feedback
Laser-induced nanostructure formation is highly complex and material dependent. Early explanations were

based on surface electromagnetic waves, alternative
models involved self-organization of nonequilibrium surfaces and material transport. For structure formation in
glasses and metals, a rearrangement of nano-bubbles
was found which indicates a combination of non-thermal and thermal processes. In our recent experiments,
the process dynamics were studied by pump-probe
diffraction [Weh16]. Si wafers were illuminated by a
120 fs at 800 nm (90° incident angle, p-polarized)
and probed by 400 nm pulses (15° incident angle,
s-polarized). The delay time was calibrated by plasma
generation in ZnO (zero delay at minimum transmitted
signal). Peak intensities of fundamental and probe pulses were 2.13 TW/cm2 and 0.12 TW/cm2, respectively.
Figure 2 shows selected measured distributions of scattered and diffracted probe light. Different regimes are
distinguished which develop at different time scales:
(a) plasmon excitation (100 fs – 250 fs), (b) structure formation (250 fs – 100 ps) and stabilization (100 ps – 2 s).
The results suggest that a combined mechanism similar
to the bubble-related mechanisms in volume and metals has to be assumed. The primary role of plasmons
seems to consist in establishing the spatial frequencies of nanogratings. The theoretically estimated limit
of 0.26 J/cm2 for the minimum carrier density to enable
significant plasmon excitation agrees well with the
experimental findings.

EL signal [a.u.]

Fig. 3:

1000

EL signal [a.u.]

800

1200
1400
Wavelength [nm]

0.0

0.0

0.5

1.0

0.0

0.5

1800

1.0

1.0 0.0

I [A]

0.5
I [A]

1.0

EL signal [a.u.]

I [A]

0.5

1600

(a) Infrared electroluminescence spectra in the 900
– 1700 nm range monitored
from the front facet of an
operating device for different
operation currents. The 3 distinguishable emission bands
are named A, B, and C. (b - d)
Operation current dependencies of bands A, B and C. The
ordinate values are obtained
by integrating the signals in
the wavelength intervals that
are shaded in (a). The laser
thresholds at ~200 mA are
indicated by vertical dashed
lines. (e) Temperature dependent spectra. At 100 °C, the
laser operation terminates and
exclusively spontaneous emission remains.

800

1000

1200
1400
1600
Wavelength [nm]

1800

73

Spatio-temporal evolution of scatterers in the initial stages of laser excitation of crystalline silicon

BMBF or within the frame of bilateral research contracts,
e.g., with Lumentum, eagleyard, Jenoptik or Trumpf.

According to the dispersion relations for interfaces
(k-vector diagram), the efficient generation of surface
plasmon polaritons (SPPs) requires additional transversal k-vector components. These components can be delivered by random initial scatterers. Scatterers act as nano-dipole antennas so that the feedback depends on the
polarization. It has been demonstrated that the creation of
nanocraters and nanobubbles plays a role. The process,
however, strongly depends on the material and laser parameters and the spatio-temporal evolution of nano-feedback was not resolved in very detail. In our experiments,
density and orientation of femtosecond-(fs)-laser induced
scatterers in the initial phase of laser-induced nanograting formation in Si were analyzed for excitation with focused 120 fs pulses at a central wavelength of 800 nm,
(peak intensity 0.82 TW/cm2) in dependence on the
number of pulses. In the polar plot in Fig. 2(e) [Weh16],
a rapid approach to optimum coupling during the first
10 pulses is indicated. It is likely that the nanostructures
are created by field induced microexplosions.

We studied the infrared emission from 450 nm emitting
GaN-based diode lasers in the 900 – 1700 nm range
[KHT16]. We find three emission bands, which are generated predominantly in the GaN substrate by photoexcitation of deep-level-defects by spontaneous primary
emission (Fig. 3). Electroluminescence from the active
region and Planck’s black-body radiation from the entire
device contribute as well. Separation of these contributions by filters allows for selective imaging of defects
and nonequilibrium carrier concentrations along devices. Thermography in this near-infrared region becomes
practically feasible, as well.

Material modification with femtosecond laser pulses
Material modification with femtosecond laser pulses relies on controlled structural modifications. These structural modifications result from the relaxation of the energy transferred from the laser pulse to the material’s electronic system. Plasma formation is the first step of material modification and still poorly understood. Strong-field
ionization (SFI) and electron impact ionization (EII) both
contribute to plasma formation but there is very little information about which ionization mechanisms prevail
during the irradiation sequence. One important activity
of the topic T2 corresponds to a fundamental study of
the laser-induced plasma formation in the bulk of dielectrics. The strategy adopted is the monitoring of the socalled Brunel harmonics in a pump-probe scheme. Brunel harmonics are only emitted when the plasma density
varies abruptly with time, i.e., when SFI occurs. They
appear at frequencies 2nω0 + ω1 where ω0 and ω1 are
the frequencies of the pump and the probe, respectively.
As a main result for the year 2016, high-order Brunel
harmonics (i.e. n > 1) emitted from a fs-laser induced
plasma in fused silica were recorded for the very first
time. The current time-resolution (about 40 fs) does not
enable being conclusive on the respective contributions
of SFI and EII, but the current implementation of a fewcycle probe (sub 10 fs) will provide further insight.
T3: Optoelectronic devices
The main goal of the activities is the search for the principal limitations of semiconductor lasers in terms of energy
conversion and brightness. Devices based on the III-Vmaterial systems GaAs, InP and GaN, which are provided by external partners, are investigated by means of optical spectroscopy, such as transient photoluminescence
and Raman spectroscopy. These investigations are
either carried out in the frame of cooperative projects
such as BlauLas (together with Osram Opto Semiconductors, Coherent-Dilas, and Laserline) funded by the
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We monitored nanosecond kinetics of surface morphology and temperature changes during device degradation [HTB16]. A streak-micro-reflectance technique was
applied, which allows for accessing these two parameters with very high spatio-temporal resolution in parallel.
We directly monitor the creation sequence of 4 distinct
degradation seed points at the facets of diode lasers
within < 300 ns. Such multiple patterns are also frequently observed in failure analysis, e.g., for long term
aging during continuous-wave operation. The shape of
the degradation pattern at the devices is created within
< 30 – 40 ns. There is a nonplanar distortion of surface
morphology, pointing to local melting of the device. The
technique introduced here for degradation analysis is
adaptable to other types of spatio-temporal analysis of
non-recurring processes with high spatial (< 2 µm) and
temporal (<20 ns) resolution.
Waveguide architectures of 420 nm emitting InGaN/GaN
diode lasers are analyzed by photoluminescence and
photocurrent spectroscopy using a nearfield scanning
optical microscope [FTK16]. The components of the active region, quantum wells, waveguides, and cladding
layers are individually inspected with a spatial resolution
of ~100 nm. Separate analysis of the p- and n-sections
of the waveguide was achieved, and reveals defect levels in the p-part. The homogeneity of the n-waveguide
section directly affects the quantum wells that are grown
on top of them. Substantially increased carrier capture
efficiencies into InGaN/GaN-waveguides compared to
GaN-waveguides are demonstrated.
T4: Magnetism and transient electronic structure
Ultrafast angular momentum transfer in metallic ferrimagnets
The way the angular momentum flows from or into the
spin system during the ultrafast, laser-driven demagnetization or switching process is a key topic in ultrafast
magnetism research. Yet, not much is known about
it, this topic remaining essentially a ‘terra incognita’ of
modern magnetism. However, it is generally accepted
that, eventually, the lattice should act as a sink of angular momentum but the actual ultrafast spin-lattice
pathways mediating angular momentum transfer (e.g.,
inter-atomic, intra-atomic etc.) and the corresponding
timescales are essentially unknown.

edges that reveal a dissimilar speed of change for spin
and orbital moments at Fe sites. The tr-XMCD measurements have been performed at the Femto-slicing facility
of Helmholtz-Zentrum Berlin.
Ultrafast XUV spectroscopy

XMCD normalizeed

We successfully commissioned a reflection based XUV
polarizer at FLASH1 at DESY. Via XUV polarimetry,
electron time-of-flight spectroscopy and magnetic circular dichroism we demonstrated a high degree of circular
polarization of up to 90% with transmissions of several
tens of percent in the spectral range between 35 eV and
90 eV. This opens the wide field of femto-magnetism at
FLASH as well as new types of polarization sensitive
experiments of ‘handed’ or chiral materials and (bio)
molecules.

XMCD normalizeed

Pump-probe delay [ps]

We have set-up a new high harmonic laboratory for time
resolved transient reflection and absorption as well as
resonant small angle scattering experiments. Via broadband resonant dichroic spectroscopy in the extreme ultraviolet range we plan to access the optically excited
non-equilibrium magnetization in multicomponent systems. Complementary all-optical setups for ultrafast Kerr
measurements as well as a Kerr microscope for studies
of all optical magnetization switching are operational.
T5: Joint HU-MBI Group on Theoretical Optics

Pump-probe delay [ps]

Fig. 4:
Top: Pictorial view of the ferrimagnetic GdFe alloy
and of the pump-probe investigation scheme
(1.5 eV pump and 700 eV to 1250 eV soft X-ray
probe). Bottom: Time-resolved XMCD measurements performed on GdFe above compensation
temperature at the Fe L3,2 and Gd M5,4 as subscripts
absorption edges using 100 fs X-ray pulses.
Application of the sum rules allows us to quantify the
transient evolution of the spin and orbital magnetic
moments in real time after laser photoexcitation.

In this project, we investigate the angular momentum
flow in ferrimagnetic GdFe alloy during the ultrafast, fslaser-driven demagnetization and magnetization switching phenomena. In order to disentangle the transient
dynamics of the constituent elements and of their spin
and orbital magnetic moments we employ time-resolved
X-ray magnetic circular dichroism (tr-XMCD) in the soft
X-ray spectral range (here 700 eV – 1250 eV) with fs
time resolution. A typical example for the ultrafast spin
dynamics measured at the elemental resonances of Gd
and Fe is shown in Fig. 4. Upon application of the magneto-optical sum rules on these data we obtain the transient evolution of the spin and orbital magnetic moments
in real time after laser photoexcitation. For instance, we
observe different demagnetization times at Fe L3 and L2

Disorder in photonic structures is usually considered to
be a nuisance and its effects have to be minimized in
order not compromise device performance. Nevertheless, many naturally occurring systems such as fog or
milk exhibit significant amounts of disorder so that light
propagation in the presence of disorder represents a
relatively well studied topic. However, it is only recently
that it has been realized that disorder may have beneficial effects. For instance, in many biologically inspired
systems such as butterfly wings, the coloration effects
result from specific types of (correlated) disorder. Following such lines of thinking, the topic of random lasing has recently attracted significant attention so that
researchers have started transforming random lasers
from a research curiosity to actual devices that offer certain advantages over ordinary lasers such as an inherent robustness.
The above observations represent the basis of the DFG
priority program 1839 “Tailored Disorder – A scienceand engineering based approach to materials design
for advanced photonic application”. Research within this
priority program aims at utilizing disorder in photonic
structures in order to enhance existing and/or realize
novel functionalities. In this context, the joint HU-MBI
group on Theoretical Optics has teamed up with the Responsive Nanosystems Group of Prof. Wolfram Pernice
at Westfälische-Wilhelms-Universität Münster in order
to elaborate on “Light-path engineering in disordered
wave-guiding systems”. Here, waveguiding systems of
ordinary intergrated optics shall be combined with disordered systems in order to fully exploit multiple scattering
effects. Loosely speaking the multiple scattering may
be thought of as being equivalent to greatly enlongated
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Fig. 5:
Comparison of measurements and simulations for the wavelength-resolved transmission matrix from the input port (blue arrow) into
the exit channels (labelled 1 - 14) of a compact spectrometer based on a disordered photonic structure. Simulations by Parashos
Varytis (MBI) and SEM-picture and measurements courtesy of Prof. Wolfram Pernice (Münster University).

light paths which, in turn, facilitates the design of compact wavelength selective elements, disorder enhanced
delay lines and pseudo-random photon routing.
In Fig. 5, we display preliminary results regarding the
realization of an ultra-compact spectrometer where an
input channel (blue array) feeds an input signal into a
disordered region which in the present case if of sunflower-type. The resulting multiple scattering leads to the
transmission of a wavelength-dependent speckle pattern into the 14 exit channels (labelled by 1 - 14). After a
calibration step, the spectral resolution of the device will
be determined. Obviously such a compact spectrometer
with sufficient resolution would be well suited for labon-a-chip spectroscopy applications. For the device of
Fig. 5, the comparison of (unnormalized) experimental
and simulated transmission yield very good agreement,
suggesting that such disordered spectrometer may be
pre-designed by simulations. Unfortunately, a careful
analysis of the performance suggests that the device is
slightly too small so that ballistic propagation is still too
strong. A larger device with even more multiple scattering would lead to an enhanced spectral resolution.
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3.3: Transient Structures and Imaging with X-rays
M. Woerner, B. Pfau (project coordinators)
and R. Costard, A. Dehlinger, C. Hauf, P. Hessing, A. Hernandez, M. Holtz, R. Jung, C. v. Korff Schmising, M. Schneider,
H. Stiel, J. Tümmler, J. Weißhaupt

1. Overview

3. Results in 2016

The aim of project is the development and application of
XUV and X-ray sources for structure analysis and imaging with high spatial and temporal resolution down to
atomic length scales. The current applications focus on
ultrafast optically induced structural dynamics as, e.g.,
strain waves and phase transitions investigated with
time-resolved X-ray diffraction and absorption spectroscopy. A second focus is on imaging the spin structure in
nano-magnetic materials in equilibrium and after excitation. The development of new imaging techniques utilizing the light from coherent, highly brilliant soft-X-ray
sources as well as the user operation of a laboratory
based X-ray microscope for the water window region
are subjects of further research and collaboration with
partners from academia and industry.

T1: Nanoscale imaging and spectroscopy with soft
X-rays

2. Topics and collaborations
T1: Nanoscale imaging and spectroscopy with soft
X-rays
The topic is centered around imaging and spectroscopy
of nanoscale objects with XUV and soft-X-ray radiation
produced at synchrotron radiation sources and freeelectron lasers as well as by laser-driven laboratory
sources. Part of the research in this topic is performed
in the framework of the Berlin Laboratory for Innovative
X-ray Technologies (BLiX) which is jointly operated by
the TU Berlin and MBI (cf. Project 4.2). The Project 3.3
also hosts the activities within the BMBF project Split-XMID where a split-and-delay line is developed and constructed for the Materials Imaging and Dynamics (MID)
instrument at the XFEL facility in Hamburg.
Collaborations partners: F. Büttner (MIT, USA), J. Lüning,
B. Vodungbo (Sorbonne Universités, UPMC Univ Paris,
France), A. Madsen, L. Wei (XFEL, Germany), S. Wall
(ICFO, Spain), HZB (Berlin, Germany), Fraunhofer ILT
(Aachen, Germany), optiX fab GmbH (Jena, Germany),
GIST (Gwangju, Rep. Korea), KTH (Stockholm, Sweden), FSU Jena (Germany), greateyes GmbH (Berlin,
Germany).
T2: Femtosecond X-ray diffraction and absorption
Investigation of phase transitions and structural dynamics in solids, in close collaboration with Project 3.2.

Holography-guided ptychography with soft X-rays
Based on the availability of coherent X-ray radiation
from modern X-ray sources and the increased power
of today’s computers, lensless X-ray nanoscale imaging exploiting a numerical solution of the phase problem
has evolved from a proof-of-principle concept to a powerful, routinely applied technique during the last years.
As these coherent diffractive imaging (CDI) techniques
are independent of aberrations from any image-forming optical element, the achievable spatial resolution
is fundamentally limited only by the wavelength of the
incident light. The general principle of CDI is a numerical, iterative reconstruction of a real-space image that
is in agreement with both the measured diffraction data
and a priori real-space information about the object. In
ptychography, additional redundancy is introduced into
this search by recording data from several overlapping
areas of the object, resulting in a faster and more reliable convergence of the iterative algorithms. However,
a precise knowledge of the scan positions is crucial for
a successful high resolution reconstruction of the object.
In our work [HPG16], we have developed a method to
holographically encode the scan position into the diffraction data itself. The method works without any a priori
knowledge of the positions and dispenses the need of
accurate encoders for the sample position. As we use a
combination of Fourier-transform holography (FTH) and
ptychography, the experimental implementation requires
only minor changes to the standard soft-X-ray ptychography setup and is essentially based on introducing
a point source for a reference wave. In our work, we
have demonstrated that our method combination leads
to images with high spatial resolution, very low noise
background, and a reduction of image artifacts from the
iterative algorithms (Fig. 1). The ptychographic reconstruction allows to disentangle the sample’s transmission function from the illumination and, thus, to quantitatively gain the absolute complex transmission, which
we employ to derive the composition and the thickness
of our objects.
Nanoscale imaging and X-ray spectroscopy using laboratory-based soft-X-ray sources
Laboratory-based laser-driven short-pulse X-ray sources like laser-produced plasmas (LPP), high harmonic
generation (HHG) and plasma X-ray lasers (XRL) exhibit a great potential for imaging and spectroscopy in
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to check performance characteristics for high resolution
real-space imaging. The test object was an aperture in a
gold ﬁlm shaped like a puzzle piece.
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The XRL in grazing incidence pumping geometry is
based on a thin disk laser (TDL) in CPA conﬁguration
developed in Project 1.2. In comparison to other systems, the XRL operates with moderate pump energies
of the TDL providing a 70 mJ pulse of 200 ps duration
and a 250 mJ pulse with 2 ps duration. The XRL delivers an output energy on the order of 100 nJ at a 100 Hz
repetition rate.
In Fig. 1(c), we show a CDI reconstruction of the sample’s exit wave from a scattering pattern taken with
200 XRL shots. The spatial resolution of approximately
200 nm is mainly limited by the low photon count and the
incoherent summation of several XRL shots.
The operation of the XRL at MBI was discontinued in
2016. The short pulse arm (2 ps, 150 mJ) of the pump
laser is now used for a laser-based plasma source operating in the wavelength region between 0.6 and 20 nm
(photon energy 60 – 2000 eV). A pump-probe setup using this source with a spectrometer based on reﬂection
zone plates [MWM16] is currently under commissioning.
T2: Femtosecond X-ray diffraction and absorption

Fig. 1:
Amplitude (a) and phase contrast (b) of a cluster
of diatoms (shells of fossil algea) imaged with soft
X-rays of 6.2 nm wavelength using a combination
of Fourier-transform holography and ptychography.
We achieve a (NA-limited) resolution of 120 nm and
a noise in the phase reconstruction of 17 mrad. The
whole ﬁeld of view is approximately 34 µm × 22 µm.
(c) CDI reconstruction (right) of the exit wave from an
aperture in a gold ﬁlm (as shown in the scanning electron microscope image on the left hand side) exposed
with 200 pulses from the XRL source.

the XUV and soft-X-ray range. These sources are complementary to large-scale facilities like synchrotron-radiation sources or free-electron lasers.
Using a laser-based plasma source a novel high resolution spectrometer for laboratory based near edge
X-ray absorption ﬁne structure spectroscopy (NEXAFS)
has been developed [MWM16]. The high efﬁciency of
the optics allows the registration of a NEXAFS spectrum
within less than 10 s with a resolution of about 300 meV
at the carbon K-edge. The spectrometer will be applied
for NEXAFS investigations on derivatives of chlorophylls
[WSM16] and phthalocyanines.
In 2016, we have performed proof-of-principle CDI
experiments using the XUV radiation (18.9 nm wavelength) from the XRL operated at MBI. The goal of the
campaign was to characterize coherence properties and
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Femtosecond X-ray diffraction experiments reveal transient changes of intensity and/or angular position of
Bragg reﬂections. These variations can either be the result of a modiﬁcation of the electron density distribution
(and therefore of the relevant structure factors) upon
excitation, or can be due to inhomogeneous strain in
the sample. The former situation has been extensively
studied in the past.
In 2016, we have concentrated on the latter scenario.
In particular, we studied the propagation of strain waves
in LiNbO3 single crystals upon two-photon excitation
[HHH16]. The instantaneous mechanical stress that is
generated when the surface of a single crystal is hit by
intense femtosecond laser pulses initiates a strain front
propagating into the bulk of the crystal. Phonon generation by electron-hole pair relaxation and anharmonic
phonon-phonon interactions are among the known
mechanisms that transform an ultrafast electronic excitation into stress and have been studied in depth by
femtosecond X-ray diffraction experiments. In these
cases, the observed strain is independent of the relative
orientation between the crystallographic axes and the
polarization of the incident pump light.
The optical generation of an electric shift current via
the bulk photovoltaic effect represents another type of
electronic excitation in certain ferroelectric materials.
This shift current is connected with the motion of charge
carriers along particular symmetry axes of the crystal.
Ferroelectric LiNbO3 is a prototype material in which
shift currents have been induced with different types
of optical excitation. So far, the lattice response of bulk
LiNbO3 to such an excitation has remained unexplored.
As the shift current is connected with a high macroscop-
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Fig. 2:
(a) Ball and stick representation of the crystal structure
of LiNbO3 with highlighted NbO6 octahedra and a definition of the rotation angle φ. (b) Schematic drawing of the
pump-probe geometry, together with the relevant components of the electric field of the pump light inside the
single crystal. (c) Dependency of the three components
of the electric field E(φ,t) on the angle φ. (d) Normalized
X-ray reflectivity transients of the (110) Bragg reflection
of LiNbO3 for two angles φ (red solid circles for φ = 0°;
blue solid circles for φ = 45°). The measured change of
diffracted X-ray intensity (ΔI/I)n is plotted as a function of
pump-probe delay t (symbols). Calculated reflectivity transients are represented as black and orange lines. In the
insets the polarization of the strain wave for φ = 0° and
φ = 45° is depicted schematically (e) Polar plot representation of the normalized X-ray reflectivity transients of the
(110) Bragg reflection with varying angles φ. The radial
value indicates the percentage of the maximal
(ΔI/I)n value of each transient reached at specific delay
times, which are color-coded according to the legend on
the right-hand side.

We demonstrate that shift currents in LiNbO3 induce
strain waves and map their propagation with femtosecond X-ray diffraction. The crystal structure of
LiNbO3 is shown in Fig. 2(a). In our experiments the (110)
Bragg planes are parallel to the crystal surface, i.e., the
c-axis lies in the surface plane of the X-cut single
crystal (Fig. 2(b)). This geometry allowed us to measure
the transient X-ray reflectivity of the (110) Bragg reflection for all angles φ between the polar c-axis of the crystal
and the electric field of the subpicosecond 400 nm pump
pulses as shown in Fig. 2(c). The normalized change
of diffracted intensity (ΔI/I)n upon excitation is plotted
in Fig. 2(d) as a function of the pump-probe delay t for
φ = 0° and φ = 45°. The observed transients, in particular
their rise on a time scale of up to several 100 ps, are
a clear indication of acoustic strain waves propagating
through the excited LiNbO3 crystal perpendicularly to the
(110) Bragg planes. The large strain amplitudes indicate
that the shift current is the main source of stress while
anharmonic phonon-phonon interaction or the electron
hole deformation potential play a minor role. The most
striking experimental observation however, is the variation of the speed of strain waves as a function of the
angle φ. As can be seen in Fig. 2(d), the signal rise is
much faster for φ = 45° than that for φ = 0°, indicating
a significantly different velocity of sound in both cases.
For a systematic analysis, transients were recorded for
the full range between φ = 0° and 360°, as displayed
in Fig. 2(e). This representation clearly reveals a fourfold variation of the velocity of sound and the concomitant polarization of the strain waves propagating in the
excited LiNbO3 crystal in dependency of the angle φ.
These results clearly rule out stress generation via phonon generation by electron-hole pair relaxation or anharmonic phonon-phonon interactions as the driving mechanisms. Instead, the predominant stress originates from a
shift current induced by the bulk photovoltaic effect via
two-photon excitation. The macroscopic electric polarization connected with this current then couples to the
crystal lattice via the strong piezoelectric interaction in
LiNbO3. This in turn kicks off the observed highly anisotropic strain wave propagation. In future the nonlinear
photoconductivity tensor and the piezoelectric tensor can
be used as parameters to efficiently control the character
of strain generation and propagation in LiNbO3 and similar ferroelectric materials exhibiting a bulk photovoltaic
effect.
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4.1: Implementation of Lasers and Measuring Techniques
I. Will, N. Zhavoronkov (project coordinators)
and A. Anderson, F. Furch, A. Giree, R. Jung, G. Klemz, T. Nagy, J. Tümmler

1. Overview
The general goal of this project is the development of
lasers and optical measurement systems tailored to
applications specific to the MBI or laboratories of collaboration partners.
The generation of sub-10 fs pulses by means of Optical Parametric Chirped Pulse Amplification (OPCPA)
technology has further increased in significance during
the last years. The appropriate OPCPA systems are
developed in topics 3 and 4 of this project.

2. Topics and collaborations
The project is organized in the following topics:
T1: Lasers for particle accelerators
This topic contributes to the development of Free Electron Lasers (FELs) by providing highly specialized photo
injector drive lasers. This work is carried out in cooperation with DESY, the Helmholtz-Zentrum Dresden-Rossendorf (HZDR), and the Helmholtz-Zentrum Berlin für
Materialien und Energie (HZB).
T2: Femtosecond laser system with shaped pulses
The main task of this topic is the implementation of new
concepts for the generation of few-cycle and/or shaped
laser pulses for relevant experiments at MBI.
T3: Development of a Terawatt OPCPA system
A high-power OPCPA system that is pumped by a highpower thin-disk laser is being developed in the framework of this topic. This project aims to reach a pulse
energy of 40 mJ from the OPCPA with a pulse duration
of less than 10 fs. The system runs at a repetition rate
of 100 Hz.
T4: High repetition rate NOPA
The development of high repetition-rate Non-collinear
OPA (NOPA) systems (repetition rate ≥ 100 kHz) is
the goal of this topic. The NOPAs are pumped by fiber
lasers and by a high-power thin-disk amplifier.

3. Results in 2016
T1: Lasers for particle accelerators
This topic deals with the development and systematic
improvement of photocathode lasers for linear accelerators (linacs) of FELs. These lasers are needed to
drive the photo injectors, where the electron bunches
are generated which are then subsequently accelerated in the accelerator modules. Thus the parameters
of the photocathode laser, in particular its wavelength,
synchronization accuracy, pulse shape, and stability,
have a substantial influence on proper operations of the
linacs and FELs.
At present, several photocathode lasers developed at
the MBI are in operation at DESY (Hamburg site), both
for the XFEL as well as for FLASH, at HZB and at the
superconducting RF gun at HZDR.
MBI has continuously provided support for these laboratories to ensure suitable operation of the lasers. In particular, we have installed an improved Nd:Glass laser
oscillator at the HZDR. Another major activity in 2016
was the transfer of MBI know-how on the XFEL photocathode laser to DESY, where the laser was installed
in 2014.
As a continuation of the development of the various
photocathode lasers for BESSY, HZDR and DESY in
the previous years, MBI has now started to develop a
photocathode laser for the bERLinPro energy recovery
linac (ERL).
An ERL can be considered as a merger of a storage ring
and a linac, combining the advantages of both systems
for the generation of synchrotron radiation. bERLinPro
is intended to serve as the basis for a new generation
of accelerator based light sources. Furthermore it offers new insights in the area of continuous wave (cw)
super-conductive radio-frequency (SRF) technology.
The linac of bERLinPro aims to reach an average beam
current of 100 mA, which is about 2 orders of magnitude
higher than the current of existing linacs, like FLASH
and XFEL. Regarding the photocathode laser, one has
to achieve stable long-term operation of the laser with
> 100 W average power, with an appropriate safety margin. Another challenge is the conversion of the infrared
laser radiation to the second harmonics with efficiency
in the order of 50%. This conversion has to be achieved
without an enhancement cavity, since this laser has to
work with a large variability of the pulse parameters, in
particular regarding pulse duration and repetition rate.
The repetition rate should be adjustable between 1 Hz
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and 54 MHz, In addition, bursts as well as a continuous
train of pulses with 1.3 GHz repetition rate have to be
generated in the high-frequency operational mode of the
laser system.

ultrafast timescales. The femtosecond laser system
presented here delivers pulses with duration down to
sub-two-cycle and enables to convert their frequency to
XUV-spectral range via generation of high harmonics.

Consequently, the laser system will be equipped with
two different oscillators. The first oscillator will operate
with 50 MHz repetition rate, while the second oscillator
will produce pulses with 1.3 GHz repetition rate (Fig. 1,
top). Depending on the operation mode of the accelerator, one oscillator is selected and the energy of its pulses
will subsequently be raised in an amplifier chain consisting of fiber pre-amplifiers and a final booster stage.

In 2016, main efforts were directed towards the development of a new approach for producing elliptically polarized XUV radiation directly during generation of high
harmonics. The joint theoretical and experimental project
(together with Project 2.3) aims to address efficient generation and characterization of attosecond pulse trains
and isolated attosecond pulses with controlled polarization, tuneable from almost perfectly circular to linear. Development of robust, flexible, and practical approaches
to the generation of circularly polarized femtosecond and
attosecond pulses in the extreme ultraviolet (XUV) spectral range is a frontier of research in intense field physics.
Such pulses have numerous important applications in
chiral-sensitive light-matter interactions (e.g., X-ray Magnetic Circular Dichroism (XMCD), photoelectron circular
dichroism (PECD), spectroscopy of chiral molecules etc.).

The development of bERLinPro photocathode laser was
officially started at the MBI in autumn 2016. As of December 2016, the 50 MHz oscillator and two fiber amplifiers have been put in operation (Fig.1, bottom). The
second fiber amplifier is based on a fiber rod and generates up to 30 W average power at present. In 2017,
a high-power booster amplifier, an appropriate Pockels
cell for the selection of pulses and bursts with reduced
repetition rate will be developed. Finally, the high-frequency oscillator with 1.3 GHz repetition rate will be
added to the laser.
T2: Femtosecond laser system with shaped pulses
Intense few-cycle pulses are essential for studying
electron dynamics of atomic or molecular systems in

The approach used (after Becker and co-workers) relies
on combining a circularly polarized ultrafast laser field
with a counter-rotating second harmonic field. The resultant time-dependent electric field driving high-harmonic
emission describes a Lissajous figure with a threefold
spatio-temporal symmetry, resembling a clover leaf.
The resulting electric field peaks three times within one
cycle of the fundamental, producing three ionization
bursts (Fig. 2).

INPUT - 0.2 W

OUTPUT >15 W

OUTPUT > 30 W

INPUT - 5 W

Fig. 1:
Top: Scheme of the bERLinPro photocathode laser under development at MBI.
Bottom: Present fiber-preamplifier (left) and fiber rod amplifier (right) of the laser.
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Left: Operational principle.
Right: Resultant electric field of the two-color approach for generation of elliptical polarized harmonics.

0.6
0.4

0.4
0.2

0.2
0.0

0.6

0.0
20

30

40

50

60

70

80

20

Photon energy [eV]

30

40

50

60

70

Photon energy [eV]

Fig. 3:

High harmonics generated with a two-colour driving laser field in Ne.
Left: Linear polarization. Right: Counter-rotating circular polarization.

The main strength of this approach is the ability to generate harmonics with fully tunable ellipticity, from circular to linear, by tuning the ellipticity of
one of the fields. For perfectly circular drivers, only
frequencies w1 = w0((n+1) + 2n) = w0(3n+1) and
w2 = w0(n + 2(n+1)) = w0(3n+2) are allowed (n is an integer and w0 is the central frequency of the driving laser
field in the visible-infrared part of the spectrum). The
orders N = 3n, are symmetry-forbidden in centro-symmetric media.
The key features of this new method for generating
circularly polarized harmonics are:
• There is no loss in generation efficiency, compared to
linearly polarized drivers.
• Harmonics are circularly polarized as they are
produced already at the single-atom level.
• Successive harmonics are polarized in opposite direction: The w1 = 3n+1 harmonics follow the polarization
of the fundamental field, while the w2 = 3n+2 harmonics have polarization of the second harmonic field.

The relative phase F between the two phase-locked
driving fields will lead only to rotation of resulting field in
azimuthal direction while keeping the three-peak shape
unchanged. Consequently, it does not affect the HHG
in centro-symmetric media. This is an important benefit
since F may change during propagation due to different
dispersion of the medium at the frequencies w.
Figure 2 presents results from the experiments where
we follow this approach. Our laser system delivers 30 fs
pulses, with up to 5 mJ pulse energy at 800 nm wavelength. We generate the second harmonic using a nonlinear crystal (beta-barium-borate (BBO)) and create the
bi-circular polarisation beams with broadband achromatic
quarter wave-plates suitable for femtosecond pulses.
The laser beams were focused at f/100 into a 2.5 mm
long gas cell containing different gaseous media, with
the peak intensity in the focus up to 7 x 1014 W/cm2.
The generated radiation was detected with XUV-spectrometer, based on ~1 m toroid and 600 grooves/mm
plane grating. For a two-colour driving laser field with
linear polarization, both odd and even harmonics are
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With this setup we demonstrate the dependence of the
generation process on different He and Ne gas pressures and phase-matching effects. To this end, we focus
on the relative intensities of adjacent, counter-rotating
harmonic lines. The relative intensities of the counterrotating harmonic lines strongly depend on the orbital
momentum of the initial state. Simulation demonstrate,
that for an initial p- state (as for neon, argon, or krypton
gas), the harmonics co-rotating with the fundamental
field can be much stronger than those co-rotating with
the second harmonic. (Results are presented in Projects 2.2 and 2.3) The effect is found with the contribution
of both degenerate sub-levels, p+ and p−, included in
the calculation. As a result, circularly polarized attosecond pulses are generated already at the microscopic,
single-atom level. Additional help from phase matching
is a bonus, but not necessary. For the p+ initial state,
the harmonics that have the same polarization as the
driving IR field are preferred. For the p− initial state, the
harmonics with the same polarization as the 2ω driver
are stronger. In the spectra obtained from adding the
contributions from the p+ and p− orbitals coherently,
in the plateau region, harmonics with the same polarization as the driving IR field dominate over those with
opposite polarization. The suppression of harmonics
counter-rotating with respect to the fundamental in neon
implies the generation of trains of highly elliptic attosecond pulses, co-rotating with the fundamental field.
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Fig. 4:
Output spectrum obtained at 10 mJ pulse energy.

laser. With this seed source, an output energy of up to
10 mJ was generated. After careful optimization of the
subsequent OPA stages the energy content of amplified superfluorescence could be reduced below 10%,
limited by the high gain required for the nJ-level seed
pulse. Further improvement of the contrast or increase
of the output energy at the same contrast level would
require either higher seed pulse energy, or the application of complicated enhancement methods, such as
cross-polarized wave generation (XPW) or a plasma
mirror. The spectrum of the OPA output is shown in
Fig. 4. The transform limit is 14.3 fs, which has been
limited by the spectral bandwidth of the seed source.
Regarding the above limitations set by our current seed
source we decided to replace the current front-end with
a commercial one.
The new front end, which will be delivered in spring
2017, will provide a pulse energy of 50 µJ, optical
synchronization between pump and seed beam as well
as passive CEP stabilization of the seed pulse.

T3: Terawatt OPCPA system

Optimization of the pump laser

The goal of this topic is to set up an OPCPA system
that produces high-energy (E ~ 40 mJ) pulses with sub10 fs duration. When applying these pulses to HHG, the
generated high harmonics will be powerful enough to
perform XUV-pump XUV-probe experiments at attosecond timescales.

The usability of the OPCPA system as a driver for HHG
strongly depends on the stability of the temporal and
spatial overlap of the seed and pump pulses. Thus the
stability of the high-energy pump laser is essential for
proper operation of the OPCPA system.

Our OPCPA design utilizes powerful thin-disk lasers as
pump source that have been developed during the previous years in the framework of Project 1.2.
In 2016, the work was focused on three main topics:
•
•
•

Improved frontend generating seed pulses for the
OPA with higher energy
Optimization of the pump laser
Layout of the full system.

The frontend
The OPCPA amplifier has been seeded by near-IR fewcycle pulses from a Ti:Sa oscillator (Rainbow HP from
FEMTOLASERS Productions GmbH), which has been
electronically synchronized to the oscillator of the pump
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produced (Fig. 3). But if the polarizations of the driving
fields are changed to circular ones with opposite helicity the generated spectra are modified in the way as
it was predicted by theory: The intensity of every third
harmonic in the HHG-spectrum is drastically reduced
according to selection rules as it is shown in Fig. 3. The
polarization of the allowed harmonics is supposed to be
elliptical.

As a first measure, we have improved the stability by
reducing air flow in the grating compressor by introducing a set of horizontal blades across the 6 m long pulse
compressor. These blades stop the remaining air flow
in the air-tight housing, stabilize the beams between the
compressor gratings and thus reduce the timing jitter
caused by air turbulences in the compressor.
In order to further improve the energy stability of the
system, we have to aim for a constant spatial overlap
between pump and seed beam. This is particularly
important in the first OPA stage, which is operated in
tight focusing geometry, with high gain and only moderate saturation.
Figure 5 presents a measurement of the beam pointing
in the first OPA stage, which shows a large standard
deviation relative to the focal spot size due to air fluc-

tuations in the overall beam path of the pump beam.
In order to reduce these fluctuations, we aim to pump
the first OPA stage with a separate pump channel at a
much lower pulse energy compared to the pump beam
for the final stage, which is equipped with laser crystals
with larger fluorescence bandwidth. Consequently, they
allow for an approximately 5 times shorter stretcher and
compressor, which should introduce correspondingly
less pointing instabilities to the pump beam.
The limited aperture of the 20 mm SHG crystals led to
saturation of SH conversion and partial back conversion
to the fundamental wave. Furthermore, the relatively
small beam size of the green pump beam has also limited the usable pulse energy by introducing excessive
nonlinearities during propagation. These effects limited
the useful pulse energy in the green pump beams for
pulse durations shorter than 5 ps. Therefore, in order to
utilize a higher pulse energy for pumping the final OPA
stage, we have increased the beam size from 20 mm to
30 mm using larger-aperture LBO crystals.
Beam pointing pump 1st stage
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Fig. 5:
Measured pointing instability in the first pump beam is
on the order of 110…135 µm mainly due to air turbulences in the long beam path.

Layout of the full system
The schematics of the full OPCPA system are shown
in Fig. 6.

The frontend will deliver passively CEP-stable pulses
at ~900 nm central wavelength of 50 µJ energy with a
bandwidth supporting sub-8 fs pulse duration. The pulses will be stretched to a few ps by a GRISM stretcher
introducing negative chirp, subsequently transmitted by
a programmable acusto-optical modulator (DAZZLER)
for the fine tuning of the output pulse shape and for
active stabilization of the CEP. The stretched pulses will
be amplified first to ~1 mJ, and then up to 40 mJ in 3
OPA stages. The pulse compression will be carried out
in two subsequent stages: first, propagation in a glass
block will reduce the pulse duration to ~100 fs, then the
rest of the chirp compensation will be accomplished by
a set of chirped mirrors located in a vacuum chamber,
which serves as the first stage of the planned beamline
for high harmonic generation.
T4: High repetition rate NOPA
Experiments in attosecond science aim to follow the
ultrafast dynamics induced by the coherent excitation
of multiple electronic levels of atoms or molecules after sudden photoexcitation or photoionization. Detection of ion and electron momenta in coincidence after
photoionization is an ideal tool to study these systems.
Detection in coincidence requires that only one ionization event is produced per laser shot and therefore
demands high repetition rate sources with low pulse
energy. In this activity we aim to develop light sources
delivering Carrier-Envelope Phase (CEP) stable fewcycle pulses at high repetition rates (≥ 100 kHz) with
pulse energies between a few µJ and a few-hundred µJ
(up to a few tens of Watts of average power), to enable
experiments in strong field physics and attosecond science with coincidence detection.
In 2015, the ultra-high repetition rate NOPA running at
400 kHz and delivering CEP-stable few-cycle (˂ 7 fs)
10 µJ pulses had been optimized and commissioned for
different applications in strong field physics and material processing (Projects 2.2 and 3.2 respectively). In
2016, the commissioning of the 400 kHz NOPA system
continued but in addition, the front end of the system
(oscillator and pulse shaper) was shared between the
afore-mentioned NOPA and a new development, a
100 kHz NOPA with pulse energies exceeding 100 µJ
that will be devoted to drive an attosecond pump-probe
beamline with coincident detection (Project 2.3).

Fig. 6:
Schematics of the full OPCPA system.
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Fig. 7:
Block diagram of the complete system showing the
common front end and the
two pump lasers and corresponding NOPAs.

The common front-end operates with a pulse shaper
based on a spatial light modulator for improved pulse
compression and an active pump-seed delay stabilization system. In both NOPAs, amplification of the seed
pulses is realized in consecutive BBO crystals under
type-I phase-matching, while compression is achieved
through a combination of chirped-mirrors, thin fusedsilica wedges and the aforementioned pulse shaper.
During 2016, the development of the new, higher power
NOPA took place. The parametric amplifier consists of
two NOPA stages. The first stage is pumped by 120 µJ
pulses (12 W) at an intensity of 100 GW/cm2. In the second stage, the pump power reaches 98.5 W (985 µJ)
with the pump intensity exceeding 50 GW/cm2.
The seed pulses entering the first amplification stage are
stretched to approximately 300 fs. In the first stage, the
seed pulses are amplified from 250 pJ to 12 µJ (1.2 W
of average output power) in a 2.5 mm thick BBO crystal.
The stage has a high gain of approximately 48000 and a
moderate pump-to-signal energy conversion efficiency
of 10%. In the second stage, the pulses are amplified in
a 3 mm thick BBO crystal from 12 µJ to maximum pulse
energy of 233 µJ (23.3 W of average power). This stage
has a maximum gain of 19.4 and a high conversion ef-
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ficiency of 22.4%. In that case, the overall conversion
efficiency of the two-stage amplifier amounts to 21.1%.
Figure 8 shows the output power of the NOPA as a function of time. For this particular measurement the power
was slightly lower than the maximum achieved but still
higher than 22 W. The inset in the figure shows the amplified beam.
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The block diagram in Fig. 7 depicts the basic architecture
of the two parametric amplifiers with a common frontend. A carrier-envelope phase-stable, octave-spanning
Ti:sapphire oscillator (Pulse:ONE, VENTEON Femtosecond Laser Technologies GmbH) seeds both NOPAs operating at a central wavelength around 850 nm.
A fraction of the oscillator radiation with approximately
10 nm of bandwidth centered around 1030 nm is filtered
out with a dichroic mirror, coupled into a polarizationmaintaining optical fiber (dubbed “optical link” in Fig. 7)
and used to seed a chirped pulse amplification (CPA)
system whose output, after frequency doubling, will
serve as pump for the NOPA. In the case of the 400 kHz
system the CPA is an Yb-doped fiber-based system
(High Power Tangerine, Amplitude Systèmes) delivering, after frequency doubling, 300 fs pulses with 24 W of
average power at 515 nm. For the 100 kHz system the
CPA consists of a fiber Bragg grating stretcher, several
Yb-doped fiber pre-amplifiers, a regenerative thin-disk
Yb:YAG amplifier and a grating compressor. After second harmonic generation the system delivers 120 W at
515 nm, in 900 fs pulses at a repetition rate of 100 kHz.
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Fig. 8:
Output power as a function of time and amplified beam
profile (inset).

As previously described, pulse compression was
achieved by combining chirped mirrors, a pair of thin
fused-silica wedges and the pulse shaper. The pulse
shaper is only utilized to correct high order dispersion
terms (third and fourth order) and does not affect significantly the shape of the seed pulses entering the NOPA. As a consequence, small corrections to the seed
spectral shape prior to amplification do not affect the
amplification conditions. The compressed temporal
pulse shape retrieved via a commercial SPIDER device
is shown in Fig. 9. The pulse duration is 7.2 fs, a factor of only 1.09 longer than the transform-limited pulse
duration. In addition to the chirped mirrors and fusedsilica wedges, a dichroic mirror that filters out 400 nm
light parasitically generated during the amplification process was inserted into the beam path. After losses in
these optical elements the compressed power exceeds
21 W (210 µJ).
During 2016, the 400 kHz has been employed for strong
field ionization experiments with ion-ion coincidence
detection (as part of Project 2.2) and material process-
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ing with few cycle pulses (as part of Project 3.2). These
activities will continue in 2017.
The development of the 100 kHz system will continue
during 2017. Higher long term stability is necessary for
most applications. In addition, CEP stability has yet to
be studied for this system. The output of this high power
NOPA will be employed to generate high order harmonics and perform XUV-IR pump-probe experiments with
coincidence detection utilizing a reaction microscope
(Project 2.3). First attempts to generate high harmonics
are expected to take place during 2017.

Publications
Publications which have emerged from work in this
infrastructure project are listed under the relevant
projects (1.1, 1.2, 2.1, and 2.2).
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4.2: Application Laboratories and Technology Transfer
Femtosecond Application Laboratories (FAL)
V. Petrov (project coordinator)

1. Overview
Research at MBI requires interdisciplinary scientific
staff, flexibility in the definition and organization of scientific projects, and a long term scientific infrastructure.
MBI has chosen to concentrate some of its main experimental resources in the application laboratories,
providing flexible, versatile and cost-effective access
to expensive, state-of-the-art equipment for internal
researchers. In addition, the application laboratories,
started more than 20 years ago, are particularly suited
for MBI’s various access activities and collaboration programs extended to external partners from science and
industry. At present the MBI offers access to the following femtosecond laboratories:
• MultiColor fs-system-I
• MultiColor fs-system-II
• UV/MIR fs-system
• High-power shaped pulse fs-system
• 80 MHz fs-system.
Since 2013, the further development of the existing
application laboratories is confined to improvement of
some application experiment related special parameters. Thus, sub-5 fs pulses with an energy up to 1 mJ
are available in the high power shaped pulse fs-lab by
compression of the initial 40 fs pulses in a hollow core
fiber (HCF) filled with Ne at gradient pressure. This fewcycle radiation is converted via high-harmonic generation into XUV-continuum within 50 - 120 eV and applied
for transient absorption experiments. The UV/MIR fs-lab
was equipped with a 2 × 64 HgCdTe double detector
array, sensitive in the 2.5 –12 µm wavelength range,
which allows for a more versatile detection of transient
IR spectra with higher spectral resolution. In 2016, another HgCdTe double array has been made available to
probe to longer wavelengths (18 µm).

A great deal of the ongoing efforts within Projects 1.2
and 4.1 are devoted to new unique high repetition rate
and high power sources for HHG and as-spectroscopy.
In one of the OPCPA systems, the output pulse parameters at 100 kHz after the 2nd stage amount to 96 µJ at
1.55 µm (~50 fs) and 47 µJ at 3.1 µm. The potentially
CEP stable idler was compressed in 2016 using angular dispersion correction and close to transform limited
~70 fs pulses at 3.1 µm were obtained with an energy
of 30 µJ. Much higher energies are expected after the
3rd stage (under development) for which the major part
of the pump power (at 1.03 µm) has been reserved. The
other high repetition rate CEP stable OPCPA system
operating at ~800 nm is being extended by a second
chain to deliver higher energies (>200 µJ) at 100 kHz for
compressed pulse duration of ~7 fs. It is expected that
when these systems are completed and reach a stable
operational mode, they also will be offered within the application laboratories framework.

2. Users
In 2016, the overall use of the FAL was 63% of the available access time, with ~20% utilized by visiting scientists (from China, Italy, Belarus, Russia, and Spain),
supported by EU or foreign funding programs.

Publications
All publications which have emerged from work in this
facility are listed under the relevant research projects.

Fig. 2:

Fig. 1:
The 80-MHz fs-system lab was equipped in 2016 with
a new Millennia eV 25 W green (532 nm) laser. The
Ti:sapphire oscillator pumped by it delivers now an
average power of 5 W in the 800 nm spectral range.
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Novel mode-locking devices
for femtosecond lasers operating in the 2 µm spectral
range are studied in the
80 MHz lab. A Tm-doped
monoclinic tungstate laser
shown in the picture was
successfully mode-locked
by a graphene saturable
absorber, resulting in highly
stable self-starting and
self-sustaining sub-100 fs
operation.

High-Field Laser Application Laboratory (HFL)
M. Schnürer (project coordinator)

1. Overview
MBI operated the High-Field Laser Application Laboratory since the year 2000. This facility, equipped with two
laser arms, was the experimental basis of research in
relativistic plasma dynamics and light-matter interaction
with ultra-strong electromagnetic fields. During the last
years, MBI decided to discontinue the research in highintensity laser plasma physics in order to enable strategic
development in new directions. Therefore, the scientific
Project 2.1 was completed by the end of 2016, together
with the access activities using the HFL. A reconstruction
program was launched aiming to provide a state of the art
laboratory infrastructure for new OPCPA lasers.
The following provides a brief summary of achievements
which were essential to support the external access programs (Laserlab-Europe), carry out research in national
collaborations (TRANSREGIO 18) and to provide beam
time for other in-house projects. Two parallel, optically
synchronized Ti:sapphire laser systems (100 TW and
70 TW) with intensities in excess of 1020 W/cm2 and pulse
duration of 25 and 35 fs were operated with high and
ultra-high pulse contrast, including the possibility to carry
out counter-propagating beam experiments.

Diverse diagnostic equipment allowed for high spectral,
spatial and temporal resolution, consisting of optical and
X-ray cameras, X-ray, EUV-spectrometers and Thomson
spectrometers. State of the art pulse width and temporal contrast measurement via SPIDER and scanning 3rd
order correlator, respectively, were used for laser characterization. Adaptive mirror systems with wave front
controlling Hartmann sensors were essential to achieve
ultimate performance.

2. Results in 2016
In 2016, the HFL infrastructure has been used for final experiments on ion acceleration, laser parameter
steering and new amplifier architectures. Interaction
experiments with ultra-high temporal pulse contrast enabled due to the combination of a XPW-frontend and
plasma-mirrors have been possible. The basic contrast
achieved by XPW technology provides a plasma mirror
operation at 80% reflectivity which is an extraordinary
high value. Ultra-high temporal pulse contrast is necessary for experiments on ultra-thin foils in the study of
processes such as electron blow out and direct electron
acceleration in intense laser fields.
During our last experimental campaigns, we also tested a custom-built Wilson chamber using saturated alcohol vapour. Fig1. shows proton traces and visualizes
the stopping action of plastic layers on the polyenergetic
beam.
Detailed results are reported in the context of Projects
2.1. and 1.2.

3. Users
In 2016, the system was predominantly operated for the
MBI in-house Project 2.1, with some external use in addition. The research was tightly linked to tasks within the
DFG funded TRANSREGIO 18 collaborative research
consortium, a DFG project on relativistic nano-plasmas,
and the CHARPAC-program within the Integrated Laser Infrastructure Network Laserlab-Europe and other
bilateral cooperations.
Fig. 1:
Custom-build Wilson chamber (alcohol vapor) visualizing an injected proton beam (skimmed via a
5 micron slit aperture) and stopping at plastic filters.
The main characteristics of laser-accelerated ion
beams are nicely visible: a broad energy distribution
and low emittance.

Laserlab Access
Laserlab project “High repetition rate Ti.sapphire EPD
amplifier”:
• Vladimir Chvykov – Senior Research Scientist,
• Huabao Cao – Research Fellow,
• Roland Nagymihály – Junior Research Fellow, ELIALPS
3 weeks within January / February 2016.
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Collaboration Access
Ion acceleration using target structures with nano-rod
layers:
• Catherine Lowry, Dublin City University, Ireland
1 week in May 2016.
Laserlab Expert Exchange Program
• Jean-Éric Ducret, CELIA Bordeaux, France
1 week in September 2016.

Publications
All publications which have emerged from experiments
in HFL laboratory are listed under the relevant research
projects.
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Berlin Laboratory for innovative X-ray Technologies (BLiX)
H. Stiel (project coordinator)
and J. Bränzel, A . Dehlinger, R. Jung, A. Lübcke, guests: I. Mantouvalou and K. Witte (TU Berlin)

1. Overview
The Berlin Laboratory for innovative X-ray Technologies (BLiX, www.blix.tu-berlin.de) is jointly operated by
the Institut für Optik und Atomare Physik (IOAP) of the
TU Berlin and the Max-Born-Institut. BLiX is the „Leibniz-Applikationslabor“ of MBI. It operates at the interface
of scientific research and industrial application with the
goal to transfer research results into instrument prototypes. MBI contributes to BLiX among others:
• with the further development of a full field laboratory
transmission X-ray microscope (LTXM) capable of tomographic nanoscale imaging
• with the development and support of user operation
of a soft X-ray spectroscopy beamline based on a brilliant laser produced plasma X-ray source and novel
X-ray optics
• with the transfer of know-how concerning the development and application of laser based sources, optics and detectors for the soft and hard X-ray region.
The full field laboratory transmission X-ray microscope
(LTXM) at BLiX allows to record high quality nanoscopic
images at 2.478 nm (500 eV) with a magnification up
to 1000 in a field of view of about 30 µm and a data
accumulation time of less than one minute. In order
to meet user demands the work in 2016 was mainly
focused on the further development of 3D imaging.

In the framework of a joint project with a small high-tech
company in Berlin-Adlershof a new type of 2D CCD detector has been developed. This so-called super resolution camera allows a sub-pixel spatial resolution in optical
and X-ray imaging (cp. Fig. 1). Using an USAF resolution
standard an improvement of the resolution by a factor of
about 1.6 per linear axis has been demonstrated.
A laser produced plasma (LPP) source based on long
time experience of MBI in laser plasma dynamics has
been implemented at BLiX in collaboration between
IOAP/TU Berlin and BESTEC GmbH. The LPP source
delivers soft X-ray pulses in the photon energy range
between 100 and 1000 eV with 1 ns pulse duration,
100 Hz repetition rate and a maximum average
brightness in selected emission lines up to 1011 ph/
s*μm2*mrad2.
For investigations of samples relevant for users from life
and environmental sciences an X-ray absorption beamline has been implemented. In order to enable near
edge X-ray absorption fine structure (NEXAFS) spectroscopy investigations in the lab, the LPP source was
equipped with a spectrometer based on reflection zone
plates (RZP, collaboration with Helmholtz Zentrum Berlin). This spectrometer allows NEXAFS investigations at
carbon, nitrogen and oxygen K-edges with high resolution (E/ΔE > 1000) and recording times ranging from
single shots to some seconds (cp. Fig. 2).

Fig. 1:
Images recorded with the super resolution CCD camera (patent pending) developed in a joint research project with
greateyes GmbH. Left: Microscopy image of a diatom without sub-pixel shift. Right: Microscopy image of a diatom with
sub-pixel shift (super resolution mode). An edge filtering (Image J) was applied for both images. Note that the difference
in pixelation is not due to image processing but the intrinsic improvement due to the super resolution CCD.
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Fig. 2:
NEXAFS spectra of a polyimide foil (thickness 112 nm)
obtained with the novel RZP spectrometer in comparison with a synchrotron measurement. For more details
cp. [MWM16].

2. Collaborations
FhG-ILT, Aachen; optixFab GmbH, Jena; greateyes
GmbH, Berlin; HZB/BESSY; PTB, Berlin; KTH, Stockholm; BESTEC GmbH, Berlin; FH Koblenz-Remagen.

3. Users
Charité Berlin
Leibniz Institut ATB, Potsdam
TU Berlin

Publications
All publications which have emerged from work in BLiX
are listed under the relevant research projects (cp. Project 3.3).
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4.3: Nanoscaled Samples and Optics
D. Engel (project coordinator)
and P. Friedrich, S. Petz, guest: C. Günther (TU Berlin)

1. Overview

3. Results

The new application lab for Nanoscaled Samples and
Optics was set up to fabricate and characterize a variety
of structures and thin film samples to support different
experiments in research projects of the MBI. Thin film
samples are prepared via magnetron sputter and thermal vapor deposition. With this deposition system up to
five 4” wafer can be coated with 7 different target materials, without vacuum break. In close collaboration with
the ZELMI at the TU Berlin, nanostructuring of samples
before or after the deposition procedure by masking, lithography or via Focused Ion Beam (FIB) is carried out.
Additionally, we can modify the magnetic properties of
multilayer systems by ion implantation. The topographical and magnetic characterization is done by Atomicand Magnetic Force Microscopy (AFM/MFM) and a Kerr
Magnetometer (MOKE) as well as by Kerr microscopy,
enabling the imaging of magnetic domains and their reaction to magnetic field excitation.

Curved gratings as an integrated photon fluence
monitor in X-ray transmission scattering experiments

2. Objectives
A variety of research activities at MBI deal with dynamical processes which occur intrinsically on the nanometer scale, set by fundamental material properties such
as inelastic mean free paths for transport of electrons or
spins. Sensitivity to such processes can be obtained via
a variety of experimental approaches using short pulses of light, XUV or X-rays. In many cases, nanoscale
patterning of a sample in conjunction with the specific
spectroscopy, scattering or imaging experiment to be
employed allows to design unique experiments with increased information content or sensitivity, for example
via integrated near field optics.

In most free electron laser (FEL) experiments the intensity of a XUV pulse exceeds the detector’s dynamic
range and may even destroy it. Therefore it is practically
impossible to capture the directly transmitted XUV pulse
as an integral intensity reference. The existing standard
methods to measure the intensity, such as gas monitor detectors have some drawbacks: due to space constrains such detectors are typically located prior to refocusing optics and hence not at the actual sample position. Furthermore, for samples smaller than the beam
size they cannot provide any information on which part
of the beam was intercepted by the sample.
By attaching suitably tailored low-efficiency grating structures directly to the transmission samples to be investigated, it is possible to overcome these limitations and to
measure the fluence actually accepted by the sample.
For samples grown on Si3N4 membranes, gratings are
milled directly into these membranes with the FIB, structuring the entire membrane windows with sizes ranging
from 30 µm × 30 µm up to 250 µm × 250 µm. This is
possible even for 30 nm thin membranes optimized for
transmission experiments in the XUV spectral range.

Furthermore, nanopatterning capabilities allow to create
diffractive far field optics for experiments with XUV and
soft X-rays, where structure sizes have to approach the
wavelength of the radiation used. Examples are custom
Fresnel zone plates, holographic masks or coded aperture arrays.
Finally, for the study of ultrafast dynamic processes in
magnetic materials the development of suitable sample
materials in the form of thin multilayer films or alloys is
required, in conjunction with the ability to characterize
the static properties prior to the time resolved experiments.

Fig. 1:
A solid-state thin film sample on a supporting membrane is illuminated by a FEL beam. The grating
(marked green) scatters into two distinct areas that
don’t overlap with the scattering of the sample (blue).

During the experiment a sample membrane on a silicon chip (green) is aligned to the incident XUV beam
(red) (see Fig. 1). Each membrane within the sample
array is structured with a grating reference that scatters
a well-defined fraction of the incident photons onto the
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detector. The grating line period and direction is continuously varied over each grating to match the resulting reference signal to the dynamic range of the detector. The actual sample structure under investigation,
a magnetic multilayer (blue) is deposited on the back
of the same Si3N4 membrane of the sample chip. After
transmission through the sample, the intense zero-order
light is blocked by a beamstop (black cross). The scattered intensity (light red cone) is detected on a 2D CCD
detector, where now both the scattering signal from the
sample (bright ring) can be recorded together with the
fluence monitor grating signal in the same exposure
(white spots in upper left and lower right corner).

(b)

For example, with a [Tb(0.65nm)/Fe(0.62nm)]x20 multilayer deposited on a glass substrate, we could obtain
direct optical switching, as demonstrated in Fig. 3. The
“black” domains (letter “MB”) are written with right circularly polarized laser pulses while the “white” domains
(letter “I”) are written with the opposite helicity (fluence
1 mJ/cm2).

30
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Photon count

(a)

pulse. The microscopic processes are not well understood and an area of active research. As the process
works only in suitably designed magnetic thin films, systematic study as a function of sample composition is an
important route to understand the mechanism. This requires the development and growth of suitable samples.

(c)

(d)
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Fig. 2:
SEM of a section of the segmented grating (a), scattering pattern of a 250 x 250 µm membrane with 6 x 6
segmented gratings (b). Intensity map of the sample
illumination as measured by the segmented gratings
(c) and by aperture scans (d).

In a next step a composite grating consisting of different
grating tiles was developed and fabricated (Fig. 2(a)) to
enable an easy sample alignment with respect to the
incident X-ray beam and to obtain a reliable estimate of
the beam intensity profile within an illuminated sample
membrane. Each segment’s grating is aligned to a different azimuthal angle, leading to two scattering spots on
the detector (± 1st order) for every grating tile, as seen in
Fig. 2(b). The recorded 2D diffraction intensity map immediately allows assessment of the beam position and
profile (Fig. 2(c) and (d)). These developments allow for
a much more accurate single shot characterization of
the actual intensity on the sample in FEL experiments,
e.g., for the study of nonlinear light matter interaction in
the XUV and X-ray regime.		
All-optical helicity-dependent magnetization switching (AOS)
AOS open new opportunities for an ultrafast and fully
optically controlled data storage technology, without the
need for an external magnetic write-head employed in
current hard drives, as the information is written into the
magnetic data storage medium via a femtosecond laser
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Fig. 3:
Kerr microscopy image of an artificial domain
pattern written with a left (white domains) and right
(black domains) circular polarized laser beam
(fluence of 1 mJ/cm2). In the images, black/white
contrast corresponds to out-of-plane magnetization
with opposite direction.
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Q-switched lasers at ~2 μm; Opt. Lett.
LSMd: P. Loiko, J. M. Serres, X. Mateos, P. Koopmann,
K. Yumashev, M. Aguilo, F. Diaz, U. Griebner, V. Petrov,
and C. Kränkel; Highly-efficient Tm3+:RE2O3 sesquioxide
microchip lasers based on thermal guiding; Opt. Lett.
MLS: X. Mateos, P. Loiko, J. M. Serres, K. Yumashev,
U. Griebner, V. Petrov, M. Aguiló, and F. Díaz; Highly
efficient rare-earth doped monoclinic double tungstate
microchip lasers; IEEE J. Quantum Electron.
MML: C. V. R. Madroñero, X. Mateos, P. Loiko, K. Yumashev, V. Petrov, U. Griebner, M. Aguiló, and F. Díaz;
Single-transverse-mode Tm and Tm,Ho:KY(WO4)2 planar waveguide lasers; phys. stat. solidi a
MRM: S. F. Mährlein, I. Radu, P. Maldonado, A. Paarmann, M. Gensch, A. M. Kalashnikova, R. V. Pisarev,
M. Wolf, P. M. Oppeneer, and T. Kampfrath; Ultrafast
spin dynamics driven by strong phonon magnetic fields;
Nature
SBB: E. Savelyev, R. Boll, C. Bomme, N. Schirmel,
H. Redlin, B. Erk, S. Düsterer, E. Müller, H. Höppner,
S. Toleikis, J. Müller, M. K. Czwalinna, R. Treusch,
T. Kierspel, T. Mullins, S. Trippel, J. Wiese, J. Küpper,
F. Brauβe, F. Krecinic, A. Rouzée, P. Rudawski, P.
Johnsson, K. Amini, A. Lauer, M. Burt, M. Brouard, L.
Christensen, J. Thørgersen, H. Stapelfeldt, N. Berrah,
M. Müller, A. Ulmer, S. Techert, A. Rudenko, and D.
Rolles; Jitter-correction for IR/UV pump-probe experiments at the FLASH free-electron laser; New J. Phys.

WLM: Y. Wang, R. Lan, X. Mateos, J. Li, C. Li, S. Suomalainen, A. Härkönen, M. Guina, V. Petrov, and
U. Griebner; Thulium doped LuAG ceramics for passively mode locked lasers; Opt. Express
WRE: M. Woerner, K. Reimann, and T. Elsaesser; Multidimensional terahertz spectroscopy; in Encyclopedia of
Modern Optics II (Elsevier)
WXC: Y. L. Wang, S. P. Xu, Y. J. Chen, H. P. Kang,
X. Y. Lai, W. Quan, X. J. Liu, X. L. Hao, W. D. Li, S. L.
Hu, J. Chen, W. Becker, W. Chu, J. Yao, B. Zeng,
Y. Cheng, and Z. Z. Xu; Wavelength scaling of atomic
nonsequential double ionization in intense laser fields;
Phys. Rev. Lett.
ZLZ: L. Zhang, H. Lin, G. Zhang, X. Mateos, J. M.
Serres, M. Aguilo, F. Diaz, U. Griebner, V. Petrov,
Y. Wang, P. Loiko, E. Vilejshikova, K. Yumashev, Z. Lin,
W. Chen; Crystal growth, optical spectroscopy and laser
action of Tm3+-doped monoclinic magnesium tungstate;
Opt. Express

Master and PhD theses
Master theses
Dre16: L. Drescher; XUV transient absorption spectroscopy of photochemical reactions (Supervisor: J. Mikosch), Freie Universität Berlin, 2016-04
Koe16: S. Koenig; Spectroscopic characterization of
the stability of laser-induced filaments in air by spatially resolved fluorescence measurement (Supervisor:
R. Grunwald), Technische Hochschule Wildau, 2016-01
Rei16: D. Reiche; Eddy-currents and the magnetic
Casimir-Polder interaction (Supervisor: K. Busch), Humboldt-Universität zu Berlin, 2016-10
Weh16: R. Wehner; Optical characterization of dynamic
mechanisms to generate LIPSS (Supervisor: R. Grunwald), Technische Universität Wildau, 2016-07
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PhD theses
Bag16: M. Baggash; Real-time tracking of atomic electron dynamics (Supervisor: W. Sandner and M. Krikunova), Technische Universität Berlin, 2016-08
Bra16: D. Brambila; R-matrix theory for attosecond
spectroscopy (Supervisor: O. Smirnova and A. Knorr),
Technische Universität Berlin, 2016-02
Brä16: J. Bränzel; Relativistic laser plasma dynamics
with ultrathin foils (Supervisor: W. Sandner and S. Eisebitt), Technische Universität Berlin, 2016-11
Bre16: D. Brete; Structure and dynamics in molecular
switches at surface (Supervisor: M. Weinelt), Freie Universität Berlin, 2016-02
Bir16: S. Birkholz; Determinism and predictability in extreme event systems (Supervisor: T. Elsaesser), Humboldt-Universität zu Berlin, 2016-03
Eil16: S. Eilzer; Excitation and acceleration of atoms in
tailored strong laser fields (Supervisor: W. Sandner and
U. Eichmann), Technische Universität Berlin, 2016-11
Flo16: M. Floegel; Raising the XUV intensity towards
attosecond-attosecond pump-probe experiments (Supervisor: M. J. J. Vrakking), Freie Universität Berlin,
2016-11
Gal16: M. Galbraith; Attosecond multielectron dynamics in molecules (Supervisor: M. J. J. Vrakking), Freie
Universität Berlin, 2016-12
Kau16: J. Kaushal; Attosecond ionisation dynamics in long range potentia (Supervisor: A. Knorr and
O. Smirnova), Technische Universität Berlin, 2016-04
Ric16: M. Richter; Imaging and controlling electronic
and nucleardynamics in strong laser fields (Supervisor:
O. Smirnova and A. Knorr), Technische Universität Berlin, 2016-02
Spr16: T. Sproll; Nichtgleichgewichtstransport von
Photonen in mesoskopischen Systemen (Supervisor:
K. Busch), Humboldt-Universität zu Berlin, 2016-07
Tyb16: T. Tyborski; Ultrafast mid-infrared studies
on (BH4)- ions, (H2PO4)- ions, and a bulk plasmon in
Ga-doped ZnO (Supervisor: T. Elsaesser), HumboldtUniversität zu Berlin, 2016-05
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Appendix 2
External Talks, Teaching

Invited talks at conferences
A. A. Andreev; 2nd STEPS Symposium on Photon
Science (St. Petersburg, Russia, 2016-03): Efficient
generation of attosecond pulses from relativistic laser
plasmas
A. A. Andreev; EMN Meeting: Frontiers of Nanomaterials and Devices (Dubrovnik, Croatia, 2016-05): Effective nanostructure production and relativistic particle
generation by intense ultra-short laser pulses interacting
with foil in vacuum
A. A. Andreev; 18th Int. Conference on Physics, ICP
2016 (Dubai, United Arab Emirates, 2016-12): Relativistic nano-plasma photonics for article acceleration and
attoscience
W. Becker; 614. WE-Heraeus-Seminar: Few-body Physics: Advances and Prospects in Theory and Experiment
(Bad Honnef, Germany, 2016-04): As-few-as-possiblebody physics (laser-induced nonsequential multiple ionization)
W. Becker; Molecules and Laser Fields - An Honorary
André Bandrauk Symposium (Orford, Quebec, Canada,
2016-05): High-order harmonic generation and abovethreshold ionization in bicircular fields
W. Becker; 25th Annual Int. Laser Physics Workshop,
LPHYS’16 (Yerevan, Armenia, 2016-07): Above-threshold ionization in a bicircular field: Quantum orbits unfolding in a plane
T. Bredtmann; Molecules and Laser Fields - An Honorary André Bandrauk Symposium (Orford, Quebec,
Canada, 2016-05): Strong-field assisted XUV lasing in
atoms and molecules

K. Busch; 7th Int. Conference on Metamaterials, Photonic Crystals, and Plasmonics, META’16 (Malaga,
Spain, 2016-07): Discontinuous Galerkin methods in
nano-photonics
K. Busch; Opening Workshop of the DFG Collaborative
Research Center 1173 “Wave phenomena: analysis and
numerics” (Karlsruhe, Germany, 2016-09): Optimized
designs of nano-photonic functional elements based on
quasi-normal mode analysis
K. Busch; Workshop of the Graduate School BuildMoNa
(Leipzig, Germany, 2016-09): Computing the properties
of complex plasmonic nanostructures
W.-D. Chen together with J.-L. Lu, L.-Z. Zhang,
G. Zhang, and Y.-F. Chen; 24th Annual Int. Conference
on Advanced Laser Technologies, ALT’16 (Galway, Ireland, 2016-09): Prospects of ytterbium-doped, monoclinic magnesium tungstate crystal for optical vortex
laser
S. Eisebitt; 13th Joint MMM-Intermag Conference (San
Diego, USA, 2016-01): X-ray holography applied to
magnetic nanostructures and spintronic materials
S. Eisebitt; Workshop to Define the Science Case for a
Soft X-ray Laser Beamline at MAX IV (Stockholm, Sweden, 2016-03): Seeing spins move
S. Eisebitt; Int. Workshop and School of Solid State
Physics, 68th Course: The Free Electron Laser for Ultrafast Imaging at the Nanoscale (Erice, Sicily, Italy, 201606): X-ray holography: Ultrafast processes
S. Eisebitt; VI-Conference “Dynamic Pathways in Multidimensional Landscapes 2016” (Berlin, Germany, 201609): Watching spins move

T. Bredtmann; Gordon Research Conference on Attoseconds, Ultrafast Strong-Field Processes, and Intense
Fields (Andover, NH, USA, 2016-06): Strongfield assisted XUV lasing in atoms and molecules

T. Elsaesser; Gordon Research Conference on Ultrafast
Phenomena in Cooperative Systems (Lucca (Barga),
Italy, 2016-02): Field-driven ultrafast charge dynamics
in polar solids mapped by terahertz and X-ray methods

K. Busch; DPG Spring Meeting (Regensburg, Germany,
2016-03): Discontinuous Galerkin methods in nanophotonics

T. Elsaesser; OSA Topical Meeting on Compact (EUV
& X-ray) Light Sources (Long Beach, USA, 2016-03):
Compact high-brightness hard X-ray sources driven by
femtosecond mid-infrared pulses

K. Busch; Closing Workshop of the Zentrum für Innovations-Kompetenz “Ultra-Optics” (Jena, Germany,
2016-07): Plasmonic nanostructures: Characterization,
design, and exploration via computations
K. Busch; 16th Int. Conference on Numerical Simulation
of Optoelectronic Devices, NUSOD’16 (Sydney, Australia, 2016-07): Discontinuous Galerkin methods in nanophotonics

T. Elsaesser; PPNEC Europhysics Conference 2016
(Les Houches, France, 2016-03): Nonlinear charge
transport and phonon amplification in solids induced by
ultrashort electric field transients
T. Elsaesser; Dynamic Structural Science Workshop
(Abingdon, UK, 2016-04): Femtosecond X-ray diffraction: Nuclear motions and charge dynamics
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T. Elsaesser; Int. Symposium ‘Excited by Light’ (Örenäs,
Sweden, 2016-05): Structure fluctuations and shortrange electric interactions of hydrated DNA mapped by
2D infrared spectroscopy

A. Husakou; Int. High Power Laser Ablation on Directed
Energy, HPLA/DE (Santa Fe, NM, USA, 2016-04): Firstprinciple modeling of overcritical plasma formation by
ultrashort pulses and high-intensity nanoplasmonics

T. Elsaesser; Future of Chemical Physics (JCP/AIP)
(Oxford, UK, 2016-08): Panel discussion: The future of
chemical physics

A. Husakou together with M. Alharbi, M. Chafer,
B. Debord, F. Gerome, and F. Benabid; 3rd Int. Symposium on Advances in Nonlinear Photonics (Minsk, Belarus, 2016-09): Deep nanotrap lattice and line narrowing
in selforganized Raman gas

T. Elsaesser; Joint EMLG/JMLG Annual Meeting 2016
(Chania, Greece, 2016-09): Structure fluctuations and
electric interactions of hydrated DNA mapped by twodimensional infrared spectroscopy
T. Elsaesser; TeraNano VII - 7th Int. Symposium on
Terahertz Nanoscience (Porquerolles, France, 201610): Coherent low-frequency excitations and phonon
amplification in semiconductors induced by ultrashort
electric field transients
T. Elsaesser; Workshop: Non-equilibrium dynamics of
condensed matter in the time domain, Sfb 1242 (Bad
Honnef, Germany, 2016-11): Nonlinear THz spectroscopy of semiconductors and ferroelectrics
B. P. Fingerhut; Excited States Simulations: Bridging
Scales Workshop (Marseille, France, 2016-11): Nonlinear signals from non-adiabatic ab-initio molecular dynamics simulations
J. Geilhufe; X-Ray Microscopy Conference, XRM 2016
(Oxford, UK, 2016-08): The time-resolved X-ray imaging
using Fourier-transform holography
U. Griebner together with L. v. Grafenstein, M. Bock,
and T. Elsaesser; Laser Optics 2016 (St. Petersburg,
Russia, 2016-06): High-energy, high repetition rate regenerative amplifiers at 2 µm
U. Griebner together with L. v. Grafenstein, M. Bock,
and T. Elsaesser; 2016 URSI Asia-Pacific Radio Science Conference (Seoul, South Korea, 2016-08): Highenergy, kilohertz repetition rate Ho:YLF regenerative
amplifiers at 2050 nm
R. Grunwald together with S. K. Das, H. Messaoudi, A.
A. Andreev, A. Luebcke, J. Braenzel, E. McGlynn, and
M. Schnuerer; Progress in Ultrafast Laser Modifications
of Materials (PULMM) 2016 (Neuchâtel, Switzerland,
2016-06): Femtosecond-laser generated nanostructures for surface enhanced spectroscopy and particle
physics
R. Grunwald together with R. Wehner; European Optical
Society Bi-Annual Meeting, EOSAM 2016 (Berlin, Germany, 2016-09): Plasmonic route to far-sub-wavelength
gratings and the role of nano-feedback (plenary talk)
A. Harvey; XLIC WG1 Expert Meeting on “Frontiers in
attosecond theory: from atoms to molecules to solids”
(Han-sur-Lesse, Belgium, 2016-04): Chiral photoemission using linear light
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M. Ivanov; MURI 15 Kickoff – Strong-Field Laser Matter Interactions at Mid-Infrared Wavelengths (Arlington,
VA, USA, 2016-01): High harmonic generation and light
amplification in strong IR fields
M. Ivanov; Strong-Field Laser Matter Interaction Workshop (Washington DC, USA, 2016-01): High harmonic
generation and light amplification in strong IR fields
M. Ivanov; Conference on Lasers and Electro-Optics,
CLEO 2016 (San José, CA, USA, 2016-06): High harmonic imaging of attosecond charge flow in molecules
M. Ivanov; 2nd XLIC WG1 Meeting - Ultrafast electron
dynamics in molecules (Edinburgh, UK, 2016-08): New
trends in attosecond spectroscopy
M. Ivanov; 6th Int. Symposium on Filamentation, COFIL
(Quebec City, Canada, 2016-09): Physical mechanisms
of lasing during filamentation in atomic and molecular
gases
M. Ivanov; Quantum Dynamics in Tailored Intense
Fields, QUTIF Research School (Rostock, Germany,
2016-09): Quantum trajectories
M. Ivanov; Molecular Electron Dynamics Investigated by
Intense Fields and Attosecond Pulses, MEDEA Summer
School (Crete, Greece, 2016-10): Molecules in intense
laser fields
Á. Jiménez Galán; QUTIF Young Researcher Meeting (Göttingen, Germany, 2016-12): The circular w+2w
scheme: Symmetry breaking and ways to control the ellipticity of attosecond bursts
M. P. Kalashnikov together with E. Cormier, R. LopezMartens, K. Osvay, and Z. Várallyay; Int. Conference
on High Energy Density Science 2016, HEDS-2016 (Yokohama, Japan, 2016-05): ELI-ALPS: Advanced laser
technologies for high peak and average power systems
M. P. Kalashnikov together with H. Cao, K. Osvay,
V. Chvykov, N. Khodakovskiy, and R. S. Nagymihaly;
OPTICS and PHOTONICS Int. Congress, OPIC 2016
(Yokohama, Japan, 2016-05): Suppression of gain narrowing in Ti:sapphire by polarization encoded chirped
pulse amplification
M. P. Kalashnikov; 25th Annual Int. Laser Physics Workshop, LPHYS’16 (Yerevan, Armenia, 2016-07): Picosecond contrast in Ti:sapphire CPA laser systems

M. P. Kalashnikov together with V. Chvykov, H. Cao, R.
S. Nagymihály, N. Khodakovskiy, and K. Osvay; LPHYS
2016 (Yerevan, Armenia, 2016-07): New generation of
ultra-high peak and average power laser systems
O. Kornilov together with M. Eckstein, C.-H. Yang,
F. Frassetto, L. Poletto, G. Sansone, and M. J. J. Vrakking; DPG Spring Meeting (Hannover, Germany, 201602): Imaging a molecular Fano resonance using time-,
energy- and angular-resolved photoelectron spectroscopy
O. Kornilov together with M. Eckstein, N. Mayer,
C.-H. Yang, G. Sansone, M. J. J. Vrakking, and M. Ivanov; Faraday Discussions (Edinburgh, UK, 2016-08):
Interference stabilization of autoionizing states in molecular N2 studied by time- and angular-resolved photoelectron spectroscopy
C. v. Korff Schmising; Conference on Lasers and Electro-Optics, special symposia: Ultrafast Dynamics in Solids, CLEO 2016 (San José, CA, USA, 2016-06): Probing
ultrafast magnetization dynamics with high-harmonic
magnetic circular dichroism
C. v. Korff Schmising; VI Euro-Asian Symposium “Trends
in Magnetism“ (Krasnoyarsk, Russia, 2016-08): Probing
ultrafast spin dynamics with high-harmonic magnetic circular dichroism spectroscopy
Z. Masin; 2nd COST XLIC WG3 Meeting – Control of
Chemical Reactivity (Queen’s University Belfast, Ireland, 2016-04): Use of B-splines for representation of
the continuum in the molecular R-matrix calculations
X. Mateos together with J. M. Serres, P. Loiko, K. Yumashev, V. Petrov, U. Griebner, M. Aguiló, and F. Díaz; 24th
Annual Int. Conference on Advanced Laser Technologies, ALT’16 (Galway, Ireland, 2016-09): 2D broadband
saturable absorbers for Q-switched lasers
A. Mermillod-Blondin; Photonics West 2016, Session
“Frontiers in Ultrafast Optics: Biomedical, Scientific, and
Industrial Applications” (San Francisco, CA, USA, 201602): Few-cycle pulses for bulk micromachining of fused
silica
A. Mermillod-Blondin; Int. High Power Laser Ablation
Conference, HPLA (Santa Fe, NM, USA, 2016-04):
Kinetics of fs-laser induced thermal transients in the volume of technical glasses
F. Morales; XLIC WG1 Expert Meeting on “Frontiers in
attosecond theory: From atoms to molecules to solids”
(Han-sur-Lesse, Belgium, 2016-04): Electron spin polarization in strong-field ionization
T. Nagy; Laserlab Europe User Meeting (FORTH)
(Crete, Greece, 2016-09): Optimized compression of
high-energy pulses in large hollow fibers

E. T. J. Nibbering; Gordon Research Conference on Vibrational Spectroscopy: Vibrational Structures and Dynamics (University of New England, Biddeford, Maine,
USA, 2016-07): Photoacids as a tool to study transient
hydrogen bond structure and aqueous proton transport
T. Noll; Mechanical Engineering Design of Synchrotron
Radiation Equipment and Instrumentation Conference,
MEDSI (Barcelona, Spain, 2016-09): The generic mirror
chamber for the European XFEL
S. Patchkovskii; XLIC WG1 Experts Meeting on “Frontiers in attosecond theory: from atoms to molecules
to solids” (Han-sur Lesse, Belgium, 2016-04): SCIDTDSE: Simple, efficient, and accurate implementation
of 1-electron TDSE in spherical coordinates
S. Patchkovskii; Molecules and Laser Fields – An Honorary André Bandrauk Symposium (Orford, Quebec,
Canada, 2016-05): SCID-TDSE: Simple, efficient, and
accurate implementation of 1-electron TDSE in spherical coordinates
S. Patchkovskii; 99th Canadian Chemistry Conference
and Exhibition (Halifax, Canada, 2016-06): Methods of
attosecond spectroscopy: Meeting nuclear motion and
electron dynamics on their natural time scales
S. Patchkovskii; 2nd XLIC WG1 Meeting – Ultrafast
electron dynamics in molecules (Edinburgh, UK, 201608): Full-dimensional, quantum treatment of short-time
vibronic dynamics in molecular high-harmonics generation process
V. Petrov; 20th Int. Conference on Ternary and Multinary Compounds, ICTMC’20 (Halle/Saale, Germany,
2016-09): New applications of chalcopyrite crystals in
nonlinear optics
V. Petrov together with N. Y. Kostyukova, A. A. Boyko,
G. M. Marchev, V. Pasiskevicius, A. Zukauskas, and
D. B. Kolker; 24th Annual Int. Conference on Advanced
Laser Technologies, ALT’16 (Galway, Ireland, 2016-09):
Cascaded intracavity frequency down-conversion of
1 μm laser radiation to the mid-IR
B. Pfau; Conference COHERENCE 2016 (St. Malo,
France, 2016-06): Time-resolved holographic X-ray imaging of magnetic nanostructures
I. Radu; Int. Workshop TELBE ‘High-Field High-Repetition-Rate Terahertz facility’, Kick-Off Meeting (Dresden,
Germany, 2016-02): THz-driven ultrafast magnetism
I. Radu; SPIE, Ultrafast Bandgap Photonics (Baltimore,
USA, 2016-04): Ultrafast magnetism of ferrimagnetic
oxides driven by electronic and phononic excitations
I. Radu; 8th Joint European Magnetic Symposia, JEMS
(Glasgow, UK, 2016-08): Ultrafast magnetism of ferrimagnetic oxides
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I. Radu; Spin, waves and interactions (Greifswald, Germany, 2016-09): Ultrafast magnetism of ferrimagnetic
oxides - From X-rays to THz excitations
I. Radu; Int. Workshop “Nonlinear Nanophotonics meets
Nanomagnetism” (Le Mans, France, 2016-09): Ultrafast
magnetism of ferrimagnetic oxides
H. R. Reiss; 25th Annual Int. Laser Physics Workshop,
LPHYS’16 (Yerevan, Armenia, 2016-07): Laser fields
and proxy fields
H. R. Reiss; 25th Annual Int. Laser Physics Workshop,
LPHYS’16, Symposium: Extreme Light Technologies,
Science, and Applications (Yerevan, Armenia, 2016-07):
Ponderomotive potential: Nonlocality and low frequency
applications

O. Smirnova; ITAMP Workshop: Electronic-Structure
Problem in Theoretical Strong-Field Physics (Harvard,
Cambridge, MA, USA, 2016-10): New aspects of strongfield ionization in multi-electron systems
G. Steinmeyer; Photonics West 2016 (San Francisco,
CA, USA, 2016-02): Nonlinear time series analysis: Towards an effective forecast of rogue waves
G. Steinmeyer; High-Intensity Lasers and High-Field
Phenomena, HILAS (Long Beach, CA, USA, 2016-03):
Limits of carrier-envelope phase stabilization

G. Reitsma; EPoLM-2 & XLIC WG2 Meeting (Stockholm, Sweden 2016-04): Dynamics of XUV induced cationic states in aromatic molecules

G. Steinmeyer; 3rd Wave Interaction Conference, WIN
2016 (Linz, Austria, 2016-04): Rogue waves: Linear vs.
nonlinear emergence

A. Rouzée; Gordon Research Conference on Attoseconds, Ultrafast Strong-Field Processes, and Intense
Fields (Andover, NH, USA, 2016-06): Clusters in intense
EUV pulses

G. Steinmeyer; Conference on Lasers and Electro-Optics, CLEO 2016 (San José, CA, USA, 2016-06): Interferometric FROG for ultrafast spectroscopy on the fewcycle scale (tutorial)

A. Rouzée; Science@FELs (Trieste, Italy, 2016-09):
Clusters in intense EUV pulses

G. Steinmeyer; Workshop on Abnormal Wave Events
(Nice, France, 2016-06): Phase space unraveling for
estimating the risk of rogue wave formation

B. Schütte; EMN Light-Matter Interactions 2016 (Singapore, 2016-05): NIR ionization avalanching in nanoparticles ignited by XUV pulses
B. Schütte; iPlasmaNano-VII 2016 (Vavrona, Greece,
2016-10): Formation and expansion dynamics of nanoplasmas induced by intense laser pulses
R. E. F. Silva; Int. Workshop: Atomic Physics 2016
(Dresden, Germany, 2016-11): Ultrafast high harmonic
spectroscopy of dielectric breakdown in strongly correlated systems
O. Smirnova; Gordon Research Conference on Photoionization & Photodetachment (Lucca (Barga), Italy,
2016-02): Opportunities for chiral discrimination using
high harmonic generation in tailored fields
O. Smirnova; High-Intensity Lasers and High-Field Phenomena, HILAS (Long Beach, CA, USA, 2016-03): New
Effects in optical tunneling: From spin-polarization to
chiral discrimination
O. Smirnova; 47th Annual Meeting of the APS Division of Atomic, Molecular and Optical Physics, DAMOP
Meeting (Providence, Rhode Island, USA, 2016-05):
Nonlinear attosecond and femtosecond probes of chiral
structures and dynamics
O. Smirnova; WE Heraeus Workshop, Ultrafast Phenomena at Nanostructures: Attosecond physics meets
plasmonics (Les Houches, France, 2016-05): New aspects of strong-field ionization in multi-electron systems
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O. Smirnova; Gordon Research Conference on Attoseconds, Ultrafast Strong-Field Processes, and Intense
Fields (Andover, NH, USA, 2016-06): Nonlinear probes
of chiral dynamics

G. Steinmeyer; 6th Int. Symposium on Filamentation,
COFIL 2016 (Québec City, Canada, 2016-09): Rogue
waves in filaments
G. Steinmeyer; Workshop: Future of Ultrashort Pulses II
(Stirin Castle, Prague, Czech Republic, 2016-09): Characterization and measurement of few-cycle pulses
G. Steinmeyer; Workshop: Optische Fasern - Aktuelle Trends und zukünftige Entwicklungen (Bayerisches
Laserzentrum, Nürnberg, Germany, 2016-12): Rogue
waves und der Ereignishorizont in faserbasierten Superkontinua
G. Steinmeyer; Seminar “Inverse Probleme und Partielle Differentialgleichungen” (TU Chemnitz, Germany,
2016-12): Coherence of ultrashort optical pulses and
the mirage of an optimally short waveform
M. J. J. Vrakking; European Conference on the Dynamics of Molecular Systems, MOLEC 2016 (Toledo, Spain,
2016-09): Novel opportunities for studying atomic, molecular and cluster dynamics intense HHG sources
M. J. J. Vrakking; Telluride Conference (Mountain
Village, CO, USA, 2016-08): Ultrafast molecular imaging
D. Weder; VI-Conference “Dynamic Pathways in Multidimensional Landscapes 2016” (Berlin, Germany, 201609): Photo-induced transient magnetic gratings for the
study of spin diffusion phenomena

M. Woerner; Quantum Science Symposium Europe-2016 Meeting (University of Cambridge, Cambridge, UK, 2016-11): Two-phonon quantum coherences in InSb observed by two-dimensional three-pulse
THz spectroscopy

Invited talks at seminars and colloquia

T. Elsaesser; Physikalisches Kolloquium (Universität
Potsdam, Germany, 2016-05): Nonlinear charge transport and phonon amplification in solids induced by ultrashort electric field transients
T. Elsaesser; GdCH Kolloquium (University Köln, Germany, 2016-06): Electrons in motions - how to map
charge density by ultrafast X-ray diffraction

A. A. Andreev; Seminar (ILO, Hochschule Emden/Leer,
University of Applied Sciences, 2016-11): Relativistic
nano-plasmonics

T. Elsaesser; Physikalisch-Chemisches Kolloquium
(ETH Zürich, Switzerland, 2016-11): Electric interactions
and structure fluctuations of hydrated DNA mapped by
2D infrared spectroscopy

W. Becker; Kolloquium (Dept. Theoretical Nuclear Physics, National Research Nuclear University MEPhi, Moscow, Russia, 2016-02): Atomic processes in bicircular
fields

T. Elsaesser together with O. Benson, B. Whaley, and
moderator: D. Münter; Panel discussion (Humboldt Universität zu Berlin, Germany, 2016-11): Next Frontier Debate: Quantum Theory as the Crux of the Matter

W. Becker; Kolloquium (Wuhan Institute of Physics and
Mathematics of Chinese Academy of Sciences, Wuhan,
China, 2016-10): Strong-field physics with bicircular
fields

B. P. Fingerhut, Seminar (Friedrich-Schiller-Universität
Jena, Germany, 2016-11): Nonlinear signals from nonadiabatic ab-initio molecular dynamics simulations: Insight into photoprotection and photoreactivation

K. Busch; Kolloquium (Physics Department, Universität
Linz, Austria, 2016-01): Nano-photonics: From photonic
crystals to plasmonics

R. Grunwald together with A. Treffer, S. König, M. Bock,
J. Brunne, and U. Wallrabe; Seminar (Technische Universität Dresden, Germany, 2016-11): Adaptive nonlinear autocorrelation of ultrashort light pulses

K. Busch; Kolloquium, Vienna Doctoral Program on
Complex Quantum Systems (Vienna, Austria, 2016-04):
Discontinuous Galerkin methods in nano-photonics
K. Busch; Kolloquium (Physics Department, University
of Technology, Sydney, Australia, 2016-07): Nano-photonics: From photonic crystals to plasmonics
K. Busch; Kolloquium (Advanced Technology Institute,
University of Surrey, Guildford, UK, 2016-09): Discontinuous Galerkin methods in nano-photonics
K. Busch; HIOS Kolloquium (Berlin, Germany, 2016-10):
Light-matter interaction in planar plasmonic and metamaterial systems: Equilibrium and non-equilibrium effects
U. Eichmann; Seminar (Institut für Optik und Quantenelektronik, Friedrich-Schiller-Universität, Jena, Germany, 2016-02): Atomic species in strong laser fields: The
exciting story
S. Eisebitt; Seminar (Institut für Physik, Universität
Augsburg, Germany, 2016-03): Ultrafast spin dynamics
observed by pump-probe X-ray scattering and imaging
S. Eisebitt; Seminar (Leibniz-Institut für Kristallzüchtung,
Berlin, Germany 2016-03): Ultrafast spin dynamics observed by pump-probe X-ray scattering and imaging
T. Elsaesser; Kolloquium (Leibniz-Institut für Analytische
Wissenschaften, Dortmund, Germany, 2016-04): Ultrafast chemical processes mapped by femtosecond spectroscopy and X-ray diffraction

F. Intravaia; Kolloquium, Sfb 925: Light induced dynamics and control of correlated quantum systems (Universität Hamburg, Germany, 2016-11): Equilibrium and
non-equilibrium fluctuation-induced interactions in multipartite systems
F. Intravaia; Optikseminar (Theorie-Abteilung, Universität Rostock, Germany, 2016-11): Role of material
properties in equilibrium and non-equilibrium atom-surface interactions
M. Ivanov together with T. Bredtmann, F. Morales, and
S. Patchkovskii; 46th Winter Colloquium on the Physics of Quantum Electronics, PQE-2016 (Snowbird, Utah,
USA, 2016-01): Light amplification during highly nonlinear interaction of atoms and molecules with intense laser fields
E. T. J. Nibbering; Seminar (Graduiertenkolleg CLiC, Johann Wolfgang Goethe-Universität Frankfurt, Germany,
2016-06): Photoacid-base hydrogen bond structure:
Probing with IR & soft-X-ray pulses
E. T. J. Nibbering; Seminar (Chemistry Department, University of Rhode Island, Kingston, RI, USA, 2016-07):
Ultrafast hydrogen bond and aqueous proton transfer
dynamics of photoacids
S. Patchkovskii; Seminar (Ultrafast Laser Physics
Group, ETH Zürich, Switzerland, 2016-08): Applications
of time-dependent resolution in ion states (TD-RIS)
technique in attosecond spectroscopy
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V. Petrov; Seminar, Wright-Patterson Air Force Base
(Dayton, OH, USA, 2016-10): Ternary and quaternary
Ba-compounds for nonlinear frequency conversion in
the mid-IR

G. Steinmeyer; Sonderkolloquium (Humboldt Universität zu Berlin, Germany, 2016-06): The fascinating
physics of optical filaments: From controlled laser pulse
compression to rogue wave emergence

V. Petrov; Seminar, BAE Systems (Nashua, NH, USA,
2016-11): Wide band-gap Ba-compounds for non-linear
frequency conversion in the mid-IR: current and potential applications

G. Steinmeyer; Seminar (Korea Advanced Institute of
Science and Technology), Daejon, South Korea, 201608): Carrier-envelope phase stabilization of modelocked lasers

I. Radu; Seminar (Group of Th. Rasing, Radboud University Nijmegen, The Netherlands, 2016-02): Exploring
ultrafast magnetism with X-rays and THz excitations

M. J. J. Vrakking; Kolloquium (Steacie Institute for Molecular Sciences, National Research Council Canada,
2016-06): Novel opportunities for studying atomic, molecular and cluster dynamics intense HHG sources

I. Radu; Seminar (Paul Scherrer Institute, Swiss Free
Electron Laser, Villigen, Switzerland, 2016-05): Engineering ultrafast magnetism
I. Radu; Seminar (Universität Potsdam, Germany, 201606): Exploring ultrafast magnetism with X-rays and THz
radiation
K. Reimann; Seminar (Institute of Quantum Optics, University of Hannover, Dahnsdorf, Germany, 2016-09):
Terahertz radiation: Application, generation, detection,
nonlinear spectroscopy
M. Schnürer; Seminar (Abteilung Protonentherapie,
HZB, Germany 2016-06): Laser-Ionen-Beschleunigung
O. Smirnova; Seminar (Physics Department, University
of California, LA, USA, 2016-03): Generation of spin polarized electrons in ultra-intense fields
O. Smirnova; Seminar (Physics Department, University
of Oxford, UK, 2016-11): Looking inside chiral molecules
at the femtosecond time scale
O. Smirnova; Seminar (Physics Department, Imperial
College London, UK, 2016-11): Looking inside chiral
molecules at the femtosecond time scale
O. Smirnova; Inauguration Lecture (Technische Universität Berlin, Germany, 2016-11): Looking inside chiral
molecules at the femtosecond time scale
G. Steinmeyer; Kolloquium (SLAC National Accelerator
Laboratory, Menlo Park, CA, USA, 2016-03): Measurement and control of the carrier-envelope phase of laser
pulses
G. Steinmeyer; Seminar (Laboratoire de Physique des
Lasers, Atomes et Molécules, Lille, France, 2016-05):
The rogue wave mystery
G. Steinmeyer; Kolloquium (Forsvarets Forskningsinstitutt (FFI), Kjeller, Norway, 2016-05): Ocean rogue
waves and extreme events in optics
G. Steinmeyer; Group seminar (Lawrence Livermore
National Labs, Livermore, CA, USA, 2016-06): Carrierenvelope phase stabilization of mode-locked lasers
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Academic teaching
O. Benson, K. Busch, T. Elsaesser, H.-W. Hübers, F. Intravaia, M. Ivanov, A. Peters, and A. Saenz, Seminar,
2 SWS (Humboldt-Universität zu Berlin, SS 2016): Optik/Photonik
K. Busch; Vorlesung, 4 SWS (Humboldt-Universität zu
Berlin, WS 2015/16): Theoretische Physik II: Elektrodynamik
K. Busch; Übungen, 2 SWS (Humboldt-Universität zu
Berlin, WS 2015/16): Theoretische Physik II: Elektrodynamik
K. Busch; Übungen, 2 SWS (Humboldt-Universität zu
Berlin, SS 2016): Advanced Optical Sciences
K. Busch; Vorlesung, 2 SWS (Humboldt-Universität zu
Berlin, SS 2016): Computerorientierte Photonik
K. Busch; Übungen, 2 SWS 14-tägig (Humboldt-Universität zu Berlin, SS 2016): Computerorientierte Photonik
K. Busch; Vorlesung, 2 SWS (Humboldt-Universität zu
Berlin, SS 2016): Advanced Optical Sciences
K. Busch together with A. Perez-Leija; Vorlesung,
2 SWS (Humboldt-Universität zu Berlin, WS 2016/ 17):
Diskrete Quantenoptik
K. Busch together with A. Perez-Leija, T. Wendav, D.-N.
Huynh, and P. Varytis; Übungen, 2 SWS (Humboldt-Universität zu Berlin, WS 2016/17): Diskrete Quantenoptik
K. Busch together with H.-W. Hübers; Vorlesung, 2 SWS
(Humboldt-Universität zu Berlin, WS 2016/ 17): Physik
III Optik
K. Busch together with H.-W. Hübers; Übungen, 2 SWS
(Humboldt-Universität zu Berlin, WS 2016/ 17): Physik
III Optik
U. Eichmann together with O. Dopfer; Vorlesung und
Übungen, 4 SWS (Technische Universität Berlin, WS
2015/16): Quantensysteme I

S. Eisebitt together with B. Kanngießer, and T. Möller;
Vorlesung, 2 SWS (Technische Universität Berlin, SS
2016): Röntgenphysik II

B. Pfau together with S. Eisebitt, B. Kanngießer, and
T. Möller; Übungen, 2 SWS (Technische Universität Berlin, SS 2016): Röntgenphysik II

S. Eisebitt together with T. Kampfrath, B. Kanngießer,
M. Lehmann, and T. Niermann; Vorlesung mit Übungen,
3 SWS (Technische Universität Berlin, SS 2016): Optik
und Photonik II

T. Siebert; Seminar, 2 SWS (Freie Universität Berlin,
WS 2015/16): The Fundamental Optics of Modern Lasers and their Applications

S. Eisebitt together with W. Eberhardt, and P. Wernet;
Vorlesung mit Übungen, Block (Technische Universität
Berlin, SS 2016): Experimente mit Synchrotronstrahlung
S. Eisebitt together with M. Lehmann, H. J. Eichler,
H. Rhee, F.-J. Schmitt, O. Dopfer, T. Möller, B. Kanngießer, A. Patzer, T. Rander, and C. Seim; Praktikum,
1 SWS (Technische Universität Berlin, SS 2016): Physikalisches Fortgeschrittenenpraktikum
T. Elsaesser; Vorlesung, 2 SWS (Humboldt-Universität
zu Berlin, WS 2015/16): Laserphysik
T. Elsaesser; Vorlesung, 2 SWS (Humboldt-Universität
zu Berlin, SS 2016): Physics of Ultrafast Processes
T. Elsaesser together with A. Saenz; Vorlesung, 4 SWS
(Humboldt-Universität zu Berlin, WS 2016/ 17): Laserphysik

T. Siebert; Vorlesung, 2 SWS (Freie Universität Berlin,
WS 2016/17): Fundamentals in Modern Optics
T. Siebert; Übungen, 1 SWS (Freie Universität Berlin,
WS 2016/17): Fundamentals in Modern Optics
M. J. J. Vrakking; Vorlesung, 2 SWS (Freie Universität
Berlin, WS 2015/16): Ultrafast Laserphysics
M. J. J. Vrakking; Übungen, 2 SWS (Freie Universität
Berlin, WS 2015/16): Ultrafast Laserphysics
M. J. J. Vrakking; Vorlesung, 2 SWS (Freie Universität
Berlin, WS 2016/17): Ultrafast Laserphysics
M. Woerner; Übungen, 1 SWS (Humboldt-Universität zu
Berlin, WS 2015/16): Laserphysik
M. Woerner; Übungen, 1 SWS (Humboldt-Universität zu
Berlin, WS 2016/17): Laserphysik

I. V. Hertel; Seminar, 2 SWS (Humboldt-Universität zu
Berlin, SS 2016): Moderne Physik und Schule
F. Intravaia; Vorlesung, 2 SWS (Humboldt-Universität
zu Berlin, SS 2016): Fluktuationsinduzierte Phänomene
F. Intravaia; Übungen, 2 SWS (Humboldt-Universität zu
Berlin, SS 2016): Fluktuationsinduzierte Phänomene
M. Ivanov; Vorlesung, 2 SWS (Humboldt-Universität zu
Berlin, WS 2015/16): Quantum Dynamics in Strong Laser Fields
M. Ivanov; Vorlesung, 2 SWS (Humboldt-Universität zu
Berlin, SS 2016): Nichtlineare Optik
M. Ivanov; Übungen, 2 SWS, 14-tägig (Humboldt-Universität zu Berlin, SS 2016): Nichtlineare Optik
M. Ivanov; Vorlesung, 2 SWS (Humboldt-Universität zu
Berlin, WS 2016/17): Quantum Dynamics in Strong Laser Fields
M. Ivanov; Übungen, 2 SWS (Humboldt-Universität zu
Berlin, WS 2016/17): Quantum Dynamics in Strong Laser Fields
V. Petrov; Vorlesung, XXIth Int. Krutyn Summer School
anthanide-doped Materials: Fabrication, Spectroscopy,
and their Applications to Lasers (Krutyn, Poland, 2016):
Rare earth doped crystalline materials for tunable and
ultrafast lasers
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Appendix 3
Ongoing Master and PhD theses

Master theses
A. Dehlinger; Laboratory X-ray microscopy and tomography in the water window (Supervisor: B. Kanngießer
and H. Stiel), Technische Universität Berlin
F. K. Freyse; An electrostatic ion beam trap for structural
imaging of transition state dynamics (Supervisor: J. Mikosch), Freie Universität Berlin
M. Herzlieb; Erzeugung und Charakterisierung von periodischen Oberflächenstrukturen mittels Femtosekunden-Doppelpulsen zweier verschiedener Wellenlängen
(Supervisor: A. Rosenfeld), Technische Hochschule
(FH) Wildau
J. Lebendig; Optimized sample preparation for near
edge X-ray absorption fine structure spectroscopy in
transmission mode (Supervisor: B. Kanngießer and
H. Stiel), Technische Universität Berlin
S. Marschner; Erzeugung, Kontrolle und Charakterisierung der Entstehung großflächiger periodischen Oberflächenstrukturen im Nanometerbereich für tribologische Anwendungen (Supervisor: A. Rosenfeld), Technische Hochschule (FH) Wildau
M. Osenberg; Synchrotron-Tomografie an Batterie-Elektroden (Supervisor: S. Eisebitt), Technische Universität
Berlin
S. Tacchini; Design and characterization of CW and passively Q-Switched, diode-pumped Tm-doped microchip
lasers at 2 µm (Cosupervisor: X. Mateos), University of
Pavia, Italy
P. Weber; Generation of ultrashort soft X-ray pulses
by two-color high harmonic generation (Supervisor:
A. Rouzée and M. J. J. Vrakking), Freie Universität Berlin
S. Wenzel; Pikosekunden-Laserquelle bei 2050 nm mittels Tm- und Ho-dotierten Waveguide- und Faserverstärkern (Supervisor: T. Elsaesser), Humboldt-Universität zu Berlin

PhD theses
F. Bach; Erzeugung von hoch repetierenden (>100 KHz)
ultrakurzen Lichtimpulsen im nahen- und mittleren Infrarot, durch parametrische Verstärkung gechirpter Impulse (Supervisor: M. J. J. Vrakking), Freie Universität
Berlin
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F. Brauße; Core-shell molecular frame photoelectron
angular distribution of photoexcited molecules (Supervisor: A. Rouzée and M. J. J. Vrakking), Freie Universität
Berlin
F. Dahms; Nichtlineare Schwingungsspektroskopie an
biomolekularen Systemen (Supervisor: T. Elsaesser),
Humboldt-Universität zu Berlin
M. Fohler; Kohärente Röntgenstreuung und Holografie
(Supervisor: S. Eisebitt), Technische Universität Berlin
G. Folpini; Nonlinear THz spectroscopy (Supervisor:
T. Elsaesser), Humboldt-Universität zu Berlin
A. Giree; High repetition rate optical parametric chirpedpulse amplification (Supervisor: M. J. J. Vrakking, and
co-supervisor: Amplitude Technologies), Freie Universität Berlin
L. v. Grafenstein; Erzeugung und Anwendung intensiver
ultrakurzer Lichtimpulse im mittleren Infrarot (Supervisor: T. Elsaesser), Humboldt-Universität zu Berlin
M. Hennecke; Ultraschnelle Spindynamik untersucht
mit Femtosekunden-Röntgenpulsen (Supervisor: S. Eisebitt), Technische Universität Berlin
A. S. Hernández; Femtosekunden-Röntgenbeugung an
ionischen Materialien (Supervisor: T. Elsaesser), Humboldt-Universität zu Berlin
P. Hessing; Ptychographie mit weichen Röntgenstrahlen
(Supervisor: S. Eisebitt), Technische Universität Berlin
M. Holtz; Ultrakurzzeit-Röntgenbeugung an ionischen
Festkörpern (Supervisor: T. Elsaesser), Humboldt-Universität zu Berlin
J. Hummert; Time-resolved photoelectron spectroscopy
on solvated chromophores (Supervisor: O. Kornilov and
M. J. J. Vrakking), Freie Universität Berlin
J. Hyyti; Investigation of pulse measurement schemes
for coherence characterization and spectroscopic applications at the few-cycle scale (Supervisor: T. Elsaesser), Humboldt-Universität zu Berlin
N. Khodakovskiy; Methods of ultrafast laser contrast
diagnostics and optimization (Supervisor: M. J. J. Vrakking and M. P. Kalashnikov), Freie Universität Berlin
J. Klei; Attosecond time-resolved molecular electron dynamics (Supervisor: M. J. J. Vrakking), Freie Universität
Berlin

C. Koschitzki; Electron injection leading to stable
beam parameter in staged laser wakefield acceleration
schemes (Supervisor: A. Jankowiak), Humboldt-Universität zu Berlin
F. Krecinic; Ultrafast electron diffraction techniques (Supervisor: A. Rouzée and M. J. J. Vrakking), Freie Universität Berlin
Y. Liu; Two-dimensional vibrational spectroscopy of hydrated molecular systems (Supervisor: K. Rademann
and T. Elsaesser), Humboldt-Universität zu Berlin
S. Meise; Korrelationen und molekulare Fragmentationsdynamiken in starken IR- und FEL-Laserfeldern (Supervisor: U. Eichmann), Technische Universität Berlin
N. Monserud; Attosecond pump-probe spectroscopy
of multielectron dynamics in molecules (Supervisor:
A. Rouzée and M. J. J. Vrakking), Freie Universität Berlin
C. Neidel; Attosecond molecular dynamics - towards biomolecules (Supervisor: M. J. J. Vrakking and I. V. Hertel), Freie Universität Berlin

Y. Wang; Generation of ultrashort mode-locked laser
pulses around 2 µm (Supervisor: M. J. J. Vrakking),
Freie Universität Berlin
D. Weder; Time-resolved investigation of ultrafast magnetization dynamics (Supervisor: S. Eisebitt), Technische Universität Berlin
J. Weißhaupt; Ultrakurzzeit-Röntgenmethoden zur Untersuchung struktureller Dynamik in Festkörpern (Supervisor: T. Elsaesser), Humboldt-Universität zu Berlin
F. Willems; The role of transport processes in ultrafast
demagnetization dynamics (Supervisor: S. Eisebitt),
Technische Universität Berlin
K. Witte; Soft X-ray absorption spectroscopy (Supervisor: B. Kanngießer and H. Stiel), Technische Universität
Berlin
H. Zimmermann; Untersuchung angeregter neutraler
Fragmente nach frustrierter Tunnelionisation (Supervisor: U. Eichmann), Technische Universität Berlin

M. Oelschläger; Theory of fluctuation-induced phenomena in nano-photonic systems (Supervisor: F. Intravaia and K. Busch), Humboldt-Universität zu Berlin
A. Ordoñez; HHG in chiral molecules and solid state
systems (Supervisor: O. Smirnova), Technische Universität Berlin
N. Raabe; CEP stabilization of kHz CPA lasers and their
application (Supervisor: M. J. J. Vrakking and G. Steinmeyer), Freie Universität Berlin
S. Raabe; Time-resolved soft-X-ray photoelectron spectroscopy of molecular dynamics at conical intersection
(Supervisor: A. Rouzée and M. J. J. Vrakking), Freie
Universität Berlin
K. Reininger; Structural imaging of transition state dynamics (Supervisor: J. Mikosch), Freie Universität Berlin
F. Schell; Coincident detection of correlated electron
and nuclear dynamics induced by ultrashort laser pulses
(Supervisor: C. P. Schulz and M. J. J. Vrakking), Freie
Universität Berlin
M. Schneider; Nonlinear resonant scattering of femtosecond XUV radiation (Supervisor: S. Eisebitt), Technische Universität Berlin
V. Serbinenko; High harmonic generation in multicolor
fields (Supervisor: O. Smirnova and A. Knorr), Technische Universität Berlin
C. Somma; Nonlinear THz spectroscopy (Supervisor:
T. Elsaesser), Humboldt-Universität zu Berlin
P. Varytis; Light-path engineering in disordered waveguiding systems (Supervisor: K. Busch), Humboldt-Universität zu Berlin
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Appendix 4
Guest Lectures at the MBI

T. Jahnke, Institut für Kernphysik, Goethe-Universität
Frankfurt; Institutskolloquium, 2016-01-06: Small helium
clusters: Few atoms, many phenomena
D. Rupp, Institut für Optik und Atomare Physik,
Technische Universität Berlin; Seminar A: Attosecond
Physics, 2016-01-08: Resonant scattering from single
nanoparticles in free flight
K. Janulewicz, Department of Physics and Photon
Science, Gwangju Institute of Science and Technology,
South Korea; Seminar B: Transient Electronic Structure
and Nanoscience, 2016-01-12: Plasma-based shortwavelength sources
S. Svanberg, Lund University, Sweden; Sonderkolloquium, 2016-01-22: Lasers and spectroscopy: The fascination of science
S. Popruzhenko, Moscow Engineering Physics
Institute, Russia; Seminar A, 2016-01-28: Generation
of GigaGauss magnetic fields in laser plasma via the
radiation reaction effect
T. Gallagher, University of Virginia, USA; Institutskolloquium, 2016-02-04: Ionization and recombination in strong
microwave fields
U. Wallrabe, Laboratory for Microactuators, Department
of Microsystems Engineering, IMTEK, University of
Freiburg; Seminar C: Nonlinear Processes in Condensed
Matter, 2016-02-12: When adaptive micro optics meet
femtosecond lasers and the life sciences
F. Sekiguchi and Y. Mukai, Institute for Integrated CellMaterial Sciences, Kyoto University, Japan; Seminar C,
2016-02-22: Emergence of anomalous metallic phase
in the vicinity of exciton Mott transition in bulk GaAs (F.
Sekiguchi) and: Nonlinear spin dynamics induced by intense THz magnetic field (Y. Mukai)
T. Baumert, Institut für Physik, Universität Kassel;
Institutskolloquium, 2016-02-24: Control of bound electrons in molecules with tailored light fields and of free
electrons with chiral potentials
M. Gühr, Universität Potsdam; Institutskolloquium,
2016-03-09: Probing molecular photo excited dynamics: Disentangling the electronic and nuclear degrees of
freedom
S. Quinn, UCD School of Chemistry and Chemical
Biology,
University
College
Dublin,
Ireland;
Institutskolloquium, 2016-04-20: Unravelling excited
state processes in DNA using transient infrared spectroscopy
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M. Frolov, Department of Physics, Voronezh State
University, Russia; Seminar A, 2016-05-02: Timedependent effective range theory as an exploratory
model for strong field phenomena
R. Röhlsberger, Deutsches Elektronen-Synchrotron
DESY, Hamburg; Institutskolloquium, 2016-05-04: X-ray
quantum optics with atomic nuclei
S. Steinke, Lawrence Berkeley National Laboratory,
Berkeley, CA, USA; Seminar B, 2016-05-09: Multistage
coupling of independent laser plasma accelerators
R. Moshammer, Max-Planck-Institut für Kernphysik,
Heidelberg; Institutskolloquium, 2016-05-11: Coincidence
experiments with atoms and molecules in intense XUV
and IR laser fields
D. G. Arbó, Institute for Astronomy and Space Physics
(IAFE), University of Buenos Aires, Argentina; Seminar
A, 2016-05-13: Two-color laser ionization of atoms with
coherent phase control
K. Holldack, Helmholtz Zentrum Berlin; Seminar
B, 2016-05-18: X-ray and THz short pulse generation
and applications with BESSY II
U. Leonhardt, Weizmann Institute of Science, Israel;
Sonderkolloquium, 2016-05-23: Cosmology in the laboratory
U. Bovensiepen, Fakultät für Physik, Universität
Duisburg-Essen; Institutskolloquium, 2016-06-01: Nonequilibrium dynamics of complex materials
A. Tkatchenko, Fritz Haber Institute of the Max Planck
Society; Seminar C, 2016-06-03: Van der Waals interactions and molecular crystals
N. Hunt, University of Strathclyde, Glasgow, UK;
Institutskolloquium, 2016-06-08: Ultrafast 2D-IR spectroscopy of biomolecular interactions
P. Kuswik, Institute of Molecular Physics, Polish
Academy of Science, Poznan, Poland; Seminar
B, 2016-06-15: Enhancement of perpendicular magnetic anisotropy of ferromagnetic layer in exchange based
antiferromagnet/ferromagnet systems
D. D. Sarma, Indian Institute of Science, Bangalore,
India; Institutskolloquium, 2016-06-21: Oxides that refuse to become multiferroic!
P. Oppeneer, Uppsala University, Sweden; Institutskolloquium, 2016-06-28: Ultrafast laser-driven demagnetization: A theoretical perspective

F. Stienkemeier, Albert-Ludwigs-Universität Freiburg;
Institutskolloquium, 2016-06-29: XUV pump-probe experiments at the free electron laser FERMI and new
options for wave packet interferometry of higher order
processes in dilute samples
M. Kläui, Universität Mainz; Institutskolloquium, 201607-06: Spin-orbit induced topological magnetization dynamics for GreenIT
A. Harth, Department of Physics, Division of Atomic
Physics, Lund University, Sweden; Seminar A, 2016-0706: Few-cycle, high-repetition rate OPCPA for attosecond science
M. Kübel, Joint Attosecond Science Laboratory, National
Research Council Canada, Ottawa; Seminar A, 201607-11: Attochemistry: Laser pulses as conductors for
protons
T. Ostler, Liege University, Belgium; Seminar B, 201607-12: Modeling ultrafast spin dynamics
C. Strüber, Department of Physics, Blackett Laboratory,
Imperial College London, UK; Seminar A, 2016-07-12:
Novel techniques for ultrafast spectroscopy at the nanoscale and in the XUV/SXR spectral regime
W. Yang, Department of Physics, College of Science,
Shantou University, Guangdong, China; Seminar A,
2016-07-18: Visualizing interference structure with generalized quantum-trajectory Monte Carlo method

F. Branchi, Politecnico di Milano, Italy; Seminar A, 201609-27: Two-dimensional spectral-shearing interferometry for sub-10 fs UV pulses characterization
C. Luan, Shandong University, Jinan, China; Seminar
A, 2016-10-06: Research at Shandong University: The
generation of solid-state 2 micron laser
G. Thomas, Department of Physics, Blackett Laboratory,
Imperial College London, UK; Seminar A, 2016-10-07:
Progress in high power and high energy diode-pumped
Alexandrite lasers for remote sensing applications
H. Köppel, University of Heidelberg; Seminar A, 201610-10: Molecular dynamics after photoexcitation, including non-Born-Oppenheimer effects, part 1
R. Walser, Institut für Angewandte Physik, Technische
Universität Darmstadt; Seminar A, 2016-10-11: Simulating matter-wave interferometers with classical rays
H. Köppel, University of Heidelberg; Seminar A, 201610-12: Molecular dynamics after photoexcitation, including non-Born-Oppenheimer effects, part 2
H. Köppel, University of Heidelberg; Seminar A, (201610-14): Molecular dynamics after photoexcitation, including non-Born-Oppenheimer effects, part 3
E. Solano, University of the Basque Country, Bilbao,
Spain; Institutskollquium, 2016-10-26: From quantum
theatre to scalable quantum simulators

S. Sadashivaiah, Department of Physics, Technical
University of Kaiserslautern; Seminar B, 2016-07-21:
Ultrafast demagnetization of multi-component systems:
Depth and element sensitivity

A. Stolow, Centre for Research in Photonics, University
of Canada; Seminar A, 2016-11-04: Ultrafast non-adiabatic molecular dynamics: From photoelectron spectroscopy to X-ray absorption

Y.-J. Chen, Experimental Department 1, Max Planck
Institute of Microstructure Physics; Seminar B, 2016-0722: Confined magnon modes and anisotropic exchange
interaction in ultrathin Co films

K. Dorfman, University of California, Irvine, USA;
Seminar C, 2016-11-04: Using nonclassical light, photon counting detection and extreme wavelengths techniques to investigate complex systems

N. Klemke, Technische Universität Berlin; Seminar A,
2016-08-05: Towards high harmonic generation from
highly ionized laser produced plasma

T. Pfeifer, Max-Planck-Institut für Kernphysik, Heidelberg, Institutskolloquium, 2016-11-09: Changing the
shape of atoms and small molecules in intense laser fields observed by XUV spectroscopy and X-ray
imaging

S. Bonetti, Department of Physics, Stockholm University,
Sweden; Seminar B, 2016-09-06: THz-driven ultrafast
spin-lattice scattering in amorphous metallic ferromagnets
M. Zhang, Imperial College, London, UK; Seminar A,
2016-09-16: Simpler ultrashort pulse characterization
with a new type of frequency-resolved optical gating
A.-K. Raab, Gewinnerin ‘Jugend forscht’, Bundeswettbewerb 2016; Seminar A: Sonderseminar, 2016-09-22:
Geschüttelt, nicht gerührt: Granulat komplett dicht –
Zeitliche Optimierung von Granulatkompression
T. Oka, Max Planck Institute for Physics of Complex
Systems, Dresden; Seminar A, 2016-09-23: Tunneling
breakdown and Schwinger mechanism in correlated
electron systems

M. Kretschmar, Institut für Quantenoptik, Leibniz
Universität Hannover; Seminar A, 2016-11-22: Extreme
nonlinear dynamics in the filamentation regime
R. Lopez-Martens, Laboratoire d‘Optique Appliquée,
ENSTA ParisTech, CNRS, École Polytechnique,
Université Paris-Saclay, France; Institutskolloquium,
2016-11-23: Lightwave control of laser-plasma interactions
V. Temnov, IMMM CNRS, Le Mans, France, and FritzHaber Institute, Berlin; Seminar B, 2016-11-25: Acoustomagneto-plasmonics beyond the linear regime
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A. Erko, Helmholtz-Zentrum Berlin für Materialien und
Energie GmbH; Institutskolloquium, 2016-11-30: Novel
X-ray optical systems for ultrafast spectroscopy and
monochromators
M. Fujii, Laboratory for Chemistry and Life Science,
Tokyo Institute of Technology, Japan; Seminar C, 201611-30: Watching water migration around aromatic molecules at the single-molecular level
D. Bondar, Department of Chemistry, Princeton
University, New Jersey, USA; Seminar A, 2016-12-06:
High harmonic generation spectroscopy of quantum
non-equilibrium thermodynamics
M. B. Asfari, Freie Universität Berlin; Seminar A, 201612-20: Electrochemical impedance spectroscopy on
water-oxidizing metal films
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Appendix 6
Activities in Scientific Organizations

A. A. Andreev
Member, Program Committee and Vice-Chair, Laser
Optics 2016 (St. Petersburg, Russia)
Member Scientific Advisory Committee, Extreme Light
Infrastructure-Attosecond Light Pulse Source, Attosecond and Strong Field Science Division, ELI-ALPS (Szeged, Hungary)

Member, Int. Advisory Committee, Int. Workshop on Nanoscale Spectroscopy and Nanotechnology
Member, RACIRI Summer School Scientific Committee
T. Elsaesser

W. Becker

Member, IRIS Adlershof, Humboldt-Universität zu Berlin

Co-Chair, Seminar 2: Strong Field & Attosecond Physics, 25th Int. Laser Physics Workshop, LPHYS’16 (Yerevan, Armenia)

Member, Humboldt Center for Modern Optics, Humboldt-Universität zu Berlin

Member, Advisory and Program Committee, 25th Int. Laser Physics Workshop, LPHYS’16 (Yerevan, Armenia)
Member of the Program Committee, Symposium 7, Beyond Non-Linear Optics: High & Extreme Optical Field
Physics, ICONO/LAT 2016 (Minsk, Belarus)
Member of the Program Committee, 14th Int. Conference on Multiphoton Processes, ICOMP14 (Budapest,
Hungary
Member, Editorial Board, Laser Phys. Lett.
Member, Editorial Board, ScienceOpen
K. Busch
MC substitute member EU-COST 1403 Nanoscale Quantum Optics
Member, Entwicklungs- und Planungskommission (EPK)
of the academic senate of Humboldt-Universität zu
Berlin
Topical Editor, Eur. J. Phys. Plus, Springer
S. Eisebitt
Member, BMBF-Gutachterausschuss
Member, DESY Photon Science Committee
Chair, Scientific Advisory Committee, European XFEL
Chair, Komitee Forschung mit Synchrotronstrahlung,
KFS
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Member, Extended Governing Board, Ioffe-RöntgenInstitute (IRI)

Member, Berlin Brandenburg Academy of Sciences
Member of the Board, Berlin Brandenburg Academy of
Sciences
Chair, Kuratorium, Laserlabor Göttingen
Member, Advisory Board, Int. Conference on Coherent
Multidimensional Spectroscopy
Member, Advisory Board, Conference Series on Time
Resolved Vibrational Spectroscopy
Chair, Physics Group, Gesellschaft Deutscher Naturforscher und Ärzte
Associate Editor, Struct. Dyn., AIP
Divisional Associate Editor, Phys. Rev. Lett.
Member, Editorial Board, J. Chem. Phys., AIP
Member, Editorial Board, Chem. Phys. Lett.
Member, Proposal Review Panel for the LCLS X-ray
FEL facility
U. Griebner
Session Convener, Ultrafast Photonics (Seoul, South
Korea), Asia-Pacific Radio Science Conference (URSI)
2016
Member, Program Committee, Laser Optics 2016 (St.
Petersburg, Russia)

R. Grunwald

E. T. J. Nibbering

Member, Editorial Advisory Board, The Open Optics
Journal, Bentham Open

Member, Scientific Selection Panel, Helmholtz-Zentrum
Berlin-BESSY II

Member, Advisory Board, Centre of Excellence for Nonlinear Studies (Tallinn, Estonia)

Member, Proposal Review Panel for the LCLS X-ray
FEL facility

Member, Editorial Board, Sci. Rep.

Member, Central Laser Facility Access Panel (STFC
Rutherford Application Laboratory, UK)

Member, Program Committee, Complex Light and Optical Forces, Photonics West, SPIE

Member, Editorial Board, J. Photoch. Photobio. A

H. Husakou

Member, Program Committee, Time Resolved Vibrational Spectroscopy

Member, Program Committee, 3rd Int. Symposium on
Advances in Nonlinear Photonics (Minsk, Belarus)

T. Noll

Member, Project Review Panel, UEFISCDI Executive
Agency for Higher Education, Research, Development
and Innovation Funding (Bucharest, Romania)
M. Ivanov
Member, Scientific Advisory Board and Evaluation
Board, MPI, PKS (Dresden, Germany)
Chair, Invited Session on Lasing Mechanisms during
Laser Filamentation in Gases 1, 47th Winter Colloquium on the Physics of Quantum Electronics, PQE-2017
(Snowbird, Utah, USA)
M. P. Kalashnikov
Member, Advisory and Program Committee, 25th Int.
Laser Physics Workshop, LPHYS’16 (Yerevan, Armenia)
Co-chair, Seminar 4, Physics of Lasers of the 25th Int.
Laser Physics Workshop, LPHYS’16 (Yerevan, Armenia)
Chair, Program Committee, Symposium 7, Beyond NonLinear Optics: High & Extreme Optical Field Physics,
ICONO/LAT 2016 (Minsk, Belarus)
Member, Program Committee, 7th Conference of the
Int. Committee on Ultrahigh Intensity Lasers, ICUIL
(Montebello, Québec, Canada)
Member, Scientific Advisory Committee, Extreme Light
Infrastructure-Attosecond Light Pulse Source, ELI-ALPS
(Szeged, Hungary)
X. Mateos
Member of the "Fibre and Waveguide Devices" Program
Committee and FWG-4: Materials and Waveguide Lasers (Chair), Europhoton Conference (Vienna, Austria)

Member, Int. Organizing Committee, Mechanical Engineering Design of Synchrotron Radiation Equipment
and Instrumentation conference, MEDSI, (Barcelona,
Spain)
S. Patchkovskii
Instructor, 1st Training School of Cost ACTION CM1204:
New Computational Methods for Attosecond Molecular
Processes (Zaragoza, Spain)
V. Petrov
Member, Scientific Program Committee, 12th Laser Ceramics Symposium (Saint-Louis, France)
Member, Topical Meeting Committee, Advanced SolidState Lasers (Boston, USA)
Member, Topical Meeting Committee, Mid-Infrared Coherent Sources (Long Beach, USA)
Member, Int. Program Committee and Co-chair of the
Lasers Section, Advanced Laser Technologies (Galway,
Ireland)
Topical Editor, Opt. Lett.
I. Radu
Member, Peer Review Panel, Diamond Light Source,
Didcot, Oxfordshire, UK
O. Smirnova
Member, Program Committee, High-Field Physics and
Attoscience, CLEO Europe 2016
Board Member, Committee, Atomic, Molecular, and
Optical Physics Division, European Physical Society,
AMOPD EPS
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Member, Program Committee, Int. Conference on Ultrafast Phenomena
Member, Program Committee, ECAMP
Member, Management Committee, COST XLIC – European cooperation in science and technology
Coordinator, Working Group 1, COST XLIC – European
cooperation in science and technology

Discussion Leader, Gordon Research Conference: Photoionization & Photodetachment (Lucca (Barga), Italy)
Discussion Leader, Gordon Research Conference: Attoseconds, Ultrafast Strong Field Processes, and Intense
Fields (Andover, NH, USA)
Member, Management Board, Laserlab Europe-III and IV

Member, Panel, Research Council Review in Natural
and Engineering Sciences 2016, Swedish Research
Council

President, Scientific Advisory Board, CILEX-APOLLON

G. Steinmeyer

Chair, Scientific Advisory Board, Amsterdam Research
Center for Nano-Lithography

Voting Member, Quantum Electronics and Optics Division, European Physical Society
General Chair, Program Committee, High-Intensity Lasers and High-Field Phenomena 2016
Chair, Commission D: Electronics and Photonics, Int.
Union of Radio Science
Session Convener, Fibers and Waveguide Optics (Gran
Canaria, Spain), Int. Union of Radio Science, General
Assembly 2017
Program Chair, Program Committee: Ultrafast Optics
2017 (Jackson Hole, WY, USA)
Committee Chair, EPS QEOD Prize for Research into
the Science of Light, 2016

Member, Int. Committee, 5th Int. Conference on Attosecond Physics

Chairman, EUCALL Scientific Advisory Committee
Chairman, Artemis Access Board
Member, Proposal Review Panel for the LCLS X-ray
FEL facility
Member, Project Review Panel for the FLASH FEL
facility
Member, Leibniz Prize Committee, WGL
Member, CEA’s Visiting Committee
Member, Int. Scientific Committee, VUVX
Member, Editorial Board, J. Phys. B

Committee Member, Symposium: Ultrafast and Nonlinear Optics, CLEO Pacific Rim, Singapore 2017

Chair, DPG Fachverband Atomphysik (A), Sektion Atome, Moleküle, Quantenoptik und Plasmen

Member, Editorial Board, Opt. Lett.

Chairman, ICPEAC, General Committee

Member, Editorial Board, Phys. Rev. A
J. W. Tomm
Member, Scientific Committee, Semiconductor nanostructures towards electronic & opto-electronic device
applications VI, Conference of the E-MRS
Permanent Member, Int. Steering Committee, Int. Conference on Defects - Recognition, Imaging and Physics
of Semiconductors, DRIP (Suzhou, China)
Member, Program Committee, 27th European Symposium on Reliability of Electron Devices, Failure Physics
and Analysis, ESREF 2016 (Halle)
Member, Executive Committee, European Materials Research Society (Strasbourg, France)
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M. J. J. Vrakking
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