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This Annual Report provides an overview of the research activities and results of the Max-Born- 
Institute (MBI) in 2019. A presentation of selected 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 2019, a number of key results highlighted in this Annual Report stand out in the strong scientific 
output of MBI:

• In the first attosecond transient absorption spectroscopy experiment on a polyatomic molecule, 
MBI researchers could access a spectral regime, where transitions from the atomic cores to the 
valence shell can be compared with transitions from the cores to the Rydberg shell. It was found 
that the infrared field affects the weak core-to-Rydberg transitions much more strongly than the 
core-to-valence transitions, although the latter dominate the XUV-only absorption. Accompany-
ing theoretical simulations revealed that the Rydberg states dominate the laser-dressed XUV 
absorption due to their high polarizability.

• Using a 6-meter long stretched flexible hollow fiber system developed jointly by MBI and the 
Laser-Laboratorium Göttingen (LLG), MBI researchers teaming up with scientists from LLG and 
the company Active Fiber Systems have generated multi-millijoule 3-cycle pulses at 318 W av-
erage power level. Breaking the 300 W barrier marks a significant milestone in few-cycle laser 
technology paving the way towards industrial applications.

• The evolution of the orbital and spin moment making up the total magnetic moment in an iron 
gadolinium alloy could be followed after optical excitation on an ultrafast time scale by MBI re-
searchers in collaboration with colleagues from Helmholtz-Zentrum Berlin and Nihon University. 
In the pump-probe experiment, x-ray circular dichroism allowed to disentangle the orbital and 
spin contributions separately for the iron and gadolinium atoms, allowing to trace in detail the 
flow of angular momentum during laser induced demagnetization in a ferrimagnet. The insight 
into the microscopic mechanisms of angular momentum transfer is relevant for the development 
of all-optical magnetic data storage.

• The real and imaginary part of the magneto-optical functions of the prototypical ferromagnets 
iron, cobalt and nickel could be determined at their 3p resonances experimentally. At the same 
time, it was possible to theoretically calculate these spectra in an ab-initio approach. The inclu-
sion of local field effects due to the transient rearrangement of charge during the XUV pulse 
turned out to be crucial to accurately predict the spectral shape. With this quantitative under-
standing of the magneto-optic contributions to the refractive index it is now possible to disen-
tangle the contributions from different atomic species in the study of technologically relevant 
multi-component systems in static and time-resolved experiments.  

• In acetylsalicylic acid, the active agent in the drug aspirin, MBI researchers revealed how very 
small atomic displacements shift electrons over much larger distances in the molecule. Low fre-
quency vibrations giving rise to a rotation of the methyl group were induced by an optical pulse, 
while the electron density in the unit cell of aspirin crystallites was inferred from transient Debye 
Scherrer diffraction patterns recorded with femtosecond x-ray pulses. The behavior observed is 
indicative of the hybrid character of the methyl group rotation, which is comprised of both atomic 
and electron motions on totally different length scales.

• Together with researchers from the Sandia National Laboratories and the State University of 
New York at Buffalo, MBI researchers have demonstrated how optical phonons in a semiconduc-
tor can be amplified via an electric current driven by a THz pulse. In the experiment, combining 
a layered GaAs structure with a metal microstructure allowed to generate an enhanced electric 
field during the presence of the THz pulse as well as to efficiently excite longitudinal optical 
phonons. While the demonstration of the phonon amplification is a proof-of-principle, it holds 
the potential to ultimately extend the range of sonography towards the length scale of individual 
biological cells.

Preface
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• Acid-base neutralization in solution is a textbook chemistry problem. Proton transfer in the sol-
vent is the key process in this context, and in the 1960s the existence of transport via proton 
vacancies has been put forward. MBI researchers together with colleagues from the Martin- 
Luther-University in Halle-Wittenberg have now been able to study this process in a bifunctional 
photoacid, where the proton transfer can be triggered via fs optical pulses and monitored via 
molecular vibrations. Results from this combined experimental and theoretical study provide a 
consistent microscopic picture of the chronology of the elementary steps in proton transfer.

• Topological insulators are quantum materials, which, due to their exotic electronic structure, on 
surface and edges conduct electric current like metal, while acting as an insulator in bulk. Con-
sidering a prototypical topological insulator, MBI scientists could show in theoretical work per-
formed in international collaboration how the topological properties translate into the response of 
such a material to ultrafast light pulses. In this way, the topology of the material can be observed 
via analysis of the harmonics emitted, i.e. using a purely optical approach. 

• Enantiomers of chiral molecules can be distinguished via circularly polarized light - but only if 
the size of the molecule is on the order of the wavelength of the light. A team of researchers led 
by MBI scientists has now demonstrated a completely new approach in this respect: “synthetic 
chiral light”, obtainable by superimposing non-collinearly two light beams containing both the 
fundamental and its second harmonic, allows to trigger high harmonic emission selectively for 
one of the two enantiomers only. The approach could allow one to monitor chiral chemical reac-
tions in real-time or detect switching in a molecules’ handedness.

More than 160 scientific articles have been published in peer-reviewed journals and books, including 
a substantial number of papers in a wide range of high-impact journals such as Nature, Nature Phys-
ics, Nature Photonics, JACS, Optica, Physical Review X, and Physical Review Letters. The number 
of invited talks at international conferences has been maintained at a high level.

There have been several academic honors and recognitions for MBI scientists and staff members. 
For the second time, an ERC Advanced Grant has been awarded to Thomas Elsaesser, who will in-
vestigate the electric interactions of DNA and RNA with ions and their water environment. In addition, 
Thomas Elsaesser was invited as “Chercheur invité international” at the École Normale Supérieure, 
Paris. Felix Willems received the Ernst-Eckhard-Koch Award 2019 for his PhD thesis on ultrafast 
magnetization dynamics. In his research, Willems combined experiments with synchrotron radiation 
at BESSY II with femtosecond time-resolved experiments at a laser-based high harmonic generation 
source at MBI. We were very pleased to learn about the decision that Olga Smirnova will receive the 
2020 Ahmed Zewail Award in Ultrafast Science & Technology. Dejan B. Milošević received a Georg 
Forster Research Award of the Alexander von Humboldt Foundation for his seminal contributions to 
the theory of intense-laser interaction with atoms and molecules and attoscience. While not a MBI 
staff member, Milošević has been a continuous collaborator and frequent visitor of MBI via our guest 
program and fellowships during the last 20 years.

We would like to thank our staff members, guest scientists, and collaboration partners for their enthu-
siasm and dedicated research work and, last but not least, our funding bodies for their support of MBI.

Berlin, March 2020  

Stefan Eisebitt                       Thomas Elsaesser                              Marc Vrakking
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When molecules interact with the oscillating field of 
a laser, an instantaneous, time-dependent dipole is 
induced. This very general effect underlies diverse 
physical phenomena such as optical tweezers, for 
which Arthur Ashkin received the Nobel Prize in Physics 
in 2018, as well as the spatial alignment of molecules 
by a laser field. 

In our recent work, published this year in “The Journal 
of Physical Chemistry Letters”, we obtained a state-
resolved picture of the induced-dipole response of 
iodomethane (CH3I) molecules to the electrical field 
of a laser [DRW19]. Experimentally, we extended 
Attosecond Transient Absorption Spectroscopy (ATAS) 
to small polyatomic molecules and a situation where 
core-to-valence and core-to-Rydberg transitions co-
exist. In ATAS, atoms or molecules are subject to a 
moderately intense, non-ionizing near-infrared (NIR) 
field and an extreme ultraviolet (XUV) Attosecond 
Pulse Train (APT), whose relative phase is controlled. 
In polyatomic molecules, core-level transitions serve 
as a local probe within the molecule, due to the high 
localization of the excited core-level hole. 

The spectrally broad XUV pulse excited iodine 4d core 
electrons in the iodomethane molecule into previously 
unoccupied valence and Rydberg states. The effect 
of the NIR field on these states was inferred from 
modification of the free induction decay. We observed 
that while the valence states dominated the XUV 
absorption in the absence of the field, the Rydberg 
states dominated the laser-dressed XUV absorption, as 
seen from the measured, delay-dependent, differential 
absorption presented in Figure 1a in the photon energy 
range between 48 and 62 eV.

To corroborate our experimental results, the ATAS 
spectra were simulated numerically. The time-
dependent Schrödinger equation (TDSE) was solved in 
a finite basis of field-free states in order to obtain the 
time-dependent dipole moment and spectral response, 
by Fourier transformation of the dipole moment. State-
to-state transition energies and dipole moments were 
calculated using ab initio spin-orbit configuration 
interaction in GAMESS-US. Figure 1b shows the 
calculated differential absorbance, in which all features 
observed in the experiment (Figure 1a) are qualitatively 
and semi-quantitatively reproduced. The modulations of 
the absorption line shapes in the region corresponding 
to the core-to-Rydberg transitions between 54 and 57 eV 
are particularly apparent, while the delay-dependent 
response in the core-to-valence region between 50 and 
53 eV is small.

To understand this behavior, we performed ab initio 
calculations of the transition dipole moments involving 
the relevant core-excited states of iodomethane, which 
are shown in Figure 2 as circles with areas proportional 

to the (absolute) value of the dipole moment. We assign 
the strong response of the core-excited Rydberg states 
to their large polarizability, which originates from the 
strong dipole coupling among them. The coupling 
effects a light-induced phase that depends on the 
NIR laser intensity convoluted with the excited-state 
lifetime and XUV pulse, effecting an oscillation in the 
differential absorbance at twice the NIR laser frequency 
(2ω oscillation). A comparably strong coupling to nearby 
states is missing for the valence-excited states with 
which the dominant XUV oscillator strength is associated 
(at 50−53 eV), resulting in a low polarizability and a 
weak signature of these states in the ATAS experiment.

How molecules teeter in a laser field 
L. Drescher, G. Reitsma, T. Witting, S. Patchkovskii, M. J. J. Vrakking, and J. Mikosch

Fig. 1:   
Transient NIR-induced absorbance change, in the 
iodomethane 4d core-to-Rydberg (σ*) and 4d core-
to-valence spectral region [DRW19]. (a) Experimental 
measurement. (b) Numerical simulation. Pronounced 
sub-cycle oscillations at twice the NIR laser frequen-
cy are observed in the region of the core-to-Rydberg 
transitions, while the core-to-valence transitions are 
only weakly affected by the field. The observed effect 
is traced back to the higher polarizability of the Ryberg 
states, which makes them more susceptible to the inter-
action with the laser field.

50                 55                  60
Photon Energy [eV]

Δ
A 

x 
10

3

Ti
m

e 
D

el
ay

 [f
s]

5

0

-5

-10

-15

100

80

60

40

20

0

-20

-40

50                 55                  60
Photon Energy [eV]

Ti
m

e 
D

el
ay

 [f
s]

5

0

-5

-10

-15

Δ
A 

x 
10

3

100

80

60

40

20

0

-20

-40

(a)

(b)



1212

Importantly, by tuning the XUV spectrum to different 
absorption edges, ATAS can map such dynamics from 
the local perspective of different intra-molecular reporter 
atoms. With the advent of attosecond XUV light sources 
in the water window, where transitions from core-orbitals 
in nitrogen, carbon and oxygen atoms are located, ATAS 
of light-induced couplings in molecules is anticipated to 
become a tool to study ultrafast phenomena in organic 
molecules. MBI is at the forefront of developing such 
light sources.

 

Publication
 
DRW19: L. Drescher, G. Reitsma, T. Witting, S. 
Patchkovskii, J. Mikosch, and M. J. J. Vrakking; State-
resolved probing of attosecond timescale molecular 
dipoles; J. Phys. Chem. Lett. 10 (2019) 265–269

Fig. 2:   
Absolute value of the transition dipole moments of 4d 
core-excited states (in the energy range 48−62 eV) of 
iodomethane molecules obtained from an ab initio calcu-
lation [DRW19]. The computed three-dimensional tran-
sition dipole moments were averaged over all possible 
orientations of the molecule and projected onto the laser 
polarization axis. The derived values are proportional to 
the area of the blue circles and are located at the ener-
getic position of the coupled core-excited states.
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Few-cycle pulses break the 300 W barrier
T. Nagy

Extreme short light pulses – encompassing only a few 
oscillations of the electromagnetic field – are among the 
fastest events ever made by mankind. When this regime 
was first entered [1], compressed pulse energies were 
in the single-nanojoule regime, providing less than 1014 
photons in a second, which limited their usage to spec-
troscopic studies. In order to find their way to industrial 
applications, a number of major challenges needs to be 
solved, in particular, a much larger photon flux. 

In collaboration with Active Fiber Systems GmbH (AFS) 
and Laser-Laboratorium Göttingen e.V. (LLG) we fol-
lowed a novel approach by directly compressing 300 fs 
long pulses from a high-energy, high-power laser sys-
tem to the few-cycle duration. This requires a 30-times 
compression, which has only recently become feasible 

Fig. 2:   
Full characterization of the 10 fs NIR pulses by a dispersion scan measurement [4]. Hereby first the spectral phase of the 
pulses is varied (chirping) by inserting glass with gradually increasing thickness into the beam. Then in a thin nonlinear 
crystal the second harmonic of the chirped pulses is generated and its spectrum is recorded at the series of different 
glass insertions. In this way a two-dimensional trace is recorded (a.) from which the missing phase information can be 
extracted by using an iterative numerical algorithm. The simulated trace given by the phase-retrieval algorithm is shown 
in b., exhibiting a striking similarity with the measured trace. The measured spectrum of the pulse together with the re-
trieved phase is shown in c., while their Fourier transform giving the pulse shape is displayed in d. The inset in this panel 
shows the output beam profile.

by the introduction of the stretched flexible hollow fiber 
technology, which offers unrestricted length scalability 
[2]. In the study, a coherently-combined multi-channel 
fiber laser [3] delivering up to 10 mJ pulses at up to 1 kW 
average power was used as the light source. This sys-
tem is currently under development at AFS for the major 
European laser facility ELI-ALPS in Szeged, Hungary. In 
the pulse compression, a 6-meter long stretched flexible 
hollow fiber was used which was developed together by 
MBI and LLG. The experimental layout is shown in Fig. 1. 

As the pulses propagate through argon gas-filled hol-
low waveguide, their spectrum becomes broadened 
by self-phase modulation, a nonlinear interaction be-
tween the intense light and the gas atoms. The pulses 
with substantially broadened spectrum could then be 

Fig. 1:   
Optical layout of  
the high-power 
few-cycle light 
source.
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compressed to a shorter duration by compensating 
their spectral phase with a set of chirped mirrors. In 
this way our team succeeded in generating multi-mJ, 
3-cycle (10 fs) pulses (shown in Fig. 2) at 100 kHz  
repetition rate at an average power of 318 W, which is the  
highest average power of a few-cycle laser ever 
achieved marking a significant milestone in short-pulse 
laser technology. This surpasses the photon flux of the 
early attempts by more than 7 orders of magnitude, de-
livering 1021 photons/s.

This achievement shows that using stretched flexible 
hollow core fibers high-power lasers can be brought into 
the few-cycle regime. This opens up new possibilities for 
industrial applications, such as highly parallelized ma-
terial processing. Beyond providing ELI-ALPS the HR2 
laser system with unique parameters, this development 
holds promise of bringing few-cycle technology to indus-
trial tools. 

Publication

NHS19: T. Nagy et al.; Generation of three-cycle 
multi-millijoule laser pulses at 318 W average power; 
Optica 6 (2019) 1423-1424
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laser excitation could be monitored. This approach is 
unique in that it allows tracking the magnetic moment 
during the ultrafast demagnetization at both types 
of atoms individually by resonantly probing the x-ray 
magnetic circular dichroism (XMCD) at the Fe L3,2 and 
Gd M5,4 absorption edges. Due to their strong spin-orbit 
splitting, it is possible to distinguish angular momentum 
stored in the orbital motion vs. in the spin of the electrons 
by doing a magneto-optical sum rules analysis of the 
respective time-resolved XMCD data measured at these 
four resonances.

Through this analysis it was revealed that the Fe and 
Gd atoms in the alloy show distinctly different dynamics 
and that the demagnetization process at the Gd atoms 
in the alloy is signifi cantly faster than in pure Gd (Fig. 
1). This is, however, not due to an exchange of angular 
momentum between the different types of atoms, as 
one could have suspected based on their ferrimagnetic 
coupling, but due to the very high electron temperatures 
generated in the alloy, leading to an accelerated response 
of Gd. Interestingly, a “reshuffl ing” of angular momentum 
between the spin and orbital motion of the electrons could 
also not been detected when following the laser-induced 
demagnetization with a temporal resolution of about 130 
femtoseconds – this is true locally at all the Fe and the 
Gd atoms (Fig. 2). Thus, the only remaining possibility 
is a full transfer of angular momentum to the atomic 
lattice. In line with recent theoretical predictions, the 
spin angular momentum is fi rst transferred to the orbital 
motion at the same atom via the spin-orbit interaction, 
but we cannot see it accumulate there as it is directly 
moving on to the atomic lattice. The latter process has 
recently been theoretically predicted to be as fast as

Laser-driven spin dynamics in ferrimagnets: How does the angular mo-
mentum flow?
M. Hennecke, I. Radu, and S. Eisebitt

When the magnetization of a ferromagnetic body is 
changed, it wants to start to rotate – this connection 
between the magnetization and the angular momentum 
was already observed in an experiment by Einstein 
and de Haas in 1915. The reason for this phenomenon 
is the fact that on a microscopic level, magnetization 
is intrinsically linked to the angular momentum of 
electrons, given by both their orbital motion around the 
atomic nucleus as well as their spin. When angular 
momentum is conserved, a change in magnetization 
must thus be accompanied with a change of other forms 
of angular momentum in the system – in the Einstein-
de Haas experiment, this was the resulting rotation of 
a suspended magnet after its magnetization had been 
changed. On a microscopic level, it is the corresponding 
motion of the atoms which constitutes the fi nal reservoir 
of angular momentum. 

Illumination with an ultrashort laser pulse is a means to 
demagnetize a material very fast – for the prototypical 
ferromagnets iron, cobalt and nickel, for example, 
the magnetization is extinguished within about one 
picosecond after the laser pulse has hit the material. 
This has led to the question, through which channels the 
angular momentum associated with the magnetization 
is transferred to other reservoirs during the short time 
available. MBI scientists have now been able to follow 
this fl ow of angular momentum in detail for an iron-
gadolinium alloy. In this ferrimagnetic material, adjacent 
iron (Fe) and gadolinium (Gd) atoms have magnetization 
with opposite direction. Using ultrashort x-ray pulses 
generated at the FemtoSpeX fs-slicing facility at BESSY 
II, the absorption of circularly polarized soft x-rays by the 
Fe and Gd atoms as a function of time after previous 

Fig. 1:  
Time-resolved measurement of ultrafast demagnetization of Fe and Gd in an alloy by probing the XMCD at the (a) Fe L3,2

and (b) Gd M5,4 resonances. The data reveal distinct demagnetization dynamics of both elements in the alloy, with Gd de-
magnetizing less and slower compared to Fe, but significantly faster than what is known from pure Gd.
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1 femtosecond, and the detailed experiments now confi rm 
that this last transfer step is indeed not a bottleneck in 
the overall fl ow of angular momentum.

Given that short laser pulses can also be used to 
permanently switch magnetization and thus write bits 
for magnetic data recording, the insight in the dynamics 
of these fundamental mechanisms is of relevance to 
develop new approaches to write data to mass data 
storage media much faster than possible today. 
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Fig. 2:  
Evolution of the spin (S) and orbital (L) angular momentum in (a) Fe and (b) Gd in the alloy. At the outset, Gd possess no 
orbital angular momentum (L=0) and no accumulation in L is seen during the demagnetization after the laser pulse has 
hit the sample at time zero. In Fe, both S and L decrease at the same rate, with no reshuffling between S and L detect-
able. 
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Accurate probing of magnetism with light
F. Willems, S. Sharma, C. von Korff Schmising, D. Schick, P. Hessing, C. Strüber, W. D. Engel, and S. Eisebitt

The study of the interaction between light and matter 
is one of the most powerful ways to help physicists to 
understand the microscopic world. In magnetic materials, 
a wealth of information can be retrieved by optical 
spectroscopy if the energy of the individual light particles 
- photons – matches the binding energy of core electrons 
of a specific atom. The resulting resonant absorption 
contains details of the element-specific and spin-
dependent electronic structure and therefore enables 
scientists to understand the role and interplay of different 
atoms in complex magnetic sample systems.

In our joint experimental and theoretical work, we have 
extended the understanding of such resonant light-
matter interaction into the extreme ultraviolet spectral 
range (XUV). This understanding is particularly relevant, 
because experiments employing the XUV spectral range 
have become an important tool for studies of ultrafast 
and nonequilibrium dynamics of magnetic materials after 
optical femtosecond pulse excitation. 

In a collaboration between the Max Born Institute, Berlin, 
the theory group of the Max Planck Institute, Halle 
and a group from the Uppsala University, Sweden, we 
combined experiments with ab initio calculations, which 
only take the types of atoms and their arrangement 
in the material as input information. We were able 
to determine the microscopic origins of the spectral 
features measured in our experiment resulting in a 
significantly improved theoretical description of XUV 
spectroscopy on magnetic materials.

For the prototypical ferromagnetic elements iron, 
cobalt, and nickel, we measured the response of these 
materials to XUV radiation at the synchrotron facility 
BESSY II, yielding both real and imaginary parts of 
the magnetic contribution to the complex magneto-
optical functions. We made three important and in 
part unexpected observations: first, we detected a 
non-negligible magneto-optical signal well below the 
resonant photon energy  for the transitions of the 3p 
core electrons to unoccupied states. Second, our data 
demonstrated that signals in the XUV spectral range 
are not simply proportional to the magnetic moment 
of the respective element and third, that the details of 
the spectra are hidden due to overlap from transitions 
stemming from spin-orbit-split core levels. With the help 
of ab initio calculations, we were able to explain all three 
observations; in particular, our theory established the 
importance of so-called local field effects. Local field 
effects can be understood as a transient rearrangement 
of the electronic charge in the material, caused by the 
electric field of the probing XUV radiation itself. The 
response of the system to this perturbation has to be 
taken into account to describe the magneto-optical 
spectra in this photon energy range quantitatively. For 
the first time, the measured and theoretically calculated 
magneto-optical functions show a very good agreement, 

Fig. 1:   
Measured and calculated dichroic absorptive part, Δβ, 
of the magneto-optical function of Cobalt. Including 
local field effects (LFE) and many-body corrections 
brings the fully ab-initio theory into very good agree-
ment with the experiment.

both in terms of absolute amplitude, as well as spectral 
shape and position (cf. Fig. 1).

Precise experimental data, together with the availability 
of an accurate theoretical description, now allows to 
disantangle signals stemming from different elements in 
multi-component magnetic systems quantitatively. Being 
able to follow the magnetic moment atom-by-atom is 
essential for understanding the complex, non-equilibrium 
behavior evolving after optical excitation and will help to 
design new magnetic materials exhibiting functionalities 
such as optically induced switching of the magnetization 
on subpicosecond time scales.
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Dynamic aspirin – molecular vibrations drive electrons over large 
distances
C. Hauf, A.-A. Hernandez Salvador, M. Holtz, M. Woerner, and T. Elsaesser

Aspirin is an important drug but also an interesting molec-
ular model system in which nuclear motions and electrons 
are coupled in a particular way. For the fi rst time, femto-
second x-ray experiments make electron motions visible 
in real time. They demonstrate that very small atomic dis-
placements shift electrons over much larger distances 
within the aspirin molecules.

Aspirin pills consist of many small crystallites in which 
molecules of acetylsalicylic acid form a regular spatial 
arrangement as shown in Fig. 1. The molecules couple 
to each other via comparably weak interactions and gen-
erate electric fi elds which exert a force on the electrons 
of neighboring molecules. Upon excitation of molecular 
vibrations, the distribution of electrons in space and, thus, 
the chemical properties should change. While this scenar-
io has been a subject of theoretical work, there has been 
no experimental demonstration and understanding of the 
molecular dynamics so far.

Research within the MBI project 3.3 has now generated 
the fi rst and direct insight in electrons motions during a 
coupled vibrational excitation of the aspirin molecules. 
Results of an x-ray experiment in the ultra-short time 
domain have been presented in [HHH19]. An ultrashort 
optical pump pulse induces low-frequency vibrations 
of the aspirin molecules with a vibrational period of 
approximately 1 picosecond. An ultrashort hard x-ray 
pulse, which is delayed relative to the pump pulse, is dif-
fracted from the excited powder of crystallites [panel (b)] to 
map the momentary spatial arrangement of electrons via 
an x-ray diffraction pattern. Figure 2(a) shows the steady-
state Debye Scherrer diffraction pattern as recorded with 
the femtosecond x-ray pulses while Fig. 2(b) displays a 
lineout of the ring pattern as a function of diffraction angle. 
Upon femtosecond optical excitation, the intensities of in-
dividual Bragg rings are periodically modulated as shown 
in Fig. 2(c). The angular positions of the different peaks 
remain unchanged on this time scale. 

Fig. 1:  
(a) Crystal structure of aspirin repre-
senting a regular, spatially periodic 
arrangement of molecules. (b) Indi-
vidual hydrogen bonded dimer with 
the ground state electron density dis-
played in an isosurface representation 
(green) at a value of 1800 e-/nm3.

Fig. 2:  
(a) 2-dimensional powder diffraction 
pattern from unexcited aspirin. (b) X-ray 
diffraction pattern obtained by integrating 
the 2D-pattern shown in (a) along the 
Debye-Scherrer rings. The normalized 
diffracted intensity is plotted as a func-
tion of the scattering angle 2θ, including 
salient assignments to lattice plains. (c) 
Change of diffracted x-ray intensity upon 
excitation on two different Bragg refl ec-
tions as a function of pump-probe delay 
in the femtosecond experiments (black 
solid symbols: signal averaged over 
65 individual delay positions). The grey 
symbols represent the normalized inten-
sity changes obtained by averaging 
32 neighboring delays. The solid red 
lines are guides to the eye.
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Fig. 3:  
(a) Schematic drawing of an aspirin molecule, with all atoms in the plane shown in (b)–(f) highlighted in light blue. The 
colored circles indicate the subdivision of the molecule into the different functional groups. (b) Equilibrium electron density 
ρ0(r) and (c)–(f) transient changes in electron density Δρ(r,t) at selected delay times as two-dimensional contour maps in 
the plane of the C6 ring in steps of 100 e-/nm3 and ±0.5 e-/nm3, respectively. The positions of the atoms in the unexcited unit 
cell are indicated by solid/dashed circles. Continuous periodic charge motions occur during the methyl rotation, in particular 
between the atoms of the carbon 6-ring (right) and the COOH carboxy unit (left).

The rotational motion of the methyl (CH3) group of an 
aspirin molecule which arises upon vibrational excitation 
is connected with a spatial shift of electrons over the 
entire aspirin molecule. In Fig. 3(b) we show the equilibri-
um electron density ρ0(r) and in panels (c)–(f) the transient 
changes in electron density Δρ(r,t) at selected delay times 
as two-dimensional contour maps in the plane of the C6

ring. The periodic electron motions occur synchronous-
ly with the nuclear motions while the distances travelled 
by the electrons are typically 10000 times larger than the 
atomic displacements in the methyl rotation. This behavior 
demonstrates the hybrid character of the methyl rotation 
which is comprised of both atomic and electron motions 
on totally different length scales. The hybrid character 
originates from the electric interaction between the aspirin 
molecules and the dynamic minimization of electrostatic 
energy in the crystallite.

These new results underline the central role of hybrid 
modes for the stabilization of the crystal structure, in 
agreement with theoretical calculations. In the case of as-
pirin, this property favors the so-called form 1 of the crys-
tal structure compared to other molecular arrangements. 
The strong modulation of the electron distribution by vibra-
tions is relevant for numerous crystal structures in which 
electric interactions prevail. Vibrational excitations of fer-
roelectric materials should allow for an ultrafast switching 
of the macroscopic electric polarization and, thus, lead to 
new electronic devices for extremely high frequencies. 
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Amplifier for terahertz lattice vibrations in a semiconductor crystal 
M. Woerner, C. Somma, K. Reimann, T. Elsaesser, P. Q. Liu, Y. Yang, J. L. Reno, and I. Brener

Both photons, the quanta of the electromagnetic field, 
and phonons, quantized vibrations in a crystal, belong 
to a class of particles called bosons. They differ from the 
other class of particles, the fermions such as electrons 
and protons in that a quantum-mechanical state can 
be occupied by an arbitrary number of particles. For 
bosons, the probability for a transition into a state 
already occupied by n quanta is proportional to 1+n, 
i.e., it is the higher the higher the initial occupation. The 
best-known application of this effect is the amplification 
of light in the laser. 

Here we demonstrate the amplification of optical 
phonons in a semiconductor crystal by interaction 
with an electron current. Excitation of a metal-
semiconductor nanostructure by intense terahertz 
(THz) pulses results in a tenfold amplification of 
longitudinal optical (LO) phonons at a frequency of 
9 THz. Coupling such lattice motions to propagating 
sound waves holds potential for ultrasound imaging 
with a sub-nanometer spatial resolution.

The coupling of electrons and phonons via different  
microscopic interactions results in phonon absorption 
or emission by electrons. For LO phonons, the relevant 
coupling is the polar-optical interaction which is mediated 
by the Coulomb interaction between electrons and 
the polar crystal lattice. A net amplification of phonons 
requires that the phonon emission rate is larger than the 
phonon absorption rate. In other words, there must be 
more electrons emitting than absorbing a phonon. This 
condition is illustrated schematically in Fig. 1, where the 
electron energy in a parabolic conduction band is plotted 
as a function of the electron momentum k. For a thermal 
equilibrium distribution of electrons [Fig. 1(a)], electron 
states at higher energies have a smaller population 
than those at lower energies, resulting in a net phonon 
absorption. Stimulated emission of a phonon requires 
a population inversion between two electronic states 
separated by both the energy and the momentum of the 
corresponding phonon in the crystal [Fig. 1(b)]. Upon  
application of an external voltage, the electron distribution 
in k-space is shifted and becomes asymmetric with 
respect to k=0. As a result, a population inversion between 
different electronic states is established which allows for 
the prevalence of stimulated phonon emission. Such a 
non-thermal electron distribution will relax back towards 
a thermal distribution by scattering processes, e.g., with 
impurities or by emitting incoherent phonons. Since 
these scattering processes are faster for higher electron 
energies, it becomes more difficult to achieve inversion 
for optical phonons than for acoustic phonons [1]. 

Together with researchers from the Sandia National 
Laboratories, Albuquerque, New Mexico and the State 
University of New York at Buffalo, New York, USA, we 
have demonstrated the amplification of LO phonons in 
a specially designed metal-semiconductor nanostructure  

[Fig. 1(c)]. The system consists of a metallic dog-bone 
antenna on top of a layered semiconductor structure 
consisting of GaAs and AlAs. This structure is irradiated 
with an ultrashort pulse at THz frequencies and 
enhances the electric fields in the sample considerably 
compared to the incident fields (Fig. 2). This helps to 
achieve the inversion condition. A further effect is that 
the resulting change of symmetry allows to excite LO 
phonons while in bulk GaAs only transverse optical 
phonons can absorb light.

Fig. 1:   
(a) Absorption and (b) stimulated emission of lon-
gitudinal optical phonons (wavy lines) explained 
schematically in the conduction band structure of 
the semiconductor gallium arsenide. The dot size 
symbolizes the occupation probability. For a thermal 
electron distribution (a), the occupation probability 
decreases with energy, resulting in net phonon ab-
sorption. (b) A strong THz field (green double arrow) 
can shift the electron distribution to reach inversion, 
i.e., higher energy states are populated more than 
lower energy states. With inversion, stimulated 
phonon emission is more probable than absorption, 
resulting in phonon amplification. (c) Sketch of the 
sample structure covered by an array of metallic 
dog-bone resonators (orange). 
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Fig. 3:   
(a) THz electric field transients that excite and amplify LO phonons. (b) Midinfrared transients used for probing the LO  
phonons. (c) Nonlinear signal ENL(t,τ) = ETHZ&MIR(t,τ) - ETHZ(t,τ) - EMIR(t,τ). (d) 2D Fourier transform of ENL. (e) ENL (red) and 
EMIR (black) for a fixed τ as a function of t showing the 90° phase shift.

Fig. 2:   
Calculated electric field amplitudes 
for different frequencies, (a) and (b) 
1.5 THz, (c) and (d) 8.7 THz, (e) and 
(f) 15 THz. All values are given rela-
tive to the incident field amplitude. 
The panels on the left show the field 
amplitude in the thick GaAs layer di-
rectly below the AlAs layer, the panels 
on the right the z dependence at the 
positions marked by circles. 
Here z = 0 is the sample surface and 
z = -0.043 µm the interface between 
the AlAs layer and the thick GaAs 
layer.
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In the experiment, two pulses separated by the delay 
time τ interact with the sample. One of the two pulses, 
the THz pulse, excites LO phonons at its onset and at 
later times drives an electron current in the thick GaAs 
layer. The LO phonons oscillating with a frequency of 
9 THz are amplified by interaction with the electrons. 
The second pulse, the mid-infrared or MIR pulse, 
monitors the amplitude of the phonon oscillations via the 
concomitant change of the refractive index of the sample. 
In the experiment, the time-dependent electric field of the 
pulses after interaction with the sample is measured with 
electro-optic sampling. Fig. 3 shows such transients, in 
(a) the THz pulse, in (b) the MIR pulse and in (c) the 
nonlinear signal. The Fourier transform of the nonlinear 
signal [Fig. 3(d)] has peaks at the detection frequency of 
15 THz, the center frequency of the MIR pulse, and at 
excitation frequencies of ±9 and ±18 THz, i.e., multiples 
of the LO phonon frequency. As seen in Fig. 3(e), the 
nonlinear signal is 90° phase shifted compared to EMIR, 
demonstrating that the nonlinear signal is caused by 
a change of the real part of the refractive index due to 
the LO phonon-induced Kerr effect. Thus, the intensity 
of the nonlinear signal is a measure for the LO phonon 
amplitude. Fig. 3(c) shows a small LO phonon amplitude 
generated at τ = 0. At larger delays, there are both peri-
ods of phonon absorption and of phonon amplification. 
Whether one has absorption or amplification depends 
on the phase of the THz pulse. At the longest delay, at  
τ = 1.5 ps, the highest phonon amplitude is reached, 
about ten times the initial amplitude.

The present work is a proof of principle. For a usable 
source of high-frequency sound waves, it is necessary 
to further increase the amplification. Once such a source 
is available, it can be used for extending the range of 
sonography towards the length scale of individual 
biological cells. To reach a comparable resolution 
with electromagnetic waves, one has to use x-rays, 
which, because of their high photon energies, can 
lead to damage of biological samples. While the non-
propagating optical phonons cannot be directly used for 
imaging, one can transform them into acoustic phonons 
with the same frequency in another material and apply 
the latter for sonographic imaging. 
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Acid-base neutralization in solution is a textbook 
chemistry problem. More than half a century ago, its 
atomic concepts have been formulated by Manfred 
Eigen and Albert Weller, in a highly acclaimed series of 
publications [1,2,3]. Typically, proton transfer between 
acids and bases is understood to be facilitated by 
solvent molecules, which can form a confi guration where 
acid and base are linked to each other by a hydrogen 
bonded network consisting of a limited number of 
solvent molecules. In recent years both experiment 
(using femtosecond UV-pump-IR-probe spectroscopies 
[4,5]) and theory (using ab initio molecular dynamics 
simulations [6,7,8,9]) have provided key insight into 
the microscopic mechanisms of proton transfer in the 
liquid phase. Most of these studies have focused on a 
particular chronology, namely an initial proton transfer 
from an acidic site to the solvent, followed by a transport 
of this excess solvated proton towards the base. In 
aqueous solution, this excess proton occurs as hydrated 
proton (H3O+ or H5O2

+). The last step is then a transfer 
of this solvated proton to the base, converting this into 
its conjugate acid. 

In the seminal work by Manfred Eigen [3], a reverse 
proton transfer route is treated on equal footing. For this 
a base fi rst picks up a proton from the solvent, and a 
proton defect ("proton hole", in water this is a hydroxide 
(OH-) ion, in methanol it is a methoxide (CH3O-)-ion) 
is then transported towards the acid, making the acid 
the last one to act by donating a proton. Until now, 
astonishingly, this reverse proton defect route has 
remained rather underrepresented both in ultrafast 
spectroscopic and ab initio molecular dynamics studies. 
Now a prototypical case has been demonstrated in a 
joint study from the Max Born Institute in Berlin and the 
Martin-Luther-University in Halle-Wittenberg [EHB19a, 
EHB19b], where proton transfer is followed through a 
well-defi ned number of solvent molecules. Conclusive 
evidence is provided that a proton defect transfer 
mechanism (through hydroxide/methoxide transport) 
governs the proton exchange mechanism between this 
prototypical base and acid. 

Forward or backward? New pathways for protons in water or methanol 
M. Ekimova1, F. Hoffmann2, G. Bekçioğlu-Neff2, A. Rafferty1, O. Kornilov1, E. T. J. Nibbering1, D. Sebastiani2
1Max-Born-Institut für Nichtlineare Optik und Kurzzeitspektroskopie, Max Born Str. 2A, 12489 Berlin, Germany
2Institut für Chemie, Martin-Luther-Universität Halle-Wittenberg, Von-Danckelmann-Platz 4, 06120 Halle (Saale), Germany

A so-called bifunctional photoacid, 7-hydroxyquinoline 
(Figure 1), has been used, with which both the proton 
donating and proton accepting sites can be triggered 
by a short optical pump pulse (50 fs duration), and 
the proton transfer dynamics is monitored with a mid-
infrared probe pulse tuned to vibrational marker modes 
indicative of the reactant, possible intermediates and the 
product species of the bifunctional photoacid (Figure 2a). 
These experiments were performed in solvent mixtures 
with different water/methanol mixing ratios. As a careful 
analysis of the dynamical behaviour for different water-
methanol solvent mixtures reveals a direct relationship 
between acidities (in terms of pKa-values) and reaction 
rates (proton transfer time scales) not only holds for bulk 
water, but can be transposed in a straightforward way 
for less polar solvent conditions, using well-established 
empirical relationships. The experiments show solvent 
mixture dependent reaction rates (Figure 2b), pointing 
to a proton abstraction by the nitrogen base site in 
the bifunctional photoacid as the fi rst rate determining 
step (Figure 2c). Both experiments and calculations on 
7-hydroxyquinoline in water/methanol mixtures provide 
a consistent picture for the sequential proton hopping 
pathway, where proton transfer occurs through the 
transport of proton defects (proton vacancies). 

Results from this combined experimental and theoretical 
study thus not only provide a consistent microscopic 
picture of the chronology of the elementary steps in 
proton transfer, following the pathway of hydroxide/
methoxide transport on time scales of several tens to 
hundreds of picoseconds. Solvent dependent acidities 
can be directly related to proton transfer reaction rates. 
Hence, these results can directly be used in the context 
of more complex proton transport systems ranging from 
hydrogen fuel cells to transmembrane proton channel 
proteins.

Fig. 1:  
Possible proton transfer pathways by 
either a sequential “hopping” forward 
transfer of an excess proton (when the 
acid fi rst donates a proton to the solvent, 
and the base acts last by picking the 
excess proton from the solvent), or by a 
sequential “hopping” inverse transfer of a 
proton defect (when the base fi rst picks a 
proton from the solvent, and the acid acts 
last by neutralizing the proton vacancy by 
donating a proton.
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Fig. 2:   
Monitoring proton transport of 7-hydroxyquinoline in water/methanol solvent mixtures in real time from the reactant neu-
tral N* via the intermediate cation C* to the zwitterionic product Z* with UV-pump/IR-probe spectroscopy of IR-active 
marker modes (a), correlating observed reaction rates with solvent-dependent acidities (b) and following ab initio molecu-
lar dynamics trajectories (c).
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Spying on topology: an ultra-fast optical way to extract critical infor-
mation from quantum materials
Á. Jiménez Galán, O. Smirnova, and M. Ivanov

The concept of topology can be illustrated with an 
elastic pretzel. The pretzel can be stretched, bent, or 
twisted in any way. However, no matter the deformation, 
it is impossible to make a bagel out of a pretzel or add 
holes to it, without tearing it apart. The number of holes 
in a pretzel is thus invariant and provides topological 
information about the pretzel shape. It is referred to 
as the topological invariant. The topological properties 
are thus unique in that they are robust with respect to 
signifi cant perturbations of the object.

In a solid material, quantum-mechanical laws restrict 
which energies electrons can have, leading to the 
formation of bands with either allowed or forbidden 
energies. Using the concept of topology, physicists can 
describe complex shapes of allowed energy bands and 
assign them a specifi c topological number. The topology 
of the band structure in a material system manifests 
itself in exotic properties. One striking example is the 
so-called topological insulators. These are quantum 
materials, which, due to their exotic electronic structure, 
on surface and edges conduct electric current like metal, 
while acting as an insulator in bulk.

In the same way that we cannot change the number 
of holes in a pretzel, without breaking it, impurities and 
other perturbations that usually disrupt the ability of the 
material to conduct electricity, do not affect high electron 
mobility on the surface of topological insulators. The 
immunity to impurities is the reason why topological 
materials strongly appeal to electronic industries.

Thus, ultrafast all-optical probing of materials and 
their topological properties is not only an interesting 
fundamental question, but also a question of potentially 
signifi cant technological importance. How can one tell 
apart a topological material from its regular – trivial – 
counterpart within a millionth of a billionth of a second 
by probing it with ultra-fast laser light?

Although the topology of the system is deeply linked to 
the behavior of electrons in it, the imprint of topological 
properties on electron dynamics at its natural time 
scale of a millionth of a billionth of a second has not 
been addressed up to now. The highlighted work used 
numerical simulations and theoretical analysis to 
demonstrate that information about system topology is 
indeed encoded in this extremely fast electron dynamics. 
First, the topological properties of the system affect the 
timing and the exact location of electron injection into the 
conduction band in the bulk. Second, these effects can 
be retrieved by looking at light emitted by electrons as 
they are injected into the conduction bands in the bulk. 

In simple words, if we imagine the electrons in a solid 
moving within energy bands as runners on the racing 
track, then the light emitted by the electrons allows to 
learn about the topology of this racing track, by simply 
measuring the acceleration of the runners. 

The ultra-short laser pulses excite electrons of the 
system, making them hop from one energy band to a 
higher one, accelerating them on the new track. The 
accelerated electrons then emit light. This process 
lasts merely an infi nitesimal second but is enough for 
an electron to “feel” the fi ne difference between the 
energy structures of trivial and topological insulators 
and “encode” this information into the emitted light.

The current work demonstrates how to distinguish 
between trivial and topological insulators at the ultra-fast 
rate using light spectroscopy. The key question now is 
how to use light to modify the topological properties of the 
material, converting a trivial insulator into a topological 
one – that is, to “write” the topological information into 
material at the similar rate. 

Publication

SJA19: R. E. F. Silva, Á. Jiménez-Galán, B. Amorim, 
O. Smirnova, and M. Ivanov; Topological strong-fi eld 
physics on sub-laser-cycle timescale; Nat. Photonics 13 
(2019) 849-854

Fig. 1:  
High harmonic spectroscopy of topological phase tran-
sition. The direction of rotation of the light (green for 
clockwise, purple for circular anticlockwise) maps the 
topological phase diagram of the system, distinguishing 
between its trivial phase (above the black curve) and its 
topological phase (below the black curve).
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Let there be … a new light: light with new intrinsic chirality to tell 
mirror molecules apart
D. Ayuso, A. F. Ordonez, and O. Smirnova

Like our left and right hands, a great variety of mole-
cules in nature also have mirror twins, which cannot be 
superimposed onto each other with any combination of 
rotations. These non-superimposable molecular twins 
are called enantiomers, and the molecules themselves 
are called chiral. While the twin molecules may look 
similar, and their electronic structure is almost identical, 
some of their properties can be very different. The hand-
edness – or chirality – of molecules plays an essential 
role in chemistry, biology, and drug development: while 
one type of a molecule can cure a disease, its mirror 
twin – or enantiomer – may be toxic or even lethal.

It is extremely hard to tell opposite chiral molecules apart 
unless they interact with another chiral object. Circular-
ly polarized light has long been the perfect candidate: 
as this light propagates, oscillations of the electric and 
magnetic fi elds draw a helix in space, oriented along the 
light propagation direction. Depending on whether the 
helix twirls clockwise or counterclockwise, the light wave 
is either right- or left-handed. Chiral molecules can inter-
act differently with it. However, the helix pitch, set by the 
light wavelength, is about a thousand times bigger than 
the size of a molecule. So, the tiny molecules perceive 
the light helix rather as a gigantic circle, hardly feeling 
its chirality at all. 

The highlighted work proposes an innovative way 
around this problem. It shows how one can synthesize 
a new type of chiral light – one that draws a chiral struc-
ture in time, at every single point in space. By replacing 
the helix in space with a chiral Lissajous fi gure drawn 
by the electric fi eld in time, the strength of chiro-optical 
interaction is increased by three orders of magnitude.

This new “synthetic” chiral light is described by com-
pletely new intrinsic symmetry properties for electro-
magnetic fi elds. The highlighted work describes this light 
mathematically. It shows that nonlinear optics with syn-
thetic chiral light acquires new properties. In particular, 
the interaction of synthetic chiral light with chiral mole-
cules is described by nonlinear chirality tensors, which 
characterize the chiral properties of light and enter on 
par with nonlinear susceptibility tensors describing opti-
cal response of the molecule. 

Having introduced the basic mathematical formalism 
for nonlinear optics with synthetic chiral light, the work 
shows numerical simulations of the nonlinear optical 
response, focusing on high harmonic generation. It 
shows that high harmonic generation can be extreme-
ly enantio-sensitive, with chiral discrimination signals 
reaching their ultimate limit of 200 %. 

Importantly, the work shows how to make such light in a 
lab. It requires one to use two non-collinear laser beams, 
with the typical angle be-tween the beams around 5-10 
degrees. Each wave is carrying light of two different fre-
quencies, the fundamental and its second harmonics. By 

tuning the relative phase between the two frequencies in 
each laser beam, one can control the handedness of 
this synthetic chiral light and thus select the handedness 
of the molecule it will strongly interact with. The key ob-
servable is non-linear optical response of the molecule. 
By tuning the relative phases between the two colors in 
each beam, one can ensure that a desired enantiomer 
will emit bright high harmonic light, while the opposite 
enantiomer will emit virtually no high harmonic light at 
all, within a selected frequency range.

One can foresee a variety of potential applications of 
the new method in chemistry and biology. For example, 
synthetic chiral light could allow one to monitor chiral 
chemical reactions in real-time or detect the switch in 
the molecules’ handedness. 

The long-term goal is to utilize this new approach to spa-
tially separate molecules with the opposite handedness 
using ultrafast lasers.

Publication

ANO19: D. Ayuso, O. Neufeld, A. F. Ordonez, P. Decle-
va, G. Lerner, O. Cohen, M. Ivanov, and O. Smirnova; 
Synthetic chiral light for effi cient control of chiral light–
matter interaction; Nat. Photonics 13 (2019) 866-871

Fig. 1:  
Synthetic chiral light selectively interacts with one of 
the two versions of a chiral molecule (left or right). The 
selected version responds by emitting very bright light, 
while its "mirror twin" remains dark. Credit: Steven 
Roberts
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1.1: Fundamentals of Extreme Photonics
O. Smirnova, B. Fingerhut (project coordinators)
and M. Ivanov, K.Busch, M. Klük, A. Perez-Leija, K. Tschering, D. Reiche, F. Loth, T. Bredtmann, S. Patchkovskii,  
Á. Jiménez Galán, S. Carlstroem, W. Becker, D. Milosevic, H. Reiss, F. Morales, I. Babushkin, D. Ayuso, A. Ordonez,  
Maria Richter, A. Harvey, J. Kaushal, A. Andreev, J. Herrmann, A. Gusakov, Martin Richter, M. Osswald, N. Acharyya,  
R. Ovcharenko, S. Sharma, N. Singh, P. Elliott, Q. Li, S. Solovyev 

1. Overview 

The main objective of the project 1.1 in 2019 has remained 
to be the development of analytical and numerical 
methods for the description of light-matter interactions 
in extreme conditions. The number of photons in a light 
field incident on a system can range from zero (vacuum 
fluctuations), to just a few (quantum electrodynamics and 
quantum optics regime), to hundreds and thousands of 
absorbed or emitted photons during the interaction with 
very intense light fields. When a low number of photons 
are involved, the quantum properties of both matter 
and light play a very important role in the description 
of the interaction. At high intensities, the description of 
light as a classical electromagnetic wave is adequate, 
but a precise description of the (often highly nonlinear) 
quantum response of matter is needed. Non-perturbative 
theoretical models and methods are developed and 
applied, focusing on adequate description of a system’s 
optical properties and geometrical structure, as well 
as on many-body effects such as electron-electron 
correlation, coupled electronic and nuclear dynamics, 
optically induced and controlled spin dynamics, and 
the role of quantum coherence in these dynamics. The 
range of material systems involves atoms, molecules, 
solids – from dielectrics to semiconductors to magnetic 
materials, and photonic structures such as waveguides. 
Since October 2018, a new condensed matter theory 
group (T5) joined the project, focusing on first-principles 
computational methods for ultrafast laser-driven electron 
dynamics in solids. These methods are then applied to 
studying laser-driven and laser-controlled ultrafast spin 
and magnetization dynamics in solids.

2. Topics and collaborations

In 2019 the project was organized around five general 
directions:

T1: Theory of attosecond and few-femtosecond 
electron dynamics

T2: Theory of matter in intense laser fields

T3: Theoretical optics and photonics in structured 
media (Joint HU-MBI Group)

T4: Bio-molecular dynamics in condensed phase

T5: Condensed matter theory

In-house collaborations with Projects 1.2, 2.1, 2.2, 2.3, 
3.1, and 3.2.

External collaborations: IC London, UK; HU Berlin, TU 
Berlin, The Weizmann Institute, Germany; CEA Saclay, 
CELIA and University Bordeaux, France; University Ot-
tawa, Canada; Ohio State University, OH, USA; RQC 
Moscow, Russia; UA Madrid, Spain; University Trieste, 
Italy; Open University, UK; XLIM Limoges, France; Uni-
versity Sherbrook, Canada; ETH Zurich, Switzerland; 
University of Central Florida, FL, USA; UPMC Paris, 
France; University Sarajevo, Bosnia-Herzegovina; Uni-
versity Geneva, Switzerland; MPI Halle, Germany; Heb-
rew University of Jerusalem, Israel

3. Results in 2019

For each of the general directions, representative high-
lights are given below.

T1-T2: Air lasing inside laser filaments

Following successful research in 2018, the topic has 
continued in 2019. It is well known that propagation of 
powerful infrared laser pulses in gases leads to a host of 
important nonlinear effects, from self-focusing to self-fo-
cusing-induced optical tunnelling leading to plasma for-
mation and defocusing of the beam, etc. The balance of 
self-focusing and plasma-induced defocusing can sup-
port propagation of the laser pulse over many Rayleigh 
lengths without diffraction. 

One very puzzling phenomenon observed inside laser 
filaments in the air is the strong generation and ex-
ponential amplification of light at 391 nm, which cor-
responds to the well-known transition in the nitrogen 
molecular ion N2

+, between the ground vibrational state 
v=0 of the ground electronic state X2S+

g, and the ground 
vibrational state v=0 of the second excited electronic 
state B2S+

u. Its mechanism is not well understood be-
cause the already complex physics responsible for the 
gain is further obfuscated by the highly nonlinear pulse 
propagation in an extreme environment. 

It is important to note that air lasing is observed for a 
very broad range of the incident laser parameters, with 
the filament created by 800 nm, 1200 nm, or even long-
er laser wavelengths such as 3000 nm. The theoretical 
analysis of the microscopic response of the neutral N2 
and N2

+ ions generated during the filamentation process 
does not show any electronic or vibrational population 
inversion between the v=0 of the second excited elec- 
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tronic state B2S+
u and the v=0 of the ground electronic 

state X2S+
g, at least not until very high laser intensities 

I>5.1014W/cm2, well exceeding the clamping intensity 
inside the fi lament, I~1x1014 W/cm2. The lack of elec-
tronic population inversion together with amplifi cation is 
extremely puzzling. 

Another key experimental observation is the primary role 
of molecular rotations in gain. Experiments performed 
in a pump-probe confi guration, with a weak, broadband 
400 nm probe pulse delayed by time τ with respect to 
the intense fi lamenting 800 nm pump, demonstrated 
strongly modulated gain near 391 nm, with character-
istic subsequent temporal behavior coincident with the 
rotations of N2

+ molecules in both X and B states (which 
have similar rotational periods). 

We have developed a detailed theoretical model [BLL19] 
of the microscopic response that includes all relevant 
processes: light-induced rotations of the neutral prior 
to ionization, angle-dependent and channel-dependent 
strong fi eld ionization of the neutral N2, coupled rotation-
al, electronic and vibrational dynamics in N2

+ with the 
three relevant, strongly coupled potential surfaces cor-
responding to the X, A, and B states of the ion, follow-
ing up on our previous work [MMP18, RPM13, BCB16, 

BPI16]. Together with our experimental colleagues from 
the University of Ottawa, we verifi ed our theoretical pre-
dictions. 

According to our theoretical calculations, the lasing 
mechanism is associated either with rotational popula-
tion inversion without electronic or vibrational popula-
tion inversion, or with rotationally-induced suppression 
of stimulated absorption from the ground state of the 
molecular ion. The former mechanism is operative at 
high laser intensities and arises already at I~ 3x1014W/
cm2. The latter mechanism is always present and 
dominates at lower intensities, appearing already at 
I~5x1013W/cm2. 

The results are shown in Fig.1, both for the high intensi-
ty regime relevant to the pump-probe experiments with 
air jets, as in [BLL19], and for the low intensity relevant 
for fi laments at atmospheric pressure, where the inten-
sity is clamped. 

The rotationally induced suppression of stimulated ab-
sorption is caused by the destructive interference in the 
absorption to a ro-vibrational state J, v=0 of B2S+

u from 
the coherently populated rotational states J-1, J+1 in the 
v=0 rotational manifold of the ground electronic state 
X2S+

g. Such a coherent population is inevitable due to 
the inevitable rotational excitation of both neutral and 
ionic nitrogen by the fi lamenting pulse. During molecular 
rotations, the relative phase between the J-1, J+1 states 
changes, leading to windows of destructive interference 
which can align with windows of constructive interfer-
ence in the stimulated emission from J, v=0 of B2S+

u. 

T1: Topological strong fi eld physics on sub-laser 
cycle timescale

The sub-laser cycle time scale of the electronic response 
to strong laser fi elds enables attosecond dynamical im-
aging in atoms, molecules and solids. Attosecond sci-
ence has now made fi rst steps towards time-resolved 
imaging of electron dynamics in the condensed phase. 
However, time-resolved probing of topological phe-
nomena on the electronic time-scale has not been ad-
dressed. 

Our work [SJA19] is the fi rst theoretical work to address 
this issue. It brings together two research directions. 
The fi rst concerns optical tunneling and high harmon-
ic generation, the hallmarks of attosecond imaging in 
optical domain, including imaging of phase transitions 
in solids as demonstrated in our earlier work [SBR18]. 
The second concerns topological phase transitions and 
topological states of matter, linked with unusual electron 
dynamics, as manifested via the chiral edge currents 
in topological insulators. The work [SJA19] addresses 
several fundamental questions: Does a topological state 
of matter leave its mark on optical tunneling and the 
sub-cycle electronic response? Can it be probed all-op-
tically rather than electronically, using high harmonic 
generation? 

The work [SJA19] gives positive answers to both ques-
tions, using the prototypical example of the topological 

Fig. 1:  
Rotationally modulated gain and loss of a 400 nm 
probe pulse sent with a delay after fi lamentation of an 
800 nm pump in the air. The pump intensity is 
4x1014 W/cm2 in the top panel and 5x1013W/cm2 in the 
bottom panel.
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system and trivial to topological phase transition – the 
Haldane system. It is constructed on a hexagonal 2D 
lattice with two types of atoms, with the onsite energies 
+M, -M. The next-neighbor hoppings are real-valued 
but the second-neighbor hoppings are complex-valued, 
t2exp(iφ). Their phase and strength relative to M control 
the state of the lattice, trivial (for small imaginary part of 
t2) or topological (for suffi ciently large imaginary part of 
t2). The theoretical phase diagram and the Chern num-
ber are shown in the top panel of Fig. 2. 

The work [SJA19] identifi es distinct topological effects 
on the directionality and the attosecond timing of cur-
rents arising during electron injection into conduction 
bands. Remarkably, electrons tunnel across the band 
gap differently in trivial and topological phases, for the 
same band structure. This difference is traced back to 
the key role of the Berry curvature in solids, and its ef-
fect on the semiclassical electron motion not only after 
injection, but also during the motion in the classically 
forbidden region, i.e. across the bandgap. Second, 
[SJA19] shows that these effects can be probed with 
high harmonic generation, including time-resolved prob-
ing of tunneling currents and electron injection dynam-
ics. The time-resolved probing is based on complete 

characterization of the harmonic fi elds and can be as 
accurate as a fraction of a femtosecond. 

However, simpler probing is also possible. When a lin-
early polarized driver is applied to a topological material, 
the high harmonic light becomes elliptically polarized. 
The helicities of the emitted harmonics depend on the 
phase of the material, whether trivial or topological. The 
helicity can record the phase diagram of the system and 
its topological invariants, as shown in Fig. 2.

Thus, the topological state of the system controls its at-
tosecond, highly non-equilibrium electronic response to 
strong low-frequency laser fi elds, in bulk. These fi ndings 
open a new direction in studies of topological systems, 
building on the ubiquitous properties of the sub-laser 
cycle strong fi eld response.

T2: Ultrafast chirality: achieving ultimate chiral sen-
sitivity using locally and globally chiral fi elds

Chiral molecules appear in pairs of left- and right-hand-
ed enantiomers, which are two mirror twins that cannot 
be superimposed on top of each other by any rotation. 
The general importance of chiral structures makes the 
identifi cation of molecular handedness vital. 

The focus of the works [ANO19] and [NAD19] is the ul-
trafast electronic response to light in chiral systems, and 
the development of new light fi elds which are tailored 
to maximizing the chiral and enantio-sensitive nonlinear 
optical response of chiral molecules. 

While the chiral nature of circularly polarized light ap-
pears to be a natural tool for probing the chiral proper-
ties of molecules, the associated chiral optical response 
is very small. The reason is the disparity between the 
pitch of the light helix, which is about a few hundred 
nanometers to microns, and the size of the molecule. 
In the dipole approximation, which ignores the spatial 
structure of light, circularly polarized light is no longer 
chiral. This is why the strongest electronic response to 
light – electronic dipole transitions – do not generally 
distinguish left-handed from right-handed molecules. 
The contribution of the magnetic component of the light 
fi eld, which encodes its helical spatial variation, appears 
to be required. This limits the standard chiro-optical dis-
crimination, which uses circularly polarized light, several 
orders of magnitude below its full potential.

The core idea of [ANO19] is to replace the spatial chi-
ral structure of elliptically polarized light with a local in 
space, temporal chiral structure. In this light, the elec-
tric fi eld vector draws a chiral structure at every point 
in space, as a function of time, during its temporal evo-
lution. Of course, such light requires that the structure 
drawn by the electric fi eld is not planar, and hence the 
electric fi eld vector has to have three non-trivial orthogo-
nal components, but this can be achieved with a non-col-
linear setup or in a focused laser beam which carries 
at least two frequencies, ω and 2ω. The simplest setup 
contains two non-collinear light beams with propagation 
vectors k1 and k2 at an angle 2α. The fundamental fi elds 
are polarized linearly in this propagation plane, while the

Fig. 2:  
Imaging the topological and trivial phase of the Haldane 
system. The top panel shows the phase diagram of 
the Haldane model, as a function of the phase φ and 
the strength t2 of the complex-valued second-neighbor 
hopping, relative to the on-site energy M. The bottom 
panel shows the helicities of Harmonic 9, with colors 
representing positive (blue) or negative (red) helicity, 
generated by a linearly polarized laser fi eld with a 
frequency much below the bandgap for t2=0 (Adapted 
from [SJA19]). 
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second harmonic is polarized orthogonally to the prop-
agation plane, in both beams. The relative two-color 
phases in each beam are controlled. This phase control 
enables full control over the intensity, polarization and 
propagation direction of the nonlinear enantio-sensitive 
optical response of randomly oriented chiral molecules, 
for a desired set of high harmonic orders. By changing 
the two-color phases, the response can be quenched or 
enhanced at will in a desired enantiomer, leading to the 
enantio-sensitive response achieving its maximal possi-
ble value of 200 %, see Fig. 3. 

Thus, the work introduced freely propagating, locally 
and globally chiral electric fi elds, which interact with chi-
ral matter extremely effi ciently, maintaining their chirality 
(handedness) across space. This work opens new ways 
of controlling and imaging ultrafast chiral dynamics in 
gases, liquids and solids.

T3: Exceptional points of any order in quantum pho-
tonics

In 2019, the research in T3 has been concerned with 
nonlinear and quantum plasmonics as well as with 
quantum photonics and few-photon nonlinearities in 
photonic structures waveguide arrays inscribed in glass.

Specifi cally, with regards to quantum photonics, we 
have investigated the properties of multi-photon states 
that propagate through a single beam splitter consisting 
of two coupled waveguides, one being lossless and one 
being lossy. Quite generally, such systems, when excit-
ed by N indistinguishable photons, can be mapped onto 
equivalent tight-binding chains with N+1 sites that fea-
ture a parabolic distribution for the coupling coeffi cients 
and dissipation rates that depends linearly on the num-
ber of photons injected into the lossy part of the system 
(see Fig. 4). Based on this, we have analytically shown 
that post-selecting the dynamics of this system to the 
N-photon manifold allows the realization of an excep-
tional point of order N+1 by tuning the dissipation rate of 
the lossy waveguide.

Near such an exceptional point, these systems feature 
an enhanced sensitivity to the dissipation rate of the 
waveguide. Specifi cally, the sensitivity strongly increas-
es with the number of photons (or, equivalently, with the 

Fig. 3:  
Maximizing the enantio-sensitive nonlinear optical 
response of chiral molecules with locally and globally 
chiral light. The top panel shows the setup, where 
two noncollinear laser beams carry linearly polarized 
fundamental and second harmonic fi elds, here 
1600 nm and 800 nm. The bottom panel shows 
vertically polarized high harmonic emission for 
left-handed (S) and right-handed (R) enantiomers of 
propylene oxide, and the corresponding chiral dichro-
ism, for optimal choices of the two-color phases in each 
beam (Adapted from [ANO19]). 

C
hi

ra
l d

ic
hr

oi
sm

 [%
]

Fig. 4:  
 Schematic setup of an integrated lossy beam splitter 
(gray: neutral waveguide, red: lossy waveguide) that 
is excited by N indistinguishable photons. The input 
state consists of a Fock state |m)=N-m>  representing 
m photons entering into the lossy waveguide and 
N-m photons in the neutral waveguide. This system 
can be mapped onto a synthetic lattice where the 
emerging N+1 multi-photon states represent the N+1 
sites. Importantly, the dissipation rate in the synthetic 
lattice increases for sites (states) with more photons 
in the lossy waveguide. Further, via post-selected 
photon-number resolved detection in the N-photon 
subspace and in conjunction with a judicious tuning 
of the loss rate, an exceptional point of order N+1 can 
be realized (see Fig. 5). Adapted from [APT19].
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order of the exceptional point). In other words, these 
systems lend themselves to the realization of non-res-
onant quantum-enhanced sensing schemes (see Fig. 5). 

These theoretical considerations have been combined 
with experimental developments in project 3.2 where 
a technology for writing near-surface waveguides in 
glass has been developed (the corresponding model-
ing has been carried out jointly by A. Perez-Leija (T3)

and A. Mermillod-Blondin). Since the guided modes of 
these near-surface waveguides exhibit fi eld profi les that 
extend into the superstrate of the chip, a tunable dis-
sipation rate for these waveguides may be realized by 
depositing an electro-optically tunable material onto the 
glass in which the waveguides have been inscribed.

As a result, a successful SAW-proposal on classical and 
quantum sensing based on such exceptional points has 
been formulated (jointly between project 3.2 and T3 of 
project 1.1) and will start in May/June 2020.

T4: Dissipative Quantum Dynamics

Molecular dynamics in biological environments is of key 
importance in life. For example, reaction center core 
complexes are a highly effi cient nano-device for trap-
ping the energy of absorbed light and converting it into a 
charge separated state. These dynamics always occur 
in the interaction with an environment. The description 
of dissipative quantum dynamics in biological environ-
ments is numerically challenging due to the large system 
size and long non-Markovian memory imposed by the 
complex environment. We have recently developed a 
non-perturbative path-integral based method [RFi17] for 
the description of dissipative quantum dynamics subject 
to non-Markovian system-bath memory. The method is 
called MACGIC-iQUAPI. The simulations build on struc-
ture based Hamiltonians that account for the thermal 
fl uctuations of the liquid phase or biological environment 
and enable one to obtain a fi rst principles description of 
strongly coupled energy and charge transfer dynamics 
within enzymes. Recent applications are to the investi-
gation of the photoreception mechanism of Drosophila 
cryptochrome [RFi19a] and to the strongly coupled en-
ergy and transfer dynamics in bacterial reaction center 
inspired model systems [RFi19b, BBB19]. 

Fig. 6:  
a) Structure of Drosophila cryptochrome (dCRY) with helical C-terminal tail (CTT) highlighted in blue; (b) Spatial arrange-
ment of fl avin adenine dinucleotide (FAD) cofactor and tryptophan (W) residues, selected edge-to-edge distances in Å ; (c) 
RMSD from a 160 ns trajectory of dCRY (blue) and CTT (orange, residues 515-537); (d) Zoom of CTT rmsd for the con-
sidered time interval in simulations. (e) Excitation energies of the local excited ππ* state of FAD (blue) and charge transfer 
states ISO−W420+ (red), ISO−ADE+ (grey) and ISO−W314+ (green). Excitation energies were evaluated on TD-DFT(BNL/
cc-pvdz) level with electrostatic embedding every 125 ps (dashed) and are shown together with the moving average (solid).

Fig. 5:  
Flow of the attenuation of different “modes” (eigen-
values of the tight-binding Hamiltonian created by the 
mapping of the lossy beam splitter under N photon 
excitation, see Fig. 1) for a single-photon excitation 
(leading to a second order exceptional point) and 
fi ve-photon excitation (leading to a sixth-order excep-
tional point). The increased sensitivity of the fi ve-pho-
ton system to changes in the waveguide losses lays 
the groundwork for non-resonant quantum-enhanced 
sensing schemes.

electron transfer directionality and demonstrate a high degree of electrostatic control
realized by discrete charged amino acid residues.

F ig. 1. (a) Structure of dCRY with helical C-terminal tail (CTT) highlighted in blue [3,4]; (b) Spatial
arrangement of FAD cofactor and tryptophan residues, selected edge-to-edge distances in Å; (c)
RMSD from a 160 ns trajectory of dCRY (blue) and CTT (orange, residues 515-537); (d) Zoom of
CTT rmsd for the considered time interval in QM/MM simulations. (e) Excitation energies of the
local excited ππ∗ state of FAD (blue) and charge transfer states ISO−W420+ (red), ISO−ADE+ (grey)
and ISO−W314+ (green). Excitation energies were evaluated on QM/MM TD-DFT(BNL/cc-pvdz)
level every 125 ps (dashed) and are shown together with the moving average (solid).

2 MA C G IC -QUA P I s imulations of elec tron trans fer dynamic s

Microscopically derived Hamiltonians were obtained by evaluating QM/MM excitations
energies along a ~50 ns segment of a 160 ns dCRY MD trajectory (Fig. 1c-e), inherently
accounting for enzyme thermal fluctuations of charge separated states. Additional
trajectories conducted in respective charge separated states (e.g. ISO−W420+, ISO−W314+

etc.) show convergence to Gaussian statistics and allow for the reliable construction of free
energy differences " G and reorganization energies of participating charge separated states
within the enzyme environment (Fig. 2a-b) [5]. Non-Markovian real-time evolution of
charge separation dynamics is simulated with the recently introduced MACGIC-QUAPI
method [6] that relies on a non-linear intermediate representation of the influence
functional and provides convergence to exact HEOM benchmark results for arbitrary
system-bath coupling strength.

We find that due to the comparable energetics of charge separated states an 
assignment to a unique charge separation pathway, either the TRP-triad pathway 
(ISO−W420+ - ISO−W397+) or the alternative pathway towards the CTT (ISO−ADE+ -
ISO−W314+), is precluded. The wild-type enzyme charge separation dynamics confirms the
picture that both pathways contribute to the deactivation of the initially excited ππ∗ state of 
ISO (Fig. 2c, top) which is depopulated on the tens-of-picosecond timescale, leading to a
parallel population of ISO−ADE+ and ISO−W420+ charge separated states, followed by 
depopulation into ISO−W314+ and ISO−W397+ states.

The effect of enzyme environment is investigated by in silico mutations of selected 
amino acid residues. We find that a small set of charged residues strongly affects the
energetics of charge separated states, which in part have destabilizing impact on the TRP-
triad pathway and stabilizing effect on the pathway involving TRP314. Accordingly, the
dynamics of in silico mutated dCRY (Fig 2c, bottom) is significantly altered, showing
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realized by discrete charged amino acid residues.

F ig. 1. (a) Structure of dCRY with helical C-terminal tail (CTT) highlighted in blue [3,4]; (b) Spatial
arrangement of FAD cofactor and tryptophan residues, selected edge-to-edge distances in Å; (c)
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CTT rmsd for the considered time interval in QM/MM simulations. (e) Excitation energies of the
local excited ππ∗ state of FAD (blue) and charge transfer states ISO−W420+ (red), ISO−ADE+ (grey)
and ISO−W314+ (green). Excitation energies were evaluated on QM/MM TD-DFT(BNL/cc-pvdz)
level every 125 ps (dashed) and are shown together with the moving average (solid).
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within the enzyme environment (Fig. 2a-b) [5]. Non-Markovian real-time evolution of
charge separation dynamics is simulated with the recently introduced MACGIC-QUAPI
method [6] that relies on a non-linear intermediate representation of the influence
functional and provides convergence to exact HEOM benchmark results for arbitrary
system-bath coupling strength.
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(ISO−W420+ - ISO−W397+) or the alternative pathway towards the CTT (ISO−ADE+ -
ISO−W314+), is precluded. The wild-type enzyme charge separation dynamics confirms the
picture that both pathways contribute to the deactivation of the initially excited ππ∗ state of 
ISO (Fig. 2c, top) which is depopulated on the tens-of-picosecond timescale, leading to a
parallel population of ISO−ADE+ and ISO−W420+ charge separated states, followed by 
depopulation into ISO−W314+ and ISO−W397+ states.

The effect of enzyme environment is investigated by in silico mutations of selected 
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energetics of charge separated states, which in part have destabilizing impact on the TRP-
triad pathway and stabilizing effect on the pathway involving TRP314. Accordingly, the
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method [6] that relies on a non-linear intermediate representation of the influence
functional and provides convergence to exact HEOM benchmark results for arbitrary
system-bath coupling strength.

We find that due to the comparable energetics of charge separated states an 
assignment to a unique charge separation pathway, either the TRP-triad pathway 
(ISO−W420+ - ISO−W397+) or the alternative pathway towards the CTT (ISO−ADE+ -
ISO−W314+), is precluded. The wild-type enzyme charge separation dynamics confirms the
picture that both pathways contribute to the deactivation of the initially excited ππ∗ state of 
ISO (Fig. 2c, top) which is depopulated on the tens-of-picosecond timescale, leading to a
parallel population of ISO−ADE+ and ISO−W420+ charge separated states, followed by 
depopulation into ISO−W314+ and ISO−W397+ states.
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Electron transfer pathways and dynamics were investi-
gated in Drosophila cryptochrome (dCRY) [RFi19a], a 
highly conserved fl avoprotein consisting of an N-termi-
nal photolyase homology region (PHR) that binds a fl a-
vin adenine dinucleotide (FAD) cofactor, and a C-termi-
nal α-helical domain with a variable C-terminal tail (CTT, 
Fig. 6). dCRY functions as a blue-light photoreceptor by 
synchronizing the circadian clock to the external stimuli 
of incident sunlight via conformational changes located 
in the CTT. The non-Markovian real-time evolution of the 
charge separation dynamics was simulated with the re-
cently introduced MACGIC-QUAPI method that relies on 
a non-linear intermediate representation of the infl uence 
functional and provides convergence to exact bench-
mark results for arbitrary system-bath coupling strength. 
The dissipative quantum dynamics simulations reveal 
a branching of charge transfer dynamics due to subtle 
balanced energetics within the dCRY enzyme and the 
comparable energetics of charge separated states. In 
silico mutations of charged amino acids provide control 
over the charge transfer directionality thus revealing the 
role of protein electrostatics in the unknown photorecep-
tion mechanism.

The impact of vibrational modes of the spectral density 
function on the population dynamics and the persistence 
of coherent dynamics was investigated in reaction cen-
ter inspired model systems [RFi19b] via dissipative 
quantum dynamics simulations. The exciton coupled 
charge transfer dynamics in reaction centers constitutes 
the basic mechanism for the utilization of solar energy 
but a rigorous theoretical description poses persistent 
challenges. In particular for systems of biological rele-
vance challenges arise from a ‘sluggish’ protein environ-
ment that imposes system-bath memory times of sub-
stantial length. The simulations of the charge separation 
dynamics in the reaction center inspired model covers 
extended, complex dynamics ranging from initially co-
herent oscillatory dynamics to the incoherent trapping of 
population within low energy charge separated states. 
The results suggest a moderate impact of vibrational 
modes on the charge separation dynamics and a de-
coupling of the timescales of coherent excitation energy 
and charge transfer dynamics. Our fi ndings suggest an 
emerging picture where intramolecular vibrations as-
sure the robustness of optimal ET reactions via mediat-
ing resonance conditions for optimal, i.e., non-activated 
charge transfer.

T5: Spin-orbit and spin-currents

Laser induced ultrafast demagnetization is a power-
ful process by which the magnetic moment of a mate-
rial can be modifi ed on femtosecond timescales. This 
is several orders of magnitude faster than traditional 
methods, making understanding this phenomenon cru-
cial for future technological transfer. Spin-orbit coupling 
has been identifi ed [SGO19, CBE19] as causing de-
magnetization via spin-fl ips. However, the answer to the 
question of how and why the spin-orbit coupling should 
cause such an effect has remained a mystery. In our 
work we have explored in detail the spin-orbit mediated 
mechanism using time-dependent density functional 
theory (TDDFT), with demagnetization in bulk Ni as a 

specifi c example. We have demonstrated how and why 
the spin-orbit coupling (SOC) causes spin-fl ips by high-
lighting the importance of circulating spin currents, see 
Fig. 7. These currents are induced by the coupling be-
tween the electronic spin and orbital motion. We have 
developed both a mathematical and a heuristic picture 
of how SOC can cause demagnetization [ESK].
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Fig. 7:  
Streamlines of the spin-x current density vector fi eld 
at a time during the demagnetization process. The 
circulating electrons feel an effective magnetic fi eld 
due to spin-orbit coupling which causes rotation of 
their spin.
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many, 2019-06)

S. Sharma; Seminar (Oldenburg, Germany, 2019-07)

S. Sharma; Seminar (Max-Planck-Institut, Halle, Ger-
many, 2019-08)

O. Smirnova; SFB Seminar (Universität Kassel, Germa-
ny, 2019-02) 

O. Smirnova together with S. Patchkovskii, F. Morales, 
and M. Ivanov; CECAM School on New Computational 
Methods for Attosecond Molecular Processes (Zarago-
za, Spain, 2019-03)

O. Smirnova; Seminar (NRC Ottawa, Canada, 2019-04) 

O. Smirnova; Physikalisches Kolloquium (Universität 
Ulm, Germany, 2019-04)

O. Smirnova; Seminar (DESY, Hamburg, Germany, 
2019-05) 

O. Smirnova; ICFO Schools on the Frontiers of Light, 
Attosecond science and extreme photonics (Barcelona, 
Spain, 2019-07) 

O. Smirnova; SFB ELCH Summer School (Bad Arolsen, 
Germany, 2019-09) 

O. Smirnova; QUTIF Research School (Freiburg, Ger-
many, 2019-10) 

O. Smirnova; Physikalisches Kolloquium (MPQ Gar-
ching, Germany, 2019-11)
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1.2: Ultrafast Laser Physics and Nonlinear Optics
T. Nagy, M. Schnürer, and G. Steinmeyer (project coordinators) 
and E. Escoto, F. Furch, P. Fürtjes, L. v. Grafenstein, U. Griebner, R. Grunwald, M. Jasiulek, M. Kretschmar, M. Merö,  
V. Petrov, I. Radu, P. Rueda, B. Schütte, A. Treffer, J. Tümmler, L. Wang, I Will, T. Witting, Y. Zhao

1. Overview

This project is the home of MBI’s research activities in 
nonlinear optics and laser physics focusing on the de-
velopment of novel light sources and time-resolved tech-
niques.

Our primary goal is to strengthen MBI’s research on ultra-
fast and nonlinear phenomena in light-matter interaction 
with state-of-the-art technology from our own original re-
search activities. Depending on the planned application 
of the technology, the focus of the development lies on 
superior pulse energy, short pulse duration, carrier-enve-
lope phase stability, or high average power and repeti-
tion rate. A further goal is to cover a large range of the 
electromagnetic spectrum from THz to the soft x-rays with 
few-cycle pulses. Consequently, the project encompass-
es research on primary laser and parametric sources as 
well as on compression and wavelength conversion of the 
primary sources.

2. Topics and collaborations

At present the project is organized in two topics:

T1: Primary Sources

Partly supported by DFG (PE 607/14-1), AvH (Alexan-
der von Humboldt) 1196310

Our activity concerning primary light sources is currently 
mostly devoted to the development of optical parametric 
chirped pulse amplifiers (OPCPA). In the recent years, 
four major OPCPA systems with unique parameters 
have been developed and already found their way to-
wards application in other projects. Among these laser 
systems, two OPCPAs are currently still under investiga-
tion for improving their performance:

• A 100 kHz OPCPA producing 1.51 µm and 3.24 µm 
pulses parallel is currently used with two stages for 
reaction microscope experiments after an extensive 
upgrade of the system. It is planned to recommission 
the third stage during 2020.

• A 5 µm 3 mJ OPCPA system operating at 1 kHz is 
currently used as driver laser for MBI’s time-resolved 
x-ray diffraction research in project 3.3. Current devel-
opment aims at finding a better solution for dispersion 
compensation and peak power increase.

Moreover, intensive research is devoted to power 
scaling of new types of solid-state laser and amplification 
systems in the near-IR wavelength range around 2 µm 
and beyond, with extension to longer wavelengths up 

to 20 µm by parametric frequency conversion. Here the 
performance of novel gain media, such as rare-earth 
and transition metal-doped crystals and ceramics is 
investigated together with a large variety of new mode-
locking solutions. In parallel, the properties of novel 
non-oxide nonlinear crystals are assessed for efficient 
frequency conversion into the mid-infrared. These efforts 
pave the way towards new high-power long-wavelength 
femtosecond light systems based on OPCPA since they 
cover all the three essential aspects: pump and seed 
sources as well as the nonlinear medium.

 
T2: Secondary Sources

Partly supported by DFG (STE 762/11-1, GR 1782/14-2 
and GR 1782/16-1), IBB ProFIT 10164801 OptoScope, 
and CSC/DAAD

In order to extend the parameter range of our primary 
laser sources we undertake intensive development on 
secondary sources concentrating on the following main 
directions:

Pulse compression

The institute has a considerable expertise in high power 
pulse compression using hollow-core fibers: besides 
the conventional rigid capillaries, we also develop the 
stretched flexible hollow fiber technology, which is 
particularly suited for multi-mJ operation thanks to the 
free geometrical scalability of this kind of waveguides. 
Furthermore, we apply Kagome hollow-core photonic 
crystal fibers and multi-plate continuum generation in 
our high repetition-rate systems. The performance of a 
novel technique based on multi-pass cells is currently 
being investigated. The various techniques are utilized 
for post-compression of our OPCPA systems. Further 
high power pulse compression activities include 
the compression of multi-mJ pulses from TW-level 
Ti:Sapphire amplifiers in stretched flexible hollow 
fibers as well as efforts to compress high-energy few-
picosecond pulses from laser systems based on Yb-, 
Ho- and Cr-doped materials.

Non-linear frequency conversion

Nonlinear frequency conversion techniques are used for 
the generation of intense light fields beyond the wave-
lengths that can be addressed by primary sources, i.e., 
spanning the entire wavelength regime from the THz to 
the XUV and x-ray domain. On the long wavelength side, 
we target the generation of single-cycle THz fields with 
field strengths of up to 10 MV/cm and beyond for use 
in a wide range of experiments addressing field-driven 
processes on attosecond to femtosecond time scales. 
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At the other end of the wavelength spectrum, we un-
dertake efforts to optimize the generation of soft x-rays 
in the water window and beyond using HHG. The past 
few years have revealed a number of surprising results 
in HHG research, in particular at high laser intensities, 
high target pressures and/or multi-jet geometries, sug-
gesting that the process is not yet fully understood and 
that the potential for effi cient XUV/soft x-ray generation 
is not yet fully realized. Moreover, the dynamics under-
lying the generation process in multi-color fi elds with tai-
lored polarization states is not yet fully explored, which 
places them in the focus of our research.

Pulse characterization

Within topical focus 1, pulse characterization methods 
have proven an indispensable tool for recompressing 
the generated pulses close to the bandwidth-limit or to 
further increase peak powers by actively broadening the 
spectra in a supercontinuum process. Within the project 
a number of pulse characterization techniques have 
either been further developed or tailored to the needs 
within MBI. One further important aspect is carrier-
envelope phase measurement and stabilization, which 
plays a key role in high-fi eld or attosecond experiments.

Collaboration partners: M. Guina (ORC, Tampere, Fin-
land), G. Genty (TUT, Tampere, Finland), A. Demircan, 
A. Tajalli, U. Morgner (University Hannover, Germany), 
R. Trebino (Georgiatech, Atlanta, GA, USA), S. Carba-
jo, A. Fry (SLAC, CA, USA), B. Hofmann (TU Chem-
nitz, Germany), Y. Song (Tianjin University, China), T. 
Feng (Shandong University, Qingdao, China), U. Wall-
rabe (IMTEK, University Freiburg, Germany), Metrolux 
GmbH (Göttingen, Germany), J. Jahns (FernUniversity, 
Hagen, Germany), W. Seeber (Otto Schott Institute, Uni-
versity Jena, Germany), E. McGlynn (School of Physics, 
Dublin City University, Ireland), F. Güell (University Bar-
celona, Spain), HoloEye Photonics AG Berlin, Germa-
ny, F. Diaz (University Tarragona, Spain), P. Fuhrberg 
(LISA laser OHG, Germany), H. Zhang (Shandong Uni-
versity, China), F. Rotermund (Ajou University, Korea), 
A. Agnesi (Pavia University, Italy), J. Liu (Qindao Uni-
versity, China), B. Kanngießer (TU Berlin, Germany), L. 
Isaenko (DTIM Novosibirsk, Russia), V. Pasiskevicius, 
(KTH, Stockholm, Sweden), P. Schunemann (BAE Sys-
tems, Nashua, NH, USA), V. Badikov (HTL, Krasnodar, 

Russia), K. Kato (Chitose, Japan), l. Buchvarov (Sofi a 
University, Bulgaria), M. Ebrahim-Zadeh (ICFO, Barce-
lona, Spain), M. Eichhorn (ISL, Saint-Louis, France), 
V. Panyutin (Kuban State University, Russia), G. 
Arisholm (FFI, Kjeller, Norway), Z. Heiner (SALSA, HU 
Berlin, Germany), R. Lopez-Martens (LOA, France), P. 
Simon (Laser-Laboratorium Göttingen e.V., Germany), 
S. Hädrich (Active Fiber Systems GmbH, Germany), J. 
Limpert (University Jena, Germany).

3. Results in 2019

T1: Primary Sources 

100 kHz OPCPA at 1.5 µm/3.2 µm

The Leibniz SAW project launched in 2012 has been 
devoted to the development of a high average power 
OPCPA system pumped with 1.03 µm pulses at a 
repetition rate of 100 kHz for laser-driven electron 
re-scattering and soft x-ray transient absorption 
experiments. The full, three-stage system was 
completed in 2018 delivering an unprecedented total 
average power in the ultrashort 1.5 µm short-wave 
infrared signal and 3.2 µm mid-infrared idler pulses. 

In 2019, an upgrade of the commercial Yb-fi ber front-
end pump laser provided an opportunity for pumping 
the fi rst two OPCPA stages directly from the Yb-fi ber 
laser instead of the high-power Yb:YAG Innoslab laser 
amplifi er (Fig. 1) and resulted in a dramatically enhanced 
stability of various laser pulse parameters. For example, 
the average power fl uctuations measured over 24 hours 
were reduced to the 0.36 % RMS level (Fig. 2(a)) and 
the new open-loop single-shot CEP jitter at the few-Watt 
level was ≤ approx. 500 mrad (Fig. 2(b)).

The 1.51 µm beam and the residual 1.03 µm beam of 
the two-stage OPCPA front-end (Fig. 1) were used in 
laser-driven electron re-scattering experiments in the 
>> 100 eV energy range. Small organic molecules 
were studied, such as 1,3-butadiene, utilizing cold 
target recoil ion momentum spectrometer (COLTRIMS) 
detector technology (see Project 2.2).

Fig. 1:  
Scheme of the 
two-stage OPCPA 
front-end used in 
laser-driven electron 
re-scattering experi-
ments.
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1-kHz OPCPA at 5 µm 
 
The second large scale OPCPA system is emitting in the 
midwave-IR (MWIR) spectral range at a 1 kHz repetition 
rate, and the targeted output parameters were almost 
achieved in 2019. At a central wavelength of 5 µm puls-
es with sub-100 fs duration and multi-mJ energy were 
generated. The MWIR OPCPA system was successfully 
implemented as driver for hard x-ray generation, its in-
tended application (see project 3.3). The main activities 
were devoted to reduce the complexity and to sustain 
stable and reliable operation of the OPCPA system.

The schematic of the experimental setup including 
the key parameters of the system are shown in Fig.  
3(a). A three-color front-end based on a femtosecond 
Er:fiber master oscillator seeds the difference frequency 
generation of the signal for the OPA and the 2-µm pump 
channel at a 40 MHz repetition rate. The 2 µm Ho:YLF 
chirped pulse amplifier pump was further improved and 
delivers uncompressed pulses with 450 ps duration 
and >55 mJ energy at 1 kHz. The pulses are sent to a 
Treacy-type compressor consisting of two dielectrically-

coated gratings, featuring a throughput of 90 %. The 
resulting duration of the main pulse is 2.5 ps (FWHM) 
with an estimated energy content of 80 %, translating 
into a remarkable peak power >15 GW.

The sub-30 fs signal pulses at 3.5 µm, generated via 
DFG, are shaped by an LCoS spatial light modulator 
(SLM). For stretching of the signal and compression of 
the idler pulses, a combination of sapphire and CaF2 
crystals are used. The output pulse energies after 
the three parametric amplifier stages, all consisting of 
ZnGeP2 crystals, are 4.5 and 3 mJ for the signal and 
idler, respectively. In order to reach these values, 40 mJ 
pump energy at 2 µm are employed in the third stage. 
So far, only the idler pulses at 5 µm are compressed 
with regard to the aimed application: driver pulses 
for hard x-ray generation. The generated spectral 
bandwidth of the idler supports a Fourier-transform 
limited pulse duration of ~50 fs. Compensating the main 
part of the residual higher order dispersion of the pulses 
by the SLM successful recompression is achieved 
resulting in a duration of 80 fs. The estimated energy 
content in the main pulse is 80 %, which translates 

Wavelength [nm]

Fig. 2:   
(a) Average power stability over 24 hours. (b) Free-running (open-loop) CEP jitter (upper) and the corresponding f-2f 
spectra (lower graph) as a function of time based on 400-shot averages. (c) Single-shot RMS CEP jitter estimated for the 
worst case scenario based on f-2f fringe visibility.

Fig. 3:   
(a) Setup of the 1 kHz midwave-IR OPCPA source pumped at 2 µm. EDFA, Er:fiber laser based front-end; SC, super-
continuum generation; DFG, difference frequency generation; SLM, spatial light modulator; CPA, chirped pulse amplifier; 
RA, regenerative amplifier; Booster, power amplifier; TFP, thin-film polarizer; ZGP; ZnGeP2 crystals. (b) Measurement of 
the beam quality of the idler output @5 µm.
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into a peak power of 30 GW, representing a record 
value for wavelengths beyond 4 µm. Besides stability 
issues (e.g., beam pointing and temporal pulse drift) the 
focusability is a key parameter for the x-ray generation 
because a high intensity on the Cu-target is required. 
The M2 measurement with values <1.4 for the x- and 
y-axis, respectively (Fig. 3(b)) indicates an excellent 
beam quality for the idler pulses resulting in focus spot 
sizes as small as 14 µm on the Cu-target, i.e., close to 
the diffraction limit. For the results achieved with respect 
to the hard x-ray generation see the report of project 3.3.

In 2020, the focus will be on the application of the system 
as driver for hard x-ray generation. However, the poten-
tial of the system will be also further explored, e.g., by 
compression of the signal pulses at 3.5 µm.

Sub-100 fs bulk solid-state lasers in the 2-µm spectral 
range

Mode-locked lasers based on Tm,Ho co-doped crystals 
with a disordered structure are expected to be one 
of the most promising routes towards few-optical-
cycle pulse generation in the 2 µm spectral range. 
Employing single-walled carbon nanotubes (SWCNTs) 
as a saturable absorber (SA) and chirped mirrors for 
dispersion management, 67 fs pulses were achieved 
with the disordered crystal Tm,Ho:CLNGG [ZWC19]. 

Disordered multicomponent garnets Ca3(LiNbGa)5O12 
(CLNGG) with Li+ serving for charge compensation are 
prominent examples for this class of crystals, which 
belong to the cubic multicomponent garnets. They have 
already proven to be excellent laser host materials for 
the generation of ultrashort pulses around 1 μm due to 
the inhomogeneous spectral line broadening of the Yb3+ 
dopant.

Figure 4 shows the schematics of the SWCNT-SA mode-
locked Tm,Ho:CLNGG laser. The Ti:sapphire laser pump 
was focused by an AR-coated lens to a beam radius of 
~ 30 µm at the position of the crystal. The Tm3+ (2.34 
at. %), Ho3+ (0.54 at. %) co-doped CLNGG crystal has 
an aperture of 3 × 3 mm2 and is 6 mm thick. Both end 
surfaces are antireflection-coated for pump and laser 
wavelengths. M1 and M2 are plano-concave mirrors both 
with radius-of-curvature of -100 mm. CM1 and CM2 are 
chirped mirrors with group delay dispersion (GDD) of 
-125 fs2 per bounce. The SWCNT-SA was fabricated 
by spin coating SWCNT/PMMA films onto a 1 mm thick 
quartz substrate and inserted under Brewster’s angle in 

the second cavity waist. Its non-saturable loss around 
2 µm is ~ 1 %, accompanied by < 0.5 % modulation 
depth and < 10 µJ/cm2 saturation fluence.

The physical cavity length of the mode-locked laser 
was ~1.5 m. With a 0.5 % output coupler (OC), the 
laser was mode-locked at 2083 nm, and the average 
output power reached 40 mW at the maximum pump 
level, corresponding to a spatially averaged intracavity 
fluence of ~330 µJ/cm2 on the SWCNT-SA. The 
recorded optical spectrum is shown in Fig. 5(a). The 
FWHM amounts to 71 nm. The sideband observed at 
longer wavelengths is considered to be an artifact due 
to the increasing transmission of the OC (i.e., 30 times 
larger at 2205 nm). The corresponding pulse duration 
(FWHM, assuming a sech2-intensity profile) amounts to 
79 fs, yielding a time-bandwidth product (TBP) of Δv·τ = 
0.377. Subsequently, a 3-mm thick ZnS plate with GDD 
of +462 fs2 was used as an extracavity compression 
element. After passing the laser beam through the ZnS 
plate, the pulses were compressed to as short as 67 fs 
(see Fig.  5(b)), leading to a TBP of 0.319, i.e., very 
close to the Fourier-transform limit. To further assess the 
stability of the mode-locked Tm,Ho:CLNGG laser, radio 
frequency (RF) spectra were measured for the shortest 
pulses. At the fundamental beat note of 99.3 MHz, an 
extinction ratio above the noise level of 80.5 dBc was 
recorded. This high contrast and the uniform harmonic 
beat notes in the 1-GHz span confirm a stable and clean 
steady-state regime.

To the best of our knowledge, these are the shortest laser 
oscillator pulses in the 2 μm spectral range obtained 
with a bulk crystal as a gain medium. Generation of 
such short pulses is believed to be facilitated by the 
broad and smooth spectral gain profile, the long wave 
emission above 2 µm, and the large nonlinear refractive 
index of the Tm,Ho:CLNGG crystal, which enhances the 
SPM effect.

Modified ultrafast pulsed needle beams

As we demonstrated earlier, non-diffracting needle 
beams can be generated by self-apodizing truncation of 
Bessel beams. In contrast to focused Gaussian beams 
where the focus parameters depend on the wavelength, 
they possess an excellent temporal and spectral transfer 
and more extended depths of focus. Their robustness 
against distortions by self-reconstruction and their 
high angular tolerance can be exploited for advanced 
applications in nonlinear optics, metrology, and pulse 

Fig. 4:   
Scheme of the mode-
locked Tm,Ho:CLNGG 
laser. (L, lens; M: 
mirrors, CM, chirped 
mirrors; LF, Lyot filter; 
OC, output coupler). 
Inset: Photo of the 
Tm,Ho:CLNGG crystal. 
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characterization. Given undistorted pulse transfer 
and self-imaging, needle beams are predestined for 
processing and characterization of ultrashort pulses 
down to the few-cycle range. The specifi c advantages 
of needle beams also apply to generalized needle 
beams or to complex, spatio-temporally highly localized, 
structured wavepackets. Recently, a further extension of 
the needle pulse concept towards accelerating (curved) 
needle pulses was presented [GBo] (Fig. 6). Moreover, 
temporal self-apodization by space-time coupling was 
discussed, and composed needle beams (Fig. 7) were 
presented [GBo].

Controlling ultrafast orbital angular momentum pulses in 
spectral domain

Experiments on the propagation of femtosecond 
vortex pulses, in particular on the behavior of spectral 
anomalies in the close vicinity of phase singularities, 
were continued in frame of a new DFG-project together 
with IMTEK (University Freiburg). To detect essential 
features of spectral moment maps, new mathematical 
tools like the radial meta-moments (RMM) were 
developed [LTBa19]. RMM are highly sensitive against 
weak symmetry breaking in distribution functions and 

were applied to characterize ultrafast propagation-
dependent spectral switching and swirl phenomena 
in Bessel-Gauss-type wave packets. One of the main 
objectives was the adaptive control of the spectral Gouy 
rotation which provides specifi c degrees of freedom for 
information processing and laser-matter interaction. 
Recently reported concepts of self-imaging of rotating 
spectral anomalies (“spectral eyes”) [LTBc19] were 
extended to adaptive approaches which are part of the 
new project.

Detection of mode-locking instabilities and partial 
mode-locking

Mode-locking instabilities have a long history of fooling 
researchers into believing that they generated a 
coherent pulse train. Early mode-locking methods like 
synchronous pumping or slow absorber mode-locking 
of dye lasers are infamous for giving rise to a coherent 
artifact in autocorrelation measurements. This coherent 
artifact has frequently been interpreted as evidence for 
the presence of stable mode-locking, but may equally 
well arise if the laser is only partially mode-locked and 
even if it operates as a simple multimode continuous 
wave laser. Recently, a number of debatable claims of 

Fig. 6:
Modifi ed needle beam with curved trajectory: (a) displacement of the accelerated beam (red squares) in comparison to a 
rectilinearly propagating needle beam (blue circles), (b) FWHM beam diameter of the accelerated beam (red squares) in 
comparison to a reference Gaussian beam; insets: phase map of the generating axicon (left) and beam cross section (in-
tensity) at a distance of z = 200 mm [GBo].

Fig. 5:  
(a) Optical spectrum and (b), the corresponding collinear autocorrelation trace of the mode-locked Tm,Ho:CLNGG 
laser after external compression (TOC = 0.5 % - output coupler transmission). In (a), the dashed line is a sech2 fi t of the 
optical spectrum, and the blue line is the refl ectivity of the 0.5 % OC. 
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mode-locking of vertical-cavity semiconductor lasers 
(VECSEL) and quantum cascade lasers (QCL) have 
been published. Neither of these lasers contained a 
saturable absorber that is considered mandatory for 
mode-locking stability in all published theories on this 
subject to date.

In order to explore how a pure four-wave mixing 
nonlinearity may explain a mode-locking effect, we 
followed the concept of the Haus master equation. As 
four-wave mixing cannot be treated in a single equation, 
we resorted to writing the master equation as a system of 
nonlinearly coupled ordinary equations. In the simplest 
three-mode variant, this is written as 

Here we assume perfect phase matching of the mixing 
process, yet include dispersive effects with the β2 
term. We further adopt the convention ω1<ω2<ω3. 
Energy conservation then requires ω1+ω3<2ω2. The 
strength of the nonlinear effects is parametrized with  
γ; Δω = ω2-ω1 = ω3-ω2 is the mode spacing. Using real-
valued parameters γ and β2, the master equation suitably 
describes cavity soliton formation in passive micro-ring 
resonators. Complex values of γ allow for the inclusion of 
fast saturable absorption (or gain); an imaginary part of β2 
describes gain dispersion effects.

Solving the above equation with random seeded phases 
of the Ai, we observe, in fact and quite surprisingly, a 
tight phase lock between the modes. However, the lock 
is not stationary, and energy is periodically transferred 
from the spectral center to the wings and back. Similar 
oscillations appear in the phase structure and lead to 
the formation of breather solitons. Given the temporal 
variation of the spectral phases, pulses in a breather 
pulse train are only partially coherent, that is, we 

Fig. 8:
(a) Average FROG trace of the pulses. This FROG trace shows a coherent artifact and cannot be retrieved with standard 
algorithms. (b) Retrieved FROG trace using mixed-states reconstruction. 

Fig. 7:
Generation of extended 
needle beams: (a) double 
axicon gray value map, 
(b) phase map (radial cut), 
(c) corresponding intensity 
propagation of an extend-
ed needle beam consist-
ing of two concatenated 
non-diffracting, fringe-free 
focal zones [GBo].
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Fig. 9:  
Spatio-temporal characterization of Ti:sapphire pulses compressed in a multi-pass cell. Top left: pulse spectrum resolved 
along one spatial coordinate; bottom left: spatial integration of top fi gure, plus measured spectral phase; top right: re-
trieved spatio-temporal distribution; bottom right: spatial integration of top fi gure (i.e. pulse temporal shape) plus temporal 
phase.

have mode-locking without perfect coherence. This 
previously undiscovered regime of mode-locking is 
therefore best described as pseudo mode-locking. As 
previous characterization attempts have apparently 
missed the partially coherent nature of the pulse train, 
we asked ourselves what would be necessary to 
unambiguously detect pseudo mode-locking. Previous 
efforts nearly exclusively relied on autocorrelation 
variants, which have no built-in redundancy to point out 
contradictions from the assumption of a stable pulse 
train. As frequency-resolved optical gating (FROG) is 
the most established technique that overcomes this 
shortcoming, we computed an averaged FROG trace 
from the simulated data of a breather soliton in Fig. 
8. Quite characteristically, these FROG traces show 
a coherent artifact at delays of +/- 20 time units in the 
spectral centrum, see Fig. 8(a). This artifact region 
cannot correctly be reconstructed using standard 
FROG retrieval algorithms. However, if we use a mixed-
state reconstruction approach, we obtain a perfect 
reconstruction that also clearly unveils the presence of 
a degraded coherence of the pulse train (Fig. 8(b)).

In conclusion of our study, it does not appear overly 
surprising that the partially coherent nature of pseudo 
mode-locked pulse trains has previously been frequently 
overlooked. Lasers that show this peculiar mode-
locking behavior show many indications of regular 
mode-locking, including a threshold-like onset of the 
mode-locking and narrow intermode beats. Even when 
using rather sophisticated measurement techniques like 
FROG, the resulting coherent artifact is rather subtle 
and clearly deviates from previously reported artifacts. 
Standard retrieval algorithms may therefore easily miss 
the coherence degradation in the pulse train. 

T2: Secondary Sources 

Nonlinear compression in a multi-pass cell 

The objective of this project is to investigate the 
compression of laser pulses in multi-pass cells as a 
potential alternative to the already well-established 
methods (e.g. hollow-core fi bers, multiple thin plates). 
In connection with existing lasers sources at MBI, two 
particular objectives were identifi ed:

• Evaluate the feasibility of post-compressing ultrashort 
pulses from OPCPAs by compressing pulses from a 
Ti:sapphire laser amplifi er.

• Compression of laser pulses from commercial fi ber 
amplifi ers to sub-50 fs for materials processing 
applications.

Tests with a Ti:sapphire amplifi er were conducted in the 
Multi-Color laboratory. This laser delivers 3 mJ pulses at 
a 1 kHz repetition rate, of which 1 mJ was available for 
this experiment. The cell was entirely fi lled with Ar. With 
the mirrors available at the moment of conducting the 
fi rst tests, the mode size on the mirrors was relatively 
small, and the maximum input energy was limited 
to 0.15 mJ by the damage threshold of the mirrors. 
Spectral broadening was characterized as a function 
of the pressure inside the chamber. Maximum pressure 
amounted to 2 bars. At higher pressures, it was noticed 
that a change in the pressure had an infl uence on the 
beam alignment. For a maximum pressure of 2 bars, the 
pulses were compressed with a set of chirped mirrors 
(Ultrafast Innovations PC70) and were characterized 
with SEA-F-SPIDER (see project 4.1). Figure 1.02.9 
shows the results of spatio-temporal characterization of 
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the Ti:sapphire pulses compressed in the multi-pass cell 
from an initial duration of 45 fs to less than 12 fs with 
almost negligible spatio-temporal couplings. 

During 2020 it is planned to implement a different cavity 
(different cavity mirrors) with increased mode size on 
the mirrors to reach 1 mJ of compressed pulse energy.

During 2019 there were also efforts dedicated to the 
compression of a commercial fi ber amplifi er (Satsuma, 
Amplitude) located in the material processing laboratory 
(project 3.2). This fi ber amplifi er delivers pulses at 
1030 nm, with 20 W of average power at 500 kHz 
repetition rate and a pulse duration of 280 fs FWHM. 
Preliminary results with a 78 cm long cavity in air 
(mirrors with radius of curvature of 40 cm) showed a 
broadened spectrum supporting sub-70 fs pulses. In 
order to achieve spectral broadening, a 5 mm thick 
piece of fused silica was located in the middle of the cell, 
where the beam waist is located. The number of passes 
through the glass sample was varied by slightly changing 
the alignment or by fi ne-tuning the length of the cavity. 
One of the measured spectra was compressed with a 
set of chirped mirrors (Ultrafast Innovations C39) and 
characterized with a FROG. The shortest pulse duration 
measured was 78 fs.

After the fi rst initial tests with this cell and fi rst 
compression results, the laser got damaged and sent 
back to the manufacturer. A replacement with the same 
specifi cations was sent to MBI to continue with the tests. 
However, the replacement laser had a higher content of 
energy in a long (> 2 ps) pedestal, which limited the peak 
intensity and therefore spectral broadening. In 2020, 
once the original Satsuma laser is repaired, it is planned 
to implement a second compression stage based on 
multiple thin plates to reach pulse durations below 50 fs.

THz commissioning of OH1, DAST, DSTMS organic 
crystals 

Generation of high-fi eld, single-cycle THz pulses is 
one of the core activities of project 1.2 – secondary 
sources. One promising technical approach, which 
has been explored and implemented at MBI in 2019, 
was the use of intense near-IR pulses to generate 
high intensity THz radiation via optical rectifi cation in 
THz organic crystals (OH1, DAST and DSTMS). Such 
crystals are particularly interesting due to their large 
nonlinear optical susceptibilities and their broadband 
phase matching THz/near-IR, which lead to large THz/
near-IR conversion effi ciencies, exceeding those of 
typical inorganic THz generators (e.g. ZnTe) by orders 
of magnitude.

Two intense near-IR light sources have been employed 
to investigate the THz/near-IR energy conversion 
effi ciencies of the OH1, DAST and DSTMS crystals: an 
OPCPA system delivering pulse energies up to 3 mJ 
at 2 μm wavelength and 10 kHz repetition rate (Fig. 
10(a)) and an OPA-based Ti:sapphire system delivering 
pulse energies up 3.5 mJ at 1.5 μm wavelength running 
at 1 kHz repetition rate (Fig. 10(b)). Large aperture 
THz organic crystals (10-12 mm clear aperture) and 
collimated near-IR beams (8-10 mm diameter) have 
been used to generate THz radiation in a collinear THz/
near-IR scheme. After fi ltering out the residual near-
IR beam using thick tefl on plates (up to 12 mm thick) 
and low-pass THz fi lters, the generated THz power has 
been measured with a calibrated THz power meter. By 
varying the incident near-IR power from 0.1 W up to 
1.3 W (OPA source) and to 2.4 W (OPCPA source), we 
have obtained THz energy conversion effi ciencies of up 
to 1 % for both OPCPA and OPA-based sources – these 
results are shown in the Fig. 10 below. 

Fig. 10:  
THz/near-IR energy conversion effi ciencies obtained upon pumping the DSTMS, OH1 and DAST organic crystals (a) 
with near-IR radiation delivered by an OPCPA source and (b) an OPA-based Ti:sapphire system. With the OPCPA sys-
tem we observed crystal damage using average powers larger than 1.5 W at 2 μm and 10 kHz repetition rate (depicted 
by the dashed rectangle denoted crystal melting).
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To get the actual values of the achievable THz field 
strengths, one needs to fully characterize the generated 
THz radiation implementing, for instance, a simple 
electro-optical sampling (EOS) setup at these near-IR 
sources.

Full characterization of 8 fs DUV pulses via XPW dis-
persion scan

With ever shorter pulse duration, material dispersion 
becomes increasingly important and strongly impedes 
distortion-free pulses characterization. This is 
particularly true in the ultraviolet spectral range, where 

the dispersion of optical materials can easily be an 
order of magnitude higher than in the visible range. As 
a result, both generation and characterization of very 
short UV pulses are extremely challenging. Therefore, 
our strategy is based on a minimalistic arrangement 
incorporating all-reflective optics. Among all known pulse 
characterization methods, dispersion scan probably 
constitutes the simplest arrangement with its single-
beam geometry. Paired with a non-frequency-shifting 
nonlinearity, such as cross-polarized wave (XPW) 
generation, it is well suited not only for few- to single-
cycle pulse characterization but also for measuring sub-
10 fs deep-UV pulses.
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Fig. 12:   
Characterization of 8 fs 
DUV pulses: (a) mea-
sured and (b) retrieved 
XPW d-scan traces, (c) 
measured spectrum 
with retrieved phase 
and (d) retrieved pulse 
shape.

Fig. 11:   
Arrangement for 8 fs 
DUV pulse generation 
and characterization. 
BS: beam splitter, W: 
wedge, CM: chirped 
mirror, P: polarizer, D: 
fused silica diffuser, SP: 
UV spectrometer, SHG: 
second-harmonic gen-
eration, SFG: sum-fre-
quency generation.
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In order to demonstrate the capability of XPW d-scan in 
the UV, we first generate negatively chirped deep-UV 
pulses at around 266 nm. Due to the restricted availability 
of UV chirped mirrors, we synthesize negatively 
chirped UV pulses via spectral phase transfer from a 
fundamental pulse in sum-frequency generation. The 
optical layout is displayed in Fig. 11. Here we first split 
the output of a Ti:sapphire laser into two arms. One arm 
(red shaded in Fig. 11) is used to generate broadband 
pulses with a sub-6 fs transform-limited duration in a 
3 meter long stretched flexible hollow-core fiber (SF-
HCF) whose spectral phase was overcompensated to 
create a negative chirp by a set of chirped mirrors. The 
second arm (blue shaded in Fig. 11) is used to generate 
narrow-band second-harmonic radiation in a 2 mm long 
BBO crystal. This arm is then collinearly combined with 
the broadband pulses by a dichroic mirror and mixed 
in a second 5 µm thick BBO crystal (violet shaded in 
Fig. 11). The emerging deep-UV pulses inherit the 
negative chirp of the fundamental pulses and were 
characterized together with colleagues from Leibniz-
Universität Hannover by an XPW d-scan arrangement 
(yellow shaded in Fig. 11). As the dispersion of fused 
silica in the UV is too high to allow scanning the chirp 
of the pulses from negative to positive values, we built 
a variable delay line and exploited the dispersion of 
air for the chirp scan, rather than using a wedge pair. 
The XPW signal was generated in a 50 µm thick BaF2 
crystal and separated from the driver pulse by a Glan-
laser polarizer. The measured d-scan trace is shown in 
Fig. 12. Retrieval of this trace indicates an 8 fs pulse 
duration at 267 nm central wavelength [TKK19]. With 
our study, we significantly extended the utility of the 
d-scan method deep into the ultraviolet, that is, a range 
where all SHG-based methods are prone to fail due to 
the lack of suitable nonlinear crystals.
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2.1: Time-resolved XUV-science
A. Rouzée, S. Patchkovskii (project coordinators)
and F. Branchi, F. Brauße, T. Bredtmann, L. Drescher, T. Fennel, F. Furch, O. Ghafur, A. Harvey, L. Hecht, E. Ikonnikov, 
M. Ivanov, A. Jiménez Galàn, A. Heilrath, A. Hoffmann , A. Husakov, K. Kolatzki, O. Kornilov, M. Kretschmar, B. Langbehn, 
N. Mayer, J. Mikosch, F. Morales Moreno, T. Nagy, M. Osolodkov, M. Richter, H.-H. Ritze, D. Rupp, M. Sauppe, F. Schell, 
C. P. Schulz, B. Schütte, B. Senfftleben, O. Smirnova, V. Shokeen, M. T. Talluri, R. M. Tanyag, M. J. J. Vrakking, S. Walz,
T. Witting, S. Yarlagadda, J. Zimmermann 

1. Overview

The main goal of project 2.1 is to visualize, understand, 
and steer electron and atomic motion during the 
transformation of finite quantum systems, starting from 
few-body systems to isolated nanoparticles. 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 
(HHG), as well as at free electron laser facilities. Using 
photoionization as a probe step in a pump-probe 
configuration, we investigate attosecond electron motion 
in atoms, molecules and nanoparticles and its coupling 
with the nuclear motion. This is done by combining the 
extreme (attosecond) temporal resolution with the 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-the-art by looking at the new 
time scale in chemical and physical processes.

2. Topics and collaborations

Presently, the project is organized in four topics:

T1: Attosecond electronic dynamics in strongly 
driven systems 

T2: Strongly-coupled electronic and nuclear 
dynamics in photoexcited neutral molecules 

T3: Ultrafast electronic decay and fragmentation 
dynamics at XUV and X-ray wavelengths 

T4: Collective and correlated electron dynamics at 
the nanoscale 

Collaborations with: A. Rudenko, D. Rolles (Kansas 
State University, KS, USA); J. Küpper (Center For Free-
Electron Laser, Hamburg, Germany); H. Stapelfeldt 
(Aarhus University, Denmark); A. Vilesov (UCLA, CA, 
USA), K. Ueda (Tohoku University, Japan); F. Calegari 
(CFEL, Hamburg, Germany); F. Lépine (Institut Lumière 
et Matière, France); D. Holland (Science and Technology 
Facility Council, UK); Th. Pfeiffer (Max Planck Institute 
for Nuclear Physics, Heidelberg, Germany); K. Varju 

(University of Szeged, Hungary); L. Banares (Universidad 
Compulense de Madrid, Spain); H. Köppel, A. Kuleff 
(University of Heidelberg, Germany); T. Möller (TU Berlin, 
Germany), K. H. Meiwes-Broer, I. Barke (University 
Rostock, Germany); B. v. Issendorff (University of Freiburg, 
Germany); P. Piseri (Università di Milano, Italy); M. Kling 
(University of Munich, Germany); P. Hommelhoff (FAU 
Erlangen, Germany); T. Brabec (University of Ottawa, 
Canada); G.G. Paulus (University Jena, Germany);  
C. Menoni (Colorado State University, CO, USA), A. 
Orr-Ewing, M. Ashfold (University of Bristol, UK), F. 
Stienkemier (University of Freiburg, Germany).

In-house collaborations with projects 1.1, 1.2, 2.2, 3.1, 
and 4.1.

3. Results in 2019

T1: Attosecond electronic dynamics in strongly 
driven systems 

In 2018 the high repetition rate XUV-NIR pump-probe 
setup (see Fig. 1) driven by a 100 kHz OPCPA (project 
4.1) had been assembled and first characterizations 
of trains of attosecond pulses and isolated attosecond 
pulses were demonstrated. For that particular task, 
and with the purpose of characterizing and optimizing 
the pump-probe setup, a velocity map imaging (VMI) 
spectrometer was installed in order to measure 
photoelectron momentum distributions generated during 
the pump-probe experiments. 
 
In 2019 the pump-probe setup was further optimized, 
the characterization of the XUV pulses was improved 
and other proof-of-concept experiments were 
performed to further assess the capabilities of the 
setup, e.g. detection of momentum distributions of H+ 
ions following XUV+NIR dissociative ionization of H2 
molecules. Fig. 2 shows the kinetic energy distributions 
of H+ ions as a function of the XUV-NIR pump-probe 
delay. In this proof-of-principle experiment an isolated 
attosecond pulse ionizes H2 molecules. This launches 
a vibrational wave packet in the Franck-Condon region 
of the 1sσg

+ ground state of the H2
+ ion. After a certain 

time delay the near-infrared (NIR) probe pulse induces 
dissociation of the H2

+. The kinetic energy distribution 
of the H+ ions was detected with the VMI in which the 
MCP detector was time-gated to separate H+ from 
H2

+ ions. The gating of the detector was done at a 
repetition rate of 1 kHz, limiting the effective repetition 
rate of the experiment. 
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Following the successful characterization of the pump-
probe setup, the VMI was removed and the REMI 
apparatus (reaction microscope) was integrated into the 
high repetition rate XUV-NIR beamline.

First pump-probe coincidence measurements were 
performed in Ar using attosecond pulse trains. Fig. 3 
shows a slice through the electron momentum distribution 
resulting from ionization of Ar atoms by an attosecond 
XUV pulse in the presence of a NIR laser pulse. The 
vertical and horizontal axis corresponds to the momentum 
of the electron ejected in the direction perpendicular 
and parallel to the laser polarization axis, respectively. 
The clear ring structure observed in the photoelectron 
momentum distribution can be assigned to single photon 
ionization by the harmonic comb and to two-photon XUV-
NIR processes leading to sideband peaks. 

In these test measurements the coincidence rate was 
lower than anticipated. This was traced back to the 
unexpectedly low density of the molecular beam in the 

interaction region of the reaction microscope. To solve 
this problem a new molecular beam source is currently 
being built. 

T2: Strongly coupled electronic and nuclear 
dynamics in photoexcited neutral molecules

Photo-induced ring-opening reactions play an important 
role in many key processes in nature such as in the 
synthesis of natural products (e.g. the previtamin D3) 
and are currently attracting interest as molecular and 
biomolecular switches, optical data storage, and for 
the development of organic solar cells. Ring-opening 
reactions are governed by a delicate interplay between 
coupled electronic and nuclear dynamics unfolding on the 
femtosecond scale, followed by the slower redistribution 
of energy into different vibrational degrees of freedom.

Fig. 2:  
Kinetic energy distributions of H+ ions as a function of 
XUV-IR delay generated in two-colour dissociative pho-
toionization of H2 molecules. The oscillations in the ion 
yield contain information on the vibrational wave packet 
launched during photoionization of the molecule by an 
isolated attosecond pulse.

Fig. 1:  
Sketch of the XUV-NIR pump-probe setup driven by a 100 kHz OPCPA.

Fig. 3:  
Preview of the data acquired during the XUV-APT-NIR 
pump-probe experiment in Ar. The measured radial 
coordinate (vertical axis) of electrons ejected from Ar 
atoms from the supersonic atomic beam (fi ltered from 
the ion TOF spectrum) are plotted as a function of the 
electron TOF (horizontal axis).

0      50    100   150   200   250   300   350    400

E k
 [e

V]

τ [fs]

1.2

1

0.8

0.6

0.4

0.2



51

With the development of intense X-ray sources and 
ultrafast electron gun technologies, various ultrafast 
methods, including ultrafast X-ray and electron 
diffraction and transient absorption X-ray spectroscopy, 
have been used to explore the ring-opening reaction 
of 1,3-cyclohexadiene. However, only few other photo-
induced ring-opening reactions have been probed so 
thoroughly

In collaboration with a large consortium of teams led 
by Daniel Rolles from the Kansas State University 
(KSU), we recently investigated both experimentally 
and theoretically photo-induced ring-opening of the 
thiophenone molecule [PIR]. Time-resolved XUV 
photoelectron spectroscopy using the seeded free 
electron laser in Trieste, FERMI, was used to investigate 
the coupled electronic and nuclear dynamics that 
determines the ring-opening process of the UV-excited 
thiophenone molecule. The kinetic energy of the electrons 
resulting from single-photon ionization of the UV-excited 
molecules by a time-delayed 19.24 eV XUV pulse was 
recorded. In the measurement, a prompt signal was 
observed at time overlap in the photoelectron spectra 
at a binding energy of 5 eV (see Fig. 4). For increasing 
time delay, a strong shift of the 5 eV signal towards 
higher binding energy was observed reaching a final 
energy of 9 eV within the first few hundred femtoseconds 
following the UV-excitation pulse. By combining our 
measurement with state-of-the-art ab initio electronic 
structure and molecular dynamics calculations of both 
the excited- and ground-state molecules, the observed 

ultrafast dynamics was assigned to nuclear wave packet 
motion from the S2 excited electronic state to the S0 

electronic ground state of the molecule, enabled by 
elongation and eventual scission of the S-CO bond. Our 
investigation also allowed us to assign the dynamics 
observed at longer timescales to the isomerization 
dynamics of the vibrationally excited ground state 
photoproducts formed after the initial relaxation to the 
ground state, leading finally to the formation of several 
isomers. Our measurement shows the relevance of 
XUV time-resolved photoelectron spectroscopy to 
probe photoinduced dynamics in isolated molecules on 
ultrafast timescale.

 
T3: Ultrafast electronic decay and fragmentation 
dynamics at XUV and x-ray wavelengths 

An important goal in attosecond science is to perform 
experiments, in which an atom or a molecule is pumped 
by a first attosecond pulse, and the initiated dynamics 
are probed by a second, time-delayed attosecond pulse. 
Such a scheme has significant advantages compared 
to most of the attosecond experiments that are being 
performed today, in which one pulse is in the XUV 
regime while the second pulse is in the optical regime. 
In this case, the dynamics under study is mainly driven 
by the strong electric field of the optical laser pulse and 
it is therefore challenging to directly unfold the inherent 
attosecond electron dynamics induced by the broad-
band attosecond XUV pulse.

A prerequisite for attosecond-pump attosecond-probe 
experiments are intense XUV pulses, which can be 
obtained via high-harmonic generation (HHG) using 
intense NIR laser pulses. To increase the XUV pulse 
energy achieved in this process, these pulses are typically 
generated in a loose-focusing regime of the driving laser 
using long beamlines. In order to further enhance the 
available XUV intensity, we have recently introduced 
a novel scaling scheme. Starting from 8 fs pulses 
delivered by a terawatt OPCPA system (see project 4.1), 
we have commissioned a 18 meter long beamline for 
high harmonic generation, which has been setup in the 
Extreme Photonics Lab (XPL). By choosing an NIR focal 
length of only 5 meters and a significantly longer distance 
from the HHG source to the XUV focusing mirror of 13 
meters, we were able to optimize the XUV peak intensity 
at the focus to finally reach a value of 7 x 1014 W/cm2. 
 
We have used the intense XUV pulses to ionize Ar 
atoms, and observed highly charged ions up to Ar5+, see 
Fig. 5. Here the spatial distributions of ions in different 
charge states are shown, where the horizontal axis 
corresponds to the XUV propagation direction and the 
vertical axis corresponds to the transverse direction. As 
more XUV photons are needed to generate ions with 
higher charges, the spatial distributions across the XUV 
propagation direction become narrower for increasingly 
charged ions. Considering the photon energy range that 
was used (≈17-26 eV), the formation of Ar5+ as observed 
in our experiment requires the absorption of at least  
10 XUV photons. This is the highest order of nonlinearity 
that has ever been achieved in the ionization of atoms 
using an HHG source. These results provide excellent 

Fig. 4:   
Time-dependent photoelectron spectra for UV-excited 
thiophenone. (a) Measured photoelectron yield as a 
function of binding energy and the time delay  
between the 4.6 eV pump and 19.24 eV probe pulses. 
(b) Time-dependent photoelectron yields for several 
binding energy ranges selected to illustrate the photo-
induced de-population of the S0 state (red dotted line) 
and the population of the S2 state (blue triangles) and 
its evolution (brown crosses) back to the various S0 
photoproducts.
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opportunities for XUV nonlinear optics experiments, 
attosecond-pump attosecond-probe experiments and  
for the single-shot coherent diffractive imaging of 
isolated nanotargets (see topic 4). First time-resolved 
experiments using this intense HHG source are currently 
being performed.

T4:Collective and correlated electron dynamics at 
the nanoscale

Excitation of nanoparticles, such as clusters and 
nanodroplets, with intense laser pulses provides a well-
defined scenario to investigate correlated dynamics 
of highly excited matter. We employ intense and 
ultrashort pulses from short-wavelength free-electron 
lasers (FELs) and HHG sources for coherent diffractive 
imaging experiments on single nanoparticles in free 
flight. Our goal is to study fragile nanostructures and 
the light-induced dynamics in them with high spatial 
and temporal resolution. From the measured diffraction 
patterns, formed by the interference of elastically 
scattered photons, the nanoparticle’s structure can be 
determined. Using time-resolved approaches, femto-
second and picosecond structural changes like laser-
induced melting can be resolved.

Proton-buffered explosion of methane clusters in bright 
X-ray flashes
 
In the first user beamtime of the newly developed 
NQS (nano quantum systems) endstation of the SQS 
instrument of European XFEL, we studied the ionization 

and fragmentation dynamics of methane clusters in a 
community approach including scientists from more 
than 35 different groups. The methane clusters were 
used as model systems for bio-molecules, because their 
main components are also hydrogen and carbon. We 
compared them with homonuclear neon clusters. First 
results are shown in Fig 6.

As predicted theoretically [DIC13], in case of the 
methane clusters, the fast explosion of protons carries 
away a large amount of the energy, while most carbon 
ions can recombine to singly charged or neutral carbon. 
In contrast, the neon clusters show high charge states 
up to at least Ne6+ and high kinetic energies. Our results 
are in line with the theoretical predictions and show that, 
since most samples – especially biological specimen – 
are inhomogeneous, the different dynamics of light and 
heavy particles have to be considered when interpreting 
imaging data. A publication is currently in preparation.

Imaging nanostructures in superfluid helium droplets

In a second Eu-XFEL beamtime, we studied the formation 
of nanostructures from atoms and molecules embedded 
in superfluid helium nano-droplets. The helium droplets 
are so cold that they turn into a superfluid state in which 
the embedded atoms experience no friction and can 
assemble in special ways, forming nanostructures that 
cannot be created in any other way. Coherent diffraction 
imaging with the XFEL makes the structures and the 
process of their assembly visible, making it a unique 
method to study growth under extreme conditions. 
The collaboration led by Rico Tanyag (MBI), in- 

Fig. 5:   
Spatial distributions of (a) Ar2+, (b) Ar3+, (c) Ar4+ and (d) 
Ar5+ ions, where the horizontal axis corresponds to the 
XUV propagation direction and the vertical axis corre-
sponds to the transverse direction. As the order of 
nonlinearity increases for more highly charged ions, the 
spatial distributions around the XUV focal plane become 
narrower.

Fig. 6:   
Time of-flight cluster spectra of methane (top) and neon 
(bottom) were recorded with 1 keV photon energy at po-
wer densities of up to 1018 W/cm2.
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cluding the groups of Thomas Möller (TU Berlin), Andrey 
Vilesov (UCLA), Thomas Fennel (MBI/Rostock), Josef 
Tiggesbäumker (Rostock) and Henrik Stapelfeldt 
(Aarhus) carried out the experiment at the SQS 
endstation, using photon energies around 1 keV 
and a cluster jet that was previously developed in 
collaboration with TU Berlin. First results of the ongoing 
analysis indicate that embedding different materials – 
xenon, metal and molecules – also led to the formation 
of different structures, however, only when the helium 
droplets were created in a way where they do not 
acquire rotational momentum. In cases, where the 
rotating superfl uid droplets contained quantum vortices, 
the growth was dominated by those and for all materials, 
rod structures were formed. An exemplary pattern is 
shown in Fig. 7 and a publication is being prepared.

Neural network-based analysis of huge coherent 
diffraction image data sets

At the FERMI free-electron laser, we were able to collect 
tens of thousands of single-shot coherent diffraction 
images (CDI) of nanometersized superfl uid helium 
droplets and retrieve the droplets' three-dimensional 

(3D) shapes and orientations (reported previously, see 
[LSO18]). It became possible to sort the huge data set 
into different classes by training a residual neural net-
work that was optimized for the application to coherent 
diffraction images, [ZIM19], making the data set thus 
analyzable.

The approach enabled us to address the question of 
which forms liquid rotating droplets take on in the absence 
of friction [LSO18]. The analysis clearly shows that the 
large size of the data set obtained in this experiment 
with more than 40000 bright scattering patterns of 
individual droplets was necessary for a successful struc-
ture determination. At the same time, the huge quantity 
of images represented a signifi cant problem for data 
analysis, and this problem is common to all coherent 
diffraction imaging approaches. To classify tens or even 
hundreds of thousands of individual patterns exceeds 
the capability of a human researcher, rendering the task 
of manually sorting data from tedious to impossible.

Automated processes have to be developed, and 
today's state-of-the-art image recognition algorithms 
are readily available for this task. In our publication 
[ZIM19] we demonstrate that deep neural networks, 
when adapted to the domain of coherent diffraction 
imaging, can be used to classify large amounts of 
diffraction data. Only a smaller and more manageable 
subset of the data has to be manually labeled by 
a researcher and is then used to train the network. 
The training sequence of our convolutional residual 
neural network, trained with about 6000 preclassifi ed 
diffraction patterns is sketched in Fig. 8. 

In the case of our helium nanodroplet patterns, an 
accuracy of 96.5 % and a precision of >90 % were 
achieved, proving that the neural network learned the 
differ-ent features of diffraction images as good as a 
human researcher can. We systematically benchmarked 
our neural network approach with previously published 
diffraction data and found that the trained neural 
network signifi cantly outperforms previous attempts 
for automatic sorting and classifi cation of complex 
diffraction features. The results demonstrate that the 
combination of high-quality FEL sources and automated 
datamining approaches opens up a new and exciting 
toolbox for studying the structure and dynamics of 
nanoscale objects with unprecedented precision.

Fig. 7:  
A single-droplet diffraction pattern of xenon atoms em-
bedded in a superfl uid helium nanodroplet.

Fig. 8:  
A manually preclassifi ed 
data set of helium nano-
droplet diffraction images 
is used to train a convo-
lutional neural network 
[ZIM19].
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Own Publications in 2019 ff  
(for full titles and list of authors see appendix 1)

BGR19: C. Bostedt et al.; Synchrotron Light Sources and 
Free-Electron Lasers (Springer, Cham, 2019) 1-49

BSJ19: N. Berrah et al.; Nat. Phys. 15 (2019) 1279-1283

FWO19: F. J. Furch et al.; SPIE Proc. 11034 (2019) 
110340I/1-7

DRW19: L. Drescher et al.; J. Phys. Chem. Lett. 10 
(2019) 265–269

HRM19: J. Hummert et al.; Ultrafast Phenomena XXI 
EJP Web of Conferences, Hamburg, (2019) Vol. 205, 
09027/1-3

LZS19: Q. Liu et al.; New J. Phys. 21 (2019) 073011/1-9

OSM19: T. Oelze et al.; Phys. Rev. A 99 (2019) 043423/1-6

OSW19: R. Obaid et al.; J. Chem. Phys. 151 (2019) 
104308/1-8

RBK19: P. Rupp et al.; Nat. Commun. 10 (2019) 4655/1-7

RMN19: G. Reitsma et al.; Ultrafast Phenomena XXI 
EJP Web of Conferences, Hamburg, (2019) Vol. 205, 
02020/1-3

ZLC19: J. Zimmermann et al.; Phys. Rev. E 99 (2019) 
063309/1-20

Submitted

PIB: S. Pathak et al.; Nat. Chem.

SEN: B. Senfftleben et al.; J. Phys. Photonics

Other Publications

DIC13: DiCintio et al.; Phys. Rev. Lett. 111 (2013) 123401

LSO18: B. Langbehn et al.; Phys. Rev. Lett. 121 (2018) 
255301/1-6
 

Invited Talks at International Conferences   
(for full titles see appendix 2)

T. Fennel; Ultrafast Quantum Phenomena in the Near 
Field (Bad Honnef, Germany, 2019-03)

T. Fennel; QFC 2019, Int. Conference on Quantum 
Fluid Clusters (Bad Honnef, Germany, 2019-05) 

T. Fennel; GRC Clusters and Nanostructures (Les 
Diablerets, Switzerland, 2019-06) 

T. Fennel; Summer School „Quantum Dynamics in 
Tailored intense Fields“ (Freiburg, Germany, 2019-08)

F. J. Furch; SPIE Optics + Optoelectronics conference 
(Prague, Czech Republic, 2019-04)

O. Kornilov; Workshop, Science with Coherent XUV 
Sources at ELI Beamlines (Prague, Czech Republic, 
2019-05)

O. Kornilov; 17th Fraunhofer IISB Lithography Simulation 
Workshop (Behringersmühle, Germany, 2019-09)

J. Mikosch; DMC Dynamics of Molecular Collisions 
XXVII (Big Sky, MT, USA, 2019-07)
 
J. Mikosch; Transient states of matter, seminar (Rostock, 
Germany, 2019-03)

J. Mikosch; ATTO2019 (Szeged, Hungary, 2019-07)

D. Rupp; PTPC (Beatenberg, Switzerland, 2019-01)

D. Rupp; DPG Frühjahrstagung (Rostock, Germany, 
2019-03)

D. Rupp; QFC 2019 (Bad Honnef, Germany, 2019-05)  

D. Rupp; GRC Clusters and Nanostructures (Les 
Diablerets, Switzerland, 2019-06) 

D. Rupp; Dynamic Days Europe (Rostock, Germany, 
2019-09) 

D. Rupp; Beating the Complexity of Matter (Berlin, 
Germany, 2019-09) 

B. Schütte; Workshop, Science with coherent XUV 
Sources at ELI Beamlines (Prague, Czech Republic, 
2019-05)

M. J. J. Vrakking; ISWAMP 2019 (Paris, France, 2019-
07) 

M. J. J. Vrakking; ESULaB (Jena, Germany, 2019-09) 

M. J. J. Vrakking; CECAM-PsiK Conference (San 
Sebastian, Spain, 2019-10)

M. J. J. Vrakking; HILW (Ottawa, Canada, 2019-10) 
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2.2: Strong-field Few-body Physics
F. Morales Moreno, H. Rottke (project coordinators)
and D. Ayuso , W. Becker, U. Bengs, F. Branchi, T. Bredtmann, K. Dickson, U. Eichmann, M. Ivanov, Á. Jiménez, 
T. Kalousdian, J. Kaushal, J. Kirks, S. Meise, L. Merkel, M. Merö, J. Mikosch, D. B. Milošević, A. Ordoñez, 
S. Patchkovskii, H. R. Reiss, M. Richter, A. Rouzée, F. Schell, B. Schütte, O. Smirnova, P. Stammer, M. T. Talluri, 
S. Yarlagadda, N. Zhavoronkov

1. Overview

On a sub-femtosecond temporal and Ångström spatial 
scale the project aims at

• understanding strong field induced dynamics in 
atoms and molecules,

• employing strong field processes as a tool for imaging 
and comprehending atomic and molecular electron 
dynamics and molecular structural changes,

• using tailored light pulses to manipulate electronic 
motion, generate high-order harmonics with specific 
polarization characteristics and investigate chiral 
phenomena.

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, on the role played by molecular structure and 
dynamics and on manipulating electronic 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 
intra-atomic/intra-molecular field experienced by the 
valence electrons.

2. Topics and collaborations

We address our objectives via experiment and closely 
linked theory focusing on these topics:

T1: Single- and multi-electron strong field 
phenomena and their resolution in time

T2: Dynamics of strong field ionization of ordered 
structures and clusters

T3: Probing molecular dynamics by strong field 
ionization

T4: Quantum dynamics in tailored electromagnetic 
fields

Collaboration partners: S. P. Goreslavski, S. V. 
Popruzhenko (National Research Nuclear University 
(MEPhi), Moscow, Russia), A. Saenz (HU Berlin, 
Germany), Y. Mairesse (CELIA, Université Bordeaux, 
France), N. Dudovich (Weizmann Institute, Rehovot, 
Israel), J. Marangos (Imperial College, London, UK), X. 
J. Liu (Chinese Academy of Sciences, Wuhan, China), 
J. Chen (Beijing University, China), T. Marchenko 
(Université Pierre et Marie Curie, Paris, France), J. M. 
Bakker, G. Berden, B. Redlich (FOM-Institute for Plasma 

Physics, Rijnhuizen, The Netherlands), A. Stolow, A. E. 
Boguslavskiy (National Research Council of Canada, and 
University of Ottawa, Canada), F. Martín (Universidad 
Autónoma de Madrid, Spain), H. Stapelfeldt (Aarhus 
University, Denmark), J. Küpper, A. Rubio (Center for 
Free Electron Laser, University Hamburg, Germany), 
T. Fennel (University Rostock, Germany), A. I. Kuleff 
(University Heidelberg, Germany), M. Krikunova (TU 
Berlin, Germany), V. R. Bhardwaj (University of Ottawa, 
Canada), R. Cireasa (Institut des Sciences Moléculaires 
d’Orsay, France), F. Legare (ALLS Montreal, Canada), 
H. Köppel (University Heidelberg, Germany), V. S. 
Makhija, (University of Mary Washington, VA , USA), J. 
P. Wolf (University Geneva, Switzerland), M. Kleber (TU 
München, Germany), R. Forbes (Stanford, CA, USA), M. 
Spanner (National Research Council, Ottawa, Canada)

In-house collaborations with projects 1.1, 2.1, and 4.1.

3. Results in 2019

T1: Single- and multi-electron strong field 
phenomena and their resolution in time 

Dissecting strong-field excitation dynamics with atomic-
momentum spectroscopy

Atoms and molecules subject to strong, linearly 
polarized infra-red (IR) fields become electronically 
excited, as has been found in the strong-field regime 
of tunneling ionization in earlier investigations [NGS08]. 
Under favorable conditions, a few percent of the initially-
present atoms may be left in such states.

The Lorentz force due to the magnetic component of the 
laser field accelerates these excited atoms in the laser 
propagation (“forward”) direction. For a spatially non-
uniform laser field, the ponderomotive force additionally 
accelerates the atoms in a direction transverse to the 
laser propagation direction and leads to an enormous 
acceleration of the neutral atom [ENR09]. So far semi-
classical approaches have been used to describe the 
excitation and acceleration process in the strong-field limit 
starting from ground state atoms or advancing directly 
from an atom in a Rydberg state thereby neglecting the 
influence of the strong laser field on the internal degrees 
of freedom of the atom. A theoretical treatment of these 
processes requires a quantum-mechanical description 
of the correlations between internal and centre-of-mass 
(c.o.m.) degrees of freedom.

By introducing an artificial trapping potential, we have 
developed a numerically-tractable technique and apply 
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it to the excitation dynamics of the hydrogen atom [BEP]. 
The fi eld-free excitation energy determines the forward 
c.o.m. momentum, which thus carries no information 
on the internal dynamics. In contrast, the transverse 
momentum records the time the excited atom spends 
in the laser fi eld after its formation, allowing the strong-
fi eld excitation process to be explored non-invasively 
on a femtosecond time scale. In Fig. 1 we display the 
results for a hydrogen atom that is initially located at the 
half-waist position in the laser focus and exposed to a 
two-cycle optical fi eld pulse with a local peak intensity of 

0.6 PW cm-2. They show that the fi nal c.o.m. velocities 
are sensitive to the internal excitation dynamics leading 
to states with different fi nal quantum numbers. In 
particular, the transverse ponderomotive velocity is 
determined by the total time the excited state spends 
in the fi eld. In the absence of resonances, it yields a 
measure of the preferential time of excitation.

The present ponderomotive clock is a cycle-averaged 
quantity. Thus, the sub-cycle preference should be 
taken as a suggestion for possible future developments. 
It might be possible to improve the time resolution of 
the excitation clock using multi-color techniques, or by 
breaking the symmetry of the interaction with a static, 
external magnetic fi eld. 

Interesting results are also obtained for the H 1s ground 
state. In weak fi elds it is known to be strong-fi eld seeking, 
with a static polarizability of 4.5 a0

3. We predict, that it 
becomes weak-fi eld seeking in readily-accessible, strong 
IR fi elds, with an effective polarizability comparable to 
the free-electron value (-308 a0

3 at the laser frequency 
used in the calculations). This indicates a remarkable 
fi eld-induced modifi cation of the electronic structure 
of the ground state. It is characteristic of entering 
the Kramers-Henneberger regime and provides an 
unambiguous signature of this transition. Observation of 
the Kramers-Henneberger regime for an atomic ground 
state in a strong, low-frequency fi eld has been long 
sought after, with no unambiguous observation thus 
far. Atomic-momentum spectroscopy offers a realizable 
experimental recipe for its detection.

Strong fi eld dissociation of the state selected molecular 
ions H2

+ (v, J)

The hydrogen molecular ion is a benchmark system for 
understanding the strong-fi eld interaction with diatomic 
molecules. Novel light-induced phenomena like bond-
softening and bond-hardening have been observed in 
the presence of intense laser fi elds with peak intensities 
beyond 1012 W/cm2 [BZM90]. These observations were 
successfully explained in the Floquet formalism via 
formation of an avoided crossing of the adiabatic dressed 

Fig. 1:  
(b) Population of individual m = 0 bound states after 
the end of the pulse. (c) Final c.o.m. velocity in the 
outward transverse direction in meters per second. 
The right vertical axis gives the time when a particle 
with free-electron polarizability needs to enter the fi eld 
in order to reach the observed transverse velocity, as 
a fraction of the pulse duration. Final velocities above 
the dotted horizontal line cannot be reached by a free 
electron-like particle. 

Fig. 2:  
Light-induced conical 
intersection (LICI) 
during the dissociati-
on of H2

+.
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potential surfaces of the 1sσg and 2pσu electronic states 
(Fig. 2, left panel).

In the earlier work, the role of molecular rotation has 
been overlooked in the strong-fi eld dissociation studies. 
Theoretically, it has been shown that the molecular 
rotation, with respect to the laser polarization axis, 
provides an additional degree of freedom. It creates 
a light-induced conical intersection (LICI), where the 
two potential surfaces are degenerate at a specifi c 
nuclear coordinate, similar to their natural occurrence 
in polyatomic molecules (Fig. 2, right panel) [Bou18, 
NWP16]. The LICIs can be further explored by studying 
the dissociation of individual ro-vibrational states of 
the H2

+ electronic ground state using photo-fragment 
angular distribution (PAD) measurements. This will 
provide insight into the geometric aspects of the potential 
energy surfaces near CIs, i.e. a Berry phase effect on 
dissociating nuclear wavepackets [Vra].

For the unambiguous observation of these novel features, 
we are developing an experiment which involves multiple 
stages: generation of narrow-band XUV radiation at 
75-80 nm with δE~3 meV; creation of state-selected 
H2

+(v, J) ions, using pulsed electric fi eld-ionization (PFI-
ZEKE); setup of a beam-line for a two-color experiment 
probing strong-fi eld dissociation; and of a velocity-map 
imaging (VMI) detector for PAD studies.

The experimental setup (Fig. 3) that is being built uses 
a 1 kHz repetition rate Ti:Sapphire laser system that can 
deliver pulses with 3 mJ energy with a duration of 35 fs. 
The optical layout is developed as a typical pump-probe 
beam line where the laser beam is split into two arms: 
one for the generation of VUV radiation (15-17.5 eV) and 
the other for the probe beam. A pair of telescopic mirrors 
reduces the size of the pump beam and is followed by 
a non-linear crystal for second harmonic generation 
(SHG). This SHG stage is crucial for two reasons. First, 
it covers the required spectral range needed for H2

excitation after generating of its fi fth harmonic. Second, 
it can deliver tunable narrowband pulses (dλ/λ ~ 5 x 10-4)
when a long SHG crystal with high group dispersion 
delay (GDD) is used. We are using a 10 mm long LiIO3

crystal for this purpose [WGO01]. For studying ultrafast 
dynamics we can replace it with a thin BBO crystal, with 
500 micron in length.

Ultrafast or narrowband 400 nm pulses with few hundred 
μJ in energy are then focused using a lens onto a 2 mm 
long Krypton gas cell kept at a pressure of 35 mbar for 
the generation of higher harmonics. The fundamental 
and third harmonic are separated from the 5th or higher 
harmonics using a thin aluminum fi lter (thickness: 
100 nm) before entering into the following vacuum 
chamber. These VUV pulses are then focused into the 
interaction chamber using a toroidal mirror positioned at 
2f-2f geometry with a grazing angle of incidence of about 
15 deg. The IR probe pulses enter the recombining 
chamber (Fig. 3) via a delay line and a controlled delay 
stage. The probe beam is focused into the fi nal chamber 
collinearly with the XUV pulses with the help of a mirror 
with a hole at its centre. The recombining and interaction 
chambers are differentially pumped at an intermediate 
section to maintain the fi nal chamber base pressure 
below 10-7 mbar.

A dense, pulsed supersonic gas beam of H2

molecules is generated by a piezo valve operating at 
50 Hz repetition rate and passed through a skimmer with 
a 1 mm opening before entering the interaction volume. 
The focused XUV and IR beams intersect the molecular 
beam at the centre of the electrodes of a velocity map 
imaging spectrometer (VMIS) [EPa68]. The VMIS is 
set up with three electrodes (repeller, extractor and 
ground) acting as an ion optic, followed by a 30 cm long, 

Fig. 3:  
Experimental setup

Fig. 4:  
Bond-softening 
dissociation of H2

+

after 3-photon 
absorption 
(λ ~ 790 nm)
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mu-metal shielded, fi eld-free drift tube, a position-
sensitive detector (MCP with phosphor screen) and a 
CMOS camera outside of the vacuum vessel. Spatial 
overlap of both laser beams is ensured by operating the 
VMI in the spatial imaging mode. The precise temporal 
overlap is accomplished by observing a sequential 
two-color XUV + IR excitation process of H2 like 
photoionization followed by bond softening dissociation 
of H2

+ [JRS10].

We carried out initial experiments on Xenon atoms 
for calibrating the VMIS using multi-photon ionization. 
The above threshold ionization photoelectron peaks 
appearing when exposed to intense 800 nm laser pulses 
at 1013 W/cm2 serve as a reference for calibrating the 
detector. We also conducted initial two-color XUV + IR 
excitation experiments on hydrogen molecules. Neutral 
H2 molecules are photoionized with ultrafast XUV pulses 
centred at about 15.7 eV. The fi rst three vibrational levels, 
v+ = 0-2, of H2

+ are mainly populated by photoionization. 
With a controlled delay thus prepared molecular ions are 
then excited to the 2pσu repulsive electronic state by IR 
pulses at intensities beyond 5 x 1012 W/cm2 to observe 
the bond-softening dissociation of the electronic ground 
state of H2

+(1sσg) (Fig. 4). Dissociated H+ ions are 
velocity imaged by gating the MCP detector. The kinetic 
energy release (KER) of the H+ ions indicates bond-
softening dissociation of vibrational states around v+ = 2 
of the 1sσg electronic ground state after the absorption 
three 790 nm photons.

Extending the current experimental setup for narrow 
band XUV+IR studies is currently under development. 
We are focusing on improving the conversion effi ciency 
of the narrowband harmonics by building a long delay 
line (~50 ns) for intense IR pulses, on integrating the PFI-
ZEKE technique with the VMIS and on implementing a 
fast image acquisition system using a TimePIX camera.

T3: Probing molecular dynamics by strong fi eld 
ionization

Recollision physics and dynamic imaging in intense 
laser fi elds

Making a molecular movie with a spatial and temporal 
resolution down to a few picometres and a few 
femtoseconds has been a long-standing dream in the 
molecular sciences. Femtosecond diffractive imaging 
studies with intense short-wavelength pulses or with 
ultrashort electron bunches became possible just 
recently with the advent of X-ray free-electron lasers 
and relativistic electron guns. Alternatively, new laser-
based approaches are being developed that make use 
of strong-fi eld ionization with intense and ultrashort laser 
pulses. In a strong laser fi eld, an electron can tunnel 
ionize from a molecule near the peak of the oscillatory 
laser fi eld and then be accelerated in the fi eld. Depending 
on the ionization time within the laser period, the 
electron can be driven back by the fi eld and elastically 
scatter from its parent ion. The scattered electron is 
again accelerated in the laser fi eld, reaching a very 
high kinetic energy. The differential electron scattering 
cross section (DCS) that encodes the molecular bond 

lengths can be extracted from the angular distribution 
of these high-energy rescattered electrons provided the 
de Broglie wavelength of the rescattered electrons is 
small with respect to the molecular bond lengths. This 
approach is often referred to as Laser-Induced Electron 
Diffraction (LIED) and can be seen as a self-imaging of 
a molecule by its own electron.

In a recent work done in collaboration with the group 
of Jochen Küpper from the Center for Free Electron 
Lasers (CFEL) in Hamburg, laser-induced electron 
diffraction was used to determine the bond lengths 
of the carbonyl sulfi de (OCS) molecule. The angle-
resolved photoelectron distribution following strong fi eld 
ionization of OCS molecules by an intense mid-infrared 
pulse was recorded using a newly developed velocity 
map imaging (VMI) spectrometer designed to cover 
electron kinetic energies up to 500 eV. By extracting 

Fig. 5:
a) Projected 2D electron momentum distribution (left) 
and slice through the 3D electron momentum distri-
bution obtained after Abel inversion (right) recorded 
in OCS ionized by an intense 2 μm laser pulse with a 
laser intensity of 1.3x1014 W/cm2. 
b) Comparison between the molecular contrast 
factor extracted from the angle-resolved photoelec-
tron kinetic energy spectra for electrons with a return 
energy of 100 eV (red open circles) and the calculat-
ed molecular contrast factor obtained for the best fi t 
of the bond lengths (blue line). Best agreement was 
found for RO–S = 270 pm, with RO–C = 114±4 pm and 
RC–S = 155±5 pm, i. e., for the linear confi guration of 
the molecule.
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the differential electron scattering cross section of 
the molecule from the angular distribution of the high-
energy electrons produced by the intense mid-infrared 
laser pulse, we were able to determine the molecular 
bond lengths of the OCS molecule to a precision better 
than 5 pm (see Fig. 5 and [KGR19]). Thanks to our new 
VMI spectrometer, the experiment was performed using 
only 10 minutes of integration time, which is almost a 
100-fold improvement with respect to previous studies. 
Thereby, the experiment opens a new path towards 
directly recording a so-called “molecular movie”, 
where the evolving structure of a molecule during a 
photochemical reaction is measured with femtosecond 
and picometer resolution.

Ionization channel selective electron re-scattering on 
aligned 1,3-butadiene molecules

Strong Field Ionization (SFI) of complex molecules, 
specifically in combination with elastic rescattering 
of the photoelectron on the ion core after it has been 
accelerated and returned by the electric field of the laser 
pulse, can give valuable insight into the molecular SFI 
process itself, the molecular structure, and its evolution 
in time. This information is encoded in the momentum 
distribution of the rescattered electron. In complex 
molecules usually several ionization channels, i. e. 
electronic states of the ion, can be accessible by SFI. If 
these channels can be separated the possibility arises 
to perform a re-scattering experiment on the same ion 
core, but with a different continuum wavepacket that 
is determined by the nodal structure of the involved 
Dyson orbitals. In this way, central approximations 
used in molecular structure determination with strong 
field spectroscopies, in particular Laser Induced 
Electron Diffraction (LIED), can be tested. In order to 
avoid averaging structural information over the angle 
between the molecular axes and the direction of 
polarization of the laser pulse it is necessary to pre-
align the molecule before SFI, or have a means at hand 
to determine its alignment afterwards. Rescattered 
electrons, energetically separated from directly emitted 
ones, contribute only at a low percentage level to all 
photoelectrons. Spreading of the continuum electron 
wavepacket on its way back to the ion core reduces 
the probability to hit it efficiently (with a small impact 
parameter). Also the scattering cross section, which 
may be small, influences the amount of rescattered 
electrons. An experimental investigation into ionization 
channel-selective rescattering has to take care of these 
constraints.

1,3-butadiene (C4H6) is a reasonably complex organic 
molecule to demonstrate the capabilities of electron 
rescattering. The butadiene ion has two energetically 
low-lying electronic states (D0, D1) which both are 
accessible by SFI [BMG12, SBS18]. In the electronic 
ground state the singly charged ion is stable, whereas 
in the first excited state it mainly dissociates into  
C3H3

+ + CH3. This allows one to easily discriminate these 
two ionization channels by detecting photoelectrons 
either in coincidence with the butadiene ion or with the 
charged dissociation product. Butadiene is a close-
to-symmetric top molecule which can be impulsively 
aligned using laser pulses with 300-500 fs pulse duration. 

 At a low alignment laser pulse energy the induced 
non-adiabatic rotational dynamics is very similar to that 
of a symmetric top molecule, whereas at increasing 
pulse energy, i.e. increased rotational excitation, the 
asymmetric top character adds significantly to the 
alignment revival structure [MBB13]. The transition 
between symmetric and asymmetric top behavior of 
the rotation allows accessing specific aspects of the 
molecular SFI process and its dependence on the 
molecular structure.

We completed an experimental setup to investigate 
ionization-channel selective SFI of aligned 1,3-butadiene 
molecules and started first experimental runs. The 
setup combines a 100 kHz pulse repetition rate optical 
parametric chirped pulse amplifier (OPCPA) [MPe17, 
MHP18] with a cold-target recoil-ion momentum 
spectrometer (COLTRIMS [ZFR18, UMD03]) for 
detection of high-energy photoelectrons together with 
the corresponding ions. The two-stage OPCPA delivers 
signal pulses with center wavelength at 1.5 μm, a pulse 
energy of up to ~45 μJ and a width of ~50 fs in the 
interaction region of the COLTRIMS. These pulses are 
used for SFI of the butadiene molecules. The residual 
light of the OPCPA’s pump laser is used to impulsively 
align the molecules before SFI. It delivers pulses with a 
width of ~500 fs, and an energy of up to ~150 μJ at a 
center wavelength of 1.035 μm. Both beams are focused 

Fig. 6: 
First half (blue) and full (red) revival of impulsively 
aligned 1,3-butadiene (C4H6) observed via the total 
parent ion (C4H6

+) (upper panel) and via the fragment 
ion (C3H3

+) yields (resulting from unimolecular dissocia-
tion of the excited parent) after SFI by a high intensity, 
ultra-short infrared laser pulse. The horizontal axis 
marks the delay of the ionizing pulse with respect to 
the laser pulse which induces the alignment. On the 
vertical axis the total amount of measured parent and 
fragment ions, respectively, gathered in a single 70 h 
long experimental run, is displayed.
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to a common focal spot in the COLTRIMS. With this 
spectrometer we determine the momentum of electrons 
and ions formed in the focal spot in coincidence.

Fig. 6 indicates the evolution of the alignment of 
butadiene with time following the alignment laser 
pulse. It is monitored by delayed SFI using the 1.5 μm 
OPCPA pulses. Shown is the total yield of parent C4H6

+ 
ions (upper panel) and of the dissociative ionization 
product C3H3

+, i.e. the total number of butadiene ions 
left in the electronic ground state D0 or in the excited 
state D1 [BMG12]. The delay range shown covers 
the first half and full revival (blue and red) of the 
non-adiabatic molecular alignment. The data were 
taken over ~70 h at a 1.5 μm mean pulse energy of  
22 μJ with a standard deviation from this mean 
amounting to 2.4 % over the whole run.

The characteristic structure of the curves shows that the 
aligning laser pulse fluence is in a transition regime where 
already structures appear which can be attributed to the 
asymmetric top character of the molecule. Comparing 
the data for the fragment and parent ions characteristic 
small differences in the structures can be observed 
in the two ionization channels D0 and D1, indicating 
differing SFI characteristics for both channels which we 
will be able to investigate in detail by analyzing directly 
emitted and rescattered photoelectrons. This kind of 
analysis becomes feasible with the high repetition rate 
of the OPCPA and with the stability of its output power 
over long experimental runs.

 

Fig. 7 shows an example of photoelectron kinetic 
energy distributions we measured for the two ionization 
channels D0 and D1 using SFI at 1.5 μm laser wavelength 
without aligning the molecule. Preliminary analysis of the 
rescattering tails indicates a deviating shape for the two 
ionization channels D0 and D1 (see the green and blue 
lines added in Fig. 7). This behavior may be in accord 
with recent theoretical predictions from the theory group 
at the MBI [BPa19]. Further analysis and interpretation 
is in progress.

In upcoming experiments the high repetition rate of the 
OPCPA and its power stability over extended periods 
of time will allow us to track the behavior of electron 
rescattering in fine steps over the revival structures of 
non-adiabatically aligned molecules in an ionization 
channel-selective way. This will allow us to obtain detailed 
knowledge of SFI and electron rescattering (cross 
sections) and of their dependence on the alignment 
of the molecular backbone relative to the polarization 
vector of the laser pulses, i.e. the axis along which the 
photoelectron gains kinetic energy before scattering on 
the parent ion core. Importantly, in contrast to our earlier 
work, we can access both the polar and azimuthal angle 
dependence, thus creating a three-dimensional map of 
the molecular frame properties.

T4: Quantum dynamic in tailored fields

Generation and characterization of highly elliptic 
attosecond pulses, specific electron dynamic in bi-
circular fields and chiral phenomena

High harmonic generation (HHG) is the enabling 
technology for table-top sources of bright, coherent, 
extreme ultraviolet and soft x-ray radiation in the 
form of isolated attosecond (1as = 10−18 s pulses) 
pulses and attosecond pulse trains. Naturally, control 
over macroscopic parameters of the generated 
XUV radiation, including amplitude, frequency, and 
polarization, is essential. In particular, the availability 
of circularly polarized attosecond pulses in the form 
of isolated pulses, which would enable attosecond-
resolved measurements of chiral-sensitive electron 
dynamics, remains both a challenging and important 
task. From the methods addressing this problem, the 
two main approaches include the use of two-color laser 
fields with frequencies ω and 2 ω in collinear geometry, 
both circularly polarized, but with opposite helicity 
[EEN95, MBe00], and the use of counter-rotating non-
collinear laser fields at the same frequency ω [HDG15, 
HDH15] demonstrating their feasibility. Here we extend 
our experimental approach [ZIv17] to control the 
ellipticity of the generated XUV-radiation in two-color, 
bi-circular laser fields towards few-cycle pulse durations 
and demonstrate the generation of a highly chiral XUV 
continuum supporting isolated attosecond pulses.

Experiments were performed with a 1 kHz repetition 
rate Ti:sapphire based laser system delivering 35 fs 
pulses centered at 795 nm (see the setup in Fig. 8). 
A neon-filled hollow-core fiber utilizing a differential 
pumping scheme has allowed a further compression 
of these laser pulses down to a duration of 3.6 fs with 
a pulse energy up to 1 mJ. The second harmonic of 
the compressed pulses was generated in a 50 μm thick 
barium borate (BBO) crystal. We have employed a 
superachromatic quarter-waveplate with spectral range 
of 310-1100 nm in order to change the polarization of 
the fundamental and second harmonic beams from 
linear to circular with opposite helicities. Dispersion 
control for both beams was applied separately with 
specific chirped mirrors resulting in minimum pulse 
widths of 5 fs for the fundamental and of 8 fs for the 
second harmonic beam.

Fig. 7:  
The photoelectron spectra, including recollision tails, 
from SFI via the D0 and D1 channels for unaligned 
butadiene molecules. At the employed 1.5 μm OPCPA 
wavelength we observe diverging relative yields with 
increasing electron kinetic energy (blue and green 
guiding lines).
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To calibrate our experimental procedure and equipment 
we fi rst performed pilot experiments by generating chiral 
high harmonics with uncompressed pulses of original 35 
fs duration. The fundamental and the second-harmonic 
beams were carefully combined in a collinear geometry 
and focused with a single Ag mirror with a numerical 
aperture f/100 into a 1-mm-long gas cell containing 
Ne. The generated high harmonic XUV radiation was 
directed into a XUV spectrometer consisting of a gold-
coated toroidal mirror and a grating with 700 lines per 
mm. The generated XUV spectra have the typical shape 
for the bi-chromatic approach with the harmonic orders 
3n (where “n” is an integer) strongly suppressed, and 
the allowed harmonic orders 3n+1 and 3n+2 circlarly 
polarized like the fundamental and second harmonic 
driving fi elds, respectively. In a next step we optimized 
the helicity dependent fi lter as described in [ZIv17, 
DEH17] and achieved an 8:1 intensity contrast for 
the 3n+1 harmonic orders relative to the 3n+2 orders. 
Large values of this ratio will facilitate the generation 
of highly chiral spectra and attosecond pulses with 
circular polarization [ZIv17, DEH17]. We have used the 
Stokes (i.e. the Müller matrix) formalism to determine 
the polarization properties of the high harmonics as well 
as to describe the fi eld transformation by propagation. 
Rotating-analyzer ellipsometry with compensator (RAEC) 
was applied, which allows determining all S0 - S3 Stokes 
parameters [Fuj07]. The polarization analyzer, a gold 
mirror at Brewsters angle with an extinction ratio of 1:4 
- 1:6 in the spectral range 20-40 eV, was placed near 
the focal plane of the spectrometer. The intensity of the 
refl ected radiation was detected using a micro-channel-
plate-based detector with anode-readout. The analyzer 
and detector are mounted on a rotation stage, allowing 
angular scans in the polarization plane of the incident 
radiation. For isotropic media (Ne) the action of the 
compensator is equivalent to a corresponding change in 
polarization of the driving laser radiation. The polarization 
of the generated high harmonics was infl uenced by 
refl ection on the optical elements of the spectrometer: 
each refl ection alters the ratio of the x- and y-components 
of the polarization vector, as well as introducing a phase-
shift, that modifi es the Stokes parameters and fi nal 
polarization state of the harmonics. In order to account 
for that effect we have determined experimentally the 
Stokes vectors for the entire spectrometer. Finally, RAEC 
measurements of the individual harmonics generated 

with the uncompressed driving laser pulses revealed an 
ellipticity of 0.8 - 0.95 and opposite chirality according 
to angular momentum conservation [EEN95, ZIv17] for 
harmonic pairs H13 - H23.

High harmonics generated with few cycle driving pulses, 
as described above, show the typical shape for the two-
color bi-circular approach with harmonic pairs appearing 
(Fig. 9). By careful adjustment of the ellipticity of the 
driving fi elds and of the relative intensities of the two-
color fi eld components we can generate a highly chiral 
spectrum as it is shown in Fig. 9. The lower energy part 
of the spectrum up to around 30 eV shows a strong 
modulation, distinctly featuring harmonic orders 13, 16 
and 19 of the fundamental driving fi eld and following the 
polarization of this fi eld.

The harmonics of orders 3n (forbidden) as well 
as 3n+2 with polarization rotating with the second 
harmonic driving fi eld are heavily suppressed and 
almost indistinguishable. The utmost suppression of 
the 3n+2 harmonic orders was achieved at an intensity 
of the fundamental driver fi eld of If = 3.8 x 1014 W/cm2

which was 6 times larger than the intensity of the 
second harmonic driver Is. We followed the RAEC type 

Fig. 8:  
Experimental setup
BBO: beta-barium 
borate crystal for gen-
eration of the second 
harmonic;
DM1, DM2- dichroic 
mirrors;
SQP -superachromatic 
quaterwave plate;
FM-focusing mirror 
f=350 mm
MCP- detector for XUV 
radiation.

Fig. 9:  
Spectrum of high order harmonics generated with few 
cycle pulses in bi-circular geometry.
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Fig. 10: 
Measured dependence of 
the intensity of individual 
chiral harmonics reflected 
by the polarization analyzer 
on the analyzer orientation 
angle. The experimental 
result is compared with 
what one would expect 
for harmonics polarized 
linearly (green curve) and 
having the opposite helicity 
(orange curve). The results 
for harmonics 13, 16, 19 
and 22 are depicted.

procedure to determine the Stokes parameters and 
evaluated the polarization properties of well defined 
individual harmonics in the spectral ranges depicted in 
Fig. 9. The experimental results and evaluated ellipticity 
and chirality are presented in Fig. 10. The harmonics 
are strongly elliptical with the tendency of increasing 
ellipticity for higher harmonics. The measured ellipticity 
of 0.94 is one of the largest reported to date with an 
almost negligible contribution of 6 % by light with 
different polarization.

The higher energy part of the harmonic spectrum 
(Fig. 9) forms a supercontinuum with weak intensity 
modulation and a cutoff at 55 eV. The broadening of the 
harmonics close to the cutoff is a clear sign that they 
stem from electrons ionized during the most intense 
cycle of the bi-circular driving field. Consequently, this 
part of the spectrum holds the potential to support 
an isolated attosecond pulse. It is quite plausible to 
suppose for this part of the spectrum the same high 
chiral selectivity as for the individual harmonic pairs 
H13 - H23. This would support the formation of a chiral 
supercontinuum with a helicity corresponding to that of 
the fundamental driver.

In conclusion, we realized experimentally the generation 
of a supposedly highly chiral supercontinuum using 
two-color, bi-circular driving laser fields and fully 
characterized it. The unique property of our approach 
which determines the helicity of the generated field by 
properly adjusting the driving laser field allows us to 
apply ellipsometry to determine all components of the 
Stokes vector of the generated high order harmonics. 
The applied procedure offers a good, simple and 
accessible alternative for laboratory application. The 
achieved chiral selectivity is furthering the possibility to 
generate isolated attosecond pulses with a high degree 
of polarization despite of deteriorating effects of the few-
cycle pulse envelope. A further challenging motivation 
is the development and experimental realization of 

methods for the direct determination of the polarization 
state of isolated attosecond pulses.

X-ray harmonic generation by orthogonally polarized 
two-color fields

Tailored fields, consisting of superpositions of fields 
with various frequencies and polarization states, have 
become popular because, among other applications, 
they allow one to generate harmonics with custom-made 
polarizations and spectral shapes. For example, the 
so-called bicircular field generates circularly polarized 
harmonics. Two fields linearly polarized at right angles, 
i.e. an orthogonally polarized two-color (OTC) field, 
have been employed for various purposes, but normally 
only a frequency ratio of 2:1 and a weak high-frequency 
field have been investigated. In this case, even and 
odd harmonics are emitted with linear polarizations 
corresponding to the 2ω and ω fields, respectively. Here, 
we consider frequencies ω and 3ω and comparable 
intensities. In this configuration, only odd harmonics 
are generated, which are elliptically polarized [LBM95]. 
Moreover, depending on the relative phase between the 
two components, the harmonic spectrum may be very 
different from the common plateau-like shape [MBe19c].

An example, calculated via the strong-field ap-
proximation, is presented in Fig. 11. For the given 
parameters, the harmonic intensity is almost entirely 
concentrated in the highest 10 % of the spectrum, just 
preceding the sharp cutoff. This part of the spectrum 
has significant elliptical polarization, with ellipticity up to 
|ε| ~ 0.7. The ellipticity varies rapidly on the scale of a 
few harmonic orders, being zero on average. There are 
other harmonic ranges at lower order that also support a 
high degree of ellipticity.

Fig. 11 also exhibits the harmonic spectrum for a 
relative phase φ = 0.729 rad of the driving ω and 3ω  
radiation. It is restricted to much lower frequencies 
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Fig. 11:  
Harmonic intensity (solid black curve, left ordinate) 
and harmonic ellipticity (red curve, right ordinate) 
as functions of the harmonic order for He atoms 
and an ω– 3ω OTC fi eld with component intensities 
I(ω) = 8 x 1014 W/cm2 and I(3ω)= 7 x 1014 W/cm2 and 
relative phase φ= -1.036 rad between the two compo-
nents. The wavelength of the fundamental is 2200 nm. 
The harmonic intensities for the OTC fi eld with relative 
phase φ= 0.729 rad are represented by the dashed 
blue curve. The grey line exhibits, for comparison, the 
harmonic spectrum generated by a monochromatic 
linearly polarized fi eld with frequency ω and intensity 
I(ω) as given above.

0            500       1000       1500       2000

Harmonic order

10-16

10-18

10-20

10-22

1

0,5

0

-0,5 H
ar

m
on

ic
 e

lli
pt

ic
ity

H
ar

m
on

ic
 in

te
ns

ity
 [a

. u
.]

and has the shape of a broad hump without any well-
defi ned cutoff. Many different forms of the spectrum 
can be generated upon variation of the intensities and 
of the relative phase. Qualitatively, the dependence of 
the spectrum on the driving intensities and the relative 
phase can be understood in terms of the classical 
simple-man model in two spatial dimensions. Much more 
detail is afforded by inspection of the quantum orbits 
[MBe19c]. The features discussed here start developing 
at wavelengths of about 1300 nm and longer. They are 
absent at a driver wave-length of 800 nm.
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3.1: Dynamics of Condensed Phase Molecular Systems
E. T. J. Nibbering, O. Kornilov (project coordinators)
and N. Acharyya, M.-A. Codescu, S. Eckert, M. Ekimova, B. P. Fingerhut, E. Ikonnikov, C. Kleine, A. Kundu, 
J. Lebendig-Kuhla, J. Ludwig, A. Lübcke, N. Mayer, M. Oßwald, E. Palacino-González, G. Reitsma, H.-H. Ritze, 
J. Schauss, M.-O. Winghart, J. Zhang

1. Overview

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.

2. Topics and collaborations

Research in this project has been structured into four 
major topical directions:

T1: Dynamics and interactions in hydrated 
biomimetic and biomolecular systems

Collaboration partners: J. T. Hynes (University of 
Colorado, Boulder, CO, USA), D. Laage (École Normale 
Supérieure, Paris, France), E. Pines (Ben Gurion 
University of the Negev, Beer-Sheva, Israel).

T2: Water-mediated proton transport dynamics 
between acids and bases

Collaboration partners: M. Odelius (Stockholm 
University, Sweden), Ph. Wernet (Helmholtz-Zentrum 
Berlin, Germany), N. Huse (University of Hamburg, 
Germany), D. Sebastiani (Martin-Luther-University 
Halle-Wittenberg, Germany).

T3: Electron transport dynamics in donor-acceptor 
molecular systems

Collaboration partner: V. S. Batista (Yale University, 
New Haven, CT, USA).

T4: Electronic excited state dynamics in molecular 
model systems

Collaboration partners: O. Rader (Helmholtz-Zentrum 
Berlin, Germany), D. Arbi (University of Buenos Aires, 
Argentina), L. Banares (Compulensa University, Madrid, 
Spain). R. Mitric (University Würzburg, Germany).

Internal collaborations with Projects 2.1 and 3.3 have 
been established.

3. Results in 2019

T1: Dynamics and interactions in hydrated biomi-
metic and biomolecular systems  (DFG FI 2043/1-1; 
ERC-2018-ADG-BIOVIB, ERC-2018-STG-NONABVD)

Biomimetic and biomolecular systems and their 
interactions with water and counter-ions are studied to 
unravel the couplings between the different molecular 
entities and the fluctuating water shells in the electronic 
ground state. Hydration dynamics of RNA and DNA 
oligomers [FBS19, FEl19, KSF] in water solution, 
native salmon DNA in thin films and solution, and 
dimethylphosphate ions in water as DNA model systems 
[SDF19, SKF19, FSK] are the main topics in recent 
years. In a second research line, the vibrational dynamics 
of hydrated excess protons was investigated [KDF19, 
DKP19]. The solvation structure of protons in aqueous 
media is highly relevant to electric properties and to 
proton transport in liquids. The experiments are based 
on ultrafast two-color infrared (IR) pump-probe and multi-
dimensional photon echo spectroscopies, complemented 
by computational methods such as density functional 
theory and ab initio molecular dynamics. 

The structure and dynamics of the RNA and DNA double 
helix are influenced in a decisive way by the surrounding 
water shell and their counter-ion atmosphere. In previous 
years we have introduced vibrational excitations of the 
sugar-phosphate DNA backbone as sensitive probes of 
structural fluctuations, electric fields exerted by the water 
shell, and local hydrogen bond structure. Another important 
aspect is hydration structures of solvent separated and 
contact ion pairs that form the ion atmosphere around the 
biomolecules. The stabilization of the macromolecular 
structures of DNA and RNA requires a compensation 
of strong repulsive electric forces between the equally 
charged phosphate groups by ions of opposite, i.e., 
positive charge. In this context, magnesium (Mg2+) ions 
are particularly relevant. Mg2+ ions not only stabilize 
the structure but are spatially rearranged in changes of 
macromolecular structure via dynamic folding processes. 
The relevance of different solvation geometries and 
the underlying interactions was studied in a proof-of-
principle experiment with the dimethylphosphate ion 
in water, an established model system for the DNA 
and RNA backbone and its interactions with hydrated 
counter ions Na+, Ca2+ and Mg2+ [SDF19, SKF19, FSK]. 
In pump-probe and femtosecond two-dimensional 
infrared (2D-IR) spectroscopy experiments, augmented 
by ab-initio and molecular dynamics simulations, distinct 
differences in structure of aqueous contact pairs of the 
different ions with the phosphate groups were revealed. 
2D-IR spectroscopy allowed for mapping ions in contact 
with the phosphate groups via a distinct blue-shifted 
signature in the 2D spectrum (Fig. 1). Data for different 
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ion concentrations were analysed by microscopic 
density functional theory modelling of cluster geometries 
and associated spectroscopic features, providing a 

spatial assignment of observed 2D-IR signatures. The 
in-depth theoretical analysis shows that the subtle 
balance of attractive electrostatic (Coulomb) forces 

Fig. 1:  
2D-IR spectra of the 
asymmetric phosphate 
stretching vibration of di-
methylphosphate (DMP) 
measured at a waiting time 
T=500 fs. (a) DMP in H2O, 
(b) DMP in H2O with 
2 M Na+, (c) DMP in H2O 
with 2 M Ca2+, and (d) DMP 
in H2O with 2 M Mg2+. The 
yellow-red contours show 
the absorption decrease 
on the v=0-1 transition, 
the blue contours the 
absorption increase on 
the v=1-2 transition. (e-h) 
Frequency cuts of 2D-IR 
spectra along a diagonal 
crossing the maximum of 
the respective v=0-1 peak 
(solid lines). The dashed 
line in (f-h) represents the 
diagonal cut of the 2D-IR 
spectrum of DMP in water 
for reference.
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Fig. 2:  
Two dimensional potential 
of mean force (2D-PMF) 
along the P…ion distance 
and the angular coordinate 
α = ∢(Mx+…O1…P) ob-
tained from 1.59 μs molec-
ular dynamics trajectories 
(Mx+ = Na+, Ca2+, Mg2+). 
(d) Angular dependence of 
the free energy. (e) Proto-
typical solvation geometry 
of a DMP(H2O)11Na+ clus-
ter with α~127° and the 
Na+ ion shown in green. 
(f) Prototypical sol-
vation geometry of a 
DMP(H2O)11Mg2+ cluster for 
α~174° with the Mg2+ ion 
shown in blue.
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and repulsive forces due to the quantum-mechanical 
exchange interaction govern the frequency position of 
the phosphate vibration. The microscopic interpretation 
reveals structural differences of ion pairs formed by the 
phosphate group and the ions Na+, Ca2+ and Mg2+ (Fig. 2). 
The detailed properties of the solvation shell around the 
phosphate group and the ion are essential to explain 
the experimental observations. Compared to linear 
infrared spectra, the nonlinear spectra reveal contact 
ion pairs with increased sensitivity because the spectra 
accentuate differences in peak frequency, transition 
dipole moment strength, and excited state lifetime. The 
ability of 2D-IR spectroscopy to characterize the short-
ranged phosphate-ion interaction in solution provides a 
noninvasive analytical tool that complements currently 
available structural techniques. An extension of this new 
approach to DNA and RNA and their ionic environment is 
expected to provide new insight in the forces stabilizing 
equilibrium structures and driving folding processes. 

Two-dimensional infrared (2D-IR) spectroscopy has 
also been employed to follow proton dynamics in 
varying acetonitrile/water mixtures [KDF19, DKP19]. 
For benchmark purpose, the Zundel cation H5O2

+ was 
selectively prepared in neat acetonitrile. The 2D-IR 
spectra of the proton transfer mode of H5O2

+ demonstrate 
stochastic large-amplitude motions in a double-minimum 
proton potential, driven by fluctuating electric fields. For 
all sample compositions, the excess proton was found 
to be embedded in a water dimer, forming an H5O2

+ 
complex as a major solvation species. The observations 
were rationalized by quantum mechanics/molecular 
mechanics molecular dynamics simulations including up 
to four water molecules embedded in acetonitrile. The 
simulations demonstrate that the Zundel motif interacts 
with its closest water neighbour in an H7O3

+ unit without 
persistent proton localization at a single water molecule.

T2: Water-mediated proton transport dynamics 
between acids and bases
(DFG NI 492/13-1; ERC-2017-ADG-XRayProton)

Aqueous acid-base neutralization predominantly 
proceeds in a sequential way via water bridging acid and 
base molecules. This line of research builds on previous 
ultrafast studies of aqueous proton transfer using 
photoacids. Experimental techniques include transient 
UV/IR and UV/soft-X-ray absorption spectroscopies. 
Mid-IR absorption spectroscopy probes vibrational 
marker modes of particular species generated during 
proton transport between acid and base, as well as 
locally monitors hydrogen bond interactions of these 
species. X-ray absorption spectroscopy (XAS) probes 
transitions from inner-shell levels to unoccupied 
molecular orbitals, making it a tool to monitor electronic 
structure with chemical element specificity. Ultrafast 
UV/IR spectroscopy enables the elucidation of proton 
transfer pathways and the associated time scales for 
individual proton transfer steps. Much effort has been 
devoted in recent years to develop steady-state and 
time-resolved soft-x-ray spectroscopy of acids and bases 
in water-poor and water-rich solutions. Here novel liquid 
flatjet technology is utilized with soft-X-ray sources at 
synchrotrons as well as table-top laser-based high-order 

harmonic systems, to elucidate the electronic structural 
evolution of proton transfer pathways. 

We have elucidated the proton transport mechanism 
between the proton donating OH-group and the proton 
accepting quinoline unit of the bifunctional photoacid 
7-hydroxyquinoline in water/methanol mixtures [EHB19a, 
EHB19b] and refer to the Research Highlight on this.

We have further developed our approach to explore 
acid-base interactions with soft-X-ray spectroscopy 
and have performed transient soft-X-ray spectroscopic 
measurements of photoacid molecules during a beamtime 
at HZB-BESSYII, demonstrating that this approach using 
flatjet technology is feasible.

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 in donor-acceptor molecular 
systems. This line of research builds on previous ultrafast 
studies of photoinduced electron transfer processes in 
donor-acceptor complexes. Experimental techniques 
include, besides ultrafast UV/IR spectroscopy, ultrafast 
UV/soft-X-ray measurement methods using laboratory-
based table-top laser systems and large-scale facilities 
(storage rings, free electron lasers).

We recently have successfully used the table-top 
approach to measure soft-x-ray absorption spectra in 
transmission mode at the C and N K-edges of several 
solutes in aqueous solution [KEG19]. In 2019 we have 
improved this set-up with the implementation of a new 
X-ray spectrometer, equipped with a reflective zone 
plate as diffractive element for the extreme high-order 
harmonic (HHG) pulses covering 200-450 eV and an 
X-ray CCD detector to detect the extreme HHG pulses 
with a frequency resolution sufficient to distinguish pre-
edge and main-edge spectral features typical for mid-
sized organic molecules in solution.

In a collaboration with the Batista group (Yale University, 
New Haven, CT, USA) photoinduced electron transfer 
from 1-naphthol (1N) or 2-naphthol (2N) molecules 
to halocarbon solvents have been studied [CAN19], 
by exploring the regioselective electron transfer 
mechanism from photoexcited 1N and 2N to chloroform, 
tetrachloromethane or tetrachloroethene at a detailed 
molecular level. Using state-of-the-art electronic 
structure calculations, we explore several configurations 
of naphthol-chloroform complexes and find that 
the proximity of the electron-accepting chloroform 
molecule to the electron-rich OH group of naphthol is 
the dominant factor affecting electron transfer rates. 
The origin of significantly slower electron transfer rates 
for 2N is traced back to the notably smaller electronic 
coupling when the electron-accepting chloroform 
molecule is on top of the aromatic ring distal to the −
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OH group. Our findings suggest that regioselective 
photoinduced electron transfer could thus be exploited 
to control electron transfer in substituted acenes tailored 
for specific applications.

T4: Electronic excited state dynamics in molecular 
model systems 
(DFG KO 4920/1-1; DFG FI 2043/1-1)

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. The experiments address investigation 
of dynamics in electronically excited states with time-
resolved photoionization methods. For this, an XUV 
time delay compensating monochromator coupled 
to a high-order harmonic generation set-up provides 
pulsed, wavelength-selected XUV radiation. A NIR/vis 
pump pulse is used to excite organic solute molecules 
dissolved in microliquid jets, which are then ionized by 
the probe XUV pulses. The photoelectrons are detected 
using a magnetic bottle time-of-flight spectrometer. 

Continuing on results obtained in 2018 on intramolecular 
proton transfer of quinoline yellow molecules in solution, 
studies were extended in 2019 on quinoline yellow in 
solution under conditions with different pH values, as 
well as exploration of the approach to study proton 
transfer dynamics of photoacid molecules. To further 
enhance the understanding of the photoelectron 
spectra, a collaboration with the Mitric group (Universität 
Würzburg) has been established.  

Further activities in the project include collaboration with 
the Institute for Zoo- and Wildlife (IZW) research and the 
Immunology Institute of Free University of Berlin. The 
topic of collaboration is the investigation of non-linear 
interaction of laser radiation with living organisms, such as 
cells or common worm parasites. In 2019 a femtosecond 
laser laboratory was temporarily established at IZW and 
the first joined studies commenced.
.
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(for full titles and list of authors see appendix 1)
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B. P. Fingerhut; Centre for Molecular Water Science 
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Dan Huppert’s 75th Birthday Symposium (Tel Aviv, 
Israel, 2019-03) 
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3.2: Solids and Nanostructures: Electrons, Spins, and Phonons 
C. von Korff Schmising, S. Sharma, and M. Woerner (project coordinators)
and M. Borchert, K. Busch, P. Elliot, G. Folpini, A. Ghalgaoui, R. Grunwald, M. Hennecke, P. Jürgens, T. Kang, L.-M. Koll, 
F. Loth, A. Lübcke, F. Mahler, A. Mermillod-Blondin, Q. Li, T. Noll, M. Oelschläger, B. Pfau, I. Radu, K. Reimann, 
M. Runge, D. Schick, N. Singh, P. Singh, V. Shokeen, C. Somma, C. Strüber, J. W. Tomm, A. Treffer, K. Tschernig,  
P. Varytis, D. Weder, R. Wehner, F. Willems, K. Yao

1. Overview

This project addresses ultrafast and nonlinear 
phenomena in solids and nanostructures. In 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 in-sight 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 
X-ray frequencies. The work includes studies in the 
regime of non-perturbative light-matter interactions. 

Our basic 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: K. Biermann (Paul-Drude-Institut, 
Berlin, Germany), C. Flytzanis, (Ecole Normale Supérieure, 
Paris, France), I. Brener, Y. Yang, J. L. Reno (Sandia 
National Laboratories, Albuquerque, NM, USA), and P. Q. 
Liu (State University of New York at Buffalo, NY, USA)

T2: Material modification with femtosecond laser 
pulses

Projects: DFG ME 4427/1-2, LaserLab Europe MBI 
002638.
Collaborations: T. Fennel (University of Rostock, 
Germany), G. Bottger (Fraunhofer IZM, Berlin, 
Germany), G. Torchia (Optical Research Center, La 
Plata, Argentina), E. McGlynn (School of Physics, Dublin 
City University, Dublin, Ireland), F. Güell (University 
Barcelona, Spain), Paula R. Martinez-Alanis (University 
Barcelona, Spain), P. Satapathy and S. K. Das (KIIT 
Odisha, India), A. Pfuch (INNOVENT, Jena, Germany)

T3: Optoelectronic devices

The BMBF project "Spectroscopic analysis of GaN-
based single emitters and bars, direct-blue kilowatt 
diode lasers" (BlauLas) 13N13901 was successfully 
completed in 2019. It comprised spectroscopic analysis 
of GaN-based devices. Related work was performed 
in collaboration with S. Einfeld of the Leibniz-Institute 
Ferdinand-Braun-Institut (FBH) on the campus in Berlin-

Adlershof, Germany, G. Mura of the University of Ca-
gliari, Italy, F. Yue of the East China Normal University 
in Shanghai, China, and J. Jimenez of the University of 
Valladolid, Spain.

AlGaN-and InGaN-based quantum-well structures are 
investigated in cooperation with C. Netzel, V. Hoffmann 
and M. Weyers of the FBH and T. Schulz of the Institut 
für Kristallzüchtung (IKZ), Berlin, Germany. 

T4: Magnetism and transient electronic structure

Cooperation partners are various principal investigators 
within the Collaborative Research Center TRR 227 
“Ultrafast Spin Dynamics” (MBI projects: A02, A04), 
 J. Lüning, HZB, Berlin, Germany, S. Bonetti, Stockholm 
University, Uppsala University, Sweden, M. Albrecht, 
Augsburg University, Germany, E. K. U. Gross, MPI 
Halle, M. Schultze MPQ Garching, M. Münzenberg, 
Greifswald University, Germany.

Projects: BMBF 05K16BCB DynaMaX in cooperation 
with M. Weinelt, FU Berlin, BMBF 05K16BCA Femto-
THz-X in cooperation with M. Bargheer, Potsdam 
University, Germany, J. Larsson, Lund University, 
Sweden, P. Oppeneer, Uppsala University, Sweden. 
Both projects were successfully completed in 2019.

T5: Joint HU-MBI Group on Theoretical Optics

Projects: within the DFG-SPP-1839 “Tailored Disorder”, 
project Bu 1107/10-1, Bu 1107/10-2 “Light-path 
engineering in disordered waveguiding systems” and Bu 
1107/12-2 “Non-Markovian continuous-time quantum 
random walks of multiple interacting particles”. 

Cooperation partner: W. Pernice, University of Münster, 
A. Szameit, University of Rostock, Germany, N. A. 
Mortensen, University of Southern Denmark, R. de 
Jesus Leon-Mortiel, Universidad Nacional Autonoma 
de Mexico, and S. Linden, University of Bonn, Germany.

3. Results in 2019

T1: Nonlinear THz and mid-infrared spectroscopy

Two-dimensional terahertz (2D-THz) spectroscopy is 
our key experimental concept for studying the nonlinear 
response of condensed matter in the spectral range 
between 300 GHz and 30 THz. In one of the highlights of 
this annual report, an amplification scheme for terahertz 
lattice vibrations in a semiconductor crystal using 
2D-THz spectroscopy was presented.
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In another experiment, we extended the 2D concept 
to implement a nonlinear fourth-order spectroscopy 
for studying the nonlinear coherent THz emission after 
exciting a semiconductor sample with two phase-locked 
near-infrared (NIR) pulses. This novel approach allowed 
for observing a blueshift of the TO phonon resonance in 
GaAs by femtosecond electron-hole excitation, which is 
briefly discussed in the following. 

The frequency of vibrations in condensed matter is 
determined by the electronic structure of the respective 
molecule or solid. Upon electronic excitation, electronic 
charge transfer can modify the frequencies of such lattice 
motions. Typically, one expects for individual molecular 
units a redshift upon electronic excitation, a behavior 

that has been attributed to bond softening, connected 
with a reduction of the vibrational force constant. 

Optical excitation across the fundamental bandgap 
of GaAs is connected with a change of the electronic 
charge distribution within the unit cell due to the so-
called electronic shift current. This interband current 
is due to a shift of electronic charge from the covalent 
bonds between Ga and As atoms onto the Ga sites 
[Fig. 1(a)–(c)]. The influence of this change in charge 
distribution on transverse optical (TO) phonons has 
remained unexplored so far.

Using 2D spectroscopy, we demonstrate, for the first 
time, the impact of shift currents on TO phonons in bulk 

Fig. 1:   
(a) Unit cell of GaAs. Electronic charge density in the (1-10) plane [shaded plane in (a)] for the highest valence band (b) 
and the lowest conduction band (c). (d) Nonlinearly emitted electric field ENL(t, τ) at the TO phonon frequency as a func-
tion of real time t and delay time τ. (e) 2D Fourier transform of the total nonlinear signal as a function of the excitation 
frequency ντ and the detection frequency νt. The arrows indicate the frequencies of the shift current (SC), TO phonons, 
and hh↔lh intervalence-band polarizations. (f) THz spectrum induced by the single near-infrared pulse B. (g) Symbols: 
Amplitudes of the Fourier transforms of EB(t) (diamonds) and of EB(t)+ENL(t,τ) (dots and triangles) for two delay times. 
Solid lines: Gaussian fits to the data. (h) Measured THz transients ETO

B(t)+ETO
NL(t,τ) emitted by TO phonons for two val-

ues of τ. In both cases, the phonon coherence is induced by pulse B at t = 0. For the black curve (τ = 3.5 ps) the pump 
pulse A arrives after the end of the time window shown. For the red curve (τ = 2.5 ps) the near-infrared pulse A (arrow) 
changes the THz emission frequency for later times. The data for τ = 2.5 ps (red diamonds) lie on the black curve before 
the pump pulse, but afterwards their frequency is blueshifted (red line) by ΔνTO ≈ 100 GHz.
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GaAs. A sequence of two femtosecond NIR pulses A 
and B [green and orange lines in Fig. 1(d)] generates 
both an interband excitation and coherent TO phonons. 
Fully phase-resolved detection of the nonlinear THz 
emission from the excited sample allows for mapping 
the impact of the electronic shift current on the TO 
phonon frequency.

The delay time τ between the two pulses is measured 
relative to pulse B. For negative delay times (t < 0), 
pulse A interacts with the sample before pulse B. The 
THz field emitted by the sample is detected in a phase-
resolved way by electrooptic (EO) sampling with a weak 
near-infrared sampling pulse. 

The nonlinear signal is given by ENL(t,τ) = EAB(t,τ) - 
EA(t,τ) - EB(t), where EAB(t,τ) is the THz electric field 
emitted after interaction with both near-infrared pulses; 
EA(t,τ) and EB(t) are the THz fields after interaction with 
a single near-infrared pulse. A 2D Fourier transform of 
this nonlinear signal along t and τ generates 2D spectra 
as a function of the excitation frequency ντ and detection 
frequency νt, shown in Fig. 1(e). The 2D spectrum covers 
a frequency range of |ντ| < 18 THz and |νt| < 18 THz with 
peaks at (νt, ντ) = (2,0), (8,0), (12,0), (2,2), (8,8), and 
(12,12) THz. Since the (νt, ντ) frequency range is well 
below the carrier frequency of the near-infrared pulses 
A and B of 350 THz, generation of nonlinear THz signals 
below 20 THz requires an even number of interactions 
with the electric field of pulse A and B, i.e., at least two 
interactions (i.e. 2nd order) for a single near-infrared 
pulse and at least four interactions (i.e. 4th order) for the 
2D experiment with two NIR pulses.

The nonlinear THz emission of GaAs induced by 2nd order 
interaction with the single near-infrared pulse B consists 
of the three components shown in Fig. 1(f). The interband 
shift current (SC) gives rise to the emission between 0 
and 3 THz, the peak around 8 THz is due to coherent 
TO phonon (TO) excitations, and the component above 
10 THz to coherent heavy-hole–light-hole (hh↔lh) 
polarizations. The Raman excitations are created via 
second-order Raman processes within the bandwidth of 
the near-infrared pulse. In the following we concentrate 
on the TO phonon signals in the 2D-THz spectra.

To isolate the TO phonon signal, we use a Gaussian 2D 
frequency filter on the peak at (8,0) THz and perform 
a 2D Fourier back transform [2D signal shown in Fig. 
1(d)], which displays the nonlinear TO phonon emission 
induced by pulse B. The signal at negative delay times 
(pulse A interacts first) is due to the reduced Raman 
excitation efficiency by pulse B in the excited sample. 
At positive delay times, however, pulse B interacts first 
and generates a phonon coherence, which is perturbed 
by interaction with the second pulse A. The perturbation 
of the TO phonon free induction decay by pulse A is 
illustrated in Fig. 1(h), which shows in a narrow time 
window the quantity ETO(t) = ETO

NL(t,τ)+ETO
B(t), i.e., the 

sum of the 2D signal along t for two positive delay times 
τ and the TO phonon field emitted after interaction with 
pulse B only.

Most interesting is the increase of the TO emission 
frequency after interaction with pulse A. Numerical fits 

of the time-domain data reveal a frequency blueshift on 
the order of 100 GHz, i.e., one percent of the initial TO 
emission frequency. Since the near-infrared pulse A is 
stronger than pulse B, the blueshift for t > 0, where pulse 
A is responsible for the perturbation, is larger than for 
t < 0, where B is responsible [Fig. 1(g)].

Two physical mechanisms can affect the TO phonon 
frequency observed in the THz emission from the excited 
GaAs crystal. First, interband excitation of carriers is 
connected with a local change of electronic charge 
density in the unit cell [Fig. 1(a)–(c)]. This electronic 
charge transfer makes the bonds weaker. The bond 
softening should result in a smaller force constant of the 
TO phonons, i.e., a redshift of the TO phonon frequency, 
in contrast to the experimental results. Apart from the 
wrong sign, the absolute values are way too low. When 
2 x 10-4 electrons per unit cell are excited, one estimates 
a frequency shift of 80 MHz, 1000 times less than what is 
observed.

Second, the photogenerated shift current modifies all 
transient polarizations in the sample and, in turn, the 
long-range electric field in the sample. The resulting 
change of the frequency-dependent dielectric function 
shifts the frequency of the TO phonon resonance. 
We assign the observed blueshift of the TO phonon 
frequency, which is observed here for the first time, to 
this mechanism. This conclusion is supported by the 
theoretical estimate based on a local-field model (not 
shown). Such a model yields for an excitation density of 
Neh = 1017 cm-3 a frequency shift of ΔνTO = 100 GHz, in 
good agreement with our experimental observation.

T2: Material modification with femtosecond laser 
pulses: 

Plasma Formation and relaxation dynamics in fused 
silica driven by femtosecond short-wavelength infrared 
laser pulses  
 
The buildup of an electron-hole plasma during the 
interaction of an intense ultrashort laser pulse with a 
solid dielectric constitutes the first step in a chain of 
events leading to a permanent modification of the 
material. A subsequent relaxation of the conduction 
band electron density results in defect formation 
accompanied by permanent structural changes. 
Based on an experimental arrangement combining 
a time-resolved transmission measurement with a 
cross-phase modulation measurement we isolated 
the plasma formation and relaxation dynamics in the 
bulk of amorphous fused silica excited by femtosecond 
short wavelength infrared laser pulses.

Whereas the relaxation time of an undercritical electron-
hole plasma in fused silica was so far assumed to be 
intensity independent, our experimental results indicate 
a strong dependence of this decay time on the excitation 
strength,as shown in Fig. 2 [JVH19]. Ultrafast relaxation 
of a laser-generated conduction band population in 
strongly coupled dielectrics like amorphous fused silica 
mainly proceeds through the formation of self-trapped 
excitons that later on decay into permanent defects such 
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Fig. 3:  
Enhancement of the UV-photocatalysis rate of methylene blue by nanoscale laser-induced periodic structures (LIPSS): 
(a). LIPSS in silicon (double sided arrow: polarization direction of Ti:sapphire laser pulses), (b) related spatial frequency 
map obtained by 2D-FFT, (c) degradation of the dye for low-pressure-grown titanium oxide fi lm on Si (on top, LPTiO2-
SiLIPSS, quadratic symbols), and (b) surface without LIPSS (on bottom, LPTiO2-NoLIPSS, circles) [SPG]. C/C0 is the 
relative concentration of methylene blue.

Fig. 2:  
Experimental results on plasma formation and relaxation dynamics in fused silica driven by femto-second short-wave-
length infrared laser pulses.  (a) Time-frequency map of the probe spectrum as a function of the pump-probe delay, re-
vealing a de-lay-dependent shift of the probe spectrum due to cross-phase modulation (XPM). (b) Extracted dynamics of 
the central probe wavelength together with the phase shift induced by the SWIR pump laser pulse in a fused silica target. 
(c) Total loss of transmission of the probe laser pulse as a function of the pump-probe delay. (d) Isolated plasma dynam-
ics with an exponential fi t to the decay of the absorption profi le. (e) Maximum value of the retrieved plasma absorption as 
a function of the excitation strength. (f) Intensity dependence of the relaxation times obtained by applying exponential fi ts 
to the decay of the isolated plasma absorption profi les.
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as non-bridging oxygen-hole centers and E’ centers.
We attribute the observation of an intensity-dependent 
relaxation time to a vibrational activation of the irradiated 
fused silica samples. This vibrational activation is caused 
by the energy coupled from the laser field into the free 
carrier bath. Due to the increased ponderomotive energy 
the energy coupling is significantly stronger when using 
SWIR wavelengths compared to the more common case 
of excitation with NIR wavelengths. Once the energy is 
transferred to the lattice of the irradiated solid it induces 
both, a decreased ability of the carrier to be trapped as 
well as an increased probability of detrapping already 
trapped carriers resulting in an effectively prolonged 
relaxation time. 

Our findings provide a step towards understanding 
the fundamental mechanisms underlying laser 
micromachining with long wavelength driving fields and 
constitute the first observation of the influence of lattice 
vibrations on the trapping efficiency.

Initial stages and mechanisms of laser-induced 
nanostructure formation

Recent studies on femtosecond laser induced nano-
structure formation in silicon with pump-and-probe scat-
tering experiments were confined and a theoretical model 

of the processes was developed [WGr19b]. A dynamic 
self-organized feedback mechanism was found for the 
very first laser pulses. The orientation of microcraters is 
fast being adjusted by the polarization (during about 10 
pulses). Theoretical considerations concerning materi-
al parameters show the feasibility of a plasmonic exci-
tation contribution mainly during the laser pulse. This is 
verified by observed, dynamic interference patterns. In 
a thermal process, a reconfiguration at picosecond to 
nanosecond time scale is indicated. In contradiction to 
alternative models which exclude the influence of plas-
mons or, vice versa, reduce the mechanism to interfer-
ence, our findings give a strong indication for a more 
complex hybrid mechanism. The results support the as-
sumption of a combination of non-thermal and thermal 
processes where SPPs are responsible for a reconfigu-
ration of nano-bubbles along a grating geometry and the 
thermal part provides the required mobility by melting the 
material. Thus, the LIPSS formation can be described by 
three regimes: (I) plasmon regime (free electron genera-
tion, electron heating), (II) structure regime (nonthermal 
melting, electron-lattice heating), and (III) stabilization 
regime (thermal melting, ablation, resolidification), which 
dominate the dynamics at different time scales (0–250 fs, 
250–100 ps, 100 ps–2 ns). In all regimes, the feedback 
enhances with increasing pulse number, which leads to 
more distinct diffraction patterns. 

Fig. 4:   
Results of long-term PL exper-
iments carried out at coated 
and uncoated parts of the SL 
at room temperature. (a) Initial 
PL decay time (time window 
50-300 ps) versus measure-
ment time. (b) PL signal versus 
measurement time. (c) PL de-
cay time spectra of the coated 
and uncoated SL together with 
a time-integrated PL spec-
trum. (d) Time evolution of the 
PL intensity of the SL PL for 
steady-state excitation (nor-
malized to t=0). (e) Long-term 
pump-probe experiment in re-
flection (R) geometry for pulsed 
excitation (50 fs, 1 MHz, ΔR/R 
normalized to t=0). 
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T4: Magnetism and transient electronic structure: 

Optical excitation of magnetic system with femtosecond 
laser pulses triggers the formation of transient, non-
equilibrium states that exhibit unique functionalities and 
may additionally mediate novel and energy efficient 
pathways to a designated final state. A prominent example 
is all-optical magnetic switching: the ultrafast transition to 
a state with a reversed magnetization.

In spite of tremendous progress in femto-magnetism, 
a comprehensive understanding of the very complex 
microscopic processes governing magnetization 
dynamics is still lacking. To this end, we develop new 
experimental and theoretical approaches to follow the 
femtosecond, element-specific response of the electronic 
system as well as to reveal the coupling to lattice 
degrees of freedom. In particular, we combine state-of-
the-art transient absorption spectroscopy in the extreme 
ultraviolet and soft X-ray spectral range with time-
dependent density functional theory to extract details of 
the spin-dependent transient electronic structure. Our 
experimental efforts are complemented by in house all-
optical Kerr spectroscopy and microscopy as well as by 
experiments at large scale facilities such as synchrotrons 
and free-electron lasers.

Angular momentum flow during ultrafast demagnetization 
of a ferrimagnet

Understanding the processes limiting the speed of 
ultrafast magnetization phenomena is a key quest of 
modern magnetism. In particular, the mechanisms 
of ultrafast transfer of angular momentum are not 
understood. By disentangling the spin and orbital moment 
dynamics of ferrimagnetic GdFeCo atom-by-atom during 
femtosecond laser-induced demagnetization, we were 
able to give experimental evidence for a full transfer of 
angular momentum from the spin system to the lattice 
during the first hundreds of femtoseconds. The details of 
this experiment are featured in a highlight of this annual 
report and discussed in detail in Ref. [HRA19].

Magneto-optical functions at the 3p resonances of Fe, 
Co, and Ni: Ab-initio description and experiment

A very powerful way to understand the microscopic 
processes of magnetic materials is optical spectroscopy 
with extreme ultraviolet radiation. If the energy of the 
photons match the characteristic binding energies 
of inner shell electrons one observes an enhanced 
absorption containing information on the element-
specific and spin dependent electronic structure. In a 
joint theoretical and experimental work, we were able 
to successfully describe this process for the shallow 
3p resonance of the transition metals, Fe, Co and Ni 
[WSK19]. The results are particularly relevant for 
ultrafast magnetization studies and are featured in a 
highlight of this annual report.

Element specificity of transient extreme ultraviolet 
magnetic dichroism

It has been difficult for theory and experiments to work 
in tandem in the field of femto-magnetism due to the 

Application to nanostructure-enhanced photocatalysis

In collaboration with groups from Odisha (India) and 
Jena, the application of laser-induced periodic surface 
structures (LIPSS) to the enhancement of photocatalytic 
activity was studied in proof-of-principle experiments 
[SPG19]. Techniques for femtosecond LIPSS generation 
on the basis of focused Ti:sapphire laser pulses were 
used to generate defined nanoscale ripple structures 
in silicon. Subsequently, structured silicon was covered 
by sputtering titanium in an oxygen atmosphere thus 
forming periodic thin titanium oxide layers on top of the 
wafers (Fig. 3). Methylene blue was chosen as a dye for 
the decomposition experiments. Enhancement factors 
of up to 1.45 and more were obtained compared to a 
standard reference thin film material (Pilkington Aktiv).

T3: Optoelectronic devices

The optical and thermal properties of 450-nm emitting 
GaN-based high-power diode laser arrays (cm-bars) 
manufactured by the industrial cooperation partners 
Osram Opto Semiconductors GmbH and Laserline 
GmbH have been investigated. Parameters such as 
emission power and temperature are monitored for arrays 
consisting of 23 or 46 emitters. This data is compared 
with modelling of the electro-optic properties. In contrast 
to the well-known infrared high-power bars, the thermal 
properties in blue emitting bars control the individual 
emitter properties to a very high degree and lead to 
considerable variations in emitter power, in extreme 
cases up to 50 percent. Such extreme cases occur, for 
example, when emitters fail and thus act as a heat source 
for their surroundings. Nevertheless, these bars reach 
record output powers and are on the way to becoming 
major sources of photonic power in the blue spectral 
range [MKT19]. Yellow emissions from these are also 
investigated and found to be caused by optical transitions 
involving defect levels. Spatial and spectral behaviors 
were analyzed and modelled. The 580-nm emission 
was identified coming from the active region of the laser. 
This emission has the potential to be useful for analytical 
purposes, e.g. for the determination of refractive indices 
or the visualization of non-equilibrium carrier profiles 
along devices without any extra preparation [KWH19, 
TKA19]. 

Heavily n-doped GaN/Al0.18Ga0.82N short-period 
superlattices (SL) with and without SiN protection layers 
were studied in spectrally and temporally resolved 
photoluminescence (PL) experiments. The room-
temperature PL from a protected sample displays a non-
exponential decay with an initial decay time of 150 ps 
for low excitation levels and an exponential decay with 
a time constant of ~300 ps for higher excitation. The PL 
decays are governed by non-radiative carrier relaxation 
into deep defect states which are partially saturated 
at high excitation densities. PL measurements at low 
sample temperature reveal a marked influence of 
carrier cooling on the PL kinetics in a time range up to 
50 ps and a significant radiative decay component. SiN 
coatings are shown to provide long-term stabilization of 
surface morphology while increasing non-radiative carrier 
relaxation rates; see Fig. 4 [MTR19].
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fact that the experimental observables are often indirect 
measurements of those that are simulated. Ultrafast 
magnetization dynamics is studied using techniques like 
magnetic circular dichroism (MCD) where it is assumed 
that the transient dynamics of the measured response 
function (e.g. off diagonal component of the dielectric 
tensor) is proportional to the magnetic moment. On the 
other hand, theoretical work on femto-magnetism, the 
fundamental quantity calculated is the dynamics of the 
spin magnetic moment itself. In 2019, for the first time, 
we brought theory close to experiments by calculating the 
transient response function. 

Experimentally, we performed a precise measurement 
of the absorptive part of MCD, Δβ, of the prototypical 
magnetic Co50Pt50 alloy in the extreme ultraviolet spectral 
range at the synchrotron facility BESSY II, Berlin. We 
were able to identify MCD signals stemming from the 
Co M and from the Pt O2,3 and N7 core-to-valence band 
transitions. Calculations based on time dependent 
density functional theory (TDDFT) yielded an excellent 
agreement and were able to quantify a non-negligible 
overlap of the magnetic response of the two elements by 
selectively suppressing Pt or Co transitions (cf. Fig. 5). 
The ultrafast changes of the MCD after femtosecond 
excitation was experimentally determined by measuring 
the energy and helicity dependent absorption of 
ultrashort XUV pulses derived from a laser-driven high 
harmonic setup. We were able to accurately map an 
ultrafast decrease of the MCD signal at several distinct 
photon energies corresponding predominantly to the 
local response of Co and Pt. Theoretically, we calculated 
the magnetic moment in the presence of an ultrashort 
laser pulse and determined the observable, Δβ(t), by 
using an approximation to the excited linear-response. 
Again, we reached an excellent agreement as shown 
in Fig. 6. This demonstrates that the transient magnetic 
response function, Δβ(t), is indeed a measure of the 
transient magnetic moment, a concern that is intensively 
and controversially discussed in literature.

However, generally, this is by no means guaranteed for 
all sample systems, such that only joint experimental 
and theoretical efforts can quantitatively disentangle 
the transient spectroscopic response. Our theoretical 
approach allows a direct comparison of the same 

Fig. 5:   
Magnetization dynamics of the laser excited system 
obtained using the dynamics of the peak heights in tr-
MCD spectra (circles and squares) as compared to the 
one obtained using RT-TDDFT (full line). The vector 
potential of the pump laser pulse is shown in panel (a). 
Results for normalized magnetization are shown for (b) 
bulk Co, (c) Co in CoPt. Dynamics of Co peak at 60 eV 
obtained from the total MCD (red circles) as well as the 
MCD spectra obtained by suppressing transitions from 
Pt 4f and 5p states (blue squares) is shown. Adapted 
from [DFE].

Fig. 6:   
Dynamics of various features in theoretical tr-MCD 
(squares) compared to corresponding experimental data 
(circles with lines showing the exponential decay fitted 
to this data) for laser excited CoPt. Adapted from [DFE].

Fig. 7:   
Fermi surfaces of the ordered partial dislocation 
network that the graphene twist bilayer relaxes to in 
the minimally twisted regime [FGW]. While at both 
energies localization is seen on the dislocation lines, 
in agreement with experiment, only once the FS is not 
disrupted by node scattering does the nested topology 
emerge (bottom right panel, nesting vectors indicated 
by green lines).
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observable in theory and experiment, crucial of a detailed 
understanding of the microscopic physical processes at 
play in ultrafast spin dynamics [DFE].

2D materials

The umbrella theme of 2D materials made important 
advances in 2019, in particular through the development 
of a general electronic theory for treating large scale 
perturbative and non-perturbative defects. This latter 
category includes twist defects and partial dislocation 
networks, with the former investigated in [RGF19] for 
a diverse set of 2D materials, and the latter addressed 
in [WGR19a] for bilayer graphene. Most interestingly, 
the partial dislocation lines of bilayer graphene host 
topological states, implying that an ordered dislocation 
network will possess a similarly ordered array of one 
dimensional electronic states. As twist bilayer graphene 
relaxes to a C3 symmetric dislocation network at small 
angles we were able to show that this material possess 
a perfect and fully nested Fermi surface (FS) composed 
from these 1D topological states [FGW]. This represents 
the fi rst example of a fully nested FS, and with a 

nesting vector controllable via an interlayer applied fi eld 
establishes twist bilayer graphene as an ideal material 
platform for investigating the electronic consequences 
of FS nesting (cf. Fig. 7). Perturbative defects generated 
by in-plane strain fi elds were investigated in graphene 
[GRF19] and the graphynes [GMR19], with it shown 
[GRF19] that conductive channels can be created 
by optical deformation (produced for example by a 
stepped substrate). Finally, in [RGF19] we studied the 
physics of incommensurate (i.e. quasi-crystal) twist 
bilayers of the 2D materials graphdiyne, MoS2, and 
phosphorene. In this context, we developed general 
criteria for the importance of incommensurate scattering 
and uncovered a curious effect of pronounced band 
broadening at near miss incommensurate angles.

T5: Joint HU-MBI Group on Theoretical Optics

In 2019, the research topic 5 has been concerned with 
the modeling of near-surface waveguides written in glass 
(see report of T3 in project 1.1), the implementation 
and testing of the Landau-Lifshitz-Gilbert equations for 

Fig. 8  
Reconstruction of probe 
signals via a random 
spectrometer similar to 
the one shown in 
Fig. 9 for different oper-
ation wavelengths. The 
probe signal in the visible 
and near-IR are separat-
ed, respectively, by 
0.3 nm and 1.0 nm.
Adapted from [HVG20a].

Fig. 9  
False-color scanning electron micrographs of a fabricated random spectrometer equipped with superconducting nanow-
ire single-photon detectors. (a) Top view of the complete device, (b) close-up of the transition between input waveguide 
and scattering region, (c) laser-written fi ber-to-chip polymer coupler, (d) superconducting nanowire (green) atop the out-
put waveguides, (e) scattering region, (f) close up of the air pores which act as scatterers inside the scattering region. 
Adapted from [HVG20b].

Wavelength [nm]

1

0.8

0.6

0.4

0.2

0
765               770          775            780

1

0.8

0.6

0.4

0.2

0

N
or

m
al

iz
ed

 in
te

ns
ity

N
or

m
al

iz
ed

 in
te

ns
ity

950               955                960               965
Wavelength [nm]



78

modeling micromagnetic systems, and the design and 
modeling of random spectrometers.

Specifi cally, with regards to random spectrometer 
work, we have continued our collaboration with Prof. 
Wolfram Pernice (University of Münster). Following our 
extensive design work (see annual report 2018) Prof. 
Pernice’s group has fabricated and calibrated silicon-
nitride-based random spectrometers complete with 
alphorn-type in- and out-coupling structures. Based 
on the experimentally determined transmission matrix 
of the devices, we have jointly implemented a pseudo-
inversion algorithm for reconstructing unknown input 
signals based on a singular value decomposition of 
the transmission matrix. The random spectrometer 
with a semicircular active area of 100 μm radius allows 
for broadband operation from the telecom band to the 
visible frequency range. Fig. 8 displays typical results 
and demonstrates the spectrometers capability of 
resolving signals that are 1 nm (near-IR) and 0.3 nm 
(visible).

Based on these results, the work has been continued 
into the direction of single-photon sensitivity. To this 
end, a design with minimized out-of-plane losses in the 
telecom band has been developed and realized (see Fig. 
9). Compared with the spectrometer for classical light, 
the output waveguides in this device have been replaced 
by superconducting nanowire single-photon detectors in 
travelling-wave geometry. Subsequently, this device has 
been employed for reconstructing signals with extremely 
weak excitation strengths. Device operation over a wide 
spectral range with sensitivity down to power levels of 
-111.5 dBm in the telecom band has been demonstrated 
(see Fig. 10). In other words, the random spectrometer 
has indeed reached the level required for suitable for 
photon-scarce environments such as those encountered 
in astronomical spectroscopy, fl uorescence imaging, 
and remote sensing.
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Fig. 10  
Reconstruction of a probe 
signal of the random spec-
trometer equipped with 
single-photon detectors at 
1550 nm wavelength with 
different input powers. 
(a) -96.5 dBm, 
(b) -101.5 dBm, 
(c) -106.5 dBm and 
(d) -111.5 dBm. 
Integration time for each 
detector was set to 60 sec. 
Adapted from [HVG20b].
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3.3: Transient Structures and Imaging with X-rays

1. Overview

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, phase transitions, and transient 
charge densities investigated with time-resolved X-ray 
diffraction and absorption spectroscopy. A second focus 
is on imaging the spin structure in nanometer-scale 
magnetic materials in equilibrium and after excitation. 
The evaluation 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 
collaboration with partners from academia and industry.  

2. Topics and collaborations

T1: Nanoscale imaging and spectroscopy with soft 
X-rays

The topic is centered around imaging and spectroscopy 
of nanometer-scale objects with XUV and soft-x-ray 
radiation produced at synchrotron-radiation sources and 
free-electron 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).

Collaborations: 
F. Büttner, G. S. D. Beach (MIT, USA), E. Jal, B. 
Vodungbo (Sorbonne Universités, UPMC University 
Paris, France), A. Madsen, L. Wei (XFEL, Germany), 
J. Gräfe, G. Schütz (MPI-IS, Stuttgart, Germany), Y. 
Mokrousov, S. Blügel (FZ Jülich, Germany), S. Wall 
(ICFO, Spain), HZB (Berlin, Germany), Fraunhofer ILT 
(Aachen, Germany), optiX fab GmbH (Jena, Germany), 
GIST (Gwangju, Korea), KTH (Stockholm, Sweden), 
FSU (Jena, Germany), greateyes GmbH (Berlin, 
Germany).

T2: Femtosecond X-ray diffraction and absorption 

Investigation of phase transitions and structural dynam-
ics in solids, in close collaboration with project 3.2.

 

3. Results in 2019

T1: Nanoscale imaging and spectroscopy with soft 
X-rays

Optical Control of Nanoscale Spin Textures (OptiSPIN)

A core activity in Topic 1 of this project is the 
research on nanometer-scale spin structures and 
their manipulation by ultra-short optical pulses. This 
research is geared towards an understanding of the 
fundamental mechanisms underlying the optical 
manipulation of magnetically ordered materials, with a 
focus on material systems with application potential in 
the field of magnetic data storage, memory and logic 
devices. In 2019, we have started the collaborative 
project OptiSPIN funded by the Leibniz Competition 
where we address these questions jointly with 
researches from the Max Planck Institute for Intelligent 
Systems, Stuttgart (MPI-IS) and the Peter Grünberg 
Institute of the Research Center Jülich. Experimentally, 
the research is centered around the x-ray scanning 
microscope MAXYMUS operated by the MPI-IS at 
BESSY II. MBI has developed a custom fiber laser 
allowing for optical excitation of a sample within the 
x-ray microscope. The laser system is tailored to the 
requirement of continuously varying the repetition rate 
over a large frequency interval to allow for a deliberately 
detuned optical-to-x-ray synchronization pattern, 
enabling the parallel acquisition of data in many delay 
time channels in parallel during multibunch operation 
of BESSY II (see Project 4.1). In 2019, the project 
has reached its first milestone with the successful 
installation and commissioning of the laser system 
at MAXYMUS. In the first commissioning beamtime 
combining infrared pump pulses and soft x-ray probe 
pulses, both in single-shot operation with high pulse 
energy and MHz time-resolved pump-probe operation 
have been demonstrated.

Magnetic skyrmions are chiral, localized spin textures 
endowed with a non-trivial, spherical topology. 
Research on the optical generation of such skyrmionic 
spin structures in thin ferromagnetic multilayer films 
supporting chiral domain walls were carried out by 
mapping out the skyrmion phase diagram and study 
of the nucleation dynamics. The phase diagram 
was accessed by x-ray holography experiments at 
the synchrotron-radiation source PETRA III, where 
skyrmions could be identified based on the real-space 
observation of the skyrmion Hall effect. Key for the 
experiments was the integration in 2019 of a fiber laser 
into the holography endstation developed and set up 
by MBI at PETRA III. We found that nanometer-scale 
skyrmions can be nucleated by single femtosecond 
laser pulses. This nucleation only happens above a 

M. Woerner, B. Pfau (project coordinators)
and K. Gerlinger, C. Hauf, A. Hernandez Salvador, A. Jonas, P. Hessing, L.-M. Kern, A. Koç C. von Korff Schmising, 
A. Lübcke, T. Noll, S. Priyadarshi, M. Schneider, H. Stiel, J. Tümmler
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Development of a hard x-ray split-and-delay line for the 
European XFEL

Split-and-delay optics for hard x-rays at a free-
electron x-ray laser allow not only for characterization 
of pulse duration, but also enable x-ray pump-x-
ray-probe experiments, sequential imaging and the 
implementation of a sequential form of x-ray photon 
correlation spectroscopy (XPCS). For installation at the 
Materials Imaging and Dynamics (MID) Instrument at 
the European XFEL, we have developed such a device 
within a BMBF-funded project. The device is based on 
Bragg diffraction from Si(220) crystals, allowing to cover 
a delay range from -10 ps to 800 ps and is contained 
within an ultra-high vacuum chamber. In 2019, this 
project has been successfully completed with the fi nal 
assembly and calibration of the device (Fig. 2). The 
split-and-delay unit was delivered to European XFEL in 
November 2019 and has been already integrated into 
the MID beamline by the European XFEL team.

T2: Femtosecond X-ray diffraction and absorption

The analysis of the transient electron density ρ(r,t)
allows resolving atomic motion or relocation of electronic 
charge on atomic time and length scales. ρ(r,t) is 
typically extracted from femtosecond x-ray diffraction 
measurements employing an optical-pump/x-ray-probe 
method, where changes of diffracted intensity ∆I/I on 
the order of 1 % have to be reliably measured. As an 
example, the coupled lattice and charge dynamics after 
excitation of a 1 THz hybrid mode in polycrystalline 
aspirin were discussed in one of the highlights of this 
annual report. To measure even smaller ∆I/I, or to 
conduct experiments in a much faster fashion than up to 
now, femtosecond hard x-ray sources with a signifi cantly 
higher photon fl ux are required.  

IIn 2019 we have therefore continued to optimize a 
novel laser-driven x-ray source employing a record-
holding mid-IR OPCPA laser system recently developed 
in project 1.2. The fi nal design goals of this laser system 
(center wavelength of 5 µm, repetition rate of 1 kHz, 
pulse duration shorter than 100 fs, pulse energy higher 
than 3 mJ) will allow the new x-ray setup to be at least 
one order of magnitude brighter than previous laser-
driven sources. First light was achieved in late 2018 
and since then optimization of the setup was carried 
out. A key element in the optimization is the requirement 
to focus the driver laser as tight as possible with the 
aim to achieve high electric fi elds at the surface of the 
copper x-ray target. As shown in Fig. 3b, the yield of Cu-
Kα photons depends on the fi eld strength in a strongly 
non-linear fashion. The negative infl uence of chromatic 
aberration and astigmatism, which severely affect the 
focusing of the broadband mid-IR driver pulses, is 
minimized by employing a specially designed beam 
path containing only refl ective optical elements.

The resulting focus diameter (FWHM) of only 18 µm 
was determined via knife edge technique as depicted 
in Fig. 3a which corresponds to about three times 
the wavelength and is only slightly larger than the 
predicted optimal diameter of ~14 µm for the used driver 

Fig. 1:  
Nucleation of skyrmions by a single femtosecond laser 
pulse in a Pt/CoFeB/MgO-type multilayer. The mag-
netic material is patterned as a strip-line to allow for the 
application of electrical current pulses in order to check 
for the presence of the skyrmion Hall effect via obser-
vation of the resulting domain trajectory. The black-
white contrast in the circular fi eld-of-view encodes up 
or down magnetization. Left: initial states, right: fi nal 
skyrmion states after irradiation. The density of the 
skyrmions can be controlled by the externally applied 
out-of-plane magnetic fi eld Bz which increases from 
top to bottom. Imaging via resonant x-ray holography. 
Scalebar 500 nm.

Fig. 2:
The in-vacuum mechanics of the split-and-delay unit 
for the MID beamline at European XFEL, designed 
and assembled at MBI. Each of the six fi ne-adjustment 
platforms caries a Si crystal to redirect the x-ray beam, 
staying on the Bragg condition when changing the de-
lay. The upper two platforms can be moved horizontally 
and vertically over long distances to realize the path 
length difference between the split beams.

sharp fl uence threshold of the excitation. The density 
of the skyrmions can be readily controlled from dense 
arrays to single skyrmions by the externally applied 
magnetic fi eld (Fig. 1).
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wavelength and the focal length of the focusing optics. 
Two-dimensional scanning of the beam employing a 
small pinhole, shown in the inset of Fig. 3a, indicates a 
symmetric beam profi le in the focal region, almost free 
from chromatic and spherical aberrations. This allows 
achieving an intensity more than 1016 W/cm2 in the 
interaction region. These focusing conditions resulted 
in a fl ux of more than 108 Cu-Kα per pulse emitted 
by the source despite a still somewhat suboptimal 
temporal compression of the driver pulses. Theoretical 
predictions for the yield of Cu-Kα photons for different 

Time [ps]

Fig. 3:  
(a) Knife-edge measurement of the 5 μm laser beam at 
the best focus position: measurements (circles) fi tted 
by an error function (solid line), yielding a focal FWHM 
diameter of 18 μm. The inset shows the 2D-intensity 
profi le of the focused 5 µm beam obtained by scanning 
with a pinhole. (b) Cu-Kα yield dependence on electric 
fi eld: measurement (symbols) and predictions by theory 
(solid lines). The data of the current OPCPA source 
(1 kHz; 5 μm) is given in black, while the previously de-
scribed data from a Ti:Sa driven source (1 kHz; 0.8 µm)
 and an another OPCPA laser source (20 Hz, 3.9 μm) 
are depicted in blue and red, respectively.
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driver wavelengths and different electric fi eld strengths 
at the surface of the copper target are shown in Fig. 
3b, together with different sets of experimental results. 
These predictions nicely match the experimentally 
determined x-ray fl ux achieved by varying the pulse 
energy at fi xed pulse lengths and focusing conditions. 
This indicates that the x-ray source will emit up 109

Cu-Kα photons per pulse into the full solid angle at the 
design goals of the driver laser, which is about twenty 
times brighter than the Ti:Sa driven femto-second hard 
x-ray sources used up to now.
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4.1: Implementation of Lasers and Measuring Techniques
I. Will, F. Furch, U. Griebner (project coordinators)
and G. Klemz, M. Kretschmar, L. Lochner, M. Osolodkov, T. Noll, J. Tümmler, T. Nagy, L. v. Grafenstein,
T. Witting

1. Overview

The general goal of this project is the development of 
laser-based sources and optical measurement systems 
tailored to applications specific to the MBI or laboratories 
of collaboration partners.

Some of the unique OPCPA systems developed in 
the last few years within the institute are now ready 
to be implemented in particular applications. The goal 
within this project is to further engineer these systems 
and optimize their characteristics to the needs of the 
particular applications in topical areas 2 and 3. 

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: OPCPA engineering

Several OPCPA systems in the near- and mid-infrared 
spectral range have been developed in the last few 
years. The implementation of these OPCPA sources into 
particular experiments in topical areas 2 and 3 requires 
robust, reliable and reproducible day-to-day operation 
of these systems. Therefore, the constant improvement 
and engineering of these OPCPAs is the focus of this 
topic. It is divided in three subtopics:

1. Terawatt OPCPA: A high-power OPCPA system that 
is pumped by a high-power thin-disk laser has been 
developed in order to generate sub-10 fs pulses at 
800 nm with more than 30 mJ of energy per pulse. The 
system runs at a repetition rate of 100 Hz and is intended 
for attosecond-pump attosecond-probe experiments 
(project 2.1).

2. Near-IR high repetition rate OPCPAs: The development 
of high repetition-rate non-collinear OPCPA systems 
(repetition rate ≥ 100 kHz) is the goal of this topic. Two 
OPCPAs have been implemented. A 100 kHz OPCPA 
that delivers sub-7 fs pulses with 190 µJ of energy 
and a 400 kHz OPCPA emitting sub-7 fs pulses with  
10 µJ of energy. The systems are intended for 

experiments in attosecond pump-probe spectroscopy 
with coincidence detection (project 2.1) and novel 
material processing applications (project 3.2).

3. Midwave-IR OPCPA driver for x-ray generation: 
This midwave-IR OPCPA system operates at a 1 kHz 
repetition rate and delivers 80 fs pulses with up to  
3.2 mJ of energy at a central idler wavelength of 5.0 µm. 
The system is pumped by a 2.0-µm CPA developed in-
house. The goal for this OPCPA is to serve as the driver 
laser for a Cu-Kα source utilized for time-resolved x-ray 
diffraction experiments (project 3.3).

T3: Implementation of experimental and measuring 
techniques 

The topic is concerned with the improvement of particular 
technologies, experimental methods and measuring 
techniques and their implementation within the institute.

3. Results in 2019

T1: Lasers for particle accelerators

This topic deals with the development and systematic 
improvement of photocathode lasers for linear 
accelerators (Linacs) of FELs, as well as with other 
lasers used at particle accelerators and storage rings. 
Photocathode lasers are needed to drive the photo 
injectors, where 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, both for the 
XFEL as well as for FLASH and PITZ, at HZB and at 
the superconducting RF gun at HZDR. As already in 
previous years, we have ensured operation of the lasers 
at PITZ and at HZDR (Rossendorf). In addition, MBI has 
produced several critical components to allow for long-
term availability of these lasers. 

We have further proceeded in the development of the 
laser for bERLinPro, which has already been described 
in detail in the previous Annual Report for 2018. 

The main work in 2019 was focused on the development 
of a laser for the MAXYMUS scanning transmission 
x-ray microscope, which is operated by the Max Planck 
Institute for Intelligent Systems Stuttgart, department 
"Modern Magnetic Systems“ (Prof. G. Schütz). This laser 
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is foreseen for joint experiments on the manipulation 
of magnetization with light pulses on a picosecond 
timescale. It will be applied in time-resolved pump-
probe imaging experiments with optical excitation on a 
timescale of several picoseconds.

The laser combines a diode-pumped Yb:KGW oscillator 
with a fi ber amplifi er. The gratings for stretching the 
pulses prior to amplifi cation in the fi ber amplifi er 
and recompressing them afterwards also allow for 
programming the fi nal pulse between <1 and 30 ps. In 
2019, two high-contrast acousto-optic pulse selectors 
were installed into the laser together with appropriate RF 
drivers and trigger electronics. They allow for selecting 
pulses with variable repetition rate in the MHz or kHz 
range, as well for the selection of bursts from the initially 
50 MHz pulse train. 

The laser pulses are delivered to the vacuum chamber via 
polarization-preserving fi bers. Finally, they are focused 
onto the sample via a compact optical system that fi ts 
into the very dense environment near the sample (Fig. 1). 

Operation of the laser and its focusing optics were 
successfully demonstrated in fi rst experiments at BESSY. 
It was shown that the complete system is well suited for 
producing the desired laser pulses and focusing them 
onto the sample with the required precision and stability.

Fig. 1:  
Focusing system of the laser installed at the MAXY-
MUS x-ray microscope, which is operated at the 
BESSY storage ring by the Max Planck Institute for 
Intelligent Systems Stuttgart, department "Modern 
Magnetic Systems“.
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Fig. 2: 
Laser-induced change of the magnetic order in a 
Co/Pt multilayer of a few microns in diameter. The 
greyscale indicates the direction of the local magneti-
zation. From a previously saturated magnetic state, a 
single laser shot triggers the formation of a labyrinth 
of oppositely magnetized ferromagnetic domains.

This development will open the instrument for new 
research topics such as optically induced magnetization 
dynamics which is a research focus within the MBI 
projects 3.2 and 3.3 (Fig. 2).

T2: OPCPA engineering

Terawatt OPCPA

One part of this topic is to set up an OPCPA system 
that produces high-energy (E > 30 mJ) pulses with sub-
10 fs duration (Fig. 3). When applying these pulses to 
HHG, we aim to generate high harmonics at suffi cient 
pulse energies for attosecond XUV-pump XUV-probe 
experiments as well as for time-resolved coherent 
diffractive imaging studies. 

With the parameters achieved in the end of 2018 the 
application of the OPCPA laser pulse for the generation 
of high harmonics was possible. Therefore, in 2019 
most part of the laser time was used for high harmonic 
generation and fi rst experiments with this XUV radiation. 
In total, the system was used for experiments during 
150 days in 2019.

The work on the driving laser system was focused on 
the following topics: 

• Installation of a pointing stabilization system for 
the focusing setup of the high harmonic generation 
beamline

• Optimization of the OPCPA system with respect to the 
requirements of the HHG beamline

• Characterization of the OPCPA system

Depending on the requirements for the high harmonic 
generation the system was further optimized. These 
were often minor changes within the system but not 
always easy to localize.

1.0

0.5

0.0

-0.5

-1.0

N
or

m
al

iz
ed

 m
ag

ne
tiz

at
io

n



87

One of the fi rst optimization steps was the installation 
of a beam stabilization system for the focusing setup. 
Due the fact that the OPCPA system and the HHG 
beamline are installed on two separate optical tables the 
beam had to be stabilized to guarantee a stable focus 
position for high harmonic generation. For this, a silver 
mirror with a leakage of 0.1 % had been installed within 
the focusing setup. The near fi eld and far fi eld of the 
focused leakage is used to stabilize the beam with two 
piezo controlled 45° mirrors. 

The timing jitter compensation was another weakness 
of the system. Due to the long beam path of the pump 
beam there is a constant drift due to thermal changes 
during the day and a jitter on a faster timescale due to 
e.g. vibrations within the beam path. To compensate 
for this drift and jitter a monitoring system had already 
been planned and installed (see annual report 2017). 
This system had to be optimized for better stability. 
To keep the system setup easy and to avoid wasting 
laser energy, initially the IR part of the pump beam 
not converted to 515 nm was used for the timing jitter 
stabilization. However, this “waste” light shows some 
temporal and spectral distortions that lead to instabilities 
in the timing jitter compensation. Therefore, a small part 
of the 515 nm pump beam is now split of and used for the 
timing jitter compensation. This requires an additional 
half-wave-plate and polarizer within both pump beams 
but works stable and reliable, stabilizing the relative jitter 
to approximately 50 fs.

The characterization of the OPCPA system to have 
some fi xed points for later maintenance and to fi nd 
further points for optimization was also a major part in 
2019. Our goal to reach a pulse energy of more than 
30 mJ with a pulse duration of <10 fs was reached. A 
pulse energy of more than 40 mJ with a pulse duration 
of < 9 fs was demonstrated. A one hour measurement of 
the pulse energy resulted in a stability 0.8 % at a pulse 
energy of 42 mJ (Fig. 4).

Remaining problems are originating from the beam 
expansion before the bulk compressor and the 
subsequent reduction behind the glass blocks. Higher 
order aberrations of the spatial phase lead to distortions 
in the beam profi le and later in a background of the focal 
spot. The distortions in the beam profi le additionally give 
rise to the damage of mirrors down the beam path, while 
the background in the focal spot leads to reduced energy 
for the HHG process. An adaptive mirror is planned to 
be installed to get rid of these distortions. 

Near-IR high repetition rate OPCPAs 

This subtopic is concerned with two high repetition 
rate OPCPAs sharing a common front-end based on 
a Ti:Sapphire oscillator. During 2019 the 400 kHz 
OPCPA was commissioned for material processing 
experiments (project 3.2). The 100 kHz OPCPA has 
been utilized to generate trains and isolated attosecond 
pulses in the extreme ultraviolet via high-order harmonic 

Fig. 3: 
Scheme of the thin-disk laser pumped 100 Hz OPA system.
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Fig. 4: 
Output parameters of the thin-disk laser pumped 100 Hz OPCPA system. a) Output pulse energy measured over 1 h, 
b) Focus of the compressed laser pulse, c) spectrum of the amplifi ed beam, d) SHG-FROG trace leading to a retrieved 
pulse shape with < 9 fs duration, shown in e).

Fig. 5: 
Setup of the femtosecond x-ray diffractometer based on the 1 kHz midwave-infrared OPCPA driver (for details of this 
driver see project 1.2). 

generation, and was commissioned for attosecond 
pump-probe experiments (project 2.1). In addition, the 
100 kHz system was also commissioned for preliminary 
experiments on pulse self-compression in gas-fi lled 
hollow capillaries (collaboration with Prof. John Travis, 
Heriot-Watt University, Edinburgh).

Midwave-IR OPCPA driver for x-ray generation

A large scale OPCPA system which operates in the 
midwave-IR (MWIR) spectral range was developed 
(see project 1.2), to be used as driver laser for the Cu-Kα

source utilized in MBI’s time-resolved x-ray diffraction 
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research (see project 3.3). This OPCPA system, 
running at a 1 kHz repetition rate, was assigned to its 
purpose in 2019. 

The setup of the femtosecond X-ray diffractometer 
based on the 1 kHz MWIR OPCPA driver is shown in 
Fig. 5. Access to the aimed driver wavelength above  
4 µm at reasonably high conversion efficiency depends 
critically on powerful 2-µm pump sources to exploit 
the high nonlinearity of ZnGeP2 (ZGP) crystals for 

parametric amplification. We made significant progress 
in the development of highly-stable 2-µm picosecond 
pump lasers based on Ho:YLF chirped pulse amplifiers 
reaching more than 15 GW peak power. The OPA which 
consists of three stages using ZGP, is described in detail 
in project 1.2. 

Applying the 5 µm fs pulses of the OPCPA driver for 
hard x-ray generation, a Cu-Kα photon flux was achieved 
surpassing the value generated with the fs Ti:sapphire 

Fig. 7:   
A set of successive measurements taken of the 2.1 µm pulse from the NanoMovie OPCPA system. (a) shows the re-
trieved spectral intensity and phase (dashed line). (b) Shows the intensity envelope and spectral phase (dashed line) 
of the temporal electric field. The low variance between the individual measurements demonstrates the stability of this 
laser system.
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Signal generation in the SEA-F-SPIDER with external ancilla pulses. The fundamental spectrum is mixed with two qua-
si-monochromatic pulses. We choose two quasi-monochromatic pulses near 1 µm, that will shift the signal spectrum into 
a spectral range that can be easily detected by standard Si-based CCD cameras. In our case the fundamental ranging 
from 1830 to 2500 nm is mapped to a signal spectrum (blue and light blue lines) covering 660 to 735 nm, which is easily 
detected on a standard Si-based camera. Also SFG retains the spectral features of the unknown pulse’s spectrum (com-
pare the calculated SHG spectrum (dashed blue line).
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laser driven hard x-ray source used up to now. This 
result was achieved even though there was only 1.6 mJ 
on the copper target, i.e., roughly half of the available 
5-µm pulse energy. For detailed results with respect to 
the hard x-ray see the report of project 3.3.

T3: Implementation of experimental and measuring 
techniques 

The temporal as well as the spatio-temporal structure of 
our laser pulses is important for successful pump-probe 
experiments and the employment of our laser pulses for 
secondary sources, e.g., attosecond pulse generation 
via HHG.

The spatially-encoded arrangement filter-based spectral 
phase interferometry for direct electric field reconstruction 
(SEA-F-SPIDER) method is a descendant of the SPIDER 
technique. The complex electric field of an unknown 
laser pulse can be reconstructed from an interference 
pattern. One major advantage of SPIDER over other 
methods (e.g. FROG, d-scan) is that in SPIDER the 
pulse can be retrieved algebraically from the data. No 
iterative algorithms are needed. SEA-F-SPIDER enables 
high fidelity measurements of pulses down to single-
cycle durations with live display of the retrieved pulse. 
It is our method of choice to optimize the 1 kHz hollow-
fiber compressed Ti:Sapphire and the 100 kHz 800 nm 
OPCPA few-cycle laser systems.

In 2019 SEA-F-SPIDER has been adopted to measure 
also long wavelength pulses. Due to the sum-frequency 
generation (SFG) one can mix the unknown pulse (e.g. 
at long wavelength) with a shorter wavelength pulse (if 
available). The resulting sum-frequency signal can then 
be shifted into a responsive region of standard silicon 
based CCD cameras.

Therefore, a spatio-temporal measurement of long 
wavelength pulses is possible with ‘standard’ equipment. 
This year we have modified the SEA-F-SPIDER setup 
to accept a separate beam for the quasi-monochromatic 
ancilla pulse. This way we have been able to measure 
the broadband pulses with a spectrum ranging from 
1.8 to 2.4 µm (centered at 2.1 µm) from the newly 
commissioned NanoMovie OPCPA system (project 4.2). 
For the SPIDER measurement we employed a 1 µm 
beam for the SFG process. The 1 µm beam originated 
from parasitic effects in the OPA amplification stages. 
The generated 1 µm power was sufficient to generate a 
sum-frequency signal with the 2.1 µm pulses. The SFG 
signal spectrum ranged from 660 to 710 nm and was 
easily acquired with an imaging spectrometer equipped 
with a standard Si CCD detector (Fig. 6).

Using the SEA-F-SPIDER we have been able to optimize 
the spectral phase of the 2.1 µm laser system, resulting 
in clean pulses of 30 fs duration, corresponding to 4 
cycles of the optical field at this wavelength (Fig. 7). The 
SPIDER measurements have been verified against a 
commercial autocorrelator device.

Invited Talks at International Conferences  
(for full titles see appendix 2)

F. J. Furch together with T. Witting, M. Osolodkov,  
F. Schell, C. P. Schulz, and M. J. J. Vrakking; SPIE 
Optics + Optoelectronics Conference (Prague, Czech 
Republic, 2019-04)

Publication

Publications which have emerged from work in this 
infrastructure project are listed under the relevant 
projects (1.2, 2.1, 2.2 and 3.2).
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4.2: Application Laboratories and Technology Transfer 
 
NanoMovie – Application Laboratory for nanoscopic spectroscopy 
and imaging
 M. Schnürer (project coordinator) 
and L. Ehrentraut, P. Friedrich, A. Heilmann, G. Kommol, M. van Mörbeck-Bock 

1. Overview

The goal of the NanoMovie project is to establish an 
application laboratory where soft x-rays with photon 
energies from 100 eV up into the water window are 
reliably generated with high stability for use in application 
experiments. The so-called water window (284 eV  
– 543 eV) is of particular interest as it allows access 
to the 1s core levels for the biologically relevant light 
elements carbon, nitrogen and oxygen. Of further 
particular interest is the spectral region around 150 eV, 
giving access to magnetically dichroic transition in the 
lanthanides. Furthermore, photon energies from 450 eV to  
900 eV allow to reach the L-edges of the 3d transition 
metals, allowing to probe the d-valence shell with 
element sensitivity. The project started in November 
2016, when cofounding through the “European Regional 
Development Fund – ERDF” could be secured. When 
operational, the NanoMovie laboratory will enable 
fundamental and applied research with ultrashort soft 
x-rays pulses. Focus areas are:

• spectroscopy and scattering with coherent soft X-rays
• study of dynamical processes at the nanometer scale
• development of laser-based soft x-ray technology
• providing a reliable experiment and testing platform for 

internal and external users, including SMEs.
  
As a key ingredient, the project includes the development 
of two suitable, high average power laser systems for 
the efficient generation of soft x-rays via high harmonic 
generation (HHG) as well as the shaping and delivery 
of the radiation via suitable optics to experimental end 
stations for spectroscopy, scattering and imaging. The 
aim is to create a stable source of femtosecond soft 
x-ray pulses for applications, using reliable commercial 
components where possible. While there has been 
substantial progress in reaching higher photon energies 

in pioneering HHG experiments, the limited photon flux 
has so far precluded a widespread application. The 
decreasing photon flux when increasing the photon energy 
from the VUV to the soft x-ray regime is a consequence 
of the HHG-process itself. Furthermore, accessing the 
soft x-ray region requires IR driver lasers with longer 
wavelength. Laser system designs were discussed 
within a larger group of OPCPA experts connected to 
projects 1.2 and 4.1. As a result the project strategy is 
to develop two laser systems, operating at 2.1 µm and  
3 µm, in order to access the desired photon range. 
Comprehensive simulations were carried out to find 
suitable crystal combinations for high power OPA. 

As an important milestone in 2019, 30 W, 30 fs pulses 
with 10 kHz repetition rate were achieved with the new 
2.1 µm OPCPA laser system. First HHG experiments 
with the 2.1 µm wavelength laser system were carried 
out. In parallel, the second OPCPA system operating 
at 3 µm was designed and the procurement of key 
components initiated. 

2. Results in 2019

The NanoMovie 2.1 µm laser features a monolithic 
concept, deriving the seed and the pump beam for the 
OPCPA stages from the same pump laser. This concept 
will be pursued for the 3 µm OPCPA system as well. 
This approach takes advantage of the fact that suitable 
pump lasers and frontend systems for signal generation 
have recently become commercially available. Both the 
pump-laser (500 W Thin Disk Laser (TDL) DIRA500 by 
Trumpf Scientific GmbH) and frontend (Fastlite) are “first 
of its kind” products. MBI is pioneering their integration 
into a reliable OPCPA laser system. This turned out to 

Fig. 1:   
Layout of the 
monolithic 2.1 µm 
OPCPA system. 
The Yb:YAG thin 
disk laser (500 W, 
10 kHz repeti-
tion rate) acts as 
both pump and 
signal generation 
source.
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require time-consuming stability improvement work in 
close collaboration with the companies. 

System layout 

A schematic diagram of the 2.1 µm OPCPA system is 
shown in Fig. 1. The pump source has a pulse duration 
of 2 ps (0.9 ps Fourier limit). To optically synchronize 
the pump pulse and the seed pulse, a part of the pump 
pulse (~ 0.5 mJ) is separately compressed to ~1 ps for 
pumping the frontend. The seed pulse is generated from 
a fraction of this 0.5 mJ pump pulse via supercontinuum 
generation (SCG) and difference frequency generation 
(DFG) followed by two subsequent OPA stages. 
An acousto-optic programmable dispersive fi lter 
(AOPDF, Dazzler, Fastlite) is employed for dispersion 
management. The frontend output of ~0.27 µJ (0.5 ps) is 
stretched further by a pair of silicon wedges and seeded 
into two power OPA stages. Currently, due to crystal 
size limitation, a pump power of about 350 W can be 
used to generate 30 W output. Pulse compression to 
30 fs is realised with a Suprasil glass block which 
serves as the entrance to the beamline vacuum system 
including the high Harmonic generation (HHG) cell and 
the spectrometer section.

Laser system characteristics 

The output spectrum of the 2.1 μm OPCPA system near 
and far fi eld beam profi les are depicted in Fig.2. The M2

parameter achieved is 1.1. The temporal characterization 

of the pulse was carried out both via an autocorrelator 
and using a spatially-encoded arrangement fi lter-based 
spectral phase interferometry for direct electric fi eld 
reconstruction (SEA-F-SPIDER, cf. project 4.1). Both 
methods yielded a pulse duration of 30 fs corresponding 
to about 4 oscillations cycles at 2.1 μm.

High Harmonic Generation 

At the focus of an f = 500 mm lens the beam is 
measured to be 107 μm in diameter, corresponding to 
a beam intensity of 9.4 x 1014 W/cm2. For fi rst HHG test 
in helium, a He pressure between 1.4 bar and 2 bar in 
a 6 mm long differentially pumped gas cell was applied. 
Depending on the cell position the maximum signal was 
adjusted with the pressure. Two aluminum fi lters are 
used for MIR beam removal and stray light suppression. 
Fig. 3(a) shows the measured spectra with and without 
a 200 nm Ti-fi lter (behind the Al-fi lters) in the beam. The 
spectra are scaled relatively to each other and represent 
an averaging over 1.5 x 106 pulses (150 s). The K-shell 
absorption edges of carbon (284 eV) and nitrogen 
(410 eV) are visible in all measurements, originating 
from organic contaminants and the absorption of the 
Si3N4 transmission grating, respectively. Using a CCD-
camera and grating assembly with absolute calibration 
by the German metrology institute PTB, the photon 
fl ux from the source at the carbon K-edge of 284 eV is 
calculated to be (2 – 5) x 104 photons/s/eV and (0.5 – 1) 
x 104 photons/s/eV at 500 eV. Despite the fact that these 
numbers are signifi cantly lower than others reported in 

Fig. 2:  
(a) Output spectrum and 
(b) near field beam profile 
of the 2.1 µm OPCPA 
system (inset: focused 
far field beam profile ob-
tained with a f = 500 mm 
CaF2 lens.

Fig. 3:  
(a) Normalized HHG 
spectra generated from 
1.8 bar He with the 
2.1 μm OPCPA system 
at 10 kHz repetition rate, 
where the signal is accu-
mulated for 150 s. Inset: 
zoom of the Ti-L-edge 
and the transmission of a 
200 nm Ti foil filter, and 
(b) obtained spectrum 
from 200 mbar Ar.
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the literature, the photon statistics related noise in the 
absorption spectrum of Ti compares favorably with data 
presented from measurements at HHG sources in the 
literature [S. M. Teichmann, et. al.; 0.5 keV Soft X-ray 
attosecond continua; Nat. Commun. 7 (2016) 11493]. 
We also performed first HHG in argon. The 2.1 μm beam 
is focused into the gas with an f = 750 mm lens, leading  
to a beam diameter of 160 μm and an intensity of  
4.1 x 1014 W/cm2. A 200 nm Ag-filter was used for MIR 
light suppression. The resulting spectrum is shown 
in Fig. 3 (b). The photon numbers at the source for  
140 eV are (2 – 4) x 105 photons/s/eV. When inserting 
a 40 nm Gd-filter, deposited on a thin layer of diamond-
like carbon and capped by 3 nm Ta anti-oxydation layer, 
the near edge absorption structure and giant resonance 
absorption of Gd is easily detected, cf. Fig. 3(b).

OPA-simulations were carried out in collaboration with  
G. Arisholm, Forsvarets forskningsinstitutt, using the 
Sysifos5 software.

3. Users and publications

The Infrastructure is currently under construction.
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Berlin Laboratory for innovative X-ray Technologies (BLiX)
H. Stiel (project coordinator)

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 
Technische Universität Berlin and the Max-Born-Institut 
(MBI). 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, with a focus on 
instruments and techniques that can be used in a 
laboratory environment without the need for large scale 
facilities. BLiX is supposed to be a place of collaborative 
technology development in the knowledge triangle of 
research  - innovation - education.

The main fields of activity in BLiX are:

• Soft X-ray imaging using laboratory X-ray microscopy
• Confocal micro X-ray fluorescence analysis
• Detection of chemical species
• Soft X-ray absorption spectroscopy in the laboratory
• Customer inspired development of hard X-ray 

spectrometers based on highly annealed pyrolytic 
graphite optics. 

MBI contributes to BLiX predominantly via:

• the support of development and operation of a soft 
X-ray absorption spectroscopy beamline based on a 
laser produced plasma X-ray source and novel X-ray 
optics

• the upgrade of a full field laboratory transmission 
X-ray microscope (LTXM) capable of tomographic 
nanoscale imaging and support of LTXM user opera-
tion 

• 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.

 
Near-edge X-ray absorption fine structure spectroscopy 
in the laboratory

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 of up to 1011 ph/s*mm2*mrad2. 

For investigations of samples relevant for users from 
life and environmental sciences an X-ray absorption 

beamline has been implemented. The beamline is 
equipped with a novel two-channel reflection zone-plate 
(RZP) spectrometer combining a probe and a reference 
channel (collaboration with HZB and nob GmbH, Berlin) 
for near edge X-ray absorption fine structure (NEXAFS) 
spectroscopy investigations with a spectral resolution up to  
E/ΔE = 1000 at the carbon K-edge. A beam splitter 
inserted in the laser beamline in conjunction with with a 
delay line allows for pump-probe experiments with a sub-
ns resolution. 

Laboratory X-ray microscopy

The full field laboratory transmission X-ray microscope 
(LTXM) operated at BLiX enables the detection of high 
quality nanoscopic images at 500 eV with a magnification 
up to 1000 in a field of view of about 30 µm, a spatial 
resolution of 30 nm and a typical data accumulation time 
of less than one minute.

The soft X-ray radiation of the LTXM is provided by 
a laser-generated plasma. A pulsed Nd:YAG laser 
beam (1.3 kHz repetition rate, 0.5 ns pulse duration, 
average power ≤ 130 W) is focused onto a nitrogen 
cryojet. Line emission from the resulting hot dense 
plasma is collected by a multi-layer condenser mirror, 
monochromatized and focused on the sample. Behind 
the sample, a zone plate objective, projects the image 
onto a cooled back illuminated X-ray CCD-Camera. 
For soft X-ray tomography, a commercially available 
scientific CCD detector is attached to the LTXM. 

The LTXM is equipped with a high-precision cryo-stage 
for the sample which allows tomographic measurements.

2. Results in 2019 

Results with direct participation of MBI personnel

Pump-probe NEXAFS spectroscopy in the photon 
energy range 200 – 1000 eV 

In order to make pump-probe NEXAFS spectroscopy 
with sub-ns resolution available to a community mainly 
interested in investigations on organic molecules, the 
work in 2019 has been focused on both improvement 
in sample preparation techniques for this class of 
molecules and improvement of the spectrometer setup 
(cp. Fig. 1). 
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The sample preparation for NEXAFS investigations in 
transmission mode as applied in our spectrometer is 
challenging. There are two main issues: i) keep sample 
integrity during the preparation process and ii) control 
the optimum sample thickness.

Further, for pump-probe measurements the influence 
of the average pump power on sample integrity is 
also an issue. Therefore we used a special setup to 
measure the transmission of the sample for the optical 
pulse in dependence on intensity (“bleaching curve”). 
This measurement allows us to define the optimum 
parameter set for pump-probe investigations. To check 
the sample integrity after the preparation process and 
after the pump-probe experiment we used UV/VIS 
spectroscopy. 

In order to detect small changes in pump-probe 
NEXAFS spectra a very high accuracy of data recording 
and processing is required. Using the two channel 
RZP setup (see below) together with a source point 
stabilization procedure we could detect changes ΔOD/
OD in pump-probe measurements with an accuracy 
better than 10-3. Because of the high stability of the setup 
the statistical error of the measurement only depends 
on the detector response and the number of photons 

detected. The error can reach the detector noise limit 
after about 36.000 laser shots (this relates to about 6 
min pure exposure time, cp Fig.2). 

We applied the setup for optical pump soft X-ray 
probe investigations on a thin film of a metal free 
tetraazaporphyrin (TAP). We have found changes in 
the carbon K-edge absorption fine structure between 
the pumped and pumped molecule. TDFT calculations 
helped to understand these features in relation to the 
electronic structure of the molecule.

(publication in preparation, DFG project #313838950, I. 
Mantouvalou, TU Berlin). 

Nanoscale imaging in the water window

The Collaborative Research Center 1340 (Sonderfor-
schungsbereich SFB 1340, started in 2018) “Matrix 
in Vision” is dedicated to systematically exploring the  
interaction of magnetic nanoparticles with glycosami-
noglycans (GAGs) as a basis for non-invasive imag-
ing of inflammatory diseases such as atherosclerosis. 
X-ray microscopy in the water window could help to 
understand these processes on a cellular or even 
sub-cellular level. In 2019 our investigations have 
been concentrated on cryogenic THP-1 cells as a 
model system (cp. Fig. 3) to study the interaction of 
magnetic nano particles with cells and their extracel-
lular matrix (ECM)

After this very successful demonstration of the 
capabilities of soft X-ray microscopy for the proposed 
investigations in the framework of CRC 1340 in the 
second half of 2019 a systematic redesign of our 
instrument started. This redesign aims at increase of 
stability and reliability of the whole system. This is a 
prerequisite for the expected higher sample throughput 
by users from the collaboration partner (Charité Berlin). 

Fig. 1:   
Optical pump soft X-ray probe setup for NEXAFS inves-
tigations with sub-ns time resolution). For details see 
[B2-P-2019.02].

Fig. 2:   
Statistical error ΔA in pump-probe measurements in 
dependence on the number of shots (SSM images) for 
sample with different optical densities (µd). For details 
see [B2-P-2019.02].
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]

Fig. 3:   
LTXM image of a cryogenic THP-2 cell.
The glycocalyx (filamentous structures) is clearly 
visible on the outer membrane of the cell.

Δ
A

Number of SSM images
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Fig. 4:   
Design of the new compact laboratory X-ray micro-
scope at BLiX. 

The design (partly already implemented) of the new 
compact LTXM is shown in Fig. 4.

Results by TU Berlin personnel, without participation 
of MBI scientists 

In the following, results by non-MBI staff within BLiX are 
briefly summarized to allow for a complete picture of the 
BLiX activities. 

The instrumentation for X-ray spectroscopy and 
microscopy developed in BLiX has reached a state, 
where it can be used in applications. Currently, BLiX 
researchers develop one NEXAFS and one XANES 
spectrometer for research at the Max-Planck-Institute for 
Chemical Energy Conversion. Within BLiX, the current 
emphasis is on performing demonstration applications 
in order to facilitate further commercialization of the 
instruments with companies. Therefore, interdisciplinary 
research collaborations were a focus of BLiX activities in 
2019, in addition to the ongoing development activities. 

Ongoing and newly initiated research collaborations are 
listed below.

X-ray absorption spectroscopy (XANES, EXAFS)

The BLiX spectrometer is capable of producing XANES 
spectra with moderate energy resolution and excellent 
EXAFS spectra within reasonable acquisition times. 
Application projects are carried out with various partners:

•  Catalysis within the Cluster of Excellence ‘Unifying 
Systems in Catalysis’, UniSysCat

• Environmental Chemistry Phosphor cycle in water 
sediments, Removal of toxic chromium from water 

• Materials research: Nanoparticles, Cement
• Quantitative analysis of species mixtures
   
Confocal micro-X-ray fluorescence spectroscopy (XRF)

A dedicated laboratory for micro-XRF and confocal micro-
XRF is operated within BLiX. In 2019, the main focus 
was on biological samples, including the investigation 
of cryo-fixated samples. Ongoing application projects 
focus on: 

•  Mineral exchange between host plant and cuscuta 
parasite

• Shape and distribution of Pt patches in self-activated 
catalysis particles

• Interface dynamics in teeth close to restauration
• Metal distribution in cacao beans

In a cooperation with Excillum Ltd. and Helmut Fischer 
GmbH, new experiments were initiated to assess the 
performance of high brilliance metal jet sources with 
polycapillary optics. 

Angle-resolved X-ray fluorescence spectroscopy (XRF)

Three different setups for angle-resolved XRF are 
operational, in part with custom hardware solutions 
developed at BLiX. While the main focus is still on the 
improvement of the setups, a first application project 
could be carried out:

• inter- and intra-layer diffusion processes in water 
window multilayer optics

• Compositional gradients in CIGSe solar cells.

The long term cooperation with the X-ray Spectrometry 
group (Dr. Burkhard Beckhoff) at PTB was continued. 
In joint experiments with PTB, Bruker Nano and BLiX, 
laboratory methods were evaluated and validated using 
calibrated instrumentation at the PTB laboratory at 
BESSY II.

3. Users and collaborations

LASERLAB-Europe Grant #654148, Charité Berlin, 
Germany; The Arctic University of Norway, Tromsö; 
Institutes of TU Berlin: Chemistry, Food Technology, 
Environment Protection, Construction Engineering; 
Julius Wolf Institute, Charité, Berlin; Max-Planck-
Institute for Chemical Energy Conversion; Leibniz 
Institut für Gewässerökologie und Binnenfischerei; 
Technische Universität Bergakademie Freiberg; For-
schungszentrum Jülich; FhG-ILT, Aachen, Germany; 
optixFab GmbH, Jena, Germany; greateyes GmbH, 
Berlin, Germany; HZB/BESSY, Berlin, Germany; PTB, 
Berlin, Germany; KTH, Stockholm, Sweden; BESTEC 
GmbH, Berlin; nano optics berlin (nob) GmbH, Berlin, 
Germany; Excillum Ltd., Kista, Sweden; Helmut Fischer 
GmbH (IFG); Berlin/Sindelfingen, Germany; Optigraph 
GmbH; Université Pierre et Marie Curie, CNRS, Paris, 
Frankreich.

People

MBI: Johannes Tümmler, Pascal Engl, Oliver Reichel 
TUB: Christian Seim, Aurélie Dehlinger, Paul Kastl, 
Ioanna Mantouvalou, Adrian Jonas, Daniel Grötzsch, 
Christopher Schlesiger, Wolfgang Malzer, Birgit 
Kanngießer.
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Publication

All publications involving MBI scientists which have 
emerged from work in BLiX are listed under the relevant 
research projects (cp. Project 3.3).

Publications related exclusively to TU Berlin personnel, 
without contribution of MBI scientists

P. W. Menezes et al.; Angew. Chem. 58 (46) (2019) 
16569-16574

F. Förste et.al.; Physiologia Plantarum (2019)

I. Mantouvalou et al.; Rev. Sci. Instrum. 90 (2019) 
106105

X. Zhao et al.; J. Am. Chem. Soc. 141 (16) (2019) 6623-
6630

V. Szwedowski-Rammert et al.; J. Anal. At. Spectrom. 
5 (2019)

L. Lühl et al.; J. Synchrotron Rad. 26 (2019)
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4.3: Nanoscale Samples and Optics
W. D. Engel (project coordinator)
and D. Sommer, S. Petz, M. Schneider, C. M. Günther (TU Berlin/guest) 

1. Overview

The Laboratory for Nanoscale Samples and Optics 
supports several experiments in different scientifi c 
projects of the MBI. We develop and produce thin-fi lm 
sample systems with the focus on magnetic multilayers 
and alloys using magnetron sputtering and thermal 
evaporation. The tight integration of deposition, structuring 
and characterization of these systems with experiments 
promotes fast feedback on sample performance and 
rapid development cycles. We collaborate closely with 
various MBI projects as well as with external cooperation 
partners to provide custom sample-related services.

Lateral patterning on a few-micrometer and nanometer 
scale via electron beam lithography (EBL) and focused 
ion beam milling (FIB) is carried out in close cooperation 
with the central facility for electron microscopy (ZELMI) 
at the TU Berlin. Topographic, structural and magnetic 
characterization is carried out via atomic and magnetic 
force microscopy (AFM/MFM), electron microscopy 
(SEM, EDX), Kerr magnetometry and Kerr microscopy.

Main external collaborations: ZELMI (TU Berlin, Germany), 
M. Albrecht (Augsburg University, Germany), F. Kronast 
(Helmholtz-Zentrum Berlin, Germany), R. Ernstorfer 
(Fritz-Haber-Institut, Germany), G.S.D. Beach (MIT, 
Cambridge, MA, USA), S. Bonetti (Stockholm University, 
Sweden), C. Gutt (Siegen University, Germany), S. Wall 
(ICFO, Barcelona, Spanien), K. Höfl ich (Helmholtz-
Zentrum Berlin, Germany)

2. Examples of 2019 activities

Over the past year, the development and growth of 
magnetic thin-fi lm samples focused on two main classes 
of materials: on the one hand ferrimagnetic rare earth-

transition metal (RE-TM) alloys and, on the other hand, 
high-quality single layers, multi-layers and alloys of 
different ferromagnetic materials.

Ferrimagnetic alloys, based on rare earth (Gd, Tb, Dy) 
and transition metals (Fe, Co, Ni), are intensely used in 
MBI projects 3.2 and 3.3 to study ultrafast magnetization 
dynamics, such as all-optical switching by means of 
ultrafast optical and XUV spectroscopy and soft x-ray 
microscopy. The ability to develop model sample 
systems that exhibit a particular property, e.g. reliable 
magnetic toggle switching at comparatively low fl uences, 
is the key to enable systematic and effi cient experiments 
addressing the underlying physical mechanisms. In 
collaboration with scientists from HZB, spacial aspects 
of the ultrafast laser-induced demagnetization of these 
systems were examined on the nanometre scale by 
photoelectron emission microscopy. Pure Gd and Tb 
single layers were prepared for femtosecond electron 
diffraction experiments to measure the lattice dynamics 
above and below the Curie temperature in experiments 
at FHI. For all of these sample systems the challenge 
was to optimize the process to ensure reproducible 
fabrication of the samples with defi ned stoichiometry and 
thickness, leading to a reproducible functionality. It turns 
out that the seed and capping layer have a signifi cant 
infl uence on the magnetic properties and have to be 
optimized to tune the out-of-plane magnetic anisotropy 
in the systems. We also produced soft x-ray polarizing 
fi lters comprising GdFe or TbCo for experiments at the 
SCS beamline of the European XFEL.

Using magnetron sputtering, high-quality ferromagnetic 
single layers for quantitative measurements of the 
magneto-optical contributions to the complex refractive 
index in the XUV range covering M-edges of Fe, Co, and 
Ni were generated (P3.2). In concert with imaging and 
scattering experiments of project 3.3, Pt/CoFeB/MgO 

Fig. 1:  
Examples of structures 
produced by electron-beam 
lithography and FIB. 
(a) Bow tie antenna struc-
ture for electric fi eld en-
hancement of a THz laser 
pulse. 
(b) 3d structure cut in a 
ferromagnetic fi lm on a SiN 
membrane needed for a 
stereoscopic Fourier trans-
form holography experi-
ment at FERMI. 
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and Co/Pt based layer systems have been produced 
and optimized concerning domain size, coercive field, 
perpendicular magnetic anisotropy and Dzyaloshinskii-
Moriya interaction. In these samples, laser-driven 
nucleation of skyrmions was studied statically at 
synchrotron-radiation facilities and dynamically at 
European XFEL. 

With the new electron-beam evaporator, installed 
and put into operation in the middle of the year, self-
supporting filters of different materials (Al, Ag, Ti) were 
manufactured. One priority was the production of Al-
filters with different thicknesses (200 nm and 1 µm) 
and with different free apertures, which are comparable 
to commercial filters in their transmission quality  
(4.6e-6 % (OD7.3) – 7.9e-8 % (OD9.1)), e.g. to block IR 
radiation when detecting XUV radiation in pump-probe 
experiments. Albased heat sinks to avoid static heating 
in pump-probe experiments and proximity masks 
allowing for structured illumination with IR pump beams 
are a second application of the deposition method. In 
addition, preliminary investigations for the production 
of dielectric layers for beam splitters were carried out 
(P1.2, P4.2).

Using electron-beam lithography and FIB milling, we 
produced custom made bow tie (Fig.1 a) and dipole 
antenna structures on ZnTe substrates to image the 
electric field enhancement (P3.2). 

For a stereoscopic Fourier-transform holography 
experiment at the FERMI free electron laser, Trieste, the 
3D structures shown in Fig.1 b were created by FIB milling. 
 

Other Publication 2019  

Publications which have emerged from work in this 
project are listed under the respective projects 3.2 and 
3.3.
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NMV: N. Novakovic, M.-A. Mawass, O. Volkov, W. D. 
Engel, D. Makarov, and F. Kronast; From stripe to bub-
ble, transformation of magnetic domains in CoPt multi-
layers induced by laser helicity; Phys. Rev. B 

OVB: M. Ouillé, A. Vernier, F. Boehle, M. Bocoum, A. 
Jullien, M. Lozano, J.-P. Rousseau, Z. Cheng, D. Gus-
tas, A. Blumenstein, P. Simon, S. Haessler, J. Faure, 
T. Nagy, and R. Lopez-Martens; Relativistic-intensity 
near-single-cycle light waveforms at kHz repetition rate; 
Light-Sci. Appl. 

PIB: S. Pathak, L. M. Ibele, R. Boll, C. Callegari, A. 
Demidovich, B. Erk, R. Feifel, R. Forbes, M. D. Fraia, 
L. Gianness, C. S. Hansen, D. M. P. Holland, R. A. 
Ingle, R. Mason, O. Plekan, K. Prince, A. Rouzée, R. 
Squibb, J. Tross, M. N. R. Ashfold, B. F. E. Curchod, 
and D. Rolles; Tracking the ultraviolet photochemistry of 
thiophenone during and beyond the initial ultrafast ring 
opening; Nat. Chem. 

PLS: Z. Pan, P. Loiko, J. M. Serres, H. Yuan, X. Dai, H. 
Cai, M. Aguiló, F. Díaz, P. Camy, Y. Wang, U. Griebner, 
V. Petrov, and X. Mateos; Growth, spectroscopy and la-
ser operation of Yb3+,Na+/Li+-codoped CNGG-type gar-
nets promising for ultrafast lasers; SPIE Proc.

SED: N. Singh, P. Elliott, J. K. Dewhurst, and S. Shar-
ma; Coherent optical control of magnons: ab-initio pre-
dictions; Phys. Rev. Lett. 

SEN: B. Senfftleben, M. Kretschmar, A. Hoffmann, M. 
Sauppe, J. Tümmler, I. Will, T. Nagy, M. J. J. Vrakking, 
D. Rupp, and B. Schütte; Highly nonlinear ionization 
of atoms induced by intense high-harmonic pulses; J. 
Phys. Photonics

SKH: B. Senfftleben, M. Kretschmar, A. Hoffmann, M. 
Sauppe, J. Tümmler, I. Will, T. Nagy, M. J. J. Vrakking, 
D. Rupp, and B. Schütte; Highly nonlinear ionization of 
atoms induced by intense high-harmonic pulses; Opt. 
Lett. 

Smi: O. Smirnova; Controlling, shaping and imaging 
quantum matter with intense light, in viewpoint on atto-
second and FEL science; Nat. Rev. Phys. 

SPG: M. Schneider, B. Pfau, C. M. Günther, C. von Korff 
Schmising, D. Weder, J. Geilhufe, J. Perron, F. Capo-
tondi, E. Pedersoli, M. Manfredda, M. Hennecke, B. 
Vodungbo, J. Lüning, and S. Eisebitt; Ultrafast demag-
netization dominates fluence dependence of magnetic 
scattering at Co M edges; Phys. Rev. Lett. 

SPM: P. Stammer, S. Patchkovskii, and F. Morales; 
Evidence of AC-Stark-shifted resonances in intense 
two-color circular polarized laser fields; Phys. Rev. A 

VLS: A. Volokitina, P. Loiko, J. M. Serres, S. Slimi, E. B. 
Salem, R. M. Solé, X. Mateos, U. Griebner, V. Petrov, 
M. Aguiló, F. Díaz, and A. Pavlyuk; Efficient laser opera-
tion in cleaved single-crystal plates of Yb:KY(MoO4)2: A 
novel molybdate compound; SPIE Proc. 

WFG: D. Weckbecker, M. Fleischmann, R. Gupta, W. 
Landgraf, S. Leitherer, O. Pankratov, S. Sharma, V. 
Meded, and S. Shallcross; Moiré ordered current loops 
in the graphene twist bilayer; 2D Mat. 

WKS: F. Willems, C. von Korff Schmising, C. Strüber, 
D. Schick, W. D. Engel, J. K. Dewhurst, P. Elliott, S. 
Sharma, and S. Eisebitt; Optically induced spin transfer 
probed by energy and spin-resolved transient absorp-
tion spectroscopy; Nat. Commun. 

WZP: Y. Wang, Y. Zhao, Z. Pan, S. Suomalainen, A. 
Härkönen, M. Guina, U. Griebner, L. Wang, P. Loiko, 
X. Mateos, and V. Petrov; 73-fs SESAM mode-locked 
Tm,Ho:CNGG laser at 2061 nm; SPIE Proc.

 

 

Master and PhD Theses

Master Theses

Eng19: P. Engl; Excited state dynamics of the amino 
acid tryptophan in aqueous solution and its chromo-
phore indole in the gas phase (Supervisor: M. J. J. Vrak-
king and W. Kuch), Freie Universität Berlin 

Fil19: K. Filipek; Improving the signal-to-noise ratio in 
pump-probe measurements (Supervisor: U. Lemmer 
and G. Steinmeyer), Karlsruher Institut für Technologie

Kol19: K. Kolatzki; Aufbau eines Helium-Flüssigstrahls 
für Attosekunden-Streuexperimente (Supervisor: D. 
Rupp and T. Möller), Technische Universität Berlin
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Mer19: L. Merkel; Strong field ionization probing of N2O4 

intramolecular vibration with ion coincidence imaging 
(Supervisor: J. Mikosch and E. Rühl), Freie Universität 
Berlin

Val19: M. Valent; 10 kHz single-cycle pulse compression 
and attosecond XUV laser source (Supervisor: M. J. J. 
Vrakking and C. Frischkorn), Freie Universität Berlin

PhD theses

Bra19: F. Brauße; Shape resonances as a probe of an 
evolving nuclear and electronic structure in molecules 
(Supervisor: M. J. J. Vrakking and A. Rouzée), Freie Uni-
versität Berlin

Her19: A.-A. Hernández Salvador; Ultrafast softmode dy-
namics in ferroelectrics studied with femtosecond x-ray 
diffraction (Supervisor: T. Elsaesser), Humboldt-Univer-
sität zu Berlin 

Ord19: A. F. Ordonez; Chiral measurements in theelec-
tric dipole approximation (Supervisor: S. Smirnova), 
Technische Universität Berlin 

Sin19: N. Singh; Development of advanced exchange 
correlation kernels with time-dependent density function-
al theory (Supervisor: P. Brouwer and S. Sharma), Freie 
Universität Berlin 

Var19: P. Varytis; Light-path engineering in disordered 
waveguiding systems (Supervisor: K. Busch), Hum-
boldt-Universität zu Berlin

Wed19: D. Weder; Time-resolved investigation of ultra-
fast magnetization dynamics (Supervisor: S. Eisebitt), 
Technische Universität Berlin

Wei19: J. Weisshaupt; Ultrafast modulation of electronic 
structure by coherent phonon excitations in ionic crys-
tals (Supervisor: T. Elsaesser), Humboldt-Universität zu 
Berlin 

Wil19: F. Willems; Ultrafast optical demagnetization dy-
namics in thin elemental films and alloys: foundations of 
and results from helicity-dependent and time-resolved 
XUV spectroscopy (Supervisor: S. Eisebitt), Technische 
Universität Berlin 
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Invited talks at conferences

A. Andreev; 4th STEPS Symposium on Photon Science 
(Tokyo, Japan, 2019-02): Attosecond bunches of gam-
ma photons and positrons generated in nanostructure 
targets

A. Andreev; 46th Conference on Plasma Physics (Milan, 
Italy, 2019-07): Efficient generation of atto-pulses and 
positrons at the interaction of ultra-intense laser radia-
tion with the shaped targets

A. Andreev, Int. Conference on Ultrafast Optical Science 
(Moscow, Russia, 2019-10): Efficient generation of at-
topulses and fast particles at the interaction of intense 
laser radiation with the shaped targets 

D. Ayuso; Int. Meeting on Atomic and Molecular Phys-
ics and Chemistry (Madrid, Spain, 2019-06): Synthetic 
chiral light for extremely efficient control of chiral light 
matter interaction

D. Ayuso; Int. Symposium on Ultrafast Intense Laser 
Science (Kushiro, Japan, 2019-08): Synthetic chiral light 
for efficient laser-controlled chiral discrimination

D. Ayuso; Int. Workshop on Atomic Physics (Dresden, 
Germany, 2019-11): Synthetic chiral light for efficient 
control of chiral light-matter interaction

K. Busch; META 19, 10th Int. Conference on Metama-
terials, Photonic Crystals and Plasmonics (Lisbon, Por-
tugal, 2019-07): Quasi-normal-mode approach for dissi-
pative systems – classical and quantum regime

W. Chen together with G. Zhang; ICQNN2019 Int. Con-
ference on Quantum, Nonlinear and Nanophotonics 
(Sofia, Bulgaria, 2019-09): Doughnut laser beam gener-
ation from a solid-state self-Raman laser with or without 
optical vortex

U. Eichmann; 5th Int. Symposium on Intense Field, 
Short Wavelength Atomic and Molecular Processes - 
ISWAMP 2019 (Paris, France, 2019-07): Measuring the 
atomic recoil to study stimulated X-ray emission in Ne

S. Eisebitt; Joint MMM-Intermag (Washington, DC, 
USA, 2019-01): Hot electron transport and ultrafast non-
local magnetic response

S. Eisebitt; Challenges & Opportunities X-ray Microsco-
py, Symposium (Schloss Ringberg, Germany, 2019-02): 
Skyrmions, HHS-based XMCD and nonlinear X-ray mat-
ter interaction

S. Eisebitt; 4th Edition of the Polish Scientific Networks 
Conference, PSN 2019 (Poznan, Poland, 2019-09): 
Seeing ultrafast processes in magnetic materials - com-
bining unique capabilities of large X-ray facilities and 
experiments “at home”

T. Elsaesser; 6th Banff Meeting on Structural Dynamics 
(Banff, Canada, 2019-02): Phonon-induced charge and 
polarization dynamics - new insight from femtosecond 
x-ray diffraction

T. Elsaesser; 8th Int. Conference on Optical Terahertz 
Science and Technology (OTST 2019) (Santa Fe, NM, 
USA, 2019-03): Terahertz shift currents in semiconduc-
tors and ferroelectrics

T. Elsaesser; TSRC - Vibrational Dynamics Workshop 
(Telluride, CO, USA, 2019-07): 2D-IR spectroscopy of 
ionic interactions in hydrated dimethyl-phosphate and 
RNA

T. Elsaesser; CECAM Workshop “Dynamics of water 
in complex environments, bridging the gap between 
molecular and mesoscopic interfaces” (Paris, France, 
2019-07): Electric interactions of hydrated protons, ions, 
and biomolecules studied by femtosecond 2D-IR spec-
troscopy

T. Elsaesser; ICDM 2019 - Int. Charge Density Meeting 
(Göttingen, Germany, 2019-07): Transient charge den-
sity in polar crystals from femtosecond x-ray diffraction

T. Elsaesser; The 14th Femtochemistry Conference - 
Dynamics of the Complexity in Chemistry, Biology, and 
Physics (FEMTO 14) (Shanghai, China, 2019-07): Ultra-
fast vibrational probes of electric fields and ions interact-
ing with hydrated DNA and RNA

T. Fennel; QFC 2019, Int. Conference on Quantum 
Fluid Clusters (Bad Honnef, Germany, 2019-05): 
Strong-field Nanophysics: New routes to imaging the 
classical and quantum dynamics of finite systems   
 
T. Fennel; GRC Clusters and Nanostructures (Les Di-
ablerets, Switzerland, 2019-06): Waveform control and 
time-resolved imaging of ultrafast electron dynamics in 
clusters  

B. P. Fingerhut; Centre for Molecular Water Science 
(CMWS) Pillar 5 Workshop (DESY, Hamburg, Germany, 
2019-01): Interactions of RNA, water and counterions 
probed by 2D-IR spectroscopy

Appendix 2
External Talks, Teaching
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B. P. Fingerhut; Workshop on “Light-Induced Dynamics 
in Molecular Aggregates” (Universität Würzburg, Ger-
many, 2019-05): Coupled excitation energy and charge 
transfer dynamics in reaction centre inspired model sys-
tems

B. P. Fingerhut; 258th ACS National Meeting & Exposi-
tion “Hydration from the Gas to the Condensed Phase” 
(San Diego, CA, USA, 2019-08): Hydrated excess pro-
tons in acetonitrile/water mixtures: Solvation species 
and ultrafast proton motions

F. J. Furch together with T. Witting, M. Osolodkov, F. 
Schell, C. P. Schulz, and M. J. J. Vrakking; SPIE Optics 
+ Optoelectronics conference (Prague, Czech Republic, 
2019-04): High-repetition rate optical parametric chirped 
pulse amplification system for attosecond science ex-
periments

U. Griebner together with Y. Zhao, W. Chen, F. Roter-
mund, P. Loiko, X. Mateos, and V. Petrov; FLAMN 2019 
(St. Petersburg, Russia, 2019-06): Carbon nanostruc-
tures for solid-state laser mode-locking in the 2-µm 
spectral range

R. Grunwald together with M. Bock; Photonics West 
2019 (San Francisco, CA, USA, 2019-02): Temporal au-
tocorrelation of single-photon ultrashort-pulsed Bessel 
beams

M. Hennecke; 11th Joint BER II and BESSY II User 
Meeting (Berlin, Germany, 2019-12): Angular momen-
tum flow during ultrafast demagnetization of a ferrimag-
net

J. Herrmann together with S.-J. Im, J.-S. Pae, K.-S. Ho, 
and Y.-H. Han; META 19, 10th Int. Conference on Meta-
materials, Photonic Crystals and Plasmonics (Lisbon, 
Portugal, 2019-07): Plasmon-induced inverse Faraday 
Effect and switchable routers and modulators in magne-
to-plasmonic structures

A. Husakou together with P. Jürgens, B. Liewehr, B. 
Kruse, C. Peltz, W. D. Engel, T. Witting, M. Ivanov, M. 
J. J. Vrakking, T. Fennel, and A. Mermillod-Blondin; 
Atto2019, 7th Int. Conference on Attosecond Science 
and Technology (Szeged, Hungary, 2019-07): Ioniza-
tion-driven harmonic generation in solids

A. Husakou; ALT’19, Int. Conference Advanced Laser 
Technologies (Prague, Czech Republic, 2019-09): Ion-
ization-event harmonics: basic mechanisms and char-
acterization of ionization dynamics

M. Ivanov; Novel Concepts in Photonics Research Con-
ference 2019 (Ein Gedi, Israel, 2019-02): High harmonic 
spectroscopy of phase transitions in strongly correlated 
and topological solids

M. Ivanov; Int. Symposium on Ultrafast Electronic and 
Structural Dynamics (Sendai, Japan, 2019-03): High 
harmonic spectroscopy of field-driven and topological 
phase transitions in solids

M. Ivanov; IPEAC, XXXIst Int. Conference on Photon-
ic, Electronic, and Atomic Collisions (Deauville, France, 
2019-07): High harmonic spectroscopy of a topological 
phase transition

M. Ivanov; Int. Workshop on Atomic Physics (Dresden, 
Germany, 2019-11): The matter of Dr Kramers and Dr 
Henneberger: from atoms to laser filaments to simple 
and strongly correlated solids

Á. Jiménez Galán together with R. E. F. Silva, B. Am-
orim, O. Smirnova, and M. Ivanov; PQE 2019, The 49th 
Winter Colloquium on the Physics of Quantum Electron-
ics (Snowbird, UH, USA, 2019-01): Topological strong 
field physics on sub-laser cycle timescale

Á. Jiménez Galán together with R. E. F. Silva, B. Am-
orim, O. Smirnova, and M. Ivanov; MURI 2019 - Mid-In-
frared Strong-Field Interaction Annual Meeting (Lon-
don, UK, 2019-04): Topological strong field physics on 
sub-laser cycle timescale

Á. Jiménez Galán together with R. E. F. Silva, B. Am-
orim, O. Smirnova, and M. Ivanov; Atto2019, 7th Int. 
Conference on Attosecond Science and Technology 
(Szeged, Hungary, 2019-07): Topological strong field 
physics on sub-laser cycle timescale

Á. Jiménez Galán; Fundamental Optical Processes in 
Semiconductors (Banff, Canada, 2019-08): Strong-field 
physics in topological systems

Á. Jiménez Galán together with R. E. F. Silva, B. Am-
orim, O. Smirnova, and M. Ivanov; Int. Workshop on 
Atomic Physics (Dresden, Germany, 2019-11): Topolog-
ical strong field physics on sub-laser cycle timescale

A. Koç together with M. Woerner, M. Holtz, C. Hauf, 
S. Priyadarshi, A.-A. Hernández Salvador, D. Ueber-
schaer, M. Bock, L. von Grafenstein, U. Griebner, and 
T. Elsaesser; ELI User Workshop on Laser-Driven X-ray 
Sources and Applications (Prague, Czech Republic, 
2019-10): Femtosecond hard x-ray pulses generated by 
5 µm laser pulses

O. Kornilov; Workshop, Science with Coherent XUV 
Sources at ELI Beamlines (Prague, Czech Repub-
lic, 2019-05): Time-resolved experiments with wave-
length-selected XUV pulses: electronic relaxation of 
complex systems

O. Kornilov; 17th Fraunhofer IISB Lithography Simula-
tion Workshop (Behringersmühle, Germany, 2019-09): 
Extreme-ultraviolet refractive optics

A. Mermillod-Blondin; LAMOM XXIV, Laser Applica-
tions in Microelectronic and Optoelectronic Manufac-
turing (San Francisco, CA, USA, 2019-02): Study of fs 
laser-induced plasma formation in solid dielectrics with 
the help of low-order high harmonic emission

A. Mermillod-Blondin; ALT'19, Int. Conference Ad-
vanced Laser Technologies (Prague, Czech Republic, 
2019-09): Intrapulse dynamics of plasma formation in 
fs-laser irradiated electrics  
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A. Mermillod-Blondin; Dynamics Days Europe 2019 
(Rostock, Germany, 2019-09): Diagnostics of fs-laser in-
duced plasma formation in bulk fused silica with the help 
of low-order harmonic generation

M. Mero together with Z. Heiner, and V. Petrov; SPIE-
PLD/TFPA 2019, Int. Conference Pacific Rim Laser Dam-
age & Thin Film Physics and Applications (Qingdao, Chi-
na, 2019-05): Laser-induced damage of nonlinear crys-
tals in ultrafast, high-repetition-rate, mid-infrared optical 
parametric amplifiers pumped at 1 µm

M. Mero together with V. Petrov, and Z. Heiner; ALT’19 
Int. Conference Advanced Laser Technologies (Prague, 
Czech Republic, 2019-09): Progress in high-power,  
100 kHz mid-infrared OPCPA’s 

J. Mikosch together with F. Schell, T. Bredtmann, C. P. 
Schulz, S. Patchkovskii, and M. J. J. Vrakking; Atto2019, 
7th Int. Conference on Attosecond Science and Tech-
nology (Szeged, Hungary, 2019-07): Molecular orbital 
imprint in laser-driven electron recollision 

J. Mikosch; DMC Dynamics of Molecular Collisions XX-
VII (Big Sky, MT, USA, 2019-07): Structural molecular 
dynamics studied with intense and XUV fields 

E. T. J. Nibbering; The Many Faces of Spectroscopy: 
Dan Huppert’s 75th Birthday Symposium (Tel Aviv, Isra-
el, 2019-03): Looking at photoacids from multiple sides: 
deciphering proton transport, yet the mystery prevails 

E. T. J. Nibbering together with M. Ekimova, F. Hoff-
mann, G. Bekçioğlu-Neff, A. Rafferty, O. Kornilov, and 
D. Sebastiani; CECAM Workshop “Dynamics of water 
in complex environments, bridging the gap between 
molecular and mesoscopic interfaces” (Paris, France, 
2019-07): Ultrafast proton transport along solvent bridg-
es: Hydrated excess proton and hydroxide/methoxide 
transfer mechanisms 

E. T. J. Nibbering together with M. Ekimova, F. Hoff-
mann, G. Bekçioğlu-Neff, A. Rafferty, O. Kornilov, and D. 
Sebastiani; The 29th Int. Conference on Photochemistry 
(Boulder, CO, USA, 2019-07): Ultrafast proton transport 
along solvent bridges: Transport as excess proton vs. 
proton defect 

E. T. J. Nibbering together with M. Ekimova, F. Hoff-
mann, G. Bekçioğlu-Neff, A. Rafferty, O. Kornilov, and 
D. Sebastiani; ECSBM 2019 - European Conference on 
the Spectroscopy of Biological Molecules (Dublin, Ire-
land, 2019-08): Ultrafast proton transport along solvent 
bridges: Hydrated excess proton and hydroxide/methox-
ide transfer mechanisms

E. T. J. Nibbering together with M. Ekimova, C. Kleine, 
J. Ludwig, M. Ochmann, M. Kubin, N. Huse, P. Wernet, 
and M. Odelius; 23rd Int. Conference on “Horizons in Hy-
drogen Bond Research” (Amsterdam, The Netherlands, 
2019-09): Soft X-ray spectroscopy of hydrogen-bonded 
molecular systems in protic and aprotic solvents 

S. Patchkovskii; Time and Fundamentals of Quantum 
Mechanics (Weizmann Institute, Rehovot, Israel, 2019-
01): Tunneling trajectories, tunneling “time”, and atomic 
scattering solutions in static electric field 

S. Patchkovskii; 28th Annual Int. Laser Physics Work-
shop - LPHYS’19 (Gyeongju, Korea, 2019-07): Fi-
nal-state resolved acceleration of neutral atoms by 
non-uniform laser fields 

V. Petrov; Photonics North 2019 (Quebec, Canada, 
2019-05): Progress in passively mode-locked 2-µm Tm 
and Ho bulk solid-state lasers 

V. Petrov together with X. Mateos, E. Kifle, P. Loiko, C. 
Romero, J. R. Vázquez de Aldana, A. Ródenas, S. Y. 
Choi, J. E. Bae, F. Rotermund, U. Griebner, M. Aguiló, 
and F. Díaz; CLEO/Europe-EQEC’19 (Munich, Germa-
ny, 2019-06): Femtosecond-laser-written waveguide la-
sers at ~2 μm

V. Petrov; CIOP 2019, Optics Frontier - The 11th Int. 
Conference on Information Optics and Photonics (Xi’an, 
China, 2019-08): Sub-100-fs bulk solid-state lasers near 
2-micron

V. Petrov together with Y. Wang, Z. Pan, Y. Zhao, W. 
Chen, L. Wang, M. Mero, F. Rotermund, P. Loiko, X. Ma-
teos, X. Xu, J. Xu, H. Yu, H. Zhang, and U. Griebner; 
ICQNN2019 Int. Conference on Quantum, Nonlinear 
and Nanophotonics (Sofia, Bulgaria, 2019-09): Passive-
ly mode-locked 2-micron solid-state lasers using carbon 
nanostructures

V. Petrov together with X. Mateos, E. Kifle, P. Loiko, C. 
Romero, J. R. Vázquez de Aldana, U. Griebner, M. Agui-
lo, and F. Diaz; ALT’19, Int. Conference Advanced Laser 
Technologies (Prague, Czech Republic, 2019-09): Fem-
tosecond-laser-written 2-µm waveguide lasers

V. Petrov together with A. Boyko, V. Badikov, V. Pa-
siskevicius, N. Kostyukova, D. Kolker, D. Badikov, G. 
Shevyrdyaeva, L. Wang, W. Chen, and V. Panyutin; PO-
EM 2019, 12th Int. Photonics and OptoElectronics Meet-
ings (Wuhan, China, 2019-11): Frequency down-conver-
sion of 1 µm laser radiation to the mid-IR using non-oxide 
nonlinear crystals in cascaded intracavity configurations

B. Pfau; Workshop “Soft X-ray Science at Petra” (DE-
SY, Hamburg, Germany, 2019-09): Controlling Magnetic 
Skyrmions

B. Pfau; AVS 66th Int. Symposium Exhibition (Colum-
bus, OH, USA, 2019-10): Ultrafast Magnetization Dy-
namics on the nanoscale

I. Radu; Int. FELBE/TELBE User Workshop (Helm-
holtz-Zentrum Dresden-Rossendorf, Germany, 2019-
05): Ultrafast and coherent magnetic phenomena at 
TELBE

I. Radu; META 19, 10th Int. Conference on Metamateri-
als, Photonic Crystals and Plasmonics (Lisbon, Portugal, 
2019-07): Ultrafast magnetic recording with THz light
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I. Radu; Symposium „Spins, Waves and Interactions“ 
(Greifswald, Germany, 2019-09): Ultrafast control of 
spins with THz radiation

I. Radu; 4th Ultrafast Magnetism Conference, UMC2019 
(York, UK, 2019-10): An X-ray view on ultrafast magnet-
ic phenomena

D. Rupp; Photon Tools for Physical Chemistry (Beaten-
berg, Switzerland, 2019-01): Diffractive imaging of clus-
ters and ultrafast dynamics

D. Rupp together with L. Hecht, J. Zimmermann, K. Ko-
latzki, N. Monserud, M. Sauppe, B. Schütte, R. M. P. 
Tanyag, M. J. J. Vrakking, A. Rouzée, and T. Fennel; 
DPG Frühjahrstagung (Rostock, Germany, 2019-03): 
Imaging ultrafast dynamics in nanoparticles with reso-
nant multicolor XUV pulses

D. Rupp; Int. Conference on Quantum Fluid Clusters – 
QFC 2019 (Bad Honnef, Germany, 2019-05): Ultrafast 
dynamics in helium nanodroplets

D. Rupp; GRC Clusters and Nanostructures (Les Di-
ablerets, Switzerland, 2019-06): Using intense light 
sources to unravel cluster dynamics

D. Rupp; Dynamics Days Europe 2019 (Rostock, Ger-
many, 2019-09): Imaging ultrafast dynamics in helium 
nanodroplets

D. Rupp; Beating the Complexity of Matter (Berlin, Ger-
many, 2019-09): Diffraction imaging of quantum dynam-
ics in helium nanodroplets

B. Schütte; Workshop, Science with Coherent XUV 
Sources at ELI Beamlines (Prague, Czech Republic, 
2019-05): New tools for XUV science

S. Sharma; GRC, Spin Transport and Dynamics in New 
Geometries, Materials and Nanostructures (Les Dia-
blerets, Switzerland, 2019-07): Theory of ultrafast mag-
netization dynamics

S. Sharma; Summer School 2019: Frontiers in Time-Re-
solved Science: Spin, Charge and Lattice Dynamics in 
Condensed Matter (Bad Honnef, Germany, 2019-08): 
Non-equilibrium dynamics of condensed matter in time 
domain

S. Sharma; Symposium „Spins, Waves and Interac-
tions“ (Greifswald, Germany, 2019-09): Ultrafast mag-
netization dynamics: time-dependent density functional 
theory’s killer app

S. Sharma; Int. Workshop on Correlated Dynamics in 
Energy Conversion, IWCE 2019 (Göttingen, Germany, 
2019-09): Correlated dynamics in energy conversion

S. Sharma; 4th Ultrafast Magnetism Conference, 
UMC2019 (York, UK, 2019-10): Ultrafast spin-dynamics: 
TDDFT’s killer app

S. Sharma; Photophysics of Molecular Magnets Con-
ference 2019 (Edinburgh, UK, 2019-10): Ultrafast mag-
netization dynamics: time-dependent density functional 
theory’s killer app

S. Sharma; Ultrafast Physics from molecules to na-
no-structures (San Sebastian, Spain, 2019-10): Ultra-
fast magnetization dynamics: time-dependent density 
functional theory’s killer app

O. Smirnova; Time and Fundamentals of Quantum Me-
chanics (Rehovot, Israel, 2019-01): Efficient chiral mea-
surements: from chiral observer to locally chiral fields

O. Smirnova; Novel Concepts in Photonics Research 
Conference (Ein Gedi, Israel, 2019-02): Locally and 
globally chiral fields for ultimate control of chiral light 
matter interaction

O. Smirnova; Attosecond School, The Frontiers of Atto-
second and Ultrafast X-ray Science (Erice, Italy, 2019-
03): Strong field physics in chiral media (three lectures)

O. Smirnova; Int. Symposium on Ultrafast Electron-
ic and Structural Dynamics (Sendai, Japan, 2019-03): 
Locally and globally chiral optical fields for controlling 
ultrafast chiral dynamics 

O. Smirnova; 50th Annual Meeting of the APS Division 
of Atomic, Molecular and Optical Physics (Milwaukee, 
WI, USA, 2019-05): Synthetic chiral light for extremely 
efficient laser-controlled chiral discrimination

O. Smirnova, Frontiers of Light: Attosecond Science 
and Extreme Photonics (Barcelona, Spain 2019-07): 
a) Strong field physics in chiral matter and b) Synthetic 
chiral light for extremely efficient laser-controlled chiral 
discrimination

O. Smirnova; WE-Heraeus-Seminar “Otto Stern Sym-
posium” (Frankfurt, Germany, 2019-09): Synthetic chiral 
light for efficient chiral light-matter interaction

O. Smirnova; Nano- and Ultrafast Surface Sciences 
Workshop (Garching, Germany, 2019-09): 
Synthetic chiral light for extremely efficient laser-con-
trolled chiral discrimination

O. Smirnova; Theoretical Physics Symposium 2019, 
Wolfgang Pauli Center for Theoretical Physics (Ham-
burg, Germany, 2019-11): Synthetic chiral light for con-
trolling ultrafast chiral dynamics

G. Steinmeyer together with R. Liao, H. Lie, and Y. Song; 
Asia Pacific Radio Science Conference 2019 (New Deh-
li, India, 2019-03): Recent progress in carrier-envelope 
phase stabilization: towards zeptosecond timing jitters

G. Steinmeyer; Workshop on Optical Solitons and Fre-
quency Comb Generation (Weierstraß-Institut, Berlin, 
Germany, 2019-09): Pseudo mode-locking

G. Steinmeyer; Int. Conference on Ultrafast Optical Sci-
ence 2019 (Moscow, Russia, 2019-09): Ultimate quantum 
noise limit of frequency comb measurements: Can we read 
out optical clocks with 10^-20 precision? (plenary talk)
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H. Stiel; 28th Annual Int. Laser Physics Workshop –
LPHYS’19 (Gyeongju, South Korea, 2019-07): X-Ray 
absorption spectroscopy in the lab using highly brilliant 
soft X-Ray sources based on thin disk pump lasers 

C. von Korff Schmising; 4th Ultrafast Magnetism Confer-
ence, UMC2019 (York, UK, 2019-10): Optically induced 
spin transfer probed by energy and spin-resloved tran-
sient absorption spectroscopy

M. J. J. Vrakking; 5th Int. Symposium on Intense Field, 
Short Wavelength Atomic and Molecular Processes, 
ISWAMP 2019 (Paris, France, 2019-07): Attosecond 
science: past, present and future

M. J. J. Vrakking; European Symposium on Ultrafast 
Laser Driven Biophotonics, ESULaB (Jena, Germany, 
2019-09): Attosecond science: past, present and future

M. J. J. Vrakking; CECAM-PsiK Conference (San Se-
bastian, Spain, 2019-10): Attosecond science, now and 
in the future/ Key note speech

M. J. J. Vrakking; Helmholtz Int. Lab Workshop (Ottawa, 
Canada, 2019-10): Ultrafast X-ray science at the Max-
Born Institute

M. Woerner; 7th Int. Symposium on Integrated Func-
tionalities – ISIF 2019 (UCD Campus, Dublin, Ireland, 
2019-08): 2D THz spectroscopy on phonons in molecu-
lar crystals and semiconductor nanostructures

Invited external talks at seminars and col-
loquia

A. Andreev, Vortrag, The 7th ELI-ALPS Science Day 
Conference (Szeged, Hungary, 2019-03): Electron-pos-
itron pair creation in ultra-intense laser-solid interactions

K. Busch; Joint-Quantum-Institute (JQI) Seminar (Uni-
versity of Maryland, College Park, MD, USA, 2019-09): 
Discontinuous galerkin methods in nano-photonics

L. Drescher together with V. Shokeen, T. Witting, S. Patc-
hkovskii, M. J. J. Vrakking, and J. Mikosch; 83. Jahre-
stagung der DPG und DPG-Frühjahrstagung (SAMOP) 
(Rostock, Germany, 2019-03): Decomposition of the 
temporal and spectral response in attosecond transient 
absorption spectroscopy

L. Drescher; SLAC Photon Science Seminar Series 
(Stanford, CA, USA, 2019-08): Transient dipole-interac-
tions on sub-cycle timescales

U. Eichmann, IOQ-Kolloquium (Universität Jena, Ger-
many, 2019-05): Atomic excitation in strong laser fields 
from the optical to the soft X-ray regime

T. Elsaesser, Vortrag Salon Sophie Charlotte „Maß und 
Messen“, Berlin-Brandenburgische Akademie der Wis-
senschaften (Berlin, Germany, 2019-01): Die Messung 
der Zeit - eine physikalische Herausforderung

T. Elsaesser, Colloquium (Universität Bonn, Germany, 
2019-04): Phonon-driven charge dynamics in solids –
new insight from ultrafast THz and x-ray experiments

T. Elsaesser, Vortrag (Science Day, Forschungsver-
bund Berlin e. V., Berlin, Germany, 2019-06): Wasser 
und Biomoleküle – schnelle Bewegungen und intensive 
Beziehungen

T. Fennel, Ultrafast Quantum Phenomena in the 
Near Field (Bad Honnef, Germany, 2019-03): Strong-
field nanophysics: new routes to imaging the clas-
sical and quantum dynamics of finite systems   
 
T. Fennel, QUTIF Research School (Freiburg, Germany, 
2019-10): Highly charged ions and fast electrons from 
intense laser-cluster interactions – revisited

B. P. Fingerhut, Chemical Physics Seminar (Stockholm 
University, Sweden, 2019-05): Coupled excitation ener-
gy and charge transfer dynamics in reaction centre in-
spired model systems

B. P. Fingerhut, Colloquium (Ruhr-Universität Bochum, 
Germany, 2019-07): Noncovalent interactions of hydrat-
ed DNA and RNA mapped by 2D-IR spectroscopy

B. P. Fingerhut, Colloquium (CFEL-DESY, Hamburg, 
Germany, 2019-11): Emergent coherent dynamics in the 
relaxation of photo-excited molecules

B. P. Fingerhut, Colloquium (Max-Planck-Institut für 
Polymerforschung, Mainz, Germany, 2019-11): Nonco-
valent interactions of hydrated DNA and RNA mapped 
by 2D-IR spectroscopy

F. J. Furch, Seminar through OSA traveling lecturer pro-
gram at Karlsruhe Institute of Technology (Karlsruhe, 
Germany, 2019-10): High-reptition rate optical paramet-
ric chirped pulse amplification system for experiments in 
attosecond science

U. Griebner, Vortrag (Anwendertreffen „Entwicklungen 
in der Ultra-Kurzpuls-Lasertechnik, Max-Born-Institut, 
Germany, 2019-06): Few-cycle, millijoule midwave- 
infrared optical parametric chirped-pulse amplifier at a  
1 kHz repetition rate

K. Grundmann, Vortrag (Europäische Akademie, Berlin, 
Germany, 2019-08-30): Was bedeutet Barrierefreiheit 
für eine wissenschaftliche Einrichtung und welche Um-
setzungsmöglichkeiten/Grenzen gibt es?

A. Husakou, Seminar (Institut für Quantenoptik, Univer-
sität Hannover, Dahnsdorf, Germany, 2019-09): Ionizati-
on-driven harmonic generation in solids and gases

M. Ivanov, CECAM School on New Computational 
Methods for Attosecond Molecular Processes (Zarago-
za, Spain, 2019-03): Analytical Strong Field Methods in 
intense IR fields

M. Ivanov, Colloquium at Ottawa University (Ottawa, 
Canada 2019-04): Strong Field Physics in Topological & 
Strongly Correlated Systems
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M. Ivanov, ICFO Schools of the Frontiers of Light (Bar-
celona, Spain, 2019-07): a) Bound states of a free elec-
tron and their manifestations: from atoms to dense gas-
es and b) Strong-field spectroscopy of phase transitions 
in solids

M. Ivanov, Colloquium at Halle University (Halle, Ger-
many 2019-11): Ultrafast Strong Field Physics in Topo-
logical Systems

A. Mermillod-Blondin, together with F. J. Furch, M. 
J. J. Vrakking, A. Rosenfeld, M. Grehn, T. Seuthe, M. 
Eberstein, and J. Bonse; 17. Treffen des DGG-DKG Ar-
beitskreises Glasig-kristalline Multifunktionswerkstoffe 
(Clausthal-Zellerfeld, Germany, 2019-02): Time-resol-
ved imaging of heat diffusion in glasses

J. Mikosch, Transient States of Matter, Seminar (Ros-
tock, Germany, 2019-03): Structural molecular dynam-
ics studied with intense and XUV fields

J. Mikosch, ASPIRE Network Meeting (Berlin, Germany, 
2019-09): Atoms and molecules in intense laser fields

F. Morales together with S. Patchkovskii, O. Smirnova, 
and M. Ivanov, CECAM School on New Computational 
Methods for Attosecond Molecular Processes (Zarago-
za, Spain, 2019-03): Tutorial and simulations of Strong 
Field Physics + Calculation of (static) strong-field ioniza-
tion rates in many-electron systems: a quantum-chem-
istry perspective 

F. Morales, Retreat of Ultrafast Laser Laboratory, Insti-
tute of Quantum Optics (Universität Hannover, Dahns-
dorf, Germany, 2019-09): Double Clock Lasing without 
Inversion in the Air

T. Nagy, Mitgliederversammlung des Laserverbundes 
Berlin-Brandenburg (Berlin, Germany, 2019-01): The art 
of few-cycle pulse generation: post-compression tech-
niques, tutorial

T. Nagy, Seminar AG Morgner, Universität Hannover 
(Dahnsdorf, Germany, 2019-09): The art of few-cycle 
pulse generation: OPCPAs and post-compression tech-
niques

A. Ordonez, Seminar, SFB 1319 ELCH (Kassel, Germa-
ny, 2019-12): Chiral measurements in the electric-dipole 
approximation

S. Patchkovskii and F. Morales, CECAM School on 
New Computational Methods for Attosecond Molecular 
Processes (Zaragoza, Spain, 2019-03): Simulations of 
(static) strong-field ionization rates

S. Patchkovskii, together with F. Morales, CECAM 
School on New Computational Methods for Attosecond 
Molecular Processes (Zaragoza, Spain, 2019-03): Cal-
culation of (static) strong-field ionization rates in ma-
ny-electron systems: a quantum-chemistry perspective

A. Perez-Leija, Workshop of Quantum Optics 2019 (Na-
tional Institute of Astrophysics, Optics and Electronics 
(INAOE), (Puebla, Mexico, 2019-11): Discrete Quantum 
Optics

A. Perez-Leija, Seminar (National Institute of Astrophys-
ics, Optics and Electronics (INAOE), (Puebla, Mexico, 
2019-12): Mode independent quantum entanglement of 
light

V. Petrov, Seminar, Jiangsu Normal University, Xuzhou, 
(Jiangsu, China, 2019-08): Progress in passively mode-
locked 2-micron bulk solid-state lasers

V. Petrov, Seminar (Fujian Institute of Research on the 
Structure of Matter (FJIRSM), Fuzhou, Fujian, China, 
2019-08): Passively mode-locked 2-micron bulk sol-
id-state lasers based on Tm- and Ho-doped materials

V. Petrov, Seminar, Institute of Functional Crystals, 
Tianjin University of Technology (TJUT) (Tianjin, China, 
2019-11): Femtosecond solid-state lasers (fs SSLs): 
Principle of operation of mode-locked (ML) lasers, re-
gimes and devices, some history

V. Petrov, Seminar, Technical Institute of Physics and 
Chemistry (TIPC), Chinese Academy of Sciences 
(CAS), (Beijing, China, 2019-11): Progress in the char-
acterization and some applications of the quaternary 
nonlinear crystal BaGa2GeSe6

I. Radu, ICPMS Seminar (Strasbourg, France 2019-02): 
Controlling magnetism by light

I. Radu, Physics Department Seminar (Warwick Univer-
sity, UK, 2019-06): Controlling magnetism by light

A. Rouzée, MUSS CFEL Seminar (Hamburg, Germa-
ny, 2019-11): Laser-based imaging of molecules and 
nanoparticles 

D. Rupp together with K. Kolatzki, B. Kruse, N. Mon-
serud, M. Sauppe, B. Schütte, R. M. P. Tanyag, M. J. 
J. Vrakking, J. Zimmermann, T. Fennel, and A. Rouzée, 
QUTIF Annual Meeting 2019 (Oldenburg, Germany, 
2019-02): Diffraction imaging of ultrafast electron dy-
namics in single nanodroplets with an intense high har-
monic source

D. Rupp, Physikalisches Kolloquium der Universität 
Duisburg-Essen (Duisburg, Germany, 2019-12): Ima-
ging nanoparticles and ultrafast dynamics

S. Sharma, Seminar (Uppsala University, Sweden, 
2019-04): Ultrafast magnetization dynamics: time-de-
pendent density functional theory’s killer app

S. Sharma, Seminar (Georg-August-Universität, Göttin-
gen, Germany, 2019-05): Ultraschnelle Spin-Dynamik: 
TDDFTs Killer-App

S. Sharma, Seminar (Universität Duisburg-Essen, Ger-
many, 2019-06): Ultrafast magnetization dynamics: 
time-dependent density functional theory’s killer app

S. Sharma, Seminar (Oldenburg, Germany, 2019-07): 
Ultrafast magnetization dynamics: time-dependent den-
sity functional theory’s killer app



119

S. Sharma, Seminar (Max-Planck-Institut, Halle, Ger-
many, 2019-08): Ultrafast magnetization dynamics: 
time-dependent density functional theory’s killer app

V. Shokeen, Seminar (Uppsala University, Sweden, 
2019-11): Magnetism at pico, femto and attosecond 
timescale

O. Smirnova, Verleihung des Marthe-Vogt-Preises 
2019 (Leibniz-Gemeinschaft, Berlin, 2019-11): Laudatio 
„Marthe-Vogt-Preis 2019“ an Dr. Johanna Klyne

O. Smirnova, SFB Seminar (Universität Kassel, Germa-
ny, 2019-02): Locally and globally chiral optical fields for 
controlling ultrafast chiral dynamics

O. Smirnova together with S. Patchkovskii, F. Morales, 
and M. Ivanov; CECAM School on New Computational 
Methods for Attosecond Molecular Processes (Zarago-
za, Spain, 2019-03): Tutorial of Strong Field Physics

O. Smirnova, Seminar (National Research Council of 
Canada, Ottawa, Canada, Ottawa, Canada, 2019-04): 
Synthetic chiral light for extremely efficient laser-con-
trolled chiral discrimination

O. Smirnova, Physikalisches Kolloquium (Universität 
Ulm, Germany, 2019-04): Synthetic chiral light for ex-
tremely efficient laser-controlled chiral discrimination

O. Smirnova, Seminar (DESY, Hamburg, Germany, 
2019-05): Synthetic chiral light for extremely efficient 
laser-controlled chiral discrimination

O. Smirnova, SFB ELCH Summer School (Bad Arolsen, 
Germany, 2019-09): Electric dipole revolution in chiral 
measurements

O. Smirnova, QUTIF Research School (Freiburg, Ger-
many, 2019-10): Strong field physics in chiral media

O. Smirnova, Physikalisches Kolloquium (MPQ Garch-
ing, Germany, 2019-11): Ultrafast road to extremely effi-
cient chiral light matter interaction

G. Steinmeyer, ASET Colloquium (Tata Institute of Fun-
damental Research, Mumbai, India, 2019-03): Extreme 
events in optics: what can we learn to predict ocean 
rogue waves?

G. Steinmeyer, Seminar (Tata Institute of Fundamental 
Research, Mumbai, India, 2019-03): Electric-field in-
duced optical nonlinearities in air: how to make gases 
behave

G. Steinmeyer, Short course (4-hour-lecture) (CLEO 
Munich, Germany, 2019-06): Ultrafast pulse character-
ization

G. Steinmeyer, Colloquium (Université Neuchâtel, Swit-
zerland, 2019-11): Pseudo mode-locking

G. Steinmeyer, Colloquium (Physikalisch-Technische 
Bundesanstalt (PTB), Braunschweig, Germany 2019-
11): The role of coherence during comb formation

G. Steinmeyer, Colloquium (Fachhochschule Münster, 
Germany, 2019-12): Mode-locking without saturable ab-
sorber

G. Steinmeyer, Special colloquium (Universität Münster, 
Germany, 2019-12): Ocean rogue waves: what can we 
learn from optics?

R. M. P. Tanyag together with A. Ulmer, C. Bacellar, T. 
Baumann, C. Bernando, R. Boll, M. Bucher, A. Chatter-
ley, A. de Fanis, B. Erk, S. Erukala, A. Feinberg, T. Fen-
nel, K. Ferguson, L. Gomez, P. Grychtol, R. Hartmann, 
S. Hauf, A. Heilrath, A. Hoffmann, M. Ilchen, M. Izquier-
do, C. Jones, K. Kolatzki, B. Krebs, B. Kruse, M. Kuster, 
B. Langbehn, J. Mahl, T. Mazza, K.-H. Meiwes-Broer, J. 
Montaño, V. Music, G. Noffz, S. O’Connell, W. Pang, D. 
Rivas, C. Saladrigas, D. Schlosser, P. Schmidt, F. Seel, 
L. Seiffert, B. Senfftleben, H. Stapelfeldt, L. Strüder, J. 
Tiggesbäumker, B. Toulson, D. Verma, H. Yousef, M. 
Zabel, P. Walter, M. Meyer, Y. Ovcharenko, C. Bostedt, 
O. Gessner, D. Rupp, A. Vilesov, and T. Möller; 705. 
WE-Heraeus-Seminar: Frontiers in Size-Selected Clus-
ter Research: Bridging the Gap (Bad Honnef, Germany, 
2019-10): Nanostructures in superfluid helium droplets

J. W. Tomm, Seminar (The Aerospace Corporation, 
El Segundo, CA, USA, 2019-02): Kinetics of the cata-
strophic optical damage (COD) in high power diode la-
sers: Wide -vs- narrow band gap materials

T. Witting, Tutorial, ASPIRE Network Meeting (Berlin, 
Germany, 2019-09): Generation and characterisation of 
few-cycle and attosecond laser pulses

M. Woerner, Seminar (ETH Zürich, Department of Ma-
terials, Multifunctional Ferroic Materials, Switzerland, 
2019-06): Soft-mode driven polarization dynamics 
mapped by ultrafast x-ray diffraction

M. Woerner, Seminar (ETH Zürich, Department of Phys-
ics, Ultrafast Laser Physics, Switzerland, 2019-07): 2D 
THz spectroscopy on phonons in molecular crystals and 
semiconductor nanostructures

Academic teaching

K. Busch together with A. Perez-Leija, Vorlesung, 2 
SWS (Humboldt-Universität zu Berlin, WS 2018/19): 
Diskrete Quantenoptik

K. Busch together with A. Perez-Leija, and P. Varytis, 
Übungen, 2 SWS (Humboldt-Universität zu Berlin, WS 
2018/19): Diskrete Quantenoptik

K. Busch together with A. Perez-Leija, and P. Varytis, 
Vorlesung, 2 SWS (Humboldt-Universität zu Berlin, WS 
2018/19): Fundamentals of optical sciences

K. Busch together with A. Perez-Leija, and P. Varytis, 
Übungen, 2 SWS (Humboldt-Universität zu Berlin, WS 
2018/19): Fundamentals of optical sciences



120

K. Busch together with O. Benson, A. Peters, A. Saenz, 
S. Ramelow, F. Intravaia, and M. Krutzik; Seminar,  
2 SWS (Humboldt-Universität zu Berlin, SS 2019): Optik/ 
Photonik: Projekt und Seminar

K. Busch; Vorlesung, 2 SWS (Humboldt-Universität zu 
Berlin, SS 2019): Computerorientierte Photonik

K. Busch together with D.-N. Huynh; Übung, 2 SWS 
(Humboldt-Universität zu Berlin, SS 2019): Computero-
rientierte Photonik

K. Busch together with O. Benson, A. Peters, A. Sa-
enz, S. Ramelow, F. Intravaia, and M. Krutzik; Seminar,  
2 SWS (Humboldt-Universität zu Berlin, WS 2019/2020): 
Optik/Photonik: Projekt und Seminar

K. Busch together with A. Perez-Leija, and K. Tscher-
nig; Übung, 2 SWS (Humboldt-Universität zu Berlin, WS 
2019/2020): Diskrete Quantenoptik

K. Busch together with A. Perez-Leija; Vorlesung, 2 SWS 
(Humboldt-Universität zu Berlin, WS 2019/2020): Diskre-
te Quantenoptik

K. Busch; Vorlesung, 2 SWS (Humboldt-Universität zu 
Berlin, WS 2019/2020): Statistische Physik

K. Busch together with F. Intravaia, and D.-N. Huynh; 
Übung, 2 SWS (Humboldt-Universität zu Berlin, WS 
2019/2020): Statistische Physik

S. Eichmann together with O. Dopfer; Vorlesung und 
Übungen, 4 SWS (Technische Universität Berlin, WS 
2019/20): Atome, Moleküle, Cluster I

S. Eisebitt together with B. Kanngießer and T. Möller; 
Vorlesung und Übungen, 4 SWS (Technische Universität 
Berlin, WS 2018/19): Röntgenphysik I

S. Eisebitt together with B. Kanngießer; Vorlesung und 
Übungen, 4 SWS (Technische Universität Berlin, Institut 
für Optik und Atomare Physik, SS 2019): Röntgenphysik II

S. Eisebitt together with B. Kanngießer, and T. Möller; 
Vorlesung und Übungen, 4 SWS (Technische Univer-
sität Berlin, Institut für Optik und Atomare Physik, WS 
2019/20): Röntgenphysik I

T. Elsaesser together with K. Busch; Vorlesung, 4 SWS 
(Humboldt-Universität zu Berlin, WS 2018/19): Laser-
physik

T. Elsaesser together with G. Steinmeyer; Vorlesung 
und Übung, 4 SWS (Humboldt-Universität zu Berlin, SS 
2019): Physik ultraschneller Prozesse (Kurzzeitspektro-
skopie)

T. Elsaesser together with A. Saenz; Vorlesung, 4 SWS 
(Humboldt-Universität zu Berlin, WS 2019/2020): Laser-
physik

I. V. Hertel; Seminar, 2 SWS (Humboldt-Universität zu 
Berlin, SS 2019): Forschungspraktikum mit Seminar

I. V. Hertel; Seminar, 2 SWS (Humboldt-Universität zu 
Berlin, WS 2019/2020): Forschungspraktikum mit Semi-
nar

M. Ivanov together with T. Bredtmann; Übung, 2 SWS 
(Humboldt-Universität zu Berlin, WS 2019/2020): Nicht-
lineare Optik

O. Smirnova together with U. Woggon; Vorlesung und 
Übungen, 6 SWS (Technische Universität Berlin, Institut 
für Optik und Atomare Physik, SS 2019): Höhere Optik II

O. Smirnova together with U. Woggon; Vorlesung und 
Übungen, 4 SWS (Technische Universität Berlin, Insti-
tut für Optik und Atomare Physik, WS 2019/20): Höhere 
Optik I

G. Steinmeyer; Vorlesung, 4 SWS (Humboldt-Universität 
zu Berlin, WS 2018/19): Physik III Optik

L. von Grafenstein; Übungen, 2 SWS (Humboldt-Univer-
sität zu Berlin, WS 2018/19): Physik III Optik

M. J. J. Vrakking; Vorlesung, 2 SWS (Freie Universität 
Berlin, WS 2019/2020): Ultrafast Laserphysics

M. J. J. Vrakking; Übung, 2 SWS (Freie Universität Ber-
lin, WS 2019/2020): Ultrafast Laserphysics

T. Witting; Übungen, 2 SWS (Humboldt-Universität zu 
Berlin, WS 2018/19): Physik III Optik

M. Woerner; Übungen, 2 SWS (Humboldt-Universität zu 
Berlin, WS 2018/19): Laserphysik

M. Woerner; Übung, 2 SWS (Humboldt-Universität zu 
Berlin, WS 2019/2020): Laserphysik

General talks (popular, science politics etc.)

T. Elsaesser, Vortrag (OSZ Lausitz im Seecampus 
Schwarzheide, Schwarzheide, 2019-01): Die Messung 
der Zeit - eine physikalische Herausforderung

T. Elsaesser, Vortrag (Humboldt-Gymnasium, Cottbus, 
2019-01): Die Messung der Zeit - eine physikalische 
Herausforderung

T. Elsaesser, Vortrag (Evangelische Schule Schönefeld 
– Gymnasium, Schönefeld, 2019-01): Die Messung der 
Zeit - eine physikalische Herausforderung

T. Elsaesser, Vortrag (Schiller-Gymnasium, Potsdam-
Drewitz, 2019-01): Kann man Moleküle filmen? Neue 
Abbildungsmethoden mit Elektronen und Röntgenstrah-
lung

T. Elsaesser, Vortrag (Johann-Wolfgang-von-Goethe-
Gymnasium, Pritzwalk, 2019-01): Kann man Moleküle 
filmen? Neue Abbildungsmethoden mit Elektronen und 
Röntgenstrahlung
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T. Elsaesser, Vortrag (OSZ Elbe-Elster, Berufliches 
Gymnasium, Falkenberg, 2019-01): Kann man Mole-
küle filmen? Neue Abbildungsmethoden mit Elektronen 
und Röntgenstrahlung

O. Smirnova, Berlin Science Week, Springer Na-
ture Storytellers (Berlin, Germany, 2019-11): Physics  
without borders
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Bachelor theses

D. Dahm; Herstellung und Charakterisierung von Dünn-
schichtproben mittels Rotationsbeschichtung für zeit-
aufgelöste Röntgenabsorptionsspektroskopie (Supervi-
sor: B. Kanngießer and H. Stiel), Technische Universität 
Berlin 

S. Walz; Simulation und Auswertung von Zweifarben-
streubildern resonant angeregter Heliumnanotröpfchen 
(Supervisor: T. Möller and D. Rupp), Technische Univer-
sität Berlin 

Master theses

L. Glöggler; First pump-probe NEXAFS experiments 
using a laser-based plasma source (Supervisor: B. 
Kanngießer and H. Stiel), Technische Universität Berlin 

M. Kück; Tailoring the correlation and anticorrelation of 
frequency- and path- entangled two-photon states (Su-
pervisor: K. Busch and A. Perez-Leija), Humboldt-Uni-
versität zu Berlin 

M. Liebmann; Hochaufgelöste Analyse des räumlichen 
statistischen Verhaltens spektraler Anomalien in fs-ge-
pulsten Vortex-Strahlen (Supervisor: S. Schrader and R. 
Grunwald), Technische Hochschule Wildau 

L. Maikowski; Attosecond XUV fourier transform spec-
troscopy (Supervisor: M. J. J. Vrakking and T. Witting), 
Freie Universität Berlin 

L. Mertenskötter; Entangled-Photon absorption spec-
troscopy with varying pump wavelength (Supervisor: 
K. Busch and A. Perez-Leija), Humboldt-Universität zu 
Berlin 

M. Schilling; Digital quantum simulation of bosons (Su-
pervisor: K. Busch and A. Perez-Leija), Humboldt-Uni-
versität zu Berlin 

P. Stammer; Weak measurement in strong field physics 
(Supervisor: O. Smirnova), Technische Universität Ber-
lin, Germany 

F. Steinbach; All-optical switching with structured illumi-
nation (Supervisor: S. Eisebitt), Technische Universität 
Berlin 

PhD theses
 
U. Bengs; Generation of isolated attosecond pulses with 
circular polarization (Supervisor: M. Ivanov and N. Zha-
varonkov), Humboldt-Universität zu Berlin

M. Borchert; Ultrafast magnetic spectroscopy in the ex-
treme ultraviolet spectral range (Supervisor: S. Eisebitt), 
Technische Universität Berlin 

F. Branchi; Ultrafast structural dynamics in molecules by 
time-resolved photoelectron holography (Supervisor: J. 
Mikosch and M. J. J. Vrakking), Freie Universität Berlin 

M.-A. Codescu; Ultraschnelle Dynamik von photoin-
duzierten Prozessen (Supervisor: T. Elsaesser), Hum-
boldt-Universität zu Berlin 

L. Drescher; Transient dipole-interactions on) sub-cycle 
timescales (Supervisor: J. Mikosch and M. J. J. Vrak-
king), Freie Universität Berlin 

E. Ikonnikov; Time-resolved photoelectron spectrosco-
py of solvated molecules with phase-locked pulse pairs 
(Supervisor: M. J. J. Vrakking and K. Heyne), Freie Uni-
versität Berlin

E. Escoto; Regularization strategies for advanced laser 
pulse shape reconstruction (Supervisor: G. Steinmey-
er), Humboldt-Universität zu Berlin 

P. J. Fürtjes; Generation and application of ultrashort 
mid-infrared pulses (Supervisor: T. Elsaesser), Hum-
boldt-Universität zu Berlin 

K. Gerlinger; X-ray imaging of optically induced spin 
textures (Supervisor: S. Eisebitt), Technische Universi-
tät Berlin 

M. Hennecke; Ultraschnelle Spindynamik untersucht 
mit Femtosekunden-Röntgenpulsen (Supervisor: S. Ei-
sebitt), Technische Universität Berlin 

P. Hessing; Interferenzbasierte zeitaufgelöste Abbildung 
und Spektroskopie mit XUV-Strahlung (Supervisor: S. 
Eisebitt), Technische Universität Berlin 

A. Jonas; Zeitaufgelöste Röntgenabsorptionsspektro-
skopie mittels einer Laserplasmaquelle an Pigment-Pro-
teinkomplexen des Photosyntheseapparates (Supervi-
sor: B. Kanngießer and H. Stiel), Technische Universität 
Berlin 

P. Juergens; Plasma formation during ultrashort pulse 
laser micromachining of solid dielectrics (Supervisor: M. 
J. J. Vrakking and T. Baumert), Freie Universität Berlin 

Appendix 3
Ongoing Master, and PhD theses
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T. K. Kalousdian; Strongfield dissociation of state-se-
lected H2

+ (v,J) (Supervisor: M. J. J. Vrakking and H.-J. 
Freund), Freie Universität Berlin 

L.-M. Kern; Laser-driven magnetic switching at inhomo-
geneities and nanostructures (Supervisor: S. Eisebitt), 
Technische Universität Berlin 

N. Khodakovskiy; Methods of ultrafast laser contrast 
diagnostics and optimization (Supervisor: M. Vrakking 
and M. Kalashnikov), Freie Universität Berlin 

J. Klei; Attosecond time-resolved molecular electron dy-
namics (Supervisor: M. J. J. Vrakking), Freie Universität 
Berlin 

C. Kleine; Ultraschnelle Spektroskopie von La-
dungstransferprozessen untersucht mit weichen Rönt-
genimpulsen (Supervisor: T. Elsaesser), Humboldt-Uni-
versität zu Berlin 

B. Langbehn; X-ray imaging of ultrafast dynamics in 
single helium nanodroplets (Supervisor: D. Rupp and T. 
Möller), Technische Universität Berlin 

J. Lebendig-Kuhla; Role of delocalized states for the 
excited state dynamics of nucleotide oligomers (Super-
visor: M. J. J. Vrakking and A. Lübcke), Freie Universität 
Berlin

Q. Li; Ultra long range effects in ultra fast spin dynamics 
(Supervisor: P. Brouwer and S. Sharma), Freie Univer-
sität Berlin 

F. Loth; Light path engineering in disordered waveguide 
structures (Supervisor: K. Busch), Humboldt-Universität 
zu Berlin 

F. Mahler; Spektroskopische Untersuchungen an III-V-
Halbleiterstrukturen (Supervisor: T. Elsaesser), Hum-
boldt-Universität zu Berlin 

N. Mayer; Generation, characterization, and application 
of chiral attosecond pulses (Supervisor: M. Ivanov and 
O. Kornilov), Humboldt-Universität zu Berlin 

C. Mourikis; Development of bi-circular approach for 
generation of chiral attosecond pulses and high har-
monic spectroscopy (Supervisor: M. Ivanov and N. 
Zhavoronkov), Humboldt-Universität zu Berlin 

M. Oelschläger; Theory of Fluctuation-induced Phenom-
ena in Nanophotonic Systems (Supervisor: K. Busch 
and F. Intravaia), Humboldt-Universität zu Berlin 

M. Osolodkov; Attosecond IR pump probe measure-
ments of small molecules using 3D momentum spec-
troscopy (Supervisor: M. J. J. Vrakking and T. Witting), 
Freie Universität Berlin

M. Oßwald; Theoretical description and simulation of 
non-linear spectroscopic signals of the light induced pri-
mary processes in (6-4) photolyase (Supervisor: K. Busch 
and P. B. Fingerhut), Humboldt-Universität zu Berlin 

N. Raabe; CEP stabilization of kHz CPA lasers and 
theirapplication (Supervisor: M. J. J. Vrakking and G. 
Steinmeyer), Freie Universität Berlin 

D. Reiche; Role of material, geometrical and statistics 
properties in equilibrium and nonequilibrium fluctua-
tion-induced interactions (Supervisor: K. Busch and F. 
Intravaia), Humboldt-Universität zu Berlin 

M. Sauppe; Zeitaufgelöste Experimente an Clustern mit 
intensiven XUV-Doppelpulsen (Supervisor: D. Rupp and 
T. Möller), Technische Universität Berlin 

J. Schauss; Ultrakurzzeitdynamik der Wechselwirkung 
zwischen Ionen und Biomolekülen (Supervisor: T. El-
saesser), Humboldt-Universität zu Berlin 

F. Schell; Coincident detection of correlated electron 
and nuclear dynamics induced by ultra short laser puls-
es (Supervisor: C. P. Schulz and M. J. J. Vrakking), Freie 
Universität Berlin 

B. Senfftleben; Time resolved diffractive imaging with 
intense attosecond pulses (Supervisor: S. Eisebitt and 
D. Rupp), Technische Universität Berlin 

P. Singh; Ultrafast vibrational probes of electric fields in 
hydrated molecular systems (Supervisor: J. Kneipp and 
T. Elsaesser), Humboldt-Universität zu Berlin 

K. Tschernig; Tailoring non-classical states of light for 
applications in quantum information processing (Super-
visor: K. Busch and A. Perez-Leija), Humboldt-Universi-
tät zu Berlin 

K. Yao; Ultrafast spin dynamics in heterogeneous ma-
gnetic systems (Supervisor: S. Eisebitt), Technische 
Universität Berlin 

H. Zimmermann; Untersuchung angeregter neutraler 
Fragmente nach frustrierter Tunnelionisation (Supervi-
sor: U. Eichmann), Technische Universität Berlin 

J. Zimmermann; Probing ultrafast electron dynamics in 
helium nanodroplets with deep learning assisted diffrac-
tion imaging (Supervisor: T. Möller and D. Rupp), Tech-
nische Universität Berlin 
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J. K. Dewhurst, Max-Planck-Institut für Mikrostruktur-
physik, Halle, Germany; Seminar B (2019-01-11): Can 
effective magnetic fields have monopoles?

S. Lochbrunner, Universität Rostock, Germany; Insti-
tutskolloquium (2019-01-16): Initial steps in photocatal-
ysis investigated by time-resolved spectroscopy

E. Borguet, Department of Chemistry, Temple Univer-
sity, Philadelphia, PA, USA; Seminar C (2019-01-22): 
Ultrabroadband vibrational spectroscopy and dynamics 
at aqueous interfaces

W. Töws, Universität Kassel, Germany; Seminar B 
(2019-01-29): Many-body theory of ultrafast demagne-
tization and angular-momentum transfer in transition 
metals

A. Heilmann, Ècole Polytechnique, Palaiseau, France; 
Seminar B (2019-01-31): Highly scalable coherent beam 
combining of high power femtosecond fiber amplifiers

Z. Wu, Fritz-Haber-Institut, Berlin, Germany; Seminar 
A (2019-02-20): Surface action spectroscopy using FHI 
FEL infrared radiation

K. Unterrainer, Technische Universität Wien, Austria; In-
stitutskolloquium (2019-02-27): Generating and shaping 
light in the THz frequency range 

A. Sandhu, University of Arizona, Tucson, AZ, USA; 
Seminar A (2019-02-28): Ultrafast XUV spectroscopy of 
many-body interactions

O. Ghafur, University of Manchester, UK; Seminar A 
(2019-03-05): A random walk from little to large in sci-
ence

H. Müller-Werkmeister, Universität Potsdam, Germany; 
Seminar C (2019-03-07): Watching proteins in action - 
Ultrafast structural dynamics in complex molecular sys-
tems

K. Ziemelis, Chief Physical Sciences Editor “Nature”, 
London, UK; Kolloqium (2019-03-21): Writing for impact

K. H. Rao, Griffith University, Brisbane, Australia; Semi-
nar A (2019-03-19): Laser produced plasmas for high-or-
der harmonic generation

R. Mankowsky, Paul Scherrer Institut, Villigen, Swit-
zerland; Seminar B (2019-03-28): Overview Tutorial: 
Light-matter interaction and coherent optical control of 
strongly correlated materials

R. Mankowsky, Paul Scherrer Institut, Villigen, Switzer-
land; Seminar B (2019-03-29): Coherent optical control 
of ferroelectric and multiferroic materials

M. B. Raschke, University of Colorado, Boulder, CO, 
USA; Seminar C (2019-04-09): Tip-enhanced strong 
coupling: room temperature cavity nano-optics with sin-
gle emitter

T. Schulz, Leibniz-Institut für Kristallzüchtung, Berlin, 
Germany; Seminar C (2019-04-11): Quantitative struc-
tural analysis by transmission electron microscopy

T. Kampfrath, Freie Universität Berlin, Germany; Insti-
tutskolloquium (2019-05-21): Probing and controlling 
ultrafast spin dynamics with terahertz

A. Stolow, University of Ottawa, Canada; Institutskollo-
quium (2019-05-23): Nuclear-driven electronic coher-
ences in molecules

V. Milner, University of British Columbia, Canada; Semi-
nar A (2019-05-27): Controlled enantioselective orienta-
tion of chiral molecules with an optical centrifuge

A. Kaplan, John Hopkins University, Baltimore, MD, 
USA; Seminar A (2019-06-18): True wavefunctions and 
antiparticles of Klein-Gordon equation: “hbar”-conjuga-
tion, elimination of CPT-invariance, and anti-gravitation

M. Fiebig, ETH Zürich, Switzerland; Institutskolloquium 
(2019-06-26): Ultrafast processes in strongly correlated 
materials triggered and observed by light

C. Fallnich, Universität Münster, Germany; Institutskol-
loquium (2019-07-03): Tailoring ultrafast light pulses in 
waveguides

H. Milchberg, University of Maryland, College Park, MD, 
USA; Institutskolloquium (2019-07-15): Spatio-temporal 
optical vortices

O. Fedotova, Belarus National Academy of Sciences, 
Minsk, Belarus; Seminar A (2019-07-22): Ultrashort 
powerful pulse propagation in nonlinear media: Vortex 
light bullets in Kerr solids, THz generation in nanocom-
posites and THz solitons

P. R. Martínez-Alanís, University of Barcelona, Spain; 
Seminar C (2019-07-25): Nanostructured MoCx/ZnO for 
photocatalytic hydrogen production

J. Gördes, Universität Kassel, Germany; Seminar B 
(2019-07-30): Two dimensional transport of superpara-
magnetic particles in periodic artificial magnetic stray 
field landscapes

Appendix 4
Guest Lectures at the MBI
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C. David, Paul Scherrer Institut, Villigen, Switzerland; 
Institutskolloquium (2019-07-31): Diffractive optics for 
experiments at X-ray free electron lasers

B. Major, ELI-HU Non-Profit Ltd., Szeged Hungary; 
Seminar A (2019-08-02): ELI-ALPS facility: Optimizing 
high-harmonic generation conditions for high-power la-
ser pulses

A. Fernández Herrero, Physikalisch Technische Bundes- 
anstalt, Germany; Seminar B (2019-08-06): Impact of 
roughness on the X-ray scattering pattern arising from 
periodic nanostructures

C. H. Choi, Kyungpook National University, Daegu, 
South Korea; Seminar A (2019-09-03): MRSF-TDDFT: 
An improved TDDFT for ground and excited state prop-
erties

M. Filatov, Kyungpook National University, Daegu, 
South Korea; Seminar A (2019-09-04): Application 
of ensemble density funtional theory method to study 
non-adiabatic dynamics of excited states

P. Bunker, Steacie Laboratory, National Research Coun-
cil of Canada, Ottawa, Canada; Seminar A (2019-09-
05): Is the CO2 molecule linear or bent?

R. Forbes, Stanford University, CA, USA; Seminar A 
(2019-09-10): Time-resolved photoelectron spectros-
copy with a tuneable femtosecond VUV source: Ryd-
berg-valence coupling in acetone

S. van den Wildenberg, University of Liège, Belgium; 
Seminar A (2019-09-10): Probing the evolution of elec-
tronic coherence induced by CEP-controlled ultrashort 
IR pulse using VMI and ATAS

J.-C. Diels, University of New Mexico, Albuquerque, 
NM, USA; Institutskolloquium (2019-09-18): Frequency 
combs for sensible sensing

J. Ankerhold, Universität Ulm, Germany; Institutskollo-
quium (2019-09-19): New sources for quantum micro-
waves

R. Dörner, Institut für Kernphysik, Universität Frank-
furt/M., Germany; Institutskolloquium (2019-09-24):  
Imaging molecules with photo electrons

C. Granados Buitrago, KU Leuven, Belgium; Seminar 
A (2019-10-02): The in-gas laser ionisation and spec-
troscopy technique: A quest for the atomic and nuclear 
structure of heavy elements

E. W. Castner Jr., Department of Chemistry and Chemi-
cal Biology Rutgers, The State University of New Jersey, 
NJ, USA; Seminar C (2019-10-02): Uni- and bi-molec-
ular photoinduced electron transfer in ionic liquid solu-
tions

F. Garcia-Sanchez, Universidad de Salamanca, Spain; 
Seminar B (2019-10-10): Modeling of all-optical magne-
tization switching in thin films

M. Spanner, National Research Council of Canada, Ot-
tawa, Canada; Kolloquium (2019-10-17): High-harmon-
ic generation is the sound of the 80s

M. Murillo Sánchez, Complutense University of Madrid, 
Spain; Seminar A (2019-10-30): Monochromized HHG 
pump NIR probe experiments of methyl iodide

A. Bergamaschi, Paul Scherrer Institut, Villigen, Schwit-
zerland; Seminar B (2019-11-12): Soft X-ray detector 
development at PSI

L. Bruder, Universität Freiburg, Germany; Seminar A 
(2019-11-21): Tracking attosecond electronic coherenc-
es with phase-modulated XUV pulses

F. M. F. de Groot, Utrecht University, The Netherlands; 
Institutskolloquium (2019-11-22): The interpretation of 
X-ray spectra

G. Mancini, Paul Scheerer Institut, Villigen, Schwitzer-
land; Seminar B (2019-11-26): Advanced spectro-mi-
croscopy in the ultrafast regime: imaging functionality of 
nanomaterials across length scales

D. M. Neumark, University of California, Berkeley, CA, 
USA; Institutskolloquium (2019-11-27): Attosecond pho-
tochemistry: avoided crossings, conical intersections, 
and non-local core-hole dynamics

H.-G. Duan, Max-Planck-Institut für Struktur und Dyna-
mik der Materie, Hamburg, Germany; Seminar C (2019-
11-28): Quantum effect in photosynthetic protein com-
plex

M. Kowalewski, Stockholm University, Sweden; Semi-
nar C (2019-12-05): Nonadiabtic molecular dynamics 
and coherent control with confined light fields
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Appendix 6
Activities in Scientific Organizations

A. A. Andreev

Vice-chair, Editorial Board, Optical Journal, 

W. Becker

Member, Advisory and Program Committee, 28th Int. 
Laser Physics Workshop - LPHYS’19, (Gyeongju, South 
Korea)

Co-chair Seminar 2, Strong Field & Attosecond Physics 
of the 28th Int. Laser Physics Workshop - LPHYS’19, 
(Gyeongju, South Korea)

Member, Editorial Board, Applied Sciences 

Member, Editorial Board, Laser Physics Letters 

Member, Editorial Board, ScienceOpen

K. Busch

Editor-in-chief, Journal of the Optical Society of America 
B 

Vice-chairperson, Berlin School of Optical Sciences and 
Quantum Technologies 

S. Eisebitt

Member, Komitee für Forschung mit Synchrotronstrah-
lung (KFS)

Member, Advisory Committee for the PM’20 Conference 
(Physics of Magnetism 2020, Poznan, Poland)

Member, Extended Governing Board of the Ioffe-Rönt-
gen-Institute (IRI) 

Chair, Scientific Advisory Committee (SAC) of the Eu-
ropean XFEL

Member, DESY Photon Science Committee

Member, BMBF Gutachterausschuss

Member, Scientific Advisory Council Elettra-Sincrotrone 
Trieste, Italy 

Member, Organization Committee Science@FELs 2020 
Conference (DESY, Hamburg and European XFEL 
Schenefeld, Germany)

Member, Technical Program Committee, General Con-
gress of the International Commission for Optics (ICO-
25) and the Conference of International Society on Op-
tics Within Life Sciences (OWLS-16), (Dresden, Germa-
ny)

T. Elsaesser

Secretary of the Mathematics and Science Class, Berlin 
Brandenburg Academy of Sciences

Member of the Board, Berlin Brandenburg Academy of 
Sciences

Member, IRIS Adlershof, Humboldt-Universität zu Berlin

Conference Chair, 15th Femtochemistry Conference 
(FEMTO 15), Berlin, Germany

Elected Physics Representative, Management Board, 
Gesellschaft Deutscher Naturforscher und Ärzte (GdNÄ) 

Associate Editor, Structural Dynamics, AIP 

Member, Editorial Board, Chem. Phys. Lett.

Member, Science Policy Committee, SLAC, Menlo Park 

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

Member, FXE Proposal, Review Panel, European XFEL 

Member, Advisory Board, Conference Series on Time 
Resolved Vibrational Spectroscopy

Member, Advisory Board, Int. Conference on Coherent 
Multidimensional Spectroscopy

F. J. Furch

Senior member 2019, OSA, The Optical Society (Wash-
ington DC, USA) 

R. Grunwald

Member, Editorial Board, Applied Sciences (MDPI)

Member, Editorial Board, Scientific Reports

Member, Program Committee, Complex Light and Opti-
cal Forces, Photonics West, SPIE
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T. Nagy

Senior member, OSA, The Optical Society (Washington 
DC, USA) 

E. T. J. Nibbering

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

Member, Editorial Board, Journal of Photochemistry and 
Photobiology A 

Member, Advisory Board, Conference Series on Time 
Resolved Vibrational Spectroscopy 

Member, Proposal Review Panel, Linac Coherent Light 
Source LCLS 

V. Petrov

Chair, Laser Sources Section, ALT’ 2019 Int. Confer-
ence on Advanced Laser Technologies (Prague, Czech 
Republic) 

Program Committee Member, Conference on Lasers 
and Electro-Optics Europe (Munich, Germany), CA: 
Solid-State Lasers

Program Committee Member, Nonlinear Frequency 
Generation and Conversion: Materials and Devices XIX, 
SPIE Conference 11264, Part of LASE Symposium at 
Photonics West

A. Rouzée

Editor, Advances in Physics X 

D. Rupp

Elected member, scientific board, Int. Conference on 
Quantum Fluid Clusters – QFC 2019 (Bad Honnef, Ger-
many) 

Member,  AMOPD board, Atomic, Molecular, and Opti-
cal Physics Division of the European Physical Society 

Member, PSC Scientific advisory committee of DESY’s 
photon science 

Chairwoman, conceptual design review panel, ATHOS 
beamline at SwissFEL (Villigen, Switzerland) 

Member, review panel for beamline BL1 (CAMP instru-
ment), FLASH, DESY (Hamburg, Germany) 

Elected member, DESY Photon Science User Commit-
tee

M. Sauppe

Vice conference chair, Gordon Research Seminar on 
New Perspectives of Nanostructured Devices and 
High-Resolution Characterization Techniques (Les Dia-
blerets; Switzerland) 

O. Smirnova

Member, General Committee ICPEAC 2019, Int. Con-
ference on Photonic, Electronic and Atomic Collisions, 
(Deauville, France) 

Scientific Coordinator, Int. Workshop on Atomic Physics, 
(MPIPKS, Dresden, Germany) 

Member, Advisory Board of the Max Planck School of 
Photonics 

Member, dynaMENT Mentoring for Women in Natural 
Sciences, Universität Hamburg and DESY 

Member, Committee ATTO 2019, 7th Int. Conference on 
Attosecond Science and Technology, (Szeged, Hungary) 

Member, Scientific Advisory Board of the Conference 
“Time and fundamentals of quantum mechanics”, 
(Weizmann Institute of Science, Rehovot, Israel)

Member, Berufungskommission/W2-Stelle Theoreti-
sche Physik (Universität Kassel, Germany)

Member, Scientific Committee for Faraday Discussion 
on Ultrafast dynamics

G. Steinmeyer

Voting member, Quantum Electronics and Optics Divi-
sion (QEOD) of the European Physical Society (EPS)

Member, Editorial Board, Phys. Rev. A 

Associate Editor, Optica 

Guest Editor, J. Sel. Top. Quant. Electron.

Member, Editorial Board, Phys. Lett. A 

Member, Program Committee (Bol, Croatia), Ultrafast 
Optics 2019

J. W. Tomm

Permanent Member, Int. Steering Committee, Int. Con-
ference on Defects - Recognition, Imaging and Physics 
of Semiconductors, DRIP (Berlin, Germany) 

Member, Scientific Committee, Semiconductor nano-
structures towards electronic & opto-electronic device 
applications VI”, Conference of the E-MRS 2019 
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Member, Editorial Board, Journal of Electronic Materials 
(JEMS) 

Member, Editorial Board, Communications in Physics 
(CIP) 

Member, Program Committee (Coventry, UK, IEEE High 
Power Diode Lasers and Systems Conference (HPD) 
Photonex 

M. J. J. Vrakking

Editor-in-chief, Journal of Physics B 

Member, ERC Panel Member for Fundamental  
Constituents of Matter in the Advanced Grant 2018 eval-
uation (Brussels, Belgium) 

Chairman, SAC of the Advanced Research Centre for 
Nanolithography (Amsterdam, The Netherlands) 

Chairman, Access Panel of the ARTEMIS user facility at 
RAL (Oxford, UK) 

Permanent member, CEA’s Visiting Committee advising 
the CEA high commissioner 

Member, Proposal review panel of LCLS FEL 

Chairman, SAC of the EUCALL Integrated Infrastruc-
tures Network 

Chairman, Applied physics faculty evaluation panel 
(Eindhoven, The Netherlands), Eindhoven University of 
Technology

Chairman, Physics faculty evaluation panel (Freiburg, 
Germany), University of Freiburg 

President, SAB of CILEX-APOLLON (Palaiseau, 
France), École Polytechnique

Member, Project review panel of FLASH FEL 

Conference Chair, 15th Femtochemistry Conference 
(FEMTO 15), Berlin, Germany 

Program organizer, ASPIRE Marie Curie Network meet-
ing (Berlin, Germany) 

Program organizer, QUTIF Annual Meeting (Berlin, Ger-
many) 

Member, Laserlab Europe-III & IV, Management Board

Honors and awards

 
L. Drescher: Student Poster Prize at Atto2019 Confer-
ence, together with T. Witting, A. Husakou, M. Ivanov, 
M. J. J. Vrakking, and A. Mermillod-Blondin (Szeged, 
Hungary) 

R. Grunwald: SPIE Fellow (San Francisco, CA, USA)

D. B. Milošević: Georg Forster-Forschungspreis der 
Alexander von Humboldt-Stiftung (Berlin, Germany)

K. Pierpoint, Student Poster First Prize at ALT’19 Int. 
Conference Advanced Laser Technologies, together 
with W. Chen, Y. Zhao, K. Scholle, S. Lamrini, P. Zhang, 
Z. Chen, X. Mateos, U. Griebner, and V. Petrov (Prague, 
Czech Republic)

F. Willems: Ernst-Eckhard-Koch Award 2019 (Berlin, 
Germany)
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