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This Annual Report summarizes the scientific activities of the Max-Born-Institut (MBI) for the 
year 2013. Following the successful evaluation in the year before, MBI's scientists could once 
more fully focus their attention on performing groundbreaking research, and as a result, 2013 
was a very successful year, with a large number of articles published in high-impact journals. 
This is a clear sign that the international impact of the research performed at MBI continues to 
grow, and is a testament to the creativity and dedication that MBI scientists continue to bring 
to their work.

In this Annual Report, key results of MBI's research program are presented for each of the 
MBI research projects. The appendix gives a complete record of the publications, invited talks, 
academic teaching and training, guest lectures and activities in scientific organizations, as 
well as a summary of external funding. More detailed information on current activities is avail-
able on the MBI website (http://www.mbi-berlin.de).

In 2013, the research at the Max-Born-Institut has led to outstanding results in a range of 
research areas. Particular highlights are:

•	 The appearance of rogue waves induced by atmospheric turbulence was observed in a 
gas cell, effectively enabling the observation of a storm in a test tube. This microscopic 
meteorological phenomenon is based on mergers between individual light strings (so-
called filaments) in the gas. The merger events give rise to the observation of short light 
flashes, which can actually be observed by the naked eye, and which are much more ex-
treme than rogue waves in meteorology (e.g. the extreme waves that occur on oceans). 

•	 Stabilization of atoms in ultrastrong laser fields has fascinated physicists for the last  
three decades. However, only few experiments limited to intermediate intensities have 
been performed. In new work the exceptional stability of Rydberg atoms in strong laser 
fields was shown, extending the range of observation to much higher intensities, and 
exceeding the thresholds for static field ionization by more than 6 orders of magnitude. 
Most importantly, the surviving atoms are tagged with a measure of the laser inten- 
sity that they have interacted with. 

•	 Using a newly developed "quantum microscope", the nodal structure of electronic orbit-
als of hydrogen atoms placed in a static electric field was directly observed, validating 
predictions made more than 30 years ago. The result was voted one of the Top 10 Break-
throughs in Physics in 2013 by the editors of Physics World.  

•	 The ultrafast removal (on attosecond timescales) of electrons from molecules may lead 
to ultrafast migration of the hole in the charge density along the molecular skeleton, 
potentially influencing the subsequent chemistry of the molecule in what is sometimes 
called “charge-directed reactivity”. Setting the stage for such experiments, it was shown 
that attosecond pulses can reveal time-dependent charge density variations induced by 
a moderately strong near-infrared laser field. 

•	 Electron motions induced by a strong electric field were also mapped in space and time 
with the help of femtosecond X-ray pulses. An X-ray movie of the crystal lithium hydride 
showed that the electric interaction between electrons, i.e., electronic correlations, have a 
decisive influence on the direction in which they move. The manipulation of electron dis-
tributions by strong electric fields provides control over the material’s electric properties 
on an extremely short time scale, a fact that may lead to applications in ultrafast electrical 
switches. 

•	 A notably enhanced acceleration of protons to high energy by relatively modest ultrashort 
laser pulses and structured dynamical plasma targets was demonstrated. Realized by 
special deposition of snow targets on sapphire substrates and using carefully planned 
prepulses, high proton yields emitted in a narrow solid angle with energy above 21 MeV 
were detected from a 5 TW laser. Simulations predict that using the proposed scheme 
protons can be accelerated to energies above 150 MeV by 100 TW laser systems. 
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•	 Crystalline transition metal complexes consist of a central metal ion bonded to a group of 
ligands and surrounded by counterions. They display a strong absorption of ultraviolet or 
visible light, making them attractive as primary light absorbers in molecular solar cells and 
other devices of molecular optoelectronics. Taking X-ray diffraction snapshots at various 
times after optical excitation allowed for real-space imaging of electron transfer to which 
- most surprisingly - the counterions make a strong contribution. The results demonstrate 
the many-body character of electron transfer in the crystalline phase.

In 2013, the overall number of publications was maintained at a high level. MBI scientists gave 
a significant number of talks at important conferences and presented numerous colloquia. 
Several key results of MBI research were highlighted by comments in scientific journals and 
by articles in the popular press. 

The expanded scope of MBI's theoretical research program was already commented on in last 
year’s Annual Report. In 2013, this development was further expanded with the installation of 
a state-of-the-art computer cluster, giving MBI's theoretician a powerful new tool in the years 
to come to pursue their research.

Finally, in 2013, Professor Wolfgang Sandner, who led division B of the institute from 1993 on-
wards, left the institute to assume the general directorship of the Extreme Light Infrastructure 
(ELI). We thank Wolfgang for his role in making MBI the institute that it is today, and wish him 
the best of success in his new career.

Berlin, March 2014

 
Marc Vrakking                           Thomas Elsaesser 
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1.1: Ultrafast Nonlinear Optics
G. Steinmeyer, F. Noack (project coordinators)
and S. Birkholz, M. Bock, B. Borchers, P. Börner, L. E. Chipperfield, S. K. Das, R. Grunwald, J. Herrmann, A. Husakou, 
S. König, H. Messaoudi, V. Petrov, U. Sapaev, O. Smirnova, P. Trabs, A. Treffer, N. Zhavoronkov

1. Overview

In 2013, Project 1.1 has obtained a number of new re-
sults in its two topical focus areas. In topical area 1, non-
linear optics down to the few-cycle limit, we obtained a 
series of novel results on adaptive generation and diag-
nostics of non-diffracting few-cycle wavepackets. One 
of the major achievements here is the generation of 
sub-3-cycle vortex pulses of tunable topological charge. 
These experiments involved a thermally driven spiral-
phase axicon mirror.

Another aspect of this focus area is the measurement 
and manipulation of the carrier-envelope phase. Based 
on the original feed-forward approach, we developed 
two advanced approaches which should be particularly 
useful for the generation of amplified CEP-stable puls-
es. One of these approaches continues our longterm 
collaboration with Femtolasers Produktions GmbH and 
resulted in the demonstration of an acoustic frequency 
comb for CEP stabilization. Moreover, we explored fun-
damental limitations of CEP stabilization and devised 
ways how to strongly reduce shot noise contributions in 
CEP measurement and stabilization of amplified puls-
es. Our current efforts are directed to further improve 
the longterm phase stability of amplified systems and 
to push energies of stabilized lasers well beyond the 
few-millijoule range available to date. To this end, it is 
highly important to understand the underlying physical 
limitations, which appear to be mostly ruled by quantum 
noise. 

In the second topical area, extreme wavelengths and 
attosecond pulse generation, we further pursued our 
research on terahertz generation and investigated the 
scenario of filament based terahertz generation. Here 
it was of specific interest whether the THz yield can be 
enhanced by using longer driver wavelengths, and in-
dications are that this measure really helps to improve 
the THz yield. A further result of our research concerns 
the generation of low-order harmonics in the ionization 
regime. This work is of particular interest to generate 
radiation in the vacuum ultraviolet around 100 nm.

2. Topics and collaborations

At present the research topics of the project are:

T1: Nonlinear optics down to the few cycle limit

T2: Extreme wavelengths and attosecond pulse 
generation.

 

Collaboration partners: H.-J. Kühn (Berliner Glas);  
E. McGlynn (DCU, Dublin, Ireland); C. Fischer (metro-
lux GmbH, Göttingen); S. Osten (HoloEye Berlin);  
J. Jahns (FernUniversität Hagen);  W. Seeber (FSU Jena);  
A. Pfuch (INNOVENT, Jena); P. Kazansky (University 
Southampton, ORC, UK); U. Wallrabe and J. Brunne 
(University Freiburg, IMTEK); M. Guina (ORC, Tam-
pere, Finland); G. Genty (TUT, Tampere, Finland);  
L. Bergé (CEA, Arpajon, France); S. Skupin (MPI, Dres-
den); J. S. Skibina (Saratov State University, Russia); V. 
l. Beloglasov (Nanostructured Glass Technology Comp., 
Saratov, Russia); A. Demircan (Leibniz-Universität Han-
nover); C. Brée (Weierstraß-Institut, Berlin) R. Wedell 
(IAP, Berlin); M. Rhodes and R. Trebino (Georgiatech, 
Atlanta, GA, USA); F. Lücking and A. Assion (Femto-
lasers Produktions GmbH), A. Maksimenko (Univer-
sity Minsk, Belarus); Yu Kivshar (Canberra, Australia);  
H. Giessen (Uni. Stuttgart); F. Guëll (University Barce-
lona, Spain); A. Aleksandrovsky (Krasnoyarsk, Russia); 
T. Balčiūnas, S. Haessler, G. Y. Fan, G. Andriukaitis,  
A. Pugžlys, and A. Baltuška (Photonics Institute,  
Vienna, Austria); A. Zaïr, R. Squibb, T. Witting, J. W. G. 
Tisch, and J. Marangos (Imperial College London, UK).

Funding: 
•	 BMBF/DLR	RUS 08/103; JPN 11/A02
•	 FiDiPro (Finland Distinguished Professor Program)
•	 DFG Projects He 2083 13-1/13-2 and 12-3; 
 STE 762/9-1, GR 1782/13-1and GR 1782/14-1
•	 EU	RII3-CT-2003-506350
•	 DAAD	(UK, Northern Ireland, India).

3. Results in 2013

T1: Nonlinear optics down to the few cycle limit  

Adaptive generation and diagnostics of few-cycle non-
diffracting wavepackets and tailored orbital angular mo-
menta
 
In a transfer project with metrolux GmbH, Göttingen, 
[BDF13], we investigated 2D-pulse characterization 
techniques based on nonlinear wavefront autocorrela-
tion with reconfigurable Shack-Hartmann sensors and 
highly sensitive EMCCD detectors. The basic working 
principle is a wavefront division into individual nondif-
fracting sub-beams by programming flexible phase 
maps in a reflective liquid-crystalon-silicon spatial light 
modulator (LCoS-SLM). The sub-beams propagate spa-
tially and temporally robust as linear light bullets (pulsed 
needle beams) [BGr13b], may be suitably adapted to 
the measurement situation, corrected for aberrations, 
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or encoded to improve the channel recognition for high-
resolution wavefront sensing. Self-healing properties 
of polychromatic nondiffracting beams were demon-
strated, too [KBD13]. In experiments at single photon 
light levels, quantum interference of ultrafast pulsed 
Bessel beams was analyzed with respect to the content 
of autocorrelation information [BGr13a]. The results 
confirm that the propagation of nondiffracting beams is 
luminal in the frame of an information-related definition 
of propagation [GBo].

New concepts of reflective axicons for the adaptive 
generation of nondiffracting ultrashort pulses were 
developed in a joint DFG project together with 
IMTEK (University Freiburg) [TBD13]. In particular, 
piezo-electrically and thermally tuned micro-electro-
mechanical systems (MEMS) and related applications 
were studied. A PZT based linear axicon mirror 
[BWG13] enables high-speed line-shaping of amplified 
femtosecond pulses and multichannel excitation of 
semiconductor surfaces. Sub-3-cycle vortex pulses of 

tunable topological charge were demonstrated for the 
first time (Fig. 1) by applying a thermally driven flexible 
spiral-phase axicon mirror [BBT13].

Acoustic mode-locking for carrier-envelope phase con-
trol

The feed-forward method has advanced phase control 
to residual jitters of below 10 attoseconds between 
envelope and the underlying carrier wave. While this 
technique is now successfully applied in commercial 

laser systems, the feed-forward approach also exhibits 
a series of specific shortcomings. As the feed-forward 
approach does not act back on the laser oscillator itself 
but rather corrects the CEP drift extra cavity, specific 
problems may arise due to a slow drift of the oscillator 
CEP. Specifically, a drifting driver frequency affects the 
beam pointing of the diffracted beam that is stabilized in 
the acousto-optic frequency shifter. In combination with 
grating stretchers it is expected that this beam pointing 
variation will result in strongly detrimental side effects. In 
response to this problem, we developed a new electronic 
scheme to synthesize a driver signal that always stays 
centered within a very narrow frequency interval. This 
signal is composed of many phase-locked frequency 
components. In a similar way as in mode-locking of a 
laser, these components generate a short acoustic 
pulse inside the shifter, see Fig. 2. We experimentally 
verified this method jointly with Femtolasers in Vienna 
[BLS].

Limitations due to shot noise in carrier-envelope phase 
detection schemes

Carrier-envelope phase (CEP) control of oscillators 
has advanced to a remarkable level. Residual phase 
jitters lie in the range of 20 mrad, which corresponds 
to 1/300 field oscillation or to timing jitters that lie well 
below the atomic unit of time. Compared to microwave 
electronics, however, such phase jitters appear not really 
remarkable. The question therefore arises what limits 
further progress in this field. Is it possible to stabilize 
the CEP with zeptosecond jitters? Moreover, why are 
reported jitter values for amplified systems worse than 
oscillator jitters by an order of magnitude?

Fig.	1:   
Sub-3-cycle Laguerre-Gauss wavepackets with vari-
able orbital angular momentum (OAM). The beam of a 
Ti:Sapphire oscillator was shaped by a novel type  
of spiral phase thermally tuned flexible axicon mirror 
[BBT13]; (a) intensity propagation and averaged 
profiles (yellow), l = topological charges (red), (b) tem-
perature dependent radial profile at a z = 750 mm,  
(c) and (d) integrated and spatially resolved autocor-
relation at the same distance, respectively.

Fig.	2:   
Electronic driver transients utilized for the acoustic 
mode-locking. Cases (a) - (c) have been recorded for 
a coherent synthesis of the driver signal while varying 
the carrier-envelope frequency of the oscillator over  
10 MHz. (d) Usage of an incoherent driver signal gen-
erated by an rf generator. Color coding simulates  
jitters similar to the function of a digital phosphor oscil-
loscope. 
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To explore the ultimate limitation of CEP stabilization, 
we conducted a series of simulations, in which we 
addressed detection shot noise by generating Poissonian 
random number series [BAS]. Quite remarkably, these 
simulations indicate that the obtained CEP jitters of 
stabilized oscillators are already quite close to the best 
expected performance of such schemes. Nevertheless, 
these simulations also indicate significant room for 
improvement of amplified schemes. To this end, it 
seems necessary to reduce the nonlinearity in the 
spectral broadening method, see Fig. 3. This step may 
appear counter-intuitive and requires replacement of the 
sapphire plate by a material with much lower nonlinear 
refractive index.

T2: Extreme wavelengths and attosecond pulse 
generation

Terahertz generation in filaments

In cooperation with external partners, we studied the 
generation of Terahertz (THz) radiation by filamentation 
of two-color pulses over long distances in argon 
using a comprehensive model in full space-time-
resolved geometry [BSK13]. We demonstrated that 
the dominant physical mechanism for THz genera-
tion in the filamentation regime at clamping intensity 
is based on quasi-dc plasma currents. The simulated 
THz spectra for different pump pulse energies and pulse 
durations are in agreement with previously reported 
experimental observations. In Fig. 4, the dependence 
of the THz energy versus propagation length is shown 
for a Gaussian pulse with FWHM of 20 fs (green) and  
40 fs (blue) as well as 20-fs super-Gaussian (N= 2) pulse 
(red). The increase of the output energy is associated 
with the modified dynamics in filaments with relative 
long interaction lengths. 

In Fig. 5 the dependence of the THz energy on the 
propagation distance is shown for a near-infrared 

pump pulse, indicating that enhanced THz generation 
is possible in this regime. As seen for the same pulse 
parameters, near-infrared pump pulses at 2000 nm 
(solid line) generate a more than 1 order of magnitude 
higher THz yield than pump pulses centered at 800 nm 
(dotted line).

Low-order harmonic generation in the ionization regime

We numerically studied low-order harmonic generation 
in noble gases pumped by intense femtosecond 
pulses in the tunneling ionization regime [SHH13]. We 
analyzed the influence of the phase-mismatching on 
this process, caused by the generated plasma, and 
examined in dependence on the pump intensity the 
origin of harmonic generation arising either from the 
bound-electron nonlinearity or the tunnel-ionization 
current. It was shown that in argon the optimum pump 
intensity of about 100 TW/cm2 leads to the maximum 
efficiency, where the main contribution originates from 
the bound-electron third and fifth order susceptibilities, 
while for intensities higher than 300 TW/cm2 the tunnel-
ionization current plays the dominant role. Besides, 
we predicted that VUV pulses at central wavelength of  
133 nm can be generated with relatively high efficiency 
of about 1.5x10-3 by 400 nm pump pulses. 

Fig.	3:   
Ideal nonlinear refractive index vs. available pulse  
energy for octave spectral broadening. Solid-state 
materials are ideal for oscillators with extremely high 
output powers whereas much better performance can 
be expected for the use of gaseous nonlinear media in 
the range of 10 µJ and beyond.

Fig.	4:   
THz energy vs. propagation length.

Fig.	5:   
THz energy vs. propagation length.
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Figure 6 shows the output spectrum during the nonlinear 
propagation of 400 TW/cm2 pulses through argon with 
(red) and without (green) taking the bound-electron 
contribution into account. One can see that for the 
displayed harmonics the plasma contribution plays the 
dominant role in the generation of low harmonics.

Figure 7 shows that for a 400 nm pump with an 
intensity of 100 TW/cm2 the dominant contribution to the 
harmonic generation is provided by the bound-electron 
nonlinearity.

Beyond these results, we studied slow light and 
delayed imaging using metal nanoparticles [KHH13] 
and harmonic generation in metal nanoparticle-gas 
composites, including quasi-phase-matching, as well 
as in cooperation with external partners high harmonic 
generation in nanoparticle arrays [YSH13].

Own Publications 2013 ff   
(for full titles and list of authors see appendix 1)  

BBT13: M. Bock et al.; Opt. Lett. 38 (2013) 3642-3645 

BDF13: M. Bock et al.; in Non-diffracting Waves, H. 
E. Hernández-Figueroa, E. Recami, and M. Zambo-
ni-Rached eds. (J. Wiley, Weinheim, 2013) 271-285 

BNB13: S. Birkholz et al.; Phys. Rev. Lett. 111 (2013) 
243903/1-5

BGr13a: M. Bock et al.; in Non-diffracting waves, H. 
E. Hernández-Figueroa, E. Recami, and M. Zamboni-
Rachededs. (J. Wiley, Weinheim, 2013) 257-269

BGr13b: M. Bock et al.; Appl. Sci. 3 (2013) 139-152 
 
BSF13: M. Bock et al.; Laser Photonics Rev. 7 (2013) 
566–570

BSK13: L. Bergé et al.; Phys. Rev. Lett. 110 (2013) 
073901/1-5  
 
BWG13: J. Brunne et al.; J. Micromech Microeng. 23  
(2013) 115002/1-9  
 
DAB13a: A. Demircan et al.; Nonlin Phenom Complex 
Sys 16 (2013) 24-32  
 
DAB13b: A. Demircan et al.; Phys. Rev. Lett. 110 
(2013) 233901/1-5  
 
DBG13: S. K. Das et al.; in Ultrafast Phenomena XVIII 
(EDP Sciences, 2013) 12005/1-3  
 
KBD13: S. König et al.; SPIE Proc. 8611 (2013) 86110S
  
KHH13: K.-H. Kim et al.; Phys. Rev. A 87 (2013) 
045805/1-4  
 
RHL13: S. Ranta et al.; Opt. Lett. 38 (2013) 2289-2291 
 
RSR13a: M. Rhodes et al.; Laser Photonics Rev. 7 
(2013) 557–565     
 
RSR13b: M. Rhodes et al.; SPIE Proc. 8611 (2013) 
86110R/1-8      
 
SHH13: U. Sapaev et al.; Opt. Express 21 (2013) 
25582-25591
 
TDB13: A. Treffer et al.; SPIE Proc. 8637 (2013) 
86370M/1-9  
 
YSH13: Y.-Y. Yang et  al.; Opt. Express 21 (2013) 2195-2205 
 
YZL13: J. Yu et al.; SPIE Proc. 8588 (2013) 85882R/1-7

in press 

BAS: B. Borchers et al.; Laser Photonics Rev. 
  
BLS: B. Borchers et al.; Opt. Lett.

Fig.	6:   
Output spectrum during the nonlinear propagation of 
400 TW/cm2 pulses through argon.

Fig.	7:   
Output spectrum during the nonlinear propagation of 
100 TW/cm2 pulses through argon.
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1.2: Ultrafast Laser Physics
V. Petrov, U. Griebner (project coordinators) 
and F. Bach, M. Bock, A. Gitin, R. Jung, M. Kalashnikov, M. Mero, F. Noack, Th. Nubbemeyer, G. Priebe, H. Schönnagel, 
J. Tümmler, Y. Wang, I. Will

1. Overview

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

Power scalable ultrafast laser systems based on ultra-
broadband optical parametric amplification (OPA) at 
longer (>2 µm) wavelengths, desirable for shorter cut-
off wavelengths in high-harmonic generation and for 
driving hard X-ray plasma sources, will profit from op-
eration around degeneracy. For all-solid-state chirped 
pulse OPA (CPOPA) this means that not only sub-50 fs 
oscillators as alternatives to Ti:Sapphire seed sources 
are necessary but also novel laser systems operating 
at half the seed wavelength with longer pulse durations 
(from few 100 fs up to few 100 ps or even nanosec-
onds) have to be developed as pump sources. Thus, 
picosecond pulses amplified in Yb-based modules will 
be optimum for pumping OPCPA schemes operating in 
the few-cycle regime, seeded by ultrafast 2-µm lasers 
while moving to yet longer wavelengths in the mid-IR 
will require amplified picosecond or nanosecond pulses 
in the 2-µm spectral range. Depending on the chosen 
wavelengths, however, extreme OPA bandwidths can 
be obtained with specially designed pulse shaping 
schemes and nonlinear crystals also away from de-
generacy. While a great deal of the activities within this 
project are devoted to exploring components for such 
systems which includes also characterization and test-
ing of various laser and nonlinear materials in diverse 
operational regimes, a first step towards developing a 
complete OPA system for use in other MBI projects has 
been initiated in 2012 by starting the set-up of a novel  
100-kHz OPCPA phase-stable source, pumped at ~1 µm 
and seeded near 1.5 µm, with the option for generation 
of broadband femtosecond pulses also at ~3 µm. The 
work on a second large scale OPCPA system targeting 
the 5-µm wavelength range in the mid-IR and aiming at  
sub-100 fs, 1 kHz pulses, has just started by design veri-
fication and basic implementations.

A separate topic of the project encompasses the devel-
opment of picosecond thin-disk amplifiers of high aver-
age power. The long term targeted single pulse energy 
of ~1 J at a repetition rate of up to 200 Hz will corre-
spond to an average power of few 100 W. This develop-
ment work is supported by the EU within the framework 
of an EFRE project as collaboration between MBI and 
the Ferdinand Braun Institut für Höchstfrequenztechnik 
(FBH). In this context, the FBH develops and manufac-

tures the required high-power pump diodes. An impor-
tant part of the project is the development of a compact 
booster amplifier, which currently reaches pulse energy 
of 0.8 J. For this amplifier, a new type of thin-disk pump 
heads suitable for disks of 25 and 35 mm diameter has 
been constructed and manufactured. In parallel, the al-
ready existing thin-disk laser system is continuously 
being improved and simultaneously used for pumping 
a plasma X-ray laser (Project 3.3) and a high-power  
OPCPA system to produce few-cycle pulses (Project 4.1).

Some activities in the high-field laser (HFL) lab, primar-
ily focused on development of methods for improve-
ment of the pulse parameters of the Ti:Sapphire based 
laser source, on the first place the temporal contrast, 
as well as development of diagnostics for better char-
acterization, constitute the third topic of the project.  

2. Topics and collaborations

At present the project is organized in three topics:

T1: High average power thin-disk lasers

Partly supported by SAW, EU EFRE and EC Laserlab- 
Europe projects 
•  scaling of thin-disk laser technology to extreme pulse  
 energies based on CPA,
• development of an Yb:YAG thin-disk multi-pass am- 
 plifier for >1 J pulse energy,
• exploring the limits of thin-disk laser technology with 
 regard to high pulse energy.

T2: Ultrahigh intensity lasers 

Partly supported by Alexander von Humboldt Founda- 
tion and EU EUROLITE projects
• diagnostics for the laser beam characterization, es- 
 pecially temporal contrast and intensity, 
• development of a dual-beam Ti:Sapphire laser sys- 
 tem with peak power >200 TW and high temporal  
 contrast (≥1011) with respect to amplified spontane- 
 ous emission.

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

Partly supported by Alexander von Humboldt Founda- 
tion, SAW, DAAD and DLR projects 
• ultrafast lasers/amplifiers based on different dopant- 
 host combinations for the 1 to 2-µm spectral range, 
• carbon nanostructure saturable absorbers, mode- 
 locking and characterization,  
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• second-order nonlinear frequency conversion for ul-
 trafast systems, especially OPA and CPOPA for down
 conversion to longer wavelengths in the near- and
 mid-IR.

Collaboration partners: F. Diaz (University Tarragona, 
Spain), P. Fuhrberg (LISA laser OHG, H. Zhang (Shan-
dong University, P. R. China), F. Rotermund (Ajou 
University, Korea), M. Tonelli (University Pisa, Italy), 
A. Agnesi (Pavia University, Italy), G. Erbert (FBH Berlin, 
J. Liu (Qindao University, China), A. Kovacs, K. Osvay 
(University Szeged, Hungary), M. Romanovsky (Gener-
al Physics Institute, Russia), A. Savelev (Moscow State 
University, Russia), J. P. Chambaret (ILE, France), 
J.-Ch. Chanteloup (LULI, Palaiseau, France), S. Schad 
(TRUMPF Lasers GmbH, Germany), B. Kanngießer 
(TU Berlin, Germany), L. Isaenko (DTIM Novosi-
birsk, Russia), J.-J. Zondy (CNAM, Paris, France), 
V. Pasiskevicius, F. Laurell (KTH, Stockholm, Swe-
den), P. Schunemann (BAE Systems, Nashua, USA), 
V. Badikov (HTL, Krasnodar, Russia), K. Kato (Chi-
tose, Japan), l. Buchvarov (Sofi a University, Bul-
garia), M. Ebrahim-Zadeh (ICFO, Barcelona, Spain), 
M. Eichhorn (ISL, France), V. Panyutin (Kuban State 
University, Russia), A. Leitenstorfer (University of 
Konstanz), G. Arisholm (FFI, Norway).

3. Results in 2013

T1: High average power thin-disk lasers 

The activities within this topic include development of 
a new high-power thin-disk laser with a pulse energy 
exceeding 1 J and gradual improvement of the second, 
already existing thin-disk laser as a pump source for sci-
entifi c applications, in particular for pumping an X-ray 
laser (see Project 3.3) and a terawatt OPCPA system 
(see Project 4.1).

The development of a new picosecond high-power thin-
disk laser with >1 J pulse energy is a joint initiative with 
FBH, supported by an EU EFRE project. The goal of 
this project is to establish technologies for generating 
high pulse energies at average output power of few 

100 W with diode-pumped solid-state laser systems. 
The Yb:YAG-based thin-disk laser under development 
will incorporate these technologies, providing pulse 
energies between 0.5 and 1 J with a repetition rate 
between 100 and 200 Hz. 

In 2013, we focused on the following aspects: i) Imple-
mentation of a new power amplifi er layout with thin-disks 
of 25 mm diameter; ii) Implementation of a two-channel 
laser system for pumping OPCPA; iii) compressor set-
up for the two-channel pump laser; iv) synchronization 
between the thin-disk pump laser of an OPCPA system 
and its ultra-broadband seed-pulse oscillator.

The major goal is the development of a booster amplifi er 
that can deliver laser pulses with an energy of > 1 J at 
a repetition rate of 100-200 Hz. In 2013, we employed 
routinely Yb:YAG thin-disks of 25 mm diameter in the 
amplifi ers.

The laser system built in 2011 was equipped with a 
second preamplifi er and a second booster in 2013. The 
amplifi ers are arranged in a double-channel system now 
that provides two synchronous beams for pumping high-
power OPCPA systems. 

Furthermore, we modifi ed the laser heads (Fig. 2) so 
that we were able to use larger self-assembled thin-
disks (25 mm diameter). These laser heads are based 
on a design of the IfSW Stuttgart for pumping thin-disks 
with diameters up to 35 mm. In our case, we re-de-
signed this laser heads in such a way, that the whole 
cavity can be evacuated or fi lled with gas like helium for 
suppressing beam distortions due to air turbulences. In 
this laser head the thin-disk itself can be pumped either 
by four of the newly developed high-power laser diodes 
each delivering 1.7 J/pulse or later by two of the planned 
6 J/pulse diodes. The coupling units for both schemes 
have been set up. The four-fold one (Fig. 2, right side) 
is being used at present, the two-fold one is assembled 
and ready to be used.

With the new laser heads we have demonstrated pulse 
energy of 0.8 J (before compression) for the individual 
beams. 

Fig.	1:  
Scheme and status of the two-channel Yb:YAG thin-disk laser in the development lab.
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For amplification to high pulse energy, the pulses are 
stretched to >1 ns duration in a grating stretcher located 
directly after the laser oscillator. In order to recompress 
the pulses of the two beams after amplification, a 
special grating compressor was implemented that uses 
one common set of gratings for both beams (Fig. 3). 
This compressor contains appropriately movable folding 
mirrors that allow one to adjust independently the 
compression of the pulses in the two beams. 
 

The compressor has been constructed, built and aligned 
during 2013. It shows an overall transmission of 85 %. 
This was achieved due to a diffraction efficiency of the 
gratings higher than 96 %. The beams of the two ampli-
fier arms were compressed to a nearly bandwidth lim-
ited value for the pulse duration between 2.2 and 2.4 ps 
(Fig. 4). An autocorrelation trace over a scan range of 
2×75 ps showed no structure outside the main pulse.
 
For full operation of the new two-channel system, ad-
ditional pump diodes are required. These pump diode 
modules aim to reach up to 6 kW peak power at a 20 % 
duty cycle. They are being developed at FBH in the 
framework of the EFRE-financed project. 

Another important part of this topic is the application of 
the thin-disk laser system that was built in 2007-2011. 
Among others, the thin-disk laser was used for pumping 
a table-top X-ray laser. The main application of the thin-
disk laser, however, was for pumping the OPCPA system, 
which is being developed at MBI in the framework of 
Project 4.1. This OPCPA system aims to produce sub- 
10 fs pulses of more than 10 mJ energy. For this task, the 
thin-disk laser system has been providing the desired 
pump pulses with 0.2 J energy and 50 ps duration 
(FWHM) at 100 Hz repetition rate on a regular basis.

For stable amplification in the ultra-broadband optical-
parametric amplifiers, the pump pulses from the Yb:YAG 
thin-disk laser had to be synchronized with the femtosec-
ond pulses of the Ti:Sapphire seed-pulse oscillator of the 
OPCPA system. In order to ensure high reliability of the 
complete system, we have decided on a concept that is 
based on independent laser oscillators for the thin-disk 
pump laser and for the OPCPA system. Appropriate RF 
electronics are used to synchronize these oscillators to a 
common low-noise electronic quartz oscillator. 

In order to reach stable synchronization, we had to set 
up a new Yb:KGW front end that comprises an Yb:KGW 
oscillator, the stretcher and a regenerative amplifier 
(Fig. 5). The highly stable Yb:KGW oscillator of this front 
end contains two actuators for synchronization to the 

Fig.	2:   
Thin-disk laser head for Yb:YAG disks of 25 mm diam-
eter with coupling unit that combines the pump radia-
tion of four fibers.

Fig.	3:   
Compressor of the two-channel Yb:YAG thin-disk la-
ser. Pulses in both channels are compressed using a 
common set of gratings. The green and red lines mark 
the beam paths of the two channels.

Fig.	4:   
Autocorrelation trace and spectrum of the compressed 
pulses from the Yb:YAG thin-disk laser. The pulses 
can be compressed to ~ 2.2 ps duration.
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low-noise electronic quartz oscillator mentioned above. 
The regenerative amplifier provides pulses of ~0.5 mJ 
energy, which are then further amplified in the thin-disk 
amplifier chain.

Our synchronization system is controlled by two 
embedded computers, which also provide Graphical 
User Interfaces (GUIs) for continuous display of 
important synchronization parameters such as laser 
power and intensity noise of the oscillators, as well 
as synchronization accuracy reached. In addition, the 
GUIs allow one to adjust the mutual delay between 
both synchronized lasers with femtosecond accuracy by 
completely electronic means.

With the presently implemented laser oscillators, the 
synchronization system ensures synchronization 
accuracy (jitter) between the pulses of the pump-laser 
and the broadband Ti:Sapphire oscillator of the OPCPA 
system of 0.2 … 0.3 ps (rms) in everyday operation. 
Since this is more than two orders of magnitude shorter 
than the pump pulses used at present, the obtained 
accuracy supports stable operation of the optical 
parametric amplifiers of the OPCPA system. 

T2: Ultrahigh intensity lasers 

High field Ti:Sapphire laser and evaluation of relativistic 
intensities

Following the definition of intensity, this parameter at 
focus can be derived from the pulse energy, temporal and 
spatial characteristics of the laser radiation measured 
at the beam waist. However, at the relativistic level of 
intensity the latter two parameters cannot be measured 
directly. For this reason, in most cases the estimations 
are based on measuring distributions at low energy and 
further extrapolating the result to high energy/intensity 
levels. At relativistic intensity the direct measurement 
of spatial distribution in the focal region is impossible. 
The low accuracy of such methods makes it difficult to 
compare experimental results achieved at different laser 
facilities. Some of the specific for the CPA-technique 

recompression errors, such as a tilted front for instance, 
that are hard to be diagnosed with conventionally used 
methods of laser pulse characterization can lead to 
substantial errors in determination of the pulse duration 
in the focal region. Thus, development of a method 
independent of these ‘inaccurate’ measurements is of 
great importance.

During the last years MBI in collaboration with the 
General Physics Institute, Moscow has developed a 
theoretical approach aimed at measuring intensities 
with values close and above the relativistic level. The 
alternative method to evaluate the maximal laser pulse 
intensity reached in the focal spot is based on the 
measurement of energies of electrons accelerated and 
subsequently ejected from the focal spot at small angles 
to the laser beam axis. The electrons are created via the 
ionization process in a low-density gas target provided 
that their concentration is low enough to make the 
effects stemming from both the Coulomb interactions 
between charged particles and the collisions between 
them negligible.

The experiments were done with the MBI high field 
laser system running at a repetition rate of 10 Hz. The 
scheme of the experimental set-up is shown in Fig. 6. 
The recompressed laser beam polarized in X-direction 
was focused in a chamber filled with a gas at pressure 
of ~10-3 mbar. Three types of gases: He, Ar and Kr 
were used in the experiments. The accelerated electron 
spectra were measured by a scintillator-based detector 
with a PMT (type) and an analyzer: charge processor 
SBS-77 from Green Star - a PCI card combined with 
the power supply. The electron spectrometer had a 
full energy measurement range of up to 4 MeV. The 
spectrometer worked in a counting mode measuring 
single events. The detector could be placed outside the 
vacuum chamber behind flanges covered by a mylar foil 
with thickness of 13 µm. Several directions in the X-Z 
plane relative to the Z-axis and one at J~40° in the Y-Z 
plane were available for experimenting. The electron 
spectrometer was calibrated with a 137Cs source.

The method to determine the maximum laser intensity 
is based on an estimation of electron temperature of 

Fig.	5:   
Scheme of the Yb:KGW front end with its synchronized oscillator und Yb:KGW-regenerative amplifier.
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accelerated electrons taken from exponential drops of 
experimentally measured electron spectra. According to 
the theory that was developed previously [A. L. Galkin, 
M. P. Kalashnikov, V. K. Klinkov  et al.; Phys. Plasmas 
17 (2010) 053105], several measurements taken at 
different values of the laser energy allow one to estimate 
simultaneously the normalized laser beam waist radius 
ρ0/λ and the peak intensity. In our case the values of 
electron temperature were averaged over experimental 
results taken at different angles Ф. These mean values 
of the effective temperatures Q (in units of mc2) for 
argon at 0.3 μbar (see Fig. 7) were found to be 0.32 
and 0.5 for energy of the laser of 1 and 3 J, respectively. 
For the given above mean values of effective 
temperatureQ, following the theory, the experimental 
results are fitted to curves with parameters S1= 7.21×102 
and S2= 2.16×103. This gives a value of ro/l=4.   
 

Taking into account that the maximum intensity equals 
Im=Ir S (l/ro)2, where Ir (800 nm)=2.14×1018 W/cm2 
- the value of relativistic intensity for 800 nm, finally 
one gets the value of the peak intensity achieved in 
the experiment of Ir(800 nm)=2.6×1020 W/cm2 for the 
incident laser energy of 3 J. The value of the maximum 
intensity measured in this way is in good agreement with 
simple estimation of the peak intensity ~2.5×1020 W/cm2 
based on the commonly used method measuring the 
pulse energy, the duration and the spatial distribution of 
energy in the focal point, at low intensity.   

T3: Power scaling of diode-pumped fs laser systems 
beyond Ti:Sapphire

Carbon nanostructure based saturable absorbers for 
bulk laser mode-locking in the near-IR spectral range

In line with the ongoing efforts in extending the 
application potential of graphene and SWCNT as 
saturable absorbers (SAs) for mode-locked solid-state 
lasers in the wavelength range between 0.8 and 2.1 µm 
we have demonstrated higher pulse energies [BOC13] 
and pulse durations below 100 fs [DUS13a, DUS13b].

In the context of possible seeding of OPCPA systems 
by bulk instead of Er-fiber based oscillators near 1.5 µm 
efforts were devoted to Cr:YAG lasers in 2013 [DUS13a, 
DUS13b]. Using a transmission-type SWCNT-SA inside 
the Cr:YAG laser X-type cavity, mode-locking was 
observed from a pump power threshold of 2.84 W. The 
mode-locking regime was self-starting and stable up to 
the maximum absorbed pump power of 3.4 W, which 
produced an average output power of ~130 mW at a 
repetition rate of 85 MHz. Figure 8 shows the measured 
(a) and retrieved (b) SHG-FROG traces together with 
derived temporal intensity and phase (c) and spectral 
intensity and phase (d) of the shortest laser pulses near 
1.5 µm at an average output power of 67 mW. 

The obtained pulse duration (Fig. 8c) is as short as 50 fs. 
The pulse shape is almost symmetric but there is still 
some residual negative chirp, with equivalent group-delay 
dispersion (GDD) parameter of -285 fs2 derived from 
parabolic fit to the spectral phase. This is consistent with 
the operation of this laser in the negative GDD regime 
[W. B. Cho et al.; Opt. Lett. 35 (2010) 2669] for maximum 
stability and self-starting. Obviously such a steady state 
is realized with slight chirping of the pulses which are not 
ideal solitons. This is partially confirmed by the broader 
retrieved spectral bandwidth (Fig. 8d) where the deviation 
from the direct measurement could be attributed to few 
factors but most probably to the different spectrometers 
used at the fundamental and the second harmonic.

An interesting effect, observed only for the shortest pulse 
durations (broadest laser spectra) is the occurrence 
of the sideband at 1626 nm. Only this single Stokes 
band was observed on linear scale. Such bands have 
been previously analyzed in Kerr-lens mode-locked 
broadband Cr:YAG lasers, and the high intensity of this 
particular coherent Stokes band which depends on the 
cavity dispersion was attributed to Raman gain in the 
laser rod [Y. Ishida et al.; Opt. Rev. 6(1) (1999) 37].

Fig.	6:   
Scheme of the experiment to evaluate the intensity in 
the focal region.

Fig.	7:   
Calculation of the laser beam caustic waist radius  
ro/l using the Q value based on the Q(ro/l ) depend-
ence. The green and red horizontal solid lines corre-
spond to laser energy of 1 and 3 J, respectively. The 
vertical dotted line denotes the obtained value   
ro/l=4.
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Similar results were achieved by applying a graphene 
based SA for mode-locking the Cr:YAG laser. The 
monolayer graphene sheet was transferred on a 1-mm 
thick quartz substrate. Pump-probe spectroscopy at 
1560 nm revealed similar time constants as previously 
reported for such transmissive samples at 800, 1040, or 
1250 nm [I. H. Baek et al.; Appl. Phys. Express 5 (2012) 
032701; E. Ugolotti et al.; Appl. Phys. Lett. 101 (2012) 
161112; W. B. Cho et al.; Opt. Lett. 36 (2011) 4089], 
namely 180 fs for the fast and ~1.5 ps for the slow com-
ponent. The modulation depth shows some trend of de-
creasing with wavelength and amounted to ~0.4 % at 
1500 nm while the saturation fluence was ~14 μJ/cm2. 
The graphene SA was implemented at Brewster angle 
in the X-shaped astigmatically compensated Cr:YAG 
laser cavity, similar to the one used to employ the  
SWCNT-SA described above.

Compared to SWCNT-SAs, graphene-SA mode-locking 
of Cr:YAG was more critical with respect to the pump 
power with a relatively narrow range extending over 
~0.5 W around 2.5 W (absorbed) where mode-locking 
was self-starting and self-sustaining for hours. The 
pulses of the graphene mode-locked Cr:YAG laser 
operating at 85 MHz were characterized by auto-
correlation and SHG-FROG techniques at an output 
power of ~100 mW. The recorded auto-correlation 
trace can be almost perfectly fitted with a sech2-pulse 
profile resulting in an estimate of 91 fs for the pulse 
duration (FWHM). The corresponding laser spectrum 
with a bandwidth (FWHM) of 32 nm was centered at 
1516 nm. This leads to a time-bandwidth product of 

0.38, somewhat higher that the Fourier limit (0.315) 
for sech2-shaped pulses. From the calculated beam 
waist at the position of the SA an average fluence of 
300 μJ/cm2 can be estimated indicating deep saturation 
of the graphene-SA. From the SHG-FROG traces 
the magnitude and sign of the residual chirp were 
estimated. We obtained that it is basically linear with 
a value of -524 fs2, derived by parabolic fitting of the 
spectral phase, while the intensity temporal shape was 
almost symmetric. This is consistent with the calculated 
round trip GDD of approximately -900 fs2 for this laser.

The high stability and clean single pulse mode-locked 
operation was confirmed for both types of carbon 
nanostructure based SAs by recording the radio 
frequency spectra. The fundamental beat note exhibits 
very high extinction ratios of >65 dBc. 

Continuation of the  activities in 2014 will be devoted 
to the exploitation of the full spectral bandwidth of Tm-, 
Ho- or Cr-doped laser materials in the 2 µm and 1.5 µm 
spectral ranges, for pulse durations <50 fs (as potential 
seed sources for OPCPA), supercontinuum generation 
with such lasers and CEP characterization. These 
activities are closely related to the large scale SAW 
project devoted to high average power CPOPA at 100 kHz 
with two outputs at 1.56 and 3 µm, which was launched 
in mid-2012. On longer timescale this topic will focus 
on power scaling of femtosecond sources at various 
wavelengths by laser and parametric amplification and 
development of ps/ns pump sources in the 2 µm spectral 
range for OPCPA systems operating in the mid-IR. 

Fig.	8:   
Measured (a) and retrieved (b) FROG traces of the SWCNT mode-locked Cr:YAG laser together with derived temporal 
intensity and phase (c) and spectral intensity and phase (d).
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100-kHz OPCPA at 1.55 µm/3.1 µm  
 
A large scale SAW project launched in 2012 is devoted 
to the development of a high average power OPCPA 
system at a repetition rate of 100 kHz with an output 
switchable between a 1.55-µm, CEP-stable beam and 
a 3.1-µm non-CEP stable beam. The present status 
of the OPCPA system development is shown in Fig. 
9, where the black, blue, and red blocks indicate units 
already implemented, under set-up, and to be realized, 
respectively. 

The front-end of the OPCPA system is a commercial 
Er-doped fiber laser system consisting of a master 
oscillator/amplifier module optically synchronized with 
two supercontinuum modules providing seed pulses 
for the 1.55-µm signal pulses, the 1.03-µm pump 
pulses, and an f-to-2f interferometer for signal pulse 

characterization, respectively. The repetition rate of the 
master oscillator is locked to 80 MHz using a low-noise 
signal generator and a feedback loop controlling the 
cavity length.

The signal beam line is seeded with 3.5-nJ, 30-fs pulses 
(c.f. Fig. 10). The seed pulses exhibit a carrier envelope 
phase noise of a few radians RMS (20 kHz - 1 GHz), 
which is too high for traditional feed-back or feed-
forward CEP stabilization methods. In addition, the long 
term drift of the carrier envelope frequency also calls for 
a novel stabilization scheme. We are currently testing 
the feasibility of a patent pending feed-forward concept 
conceived at MBI for correcting the massive CEP noise 
in the seed pulses. A commercial, 640-pixel SLM based 
pulse shaper is also implemented in the seed beam to 
facilitate chirp compensation both in the signal and in 
the idler beam lines. 

Fig.	9:   
Present status of 100-kHz 1.55-µm/3.1-µm OPCPA system. Black, blue, red blocks indicate units implemented, under 
set-up, and to be ordered, respectively.

Fig.	10:   
Spectral (left) and temporal (right) intensity and phase of the seed signal pulses obtained from SHG-FROG.
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The 1030-nm pump source for the OPCPA chain was 
assembled from various turn-key type commercial 
components. The unique amplifier chain is itself a CPA 
system including a compact and robust nonlinearly 
chirped fiber Bragg grating stretcher, a two-stage Yb-
doped fiber amplifier module, two Yb:YAG amplifier 
modules, the second of them based on the Innoslab 
concept, and a transmission grating based compressor. 
The compressed output beam is a 100-kHz, 2.7-mJ 
pulse train with pulse duration of 1.4 ps at FWHM and 
M2 values of 2 and 1.4 in the horizontal and vertical 
planes, respectively (c.f. Fig. 11).   
       
As the pump pulse duration is only ~1 ps, the stretcher 
and compressor units for the signal and idler beams 
are planned to be based on bulk, anti-reflection coated 
blocks of material, which provide negligible transmission 
losses. The updated goals in terms of pulse energies 
at the signal and idler wavelengths are 180 and 90 µJ, 
respectively.
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APT: A. Agnesi et al.; Laser Phys. Lett. 
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DMP: F. Di Trapani et al.; Laser Phys.

HTM: A. Hildenbrand et al.; SPIE Proc.

JMP: V. Jambunathan et al.; Appl. Phys. B
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Invited Talks at International Conferences  
(for full titles see appendix 2)

M. Kalashnikov; DPG-Frühjahrstagung (Jena, 2013-02)

M. Kalashnikov; 6th Session of the Petawatt Scientific 
Conference (München, 2013-05)

M. Kalashnikov; Annual Meeting of NAUUL 2013, 2nd 
Workshop (Dornburg, 2013-06)

M. Kalashnikov; ELI-NP Workshop (Bucharest, 
Rumania, 2013-06)

M. Kalashnikov; FLAMN13 (St. Petersburg, Russia, 
2013-06)

V. Petrov; SPIE/SIOM Pacific Rim Laser Damage 
(Shanghai, China, 2013-05)

V. Petrov; 2nd National Congress on Physical Sciences 
(Sofia, Bulgaria, 2013-09)

S. M. Vatnik; Conference on Lasers, Applications, and 
Technologies (Moscow, Russia, 2013-06)

S. M. Vatnik; VI Int. Symposium on Modern Problems of 
Laser Physics (Novosibirsk, Russia, 2013-08)

I. Will; DPG-Frühjahrstagung (Jena, 2013-02)

I. Will; LA³NET, 1st Topical Workshop on Laser Based 
Particle Sources (Genève, Switzerland, 2013-02)

I. Will; Joint European XFEL and DESY Laser Advisory 
Committee, XFEL photoinjector drive laser, phase I 
(Hamburg, 2013-02)

I. Will; Joint European XFEL and DESY Laser Advisory 
Committee, XFEL photoinjector drive laser, phase II 
(Hamburg, 2013-02)
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2.1: Laser Plasma Dynamics and Particle Acceleration
M. Schnürer (project coordinator)
and A. A. Andreev (also at Vavilov State Optical Institute, St. Petersburg, Russia), F. Abicht, J. Bränzel, C. Koschitzki, 
G. Manahan (from April 2013 to Jan.2014, now SCAPA Strathclyde, UK), G. Priebe (until May 2013, now XFEL GmbH 
Hamburg), S. Steinke (previous 2nd project coordinator during 2012/13, Lawrence Berkley National Laboratory, USA)

1. Overview

The main goal of the project is the investigation and opti-
mization of the dynamics underlying laser-plasma parti-
cle accelerators. These processes are initiated when in-
tense ultra-short laser pulses interact with plasma. The 
research is based on MBI’s high-field laser infrastruc-
ture (Project 4.2) with two optically synchronized, 10 Hz 
ultra-high intensity lasers, providing ultra-high contrast 
pulses with a peak power/pulse duration of presently 
100 TW / 25 fs and 70 TW / 35 fs.

The project has two major objectives which are pursued 
in two topics:

a) The first topic on relativistic plasma dynamics focuses 
on the investigation of laser driven ion/proton accelera-
tion. Research concentrates on the detailed study of en-
ergy transfer processes in relativistic plasmas, including 
effects of collective electron motion in ultra-strong laser 
fields. Combination of different target structures and la-
ser parameters has led to the identification of different 
laser acceleration processes. Recent results have been 
obtained in acceleration field dynamics at the femto-
second time scale providing knowledge for possibilities 
of staged laser-based acceleration schemes. This will 
have an impact on future research, technological devel-
opments and applications.

MBI is part of the national DFG TRANSREGIO TR18 
collaboration, comprising the major German laborato-
ries in the field of relativistic plasma dynamics. There, la-
ser driven ion acceleration is being studied over a wide 
range of laser parameters, with applications in plasma 
physics and ion-matter interaction phenomena.

In the third period of the TR18 which started in Janu-
ary 2013, the two-beam Ti:Sapphire laser facility in the 
High Field Laser Laboratory at MBI will enable complex 
pump-probe experiments. During 2013, the entire exper-
imental infrastructure (cf. Project 4.2) was used and ex-
perimental projects using the 70 TW and 100 TW-laser 
in parallel or in a synchronized mode were performed.

The dual beam MBI system represents the experimen-
tal base for novel particle acceleration and short wave-
length radiation experiments. The achievable intensi-
ties of the order of 1020 W/cm2 allow for investigating 
radiation pressure dominated processes. New target 
systems, such as, e.g., mass-limited targets and ultra-
thin foil targets, are in the focus of ion acceleration re-
search because of higher energy transfer efficiency. 
Further progress has been achieved with ultra-thin foils 
supporting a heavy metal layer. The experiments relying 
on temporal pulse cleaning (contrast improvement) with 
unprecedented values due to a combination of a XPW-

frontend, novel pre-amplifier architectures (cf. research 
in Project 1.2) and a double plasma mirror at MBI. In-
house target technology (nm-thick plastic foils together 
with metal coating) and the use of a developed thickness 
measurement for nm-thin foils provides important back-
ground for interaction experiments exploring efficient 
acceleration schemes. The advanced laser parameter 
and nanometer-thin targets have allowed to extend the 
investigation of acceleration in strong fields to the femto-
second and even few-cycle time domain. Other specific 
laser-machined mass-limited and structured (e.g., drop-
lets, nano-brush), target systems are a topic of in-house 
cooperation and in Laserlab-Europe access campaigns.

b) The second topic on electron acceleration is aiming 
at the investigation of interaction schemes allowing for 
stable GeV-electron beam production. This research re-
quires a heavily radiation shielded area and radiation 
surveillance systems that are now in operation. Addi-
tional technology has been implemented (cf. Project 
4.2) to grant full access up to calculated shielding lim-
its. By combining the two multi-ten-TW-lasers, novel 
staging experiments in electron acceleration are prin-
ciple goals. Generally, the development of stable ac-
celeration schemes is a key requirement for new bril-
liant X-ray sources and electron accelerators. In 2013 
several important diagnostics such as novel magnet 
spectrometer, interferometer electron beam monitor-
ing have been developed, tested and parameter scans 
for acceleration experiments with gas jets have been 
started.  

2. Topics and collaborations

T1: Relativistic laser plasmas and ion acceleration

Collaboration partners: Univ. Düsseldorf, Univ. Jena, 
LMU München, MPQ Garching: Joint projects within 
the national TRANSREGIO TR18, project supported 
by the DFG; Prof. V. T. Tikhonchuk, CELIA,Université 
Bordeaux 1, France, plasma theory; Prof. H. Ruhl, 
LMU München, plasma theory; Prof. A. Zigler, Hebrew 
University, Jerusalem, Israel, experiment; Dr. S. Ter-
Avetisyan, Queen’s University Belfast, UK, now ELI-
beamlines Prague, Czech Republic, experiment; Dr. P. 
Gibbon, Jülich Supercomputing Center, Dr. V. Malka, 
LOA, France, experiment; Prof. D. Batani, Univ. Milano, 
Italy, experiment.
In-house-collaborations with Projects 1.2, 3.2, 3.3, and 4.2.

T2: Electron acceleration

TRANSREGIO TR18 partner: Univ. Düsseldorf, Univ. 
Jena, LMU München, MPQ Garching.
In-house collaborations with Projects 1.2 and 3.3.
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3. Results in 2013

T1: Relativistic laser plasmas and ion acceleration 

Laser cycle dynamics in ion acceleration
 
Laser driven ion acceleration like Target Normal Sheath 
Acceleration (TNSA) is a secondary process where 
strong electrical fields act typically several times longer 
than the initiating ultra-strong femtosecond laser pulse. 
These fields are built up by electron bunches which are 
produced in intense laser plasma interaction.

In case of linearly polarized laser light a periodic 
release of electron bunches is given which imprints the 
oscillatory characteristics of the field onto the particles. 
This situation could be also traced with Particle in cell 
computer simulations at sufficient resolution. Due to 
the inertia of ions their response in the field is orders of 
magnitude slower than that of electrons. Therefore it was 
assumed that the ion acceleration is mainly determined 
by the temporal field envelope and reflects averaging 
over a time scale of the laser pulse duration. Moreover 
it was excluded that laser driven ion acceleration could 
exhibit fingerprints of the laser cycle.

We found that faint modulations in the ion velocity 
distribution become detectable if specific prerequisites 
are fulfilled. Concluding from previous experiments 
where we did not observe the phenomenon, we can 
anticipate that the temporal contrast of the laser pulse 
plays a significant role. The laser matter interaction 
conditions have to preserve a dominating oscillatory 
electron kinematics against smoothing effects in plasma 
conditions which favor heating and scattering processes. 
Concerning our present data one has to realize an ASE 
background contrast of about 10 orders of magnitude in 
intensity. This improvement has been realized with XPW 
technology inside the laser amplifier chain. In order to 
measure the effect with a mass spectrometer (Thomson 
type) a sufficient resolution is needed. Also an additional 
spatial resolution in order to discriminate oscillations 
with relatively high frequency against noise is crucial.

The experimentally observed modulation (cf. Fig. 1) 
shows a clear functional dependence of the modulation 
period with proton energy (velocity). Comparison 
with the numerical simulation can already show if the 
observed trend is indeed a consequence of the temporal 
modulation of the acceleration field with a source 
term incorporating the laser half cycle. In Fig. 2A the 
kinetic energy distribution of protons is shown at a time 
moment of 200 fs after the laser – target interaction has 
started. Similar to the experimental result shown in Fig. 
2C the modulation period (in terms of energy) is larger 
and smaller for larger and smaller proton energies, 
respectively. The relative scale of the amplitudes in 
Fig. 2C is due to a background correction process. In 
the energy interval from 0.8 to 1.2 MeV the number of 
maxima/minima is quite similar where at lower energies 
probably the resolution of the numerical simulation 
cannot account to resolve the modulation frequency 
obtained in experiment.

An analytical model has been developed [SAA13] in 
order to account for the observed modulation in more 
detail. Hydro- and Poisson equations are used for 
calculation of the ion motion. Finally one has to solve an 
inhomogeneous system of differential equations which 
describe non-resonant oscillation inside the plasma.  
This Ansatz needs further approximation such that only 
a distinct but selectable part of the spectrum can be 
described. Depending on the chosen energy intervals 
a good correspondence to the experiment is given as is 
visible in Fig. 2B.

We anticipate that this observation might give further 
insight to the electron dynamics and following laser 
ion acceleration dynamics approaching the sub-
femtosecond region.

Fig.	1:   
Proton (ion) spectrum obtained with a MCP-detector: 
a 5 micron thick Ti-foil plus contamination was irradi-
ated with a 3*1019 W/cm2 (~40 fs) p-polarized laser 
pulse having a ASE to peak intensity contrast of 10-10, 
entrance slit of spectrometer has a width of 100 mi-
cron and a length of 8 mm, modulations are clearly 
detectable in this configuration.

Fig.	2:   
A – Proton distribution function from 2D PIC simulation, 
B – analytical 1D model calculation and 
C – experimental result.
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Tracing ultrafast acceleration field dynamics with longitu-
dinal probing of strong fields at plasma-vacuum interfaces

The effective action of strong electric fields on a beam 
of protons passing through a laser irradiated thin foil has 
been investigated. The longitudinal probing geometry 
uses a probe beam with a velocity vector along the nor-
mal of the surface field to probe. This is in difference to 
the frequently used transversal probe geometry where 
one intends to send the probe beam orthogonal to the 
field which is being investigated. So far probing with pro-
ton beams has achieved picosecond temporal resolu-
tion. We found in our experiments that the energy dis-
tribution function of the proton probe beam changes in 
a pronounced way, exhibiting a gap in the spectrum ac-
companied by up to two local maxima. The temporal be-
havior is compared to predictions derived from the evo-
lution of strong electrical fields at the plasma-vacuum 
interface, usually being considered responsible for fast 
ion acceleration during the initial stage of laser driven 
plasma expansion. Our investigation reveals complex 
field effects in thin foils when irradiated with intense and 
ultra-short pulses with a very high temporal contrast.

Figure 3 illustrates the experimental setup. A la-
ser accelerated proton beam, the probe, traverses a 
“plasma slab” created by ultra-short and high-intensity  
(~1x1019 W/cm2) laser irradiation of 30 nm or 800 nm 
thick foils.

Laser pulses with different temporal contrast and pulse 
duration were used both for the probe and for the plas-
ma slab creation (the pump). The parameter range is 
determined by the capabilities of the “High Field Laser” 
system which consists of two separate Ti:Sapphire am-
plifier chains delivering 100 TW and  70 TW after pulse 
compression and being optically synchronized with a 
XPW-frontend (cf. Project 4.2 HFL).

With the Thomson mass-spectrometer we recorded the 
velocity (kinetic energy) of the proton probe. The en-
trance slit of the spectrometer provides a one dimen-
sional spatial resolution. The pictures are processed 

to account for separately measured magnetic field 
dependencies. Regions which show similar behavior 
of the beam distribution function are integrated along 
the spatial coordinate to extract a spectral lineout with 
good signal contrast. An example is shown in Fig. 4. 
We found this situation – a pronounced gap with two 
accompanying maxima at slightly higher kinetic ener-
gies – to be characteristic and reproducible when the 
pump was realized with a certain temporal contrast of 
one laser arm. Changing this situation, e.g., by using 
the other laser arm, or probing regions far from the inter-
action point provides results with different side-maxima 
appearances.

In a thin foil which is exposed to the pump pulse two 
plasma layers at the vacuum – solid interface are creat-
ed. The layer at the laser irradiated front side is directly 
produced by the laser and the plasma at the rear sur-
face develops due to energetic electron transport from 
the front to the rear and following ionization processes. 
Strong fields are created at both interfaces which in turn 
are responsible for the ion emission (TNSA – process). 
With our experiment we are aiming to study symmetries 
and anti-symmetries of these fields. Numerical simula-
tion of the experiment has indicated that the resulting 
field can be approximated with a strong electrical field 
component (several MV/micron) having a duration of 
100 fs. This field points in one direction along the target 
normal and has a spatial extension of 2 microns. Us-
ing this finding in an analytical calculation [ASB13] the 
observed energy redistribution in the probe beam has 
been modeled (Fig. 4). Also it is possible to see how 
changes in the field configuration act back on the proton 
probe.

Our results show that the method of longitudinal field 
probing is able to trace field dynamics at timescales 
of several 100 fs. Currently we analyze different ex-
perimental situations where also the influence of 
transversal deflection was recorded. Thus, more in-
formation about normal and radial field components 

Fig.	3:   
Experimental setup of the longitudinal proton probing 
of a laser irradiated thin foil. 

Fig.	4:   
Experimentally observed redistribution of kinetic ener-
gies of the proton probe and comparison with calcu-
lation out of an analytical model assuming a strong 
electrical field of about 100 fs duration which is local-
ized within a micrometer thick layer.
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as well as the influence of magnetic fields will be ob-
tained. 

Target concepts and theory

Interaction of relativistic laser pulses with plasma is ac-
companied by various phenomena. Not only the release 
of fast ions as discussed above is in the research focus. 
Another interesting topic derives from the partial conver-
sion of positively charged ions into neutral atoms and 
even ions exhibiting a negative charge. Over the years 
a spray target system (MBI – patent) has been investi-
gated concerning fast ion and radiation emission. Fur-
thermore this system is an effective charge converter 
of ions traversing this medium. The observed unusually 
high conversion rates have led to various experimen-
tal campaigns and accompanying theoretical analysis 
[PAP13, SAP13, and APB13b].

Modification of the target surface aims for better laser 
light absorption and resulting higher laser to ion kinetic 
energy conversion or increased emission of radiation 
in the VUV- / X-ray region. Theoretical studies [And13, 
APl13a, APl13b, APP13a, APS13a, and APS13b] and 
experiments [SNE13, ZEB13] were performed and ana-
lyzed. Effects of secondary radiation emission [BAS13] 
and target characterization [BPH13] have been pub-
lished.

T2: Electron acceleration

In simple laser driven electron acceleration schemes 
the electron self-injection condition is apparent, i.e., if 
the velocity of the ambient electrons trailing the cavity 
matches the phase velocity of the cavity, electrons can 
be self-trapped and be accelerated to high energies. 
However, the beginning and end of the injection process 
is hard to control and often leads to electrons having a 
large energy spread.

It has been shown that a sharp density down ramp in the 
plasma is capable of localization of electron injection. 
For supersonic gas jet targets, this kind of density tai-
loring can be produced by laser-induced shock waves. 
We aim to have a controlled injection by inducing shock 
waves in our gas jet target.

In 2013 a beam line (cf. Project 4.2) was designed and 
implemented for laser wakefield acceleration of elec-
trons using the 28 +/-2 fs Ti:Sapphire laser system (HFL 
arm 1: Amplitude Technology, max. spec. 100 TW). The 
gas flow onto the nozzle is supported by either pure He 
gas or a combination of 98 % He and 2 % N2. The shape 
of the nozzle is designed to produce a flat-top plasma 
density profile, ranging from 1018 to 1019 cm-3. 

First experiments were carried out with a f/25 off-axis pa-
rabola focusing the laser pulse onto the edge of a conical 
supersonic gas jet target. The measured focal spot size  
(1/e2) is 30 μm and contained 30 % of the laser energy. 
This leads to an initial normalized vector potential of  
ao~1.7 (I=6x1018 W/cm-2) if the system runs close to 
maximum specification. In order to relax the power re-

quirements a f/15 focusing optic is also used now which 
is realized within TR18 collaboration. 

An optical probing (Mach-Zehnder interferometer) is 
implemented to obtain information on plasma density 
modulation and laser guiding. A CCD camera coupled 
with a band pass filter (central wavelength of 400 nm) 
is installed, viewing the top profile of the plasma chan-
nel. With this diagnostic, the laser focal position is easily 
determined. The electron beam transverse profile (cf. 
Fig. 5) is detected using a scintillating screen (LANEX) 
located 90 cm from the accelerator, where beam point-
ing and divergence are calculated. The electron beam 
energy is measured using a gradient field permanent 
magnet located ~100 cm from the accelerator.

As a preliminary experiment for shock wave injection for 
electron acceleration, the generation of shock waves is 
demonstrated by focusing a ~400 mJ, 30 fs laser into a 
gas jet target having a sharp metal boundary at the tip 
of the nozzle. Using a Mach-Zehnder type interferom-
eter, traces of the shock fronts evolution are obtained, 
as shown in Fig. 5.

Fig.	5:   
Upper part: Traces of laser-induced shock fronts for 
different probe delays. The probing laser was an 
externally synchronized picosecond nitrogen laser – 
with timing accuracy of several ns (due to its internal 
electronic); 
lower part: Image of the fluorescent screen to detect 
electron beam pointing and divergence.
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Own Publications 2013 ff   
(for full titles and list of authors see appendix 1)

PMT13a: V. Petrov et al.; SPIE Proc. 8786 (2013) 
878603/1-20

And13: A. A. Andreev, Scottish Graduate Series, in 
Laser-Plasma Interactions and Applications, Scottish 
Graduate Series, David Neely Paul McKenna, Robert 
Bingham, and Dino Jaroszynski eds. (2013) p. 19-45

APB13: F. Abicht et al.; Appl. Phys. Lett. 103 (2013) 
253501/1-6

APl13a: A. A. Andreev et al.; Opt. and Spectrosc. 114  
(2013) 788-797

APl13b: A. A. Andreev et al.; Contrib. Plasma Phys. 53 
(2013) 173-178

APP13a: F. Abicht et al.; SPIE Proc. 8779 (2013) 
87790M/1-6

APP13b: A. A. Andreev et al.; SPIE Proc. 8779 (2013) 
87790U/1-8

APS13a: A. A. Andreev et al.; Phys. Plasmas 20 (2013) 
033110/1-8

APS13b: A. A. Andreev et al.; Appl. Sci. 3 (2013) 94-106 

ASB13: F. Abicht et al.; SPIE Proc. 8779 (2013) 87790V/ 
1-6

BAS13: J. Braenzel et al.; Phys. Plasmas 20 (2013) 
083109/1-7

BPH13: J. Braenzel et al.; Rev. Sci. Instrum. 84 (2013) 
4807153/1-7

PAB13: R. Prasad et al.; Rev. Sci. Instrum. 84 (2013) 
053302/1-6

SAA13: M. Schnürer et al.; Phys. Plasmas 20 (2013) 
103102 /1-5

SAP13: M. Schnürer et al.; Phys. Plasmas 20 (2013) 
113105/1-7

SHS13: S. Steinke et al.; Phys. Rev. Special Topics in 
AB 16 (2013) 011303/1-5

SNE13: E. Schleifer et al.; SPIE Proc. 8779 (2013) 
87791M-1

ZEB13: A. Zigler et al.; Phys. Rev. Lett. 110 (2013) 
215004/1-5

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

A. A. Andreev; Laser and Plasma Accelerator Workshop 
(Taj Fort Aguada, Goa, India, 2013-09)

A. A. Andreev; ELI-ALPS (Szeged, Hungary, 2013-11) 

J. Braenzel; Targetry for Laser-driven Proton (Ion) 
Accelerator Sources: First Workshop 2013 (München, 
2013-11)

M. Schnürer; Laserlab Meeting CHARPAC (Lisboa, 
Portugal, 2013-05)

M. Schnürer; LA3NET Topical Workshop 2 (Aachen, 
2013-11)
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2.2: Strong-field Few-body Physics
H. Rottke, O. Smirnova (project coordinators)
and M. Baggash, I. Barth, W. Becker, S. Birkner, F. Bouakline, D. Brambila, L. E. Chipperfield, U. Eichmann, S. Eilzer,  
F. Furch, A. Harvey, M. Yu. Ivanov, J. Kaushal, D. B. Milošević, F. Morales Moreno, M. Richter, H. R. Reiss, A. Rouzée, 
C. P. Schulz, B. Schütte, V. Serbinenko, L. Torlina, A. von Veltheim, H. Zimmermann

1. Overview

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

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

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

2. Topics and collaborations

We tackle the objectives from the experimental side and 
closely linked therewith by a focused theory presently 
on four topical research fields:

T1: Time resolved single- and multi-electron strong 
field phenomena

T2: Dynamics of strong field ionization of ordered 
structures

T3: Probing molecular dynamics by strong field 
ionization

T4: High harmonic generation spectroscopy.

Collaborations with: G. G. Paulus (Friedrich Schiller 
Univ., Jena); D. B. Milošević (University of Sarajevo, 
Bosnia-Herzegovina, Alexander-von-Humboldt Insti-
tute Partnership); C. Faria (City College London, UK); 
S. V. Fomichev (Kurchatov Institute, Moscow, Russia); 
S. P. Goreslavski, S. V. Popruzhenko (Moscow Engi-
neering Physics Institute, Russia); A. Saenz (HU Berlin), 

Y. Mairesse (CELIA, Université Bordeaux, France); S. 
Patchkovskii (NRC Canada); N. Dudovich (Weizmann 
Institute, Rehovot , Israel); J. Marangos (Imperial Col-
lege, London, UK); A. Emmanouilidou (University Col-
lege London, UK); X. J. Liu (Wuhan, Chinese Academy 
of Sciences, China); J. Chen (Peking Univ., Beijing, 
China); T. Marchenko (Université Pierre et Marie Curie, 
Paris, France); F. Lépine (Laboratoire de Spectrométrie 
Ionique, Villeurbanne, France); J. M. Bakker, G. Berden, 
B. Redlich (FOM-Institute for Plasma Physics Rijnhui-
zen, The Netherlands); A. Stolow (Steacie Institute for 
Molecular Sciences, National Research Council of Can-
ada); M. M. Murnane, H. C. Kapteyn (JILA and Depart-
ment of Physics, University of Colorado, USA).

In-house collaboration with Projects 2.1, 2.3, 4.1, and 
4.2 (HFL and FAL, G. Steinmeyer).

3. Results in 2013

Interpreting the attoclock measurement of tunneling 
times

Strong field ionization in infrared fields can be under-
stood as electron tunneling through the barrier created 
by the core potential and the laser field. Circularly polar-
ized fields create rotating barriers. Due to barrier rota-
tion the electron is released at different angles for dif-
ferent release times. Thus, strong circularly polarized 
fields can be used to time-resolve the electron release, 
provided that the time when ionization starts and the 
time when it ends can be detected separately. The at-
toclock set-up (see e.g., [EPC08, PCC12]) offers such 
an opportunity by using ultrashort few-cycle pulses to 
define the starting time and by detecting the electron’s 
final momentum to establish the emission angle. The 
observables are angle and energy resolved photoelec-
tron spectra and the orientation of the laser polarization 
vector at the maximum of the field. The attoclock ob-
servable is the angle a between the direction of the laser 
polarization at the peak of the pulse and the direction 
of the electron momentum at the peak of the distribu-
tion. The interpretation of the attoclock measurements 
relies on the following key assumption: the maximum 
number of electrons begins to ionize at the peak of the 
laser field. Within this assumption, and in the absence 
of the electron-core interaction, the angle a is expected 
to be equal to p/2. Thus, one can define the off-set angle 
Q=a-p/2 for example accumulated due to electron-core 
interaction, and convert it into a time delay tac = Q/w.

In addition to electron-core interaction, the offset angle 
can signify delays during optical tunneling, giving the 
potential to address the controversial issue of tunneling 
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time delays [BCL13]. Recent attoclock measurements 
done in a wide range of intensities of the infrared field 
revealed an interesting trend [BCL13]: the off-set angle 
increases with the decrease of the intensity, and devi-
ates from the prediction of a theoretical model [PCC12] 
that uses classical trajectories to account for the elec-
tron-core interaction after the electron exits the tunneling 
barrier [PCC12]. This trend and the deviations from the 
model were interpreted as indication of tunneling de-
lays. To verify the interpretation of recent experiments 
in terms of tunneling delays, we performed a theoretical 
analysis of the attoclock observable for the hydrogen 
atom. We used a combination of analytical theory and 
ab-initio calculations to gain insight into the nature of the 
off-set angle and its intensity dependence. Our results 
show that all delays in optical tunneling are associated 
with the Coulomb-laser coupling [SMP07], i.e., the elec-
tron-core interaction dressed by the laser field, at least 
for the hydrogen atom studied here.

Our full quantum formalism is based on the time-de-
pendent analytical R-matrix approach (ARM) [TKS13, 
KSm13, TSm12]. We apply the saddle point method for 
calculating the resulting time integrals. The saddle point 
time in the absence of electron-core interaction is de-
fined as the solution of the equation:

 
where vL(t) = p + A(t), p is the electron momentum at 
the detector, A(t) is the vector potential of the laser field. 
The real part of this time directly maps into the electron 
observation angle:

Quantum-mechanically, the electron-core interaction in 
the laser field yields an additional phase term:  

      

where U(r) is the core potential and the time integral is 
calculated along the electron trajectory      

 
The presence of electron-core interaction shifts the sad-
dle point by Δt0, yielding a new value of the saddle point 
time ts:

This Coulomb correction to the ionization time defines 
the duration of the ionization process and becomes cru-
cial in the few-cycle regime.

Figure 2 compares angle and energy resolved photo-
electron spectra calculated by solving the time-depend-
ent Schrödinger equation numerically and analytically 
using the ARM approach for the H-atom interacting with 
a circularly polarized single-cycle laser pulse. The con-
tours in Fig. 1 correspond to the signal intensity chang-
ing from 0.9 to 0.1, in steps of 0.1. The analytical results 
(solid contours) are in very good agreement with the 
numerical results (dashed contours). Figure 2 shows 
the offset angle Q defined by finding the maximum in 
the angle- and energy-resolved electron spectrum, as a 
function of laser intensity. We present three sets of nu-
merical calculations which use three different methods 
and propagation algorithms for computing the spectra. 
The agreement between numerical results is very good, 
with the deviation not exceeding 2 degrees. The devia-
tion between analytical and numerical results is also 
within 2 degrees. All calculations show a very interest-
ing intensity trend – with lower intensity, when the bar-
rier for tunneling is thicker, there is a bigger deflection 
angle. Does this trend represent tunneling delay? In the 
hydrogen atom the angular offset may come from two 
sources: tunneling delay and electron-core interaction. 
Both theoretically and numerically, we can turn off the 
electron-core interaction after tunneling by replacing the 
Coulomb potential with the short-range Yukawa poten-
tial. At the same time, the tunneling barrier formed by 
the laser field and the short-range Yukawa potential is 
still present. The results of these calculations are pre-
sented in orange in Fig. 2, which shows the off-set angle 
for different laser intensities. In all cases, the deviation 
angle is equal to zero. Thus, the attoclock measures no 
tunneling delay for a short-range potential, in agreement 
with theory. Results for the short-range potential show 
that the offset angle Q is determined by the interaction 
of the outgoing electron, driven by the laser field, with 
the core potential.

Fig.	1:   
Typical observable of the angular streaking method: 
angle and energy resolved photoelectron spectra 
produced by ultrashort (singlecycle) circularly polar-
ized pulses (800 nm laser field with strength of 0.05 
a.u). Solid lines correspond to the analytical solution, 
dashed to ab-initio TDSE for the hydrogen atom. The
contours are plotted in steps of 0.1 units of signal in-
tensity, ranging from 0.1 to 0.9.

(1)

(2)

(3)

(4)

(5)

(6)

(7)



32

We can now use our analytical theory to analyze the 
underlying physics. The off-set angle is extracted from 
the peak position of the angle and energy resolved pho-
toelectron distribution, corresponding to the observation 
angle φmax and electron momentum pmax. In our geom-
etry the offset angle is equal to φmax. The red curve in 
Fig. 2 shows the off-set angle Q extracted from the ana-
lytical photoelectron distributions. Using Eqs.(3,6,8) and 
taking into account that Re ∆ts < 0, we can connect the 
real part of the saddle point in Eq.(4) to the attoclock 
observable Q. Keeping in mind that 

where ϕenυ is a correction due to the rapidly changing 
envelope of the single-cycle pulse, we have: 

Eq. (6) shows that the attoclock observable provides ac-
cess to the ionization time Re ∆ts (green curve in Fig. 
3) if the ionization delay ω|∆ts | (blue curve in Fig. 3) is 
known separately.

The black circles in Fig. 3 show the results of the TDSE 
calculation (combined sets of TDSE H 1 and TDSE H 2) 
for the off-set angle for the hydrogen atom. Orange dia-
monds show +ϕenυ(ϕenυ<0), where ϕenυ(Ρmax) is calculated 
for Ρmax, obtained numerically by removing the effects of 
the ultrashort envelope from the TDSE results. We have 
verified that, within the analytical approach, off-set an-
gles corrected in this way become virtually independent 

of the pulse envelope. Fig. 3 shows that for intensities  
I<2x1014 W/cm2, the envelope-free offset angle (orange 
diamonds) coincides with the ionization delay ω|∆ts| 
(calculated for Ρmax, obtained numerically), yielding ion-
ization times Re wts ≈ 0 shown with green triangles in  
Fig. 3. Thus, at these intensities, the majority of elec-
trons are indeed born at the peak of the field. At higher 
intensities, however, ionization times become negative, 
signifying that ionization begins before the peak of the 
field, for the parameters of the numerical experiment. 
The saturation of ionization could hardly be responsible 
for this surprising result, since the ionization probabil-
ity remains very small. The barrier suppression limit for 
tunneling in a DC electric field is also not yet reached. 
Our theory suggests the following picture. In the long-
range Coulomb potential, the ionization process is not 
completed beyond the exit point from the barrier Re ts 
[5] leading to reshaping of the electron wave-packet as 
it moves towards the detector.

This reshaping of the electron wave-packet shifts pmax 

across the spectrum and modifies the direction along 
which the majority of electrons will be detected, shifting 
the ionization time Re ts(pmax) from the expected value  
t0= 0, corresponding to the peak of the laser field.

We have provided a robust self-consistent procedure for 
calibrating the attoclock. Ionization times reconstructed 
from a numerical experiment do not correspond to posi-
tive delays with respect to the peak of the field. The re-
construction reveals that for low intensity ionization oc-
curs at the peak of the field. As the intensity increases 
ionization begins before the peak of the field. This pic-
ture leaves no room for tunneling delays in strong field 
ionization of the hydrogen atom.

Fig.	2:   
The off-set angle as a function of the intensity of the 
laser field, for the H-atom, extracted from the electron 
spectra. The results represented by red squares have 
been calculated with the Analytical R-Matrix. The 
results with black dots, blue diamonds, and green 
triangles have been calculated with three independent 
numerical algorithms. The violet dots represent the 
offset angle obtained by replacing the Coulomb poten-
tial with the Yukawa potential.

Fig.	3:   
Reading the ionization time from the attoclock observ-
able. The attoclock observable (black circles,  
TDSE H 1 and TDSE H 2) provides access to the  
ionization time (green triangles) by subtracting the 
ionization delay w|∆ts | (blue inverted triangles) calcu-
lated for pmax obtained numerically, from the ab-initio 
results (black circles) corrected for the effects of the 
ultra-short envelope (orange diamonds).

Re t0w = Q + ϕenυ  (8)

Re wt3 = Q + ϕenυ-w|Re Δt3|	. (9)
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Quantum orbits and the strong-field approximation

The strong-field approximation (SFA) is the most pow-
erful and the most frequently used semianalytical ap-
proach for the description of strong-field laser-atom pro-
cesses, especially for ionization. It is based on the as-
sumption that the role played by the (Coulombic) atomic 
binding potential can be reduced to only two essentials: 
providing the initial bound state of the electron, and 
the scattering potential for rescattering. The resulting 
ionization amplitude can be expanded, in the fashion of 
Feynman’s path integral, in terms of so-called quantum 
orbits. These are the trajectories of electrons ionized at 
certain times and subsequently influenced by the laser 
field only, except in the process of rescattering, which is 
described by the first-order Born approximation.

The question arises to what extent such a highly sim-
plified description can be expected to be applicable to 

realistic atoms. We have focused on three pertinent 
aspects. (1) Recently, the very-low-energy features of 
above-threshold ionization (ATI) have attracted much 
interest. In this energy region, the SFA appears least 
reliable, owing to the overwhelming effect of the Cou-
lomb potential on low-energy electrons. Surprisingly, 
the SFA does reproduce the so-called low-energy struc-
ture (LES)in good agreement with experimental data 
[GHL13].

For a given initial state (usually the atomic ground state) 
and final state (characterized by the electron momen-
tum p) there are many quantum orbits that contribute, 
which have longer and longer “travel times” (time be-
tween ionization and rescattering). For atoms it is known 
that under certain circumstances (i.e. at “channel clos-
ings”) many orbits may interfere constructively, which 
leads to strong enhancements in some regions of the 
electron spectrum. (2) We have now shown that these 
enhancements also exist for some molecules, for N2 but 
not for O2, and can be described by the molecular SFA 
[QLC13]. The different behavior of N2 and O2 can be at-
tributed to the different molecular ground-state orbitals. 
(3) Quantum-orbit theory predicts that the significance 
of “longer orbits” increases for increasing ellipticity of the 
driving laser field. This was confirmed experimentally for 
the three rare gases Ar, Kr, and Xe, for ellipticities up to 
ξ = 0.36, and modelled by the SFA in good agreement 
with the data [LWC13].

Foundations of strong-field physics

Differences between the two electrodynamic gauges 
employed in strong-field physics problems have been 
studied in past years, and some very significant differ-
ences have come to light in recent work. For example, 
one of the major goals set for the ELI (Extreme Light In-
frastructure) project has been to approach the so-called 
“Schwinger limit”, where the relativistic effect known 
as “pair production from the vacuum” can occur. It has 
been shown [Rei13b] that Schwinger pair production ap-
plies only to longitudinal fields, whereas the transverse 
fields produced by lasers cause pair production by an 
entirely different physical mechanism that requires a far 
smaller electric field amplitude than the Schwinger limit. 
The misperception arises from a view of strong fields in 
terms of the approximation known as the length gauge 
rather than the radiation gauge that provides a complete 
theory for strong-field laser-induced processes.

Another new development that involves relativistic ef-
fects comes from an experimental study done elsewhere 
that showed radiation pressure effects in strong-field 
ionization experiments done with circularly polarized 
light. The group that observed the radiation pressure 
effects attempted to explain their results with a length-
gauge theory, but could not arrive at a satisfactory mod-
el. It was shown [Rei13a] that the problem arose from 
the use of the length gauge, wherein a magnetic field 
is not possible. Radiation pressure is an effect in which 
the magnetic component of a laser beam is essential. 
A relativistic theory of ionization was shown to give a 
simple and accurate explanation for the experimental 
observations.

Fig.	4:   
Photoelectron energy spectra in the direction along 
the laser polarization as functions of the laser intensity 
for the gas targets Ar, N2, and O2 from left to right, for  
30 fs, 800 nm laser pulses (upper row). Theoreti-
cal simulation with the molecular SFA for the same 
parameters (lower row). Ip and Up denote the ioniza-
tion potential and the ponderomotive energy, resp. 
Enhancements are expected at integer values of the 
channel-closing parameter (Ip+Up)/w. The letters A, B, 
and C identify enhanced spectral regions for Ar and 
N2. There are no enhancements for O2. 
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Since a change in the electromagnetic gauge employed 
to treat laser-induced problems theoretically can give 
very different physical interpretations for the effects 
that occur, there exists a possibility that some unphysi-
cal predictions can arise when using the length gauge, 
which is only an approximation for the radiation gauge 
that provides a complete theoretical foundation for 
strong-field laser effects. One such instance was exam-
ined in a recent paper [Rei13c], where the length gauge 
predicts that a photoelectron resulting from ionization 
by circularly polarized light appears to gain indefinitely 
large (and certainly unphysical) amounts of angular mo-
mentum as it moves away from the remnant ion. This 
unphysical result was traced to the fact that the use of 
the length gauge requires a different set of the Maxwell 
equations governing electromagnetic phenomena than 
those that actually govern laser-induced processes.

Strong field ionization with few cycle laser pulses

The reaction microscope, which was built during the last 
years, became operational at the beginning of 2013. It 
allows studying the ionization process of atoms and mol-
ecules in strong laser fields in great detail by measuring 
the full momentum vector for electrons and ions in coin-
cidence. As strong field light source a high repetition rate 
(400 kHz) Optical Parametric Chirped Pulse Amplifica-
tion system is used. This system is capable of delivering 
sub-7fs CEP stable pulses at 800nm, and an energy of 
more than 4µJ per pulse. These pulses are focused by a 
mirror (f = 80 mm) inside the reaction microscope.

As a first test the well-known strong field ionization of Ar-
gon atoms has been studied. By means of these meas-
urements the evaluation procedure we had to develop 
was carefully checked against existing literature data. 
We were able to acquire 3D momentum maps contain-
ing more than 106 coincidences in about 40 min meas-
uring time. An example of the momentum distribution 

of photoelectrons from single ionization of Ar atoms is 
shown in Fig. 5 [FBK13]. From the overall kinetic en-
ergy distribution of the photoelectrons the intensity in 
the focal spot was determined to be about 7x1013 W/
cm2 for the above mentioned laser parameters. This is 
in excellent agreement with our estimation of the inten-
sity based on the energy per pulse, the pulse temporal 
shape and the size of the focal spot. The Ar momentum 
maps show an interesting sharp feature close to  
p|| ≈ 0.3 a.u. (see Fig. 5) which is not present in other 
published data. The origin of this structure is presently 
unknown and the subject of ongoing theoretical model-
ling.

A number of other atoms (Xe) and molecules (H2/D2, 
butane, and butadiene) have been studied in 2013 with 
and without CEP stable laser pulses. The evaluation of 
a huge amount of data is presently underway.

Coulomb explosion probing of the temporal evolution of 
noble gas dimer rotational wavepackets

Noble gas dimers are very particular systems at the 
boundary between two practically unperturbed atoms, 
which happen to have a fixed internuclear separation, 
and a real molecule with a significant binding force. The 
former prevails for the electronic ground state while the 
latter applies to electronically excited states and to the 
singly charged ion. Strong field single ionization of di-
mers reveals photoelectron momentum distributions 
which are, with certain exceptions, very similar to those 
one measures for the corresponding atom [VMQ13]. A 
detailed comparison of the characteristics of strong field 
ionization of dimers and of the corresponding atoms ne-
cessitates aligning them with respect to the direction of 
polarization of the ionizing laser pulse. To this end we 
first investigated their impulsive alignment and the tem-
poral evolution of the rotational wavepacket following 
the aligning laser pulse [VBS].

The noble gas dimers have very small rotational con-
stants, implying a long rotational period in a time range 
large compared to 1 ps. The slow rotation allows apply-
ing laser pulses with picosecond widths for the creation 
of an alignment while still being well in the non-adiabatic, 
impulsive regime of alignment. Together with the high 
ionization potentials of the dimers, it is therefore pos-
sible to expose them to high laser pulse fluences, yet 
without significant electronic excitation or even ioniza-
tion. Consequently, starting with a molecular ensemble 
cooled to a low temperature, we have been able to ex-
cite rotational wavepackets that comprise a wide span 
of rotational states up to rotational quantum numbers 
J ~ 20, which is significantly wider than the initial ther-
mal distribution. At such elevated excitation levels, two 
aspects start to play a significant role in the dynamical 
evolution of this wavepacket. First, the fact that noble 
gas dimers are non-rigid rotors influences the dynamics 
on longer time intervals. Second, the high laser pulse 
fluence inevitably leads to a significant redistribution of 
the rotational population, thus inducing coherences be-
tween rotational states with considerably different rota-
tional quantum numbers J that can not be coupled by a 
single Raman transition.

Fig.	5:   
Momentum map illustrating the velocity distribu-tion of 
photoelectrons corresponding to single ionization of 
Argon atoms. The map shows the number of detected 
electrons N(p||, p┴) per bin dp|| dp┴. The momentum 
is expressed in atomic units. N(p||, p┴) is proportional 
to |y(p||, p┴) |2 p┴ where y(p||, p┴) is the wave function 
of the outgoing electron. For this measurement 6 fs 
pulses were focused to an intensity of approximately 
7x1013 W/cm2. (from [FBK13])
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The temporal evolution of the ensemble average of 
cos2Q, with theta being the angle between the molec-
ular axis and the direction of polarization of the align-
ing laser pulse, is usually investigated in experiments 
on laser induced impulsive alignment in order to char-
acterize its temporal evolution. While this quantity can 
certainly reliably characterize the net alignment of the 
molecular ensemble, it falls short of a complete char-
acterization of the coherences present in the rotational 
motion. We therefore investigated the evolution of the 
rotational wavepacket via Coulomb explosion imaging, 
using an ultrashort, high-intensity laser pulse which 
doubly ionizes the dimer. This approach opens the most 
concise access possible to the temporal evolution of the 
wavepacket. The angular distribution of the atomic ions 
represents a snapshot of the molecular axis alignment 
at the incident of ionization. From recordings of these 
angular distributions it is possible, in principle, to extract 
all higher order coherences induced in the dimer’s rota-
tional motion [RSe13]. It needs to be emphasized that 
these coherences are not easily accessible using other 
methods, e.g., Raman induced polarization spectros-
copy, high-order harmonic or angularly resolved photo-
electron spectroscopy.

A showcase temporal evolution of a dimer rotational 
wavepacket, tracked by Coulomb explosion imaging, is 
shown in Fig. 6 for Ar2. The wavepacket is started at t = 0 
by an aligning laser pulse. At any delay time the 2d-plot 
shows the angular distribution of the internuclear axis at 
that instant color encoded along the vertical axis of the 
plot. Q is the angle the internuclear axis encloses with 
the polarization vector of the aligning laser pulse. The 
time interval shown encompasses one full revival period 
of the molecular alignment Trev = 1/2B0c = 289.5 psec 
(c: the speed of light), which is fixed by the rotational 
constant B0 of the dimer in the vibrational ground state. 
A first pronounced alignment is found immediately fol-
lowing the aligning laser pulse. Partial revivals of this 

alignment are then located at fractions nTrev/4 (n = 2, 3) 
of the full revival period.

From the temporal evolution of the Coulomb explosion 
images (Fig. 6) we have been able to derive the ensem-
ble averages of cos2nQ or, what is even more instructive, 
of the even Legendre polynomials P2n(cos Q) [VBS]. 
These averages reveal the coherence present in the ro-
tational motion up to an order 2n, with the Legendre pol-
ynomial of order 2n emphasizing just the highest order 
coherence (2n) [VBS]. Coherence of order 2n means, 
that the corresponding ensemble average of P2n(cos 
Q) gives access to the off-diagonal density matrix el-
ements rJ,M; J + 2n,M(t) (J: rotational quantum number,  
M: magnetic quantum number). Here it is assumed that 
the density matrix is represented in a spherical harmon-
ics basis. The knowledge of all ensemble averages with 
n = 1, 2, ... allows a complete reconstruction of the in-
duced rotational motion, since then all off-diagonal ele-
ments of the density matrix, which eventually determines 
the temporal evolution of the rotational wavepacket, are 
known.

Our experimental data for Ne2, Ar2, Kr2 and Xe2 allowed 
us to retrieve the rotational constants of these dimers 
in the vibrational ground state, the effect of centrifugal 
distortion on their rotational motion and their dynamical 
polarizability anisotropy at the aligning laser wavelength 
(l = 800 nm).

Strong-field Kapitza-Dirac scattering of neutral atoms

Strong-field phenomena in atoms and molecules in-
duced by an intense traveling wave laser field are suc-
cessfully described within the dipole approximation tak-
ing into account only the time dependency of the electric 
field. The magnetic field and spatial field dependencies 
can usually be neglected due to the weak effective Lor-
entz force and weak field gradients in the focused laser 
beam. To fully explore atomic processes in intense elec-
tromagnetic fields one might extend the investigations 
towards spatially dependent strong electromagnetic 
fields as they occur, e.g., in a standing light wave. This 
situation, in turn, is intimately connected to the Kapitza-
Dirac (KD) effect, which was originally formulated for the 
reflection of electrons in a standing light wave and later 
extended to neutral atoms in cw standing waves with 
low intensity.

In our work [EZE] we are concerned with the impulsive 
acceleration of neutral He atoms in an intense standing 
light wave of a few tens of fs duration with intensities 
well in the strong-field tunneling regime. Observation of 
strong-field KD scattered atoms becomes possible in a 
linearly polarized laser field through the process of frus-
trated tunneling ionization (FTI) [NGS08].

We generate a linearly polarized standing light wave 
with two counter propagating and counter rotating ellipti-
cally polarized laser pulses traveling along the z axis. 
The cycle averaged intensity in atomic units 

Fig.	6:   
The temporal evolution of a rotational wavepacket 
started at delay time zero by an aligning laser pulse 
in an Ar2 dimer. At any instant of the delay time the 
angular distribution of the internuclear axis is plot-
ted color encoded along the vertical axis of the plot. 
Displayed is the time interval up to the first full revival 
of the alignment of the dimer at Trev = 289.5 psec. Q is 
the angle the internuclear axis encloses with the po-
larization vector of aligning laser pulse.
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is plotted in Fig. 7; k is the wave number, E0 is the field 
amplitude of the individual laser beams and ε is the ellip-
ticity. Important to note is that the intensity gradient can 
be tuned with the help of the ellipticity of the individual 
elliptically polarized beams. Furthermore, we remark 
that in the standing wave atoms are excited and accel-
erated, while excitation by means of an individual beam 
is not possible due the ellipticity. 

In Fig. 8 we show the experimental setup. By means 
of a beam splitter laser pulses from a Ti:Sapphire laser 
(1 kHz repetition rate, pulse duration 55 fs, pulse en-
ergy up to 2mJ)  are split into two pathways. The beams 
are then steered into a vacuum chamber from opposite 
sides, where they overlap in time and space to form 
the standing light wave. In order to assure the correct 
time overlap of the laser pulses the path length of one 
arm can be adjusted. Each laser beam, initially linearly 
polarized, passes through a quarterwave plate oriented 
at a suitable angle to adjust ellipticity (0 < ε < 0.9) and 
helicity. Each of the two beams is then moderately fo-
cused by a lens into a well-collimated thermal atomic 
beam of He atoms (lateral velocity of the beam ~2 m/s). 
The mean time-of-flight of excited He* atoms towards 
the detector is 220 µs. The atoms can be detected by a 
standard position sensitive multichannel plate detector 
[ESE13], since a large number is still in an excited state 
when hitting the detector. 

A typical experimental result together with model calcu-
lations is shown in Fig. 9. Clearly, even at a relatively 
low intensity the deflection of atoms is substantial. In 
order to describe the observed velocity distribution of 
atoms we assume in our model that the initially excited 
atoms have an effective polarizability a = 1/2w2 corre-
sponding in good approximation to a quasi-free oscillat-
ing electron in the field of an ion. The atoms are then ac-
celerated in the intensity gradient of the standing wave. 
Furthermore the spatial dependence of the excitation 
probability is considered as well as the duration of ac-
celeration that depends on the instant of the tunneling 
process. In order to achieve agreement with the experi-
ment, we need to introduce ionization in the gradient 
field as a result of nondipole contributions. Interestingly, 
the threshold intensity gradient, the atom can withstand, 
seems to be dynamically determined. Larger deflection 
of the He atoms is obtained for smaller values of ε as 
shown in [EZE].

In conclusion we have measured substantial longitudi-
nal deflection of He atoms interacting with an intense 
short-pulse standing wave. Besides the absorption of 
energy corresponding to roughly 15 photons from the 
standing wave we also measure a strong longitudinal 
momentum transfer equivalent to more than 800 pho-
ton momenta during the short laser pulse. The Kapitza-
Dirac scattering of neutral He atoms takes place with 
an unprecedented scattering rate exceeding 1016 s-1. 
The investigation, which explores phenomena beyond 
the dipole approximation, opens up new perspectives in 
strong-field physics by focusing on the importance of the 
magnetic field and on field gradients.

Fig.	7:   
Cycle averaged intensity for different e assuming a 
field strength of E0 = 1 a.u.

Fig.	8:   
Experimental setup.

Fig.	9:   
Blue dash-dotted curve: Experimental He velocity  
distribution at I=3.4 x 1014 W/cm-2 Red full curve:  
Fit of the full theoretical simulation using ε = 0.85. 
Green curve same as full red curve, but with fit pa-
rameter ε = 0.9. Dashed curve: Velocity distribution 
for a fixed effective time of acceleration including the 
velocity cutoff due to ionization at an intensity gradient 
determined by the fit.
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(1966) 924

RSe13: S. Ramakrishna and T. Seideman; Phys. Rev. A 
87 (2013) 023411

SMP07: O. Smirnova et al.; J. Phys. B 40 (2007) F197 

SSI08: O. Smirnova et al.; Phys. Rev. A 77 (2008) 
033407

TSm12: L. Torlina and O. Smirnova.; Phys. Rev. A 86 
(2012) 043408

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

W. Becker; Quantum Optics and New Materials V (Bei-
jing, China, 2013-05)

W. Becker;  Short Pulse Strong Field Laser Physics Int. 
Symposium Honouring See Leang Chin (Quebec, Can-
ada, 2013-05)

W. Becker; 22nd Int. Laser Physics Workshop, 
LPHYS’13 (Prague, Czech Republic, 2013-07)

F. Bouakline together with O. Smirnova; Quantum Reac-
tive Scattering 2013, QRS 12 (Bordeaux, France, 2013-
06)

U. Eichmann together with S. Eilzer; 22nd Int. Laser 
Physics Workshop, LPHYS’13 (Prague, Czech Repub-
lic, 2013-07)

U. Eichmann; Int. Workshop on Atomic Physics (Dres-
den, 2013-11)

A. Harvey together with O. Smirnova and F. Morales; 
22nd Int. Laser Physics Workshop, LPHYS’13 (Prague, 
Czech Republic, 2013-07)

F. Morales together with V. Serbinenko, I. Barth, S. 
Patchkovskii, and O. Smirnova; 22nd Int. Laser Physics 
Workshop, LPHYS’13 (Prague, Czech Republic, 2013-
07)

H. R. Reiss; SPIE Optics & Optoelectronics Conference 
(Prague, Czech Republic, 2013-4)

H. R. Reiss; HIBEF Users Group Workshop, DESY 
(Hamburg, 2013-6)

H. R. Reiss; 22nd Int. Laser Physics Workshop, Semi-
nar 1, LPHYS’13 (Prague, Czech Republic, 2013-07)

H. R. Reiss; 22nd Int. Laser Physics Workshop, Semi-
nar 2, LPHYS’13 (Prague, Czech Republic, 2013-07)

M. Richter together with F. Morales, S. Patchkovskii,  
O. Smirnova, and M. Ivanov; 22nd Int. Laser Physics 
Workshop, LPHYS’13 (Prague, Czech Republic, 2013-07)

H. Rottke; 523rd WE-Heraeus Seminar High harmonic 
spectroscopy (Bad Honnef, 2013-01)

V. Serbinenko together with O. Smirnova and M. Yu. 
Ivanov; 22nd Int. Laser Physics Workshop, LPHYS’13 
(Prague, Czech Republic, 2013-07) 

O. Smirnova; 523rd WE-Heraeus Seminar High Har-
monic Spectroscopy (Bad Honnef, 2013-01)

O. Smirnova together with I. Barth, J. Kaushal, and  
M. Ivanov; DPG-Frühjahrstagung (Hannover, 2013-03)

O. Smirnova; ICONO/LAT 2013 (Moscow, Russia, 2013-
06)

O. Smirnova together with L. Torlina, J. Kaushal, and  
M. Ivanov; 22nd Int. Laser Physics Workshop, LPHYS’13 
(Prague, Czech Republic, 2013-07) 

O. Smirnova; The Copenhagen Conference on Femto-
chemistry, Femto11 (Copenhagen, Denmark, 2013-07) 

O. Smirnova; Nonlinear Optics, NLO 2013 (Kohala 
Coast, Hawaii, USA, 2013-07) 

O. Smirnova; Gordon Research Conference on Quan-
tum Control of Light & Matter (South Hadley, MA, USA, 
2013-07) 

O. Smirnova; QuAMP 2013 (Wales, UK, 2013-09)

O. Smirnova; Int. Workshop on Atomic Physics (Dres-
den, 2013-11)

O. Smirnova; XLIC General Meeting and CORINF An-
nual Workshop (Madrid, Spain, 2013-11)

L. Torlina together with J. Kaushal, M. Ivanov, and  
O. Smirnova; 22nd Int. Laser Physics Workshop, 
LPHYS’13 (Prague, Czech Republic, 2013-07)

A. v. Veltheim together with W. Quan, B. Manschwetus, 
B. Borchers, G. Steinmeyer, H. Rottke, and W. Sandner; 
22nd Int. Laser Physics Workshop, LPHYS’13 (Prague, 
Czech Republic, 2013-07)
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2.3: Time-resolved XUV-science
A. Rouzée, M. Ivanov (project coordinators)
and M. Baggash, S. Birkner, D. Brambila, F. Brauße, T. Bredtmann, J. G. Brisset, F. Buchner, G. Dixit, J. Durá,  
M. Eckstein, U. Eichmann, M. Flögel, P. Froemel, F. Furch, M. Galbraith, A. Giree, S. Han , A. Harvey, D. Kandula, J. Klei, 
O. Kornilov, F. Krecinic, M. Kubin, J. Long, L. Medisauskas, J. Mikosch, F. Morales Moreno, H. H. Ritze , H. Rottke,  
C. P. Schulz, B. Schütte, C. Smeenk, O. Smirnova, M. J. J. Vrakking , P. Weber, C. H. Yang, N. Zhavoronk

1. Overview

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

2. Topics and collaborations

At present, the project is organized in four topics:

T1: Attosecond electron and nuclear dynamics and 
control in atoms and molecules

T2: Intense XUV pulse and Attosecond XUV pump-
XUV probe applications 

T3: Time-resolved XUV/X-ray photoelectron imaging 
and spectroscopy of ultrafast molecular processes 

T4: Theory of attosecond multi-electron dynamics 
during XUV photoionization and its coupling to nu-
clear motion at the femtosecond timescale.   

Collaborations with:  P. Johnsson (Lund University, Swe-
den); A. Rudenko (Kansas State University, Manhattan, 
USA); H. Chapman, J. Küpper (Center For Free-Elec-
tron Laser, Hamburg); H. Stapelfeldt (Aarhus University, 
Denmark); C. Bostedt, J. Bozek (LCLS, Stanford, USA); 
R. Coffee (PULSE Institute, Stanford, USA); K. Ueda 
(Tohoku University, Japan); G. Sansone, Mauro Nisoli 
(Politecnico de Milano, Italy); F. Lépine (Institut Lumière 
et Matière, Lyon, France); S. Düsterer; D. Rolles (DESY, 
Hamburg); D. Holland (Science and technology facility 

council); E. V. Gryzlova (Lomonosov Moscow State Uni-
versity, Russia); P. Wernet (Helmholtz-Zentrum Berlin 
für Materialien und Energie); M. Meyer (The European 
XFEL); L. Frasinski (Imperial College London, UK); 
L. Poletto (LUXOR, Padua, Italy); T. Fennel (Universität 
Rostock); M. Krikunova (Technische Universität Berlin); 
K. Varju (University of Szeged, Hungary).

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

3. Results in 2013

T1: Attosecond electron and nuclear dynamics and 
control in atoms and molecules 

Exploring ultrafast electron dynamics on the attosecond 
timescale and its possible interplay with the nuclear mo-
tion is a rather young topic since the sources allowing 
such studies have only existed for 10 years. Neverthe-
less, attosecond science and the attosecond community 
are rapidly growing and first experiments showing very 
intriguing results have been published. In a recent joint 
MBI-ILM project [NKY13], we obtained the first obser-
vation and control of the electron charge density of a 
series of small and medium-sized ground state neutral 
molecules (N2, CO2 and C2H4). The time-dependent po-
larization of a neutral molecule induced by a moderately 
strong near-infrared (NIR) laser field was monitored by 
ionization of the molecule with an attosecond XUV pulse 
train, synchronized to the optical cycle of the NIR laser 
pulse. The main results are shown in Fig. 1 in case of 
the N2 molecule. We observe pronounced oscillations 
of the parent molecular N2

+ ion yield as a function of 
the attosecond pump-probe delay. The yield variation is 
attributed to the light induced oscillatory motion of the 
electron charge density around the molecular axis. This 
finding is supported by time-dependent density function-
al calculations that were used to determine the time-de-
pendent dipole induced in N2 molecules by a moderately 
strong NIR laser field (Figs. 1(d) and (e)). The ioniza-
tion yield resulting from ionization of the molecules by 
an attosecond pulse train was then evaluated show-
ing similar oscillations as observed in our experiment. 
This approach can be generalized to other molecules 
and nanoparticles in order to probe charge dynamics 
and may be regarded as the first example of attosecond 
Stark spectroscopy in molecules. 

The XUV excitation of molecules usually leads to com-
plex ionization and fragmentation mechanisms that have 
been intensively investigated at synchrotron facilities in 
the last 50 years. Often, XUV absorption is accompa-
nied by a release of one electron from the molecule into 
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the ionization continuum. In this case, the mechanism 
can be essentially described by a single active electron 
picture. However, in case of strong electron-correlation 
(or multielectron) coupling, more than one electron can 
be excited. As an example, shake-up excitation can be-
come an important excitation channel. The sudden re-
moval of an electron from a molecule accompanied by a 
shake-up excitation can lead to ultrafast hole dynamics 
in the excited cation occurring on a few femtosecond 
timescale. Often, non-adiabatic couplings to the nucle-
ar motion lead to the relaxation of these highly excited 
states towards some dissociative states or some stable 
excited states of the ion. So far, the investigation of the 
relaxation mechanisms of XUV induced multielectron 
excitation in molecules has been limited due to the lack 
of appropriate ultrashort XUV laser sources allowing 
such studies.

In 2013, our group together with researchers from the 
ILM made the first step towards the investigation of ul-
trafast relaxation dynamics following the formation of ex-
cited shake-up states in polycyclic aromatic molecules 

(PAH) induced by a 25 fs XUV pulse. Using a weak 
near IR laser pulse as a probe pulse, we monitored the 
time evolution of charge fragments as a function of the 
XUV pump-IR probe delay. A large variety of dynami-
cal processes were observed, including time-dependent 
fragmentation by loss of H-atoms, C2H2 ions and larger 
fragments with a rather long time scale dynamics. In 
addition, a systematic ultrafast evolution of the doubly 
charged ion occurring within few tens of femtoseconds 
was observed. We attributed this ultrafast evolution to 
the population of shake-up states in the molecular cat-
ion that were ionized by absorption of one NIR photon. 
A similar process was observed for several PAH species 
of different sizes, showing that the lifetime of the popu-
lated shake-up ionic states increases with the size of the 
molecule (see Fig. 2). First non-adiabatic calculations 
demonstrated that non Born-Oppenheimer couplings 
are responsible for the ultrafast relaxation of the excited 
shake-up states. Further calculations are under way to 
fully decipher the relaxation mechanism that is respon-
sible for the ultrafast decay.	

Fig.	1:   
(a) Experimentally measured N2

+ ion yield as a func-
tion of the delay between a near-infrared pump pulse 
and an attosecond XUV pulse train (APT). The nor-
malized Fourier transform spectrum is shown in (b). 
(c) Time-of-Flight spectra recorded in N2 after ioniza-
tion by the APT. (d) Calculated time-dependent dipole 
moment induced in N2 molecules by a 30 fs, 800 nm, 
1012 W/cm2 laser pulse and corresponding variation 
(e) of the electron charge density Δr at three differ-
ent times within one optical cycle of the near-infrared 
laser field.

Fig.	2:   
Experimentally measured C10H8

2+, C14H10
2+, C16H10

2+ 
and C18H12

2+ ion yield as a function of the delay be-
tween an attosecond XUV pulse train (APT) and a 
near-infrared probe pulse. The yield increases when 
the two pulses temporally overlap and then exponen-
tially decays, with a time constant that increases with 
the size of the molecule. The observed few tens of fs 
decay is due to ultrafast relaxation pathways involving 
non-adiabatic couplings to the nuclear motion.
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T2: Intense XUV pulses and attosecond XUV pump-
XUV probe applications

Rare-gas clusters in intense XUV pulses

Atomic clusters are a fascinating object of research, 
since their sizes can be tuned from the molecular level 
to bulk-like systems. Also they serve as a model system 
for extended targets in general, including biomolecules. 
Up to now, the investigation of clusters exposed to in-
tense XUV pulses was mainly performed at large-scale 
facilities such as free electron lasers. First experiments 
performed at the Tesla Test Facility in large Xe clusters 
[1] irradiated by 98-nm light showed the surprising result 
that high ion-charge states (Xe8+) were produced at in-
tensities of 2.1013 W/cm2. Other experiments in the EUV 
range have shown a decrease of ions with high charge 
states produced in clusters with respect to atoms [2, 3]. 

Two different mechanisms dominate the ionization at 
XUV wavelengths. For sufficiently intense laser fields, a 
large number of electrons are directly emitted from the 
cluster by sequential multiphoton ionization. Due to the 
increasing positive cluster charge, the kinetic energy of 
subsequently emitted electrons successively decreases 
[2]. As a consequence, after sufficient outer ionization, 
electron emission is frustrated and a nanoplasma is 
formed in the cluster. The formation of a nanoplasma is 
followed by evaporative emission of quasi-free electrons 
from the expanding cluster, which leads to a character-
istic thermal distribution in the photoelectron spectra 
[4]. The electron emission mechanism (i.e., sequential 
multi-photon ionization or thermal evaporation) deter-
mines the way the cluster dissociates. In the limit of 
multistep ionization, the cluster explodes under the influ-
ence of the accumulated positive charge of the cluster. 
By contrast, after the creation of a strong nanoplasma, 
the dissociation mechanism is dominated by hydrody-
namic forces. In this regime, recombination processes 
into high Rydberg states due to electron-ion collisions 
during the cluster expansion can play an important role 
and can lead to a decrease of the number of ions in the 
measured charge state distribution [5, 6]. So far, no di-
rect evidence of this effect was provided. 

Using our newly developed high-intensity HHG beam-
line at MBI, we recently investigated the ionization 
and fragmentation dynamics of clusters under intense 
XUV pulses. We showed experimentally that clusters 
exposed to intense (2.1012 W/cm2) XUV pulses led to 
the formation of an electron plateau in the photoelec-
tron spectra due to sequential multiphoton processes, 
as previously reported at FELs [2]. In addition, we ob-
served the formation of a large number of excited atoms 
during the cluster expansion [SAF]. In our experiment, 
excited atoms that were formed in the nanoplasma by 
electron-ion recombination processes were reionized by 
the DC electric field of our electron/ion detector.  This led 
to very low kinetic energy electrons in the meV range, 
as displayed in Fig. 3(a), with an average electron en-
ergy that depends on the DC electric field strength. Our 
experiment shows the important role of electron-ion 
recombination processes in the cluster expansion dy-
namics. The new experimental opportunities based on a 
HHG source pave the way for pump-probe experiments 

in clusters with a time resolution down to the attosecond 
range. 

Partial covariance imaging of the Coulomb explosion 
dynamics of N2 molecules

Research in the field of molecular attosecond science is 
tightly related to the non-linear interaction of XUV radia-
tion with atomic and molecular systems. This connec-
tion is provided by the natural time and energy scales of 
electron motion in molecules. Thus in the recent years 
the research in the attosecond field is largely concen-
trated on two directions: physics at the sub-femtosec-
ond time scales and non-linear interaction with the XUV. 
The latter area has only recently become feasible in 
laboratory based experiments (see previous section), 
but a large body of methods and techniques has been 
developed and is being developed using free electron 
lasers (FELs). 

We have recently reported experiments at the FLASH 
FEL in Hamburg exploring non-linear interactions of 
XUV pulses with photon energies of about 90 eV for 
various atomic and molecular systems. The process of 
non-linear interaction of molecules with intense XUV 
pulses is always accompanied by massive ionization 
and Coulomb explosion of the molecules. Understand-
ing the dynamics of multichannel Coulomb explosion is 
thus required for a correct description of the behavior 

Fig.	3:   
(a) Electron kinetic energy spectrum for ArN clusters 
with < N >= 3500 highlighting the low energy electrons 
attributed to the ionization of Rydberg atoms by the 
detector electric field. The data are normalized and 
show that the average energy increases for larger 
field strengths. (b) The complete electron kinetic en-
ergy distribution spectrum for different field strengths 
(note the difference in the vertical scale). 
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of molecules in strong XUV fields. As a result of the 
experimental campaign and subsequent development 
of data analysis protocols, we presented a general ex-
perimental technique which can address the problem 
of multichannel Coulomb explosion. In the experiment, 
schematically depicted in Fig. 4a), the molecules (in this 
case nitrogen and iodine) are ionized by intense XUV 
pulses at the FLASH FEL. The molecules dissociate 
via Coulomb explosion to form fragments carrying dif-
ferent charges. These fragments are detected for each 
single shot by a simple time-of-flight spectrometer. The 
method of statistical analysis, known as partial covari-
ance mapping, identifies positive correlations of signals 
induced by ions coming from the same molecule and 
allows us to extract information about individual dis-
sociation channels from the highly congested experi-
mental spectra. Employing this technique we are able 
to identify individual Coulomb explosion channels with 
total charges per molecule extending up to 9 for nitro-
gen and 17 for iodine. The kinetic energy release (KER) 
could be extracted for each channel and is shown to be 
in good agreement with a sequential ionization model 
implemented numerically. Channel-resolved KER data 
show sensitivity to the pulse durations of the FEL and 
therefore can potentially be used for online monitoring of 
this important parameter. As an example, Fig. 4b) shows 
a partial covariance map for iodine with identification of 
the explosion channels with the highest charges.

T3: Time-resolved XUV/X-ray photoelectron imaging 
and spectroscopy of ultrafast molecular processes 

Novel ultrashort XUV and X-ray light sources open new 
opportunities to follow ultrafast dynamics in molecules 
and nano-particles with atomic resolution. Femtosecond 
X-ray diffraction has already been successfully demon-
strated for large biomolecules and nano-objects using 
X-ray free electron laser pulses. As an alternative ap-
proach to X-ray diffraction, one can perform diffractive 
imaging of molecules through electron scattering, us-
ing either externally generated electron pulses or using 
electrons ejected from within a molecule. In the latter 
case, one exploits the fact that electrons leaving the 
molecule due to photo-ionization may scatter off one 
of the other nuclei. X-ray photoelectron diffraction is a 
well-established method in solid state and surface phys-
ics, in which angle- and energy-dependent scattering 
of inner-shell photoelectrons yields information about 
the structure and environment of the electron emitter. 
In principle, X-ray photoelectron diffraction can also be 
used to study the structure of free molecules in the gas 
phase. However, due to the random orientation of gas-
phase molecules, the photoelectron diffraction pattern 
contained in the angle- and energy-resolved photoelec-
tron spectra generally averages out. This problem can 
be solved if the molecules are „fixed in the space“ prior 
to ionization making use of the well known laser-induced 
molecular alignment techniques. Researchers from the 
Max Born Institute together with researchers from the 
MPI, the CFEL, Aarhus University and DESY, recently 
applied this concept in case of strongly aligned 1-Ethy-
nyl-4-fluorobenzene (C8H5F on lines 5 and 7 starting 
from the end) molecules. A nanosecond pulse was used 
to align a sample of quantum-state-selected C8H5F 
molecules. Photoelectron angular distributions resulting 
from ionization of the fluorine K edge of the molecules 
by a ~740 eV X-ray laser pulse from LCLS were then re-
corded using a velocity map imaging spectrometer. Pro-

Fig.	4:   
a) Schematic drawing of the partial covariance map-
ping experiment at FLASH FEL. The intense XUV 
pulses ionize the molecular sample in the interaction 
region of the time-of-flight (TOF) spectrometer. The 
TOF spectra are recorded for each FEL shot and sub-
sequently analysed in the form of covariance map to 
reveal positive signal covariance related to individual 
explosion channels. b) An example map for iodine 
showing identification of the highest Coulomb explo-
sion channels achievable at the presented experimen-
tal conditions. 

Fig.	5:   
Difference of photoelectron angular distributions ob-
tained in (C8H5F) molecules with and without the align-
ment laser for four different photon energies. Only the 
radius region on the detector that corresponds to the 
fluorine (1s) photoline is displayed as a function of 
polar detection angle. 
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nounced angular structures were observed in differential 
of PADs taken between two measurements performed 
in aligned and unaligned molecules (see Fig. 5). Using 
density functional theory, the observed changes in the 
angular distribution were attributed to photoelectron dif-
fraction effects. So far, experiments were performed for 
molecules in their ground electronic state. In the near fu-
ture, we expect to follow ultrafast processes in electroni-
cally excited molecular systems using this technique. 

T4: Theory of attosecond multi-electron dynamics 
during XUV photoionization and its coupling to nu-
clear motion at the femtosecond timescale 

Attosecond XUV pulses with appropriate energy can in-
teract with an atom confined in a fullerene cage, liberat-
ing electrons from various quantum levels. In a recent 
theoretical prediction, we found that such a confinement 
shows a spectacular preference: it lets one electron es-
cape faster than the other. For free atoms, the delayed 
response of escaping is known. But, is this behavior 
also true when the atom is taken hostage inside a fuller-
ene? We have addressed this question by looking at 
time-delays in one-photon ionization of an argon atom 
implanted inside C60.

When light with enough energy impinges on matter, light 
transfers the energy to the matter and subsequently 
electrons from various quantum levels are kicked. How-
ever, resolving this process in real time was not possible 
until recently. With the tremendous advancement in ul-
trashort laser pulse technology, it has become possible 
to investigate several long-standing fundamental ques-
tions about the dynamical aspects of photoemission pro-
cesses in real-time. A finite time delay between photo-
emission processes corresponding to different quantum 
levels in free atoms has been measured experimentally. 
The measured time delay varies as a function of photon 
energy and could be several tens of attoseconds. In all 
these measurements the influence of electron correla-
tions on the dynamics of ejected electrons is dominant. 
Therefore, the reasons for the finite time delay are attrib-
uted to complex electron-electron interactions. Modeling 
such complex interactions and estimating the finite time 
delay during a photoemission process is very challeng-
ing. A series of experiments and theoretical studies have 
brought the question of finite time delay in the photo-
emission process to the forefront. 

In our recent publication [DCM13], we have attempted 
to resolve the finite time delay controversy in free argon 
atoms (see Fig. 6). The time-dependent density func-
tional method was employed to estimate the time delay 
between 3s and 3p quantum levels of argon atoms. The 
estimated time delay is connected to the energy deriva-
tive of the quantum phase of the complex photoioniza-
tion amplitude. Having established the importance of 
electron correlations for the time delay in a free atom, 
it was natural to extend the study to test the effect of 
correlations on the temporal photo-response of atoms in 
material confinements. A brilliant natural laboratory for 
such an experiment is an atom endohedrally captured in 
a fullerene cage. There are two compelling reasons for 
this choice: (i) such materials are highly stable, at room 
temperature and are enjoying a rapid improvement in 

their synthesis techniques; and (ii) effects of correlations 
of the central atom with the cage electrons have been 
predicted to spectacularly influence the atomic valence 
photoionization.

The space and energy proximity of the argon outer elec-
tron to a C60 electron metamorphose both into two Ar-C60 
hybrid electrons. Significant ground state hybridization 
of Ar 3p is found to occur with the C60 3p orbital, re-
sulting in symmetric and anti-symmetric wavefunction 
mixing. These overlaps are critical, since a symmetric 
wavefunction has a structure completely opposite to that 
of an anti-symmetric wavefunction over the C60 shell re-
gion where each of them strongly overlaps with a host 
of C60 wavefunctions to build correlations. These op-
posing modes of overlap from one hybrid to another flip 
the phase modification-direction between two hybrid 3p 
emissions around respective Cooper minima. As a re-
sult, the peak delay of the anti-symmetric electron is ap-
proximately double to the peak advancement (negative 
delay) of the anti-symmetric electron. Due to correla-
tions with the fullerene’s electrons, one hybrid escapes 
faster than the other by approximately 100 attoseconds 
upon being illuminated by the attosecond pulses (see 
Fig. 6). The source of such an intriguing behavior lies 
in the preservation of their quantum phase. An analogy 

can be drawn with the conservation of the linear mo-
mentum in a two-body collision but in the time domain. 
The research attempts to connect two seemingly distinct 
disciplines of contemporary science, nanotechnology 
and attoscience, and provides motivation for building ul-
trafast light sensors, where the response time of nano-
materials to the light is in the attosecond domain. 

Fig.	6:   
The relative time delay between 3s and 3p quantum 
levels of a free argon atom and its comparison with 
the experimental measurements at three experimental 
energies. Since all the ejected photoelectrons are 
collected at the detector, the net 3p delay must be a 
statistical combination, that is, the sum of the delays 
weighted by the photochannel’s individual cross sec-
tion branching ratios. As illustrated upon including 
3p→ks along with 3p→kd (purple curve) this way, the 
shape of the relative delay strikingly changes near the 
3p Cooper minimum.
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3.1: Dynamics of Condensed Phase Molecular Systems
E.T.J. Nibbering, O. Kornilov (project coordinators)
and F. Buchner, R. Costard, M. Eckstein, H. Fidder, W. Freyer, B. Guchait, C. Greve, B. Koeppe, M. Kubin, J. Lahl,  
K. M. Lange, A. Lübcke, N. Preissler, M. Prémont-Schwarz, H.-H. Ritze, T. Schultz, T. Siebert, C.-H. Yang, Y. Liu,  
J. Zielinski

1. Overview

This project aims at a real-time observation of ultrafast 
molecular processes in the condensed phase, address-
ing the dynamics of elementary excitations, photo-in-
duced chemical reactions and ultrafast changes of the 
electronic and/or chemical structure of molecular sys-
tems. The project makes use of a broad range of ex-
perimental techniques including all-optical pump-probe 
spectroscopy in a range from the ultraviolet to mid-infra-
red, infrared photon-echo and multidimensional vibra-
tional spectroscopies, and photoelectron spectroscopy 
using ultrashort VUV pulses.  

2. Topics and collaborations

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

T1: Hydrogen bond dynamics in hydrated biomimet-
ic and biomolecular systems

External collaborations: J. T. Hynes (University of Colo-
rado, Boulder, USA); D. Laage (École Normale Supé-
rieure, Paris, France); S. Mukamel (University of Cali-
fornia at Irvine, USA); F. Temps (Christian-Albrechts-
Universität zu Kiel); N. E. Levinger (Colorado State 
University, Fort Collins, USA).

T2: Transient structure determination of hydrogen 
bonded acid-base pairs 

External collaborations: V. S. Batista (Yale University, 
New Haven, CT, USA); M. Chergui (École Polytech-
nique Fédérale de Lausanne; Switzerland); M. Odelius 
(Stockholm University, Sweden); Ph. Wernet (Helmholtz 
Zentrum Berlin).

T3: Charge transport in biomimetic and biological 
systems

External collaborations: E. Pines (Ben Gurion University 
of the Negev, Beer-Sheva, Israel); E. Vauthey (Univer-
sité de Genève, Switzerland); H. N. Ghosh (Bhabha 
Atomic Research Centre, Mumbai, India).

T4: Electronic excited state dynamics in molecular 
model systems

External collaborations: L. Poletto and F. Frassetto 
(LUXOR, Padua, Italy).

Internal collaboration with Project 2.3 has been estab-
lished. 

3. Results in 2013

T1: Hydrogen bond dynamics in hydrated biomimet-
ic and biomolecular systems
(FP7/2007-2013)/ERC grant agreement no. 247051)

Biomimetic and biomolecular systems are studied in a 
wide range of hydration levels to unravel the interactions 
between the molecular systems and the fluctuating wa-
ter shells in the electronic ground state. Earlier stages 
of this research project focused on hydrogen-bonded 
model systems [Els13], such as acetic acid dimer and 
liquid water. In recent years, the research has been ex-
tended towards hydrogen bond dynamics in hydrated 
DNA oligomer films [ESY13, DSN13, GEl13] as well as 
DNA base pairs in weakly interacting solvents. A new 
research line involves the vibrational dynamics of hy-
drated phospholipid reverse micelles. The experiments 
are based on ultrafast two-color infrared (IR) pump-
probe and multidimensional photon echo spectrosco-
pies, complemented by computational methods such as 
density functional theory to simulate linear and multidi-
mensional spectra.

In collaboration with the Temps group (Christian-Al-
brechts-Universität zu Kiel) we recently initiated a study 
of chemically modified DNA bases. This research has 
been augmented with theoretical calculations using 
density functional theory performed by the Mukamel 
group (University of California at Irvine, USA). This has 
led to a detailed understanding of the vibrational cou-
plings and ultrafast vibrational dynamics of N-H stretch-
ing manifolds of hydrogen-bonded guanosine-cytidine 
(G•C) [FYN13] and adenosine-thymidine (A•T) base 
pairs [GPF13, GPC13, KNT13]. 

Whereas G•C has been found to form hydrogen-bonded 
base pairs in the Watson-Crick geometry only, steady-
state NMR [KNT13] and FT-IR spectroscopy [GPF13], 
as well as quantum chemical calculations on A•T base 
pairs have shown an equal likelihood in formation of 
Watson-Crick, reverse Watson-Crick, Hoogsteen and 
reverse Hoogsteen geometries. Despite this appar-
ent complexity in sample composition, the analysis of 
the linear FT-IR spectra, as well as of the femtosecond  
2D-IR spectra has led to the conclusion of a strong in-
volvement of a Fermi-resonance of the NH2 bending 
degree of freedom with the N-H stretching modes of 
hydrogen-bonded A•T. 

To further explore this particular Fermi-resonance fea-
ture of the hydrogen stretching manifolds of amino 
groups, we studied hydrogen bonded complexes of 
aniline-d5 and DMSO, where a huge enhancement of 
the NH2 bending overtone absorption strength has been 
attributed to the Fermi resonance effect. We quantita-
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tively analyzed the Fermi resonance effect in the linear 
FT-IR spectra, using a hybrid mode representation and 
encompassing experimental data on aniline with 0, 1, 
or 2 hydrogen bonds to dimethylsulfoxide (DMSO)  
(Fig. 1). Changes in enthalpy, hydrogen-bonding-in-
duced frequency shifts, and the transition dipole mo-
ment increase of the local N–H stretching oscillator all 
demonstrate that the hydrogen bond is strongest in the 
single hydrogen-bonded complex. 

The 2D-IR spectra (Fig.2) provide detailed information 
on the N–H stretching overtone manifold: due to the field 
interaction order in the nonlinear experiment, connec-
tivities between excited state v=1 → 2 and fundamental  
v=0 → 1 Liouville space pathways can be easily mapped 
out, resulting in a more precise determination in the state 
assignment in the v=2 N-H stretching manifold, which 
cannot be achieved with the linear overtone spectra. Po-
larization resolved 2D-IR spectra in addition support the 
relative orientations of the various IR transitions.

Having used IR-pump-probe and 2D-IR photon echo 
spectroscopy in previous years to discern the coupled 
N-H stretching modes of the A•T and G•C pairs and O-H 
stretching excitations of the water shell of hydrated A•T 
oligomers [ESY13, DSN13], hydration effects were now 
investigated in hydrated G•C oligomers [GEl13]. In a 
similar fashion as for A•T oligomers, 2D-IR spectra at 
low (0% relative humidity) are dominated by the N-H 
stretching manifold of the G•C base pairs, whereas at 

high hydration level (92% relative humidity) the 2D-IR 
spectra reflect the spectral diffusion of O-H stretching 
modes of hydration shell water. The stretching vibrations 
of the NH2 groups of G and C display a limited coupling 
strength, resulting in a mode character in between lo-
cal NH stretch and fully coupled NH2 stretch vibrations. 
The dynamics of the water shell as manifested in the OH 
stretch dynamics is moderately slowed down compared 
to bulk water and similar to DNA oligomers containing 
A•T base pairs. 

Self-assembled phospholipid reverse micelles contain-
ing a water nanopool of well-defined size were studied 
as a model system for elucidating ultrafast processes of 
phospholipid hydration which are relevant for the func-
tion of biological membranes [CGL13, CEl13, CHE]. The 
reverse micelles are composed of dioleoylphosphatidyl-
choline (DOPC), a phospholipid with a hydrophilic head 
consisting of a PO4

- unit and covalently linked choline 
groups. The hydrophilic headgroups are hydrated by 
the water pool inside the micelle at a hydration level w0 
which represents the ratio of the water to DOPC con-
centration.

Fig.	1:   
Linear fundamental (a) and first overtone (b) spectra 
of aniline-d5 monomer (black line), single hydrogen-
bonded aniline-d5···DMSO (red), and double hydro-
gen-bonded aniline-d5···(DMSO)2 (blue), obtained 
from a series of IR absorption spectra on samples 
with 0.4 M aniline-d5 and a varying concentration of 
DMSO in CCl4.
The chemical structures of aniline-d5 without and with 
one or two hydrogen bonds with DMSO are shown 
above the spectra.

Fig.	2:   
The 2D-IR spectra in the N–H stretching mode region 
of CCl4 solutions with dominating component aniline-
d5 monomer (panels a-0, b-0), aniline-d5···DMSO 
(panels c-1, d-1), and aniline-d5···(DMSO)2 (panels 
e-2, f-2) for parallel (ZZZZ) and perpendicular polari-
zations (ZZXX). All 2D-IR spectra were recorded for a 
125 fs waiting time and are normalized on the highest 
intensity. Above each spectrum, the linear FT-IR spec-
trum of the sample is shown, together with the inten-
sity profile of the used laser pulses (dashed).
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Femtosecond IR-pump-probe studies of this system 
provided the population lifetimes of phosphate stretch 
vibrations of DOPC and given insight into the pathways 
of vibrational energy redistribution. 2D-IR photon echo 
experiments of OH stretch excitations of water have 
shown that local water pools as small as three water 
molecules around the polar headgroups of DOPC serve 
as efficient sinks of excess energy released during vi-
brational relaxation. Such measurements average in 
space over all water geometries in the nanopool and, 
thus, do not allow for observing the water/DOPC inter-
face selectively. We now introduced the stretching vibra-
tions of the phosphate groups of DOPC as a highly spe-
cific interfacial probe and extended 2D-IR photon echo 
experiments for the first time into the frequency range 
from 1000 to 1300 cm-1 in order to map phospholipid-
water interactions. 

Both the asymmetric stretching vibration νAS(PO2)- 
around 1250 cm–1 and the symmetric stretching vibra-
tion νS(PO2)- of DOPC around 1095 cm–1 show a spec-
tral red-shift with increasing hydration level. The v = 1 
lifetime of νAS(PO2)- has a value of 300 fs, which is in-
dependent from w0. The much longer v = 1 lifetime of 
νS(PO2)- has a value of 1.5 ps at w0 = 1 and 1.0 ps at  
w0 = 16. Figure 3 shows a 2D-IR spectrum recorded with 
a fully hydrated (w0 = 16) sample at a population time  
T = 300 fs. The 2D lineshapes of nAS at an excitation fre-
quency n1=1235 cm-1 and of nS at n1=1090 cm-1 consist 
of a positive contribution (yellow red) due the v=0→1 
transition of the oscillator and a negative component 
(blue) due the v=1→2 transition. All contours are elon-
gated along the diagonal n1=n3, indicating a substantial 
inhomogeneous broadening that reflects the structural 
heterogeneity of the phospholipid-water interface. The 
other 2D peaks originate from other fingerprint vibra-
tions in this range as discussed in [CHE].

In Fig. 4, femtosecond 2D-IR spectra of the symmetric 
(PO2)- stretching mode νS(PO2)- are presented for hy-
dration levels w0 = 1 and 16 and up to population times  
T = 4000 fs. Even for full hydration (w0 = 16), the 2D line 
shapes are preserved over this time range, as is also 
evident from the unchanged slopes of the center lines 
(CL) shown in blue. This fact demonstrates an essen-
tially constant inhomogeneous broadening and, thus, a 
practically static disorder of the hydrated phospholipid. 

The measured 2D-IR spectra were analyzed by line 
shape calculations based on a Kubo formalism for the 
frequency-time correlation function (tcf). We find excel-
lent agreement with the full data set for a tcf consisting 
of an initial 300 fs decay, necessary in order to account 
for the antidiagonal widths of the 2D envelopes, and a 
slow second component for which we estimate a lower 
limit of its decay time of 10 ps. The latter is required 
to account for the ‘static’ inhomogeneous broadening. 
The initial fast decay is present also at low hydration 
and reflects structural fluctuations of the phospholipid 
geometry and – at high w0 – restricted motions of water 
molecules. The slow contribution shows that frequency 
jumps from the breaking and reformation of water-phos-
phate hydrogen bonds are absent on a 10 ps time scale, 
suggesting a comparably rigid hydration pattern of the 
phosphate groups. This finding is in line with theoretical 
molecular dynamics simulations of hydrated phospho-
lipid membranes. It also suggests a minor influence of 
structure fluctuations in the inner water nanopool on the 
hydration of the interface.

We conclude that the initial decay is dominated by fluc-
tuations of the DOPC head groups at the interface rather 
than by water fluctuations. We have mapped fluctuating 
structural dynamics of water–phospholipid interfaces 
by measuring infrared 2D spectra of the symmetric and 
asymmetric phosphate stretch vibrations. In contrast to 
studies of water vibrations, this new approach address-

Fig.	3:   
2D absorptive spectrum of DOPC reverse micelles in 
the spectral range of the (PO2)-transitions at a hydra-
tion level w0 = 16. The absorptive 2D signal is plotted 
as a function of the excitation frequency υ1 and the de-
tection frequency υ3. The data were taken at a popula-
tion time of T = 300 fs. The signal amplitudes change 
by 10 % between neighboring contour lines.

Fig.	4:   
Two-dimensional (2D) absorptive infrared spectra of 
the symmetric (vS(PO2)-) phosphate stretching vibra-
tion of DOPC. Spectra are shown for hydration levels 
w0 = 1 and 16 and different population times T. The 
blue solid lines are center lines (CLs) derived from fre-
quency cuts of the positive signal along υ1 (fixed υ3).
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es the interfacial dynamics much more selectively, even 
at biologically relevant high hydration levels. We envis-
age the application of dynamic phosphate stretching 
probes in a wide range of biomolecules.

T2: Transient structure determination of hydrogen 
bonded acid-base pairs
(DFG NI 492/11.1) 

This activity aims at an analysis of the hydrogen-bonded 
structure of acid-base pairs. By determining structure, 
the elementary chemical processes of proton release, 
transfer, and acceptance by the base will be elucidated 
most directly. Femtosecond infrared techniques are ap-
plied to unravel the dynamics of particular hydrogen-
bonded groups. This information will be complemented 
by steady-state and time-resolved methods ranging 
from NMR to X-ray absorption and emission spectrosco-
pies. The experimental results will be analyzed in close 
collaboration with theory groups. 

IR spectroscopy of the O-H mode provides a local probe 
of the hydrogen bond in photoacid-base complexes. We 
have extended a description for O-H stretching frequen-

cy shifts to complexes of 2-naphthol hydrogen boned 
to acetonitrile [PXS13]. This description is based on a 
perturbative theoretical model originally developed by 
Pullin, and augmented it with the van der Zwan-Hynes 
relationship. Ab-initio quantum chemistry calculations 
provide the determination of the molecular parameters 
for the augmented model, computed at the level of den-
sity functional theory for the ground state (i.e. using the 
B3LYP/TZVP method) and the excited states (i.e., using 
the TD-B3LYP/TZVP method). 

In a joint collaboration with the Chergui group (École 
Polytechnique Fédérale de Lausanne, Switzerland) 
and the Batista group (Yale University, New Haven, CT, 
USA) we have investigated the ultrafast solvent-assist-
ed electronic excited state level crossing between the 
1Lb and 1La states of 1-naphthol (1N) in polar dimethyl-
sulfoxide (DMSO). The electronic excited state ordering 
of 1N in weakly polar or nonpolar solvents (such as in 
CHCl3) is identical to 2-naphthol (2N), namely the more 
polar 1La-state lies energetically at higher value than the  
1Lb-state, making the latter the fluorescent emitting state. 
In strongly polar solvents such as DMSO or water, a sol-
vent-assisted nonadiabatic 1Lb → 1La level crossing has 
been postulated based on steady-state emission prop-
erties, as well as free-energy reactivity considerations, 
such as enhanced photoacidity properties of 1N in those 
polar solvents. We have now for the first time monitored 
this 1Lb → 1La level crossing in real-time, in a combined 
ultrafast polarization-resolved fluorescence and ultrafast 
IR spectroscopy study, combined with quantum chemi-
cal calculations at the TDDFT/B3LYP level (see Fig. 5). 
Our combined experimental and theoretical study shows 
that the apparent discrepancy in photoacidic behavior of 
1-naphthol and 2-naphthol is already in effect before any 
solvent shell rearrangements can occur.

T3: Charge transport in biomimetic and biological 
systems
(DFG LU 1638/1-1)

In this topical area, elementary charge transport dynam-
ics in solution is investigated from the viewpoint of their 
functional role in biochemical processes. The objective 
is to elucidate the underlying mechanisms for electron 
transfer, proton transfer [PBP13] as well as proton cou-
pled electron transfer [GAV13]. This line of research 
builds on previous ultrafast studies of aqueous proton 
transfer using photoacids, as well as of photoinduced 
electron transfer in donor-acceptor complexes.

In collaboration with the Vauthey group (Université de 
Genève, Switzerland) unambiguous evidence for the 
formation of excited ions upon ultrafast bimolecular 
photoinduced charge separation is found using a com-
bination of femtosecond time-resolved fluorescence 
up-conversion, infrared and visible transient absorp-
tion spectroscopy [KRA13]. The reaction pathways are 
tracked by monitoring the vibrational energy redistribu-
tion in the product after charge separation and subse-
quent charge recombination. For moderately exergonic 
reactions, both donor and acceptor are found to be vi-
brationally hot, pointing to an even redistribution of the 
energy dissipated upon charge separation and recom-

Fig.	5:   
(a) Time-resolved fluorescence spectra of 1N in 
DMSO after excitation at 290 nm; (b) ultrafast anisot-
ropy as function of pulse delay, showing a 1Lb → 1La 
transition in DMSO with a 60 fs time constant which 
does not occur in nonpolar CHCl3; (c) first order mo-
ment of the fluorescence emission band M(t) as func-
tion of pulse delay t; (d) time-resolved IR fingerprint 
spectra of 1N in DMSO.
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bination in both reaction partners. For highly exergonic 
reactions, the donor is very hot, whereas the acceptor 
is mostly cold. The asymmetric energy redistribution is 
due to the formation of the donor cation in an electronic 
excited state upon charge separation, confirming one of 
the hypotheses for the absence of the Marcus inverted 
region in photoinduced bimolecular charge separation 
processes.

In a collaboration with the Batista group (Yale University, 
New Haven, CT, USA) we have characterized the struc-
tural and electronic changes during the photoinduced 
enol–keto tautomerization of 2-(2′-hydroxyphenyl)-
benzothiazole (HBT) in a nonpolar solvent (C2Cl4). We 
quantify the redistribution of electronic charge and in-
tramolecular proton translocation in real time by com-
bining UV-pump/IR-probe spectroscopy and quantum 
chemical modeling (Fig. 6). We find that the photophys-
ics of this prototypical molecule involves proton coupled 
electron transfer (PCET), from the hydroxyphenyl to the 
benzothiazole rings, resulting from excited state intra-
molecular proton transfer (ESIPT) coupled to electron 
transfer through the conjugated double bond linking 
the two rings. The combination of polarization-resolved 
mid-infrared spectroscopy of marker modes and time-
dependent density functional theory (TD-DFT) provides 
key insights into the transient structures of the molecular 
chromophore during ultrafast isomerization dynamics. 

Looking at the cis–keto* isomer, we find that the bond 
lengths of N—H and C═O are similar to those of cis–
keto in the ground state. These results are consistent 
with functional groups that remain neutral due to the si-
multaneous proton transfer coupled to redistribution of 
electronic charge in the enol–keto isomerization. The re-
sulting PCET of cis–enol* to cis–keto* is thus described 
as excited state intramolecular hydrogen transfer  
(ESIHT), instead of the traditionally used ESIPT. These 
findings demonstrate that ultrafast polarization-sensitive 
mid-IR measurements provide a powerful method for 
the study of photoexcited PCET when combined with 
TDDFT calculations.

We have shown that time-resolved photoelectron spec-
troscopy using probe pulses in the UV range can be 
used to study the excited state dynamics of molecules 
in solution [BRL13, PBS13]. The evolution of the excited 
state of adenine and adenosine on the potential energy 

Fig.	6:   
(a) Spectrum of HBT in the S1 state in the cis–keto* 
configurations, calculated with TDDFT (B3LYP/TZ-
VPP), compared to (b) the transient IR spectrum of 
HBT in C2Cl4 measured at 100 ps pulse delay after ex-
citation at 330 nm. Steady-state IR spectrum of HBT 
in C2Cl4 (c) is compared to the spectrum calculated at 
the DFT (BP86/TZVP/PCM) level (d) for HBT in the 
cis–enol configuration of the S0 state.

Fig.	7:   
Potential energy curves of adenine adapted to the 
one-color two-photon ionization with (a) 4.66 eV and 
(b) 5.21 eV pulses and the pump probe processes 
(c and d). For the pump probe process: (c) excitation 
with 4.66 eV pulse and ionization with 5.21 eV, and (d) 
vice versa. Excitation is indicated by a broad colored 
area. The predicted 40 fs decay from Sn to S1 is indi-
cated by a black arrow ((b) and (d)). The yellow shape 
symbolizes the excited moiety at the end of the pulse, 
when it is broadened and has started to relax. For the 
ionization step, the maximum kinetic energy and the 
photoelectron band maxima are shown by the red ar-
rows (for the pump–probe process at delay times 0 ps 
and 0.3 ps). The yellow shape symbolizes the excited 
moiety at pump probe delay 0 ps, the orange shape at 
0.3 ps. Grey horizontal lines mark the sum of the pho-
ton ener-gies and grey vertical lines indicate the end 
of the Franck–Condon window for ionization.
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surface could be followed in time, even though signifi-
cant nuclear rearrangement occurs already within our 
pulse duration of about 80 fs (Fig. 7). The excited state 
binding energy of adenosine, i.e. the energetic difference 
between the excited state and the ionic state strongly 
changes in time. Within 300 fs, the binding energy has 
increased by 150 meV and by 370 meV upon excitation 
with 266 nm and 238 nm pulses, respectively. This is 
in line with accelerated dynamics initiated by the higher 
excess energy introduced by the 238 nm pulses. The 
time-dependent energy-integrated photoelectron signal 
describes the population of the excited state. Depending 
on the excitation conditions we observe lifetimes in the 
range of (100–215) fs for adenosine. The observed life-
times are not limited by the accessibility of the Franck–
Condon window in the ionization step. However, in con-
trast to previous transient absorption and fluorescence 
up-conversion experiments, we do not probe the excited 
state in a small range of excited state geometries only. 
Our probe wavelength dependent measurement does 
not show any variation in the retrieved excited state life-
time for adenosine within experimental precision and 
therefore strongly indicates that we indeed observe the 
relevant features of the excited state evolution. 

T4: Electronic excited state dynamics in molecular 
model systems

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 transforma-
tions, such as trans/cis isomerization, ring opening or 
closure are examples of elementary processes to be 
studied in detail. 

In this topical area the main activities of the year 2013 
were concentrated on final commissioning of the HHG 
time-compensating monochromator beamline and on 
the first time-resolved experiments using this beamline. 
The main parameters of the beamline, such as temporal 
and spectral resolution, transmission of the monochro-
mator, photon flux and long-term stability of the align-
ment, were characterized. All parameters were found to 
be in correspondence with the initial design specifica-
tions. Thus, it was established that in the range of the 
XUV photon energies acceptable in the current imple-
mentation (3-50 eV) the transmission ranges from 3 % 
to 16 %; the total flux of 107 photons per pulse at 1 kHz 
repetition rate was established for individual high har-
monics, selected with spectral resolution of 500 meV. 
 
Measurements of the temporal profile were carried out 
in an experiment on generating side-band structures in 
photoelectron spectra of atoms ionized by XUV photons 
in the presence of the moderately strong electric field of 
an IR pulse (see Fig. 8). The sideband structures appear 
due to interference of electrons born at different instants 
of the IR pulse. Transient intensities of these structures 
thus can be used to extract information on the temporal 
widths of both IR and XUV in cases, when both pulses 
are not chirped. Using this measurement in argon and 
similar measurements in nitrogen the best cross correla-
tion between the XUV and IR pulses was determined to 

be 35 fs when 20 fs IR pulses are used to drive both the 
HHG and the sideband generation.

The next experiment performed at the beamline in 2013 
was the investigation of the dissociative ionization of N2 
molecules upon exposure to XUV light with photon en-
ergies from 30 to 50 eV.

Photolysis of nitrogen is an old problem addressed by 
many experimental and theoretical techniques. There-
fore this model system is ideal as a first experiment en 
route to more complicated experiments with solvated 
molecules. While dissociation for photon energies be-
low 30 eV is well understood, the processes above 30 
eV are much less known. In the experiments at the 
HHG beamline extensive sets of data were collected 
for six different XUV photon energies. Transient spec-
tra of both photoelectron and photoions allow us for 
the first time to establish main pathways for dissocia-
tion from the so-called H band of nitrogen. Ab initio cal-
culations and modeling of the dynamics are currently 
nearly complete. 

As part of experimental activities on dynamics in sol-
vated molecules, the experiments on retinal in different 
solvents started in 2012 were finished this year. Inves-
tigations of dynamics for different pump wavelengths 
demonstrated a dependence of the dynamics on the 
energy deposited in the molecule upon excitation. 
Data analysis and preparation of the publication are 
underway.

Fig.	8:   
Photoelectron momentum maps derived from velocity 
map imaging experiments on sideband generation in 
Ar. Left part of the image shows one dominant ring 
corresponding to the main photoemission line of Ar 
2p ionization. The right part of the image is the same 
photoemission line in presence of a moderately strong 
IR field. Concentric rings at both larger and smaller 
radii correspond to sidebands of positive and negative 
orders. In total 14 sidebands could be resolved.
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3.2: Solids and Nano-Structures
M. Woerner, R. Carley (project coordinators)
and R. Artinyan, J. Bowlan, P. Bowlan, K. Busch, S. K. Das, G. Folpini, S. Friede, B. Frietsch, R. Grunwald, M. Hempel, 
M. Herzlieb, S. Höhm, S. Kuehn, E. Martinez Moreno, H. Mentzel, A. Mermillod, H. Messaoudi, K. Reimann, A. Rosenfeld, 
C. Somma, M. Teichmann, J. W. Tomm, F. Yue

1. Overview

In this project we investigate ultrafast and nonlinear 
phenomena in solids and nanostructures. In highly cor-
related condensed-matter systems, electron-electron 
and electron-phonon correlations lead to a broad range 
of novel and unusual phenomena, which are interesting 
from the point of view of both fundamental research and 
practical applications. To gain new insight into funda-
mental phenomena in this thriving field of research we 
perform experiments with ultrafast time and/or nanome-
ter spatial resolution and experiments using THz pulses 
with high electric field amplitudes.

Such research is complemented by studies of light-mat-
ter interactions in materials processing with ultrashort 
optical pulses and by work on degradation processes in 
optoelectronic devices. The project comprises six topics. 
   

2. Topics and collaborations

T1: Ultrafast nanooptics
This subproject includes the Teilprojekt B5 of the Collab-
orative Research Center (CRC) 951 (HU Berlin, DFG).

T2: Nonlinear terahertz and mid-infrared spectros-
copy 
Cooperation partners are R. Hey, K. Biermann (Paul-
Drude-Institut, Berlin) and C. Flytzanis (École Normale 
Supérieure, Paris, France).

T3: Time-resolved photoelectron spectroscopy us-
ing the high-order harmonics beamline
This research topic was discontinued at the MBI dur-
ing 2013. The activities were moved to the FU Berlin  
(Prof. Weinelt).

T4: Material modification with femtosecond laser 
pulses
Cooperation partners include: D. Ashkenasi (Laser 
Medizin Technik Berlin, LMTB) and J. Krüger (Bundes-
anstalt für Materialprüfung, BAM); E. McGlynn (DCU, 
Dublin, Ireland); W. Seeber (FSU Jena); A. Pfuch and 
T. Toelke (INNOVENT, Jena); F. Guëll (University Bar-
celona, Spain); P. Kazansky (University Southampton, 
ORC, UK); U. Neumann (Fibers & Technology, Berlin);  
F. Heinrich and I. Colantoni (University of Applied  
Sciences, Wildau), J. R. Morante, T. Andreu, and  
C. Fábrega (Catalunian Energy Research Institute 
IREC, Barcelona, Spain); S. Burger (Zuse Institute,  
Berlin).

T5: Optoelectronic devices
We work in the BMBF-project ‘Integrierte mikrooptische 
und mikrothermische Elemente für Diodenlaser hoher 
Brillanz‘ (IMOTHEB), 13N12310. Furthermore, there is 
a research contract with 3S Photonics (Nozay, France). 
Analysis of defects in devices is carried out with  
U. Zeimer (Berlin), P. M. Petersen (Roskilde, Denmark), 
F. La Mattina (Dübendorf), and H. Leipner (Halle). Spec-
troscopy of quantum dots is done together with V. Tala-
laev (Halle), P. Smowton (Cardiff, UK), and D. Kruschke 
(Berlin).

T6: Joint HU-MBI group on theoretical optics
Kurt Busch (Humboldt University Berlin) leads a joint 
HU-MBI group on theoretical optics dealing with re-
search topics with a strong affinity to the research pro-
gram of Project 3.2.

3. Results in 2013

T1: Ultrafast nanooptics

Temporally resolved spectroscopy of excitonic states at 
hybrid interfaces 

Understanding the optical and electronic interactions at 
the interface of inorganic and organic materials is the 
core objective of this research topic as being part of a 
Collaborative Research Center funded by DFG. The in-
tegration of materials into hybrid systems opens novel 
means to tailor the microscopic environment of their 
fundamental excitations through static and dynamic in-
teractions. MBI investigates the electronic and optical 
properties of such excitations with an emphasis on time-
resolved spectroscopy down to the single system level 
by scanning near-field optical microscopy (SNOM) at 
cryogenic temperatures.

One mechanism by which excitons in hybrid materials 
may couple is the Coulomb interaction of their respective 
correlated charge centers. Because this coupling quickly 
decreases with the spatial separation of the localization 
centers, both excitons have to be close to the hybrid in-
terface without introducing additional destructive decay 
pathways. While on the organic side this problem is dealt 
with by introducing chemical anchors and spacers, ex-
citons near most semiconductor surfaces are quenched 
by surface states. However, by designing a special 
layer sequence grown pseudomorphically on ZnO with 
high crystalline quality followed by a photochemical sur-
face treatment a unique excitonic state was identified  
[(Figs. 1a) and b), KFZ13]. This surface exciton is a cor-
related electron-hole pair attracted by a potential well at 
the ZnO surface due to the adsorption of molecules with 
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a COOH group. The surface exciton is a candidate to 
study the strong resonant coupling with a chromophore 
attached by the carboxylic anchor to the ZnO epilayer.

A system where the inorganic and organic components 
take on different roles is shown in Fig. 1c). It consists 
of a well-ordered molecular crystal decorated with inor-
ganic semiconductor nanocrystals (quantum dots). The 
molecules assume a J-type arrangement, which leads 
to narrow transition lines and high oscillator strengths. 
Initial experiments on the excitation transfer were car-
ried out in solution with nanocrystals acting as energy 
donor and the J aggregate as energy acceptor. Upon 
attachment of the nanocrystals a drastic reduction of the 
radiative lifetime from 30 ns to 700 ps is observed. This 
lifetime is probably still limited by emission from loosely 
bound particles [Fig. 1d)]. Efforts are now underway to 
investigate individual crystallites coupled to resonant 
nanocrystals.

T2: Nonlinear terahertz and mid-infrared spectros-
copy

Terahertz harmonics in multi-layer graphene in the non-
perturbative regime

The peculiar bandstructure of graphene, a layer of 
carbon atoms in a hexagonal arrangement, results 
in novel transport properties. In k-space, the rel-
evant electrons for transport are those close to the K 
and K' (Dirac) points, where the band gap disappears  
[Fig. 2(a)]. According to the acceleration theorem  

dk/dt=-eE(t)/, the terahertz field E(t) moves an electron 
back and forth along kx on a trajectory kx(t)=eAx(t)/  
determined by the vector potential Ax(t). For high-field 
transport the amplitude of this motion is large compared to  
the initial |k-K|. For an electron with an initial k with  
|ky-Ky|>>wTHz/2vF, the intraband motion (blue arrow) 
dominates the response to the applied THz field. Elec-
trons residing initially at k vectors with |ky-Ky|<< wTHz/2 vF, 
perform combined inter- and intraband trajectories [red 
arrow in Fig. 2(a)], thereby creating additional electron-
hole pairs.

The generation of higher harmonics of the nonlinear in-
tra- and interband current has remained controversial in 
the recent theoretical and experimental literature. Here, 
we report the first observation of terahertz harmonics 
from graphene and compare our results with theoreti-
cal predictions [BMRb]. In our experiments, we study 
an epitaxial 45-layer graphene sample grown by C-face 
epitaxy on 4H-SiC (from Graphene Works). The layer 
stack has a total thickness of 13.2 nm, much smaller 
than the THz wavelength, so that all layers experience 
the same applied electric field. In the experiments dis-
cussed here, we performed nonlinear propagation ex-
periments using intense THz pulses with a spectrum ex-
tending from 1 to 3 THz. The pulses were derived from 
the output of an amplified Ti:Sapphire laser system by 
difference frequency generation in GaSe. They are de-
tected in amplitude and phase by electro-optic sampling 
in GaP allowing for a detection bandwidth up to 13 THz. 
The maximum electric field amplitude of the THz pulses 
was between 0.2 and 50 kV/cm in the different measure-
ments.

Fig.	1:   
a) Schematic view of an inorganic/organic hybrid based on a ZnO thin film. b) PL emission spectra at 6 K of the hybrid 
system. DX: donor bound exciton, SX: surface exciton. c) Schematic view of nanotubular J aggregates composed of a 
double shell of the amphiphilic cyanine dye C8S3 decorated with CdTe quantum dots. d) Intensity decay of the quantum 
dot PL for the pure quantum dot and after adsorption to the J aggregate.
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In Fig. 3(b) we show results of a nonlinear propaga-
tion experiment performed in the strongly nonpertur-
bative regime, i.e. |eA(t)|>>kF [WKB13, BMRa]. The 
power spectrum of the emitted THz field |Eem(w)|2 clearly 
shows the first, third, and fifth harmonics with a ratio of  
1 : 3 x 10-3 : 5 x 10-4. The strength of the higher har-
monics is well below the dynamic range of previous THz 
experiments. The spectral amplitudes |Eem(w)| decrease 
with decreasing the incident field amplitude and with in-
creasing the temperature (not shown).

Our results demonstrate the coherent nature of the 
nonlinear response and show the generation of higher 
harmonics of the THz carrier frequency. Both intra- and 
interband transitions are important for the generation of 
higher harmonics. While the direct contribution of the in-
terband current to the generation of higher harmonics 
is weak, interband transitions are nevertheless impor-

tant since they determine the density of electrons and 
holes available for intraband transitions. To account for 
the experimental results, we performed model calcula-
tions. The theory fully confirms the physical picture of 
electron-hole generation via interband trajectories. This 
treatment predicts a ratio of harmonic powers in agree-
ment with our experiment [symbols in Fig. 2(b)].

High-field terahertz bulk photovoltaic effect in lithium 
niobate 

The bulk photovoltaic effect is a nonlinear optical effect, 
which can occur in media without inversion symmetry. It 
consists of the generation of a current proportional (in 
lowest order) to the square of the incident electric field. 
Up to now this effect was observed in semiconductors 
and ferroelectrica, but only for photon energies above 
the band gap, i.e., in the spectral range where the me-
dium absorbs the incident radiation. Here we show that 
in ferroelectric lithium niobate, LiNbO3, the bulk photo-
voltaic effect also occurs in the THz range, i.e., at fre-
quencies well below the band gap [SRF].

Fig. 2:   
(a) Band structure of graphene close to the K point 
where the band gap disappears. For a finite Fermi 
energy EF, intraband transitions/currents of electrons 
and holes occur. For strong driving fields, there are 
combined inter- and intraband currents. The region 
of k-space covered by carrier motions is determined 
by the vector potential A(t). (b) Solid line: Spectral 
power |Eem(w)|2 of the THz transient emitted from the 
graphene sample.

Fig. 3:   
Real (a) and imaginary (b) parts of the Fourier 
transform of the nonlinear emitted electric field after 
transmission through LiNbO3 obtained from 2D THz 
spectroscopy. It contains contributions from the photo-
voltaic effect (SC), from second (2nd) and third (3rd) 
harmonic generation, from optical rectification (OR), 
and from the decrease of the fundamental by conver-
sion into other frequencies (DP).



57

The experiment uses two strong THz pulses generated 
by optical rectification from the output pulses of a femto-
second Ti:Sapphire oscillator-amplifier system. Electro-
optic sampling measures the THz pulses transmitted 
through the sample with their polarization parallel to the 
ferroelectric axis as a function of both the real time t and 
the delay t between the two pulses. The nonlinear re-
sponse of the sample is obtained as the difference be-
tween the transient when both pulses are present minus 
the transients of the single pulses.

A two-dimensional Fourier transform of the nonlinear 
signal (see Fig. 3) yields the real and imaginary part 
of the response and allows for separating the total re-
sponse into different contributions. We see the genera-
tion of very low frequencies [SC, shift current, in Fig. 
3(a)] and the generation of the second (2nd) and third 
(3rd) harmonic. The generation of new frequencies 
leads to a loss of the intensity of the fundamental (DP). 
The photovoltaic effect manifests itself as the real part of 
the nonlinear response near zero frequency (the weak 
imaginary part at this frequency [OR in Fig. 3(b)] is the 
expected response of a nonlinear medium far from all 
resonances).

For an explanation of the THz photovoltaic effect one 
has to consider that the electric field amplitudes of the 
THz pulses (100 kV/cm) puts the light-matter interac-
tion in the extremely nonlinear regime. Here this leads 
to the generation of real electron-hole pairs in LiNbO3 

by the THz pulses, although the THz photon energy is 
several hundred times smaller than the band gap. Due 
to the lack of inversion symmetry in a ferroelectric crys-
tal the electron-hole generation rate is connected with a 
directed current in a preferred direction caused by the 
charge displacement between the involved valence and 
conduction band states.

T4: Material modification with femtosecond laser 
pulses

Laser-induced refractive-index changes in transparent 
materials

When an ultrashort pulse is focused into the bulk of a 
transparent material, permanent refractive-index chang-
es Δn are induced in the vicinity of the focal plane. The 
possibility to control Δn enables direct-laser photoin-
scription of various embedded photonic microstructures. 
A promising application of direct laser writing in the vol-
ume of transparent substrates is long-term data storage.

One research topic in our group is to increase the ampli-
tude of Δn by optimizing the chemical composition of the 
glass substrate. In collaboration with the IKTS Dresden, 
different glasses with various chemical compositions 
are irradiated with a tightly focused ultrashort pulse, and 
the corresponding laser-induced Δn is measured in situ 
with a homemade quantitative phase-contrast micro-
scope. Quantitative phase-contrast microscopy (QPCM) 
is a nondestructive, noninvasive, quasi-instantaneous 
method to measure optical path differences with a pre-
cision of a few nanometers (Fig. 4A). It is based on a 
phase-contrast microscope supplemented by an optical 

module involving a spatial light modulator. Keeping in 
mind long-term data storage as a main goal, we studied 
photoinscription in the single-pulse regime. 

We also studied the laser-induced plasma dynamics in 
various transparent materials with the help of a time-
resolved microscopy technique. We are able to perform 
time-resolved absorption studies or investigations in 
phase-contrast mode. The laser-induced plasma builds 
up rapidly (within the pulse duration), but in most of the 
glasses we studied, plasma relaxation lasts up to sev-
eral microseconds. 

Hence, we synchronized an external illumination 
source to the femtosecond laser to probe the mate-
rial at long times (milliseconds and longer) after laser 
excitation. The illumination source is a random laser, 
which provides a very uniform illumination background  
(Fig. 4B), pumped with a nanosecond laser. 

Laser-induced periodic surface structures (LIPSS)

The generation mechanisms of LIPSS were studied in 
experiments and by numerical simulations for different 
large-bandgap dielectric materials [DMD13, GDD13]. 
The Drude-Sipe model treating multi-photon excitation 
as a key step and the plasmon-polariton mechanism 
were confirmed. A length scale of few tens of nanome-
ters was identified as the limit of spatial frequencies in 
nanoripple formation. The improved understanding of 
such basic processes is of importance for applications 
of functional nanostructures, e.g., in photocatalysis or for 

Fig.	4:  
A) Quantitative measurement of permanent laser-
induced Δn in a-SiO2.  
B) Laser-induced Δn in B33 26 ns after laser irradia-
tion with a 70 fs pulse. Top: imaginary part, bottom: 
real part. Illumination: random laser.

A)

B)
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surface-enhanced Raman spectroscopy (SERS) of bio-
molecules. Proof-of-principles experiments in both fields 
were performed [PGT13]. In Fig. 5, the SERS spectra of 
standard protein molecules (egg albumin) are compared 
to corresponding signals from reference surfaces. Simi-
lar results were obtained with herring sperm DNA.

Multichannel line-focus excitation of silicon substrates 
via one-photon absorption with adaptive Fresnel mirrors 
was demonstrated. The advantages of nondiffracting 
light slices for such an application were shown. Further-
more, LIPSS were generated in ultrathin metal foils to 
be used as targets for high-power photoelectron emis-
sion experiments (first conference papers published). 
Future activities will extend the theoretical model to non-
stationary excitation conditions and the experiments to 
direct monitoring and tailoring of the femtosecond-laser-
induced plasmon dynamics.

The third-order (ultraviolet) ultrafast optical response of 
different types of nanorod layers (fabricated with high- 
and low-temperature technologies) on few-cycle (6 fs) 
excitation at 800 nm was studied in the Laserlab-Europe 
project "Ultrafast and correlated carrier energetic and 
dynamics in highly excited nanomaterials" with DCU 
Dublin and University Barcelona.

T5: Optoelectronic devices

Spectroscopy of optoelectronic devices

We investigate the intrinsic limitations of optoelectronic 
devices such as diode lasers and their components 
such as gain materials, surfaces, etc. For this purpose 
we use optical spectroscopy. Within the project IMO-
THEB we analyze novel device designs of high-power 

diode lasers containing integrated micro-thermal and 
micro-optical elements. The picosecond kinetics of their 
emission, their thermal properties, and strain profiles 
along the devices are our main topics. Moreover, new 
techniques are developed to monitor fast thermal kinet-
ics and carrier dynamics in the bulk of the waveguides 
as well as at sensible surfaces such as the front facets.
 
Figure 6 shows a damage pattern within a quantum 
well and in vicinal parts of the waveguide of a state-of-
the-art laser structure [HTM13]. This pattern is created 
at emission powers as high as ~10 W within 180 ns of  
operation after an energy deposition of 155 nJ within the  
~µm3-sized defective volume. From a detailed analysis 
of the defect pattern, we obtained information about the 
starting point of the process, namely the waveguide 
parts of the front facet. The local temperature reached a 
value of ~1600°C within a thermal cycle (up and  down) 
of about 10-50 ns in duration.

Novel gain materials for lasers were examined as well. 
This involves PbS and PbSe quantum dots in glass 
matrices. At optical excitation densities as high as 
2x1014 cm-3 per pulse, we find stimulated emission from 
PbS quantum dots in glass [YTK13a, YTK13b]. By tailor-
ing the size distribution, we were able to achieve octave-
spanning emission spectra [YTK13c], which are attrac-
tive for applications as white-light sources and, possibly, 
novel short pulse lasers. Moreover, this material can be 
integrated into optical fibers [YTK13c].

T6: Joint HU-MBI group on theoretical optics

The past years have seen a tremendous increase in 
research activities in quantum-optical processes in 
low-dimensional waveguiding systems. This interest is 
triggered by significant advances in the realization of 
high-quality integrated optical circuits as well as single-
photon sources and detectors which promise the imple-
mentation of scalable solid-state based quantum-optical 

Fig.	5:  
Raman signals for egg albumin obtained by SERS 
on an Ag-bulk substrate with laser-induced periodic 
nanostructures in its surface compared to reference 
substrates, (a) Si, (b) glass, (c) unstructured Ag, (d) 
Ag with LIPSS, period 255 nm, (e) Ag with LIPSS, 
period 530 nm [inset: data from (a) and (b) enlarged]. 
The maximum enhancement factor (relative to the 
unstructured substrates) was found to be about 200 
[PGT13].

Fig.	6:  
Secondary electron pattern from the cross section of 
the waveguide of a degraded AlGaAs-based diode 
laser as imaged by a helium microscope. The dashed 
line indicates the former position of the gain medium, 
the quantum well that had a thickness of ~10 nm. Left 
is the front facet where the defect propagation started 
towards the right. The vertical bar indicates the width 
of the diode laser waveguide of about 1 µm. 
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networks and devices. In such circuitry, control over 
photon propagation and interaction may be obtained by 
embedded quantum impurities.

One particular realization is concerned with the slow-
light regime of Photonic Crystal waveguides. Here, it has 
been suggested that besides the traditional approach 
of implementing high-Q cavities into otherwise near-
perfect waveguides, it may be advantageous to utilize 
disordered Photonic Crystal waveguides as such system 
should exhibit Anderson-localized modes that may serve 
as “random cavities”. For instance, one (admittedly still 
rather visionary) scenario would foresee a coherent and 
robust coupling of quantum impurities that couple to dif-
ferent “random cavity modes”. In turn, this may serve as 
the basis of a robust quantum memory which may be ad-
dressed (read-in and -out) with properly shaped beams. 
Clearly, the central functional element of such devices is 
the strong coupling between a quantum impurities and a 

“random cavity mode” – and in a joint experiment-theory 
collaboration where the experimental efforts have been 
headed by Prof. Chee Wei Wong of Columbia Univer-
sity, USA, we have demonstrated just that [GCL13]. The 
experimental system consists of GaAs membrane into 
which an inherently disordered 2D Photonic Crystal into 
which a W1 waveguide has been inscribed. The quan-
tum emitters have been realized by embedding InAs 
quantum dots which function as single-photon sources. 
Through of temperature tuning a clear anti-crossing of the 
resonances of an exciton line and a “random cavity reso-
nance” could be demonstrated experimentally and excel-
lent agreement with corresponding theoretical results for 
two-level systems has been obtained (see Fig. 7).

Obviously, this important result is only a first step along 
a long road which, on the theoretical side, while require 
the extension to multilevel systems [MLB13], the treat-
ment of nonequilibrium phenomena and a comprehen-
sive treatment of disorder. The latter two shall utilize a 
versatile field-theoretical framework that has recently 
been developed in the theoretical optics group.
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Fig.	7:  
Observed coherent Rabi splitting of a disorder local-
ized cavity mode with a single exciton state Xa for 
different resonance-exciton detuning. The two 
relevant quasi-particle polariton peaks (red and black 
dots) from experimental spectra versus the theoretical 
predictions (red and black curves) are depicted as a 
function of measurement temperature from 24 K to  
32 K. Blue dashed lines represent uncoupled cavity 
and exciton transitions as guidelines.
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3.3: Transient Structures and Imaging with X-rays

M. Woerner, H. Stiel (project coordinators)
and B. Freyer, M. Holtz, R. Jung, V. Juve , J. Stingl, J. Tümmler, T. Tyborski, J. Weißhaupt, F. Zamponi

1. Overview

The investigation of ultrafast structure changes on 
atomic length (100 pm) and time (100 fs) scales re-
quires both ultrafast bright X-ray sources as well as 
appropriate instrumentation such as X-ray optics 
and spectrometers. The current research is focused 
on time-resolved X-ray diffraction experiments on 
both single crystals (rotation method) and powdered 
samples (Debye Scherrer method) using a high rep-
etition rate laser-driven plasma source. The evalua-
tion 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 micro-
scope for the water window region are subjects of col-
laboration with partners from academia and industry.  
   

2. Topics and collaborations

T1: Imaging and spectroscopy with soft X-rays from 
laser-based sources
Most of the work in this topic is done in the frame-work of 
the Berlin Laboratory for Innovative X-ray Technologies 
(BLiX) which is jointly operated by the TU Berlin and MBI 
(cf. Project 4.2). The plasma-based soft X-ray laser and 
its application in imaging are part of collaboration with 
Project 1.2. External collaborations: HZB-BESSY, FhG-
ILT, Aachen, FhG-IOF, Jena, BRUKER ASC GmbH, 
Köln, INFLPR, Magurele, Romania, GIST, Rep. Korea, 
KTH, Stockholm, Sweden.

T2: Femtosecond X-ray diffraction 
Investigation of structural dynamics in crystalline ma-
terials, in close collaboration with Project 3.2. Coop-
eration with M. Chergui, (EPF Lausanne, Switzerland),  
A. Borgschulte (EMPA, Swiss Federal Laboratories 
for Materials Testing and Research, Laboratory for 
Hydrogen and Energy, Dübendorf, Switzerland), and  
A. Baltuška (Photonics Institute, Vienna University of 
Technology, Austria).

3. Results in 2013

T1: Imaging and spectroscopy with soft X-rays from 
laser-based sources

Laboratory X-ray microscopy in the water window region

The user operation was started at the full-field Labora-
tory Transmission X-ray Microscope (LTXM) developed 

at MBI in the framework of a “BMBF Verbundvorhaben”. 
The LTXM is based on a highly brilliant laser plasma 
source emitting a photon flux at the short wavelength 
edge of the water window (l = 2.48 nm) comparable 
with the flux from bending magnet radiation of second 
generation synchrotron sources. The spatial resolution 
of the system has been improved to a value of about 
30 nm [SBL13] which is close to the limit given by the 
outermost zone width of the objective zone plate. An up-
grade of the slab laser system reduces the recording 
time for nanoscale images to less than 60 s [LSB13]. 
The user operation is supported by BRUKER ASC  
(cf. Project 4.2).

New imaging techniques using coherent light sources

This work is mainly focused on the optimization of a 
table-top plasma based X-ray laser (XRL) as a user sta-
tion and its application to Fourier transformed hologra-
phy (FTH). As shown in Fig. 2, the XRL output energy 
at 18.9 nm was optimized to a level of some tens of nJ 
using a total pump energy of about 300 mJ of the high 
repetition rate thin-disk laser in CPA configuration which 
was developed in Project 1.2. A new pumping scheme 
based on one long and two short pulses allows for a 
further reduction of the total pump energy or an increase 
of XRL output. It is planned to use the XRL user station 
for imaging experiments using an advanced FTH setup. 
This setup has been successfully evaluated in collabo-
ration with HZB-BESSY.

Fig.	1:   
Nanoscopic image of a cryo fixated yeast cell taken 
@ 2.48 nm with the LTXM. Both cell membrane and 
cell organelles are clearly visible.
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T2: Femtosecond X-ray diffraction

Ultrafast charge relocations in transition metal complex-
es

Femtosecond X-ray powder diffraction was applied 
to study basic charge transfer processes of transition 
metal complexes in crystals. In contrast to highly diluted 
complexes in the liquid phase, the dense packing of the 
complexes and their counterions in an ionic crystal re-
sults in a strong influence of their mutual Coulomb inter-
actions on the photoinduced charge relocations.

Our femtosecond X-ray diffraction experiments are 
based on a table-top plasma X-ray source driven by 
strong femtosecond pulses at 800 nm. An X-ray flux  
(Cu Ka: 8.05 keV) of several million photons/s at the 
sample position allows us to measure many Debye-
Scherrer diffraction rings simultaneously in the femto-
second X-ray diffraction experiment. The pulse duration 
of the X-ray bursts is approximately 100 fs.

As a model system, crystals containing a dense array 
of Fe(II)-tris(bipyridine) ([Fe(bpy)3]2+) complexes and 
their PF6

- were studied and transient electron density 
maps were derived from the powder diffraction patterns 
[FZJ13]. Major changes of the charge distribution oc-
cur within 100 fs after two-photon excitation of a small 
fraction of the [Fe(bpy)3]2+ complexes. Such changes 
consist in a transfer of electronic charge from the Fe at-
oms and - so far unknown - from the PF6

- counterions to 
the bipyridine units, reducing the polarity of the system. 
The charge transfer is connected with changes of the 
inter-ionic and the Fe-bipyridine distances. The electron 
density maps demonstrate the many-body character of 
charge transfer which affects approximately 30 com-

plexes around a directly photoexcited one. The many-
body behavior is governed by the long-range Coulomb 
forces in the ionic crystals and can be described by the 
concept of electronic polarons.

Field-driven dynamics of correlated electrons in LiH and 
NaBH4

Physical processes driven by external electric fields 
play a key role for the electronic and optical properties 
of condensed matter. Fields of an amplitude comparable 
to the inner-atomic fields in solids allow for studying new 
regimes of charge transport and for inducing a highly 
nonlinear optical response. Electron correlations in crys-
talline matter strongly influence the linear and nonlinear 
response of the electronic charge distribution within the 
unit cell. Such correlations have been a subject of many 
theoretical studies while direct experimental insight is 
mostly lacking. We presented first experimental evi-
dence for the strong impact of electronic correlations on 
the field-driven dynamics of electrons in LiH and NaBH4 
as demonstrated by femtosecond X-ray diffraction ex-
periments and confirmed by theoretical model calcu-
lations within the Coulomb-hole-screened-exchange 
(COHSEX) framework [JHZ13]. 

The experiments are based on the interaction of a 
strong non-resonant laser field (800 nm) with the crys-
talline matter while monitoring the transient electron 
density changes within the unit cell of LiBH4, LiH, and 
NaBH4 using femtosecond X-ray pulses. The high ampli-
tude optical fields induce transient optical polarizations 
in the ionic crystal which are connected with a spatial 
redistribution of electronic charge in a mixed quantum 
state leading to a charge transfer between the ions in 
the respective crystal.

Here, we focus on results for lithium hydride (LiH) and 
sodium boron-hydride (NaBH4). They both crystallize 
in the rock-salt (NaCl) structure and LiH is the simplest 
hetero-nuclear crystal. In contrast to the highly ionic rock 
salt Na+Cl-, counting the charges in LiH gives Li0.5+H0.5- 

striking a happy medium between the ionic case Li+H- 

and the socalled covalent case Li0+H0- in which electrons 
are shared between lithium and hydrogen. The peculiar 
behavior of LiH is due to the spatial correlations among 
all electrons. This might strongly influence the motion of 
electrons subject to an external electric field applied to 
the crystal.

The pump wavelength is 800 nm which is well below 
band gap and above the vibration states of the two ma-
terials. The intensity corresponds to a peak electric field 
of 1 GV/m. Many Debye-Scherrer diffraction rings were 
recorded simultaneously as a function of the time de-
lay between the pump and the X-ray probe in order to 
monitor the diffracted intensities changes of the different 
rings. The introduction of a chopper in the pump arm al-
lows us to determine the relative change of the diffracted 
intensity of each individual ring and, moreover, reduces 
the source noise fluctuations down to the shot noise 
of the X-ray photons. We observed intensity changes 
on several Debye Scherrer rings which are essentially 
concentrated around time delay zero, when both the 
pump and probe beams are temporally overlapped. The 

Fig.	2:   
Spectrum of the plasma based X-ray laser using a 
Mo target obtained at a total infrared pump energy of 
about 300 mJ. The bandwidth of the XRL radiation is 
of the order of some pm (ΔE/E > 10-4), much smaller 
than the resolution of the spectrometer.
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angular positions of the rings remain unchanged. The 
diffraction ring, which corresponds to the 111 reflection, 
shows a decrease of intensity on the order of 1% for LiH, 
whereas the same reflection shows an increase of a few 
percent for NaBH4 [Fig. 3]. 

The extracted structure factors ΔFhkl(t) from the intensi-
ties changes ΔIhkl(t) are used to reconstruct the temporal 
evolution of the electronic density Δr(x,y,z,t) by means 
of the Maximum Entropy Method. Surprisingly, the LiH 
results show a shift of electronic charge from the cat-
ion (Li0.5+) to the anion (H0.5-) [Fig. 4] whereas in NaBH4 
we measured a charge transfer from the anion to the 
cation (not shown). This unexpected result means that 
LiH becomes more ionic upon application of the external 
field, a behavior in contrast to other ionic materials such 
as NaBH4 or the previously studied LiBH4. The change 
in the sign of the charge transfer is supported by theo-
retical model calculations, comparing a Hartree-Fock 
calculation (i.e., no correlations) with a theory based 
on the COHSEX formalism with proper inhomogeneous 
screening of the electron-electron interaction. The lat-
ter framework is the simplest way to include correlation 
effects between electrons. The COHSEX formalism 
correctly predicts the experimentally observed charge 
transfer from the cation (Li0.5+) to the anion (H0.5-) [Fig. 4]. 
In contrast, the Hartree-Fock calculation (i.e., no cor-
relations) does not account for the direction of charge 
transfer from Li to H. This underlines the role of elec-
tronic correlations in LiH. A qualitative explanation of 
the unexpected electron shift is as follows: The electric 
field moves the electrons in such a way that they are 
more uniformly distributed over the unit cell. Li has ini-
tially more electrons with the consequence of a loss of 
electrons during the optical pulse. Because of the small 
electron number in LiH, all electrons contribute to this 
effect, making the electron distribution very sensitive to 
spatial correlation effects.
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Fig.	4:   
Electron distribution of LiH in the grey shaded plane 
of Fig. 3 for times before (left panel), during (middle), 
and after (right) interaction of the LiH crystal with the 
strong electric field of the optical laser pulse. The con-
tours show the electron density (charge per volume). 
The electric field moves electronic charge from the 
Li0.5+ to the H0.5- ion thereby making the material more 
ionic.

Fig.	3:   
Relative change of the diffracted intensity by the 111 
plan versus the time delay for the LiH (top) and the 
NaBH4 (bottom).
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4.1: Implementation of Lasers and Measuring Techniques
I. Will, N. Zhavoronkov (project coordinators)
and A. Anderson, M. Floegel, F. Furch, A. Giree, D. Z. Kandula

1. Overview

The general goal of this project is the development of 
lasers and optical measurement systems tailored to ap-
plications specific to MBI or laboratories of collaboration 
partners.

A new topic that deals with the generation of sub-10 fs 
pulses by means of Optical Parametric Chirped Pulse 
Amplification (OPCPA) technology was added to the 
project and continued to gain significance during the last
year. The appropriate OPCPA systems are developed in 
topics 3 and 4 of the project.

2. Topics and collaborations

The project is organized in the following topics:

T1: Lasers for particle accelerators

This topic contributes to the development of Free Elec-
tron Lasers (FELs) by providing highly specialized pho-
toinjector drive lasers. This work is carried out in co-
operation with DESY, the Helmholtz-Zentrum Dresden 
Rossendorf and the Helmholtz-Zentrum Berlin für Mate-
rialien und Energie.

T2: Femtosecond laser system with shaped pulses
 
The main task of the topic is the implementation of new 
ideas for generation of few-cycles and/or shaped laser 
pulses for relevant experiments at the MBI.

T3: Terawatt OPCPA system

A high-power OPCPA system that is pumped by a high-
power thin-disk laser is being developed in the frame-
work of this topic. This project aims to reach a pulse 
energy of 10 mJ from the OPCPA with a pulse duration 
of less than 10 fs. The system runs at a repetition rate 
of 100 Hz.

T4: High repetition rate NOPAm
m m m m m m m m m m                                                                                              
The development of high repetition-rate Non-collinea 
OPA (NOPA) systems (repetition rate ≥ 100 kHz) is the 
goal of this topic. The NOPAs are pumped by fiber la-
sers and, towards a new goal, by a high-power Innoslab
amplifier.

3. Results in 2013

T1: Lasers for particle accelerators

This topic deals with the development and systematic 
improvement of photocathode lasers. These lasers are
needed for generating the initial high-density electron 
bunches, which are subsequently accelerated in the lin-
ear accelerator (linac) of the FEL. This is accomplished 
by focusing picosecond UV laser pulses on Cesium-
Telluride photocathodes. The parameters of the laser (in 
particular wavelength, synchronization accuracy, pulse 
shape, stability) have a large influence on proper opera-
tions of the linac and the FEL.

Five laser systems, installed by the MBI during the last 
years at DESY, HZB Berlin and FZDR (Rossendorf), are
currently in operation. We have also made the appro-
priate upgrades and ensured operation of the installed 
systems.

The majority of the resources of this topic were dedicat-
ed to the development of the photocathode laser for the
European XFEL at DESY Hamburg. This XFEL is one of 
the large-scale facilities that are presently realized as a
cooperation between many European and non-Europe-
an countries. MBI is responsible for providing the laser 
which will drive the photo injector of the linac.

Development of this laser is presently divided into two 
phases:
• Phase I: Development and installation of a laser gen-
 erating bursts of UV pulses with a Gaussian shape 
 and programmable pulse duration.
• Phase II: Upgrade to generate bursts of UV pulses  
 with a flat-top shape.

In 2013, the laser generating bursts with a Gauss-
ian shape was realized (phase I). This laser contains  
a Yb:KGW oscillator, a Yb:YAG amplifier chain and a 
UV conversion stage (Fig. 1). The amplifier stages 
are pumped by six fiber-coupled diode modules of  
350 W peak power each. Figure 2 shows the pulse trains 
from the oscillator, preamplifier and booster demonstrat-
ing the operation of these amplifier stages together with 
the Pockels cells in the systems.

At present, we focus on the development of the remote 
control system and on improvement of the optical com-
ponents. The installation of this laser in the underground 
XFEL building in Hamburg will start when the laboratory 
will be equipped with the appropriate infrastructure, in 
particular with climate control units and air filters. We 
expect this laser being in operation in spring 2014. First 
use of the laser for driving a photo injector gun is sched-
uled for July 2014.
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T2: Femtosecond laser system with shaped pulses

Ultrashort laser pulses are essential for investigating la-
ser-matter interactions on very short time scales, which 
is one of the main scientific topics of the MBI. They have 
been used in diverse applications including high-har-
monics generation for generation of single attosecond 
pulses and probing of ultra-fast transient chemical reac-
tions. Several fields of modern physical and chemical 
time-resolved studies of atoms, molecules, and solids, 
can benefit from energetic ultrashort few-cycle pulses 
with flexible wavelength and pulse shapes.

Pulse compression using gas-filled hollow core fibers 
(HCF) has long been recognized as a powerful tech-

nique. It is currently still the most widely used method for 
generating high power, sub-10 femtosecond pulses. The
technique utilizes spectral broadening of the pulses, 
which are subsequently compressed with dispersive ele-
ments. Good quality spectral profiles and spectral phas-
es without high order distortions need to be achieved at
the output of the HCF for effective post compression. 
Unfortunately, the potential for self-focusing and ioniza-
tion in the gas medium at high intensity can significantly 
reduce the efficiency. The recently proposed HCF tech-
nique with pressure gradient relies on avoiding self-fo-
cusing prior to the entrance to the HCF, and maintain-
ing selfphase modulation inside the complete hollow 
fiber (see e.g., M. Nurhuda, A. Suda, K. Midorikawa, M. 
Hatayama, K. Nagasaka, J. Opt. Soc. Am. B (2003) Vol. 
20, 2002).

Figure 3 shows a diagram of the principle and the imple-
mented setup of the technique with gas pressure gradient.

The idea behind using a gas pressure gradient is to 
maintain the intensity of the laser pulse at the entrance 
of the hollow fiber below the level where multi-photon 
ionization (MPI) starts to occur. The gas pressure in the 
low pressure part of the assembly was measured to be 
as low as 20 mbar. Thus a gas pressure increasing from
20 mbar to 3 bar along the fiber was obtained in the 
present setup.

Radiation from a Ti-Sapphire laser system operated at 
a 1 kHz repetition rate with 800 nm central wavelength, 
2 mJ pulse energy and 30 fs pulse duration, was direct-
ed into a 1 m long HCF with a diameter of 0.42 mm filled
with Ar. The throughput was observed to be as much 
as 60%. We obtained output energies as high as  
1.3 mJ. After performing pulse compression to 5.6 fs 
the energy reduced to 1.2 mJ. Figure 4 shows the pulse 
duration measurement together with the corresponding 
phase.

The HCF compression setup with gas pressure gradi-
ent can be adjusted simply by changing the inlet gas 
pressure. On the other hand, in HCF setups without gas 
pressure gradients, any significant change of filled gas
pressure will lead to different focusing conditions at the 
entrance face of the HCF due to varying self-focusing 

Fig.	1:   
Scheme of the photocathode laser for the European XFEL (phase I: laser generating trains of Gaussian pulses).

Fig.	2:   
Pulse trains recorded after the oscillator, the multipass 
amplifier and the booster amplifier of the photocath-
ode laser for the European XFEL.
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effects. This results in a time-consuming procedure of 
optimizing coupling of the input beam into the HCF, with 
a risk of destroying the HCF's input end. Figure 4 (right) 
shows results of tuning the compressed pulse duration 
by changing the inlet gas pressure. No additional me-
chanical adjustment was performed during this experi-
ment. The duration of the pulses can be tuned from the 
input 30 fs down to minimal duration of 6 fs.

Generation of isolated attosecond pulses (IAS), required 
for investigation of electron dynamics on attosecond 
time scales, is one of the main prospective applications 
for few-cycle pulses produced by HCF compression. 
We have performed first successful tests with the newly 
implemented compression setup for generating high 
harmonic radiation. The observed spectral bandwidth 
of the harmonics (Fig. 4, inset right) demonstrates the 
tendency towards formation of IAS.

The technology developed within this topic has found 
application in Project 2.3 for observing sideband-streak-
ing traces with compressed sub-10 fs pulses, as well as 

in Project 1.1 for compression of pulses in UV spectral
range.

T3: Terawatt OPCPA system pumped by a high- 
power thin-disk laser

The development of a TW-OPCPA system has been 
launched in 2011. The output of this amplifier will be 
used to produce isolated attosecond pulses by means 
of HHG in the long-focusing geometry, which are power-
ful enough to perform pump-probe experiments at at-
tosecond timescales. 

The OPCPA amplifier is seeded by near-IR few-cycle 
pulses from a CEP-stabilized oscillator (Rainbow HP 
from FEMTOLASERS Productions GmbH). In contrast 
to standard Ti:Sapphire amplifiers, OPCPA systems re-
quire precise synchronization between the pump and 
the seed pulses. This is achieved by a new electronic 
synchronization scheme with a home-built oscillator as 
a seed of the thin-disk laser. Similar systems have been 

Fig.	3:   
The principal diagram (left) and the implemented setup (right) of the technique with gas-pressure-gradient.

Fig.	4:  
Minimal pulse duration (left) and pulse duration as a function of inlet Ar pressure (right) for our pulse compression setup 
with gas-pressure-gradient.
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developed during the past years at our institute and ap-
plied at DESY, HZDR and HZB (BESSY). These sys-
tems utilize a common highly-stable electronic master 
oscillator. They ensure stable operation and synchroni-
zation of both the master oscillator of the pump laser 
as well as the ultra-broadband Ti:Sapphire seed-pulse 
oscillator independently.

In order to pump all three crystals of the OPA chain 
by a single pump beam, the pump pulse of 350 mJ at  
1030 nm wavelength is compressed to 75 ps with an ef-
ficiency of 75% and reshaped spatially to acquire a uni-
form profile. The flat-top pulse is frequency doubled and 
split in three replica to facilitate amplification in three 
BBO crystals. The two pre-amplifier stages are pumped 
with 6 mJ each, while the major part is used for pump-
ing the third power amplifier stage. Subsequently, the 
amplified pulse is compressed in a grating compressor. 

The residual deviations of the spectral phase from an 
optimal dependence are measured with spectral inter-
ferometry and corrected in a spectral phase modulator 
that is located in the Fourier plane of a stretcher before 
the amplifier chain.

The implementation of the new synchronization scheme 
was finished in November 2013. The resulting low timing 
jitter enabled the previously impossible alignment of the 
NOPCPA. Amplification has been achieved up to a few 
mJ level. Figure 5 shows the spectrum obtained so far. 
The spectral bandwidth corresponds to a Fourier-limited 
pulse duration of 10.5 fs. At present, the insufficient spa-
tial uniformity of the pump pulse prevented the amplifier 
from reaching the targeted efficiency.

T4: High repetition rate NOPA 

In 2013, the ultra-high repetition rate Non-collinear Opti-
cal Parametric  Amplifier (NOPA) has been commissioned 
wfor strong field ionization experiments with ion-elec-
tron coincidence detection, utilizing a specifically de-
signed reaction microscope (Project 2.2). The original 
required specifications for this source included a repeti-
tion rate of 400 kHz or more, sufficient energy per pulse 
to induce ionization with a reasonable spot size (≈ few µJ) 
and Carrier-Envelope Phase (CEP) stable, few-cycle 
pulses. The basic architecture of the system is shown in  
Fig. 7. A CEP-stable, octave-spanning Ti:Sapphire oscilla-
tor (Pulse:ONE, VENTEON Femtosecond Laser Technolo-
gies GmbH) seeds both the NOPA operating at a central 
wavelength around 850 nm, and an Yb-doped fiber CPA 
system (Tangerine, Amplitude Systèmes) with a central 
wavelength around 1030 nm. The frequency-doubled 
output of the fiber amplifier provides the pump pulses 
for the NOPA. Seed and pump pulses for the NOPA are 
thus automatically synchronized. Amplification of the ultra-
broadband pulses takes place in two BBO crystals, and 
compression is achieved utilizing chirped mirrors.

Fig.	5:   
Amplified spectrum from the NOPCPA at 1 mJ level. 
This spectrum supports a Fourier-limited pulse dura-
tion of 10.5 fs.

Fig.	6:  
TW-class NOPCPA system in operation. The numbers indicate the consecutive amplification stages.
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The performance of the high repetition rate NOPA has 
reached the limit of its potential for the pump laser uti-
lized. The amplified energy per pulse at a repetition rate 
of 400 kHz is > 5 µJ when pumping with > 30 µJ (> 15% 
efficiency). The amplified spectrum spans more than  
300 nm (-10 dB point) around a central wavelength 
around 850 nm and the pulses are compressed down 
below 6 fs (< 3 optical cycles). Figure 8 shows the 
spectrum of the amplified pulses and the reconstruct-
ed temporal shape. The pulse duration is very close 
to the transform-limited value, though small devia-
tions from zero in the spectral phase lead to a dis-
tribution of the pulse energy over a time window of 
more than 100 fs. The energy contained in the main 
pulse is slightly less than 35% of the total, while the 
transform-limited pulse has 78% of the energy con-
tained in the main pulse. It is possible to obtain a 
less modulated amplified spectrum by decreasing 

the intensity of the pump in the first BBO crystal. In 
that case, the optical-to-optical efficiency reduces to 
approximately 12% and the pulse duration is slightly 
over 6 fs but approximately 50% of the energy is con-
tained in the short pulse. 

A slow feedback loop locking the delay between 
pump and seed pulses has been implemented dur-
ing 2013, and extended the output power and out-
put spectrum stability for many hours. This long term 
stability was essential for experiments with the reac-
tion microscope. Additionally, preliminary tests on the 
CEP stability of the amplified pulses suggest that the 
CEP is relatively stable in a time scale of several min-
utes. However, CEP effects have not been observed 
yet in collected data from strong field ionization ex-
periments. A more thorough characterization of the 
CEP stability is planned for 2014.  

Fig.	7:  
Scheme of the octave-spanning oscillator, fiber amplifier, and parametric amplifier.

Fig.	8:  
Amplified spectrum (right) and SPIDER reconstruction of the compressed amplified pulses (left).
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Within the framework of the FLAME EU-project, the pump 
laser has been upgraded to deliver > 75 µJ at 515 nm 
at a repetition rate of 400 kHz (installation is underway). 
The NOPA will be upgraded to deliver > 10 µJ per pulse 
during 2014. Additionally, a 4-f shaper will be imple-
mented to improve the pulse compression.

This infrastructure will continue to be employed for 
strong field ionization experiments with ion-electron 
coincidence detection (as part of Project 2.2). After the 
energy per pulse is increased beyond 10 µJ, the system 
will be also employed to generate high harmonics in a 
tight focus geometry (Project 1.1).

Publications

Publications which have emerged from work in this in-
frastructure project are listed under the relevant projects 
(1.1, 1.2, 2.1, and 2.2).

Fig.	9:  
Photograph of the laser system in the MHz laboratory.
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4.2: Application Laboratories and Technology Transfer
 

Femtosecond Application Laboratories (FAL)
F. Noack (project coordinator)

1. Overview

Research at MBI requires interdisciplinarity in the scien-
tific staff, flexibility in the definition and organization of 
scientific projects, and a longer term scientific infrastruc-
ture. MBI has chosen to concentrate some of its main 
experimental resources in the application laboratories, 
providing flexible, versatile and cost-effective access 
to expensive, state-of-the-art equipment for internal re-
searchers. In addition, the application laboratories are 
particularly suited for MBI’s various access activities and 
collaboration offers extended to external partners from 
science and industry.

At present the MBI offers access to six femtosecond 
laboratories:
• VUV system
• MultiColor I and II
• fs-UV/MIR system 
• High-Power Shaped system
• 80 MHz system.

Since 2013 further development of the existing appli-
cation laboratories is reduced to some application ex-
periment related special parameters. The efforts of 

the Projects 1.2 and 4.1 are now concentrated on new 
unique high repetition or high power sources for HHG 
and as-spectroscopy. When these systems reach a 
stable operational mode, they also will be offered within 
the application laboratories framework that is now since 
more than 15 years an important part of the infrastruc-
ture of MBI to attract users from science and industry.  

2. User statistics 2012

In 2013 the overall use of the FAL was more than 70% 
of the available access time. About 20% were utilized by 
visiting scientists mainly supported by DAAD/DLR (sev-
eral programs) and the Laserlab-Europe program. 

Last year we had 10 guest scientists (7 projects) from 
Spain, Russia, China, France, Bulgaria, Germany and 
Italy. 

Publications

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

Fig.	1:   
Part of the setup of the 400 kHz noncollinear OPCPA for high repetition rate HHG (developed within Project 4.1);
left multiple reflection on chirped mirrors for dispersion compensation.
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High-Field Laser Application Laboratory (HFL)
M. Schnürer and G. Priebe - until May 2013, now at XFEL GmbH Hamburg (project coordinators)

1. Overview

The High-Field Laser Application Laboratory is the 
experimental basis of MBI research in high field laser 
physics, particularly relativistic plasma dynamics and 
light-matter interaction in ultra-strong electromagnetic 
fields. In addition, it serves as an application laboratory 
for external users who collaborate within joint projects.

The design and development of the essential experi-
mental infrastructure supports the effective realization 
of external access programs (Laserlab-Europe), nation-
al collaboration (Transregio 18), in-house collaboration 
and beam time for in-house projects.

The HFL is located in a separate building with restricted
access due to radiation safety and cleanliness consider-
ations. Its structure and equipment allows performing a 
variety of laser-matter interaction experiments such as 
single atom ionization as well as complex laser-plasma 
interaction studies. The latter include generation and ac-
celeration of charged particles, with special emphasis 
on protons, electrons, highly charged ions and their ap-
plications.

The scientific objectives are met by combining the results 
of MBI research on high-power lasers (Projects 1.2 and 
4.2) with state-of-the-art commercial lasers in a dedicat-
ed laboratory environment, including highly specialized 
instrumentation and building infrastructure. The present 
laser equipment, based on two parallel (100 TW and  
70 TW), optically synchronized Ti:Sapphire laser sys-
tems with intensities in excess of 1020 W/cm2 and pulse 
duration of 25 and 35 fs excels by its pulse contrast ca-
pability, allowing, e.g., for the investigation of novel laser 
particle acceleration schemes. Main research directions 

include electron acceleration by lasers using a radiation 
shielded laboratory and proton/ion acceleration.

In 2013, the HFL infrastructure has been used for dif-
ferent laser-particle acceleration experiments including 
relativistic pump probe experiments, e.g., imaging of 
strong fields (cf. Project 2.1).

Specifically, the MBI two-beam facility aims for staged 
acceleration schemes, both for electrons and ions. 
Implementation of systems for wave front adjustment, 
beam pointing and contrast adjustment is an issue onto 
which is continuously worked on over the years. The sci-
entific issues which back these activities are discussed 
mainly in Project 2.1.

Continuous development of techniques to enhance the 
temporal contrast of the laser pulses is an important 
topic. Therefore, a new test bed for plasma mirror tech-
nology (cf. Fig. 1) has been implemented,aiming for cost 
reduction per laser pulse and high pulse rates in experi-

Fig.	1:   
Vacuum chamber assembly in beamline setup to 
serve for a new plasma mirror experimental test bed.

Fig.	2:   
Photo of the new booster amplifier (cf. Project 1.2) be-
ing implemented in the 70 TW arm aiming for further 
im-provement of contrast and pulse power enhance-
ment.
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mental runs. Also new amplifier setups (cf. Fig. 2 new 
booster amplifier – Project 1.2 developments) reduce 
the ASE background and the pre-pulse level further. 
Implemented control of the pulse spectrum will allow in-
creasing the pulse power and, thus, the intensity in the 
focused beam.

Interaction experiments with ultra-high temporal pulse 
contrast due to an XPW-frontend and plasma-mirror 
combination have been also performed in 2013. These 
experiments are devoted to study light pressure accel-
eration and processes like electron blow out from ultra-
thin foils of only a few nanometer thicknesses.

In 2013, electron acceleration experiments started in a 
specific lab area which is enclosed in a radiation shield-
ed area (Bunker). A photo of the electron experimental-
area is shown in Fig. 3.

2. Experimental areas

The interaction of fast protons or electrons with matter 
causes emission of neutrons and X-rays which require 
a necessary radiation shield. In order to realize experi-
ments within a broad range of parameters and to make 
complete use of the 25 fs - 100 TW laser a special lab 
(colloquial “bunker”) has already served for synchro-
nized 2 beam ion acceleration experiments until January 
2013. A final commissioning of the radiation surveillance 
system and radiation safety issues led to implementa-
tion of a shot counter for laser operation at full power. 
In 2013 electron acceleration experiments started which 
require heavy shielding. The total bunker construction 
has a load of several 100 tons. The walls consist of spe-
cial concrete with ferric oxide which causes the char-
acteristic red color. A 60 tons heavy beam dump is put 

downstream of the accelerated particles. The entrance 
to the bunker is setup similar to a baffle. The central 
wall of the baffle construction is a moveable gate. In this 
way it is possible to transport a complete apparatus into 
and out of the room. The energetic particles are slowed 
down inside the dump and secondary produced radia-
tion is absorbed inside the bunker. Experiments aiming 
for production of ultra-short GeV electron pulses can be 
realized now.

Lasers:

• 70 TW Ti:Sapphire laser: 10 Hz CPA (~35 fs, ~2.5 J) 
 capable of delivering intensities of ~ 1020 W/cm2. More- 
 over the beam parameters likeenergy, pulse-duration
 can be varied.

• 100 TW Ti:Sapphire laser: 10 Hz CPA (~ 25 fs, 2.5J),  
 beam attenuation stage, first interaction experiments 
 started in 2011.

A diversity of diagnostic equipment with high energy 
(spectral), spatial and temporal resolution, consisting of 
optical and X-ray streak cameras, CCD cameras, X-ray 
and EUV-spectrometers and Thomson spectrometers is 
available. The following supporting systems and infra-
structure are available in the HFL:

• Autocorrelators for pulse duration measurement of 
 Ti:Sapphire laser pulses

• SPIDER for control of the duration of the Ti:Sapphire 
 laser pulse at full energy (10 fs resolution) and an  
 scanning 3rd order correlator for the  Ti:Sapphire laser 
 with high dynamics range.

• Adaptive mirror systems with wavefront controlling 
 Hartmann sensor (70 TW laser, and for the 100 TW 
 laser), that ensures focus intensities in excess of  
 1019 W/cm2. 

• Beam propagation system for two interaction cham- 
 bers in separate laboratories, surrounding the central 
 laser hall.

A principle step towards a new ion acceleration scheme 
is the stable and efficient operation of a double plasma 
mirror which is a key-technology for all experiments with 
nm-thick foils. The improved operation with the newly 
implemented XPW-frontend was continued and was 
used in interaction experiments with nm-thick foils (also 
within Transregio 18 – research program in collabora-
tion with the LMU/MPQ Munich). 

3. Users

In 2013, the user access program was characterized 
by two relatively long campaigns and a very short one 
combining issues of target surface preparation which 
has been initiated in Project 3.2 with quite different 
background and which is also an interesting topic in 
2.1 research. According to the general mission of the 
MBI these facilities are not only used for the in-house 

Fig.	3:   
Photo inside the bunker: View in direction to the beam 
dump which consists of several thousand bricks 
made of heavy concrete, setup in front of dump – and 
additionally shielded is a newly developed electron 
spectrometer (cf. 2.1 in the MBI-Annual Report 2012) 
being connected to the target chamber, part in front 
contains beam switching and focusing optics.
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research (mainly Projects 1.2, 2.1), but also offered to 
external users who are interested in research collabora-
tions with MBI groups, including the DFG funded Trans-
regio 18 collaborative research consortium. The labora-
tory is also open to external users within the Transna-
tional Access Activity of the EU (Integrated Laser Infra-
structure Network Laserlab-Europe) and other bilateral 
cooperation. 

Laserlab-Europe

Access project: Investigation of laser driven negative ion 
and neutral atom sources 
April – May: 6 weeks, S. Ter-Avetisyan (ELI-beamlines 
Prague, Czech Republic)

Access project: Investigation of charge transfer proc-
ess of laser accelerated ions in gas targets
August: 4 weeks, several members of Prof. D. Batani 
group (University of Milano, Italy) and Prof. V. Malka 
group (LOA, Paris, France)

Access project (cf. activity report in 3.2: Solids and 
Nano-Structures): Investigation of ion acceleration with 
nano-brush targets
November: 1 week, C. Gray (Prof. E. McLynn group, 
University of Dublin, Ireland)

Publications

All publications which have emerged from experiments 
in HFL laboratory are listed under the relevant research 
projects. 
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Berlin Laboratory for innovative X-ray Technologies (BLiX)
H. Stiel (project coordinator)

1. Overview

The Berlin Laboratory for innovative X-ray Technolo-
gies (www.blix.tu-berlin.de) is jointly operated by the 
Institut für Optik und Atomare Physik (IOAP) of the TU 
Berlin and the Max-Born-Institut. BLiX is the ”Leibniz-
Applikationslabor“ of MBI. It addresses scientific issues 
of importance to science and industry in order to transfer 
research results in prototypes. MBI contributes to BLiX 
among others:

• with the commissioning of a beam line for soft X-ray 
 absorption spectroscopy based on a highly brilliant  
 soft X-ray source 

• with the management of the user operation of a full 
 field laboratory transmission X-ray microscope (LTXM)

• with the transfer of know-how concerning the devel- 
 opment and application of optics for the soft and hard  
 X-ray region.

The laser produced plasma (LPP) source at BLiX for soft 
X-ray spectroscopy is based on a thin-disk laser system 
(pulse duration between 200 … 1000 ps, single pulse 
energy up to 250 mJ@100 Hz) as a pump laser and a 
rotating metal cylinder as a target. This source has been 
developed in collaboration between IOAP/TU Berlin and 
BESTEC GmbH based on longtime experience of MBI in 
laser plasma dynamics. The source delivers soft X-ray 
radiation in the photon energy range between 100 and 
1000 eV with a maximum brightness in selected emis-
sion lines up to 1012ph/s*mm2*mrad2. For investigations 
of samples relevant for users from life and environmen-
tal sciences an X-ray absorption beamline for carbon  
K-edge has been implemented. This beamline will main-
ly be applied in user driven investigations in near edge 
X-ray absorption fine structure (NEXAFS) spectroscopy.

As a result of a BMBF joint research project a full field 
laboratory transmission X-ray microscope (LTXM) has 
been developed at MBI and transferred to BLiX. The 
LTXM enables the detection of high quality microscope 
images at 2.48 nm (500 eV) with a magnification of 
x1000 in a field of view of 45 µm with a data accumula-
tion time of less than one minute. In 2013 the work was 
mainly concentrated on the improvement of the spatial 
resolution and the reliability of the instrument. In addi-
tion a cryo option for sample preparation and a light mi-
croscope were implemented. Both upgrades are highly 
anticipated by users from life and environmental scienc-
es. With the cryo option hydrated cells (cp. Fig. 1) have 
been investigated with a spatial resolution as low as  
35 nm. The user operation of the LTXM which is sup-
ported by BRUKER ASC will be continued.

2. Collaborations 

Bruker ASC, Köln
FhG-ILT, Aachen
FhG-IOF, Jena
HZB-BESSY
PTB, Berlin
KTH, Stockholm
BESTEC GmbH
FH Koblenz-Remagen

3. Users

Charité Berlin
Leibniz-Institut ATB, Potsdam
TU Berlin
U Oxford

Publications

All publications which have emerged from work in BLiX 
are listed under the relevant research projects (cp. Proj-
ect 3.3).

Fig.	1:   
Cryo fixation of cells using a cryo plunge (above). 
Nanoscopic image of a hydrated yeast cell (bottom).
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models and computational methods 

K. Busch; Int. Workshop on Modeling, Analysis and 
Simulation of Optical Modes in Photonic Devices, MA-
SOMO’13 (Berlin, Germany, 2013-04): Computational 
methods and materials models in nano-plasmonics 
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(Enschede, The Netherlands, 2013-08): Discontinuous 
Galerkin method in nano-photonics 

K. Busch; Int. Workshop on Extreme Nonlinear Optics & 
Solitons, ENOS’13 (Berlin, Germany, 2013-10): Quan-
tum photonics: Nonlinearities on the few-photon level 

M. A. Efremov together with L. Plimak, M. Ivanov, and 
W. P. Schleich; Int. Laser Physics Workshop, LPHYS’13 
(Prague, Czech Republic, 2013-07): Three-body bound 
states in atomic mixtures with resonant p-wave interac-
tion 

U. Eichmann together with S. Eilzer; 22nd Int. Laser 
Physics Workshop, LPHYS’13 (Prague, Czech Repub-
lic, 2013-07): Strong field excitation and acceleration in 
short-pulse standing-wave light fields 

U. Eichmann; Int. Workshop on Atomic Physics (Dres-
den, Germany, 2013-11): Strong-field Kapitza-Dirac 
scattering of neutral atoms 

T. Elsaesser, Workshop on Short-Time Dynamics in 
Strongly Correlated Systems and Novel Superconduc-
tors (Bochum, Germany, 2013-02): Correlated electron 
and lattice dynamics in ionic materials spatially resolved 
by ultrafast X-ray diffraction

T. Elsaesser, Int. Workshop on Optical Terahertz Science 
and Technology (Kyoto, Japan, 2013-04): Terahertz re-
sponse of graphene in the non-perturbative regime

T. Elsaesser, École de Physique: Water at Interfaces: 
New developments in Physics, Chemistry and Biology 
(Les Houches, France, 2013-04): Ultrafast hydration 
processes in DNA and phospholipids

T. Elsaesser, Joint IMPRS Workshop: Quantum Dynam-
ics and Photon-Matter-Interaction (Dresden, Germany, 
2013-05): Ultrafast structural dynamics in ionic crystals 
mapped by femtosecond X-ray powder diffraction

T. Elsaesser, CLEO Europe (Munich, Germany, 2013-
05): Ultrafast electronic charge dynamics in solids 
mapped by femtosecond X-ray powder diffraction

T. Elsaesser, XVIth Int. Conference on Time-Resolved 
Vibrational Spectroscopy (Beppu, Japan, 2013-05): Ul-
trafast 2D infrared spectroscopy of phosphate - water 
interactions and water dynamics in phospholipid reverse 
micelles 

Appendix 2
External Talks, Teaching
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T. Elsaesser, 5th Int. Conference: Energy Dissipation 
at Surfaces (Bad Honnef, Germany, 2013-06): Ultrafast 
structural dynamics in ionic materials studied by femto-
second X-ray powder diffraction

T. Elsaesser, 7th Int. Conference on Materials for Ad-
vanced Technologies (Suntec City, Singapore, 2013-
07): Ultrafast charge dynamics in ionic materials studied 
by femtosecond X-ray powder diffraction

T. Elsaesser, 246th American Chemical Society National 
Meeting (Indianapolis, USA, 2013-09): Transient elec-
tron density maps in molecular materials determined by 
femtosecond X-ray diffraction

R. Grunwald, together with S. K. Das, A. Debroy, E. Mc-
Glynn, and H. Messaoudi; Int. Workshop on Progress 
in Ultrafast Laser Modifications of Materials (Cargèse, 
France, 2013-04): Nonlinear optical mechanism of form-
ing periodical nanostructures in large bandgap dielec-
trics

R. Grunwald, Photonics Ireland 2013 (Belfast, UK, 
2013-09): Ultrashort-pulse laser induced periodic sur-
face nano-structuring of metal-oxides

A. Harvey together with O. Smirnova and F. Morales; 
22nd Int. Laser Physics Workshop, LPHYS’13 (Prague, 
Czech Republic, 2013-07): The R-matrix method for at-
tosecond spectroscopy 

S. Höhm together with A. Rosenfeld, J. Krüger, and J. 
Bonse; Int. Workshop on Progress in Ultrafast Laser 
Modifications of Materials (Cargèse, France, 2013-04): 
Dynamical studies on the generation of periodic surface 
structures by femtosecond laser pulses 

A. Husakou; Int. Workshop on Extreme Nonlinear Optics 
& Solitons, ENOS’13 (Berlin, Germany, 2013-10): Pulse 
delivery and solitonic compression in hollow kagome 
waveguides in regime of photoionization 

M. Ivanov together with M. Moreno, M. Richter, A. 
Baltuška, M. Spanner, O. Smirnova, and S. Patchkovskii; 
French-Israeli Symposium on Nonlinear & Quantum 
Optics, FRISNO-12 (Rehovot, Israel, 2013-02): Strong-
field dynamics in laser filaments: Bound states of a free 
electron and lasing without inversion 

M. Ivanov; DPG-Frühjahrstagung (Hannover, Germany, 
2013-03): Imaging attosecond multi-electron dynamics 

M. Ivanov; 4th Int. Conference on Attosecond Physics, 
Atto2013 (Paris, France, 2013-07): Exotic strong-field 
dynamics in laser filaments: Lasing without inversion 
and the Kramers-Henneberger states 

M. Ivanov together with D. Kartashov, S. Haesler, A. 
Pugzlys, A. Baltuška, M. Spanner, S. Patchkovskii, M. 
Richter, and O. Smirnova; 22nd Int. Laser Physics Work-
shop, LPHYS’13 (Prague, Czech Republic, 2013-07): 
Lasing without inversion: Unforeseen consequences 
of laser filamentation 

M. Ivanov together with J. Leeuwenburgh, S. Sukiasy-
an, B. Cooper, A. Zair, J. Marangos, and V. Averbukh; 
22nd Int. Laser Physics Workshop, LPHYS’13 (Prague, 
Czech Republic, 2013-07): High harmonic spectroscopy 
of core rearrangement: From laser-driven dynamics to 
frustrated Auger-type processes 

M. Ivanov; Int. Workshop on Extreme Nonlinear Op-
tics & Solitons, ENOS’13 (Berlin, Germany, 2013-10):  
Lasing without inversion during laser filamentation 

M. Ivanov; Int. Workshop on Atomic Physics (Dresden, 
Germany, 2013-11): Lasing without inversion in the air 

V. Juvé, Banff Meeting on Structural Dynamics (Banff, 
Alberta, Canada, 2013-02): Femtosecond X-ray diffrac-
tion on LiBH4 and LiH: Quasi-instantaneous electronic 
response to strong electric laser fields

M. P. Kalashnikov; DPG-Frühjahrstagung (Jena, Ger-
many, 2013-02): Extreme Licht-Infrastruktur – Eine ein-
zigartige EU Laser-Forschungseinrichtung 

M. P. Kalashnikov; 6th Session of the Petawatt Scien-
tific Conference (München, Germany, 2013-05): Practi-
cal aspects of working with crystals for XPW temporal 
filtering 

M. P. Kalashnikov; Annual Meeting of NAUUL 2013, 2nd 
Workshop, Operation of PW-class lasers (Dornburg, Ger-
many, 2013-06): Laser systems for the ELI-ALPS facility 

M. P. Kalashnikov; ELI-NP Workshop: Towards TDR of 
experiments with intense laser beams at ELI-NP (Bu-
charest, Romania, 2013-06): Characterization of the in-
tensity in focuses 

M. P. Kalashnikov together with D. Charalambidis, Z. Di-
veki, P. Dombi, J. A. Fülöp, R. Lopez-Martens, K. Osvay, 
and E. Racz; Fundamental of Laser-Assisted Micro- and 
Nanotechnologies, FLAMN13 (St. Petersburg, Russia, 
2013-06): Attosecond light pulse source of the Extreme 
Light Infrastructure – A unique tool for users 

F. Morales together with V. Serbinenko I. Barth, S. 
Patchkovskii, and O. Smirnova; 22nd Int. Laser Physics 
Workshop, LPHYS’13 (Prague, Czech Republic, 2013-
07): Shaping polarization of attosecond pulses via laser 
control of electron and hole 

E. T. J. Nibbering, TRSC Vibrational Dynamics (Tellu-
ride, CO, USA, 2013-07): The (non)sense of extracting 
hydrogen bond structure from linear and nonlinear IR 
spectroscopy of hydrogen stretching oscillators

E. T. J. Nibbering, 20th Int. Conference on Horizons in Hy-
drogen Bond Research (Antwerp, Belgium, 2013-09): Linear 
FT-IR and ultrafast 2D-IR spectroscopy of DNA base pairs

F. Noack together with M. Beutler, M. Ghotbi, P. Trabs, 
V. Petrov, U. K. Sapaev, A. S. Aleksandrovsky, A. M. 
Vyunishev, A. I. Zaitsev, and N. V. Radionov; 21st Int. 
Conference on Advanced Laser Technologies, ALT’13 
(Budva, Montenegro, 2013-09): Generation of tunable 
pulses in the VUV by second and third order nonlinear 
interaction
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V. P. Petrov; SPIE/SIOM Pacific Rim Laser Damage 
(Shanghai, China, 2013-05): Optical damage limits 
in chalcogenide nonlinear crystals used in 1064 nm 
pumped nanosecond optical parametric oscillators

V. Petrov; 2nd National Congress on Physical Sciences; 
41st National Conference on Physics Education Mat-
ters (Sofia, Bulgaria, 2013-09): The overlap temporal 
regime between parametric oscillators and generators: 
ps OPOs and ns OPGs 

H. R. Reiss; SPIE Optics & Optoelectronics Confer-
ence (Prague, Czech Republic, 2013-04): Nature of the 
strong-field capabilities of lasers

H. R. Reiss; HIBEF, Users Group Workshop (Hamburg, 
Germany, 2013-06): Pair production in laser fields?

H. R. Reiss; 22nd Int. Laser Physics Workshop, Semi-
nar 1, LPHYS’13 (Prague, Czech Republic, 2013-07): 
Recent observation of radiation pressure in ionization 
and implications for circular polarization 

H. R. Reiss; 22nd Int. Laser Physics Workshop, Semi-
nar 2, LPHYS’13 (Prague, Czech Republic, 2013-07): 
Relativistic laser fields do not lead to tunneling phenom-
ena

M. Richter together with F. Morales, S. Patchkovskii, O. 
Smirnova, and M. Ivanov; 22nd Int. Laser Physics Work-
shop, LPHYS’13 (Prague, Czech Republic, 2013-07): 
Bound states of a free electron: the role of the Kramers-
Henneberger atom in the higher-order Kerr effect 

H. Rottke; 523rd WE-Heraeus Seminar High harmonic 
spectroscopy (Bad Honnef, Germany, 2013-01): Track-
ing of a Fano-wavepackets in the ionization continuum 
of an atom 

A. Rouzée; Workshop for the preparation of the Tech-
nical Design Report of the Secondary Sources of ELI-
ALPS (Budapest, Hungary, 2013-09): Versatile instru-
ment for experiments at the ELI Attosecond Light Pulse 
Source

A. Rouzée; ITEMP Workshop on Ultrafast Atomic and 
Molecular Physics with Cutting-edge Light Sources: 
New opportunities and challenges (Manhattan, USA, 
2013-11): XUV and X-ray ionization of aligned mol-
ecules: Towards imaging ultrafast molecular dynamics 
with HHG and FEL sources 

W. Sandner; Workshop on Frontiers in Extreme Rela-
tivistic Optics, FIERO 2013 (Ohio, USA, 2013-02): Sci-
ence with high intensity lasers in Europe 

W. Sandner; 22nd Int. Laser Physics Workshop, 
LPHYS’13 (Prague, Czech Republic, 2013-07): High 
power laser science at the Extreme Light Infrastructure 
ELI

M. Schnürer; Laserlab Meeting CHARPAC (Lisboa, Por-
tugal, 2013-05): Field and ion dynamics in different laser 
ion acceleration schemes 

M. Schnürer; LA3NET, Topical Workshop 2: Laser Tech-
nology and Optics Design (Aachen, Germany 2013-11): 
Realization of relativistic light intensities with ultrafast 
TW-lasers for particle acceleration 

V. Serbinenko together with O. Smirnova and M. Yu. 
Ivanov; 22nd Int. Laser Physics Workshop, LPHYS’13 
(Prague, Czech Republic, 2013-07): Multicolor control 
and measurement of tunneling 

T. Siebert, Fundamentals and Applications of Laser Fila-
ments (Okazaki, Japan, 2013-04): Methodology for ap-
plications in supercontinuum spectroscopy: pulse com-
pression, shaping and analysis 

O. Smirnova; 523rd WE-Heraeus Seminar High Har-
monic Spectroscopy (Bad Honnef, Germany, 2013-01): 
Attosecond Larmor clock 

O. Smirnova together with I. Barth, J. Kaushal, and M. 
Ivanov; 12th European/French Israeli Symposium on 
Nonlinear and Quantum Optics, FRISNO 12 (Ein Gedi, 
Israel, 2013-02): Attosecond Larmor clock for ionization 

O. Smirnova together with I. Barth, J. Kaushal, and M. 
Ivanov; DPG-Frühjahrstagung (Hannover, Germany, 
2013-03): Attosecond Larmor clock for ionization 

O. Smirnova; ICONO/LAT 2013 (Moscow, Russia, 2013-
06): Attosecond Larmor clock for ionization 

O. Smirnova together with L. Torlina, J. Kaushal, M. Ivanov; 
22nd Int. Laser Physics Workshop,  LPHYS’13 (Prague, 
Czech Republic, 2013-07): Attosecond Larmor clock 

O. Smirnova; The Copenhagen Conference on Femto-
chemistry, Femto11 (Copenhagen, Denmark, 2013-07): 
Attosecond Larmor clock 

O. Smirnova; Optical Society of America Topical Meet-
ing on Nonlinear Optics, NLO 2013 (Kohala Coast, Ha-
waii, USA, 2013-07): Attosecond Larmor clock 

O. Smirnova; Gordon Research Conference on Quan-
tum Control of Light & Matter (South Hadley, MA, USA, 
2013-07): Multidimensional high harmonic spectrosco-
py: Measurement via control 

O. Smirnova; Int. Conference on Quantum, Atomic, Mo-
lecular and Plasma Physics, QuAMP 2013 (Swansea, 
UK, 2013-09): Time and spin in attosecond spectros-
copy 

O. Smirnova; Int. Workshop on Atomic Physics (Dres-
den, Germany, 2013-11): Attoclock measurements of 
strong-field ionization times 

O. Smirnova; COST XLIC General Meeting and CORINF 
Annual Workshop (Madrid, Spain, 2013-11): Attosecond 
spectroscopy of electron rearrangement upon ionization 

G. Steinmeyer, Workshop: Fundamentals and Applica-
tions of Laser Filaments (Okazaki, Japan, 2013-04): 
Rogue waves in multi-filaments: A rough optical sea
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G. Steinmeyer together with A. Demircan; ICONO 2013 
(Moscow, Russia, 2013-06): Accelerated rogue solitons 

G. Steinmeyer; ICONO 2013 (Moscow, Russia, 2013-
06): Rogue waves in the beam profiles of femtosecond 
multifilaments 

G. Steinmeyer, Conference on Laser, Weather, and 
Climate 2013 (Geneva, Switzerland, 2013-09): Rogue 
waves in multi-filaments: A rough optical sea

G. Steinmeyer, Workshop: Extreme Nonlinear Optics 
and Solitons (Berlin, Germany, 2013-10): Spatiotempo-
ral rogue events in multiple filamentation

G. Steinmeyer together with A. Demircan; Workshop: 
Extreme Nonlinear Optics and Solitons (Berlin, Germa-
ny, 2013-10): Accelerated rogue solitons

J. W. Tomm together with M. Hempel, F. La Mattina, F. 
M. Kießling, and T. Elsaesser; Photonics West 2013 
(San Francisco, CA, USA, 2013-02): Analysis of bulk 
and facet failures in AlGaAs-based high-power diode 
lasers 

J. W. Tomm, together with M. Hempel, M. Chi, P. M. Pe-
tersen, U. Zeimer, and M. Weyers; PHOTONEX Confer-
ence (Coventry, UK, 2013-10): Degradation processes 
in high-power laser diodes under external feedback

J. W. Tomm together with F. Yue and D. Kruschke; EMN 
Fall Meeting: Energy Materials Nanotechnology (Orlan-
do, Florida, USA, 2013-12): PbS quantum dots QD in 
glass matrix (PbS:Glass) as infrared light sources

L. Torlina together with J. Kaushal, M. Ivanov, and 
O. Smirnova; 22nd Int. Laser Physics Workshop, 
LPHYS’13 (Prague, Czech Republic, 2013-07): An ana-
lytic R-matrix approach to strong field ionization: Cou-
lomb and correlation effects 

A. Treffer together with S. K. Das, H. Messaoudi, J. 
Brunne, U. Wallrabe, and R. Grunwald; Progress in 
Electromagnetics Research Symposium, PIERS (Stock-
holm, Sweden, 2013-08): Physics and modeling of la-
ser-induced periodic surface structures 

S. M. Vatnik together with S. N. Bagaev, I. A. Vedin, P. 
F. Kurbatov, A. A. Pavlyuk, X. Mateos, M. C. Pujol, F. 
Díaz, V. Petrov, U. Griebner, Yu. V. Korostelin, and Ya. 
K. Scasyrsky; Conference on Lasers, Applications, and 
Technologies, LAT (Moscow, Russia, 2013-06): Novel 
high-efficiency thulium lasers based on monoclinic 
KLu(WO4)2 crystalline host 

S. M. Vatnik together with I. Vedin, X. Mateos, M. C. 
Pujol, F. Díaz, V. Petrov, and U. Griebner; VI Int. Sympo-
sium on Modern Problems of Laser Physics   MPLP’2013 
(Novosibirsk, Russia, 2013-08): Novel high-efficiency 
thin-disk lasers based on Tm:KLu(WO4)2/KLu(WO4)2 
epitaxy 

A. v. Veltheim together with W. Quan B. Manschwetus, 
B. Borchers, G. Steinmeyer, H. Rottke, and W. Sandner; 
22nd Int. Laser Physics Workshop, LPHYS’13 (Prague, 
Czech Republic, 2013-07): Frustrated tunnel ionization 
of noble gas dimers: Rydberg electron shakeoff by elec-
tron charge oscillation in the dimer ion core 

M. J. J. Vrakking; CLEO/QELS 2013 (San José, CA, 
USA, 2013-06): Attosecond molecular electron dynam-
ics 

M. J. J. Vrakking; XXVIII Int. Conference on Photonic, 
Electronic and Atomic Collisions, ICPEAC (Lanzhou, 
China, 2013-07): Photoelectron holography in strong 
optical and dc electric fields 

M. J. J. Vrakking; 4th Int. Conference on Attosecond 
Physics, Atto2013 (Paris, France, 2013-07): Attosecond 
and femtosecond time-resolved molecular dynamics 

M. J. J. Vrakking; Int. Symposium for the 70th Anni-
versary of the Tohoku Branch of the Chemical Society 
of Japan (Sendai, Japan, 2013-09): Attosecond time- 
resolved molecular dynamics 

M. J. J. Vrakking; XLIC General Meeting and CORINF 
Annual Workshop (Madrid, Spain, 2013-11): Attosecond 
time-resolved molecular electron dynamics 

M. J. J. Vrakking; Int. Workshop on Atomic Physics 
(Dresden, Germany, 2013-11): Strong field photoelec-
tron holography 

I. Will together with R. Jung, J. Tuemmler, T. Nubbemeyer, 
D. Kandula, and W Sandner; DPG-Frühjahrstagung 
(Jena, Germany, 2013-02): Kurzpuls-Scheibenlaser ho-
her mittlerer Leistung bei hoher Pulsenergie

I. Will together with I. Templin, G. Klemz; LA³NET, 1st 
Topical Workshop on Laser Based Particle Sources 
(Genève, Switzerland, 2013-02): Photocathode lasers 
for Cesium Telluride photocathodes 

I. Will; Joint European XFEL and DESY Laser Advisory 
Committee, LAC (Hamburg, Germany, 2013-02): XFEL 
photoinjector drive laser, phase I: Generation of Gauss-
ian pulses 

I. Will; Joint European XFEL and DESY Laser Advisory 
Committee, LAC (Hamburg, Germany, 2013-02): XFEL 
photoinjector drive laser, phase II: Generation of shaped 
and flat-top pulses 

M. Woerner, Physical Sciences Symposia, Crystal and 
Graphene Science Symposium (Waltham, USA, 2013-
09): Femtosecond X-ray diffraction on ionic crystals  
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Invited talks at seminars and colloquia

A. A. Andreev, Seminar (Jülich Supercomputing Cen-
tre, Germany, 2013-05): Fast particles and short wave-
length radiation generation from nano-structure targets 
irradiated by relativistic intensity laser pulses

A. A. Andreev, Seminar (Gwangju Institute of Science 
and Technology, Republic of Korea, 2013-06): Relativis-
tic nano-plasma photonics

A. A. Andreev, Seminar (Universität Hamburg, Ger-
many, 2013-09): Interaction of intense ultra-short laser 
pulse with nano-structured targets

I. Barth, Theorie-Seminar (Universität Hannover, Ger-
many, 2013-06): Tunnel ionization in circularly polarized 
laser fields

I. Barth, Theorie-Seminar (ETH Zürich, Switzerland, 
2013-06): Spin polarization and rotating hole dynamics 
induced by nonadiabatic tunneling in circularly polarized 
laser fields

K. Busch, Kolloquium (INRIA, Sophia Antipolis, France, 
2013-07): Nano-plasmonics: Material models and com-
putational methods

K. Busch, Kolloquium (Universitity of Saarbrücken, Ger-
many, 2013-11): Nano-photonics: From photonic crys-
tals to plasmonics

T. Elsaesser, Lecture, European XFEL Science: Lecture 
Series (Hamburg, Germany, 2013-02): Ultrafast struc-
tural dynamics in ionic materials mapped by femtosec-
ond X-ray powder diffraction

T. Elsaesser, Festkolloquium zur Emeritierung von Prof. 
A. Laubereau (TU München, Garching, Germany, 2013-
05): Ultrafasthydration processes of DNA and phospho-
lipids

T. Elsaesser, CFEL-Kolloquium (Center for Free- Elec-
tron Laser Science, Hamburg, Germany, 2013-06): 
Two-dimensional vibrational spectroscopy of DNA and 
phospholipids

T. Elsaesser, Kolloquium (Institut für Physikalische und 
Theoretische Chemie, Universität Frankfurt/M, Germa-
ny, 2013-10): Two-dimensional vibrational spectroscopy 
of DNA and phospholipids

T. Elsaesser, Physikalisches Kolloquium (TU Darmstadt, 
Germany, 2013-10): Ultrafast hydration processes of 
DNA and phospholipids

T. Elsaesser, Solvation Day (DESY, Hamburg, Germany, 
2013-11): Two-dimensional vibrational spectroscopy of 
DNA and phospholipids

T. Elsaesser, Kolloquium (Max-Planck-Institut für Quan-
tenoptik, Garching, Germany, 2013-11): Charge and lat-
tice dynamics in ionic crystals mapped by femtosecond 
X-ray powder diffraction 

U. Griebner, Kolloquium (University of Pavia, Italy, 
2013-11): Carbon nanostructures for solid-state laser 
mode-locking in the near infrared

R. Grunwald together with M. Bock, J. Brunne, and U. 
Wallrabe; Seminar (Fernuniversität Hagen, Germany, 
2013-09): Sub-3-cycle OAM generation with compact 
thermally tunable components

R. Grunwald, Seminar (Universität Freiburg, Germany 
2013-10): Tuning the twisted light: MEMS at the frontiers 
of ultrafast optics

R. Grunwald, Seminar (University of Technology Eind-
hoven, The Netherlands, 2013-11): Plasmon-based 
ultrashort-pulse laser-induced nanostructuring and ap-
plications

M. Ivanov, Kolloquium (Technion – Israel Institute of Tech-
nology, Haifa, Israel, 2013-10): High harmonic generation 
spectroscopy of attosecond multi-electron dynamics

E. T. J. Nibbering, DCh-Kolloquium (Martin-Luther-
Universität Halle-Wittenberg, Halle (Saale), Germany, 
2013-04): Elementary hydrogen-bonding interactions 
and ultrafast dynamics of aqueous proton transfer in 
acid-base complexes

E. T. J. Nibbering, Seminar (Freie Universität Berlin, 
Germany, 2013-06): Ultrafast dynamics of specific inter-
actions in photoacid-base complexes

E. T. J. Nibbering, Seminar Series Chemistry Depart-
ment Club-Med (Yale University, New Haven, CT, USA, 
2013-07): Ultrafast spectroscopy of hydrogen bonds: 
From complexing acid-base pairs to nucleobase pairing

E. T. J. Nibbering, Seminar (JILA, University of Colo-
rado at Boulder, CO, USA, 2013-07): Ultrafast hydrogen 
bond and aqueous proton transfer of photoacids

V. Petrov, Seminar (Shandong University, Jinan, China, 
2013-05): Non-oxide nonlinear crystals and direct fre-
quency conversion to the mid-IR above 4 µm with near 
1 µm pump lasers

V. Petrov, Seminar (Qingdao University, China, 2013-
05): Picoseconds OPOs and nanosecond OPGs: The 
overlap temporal regime between parametric oscillators 
and generators

V. Petrov, Seminar (Shanghai Jiao Tong University, Chi-
na, 2013-05): Mid-IR parametric oscillators and genera-
tors between the picosecond and nanosecond regimes

V. Petrov, Seminar (Kuban State University, Krasnodar, 
Russia, 2013-09): Parametric down-conversion devic-
es: the coverage of the mid-infrared spectral range by 
solid-state laser sources

T. Schultz, Seminar (ETH Zürich, Switzerland, 2013-04): 
Combining high-resolution and ultrafast measurements

O. Smirnova, Kolloquium (Technion – Israel Institute of 
Technology, Haifa, Israel, 2013-10): New effects in opti-
cal tunneling
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O. Smirnova, CORINF PhD School, High Harmonic 
Spectroscopy, 3 lectures (Neustift im Stubaital, Austria, 
2013-06): High harmonic spectroscopy

G. Steinmeyer, Kolloquium (University of Maryland, Col-
lege Park, MD, USA, 2013-03): Rogue waves in multi-
filaments

G. Steinmeyer, Kolloquium (University of Arizona, Tuc-
son, AZ, USA, 2013-04): Nonlinear optics of superconti-
nua: From rogue waves to the event horizon

G. Steinmeyer, Kolloquium (Saratov State University, 
Russia, 2013-06): Rogue waves in multifilaments: A 
rough optical sea

G. Steinmeyer, Seminar (Technische Universität Chem-
nitz, Germany, 2013-12): Aktuelle Probleme in der Inter-
pretation von optischen Puls-Messverfahren

M. J. J. Vrakking, Kolloquium (University of Nijmegen, Insti-
tute for Molecules and Materials, The Netherlands, 2013-
02): Attosecond time-resolved molecular electron dynamics

M. J. J. Vrakking, Seminar (Friedrich-Schiller-Univer-
sität, Jena, Germany, 2013-05): Attosecond molecular 
electron dynamics

M. J. J. Vrakking, Seminar (Steacie Institute for Molecu-
lar Sciences, Ottawa, Canada, 2013-03): Novel XUV/X-
ray based methods for studying time-resolved atomic 
and molecular dynamics

C.-H. Yang, Seminar (National Sun Yat-sen University, 
Department of Chemistry, Kaohsiung, Taiwan, 2013-
04): Attosecond pulses and ultrafast dynamics in small 
molecules

Academic teaching

K. Busch, Vorlesung, 2 SWS (Humboldt-Universität Ber-
lin, WS 2012/13): Elektrodynamik und Spezielle Relati-
vitätstheorie

K. Busch, Vorlesung, 3 SWS (Humboldt-Universität Ber-
lin, SS 2013): Computational Photonics

K. Busch, Vorlesung, 2 SWS (Humboldt-Universität Ber-
lin, WS 2013/14): Elektrodynamik und Spezielle Relati-
vitätstheorie

K. Busch together with T. Elsaesser et al; Seminar, 
3 SWS (Humboldt-Universität Berlin, SS 2013): Optik - 
Photonik

K. Busch and F. Henneberger, Vorlesung, 4 SWS (Hum-
boldt-Universität Berlin, WS 2013/14): Optik

U. Eichmann, Integrierte LV (Vorlesung mit Übungen), 
4 SWS (Technische Universität Berlin, Institut für Optik 
und Atomare Physik, WS 2012/13): Quantensysteme I

U. Eichmann, Integrierte LV (Vorlesung mit Übungen), 
4 SWS (Technische Universität Berlin, Institut für Optik 
und Atomare Physik, WS 2013/14): Quantensysteme I

T. Elsaesser, Vorlesung, 2 SWS (Humboldt-Universität 
Berlin, WS 2012/13): Laserphysik

T. Elsaesser, Vorlesung, 2 SWS (Humboldt-Universität 
Berlin, SS 2013): Kurzzeitspektroskopie II

T. Elsaesser, Vorlesung, 2 SWS (Humboldt-Universität 
Berlin, WS 2013/14): Laserphysik

I. V. Hertel, Forschungspraktikum mit Seminar, 4 SWS 
(Lise-Meitner-Haus, Physikgebäude Adlershof, WS 
2012/13): Moderne Physik und Schule - für MINT Lehr-
amtskandidaten

I. V. Hertel, Forschungspraktikum mit Seminar: 4 SWS 
(Lise-Meitner-Haus - Physikgebäude Adlershof, SS 
2013): Moderne Physik und Schule - für MINT Lehr-
amtskandidaten

I. V. Hertel, Forschungspraktikum mit Seminar: 4 SWS 
(Lise-Meitner-Haus - Physikgebäude Adlershof, WS 
2013/14): Moderne Physik und Schule - für MINT Lehr-
amtskandidaten

A. Husakou, Vorlesung, 2 SWS (Freie Universität Berlin, 
WS 2012/13): Electrodynamics (Theory 3)

A. Husakou, Vorlesung, 2 SWS (Freie Universität Berlin, 
WS 2013/14): Advanced Solid State Physics

C. Martens, Übung, 3 SWS (Humboldt-Universität Ber-
lin, WS 2012/13): Elektrodynamik und Spezielle Relati-
vitätstheorie

C. Martens, Übung, 3 SWS (Humboldt-Universität Ber-
lin, WS 2013/14): Elektrodynamik und Spezielle Relati-
vitätstheorie

C. Matyssek and K. Busch, Übung, 3 SWS (Humboldt-
Universität Berlin, SS 2013): Computational Photonics

M. Schneider, Übung, 1 SWS (Humboldt-Universität 
Berlin, WS 2012/13): Elektrodynamik und Spezielle Re-
lativitätstheorie

T. Sproll, Übung, 1 SWS (Humboldt-Universität Berlin, 
WS 2012/13): Elektrodynamik und Spezielle Relativi-
tätstheorie

M. J. J. Vrakking, Vorlesung, 4 SWS (Freie Universität 
Berlin, WS 2013/14): Ultrafast laser physics

M. J. J. Vrakking, Übung, 1 SWS (Freie Universität Ber-
lin, WS 2013/14): Ultrafast laser physics

M. Woerner, Übung, 1 SWS (Humboldt-Universität Ber-
lin, WS 2012/13): Laserphysik

M. Woerner, Übung, 1 SWS (Humboldt-Universität Ber-
lin, WS 2013/14): Laserphysik
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Master theses

P. Froemel; Generation of near-infrared few-cycle puls-
es by differentially pumped hollow-corefiber compres-
sion (Supervisor: O. Kornilov, and M. J. J. Vrakking), 
Humboldt-Universität Berlin 

A. Gianfrate; Study of Tm-doped fluorides as high gain 
materials around 2 µm (Supervisor: U. Griebner and M. 
Tonelli), University of Pisa, Italy

A. Gluth; Untersuchung sättigbarer Absorber (Kohlen-
stoff-Nanostruktur-, Halbleiter-SA) zur Erzeugung ultra-
kurzer Pulse mit Tm- und Ho-dotierten Lasermaterialien 
im Wellenlängenbereich >2 µm (Supervisor: U. Grieb-
ner), Technische Hochschule (FH) Wildau

M. Herzlieb; Erzeugung und Charakterisierung von pe-
riodischen Nanometerstrukturen (LIPSS-Laser-induced 
periodic surface structures) mit Doppelpulssequenzen 
zweier verschiedener Wellenlängen (800 nm und 400 nm) 
(Supervisor: A. Rosenfeld), Technische Hochschule (FH) 
Wildau 

M. Holtz; Ultrafast electron dynamics in NaBH4 revealed 
by femtosecond X-ray diffraction (Supervisor: T. Elsaes-
ser), Humboldt-Universität Berlin

S. Marschner; Erzeugung, Kontrolle und Charakterisie-
rung der Entstehung großflächiger periodischen Ober-
flächenstrukturen im Nanometerbereich für tribologi-
sche Anwendungen (Supervisor: A. Rosenfeld), Techni-
sche Hochschule (FH) Wildau 

K. Mildner-Spindler; Untersuchung optischer Fluores-
zenzstrahlung nach Anregung von Heliumatomen  in 
intensiven Laserfeldern  (Supervisor: T. Elsaesser and 
U. Eichmann), Humboldt-Universität Berlin

F. D. Trapani; Tm:LuVO4 and Tm,Ho:KLu(WO4)2, new 
efficient crystals for continuous wave and tunable laser 
operation (Supervisor: V. Petrov and A. Agnesi), Univer-
sity of Pavia, Italy 

P. Weber; Generation of ultrashort soft X-ray pulses 
by two-color high harmonic generation (Supervisor: A. 
Rouzée and M. J. J. Vrakking), Freie Universität Berlin 

J. Weisshaupt; Erzeugung ultrakurzer Pulse im harten 
Röntgenbereich (Supervisor: T. Elsaesser), Humboldt-
Universität Berlin

Diploma theses

T. Bido; Aufbau und Charakterisierung einer Laser-Plas-
ma-Quelle im keV-Bereich (Supervisor: B. Kanngießer), 
Technische Universität Berlin 

J. Zielinski; Erweiterung des kurzwelligen Emissions-
bereichs einer Röntgenlaserquelle für Anwendungen 
in der Molekülspektroskopie (Supervisor: M. J. J. Vrak-
king), Universität Potsdam 

PhD theses

F. Abicht; Proton imaging of electro-magnetic fields (Su-
pervisor: W. Sandner), Technische Universität Berlin 

F. Bach; Erzeugung von hoch repetierenden (>100 kHz) 
ultrakurzen Lichtimpulsen im nahen- und mittleren Infra-
rot durch parametrische Verstärkung gechirpter Impulse 
(Supervisor: M. J. J. Vrakking), Freie Universität Berlin 

M. Baggash; Real-time tracking of atomic electron dy-
namics (Supervisor: W. Sandner), Technische Universi-
tät Berlin 

S. Birkholz; Untersuchungen nichtlinearer optischer Ef-
fekte hoher Ordnung (Supervisor: T. Elsaesser), Hum-
boldt-Universität Berlin 

S. Birkner; Untersuchung der Elektronendynamik in 
Molekülen mit ultrakurzen Laserpulsen und Koinzidenz-
techniken (Supervisor: M. J. J. Vrakking), Freie Univer-
sität Berlin 

B. Borchers; Untersuchungen mit phasenstabilisierten 
Laserimpulsen (Supervisor: T. Elsaesser), Humboldt-
Universität Berlin 

D. Brambila; Understanding and control of chemical re-
activity, based on the excitation of non-equilibrium elec-
tron dynamics (Supervisor: O. Smirnova and W. Sand-
ner), Technische Universität Berlin 

J. Bränzel; Plasma dynamics governed by radiation 
pressure and the transition to the electron blow out re-
gime (Supervisor: W. Sandner), Technische Universität 
Berlin 

F. Brauße; Core-shell molecular frame photoelectron 
angular distribution of photoexcited molecules (Supervi-
sor: A. Rouzée and M. J. J. Vrakking), Freie Universität 
Berlin  

Appendix 3
Ongoing Master, Diploma, and PhD theses



101

D. Brete; Structure and dynamics in molecular switches 
at surface (Supervisor: M. Weinelt), Freie Universität 
Berlin

F. Buchner; Time-resolved photoelectron spectroscopy 
of organic chromophores in aqueous solution (Supervi-
sor: M. J. J. Vrakking), Freie Universität Berlin 

R. Costard; Hydratisierungsdynamik von Biomolekülen 
(Supervisor: T. Elsaesser), Humboldt-Universität Berlin 

M. Eckstein; Coherent dynamics in photoactive bio-
molecules studied by ultrafast time-resolved photoelec-
tron spectroscopy in water jets (Supervisor: M. J. J. 
Vrakking), Freie Universität Berlin 

S. Eilzer; Excitation and acceleration of atoms and mol-
ecules in tailored strong laser fields (Supervisor: W. 
Sandner), Technische Universität Berlin 

M. Floegel; Attosekunden Pump-Probe Spektroskopie 
mit intensiven Attosekundenpulsen (Supervisor: M. J. J. 
Vrakking), Freie Universität Berlin 

G. Folpini; Nonlinear THz spectroscopy (Supervisor: T. 
Elsaesser), Humboldt-Universität Berlin

S. Friede; Physik elementarer optischer Anregungen in 
Hybridsystemen (Supervisor: T. Elsaesser), Humboldt-
Universität Berlin

M. Galbraith; Attosecond multielectron dynamics in mol-
ecules (Supervisor: M. J. J. Vrakking), Freie Universität 
Berlin

A. Giree; High repetition rate optical parametric chirped-
pulse amplification (Supervisor: M. J. J. Vrakking and 
co-supervisor: Amplitude Technologies), Freie Universi-
tät Berlin

C. Greve; Nichtlineare Schwingungsspektroskopie zur 
Dynamik von Wasserstoffbrücken (Supervisor: T. El-
saesser), Humboldt-Universität Berlin 

S. Höhm; Dynamik der Erzeugung und Mechanismen 
der Entstehung von periodischen Oberflächenstruktu-
ren im Nanometerbereich durch die Bestrahlung von 
Festkörpern mit Femtosekunden-Laserpulsen (Supervi-
sor: W. Sandner), Technische Universität Berlin 

J. Kaushal; Attosecond multielectron dynamics in strong 
laser fields (Supervisor: O. Smirnova and W. Sandner), 
Technische Universität Berlin 

J. Klei; Attosecond time-resolved molecular electron dy-
namics (Supervisor: M. J. J. Vrakking), Freie Universität 
Berlin 

C. Koschitzki; Electron injection leading to stable 
beam parameter in staged laser wakefield acceleration 
schemes (Supervisor: A. Jankowiak), Humboldt-Univer-
sität  Berlin 

F. Krecinic; Molecular frame ionized electron diffraction 
imaging with ultrashort electron pulses (Supervisor: A. 
Rouzée and M. J. J. Vrakking), Freie Universität Berlin 

T. Kunze; Dynamik elektronischer Strukturen an na-
nostrukturierten Oberflächen (Supervisor: M. Weinelt), 
Freie Universität Berlin 

Y. Liu; Two-dimensional vibrational spectroscopy of hy-
drated molecular systems (Supervisor: T. Elsaesser), 
Humboldt-Universität Berlin 

G. Marchev; Sub-nanosecond optical parametric gen-
eration of coherent radiation in the mid-infrared spec-
tral range based on highly nonlinear materials and 1064 
nm pump sources (Supervisor: V. Petrov), University of  
Plovdiv, Bulgaria 

C. Martens; Photonentransport in niedrigdimensiona-
len wellenleitenden Strukturen (Supervisor: K. Busch), 
Humboldt-Universität Berlin 

C. Neidel; Attosecond molecular dynamics - towards 
biomolecules (Supervisor: M. J. J. Vrakking and I. V. 
Hertel), Freie Universität Berlin 

M. Richter; Imaging and controlling coupled electron-nu-
clear dynamics (Supervisor: O. Smirnova and W. Sand-
ner), Technische Universität Berlin 

A. Schmidt; Erzeugung ultrakurzer Laserpulse mit sät-
tigbaren Carbon-Nanotube Absorbern im 2 µm Spek-
tralbereich auf der Basis von Bulk-Festkörperlasern 
(Supervisor: T. Elsaesser), Humboldt-Universität Berlin 

M. Schneider; Quantenelektrodynamik mit Anderson-
lokalisierten Moden (Supervisor: K. Busch), Humboldt-
Universität zu Berlin 

V. Serbinenko; High harmonic generation in multicolor 
fields (Supervisor: O. Smirnova and W. Sandner), Tech-
nische Universität Berlin 

C. Somma; Nonlinear THz spectroscopy (Supervisor: T. 
Elsaesser), Humboldt-Universität Berlin 

T. Sproll; Nichtgleichgewichtstransport von Photonen 
in mesoskopischen Systemen (Supervisor: K. Busch), 
Humboldt-Universität Berlin 

L. Torlina; Multi-channel theory of multi-electron dynam-
ics in strong laser fields (Supervisor: O. Smirnova and 
W. Sandner), Technische Universität Berlin  

P. Trabs; Erzeugung und Anwendung kürzester Lichtim-
pulse im VUV/XUV (Supervisor: M. J. J. Vrakking), Freie 
Universität Berlin 

T. Tyborski; Röntgenbeugungsexperimente an kristalli-
nen Materialien im Femtosekundenbereich (Supervisor: 
T. Elsaesser), Humboldt-Universität Berlin 
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A. v. Veltheim; Strong field ionization of aligned mol-
ecules at large internuclear separation (Supervisor: W. 
Sandner), Technische Universität Berlin  

K. Witte; Soft X-ray absorption spectroscopy (Supervi-
sor: B. Kanngießer and H. Stiel), Technische Universität 
Berlin 

H. Zimmermann; Untersuchung angeregter neutraler 
Fragmente nach frustrierter Tunnelionisation (Supervi-
sor: S. Sandner), Technische Universität Berlin 
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T. Bredtmann, Institut für Chemie und Biochemie, Physi-
kalische und Theoretische Chemie, FU Berlin; Seminar 
B: Laser-Matter-Interaction in Intense Laser Fields, 
2013-01-16: Quantum dynamics of electron-nuclear 
fluxes in pericyclic reactions and design of measure-
ments using high harmonic pump-probe spectroscopy 
exemplified for dissociating diatomics

A. D. Piazza, Max-Planck-Institut für Kernphysik, Hei-
delberg; Seminar B, 2013-02-08: Classical and quan-
tum electrodynamical effects in intense laser fields

J.-P. Wolf, Université de Genève, Switzerland; Instituts-
kolloquium, 2013-02-20: Laser filament based water va-
pour condensation

K. Vodopyanov, College of Optics and Photonics, Uni-
versity of Central Florida, USA; Seminar C: Nonlinear 
Processes in Condensed Matter, 2013-02-22: Produc-
ing octave-wide combs and few-cycle pulses in the mid-
IR: Frequency divide-and-conquer approach

H. J. Wörner, Laboratorium für Physikalische Chemie, 
ETH Zürich, Switzerland; Seminar A: Attosecond Phys-
ics, 2013-02-27: High-harmonic spectroscopy of molec-
ular quantum dynamics

E. Riedle, Ludwig-Maximilians-Universität, München 
Institutskolloquium, 2013-03-06: From ultrabroadband 
UV/VIS/NIR transient absorption to 2D spectroscopy in 
the UV

H.-G. Muller, formerly AMOLF, The Netherlands; Semi-
nar A, 2013-04-09: Numerical solving the time-depen-
dent Schrödinger equation

N. M. Bulgakova, Optoelectronics Research Center, 
University of Southampton, UK; Seminar A, 2013-04-12: 
Ultrashort-pulse laser modification of transparent mate-
rials: Insight from numerical modeling

P. Saalfrank, Institute of Chemistry, Theoretical Chem-
istry, University of Potsdam; Institutskolloquium, 2013-
04-17: Light-driven electron and nuclear dynamics in 
molecular systems

B. Fingerhut, Department of Chemistry, University of 
California, Irvine, USA; Seminar C, 2013-04-19: Ultra-
fast dynamics in pyrimidine nucleobases and nonlinear 
spectroscopy of the bacterial reaction center

C. Ropers, Universität Göttingen, Courant Forschungs-
zentrum; Institutskolloquium, 2013-05-08: Strong-field 
phenomena in metallic nanostructures

S. Patchkovskii, National Research Council Canada; 
Seminar A, 2013-05-15: Discrimination of chiral mol-
ecules through high-harmonics generation

J. Leger, Electrical Engineering, University of Minneso-
ta, USA; Seminar C, 2013-05-22: Imaging systems with 
extreme form factors

J. Ullrich, Physikalisch-Technische Bundesanstalt, 
Braunschweig; Institutskolloquium, 2013-05-29: To-
wards the new SI: Quantum metrology and fundamental 
constants

X. Lai, Wuhan Institute of Physics and Mathematics, 
China, and Department of Physics and Astronomy, Uni-
versity College London, UK; Seminar B, 2013-06-07: 
Temporal and spatial interference in molecular above-
threshold ionization with elliptically polarized fields

C. Bressler, European XFEL GmbH, Hamburg; Instituts-
kolloquium, 2013-06-19: Towards an ultimate molecular 
camera exploiting femtosecond X-ray radiation

D. Klug, Imperial College, London, UK; Institutskolloqui-
um, 2013-06-26: Biological problems that can be solved 
with 2D IR spectroscopy: Fact or fiction?

T. Fennel, Universität Rostock; Seminar A, 2013-07-01: 
Clusters in intense XUV laser fields: Ionization dynamics 
and single-shot imaging 

E. Pines, Department of Chemistry, Ben-Gurion Univer-
sity of the Negev, Israel; Seminar C, 2013-07-02: Proton 
transfer over pre-fixed acid-based separation distances: 
Cages, bridges and bulk diffusion

L. Yu, LOASIS Program, Lawrence Berkeley National 
Laboratory, USA; Seminar B, 2013-07-15: Controlled in-
jection in laser-driven plasma-based accelerators

C. v. K. Schmising, Technische Universität Berlin; Semi-
nar A, 2013-07-17: Ultrafast demagnetization of Co/Pt 
multilayers probed with optical and XUV light 

T. Suzuki, Department of Chemistry, Graduate School of 
Science, Kyoto University, Japan; Seminar A, 2013-08-02: 
Ultrafast photoelectron spectroscopy of gases and liquids

S. Goreslavskii, Moscow Engineering Physics Institute, 
Russia; Seminar A, 2013-08-14: Physics behind low-
energy structures in strong-field ionization

S. Goreslavskii, Moscow Engineering Physics Institute, 
Russia; Seminar B, 2013-08-16: More about the LES

Appendix 4
Guest Lectures at the MBI
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W. Wurth, Department of Physics and Center for Free-
Electron Laser Science, University of Hamburg, Insti-
tutskolloquium, 2013-09-04: Time resolved X-ray spec-
troscopy with free-electron lasers

U. Keller, Institut für Quantenoptik, ETH Zürich, Switzer-
land: Institutskolloquium, 2013-09-13: Attoclock: Shin-
ing new light on old questions in quantum mechanics

M. Pollnau, University of Twente, NH Enschede, The 
Netherlands; Institutskolloquium, 2013-09-18: Photon-
ics on a microchip: From light sources to biomedical ap-
plications

I. Moreels, Istituto Italiano di Tecnologia, Genova, Italy; 
Seminar C, 2013-09-26: CdSe/CdS core/shell quantum 
dot-in-rods: Ideal materials for quantum emission, two-
photon absorption and multi-color lasing

J. Wagner, Fraunhofer Institut für Angewandte Festkör-
perphysik, Freiburg; Seminar C, 2013-10-23: Semicon-
ductor lasers for wavelengths > 2 µm and their use in 
sensing applications

A. Tonkikh, Centre for Innovation Competence SiLi-
nano®, Martin Luther University of Halle-Wittenberg; 
Seminar C, 2013-10-24: Ge(Si)Sn alloys: Towards all-
group-IV direct band gap material

I. Wilkinson, National Research Council of Canada, Ot-
tawa, Ontario, Canada; Seminar A, 2013-10-24: Sensi-
tivities of strong laser field spectroscopies to evolving 
electronic and nuclear structure in polyatomic molecules

P. Pillet, Laboratoire Aimé Cotton CNRS, Université 
Paris-Sud, ENS Cachan, France; Seminar B, 2013-12-
02: Dipole-dipole interactions in cold atomic gases: The 
case of the Rydberg atoms

B. Boulanger, Institut Néel, Grenoble, France; Seminar 
A, 2013-12-05: New state of light from third order para-
metric down conversion

M. S. Pchenitchnikov, University of Groningen, The 
Netherlands; Institutskolloquium, 2013-12-11: Organic 
photovoltaics: A study in Infrared
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Appendix 5
Grants and Contracts 2013

Total amounts spent in 2013: 4.487.940 Euro

Federal Foundation    EU TotalOthers (EFRE,
contracts with 
research insti-
tutes etc.)

SAW DFG
(incl. loan
collection)
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Appendix 6
Activities in Scientific Organizations

W. Becker

Member, Pogram Subcommittee, ICONO/LAT 2013: 
High-Field Physics and Attoscience, RAS Moscow, Rus-
sia

Member, Advisory and Program Committee, Int. Laser 
Physics Workshop, LPHYS’13, Prague, Czech Republic

Member, Editorial Board, Laser Phys. Lett.  

K. Busch

Topical Editor, J. Opt. Soc. Am. B

Member, Advisory Board, Photonics and Nanostruc-
tures: Fundamentals and Applications (Elsevier) 

T. Elsaesser

Vice-Chairman, Board of Directors, Forschungsverbund 
Berlin e. V. 

Rapporteur to the Academic Senate, Humboldt-Univer-
sität Berlin

Member, IRIS Adlershof, Humboldt-Universität Berlin 

Vertrauensdozent, Studienstiftung des deutschen Vol-
kes

Member, Humboldt Center for Modern Optics, Hum-
boldt-Universität Berlin 

Member, Berlin Brandenburg Academy of Sciences

Chair, Kuratorium, Laserlabor Göttingen

Member, Advisory Board, Int. Conference on Coherent 
Multidimensional Spectroscopy 

Member, Advisory Board, Conference Series on Time-
Resolved Vibrational Spectroscopy 

Divisional Associate Editor, Phys. Rev. Lett. 

Associate Editor, Structural Dynamics, AIP 

Member, Editorial Board, Chem. Phys. 

Member, Editorial Board, Chem. Phys. Lett. 

Member, Editorial Board, New J. Phys. 

U. Griebner

Member, Int. Program Committee, Conference on La-
sers and Electro-Optics/Europe, CLEO/Europe, Topical 
Area: Solid-State Lasers, Munich

R. Grunwald

Member, Program Committee: Complex Light and Opti-
cal Forces, Photonics West, SPIE 

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

Member, Advisory Board, Centre of Excellence for Non-
linear Studies, Tallinn, Estonia

J. Herrmann

Member, Editorial Board, ISRN Optics

I. V. Hertel

Member Kuratorium, Leibniz-Institut für Analytische 
Wissenschaften - ISAS - e.V., Dortmund 

Member, Beirat of the German-Israeli James Franck 
Program, München/Jerusalem

Honorary Chair, Joint initiative of non university research 
institutions Berlin Adlershof (IGAFA) 

Member, Highschool Related Activities of the Berlin 
Brandenburg Academy of Sciences 

Member, Interdisciplinary Working Group “Excellence 
Initiative”, Berlin-Brandenburg Academy of Sciences 

Member, Selection Commitee for the Klung-Wilhelmy-
Weberbank-Prize, Freie Universität Berlin 

Member, Jury for the Berlin Science Prize of the Govern-
ing Major 

Member, Scientific Advisory Board of the “Foundation 
Brandenburger Tor” 

Chair, Kuratorium Magnushaus, Deutsche Physikali-
sche Gesellschaft e.V. 

Coordinator, together with S. Großmann, Autorengruppe: 
Lehramt Physik und die Situation der Physik in der Schule 
(Berlin), Deutsche Physikalische Gesellschaft e.V.

Member, Editorial Board, J. Chem. Phys.
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M. Ivanov

Chair, 523. WE-Heraeus-Seminar on High-Harmonic 
Sepctroscopy, Bad Honnef

Chair, Int. Laser Physics Workshop, LPHYS’13, Prague, 
Czech Republic

Chair, Gordon Research Conference, Mount Holyoke 
College, South Hadley, MA, USA 

Group Leader, CORINF - Correlated Multielectron Dy-
namics in Intense Laser Fields 

M. P. Kalashnikov

Member, Scientific Management ELI-ALPS - The Euro-
pean ELI project (Extreme Light Infrastructure) 

E. T. J. Nibbering

Member, Program Committee, Time-Resolved Vibra-
tional Spectroscopy (TRVS XV) 

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

Member, Programme Committee, ASSL 2013, Paris, 
France 

Member, Programme Committee, MICS 2013, Paris, 
France 

Member, Programme Committee, UFO 2013, Davos, 
Switzerland 

Member, Programme Committee, CLEO 2013, San 
Jose, CA, USA 

Topical Editor, Opt. Lett. 

Visiting Professor, Université Joseph Fourier, Grenoble, 
France

W. Sandner

Member, Int. Sсiеnсе Poliсy Committее (ISPC), National 
Rеsеarсh Сеntеr “Kurсhatov Institute”, Moscow, Russia 

Expert in an Evaluation of Six Russian Mega Science 
Projects, European Commission, DG Research & Inno-
vation 

Member, Scientific Advisory Board, Wilhelm und Else 
Heraeus Stiftung 

Vice-President (2012-2014), German Physical Society 
(DPG)

Chair, Photon Science Facility Board, Science and 
Technology Facilities Council (STFC), Abingdon, UK 

Member, Board of Stakeholders, EU Technology Plat-
form “Photonics21” 

Member, ELI Delivery Consortium (since 2011), The Eu-
ropean ELI project (Extreme Light Infrastructure) 

Member, Int. Advisory Board, Extreme Light Infrastruc-
ture ELI-Beamlines, Prague, Czech Republic 

Member, Int. Advisory Board, Extreme Light Infrastruc-
ture ELI-Beamlines, ELI-ALPS, Szeged, Hungary 

Member, Int. Advisory Board, Extreme Light Infrastruc-
ture ELI-Beamlines, Romania 

Member, Board of Trustees, Berthold Leibinger Stiftung 
GmbH, Ditzingen 

Member, Int. Advisory Committee, Exawatt Laser Facil-
ity XCELS, Institute of Applied Physics, Russian Acad-
emy of Sciences, Nizhny Novgorod, Russia 

O. Smirnova

Member, Int. Committee, 11th European Conference on 
Atoms, Molecules and Photons (ECAMP11), Aarhus, 
Denmark

G. Steinmeyer

Subcommittee Chair, Conference on Lasers and Elec-
tro-Optics, CLEO 2013, Topical Area: Ultrafast Optics, 
Optoelectronics and Applications, San Jose, CA, USA

Subcommittee Chair, Conference on Lasers and Elec-
tro-Optics, CLEO 2014, Topical Area: Ultrafast Optics, 
Optoelectronics and Applications, San José, CA, USA

Member, Program Committee, High-Intensity Lasers 
and High-Field Phenomena, HILAS 2013, Berlin

General Chair, IQEC 2013, Munich

Finland Distinguished Professor, Optoelectronics Re-
search Centre, Tampere, Finland

Member, Editorial Board, Opt. Lett. 

Voting Member, Quantum Electronics and Optics Divi-
sion (QEOD) of the European Physical Society (EPS) 

Vice Chair, Commission D, Int. Union of Radio Science 
(URSI), General Assembly 2014

Session Convener, Nonlinear Optics and Guided Wave 
Devices, Int. Union of Radio Science (URSI), General 
Assembly 2014 

Member, Program Committee, Ultrafast Optics 2013, 
Davos, Switzerland 
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J. W. Tomm

Permanent Member, Int. Steering Committee, Int. Con-
ference on Defects - Recognition, Imaging and Physics 
of Semiconductors, DRIP, Warsaw, Poland

Organizer, E-MRS Spring Meeting 2013: Semiconduc-
tor Nanostructures towards Electronic and Optoelec-
tronic Device Applications IV, Strasbourg, France

Member, Scientific Program Committee:  Int. Sympo-
sium on Reliability of Optoelectronics for Space Sys-
tems (ISROS), Toulouse, France

Member, Executive Committee, European Materials 
Research Society (E-MRS) for the period 2014-2016, 
elected in 2013, Strasbourg, France 

M. J. J. Vrakking

Chair Session I, Workshop “Ultrafast atomic and mo-
lecular physics with cutting-edge light sources; New op-
portunities and challenges”, ITAMP, Kansas State Uni-
versity, Manhattan, USA 

Project Leader together with Prof. M. Weinelt, Freie Uni-
versität Berlin, DinL Leibnitz Graduate-School Dynamic 
in New Light 

Member, XFEL SQS Steering and Advisory Committee

Member, Management Board of Laserlab-Europe III 

Member, Int. Scientific Advisory Board, Manchester 
Photon Science Institute, UK

Chairman, Artemis Access Board

Chair, XLIC General Meeting and CORINF Annual 
Workshop, Madrid, Spain

President, Scientific Advisory Board of CILEX-APOL-
LON 

Member, Editorial Board, J. Phys. B, Manchester Pho-
ton Science Institute, UK 

Member, Scientific Reports, Nature Publishing Group
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Division A: Attosecond Physics
 Prof. Dr. M. J. J. Vrakking

Division B: Light Matter Interaction in Intense Laser Fields
 N.N 

Division C: Nonlinear Processes in Condensed Matter
 Prof. Dr. T. Elsaesser

City district:  Berlin Treptow-Koepenick
Subdistrict:  Berlin-Adlershof 

Site:  Berlin-Adlershof
Street:  Max-Born-Straße 2 A

S-Bahn:  S45, S46, S8, and S9
Station:  Berlin-Adlershof
 from there:
 Bus 162, 164 to Magnusstraße
 Tram: 60, 61 to Karl-Ziegler-Straße

Subway:  U7
Station:  Rudow
 from there:
 Bus 164 to Magnusstraße
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