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The scientific activities of the Max-Born-Institut (MBI) in 2014 are summarized in this An-
nual Report. Selected scientific highlights are presented, followed by the progress reports of 
each of the MBI research projects, including their key results. The appendix gives a complete 
record of publications, invited talks, academic teaching and training, guest lectures and ac-
tivities in scientific organizations, as well as a summary of external funding. More detailed 
information on current activities is available on the MBI website (http://www.mbi-berlin.de).

Among many new and interesting results, we consider the following outstanding:

•	 A new optically driven table-top source provides femtosecond hard X-ray pulses with an 
unprecedented flux of 109 X-ray photons per driving pulse. In a collaboration of MBI and 
TU Vienna, 80 fs mid-infrared pulses at a center wavelength of 3.9 µm were generated by 
optical parametric chirped pulse amplification (OPCPA) and focused onto a copper tape 
target where X-ray pulses at a 0.154 nm wavelength are generated. The enhancement of 
X-ray flux compared to existing technology originates from the longer acceleration period 
and, thus, higher kinetic energy of electrons in the ultrastrong laser field, in agreement with 
detailed theoretical simulations of the generation process. Such results pave the way for 
new compact laboratory sources providing hard X-ray pulses at kilohertz repetition rates. 

•	 The manipulation of electron correlations in He atoms was demonstrated in a new photo-
ionization experiment in which He atoms were ionized by a single ultraviolet photon. The 
wave character of the slow electrons leads to a pattern of interference rings originating 
from con- and destructive interference on the detector. A less than 1% change in the ex-
ternal electric field is sufficient for changing the observed interference pattern. This allows 
for switching from ‘hydrogen-like’ to ‚xenon-like‘ He atoms with a pronounced electron 
correlation in the latter.

•	 The motion of neutral atoms was manipulated for the first time in an intense standing light 
field of 50 fs duration. This result represents a demonstration of the Kapitza-Dirac effect 
for atoms at laser intensities where strong ionization occurs. The He atoms which survive 
the interaction with the standing light wave are strongly accelerated in the direction of the 
laser beam, due to the spatially fixed intensity gradient. A theoretical explanation of the 
results needs to include the intensity gradient and the generated magnetic fields. 

•	 A new mechanism for optically generating electric shift currents was discovered in LiNbO3, 
a key ferroelectric material for nonlinear optics and communication technologies. An in-
tense terahertz (THz) pulse generates free carriers by interband tunneling from the va-
lence into the conduction band. Such carriers are accelerated by the strong THz field 
along the c-axis of the crystal. The resulting current consists of a dc shift current and ac 
currents at multiples of the THz frequency. The shift current which represents a ‘rectifi-
cation’ of the THz field is caused by a strong friction electrons experience when moving 
along this symmetry direction.  

•	 A theoretical study addresses the issue how to map chemical reactions in real-time by 
ultrafast X-ray diffraction. The work demonstrates a robust and efficient method for gain-
ing insight into dynamics of the chemically most relevant valence electrons of a single 
molecule. This method combines a standard analysis of diffraction patterns with a refined 
evaluation of a subset of diffraction signals corresponding to small momentum transfer. 

•	 The interaction of large rare gas clusters with intense XUV pulses generated by high-
harmonic generation was studied. Complementing and extending previous studies car-
ried out at soft X-ray free electron lasers, the concept of frustrated recombination was 
first experimentally demonstrated, and electron-ion recombination in the expanding 
nanoplasma was observed.

Preface
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In 2014, the overall number of publications was maintained at a high level, including numer-
ous articles in highly ranked international journals. MBI scientists gave a large 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. 

Theory at MBI received a most welcome extension in the form of the new independent ju-
nior research group headed by Benjamin Fingerhut. He acquired funding through the very 
competitive Emmy-Noether program of the Deutsche Forschungsgemeinschaft and works on 
biomolecular dynamics, in close collaboration with experimental groups at MBI and beyond. 
Another highlight in promoting young scientists was the Dissertationspreis Adlershof which 
went to Martin Hempel for the excellent presentation of his results on defect mechanisms in 
semiconductor diode lasers.

The appointment procedure for the new director of Division B has been continued and a sec-
ond procedure for a W3-S professorship in theory has been started in 2014. We expect that 
both positions will be filled in 2015.

Towards the end of the year, MBI was shocked by the sudden passing of Frank Noack, who 
served the institute since its foundation as head of department A3 and coordinator of the ap-
plication laboratories. Frank´s contributions to the MBI will be dearly missed and he lives on 
in our memory. 

Finally, we would like to thank the funding bodies for the continued and reliable support of the 
institute, the members of the scientific advisory board for their help and advice, and – last but 
not least - our staff members, guest scientists, and cooperation partners for their dedicated 
work. 

Berlin, March 2015

 
Thomas Elsaesser                           Marc Vrakking 
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High-brightness table-top hard X-ray source driven by  
sub-100 femtosecond mid-infrared pulses
J. Weisshaupt, V. Juvé, M. Holtz, M. Woerner, and T. Elsaesser

X-rays are a key tool for imaging materials and analyz-
ing their composition in clinical diagnostics, in chemis-
try and in materials research. Shining hard X-rays of a 
wavelength comparable to the distance between atoms 
on the material, one can determine the atomic arrange-
ment in real space by analyzing the pattern of scattered 
X-rays. This method has unraveled equilibrium time-av-
eraged structures of increasing complexity, from simple 
inorganic crystals to highly complex biomolecules such 
as DNA or proteins.

Today, there is a strong quest for mapping atoms ‘on 
the fly’, that is, for following atomic motions in space, 
during a vibration, a chemical reaction, or a change of 
the material’s structure. Atomic motions typically occur 
in the time range of tens to hundreds of femtoseconds, 
requiring an exposure by extremely short X-ray flashes 
to take snapshots. There are essentially two comple-
mentary approaches to generate ultrashort hard X-ray 
pulses, large scale facilities based on electron accelera-
tors such as the free electron lasers in Stanford (LCLS 
at SLAC) or at SACLA in Japan, or highly compact table-
top sources driven by intense ultrashort optical pulses. 
While the overall X-ray flux from accelerator sources is 
much higher than from table-top sources, the latter are 
versatile tools for making femtosecond X-ray ‘movies’ 
with a quality that is eventually set by the number of X-
ray photons scattered from the sample.

In 2014, a joint research team from the MBI Project 3.3 
and the Technical University (TU) in Vienna has accom-
plished a breakthrough in table-top X-ray generation, al-
lowing for an enhancement of the generated hard X-ray 
flux by a factor of 25 [WJH14]. The combination of a 
novel optical driver providing femtosecond mid-infrared 
pulses around a 3.9 µm wavelength with a metallic tape 
target allows for generating hard X-ray pulses at a wave-
length of 0.154 nm with unprecedented efficiency.

The X-ray generation process consists of 3 steps (Fig. 
1), (i) electron extraction from the metal target induced 
by the electric field of the driving pulse, (ii) electron ac-
celeration in vacuum by the strong optical field and re-
turn into the target with an increased kinetic energy, and 
(iii) generation of X-rays in the target by inelastic colli-
sions of electrons with atoms.

The experiments were performed at the TU Vienna 
combining a novel driver system based on Optical Para-
metric Chirped Pulse Amplification (OPCPA) with an  
X-ray target chamber from MBI. Pulses of 80 fs dura-
tion and up to 18 mJ energy at a center wavelength of  
3.9 µm were focused onto a 15 µm thick copper tape. 
This scheme allows for generating an unprecedented 
number of 109 hard X-ray photons at a wavelength 
λ = 0.154 nm per driving pulse. Key results are shown 

in Fig. 2. For driver wavelengths of 3.9 µm and 0.8 µm  
(800 nm), we plot the number of measured Kα pho-
tons per laser shot which are emitted in a solid angle 
4π (symbols) as a function of the peak intensity of the 

Fig. 1:   
Left: X-ray generation in a conventional X-ray tube. 
Electrons which were emitted from the heated cathode 
(-) are accelerated by a constant electric field towards 
the anode (+). Within the metal target (e.g. copper) 
inelastic collisions of the accelerated electrons with 
atoms lead to the generation of both characteristic 
line emission of X-rays (sharp lines in the spectrum at 
the bottom) and Bremsstrahlung. Right: Femtosecond 
mid-infrared pulses (λ = 3.9 µm) from a OPCPA sys-
tem are focused onto a copper band target. Electrons 
are extracted from the surface, accelerated into the 
vacuum and smashed back into the target by the 
strong electric field of the light. During deceleration in 
the metal target the energetic electrons produce char-
acteristic line emission and Bremsstrahlung which can 
be measured by an X-ray detector.
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driver laser on the metal target. The comparison with 
previous experiments performed with 800 nm driver 
pulses shows that the enhancement of the X-ray flux in 
the new scheme scales roughly with the square of the 
wavelength ratio, i.e., (3900 nm / 800 nm)2 ≈ 25. 

 

Longer optical wavelengths are equivalent to a longer 
oscillation period of the optical field and, thus, to a lon-
ger period Δt of electron acceleration in vacuum. In a 
constant electric field the gain in kinetic energy would be 
proportional to Δt2. As a result, the accelerated electrons 
acquire a higher kinetic energy before they re-enter the 
target and generate X-rays with a higher efficiency.

The electron extraction from the metal target, the elec-
tron pathways in vacuum, and the subsequent genera-
tion of X-rays in the target by inelastic collisions of elec-
trons with atoms were analyzed in detail by theoretical 
calculations [WHJ] and are shown as dashed lines in 
Fig. 2. We find a very good quantitative agreement with 
the experiments (symbols). The angular dependence 
(inset of Fig. 2) shows that the time-dependent electric 
field component perpendicular to the metal surface es-
sentially controls the electron acceleration in vacuum. 
For optimal focusing conditions this results in an Kα flux 
per unit metal surface area which is proportional to Iλ2 
(sin θ)2.

The results pave the way for a new generation of ta-
ble-top hard X-ray sources, providing up to 1010 X-ray 
photons per pulse at elevated, e.g., kilohertz repetition 
rates. In 2014 the MBI Project 1.2 started the develop-
ment of a femtosecond midinfrared (λ = 5 μm) source 
aiming at driver pulses of several millijoules energy at a 
1 kHz repetition rate.

Publication

WJH14: J. Weisshaupt et al.; Nature Photon. 8 (2014) 
927-930

 

submitted

WJH: J. Weisshaupt et al.; Struct. Dyn.

Fig. 2:   
Generated X-ray flux as a function of the laser peak 
intensity. Comparison of experiments (symbols) with 
theory (dashed lines) for a 20 µm thick copper target 
for two different wavelengths. Inset: Kα flux as a func-
tion of the angle of incidence θ.
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Nonlinear resonance disaster in the light of ultrashort pulses 
J. Hyyti, S. Birkholz, M. Bock, R. Grunwald, M. Woerner, T. Elsaesser, and G. Steinmeyer

Ultrashort light pulses from modern lasers enable tem-
poral resolution of even the fastest processes in mol-
ecules or solid-state materials. For example, chemi-
cal reactions can, in principle, be traced down to the  
10-fs time scale. Ten femtoseconds correspond to a few 
oscillation cycles of the light field itself. Nevertheless, 
there is a class of optical processes that does not exhibit 
any measurable delay relative to the ultrafast light oscil-
lation and which has been termed “instantaneous”. This 
class of processes includes nonlinear optical harmonic 
generation at multiple frequencies of the input field. This 
process is commonly used to generate the green light 
of laser pointers from invisible infrared light. These pro-
cesses are normally used far away from a resonance to 
avoid losses.

In a collaborative effort, researchers of the Max-Born-In-
stitut, the Weierstraß-Institut as well as the Leibniz-Uni-
versität Hannover now experimentally demonstrated for 
the first time that conditions exist where optical harmon-
ic generation becomes non-instantaneous. Analyzing 
third-harmonic generation in titanium dioxide thin films, 
a lifetime of 8 fs was found, i.e., non-instantaneous be-
havior. Nevertheless, this process still qualifies as one 
of the fastest processes ever resolved with femtosecond 
spectroscopy.

Detailed theoretical modeling of these surprising find-
ings indicates that this non-instantaneous response may 
only occur if there is a resonance of the third harmonic 
in the optical material. In turn, the generated material 
response persists to oscillate several cycles after the 
excitation has already ceased. Concomitantly, third-
harmonic radiation is emitted. The process therefore ap-
pears like an atomic “resonance disaster”. Similar to me-
chanical oscillators, this atomic system therefore shows 
a non-instantaneous behavior.

These findings have important consequences for fem-
tosecond measurement techniques and possibly also 
for ultrashort-pulse generation. These methods have 
always relied on an instantaneous nature of harmonic 
generation and related effects. Similar to soldiers who 
avoid marching in step on a suspension bridge, one 
therefore also has to carefully avoid optical resonances 
when measuring extremely short laser pulses.

Publication in press

HHB: M. Hofmann et al.; Optica 

Fig. 1:   
Reaction of SiO2 and TiO2 to a short pulsed light field. 
In SiO2 the displace-ment of the electron shell follows 
the ex-citing electric field. Immediately after the end 
of the pulse, this oscillation ceases, too. In contrast, 
in TiO2, an oscillation build-up is observed at the 
third harmonic of the exciting field. This oscillation 
con-tinues beyond the end of the pulse. In-sets show 
pictures of crystalline modifica-tions for both optical 
materials (Photo-graphs by Didier Descouens, CC BY 
3.0 and Rob Lavinsky, CC-BY-SA-3.0).
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Is there any quantum mechanics in laser-induced double ionization? 
XL. Hao1, J. Chen1, WD. Li2, B. Wang3, X. Wang4, W. Becker5

1 IAPCM, Beijing, China; 2 Shanxi Univ.,Taiyuan, China; 3 Institute of Physics, CAS, Beijing, China;  
4 Northwest Normal Univ., Lanzhou, China; 5 MBI, Berlin

The multi-electron dynamics in atoms and molecules is a 
great challenge in contemporary quantum physics, with 
implications from chemical reactions to superconductiv-
ity. A classical example, much investigated over the last 
two decades, has been the so-called "nonsequential" 
double ionization (NSDI) of atoms by an intense laser 
field, where "nonsequential" means that ionization does 
not happen one step at a time, viz. ionization of the atom 
later followed by ionization of the positively charged ion, 
but rather in one combined process. A precondition for 
this to happen is electron-electron correlation. Ionization 
appears as a paradigmatic quantum process (accord-
ing to some textbooks proving the quantum nature of 
light). Nevertheless completely classical simulations, 
as they could have been carried out before the advent 
of quantum mechanics, have been able to describe, at 
least qualitatively, all experimental observations of NSDI 
thus far. If this were true in a broader context, it would 
have enormous implications, since classical simulations 
are so much faster and simpler compared with quantum 
simulations. We have now published a calculation that 
ascertains that the classical realm has its limits. Name-
ly, we present a calculation of an effect – a qualitative 
change in the electron-electron momentum correlation 
with decreasing laser intensity – that is caused by a truly 
quantum-mechanical phenomenon, interference of the 
contributions of several different pathways.

Nonsequential double ionization (NSDI) is thought to 
proceed as a three-step process: first, an electron is lib-
erated by tunneling, which may then be driven by the la-
ser field into a recollision with its parent ion, which frees 
the second electron. This can happen via two different 
mechanisms: in a direct electron-electron collision if the 
energy of the recolliding electron is sufficiently high (so 
called "recollision impact ionization", RII) or indirectly, if 
the recolliding electron promotes the still bound electron 
to an excited state from which the latter tunnels out at 
a later time (so called "recollision excitation with sub-
sequent ionization", RESI). The RESI mechanism is 
sketched in Fig. 1. RII and RESI lead to different corre-
lation patterns of the momenta of the two final electrons. 
In diagrams such as those in Fig. 2, where the distri-
bution of the momenta of the two electrons is plotted 
(more precisely of their components parallel to the laser 
polarization), RII tends to occupy the first and the third 
quadrants (the electrons are emitted side by side) while 
RESI populates all quadrants about equally (back-to-
back emission is about as likely as side-by-side). Now, 
experimentally it was found that in argon with the laser 
intensity decreasing below the RII threshold back-to-
back emission becomes dominant [Liu et al.; Phys. Rev. 
Lett. 101 (2008) 053001].

Theoretical investigations of NSDI have essentially fol-
lowed three different routes: quantum-mechanical mod-

el calculations within the "strong-field approximation," 
completely classical simulations solving Newton's equa-
tions of motion, and semiclassical modeling where the 
first electron is liberated by tunneling and subsequently 
both electrons are treated classically [for a review, see, 
e.g., Rev. Mod. Phys. 84 (2012) 1011-1043]. Remarka-
bly, the latter two approaches, containing little or no 
quantum mechanics at all, so far have successfully re-
produced the experimental data.

 

In a recently published paper, quantum-mechanical cal-
culations are presented that take into account that for 
argon several different excited states of the positive ar-
gon ion may play a role in the RESI mechanism. Their 
contributions must be added coherently, that is to say, 
the complex quantum-mechanical amplitudes must be 
added with the correct phases rather than the yields. If 
this is done, then the momentum-momentum correlation 
changes to predominant back-to-back emission when 
the laser intensity is reduced below the RII threshold in-
tensity as shown in Fig. 3, in good agreement with the 
data. Discrete excited states do not exist in a semiclassi-
cal or completely classical framework, and interference 

Fig. 1:   
A sketch of the RESI (rescattering excitation with 
subsequent ionization) mechanism. The oblique red 
straight line represents the interaction potential of the 
electronfield interaction at a time when the electron 
is pulled to the right (half a period later the electron 
is pulled into the opposite direction). The blue line 
represents the "effective binding potential." It is the 
sum of the former and the potential that binds the 
second electron to the doubly positively charged ion. 
The recolliding first electron, which is represented by 
the horizontal green arrow, may excite the second 
electron from its ground state to one of several excited 
states (vertical green arrows). From these states, the 
electron is eventually freed by field ionization (along 
the horizontal dashed/solid lines pointing to the right).
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is outside that scope as well. Current work continues to 
analyze and investigate the effects of the various con-
tributing channels. Hence, we may have finally discov-
ered a genuine quantum effect in nonsequential double 
ionization.

 
 
 
 

Publication

HCL14: X. Hao et al.; Rev. Lett. 112 (2014) 07300
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Fig. 2:   
Schematical sketch of the electron-electron momentum distributions expected from different scenarios. The abscissa 
and the ordinate specify the components of the electron momentum parallel to the laser polarization, and the density 
represents the number of events for given momenta. The remaining components are not detected or summed over. 
Panel (a) shows the distribution expected when the two electrons are uncorrelated. Panels (b) and (c) clearly betray 
some correlation. Panel (b) indicates side-by-side emission, as generated by the RII mechanism. The distances of the 
two blobs to the origin are related to the momentum imparted by the laser field to each electron after the recollision 
while the diameter of a blob derives from the energy of the recolliding electron. Panel (c) shows a possible distribution 
in the RESI case: the second electron may depart a half cycle (or an integer number of half cycles) after the first so that 
the two electrons move away in opposite directions.

Fig. 3:   
False-color plots of the calculated distribution of the longitudinal (parallel to the laser polarization) electron momenta in 
nonsequential double ionization of argon at 800 nm and different laser intensities: (a) and (b) 4 x 1013 W/cm2; (c) and (d) 
7 x 1013 W/cm2; (e) and (f) 9 x 1013 W/cm2. In the panels of the upper row, the contributions of the various excited states 
of the Ar+ ion (two of them are represented in Fig. 2 are added incoherently, in the lower row they are added coherently 
with the calculated phases. Comparison of the first and the second row illustrates the dramatic effect of quantum-me-
chanical interference.
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Acceleration of atoms in an intense standing light wave 
S. Eilzer, H. Zimmermann, and U. Eichmann

Laser induced strong-field phenomena in atoms and 
molecules on the femtosecond (fs) time scale have 
been almost exclusively investigated with traveling wave 
fields. In almost all cases, approximation of the strong 
electromagnetic field by an electric field purely oscillating 
in time suffices to describe experimental observations. 
In this approximation, momentum transfer from the light 
field to the center of mass of the atom, which results in a 
deflection, is not possible. Recently we have succeeded 
in deflecting Helium atoms in an intense standing wave 
of extremely short duration EZE14. Those He atoms that 
survive the interaction with the intense standing wave 
are accelerated, as a consequence of the strong quasi 
stationary intensity gradient. The experimental results 
can be explained only, if one takes into account the in-
tensity gradient as well as the generated magnetic fields.

The fundamental process of diffraction or deflection of 
atomic particles in a standing light wave was formulated 
for electrons as early as 1933 by the famous physicists 
Kapitza and Dirac. Electrons interact only weakly with a 
standing electromagnetic wave. Thus, it required intense 
lasers to observe the Kapitza-Dirac effect for electrons 
experimentally only 15 years ago. For the diffraction and 
deflection of atoms, on the other hand, much lower in-
tensities are required, since resonant enhancement as 
well as the use of ultra-cold slow atoms reinforce the in-
teraction strength. The process is of eminent importance 
in atom and quantum optics.

  

We studied the deflection of atoms in an intense stand-
ing light wave. In Fig. 1 we show a sketch of the experi-
mental setup. A well collimated beam of Helium atoms 
is exposed to a standing wave generated by two coun-
ter propagating laser pulses for about 40 fs and with a 
spatial extension of about 20 µm. The deflection of the 
atomic beam is measured with a position dependent 
detector, whereby each atom hitting the detector is re-
corded individually. Without the accelerating forces of 
the standing wave, the detector signal would only be a 
small spot, as indicated by the dashed circle. In fact, we 
obtain a broad stripe, as visible on the detector image. 
Thereby, the atomic Kapitza-Dirac effect was demon-

strated in a laser intensity regime, in which the field am-
plitude as well as the field gradient was strong enough, 
to ionize atoms with a high probability. The phenomenon 
that ionization does not necessarily occur at these high 
intensities, and instead, the whole undestroyed atom 
is accelerated, has its origin in the frustrated tunneling 
process recently investigated at MBI. Although the tun-
neled electron quivers heavily in the laser field, it does 
not gain enough drift energy to finally overcome the at-
tractive Coulomb potential of the ionic core. During the 
interaction with the laser pulse, the electron feels the 
ponderomotive force, which acts in the standing wave 
along the laser direction. Since the electron remains 
bound, the ponderomotive force accelerates the whole 
atom. In contrast to earlier investigations, where one ob-
served deflection in the intensity gradient of a focused 
laser field, the intensity gradient in the standing wave is 
important on the atomic length scale rather than on the 
length scale of the focused laser beam and might influ-
ence the atomic dynamics profoundly, see Fig. 2. The 
red and blue curves show velocity distributions, obtained 
from the measured deflections, for standing waves gen-
erated by two elliptically polarized counter propagating 
laser pulses with ellipticity ∈=0.85 and ∈=0.6, respec-
tively. Investigations on the dependency of the deflec-
tion on the laser intensity have revealed for the first case 
that the maximum deflection is limited by ionization of 
the atoms above a certain intensity gradient. Due to 
the different polarization in the second case, atoms can 
be deflected twice as high without being ionized. This 
might stem from the dynamical processes that suppress 
ionization. Although a quantitative understanding of the 
process has been achieved, as can be seen by the fit-
ted black curve, a quantitative confirmation by quantum 
mechanical strong-field calculations is still pending.

 

 

Fig. 1:   
Sketch of the experimental setup.

Fig. 2:   
Velocity distributions, obtained from the measured 
deflections, for standing waves generated by two ellip-
tically polarized counter propagating laser pulses with 
different ellipticity.
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Consequently, a thorough theoretical understanding re-
quires consideration of the electron dynamics as well 
as the center of mass motion, which represents a chal-
lenge to current strong-field theories. In further experi-
ments we plan to investigate more closely this new re-
gime of strong-field physics.

Publication
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Time-resolved dynamics of atomic clusters interacting with intense 
extreme-ultraviolet pulses
B. Schütte1, M. Arbeiter2, Th. Fennel2, M. J. J. Vrakking1, and A. Rouzée1 
1 Max-Born-Institut, Berlin; 2 Institute of Physics, University of Rostock

The interaction of intense laser pulses with clusters has 
led to the observation of fascinating phenomena, includ-
ing nuclear fusion after irradiation of deuterium clusters 

in the extreme-ultraviolet (XUV) range was used for the 
ionization of atomic clusters. As a result, ions with sur-
prisingly high charge states up to Xe8+

Since then, a number of experiments were carried out 
and the ionization dynamics of clusters by intense XUV 
pulses is now understood as follows. At the rising edge 
of the XUV pulse, atomic ionization by sequential ab-
sorption of XUV photons leads to the removal of several 
electrons from the cluster. Due to the accumulation of 

-
ter potential is increasing until the energy of one XUV 
photon is not enough to overcome the cluster potential. 
From here on, absorption of more XUV photons leads 
to the excitation of a large number of electrons that re-
main trapped within the cluster resulting in the formation 
of a nanoplasma. When the XUV pulse has ended, the 
cluster expands by both Coulomb explosion and hydro-

So far, the dynamics occurring in expanding clusters fol-
lowing XUV ionization was mainly investigated by theo-
retical methods. However, due to the large number of 
interacting particles, precise predictions of the process-

obtain from simulations. A better understanding of the 
underlying mechanisms occurring in expanding clusters 
can be obtained in time-resolved experiments. However, 
the large time jitter and the limited access time to FEL 
facilities make such experiments very challenging. At 
the MBI, an intense XUV source based on high-order 
harmonic generation was recently developed. Using a 
Terawatt laser system delivering 35 mJ, 32 fs pulses at 
50 Hz and a 12 m long HHG beamline, XUV pulses at a 

-
erated. The use of HHG sources has several advantag-
es over FEL sources: HHG pulses can have durations 
down to the attosecond range. They exhibit small shot-

an NIR probe pulse. They are therefore ideally suited for 
pump-probe experiments using intense XUV pulses and 

were performed by focusing the intense XUV pulses 
onto a cluster consisting of thousands of rare-gas at-
oms. A few hundred XUV photons were absorbed by 
the cluster leading to its multiple ionization. The corre-
sponding photoelectron momentum distribution and the 
photoelectron kinetic energy spectrum (PES) measured 
with a velocity map imaging spectrometer (VMIs) are 
shown in Fig. 1(a) and (b). The ionization of the cluster 

by different harmonics results in the appearance of dif-
ferent peaks in the PES. Additionally, a multistep pla-
teau ranging from the atomic photoline down to zero 

-

the charge of the cluster potential that increases as 
the electrons are sequentially removed from the clus-
ter, in accordance with previous results from Bostedt et 
al.
from Ar clusters is in good agreement with a simulation 
performed by the group of Prof. Thomas Fennel from 
the University of Rostock, thus supporting that ioniza-
tion proceeds via a sequential absorption process.         

in our experiment allows to measure electrons down to 
very low kinetic energies. In Fig. 1(a), a strong contri-
bution of low-momentum electrons in the center of the 
velocity map image is observed, corresponding to kinet-
ic energies in the meV range (see Fig. 1(b)). This low-
energy structure can be explained by a three-step pro-

the cluster potential becomes too high for an electron to 
be released from the cluster and the absorption of more 
XUV photons leads to the formation of quasi-free elec-
trons and a nanoplasma. Second, electrons and ions in 
the nanoplasma recombine, leading to the formation of 
highly excited Rydberg atoms. In the last step, as the 
cluster expands, these Rydberg atoms are reionized by 

production of very low-kinetic-energy electrons as ob-
served in the experiment. This process is known as frus-

Fig. 1:   
(a) Two-dimensional electron momentum distribution of 
argon clusters with an average size of 3500 atoms that 
are ionized by intense XUV pulses. A pronounced cen-
tral distribution is observed and attributed to the ioniza-

(b) The electron kinetic energy spectrum (black curve) 
shows a good agreement with numerical calculations, 
which are displayed for intensities of 5x1011 W/cm2 
(red), 1x1012 W/cm2 (green) and 2x1012 W/cm2 (violet).
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trated recombination [6] and our experiment represents 
the fi rst experimental demonstration of this effect [5]. 

Further evidence for the population of excited states by 
electron-ion recombination was obtained by measuring 
photoelectron spectra using a second NIR probe pulse. 
At long time delays between the XUV and NIR pulses, 
when the cluster has already disintegrated into single 
fragments, the NIR pulse can be used to reionize ex-
cited atoms formed by charge recombination processes 
during the cluster expansion. This is shown in Fig. 2(a), 
which displays a 2D electron momentum map recorded 
from Ar clusters for a time delay of 5.2 ns between the 
38 nm pump and the NIR probe pulses. The measure-
ment presented here refl ects the difference between an 
image recorded with both the XUV and NIR pulses and 
an XUV-only image. The ring structure corresponds to 
single-photon ionization of different excited atoms by 
the NIR pulse. In the electron spectrum in Fig. 2(b), the 
main peak is attributed to the reionization of the 4d and 
5p excited states of atomic Ar. The ion yield obtained 
by the reionization of excited atoms with the NIR pulse 
is comparable to the total ion yield obtained by the XUV 
pulse only. This demonstrates that charge recombina-
tion processes in expanding clusters accompanied by 
extensive population of excited electronic states are 
very signifi cant.

We have further studied mixed clusters consisting of a 
Xe core and an Ar shell [7]. As a result, we fi nd that 
recombination mainly takes place in the Xe core of the 
cluster, which is in agreement with models of XUV laser-
cluster interactions [6]. The time dependence of the Xe+ 
ion yield measured in these experiments is shown in 
Fig. 3 for two different NIR probe intensities. At an NIR 
intensity of 2 x 1013 W/cm2, a maximum of the ion yield 
is observed at a time delay of a few ps, which is similar 
to previous pump-probe experiments and was explained 
as a resonance effect, where the plasma frequency of 

the expanding cluster matches the NIR laser frequency. 
When the intensity is lowered to 2 x 1012 W/cm2, a mono-
tonic increase of the Xe+ ion signal is found during the 
fi rst 10 ps of the cluster expansion. This represents the 
time scale of electron-ion recombination, and is the fi rst 
time-resolved experiment on these processes in clus-
ters. 

The novel results obtained for the interaction of intense 
XUV laser pulses with clusters are expected to have an 
important impact on other large systems, including the 
interaction of intense X-ray pulses with biomolecules, 
which is of large interest for single-shot X-ray diffrac-
tion imaging experiments. Furthermore, additional en-
ergy transfer processes can take place during the clus-
ter expansion as a result of the extensive formation of 
Rydberg atoms, such as an intracluster Coulombic de-
cay (ICD) process. In this process, one Rydberg atom 
relaxes to the ground state by transferring the excess 
energy to a second Rydberg atom in the environment, 
leading to its ionization. These processes are currently 
under investigation and promise new exciting results in 
the future. 
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Fig. 2:  
(a) Two-dimensional electron momentum map, show-
ing the momentum distribution of ejected electrons 
along (vertical) and perpendicular (horizontal) to the 
XUV/NIR laser polarization, after XUV ionization and 
NIR probing of argon clusters with an average size of 
3500 atoms. The time delay between the pulses is 5.2 
ns, and the momentum map represents the difference 
between the XUV+NIR measurement and a meas-
urement with the XUV pulse only. The ring structure 
represents the ionization of excited atoms by the NIR 
pulse. (b) Corresponding kinetic energy spectrum.

Fig. 3:  
Time-dependent Xe+ ion yield after XUV ionization of 
mixed clusters consisting of a xenon core and an argon 
shell. An NIR pulse at two different intensities is used 
for probing. At an intensity of 2x1013 W/cm2, the Xe+ ion 
yield has a maximum at a delay of appr. 3 picoseconds, 
due to a well-known plasma resonance effect. At the 
lower intensity of 2x1012 W/cm2, the signal monotonically 
increases during the fi rst 10 picoseconds, which is iden-
tifi ed as the time scale of electron-ion recombination.
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Rectification of terahertz radiation in lithium niobate
C. Somma, K. Reimann, C. Flytzanis, T. Elsaesser, and M. Woerner

Photovoltaic devices for generating electric power from 
light are made from semiconductors. They work by ab-
sorbing light to yield mobile carriers which are then ac-
celerated in the built-in electric field of the device. In this 
way, a direct electric current (dc) is generated. In the 
regime of linear light-matter interaction, light can only 
generate mobile carriers if its wavelength is below a 
threshold determined by the bandgap of the material. 
For most semiconductors in solar cells this threshold oc-
curs at visible or near-infrared wavelengths. Thus, mid-
infrared and far-infrared irradiation should not result in a 
dc current.

This picture changes dramatically in the non-pertur-
bative regime of light-matter interaction, i.e., when the 
strength of the optical field is comparable to the inner-
atomic electric fields of the material. Under such condi-
tions, it is possible to generate a dc current from far-
infrared [also called terahertz (THz)] radiation in the in-
sulator lithium niobate (LiNbO3) although the bandgap of 
LiNbO3 corresponds to ultraviolet threshold wavelengths 
of absorption. The essential nonlinear mechanism allow-
ing for carrier generation at photon energies way below 
the band gap is quantum-mechanical tunneling between 
the valence and conduction bands under the influence of 
the electric field of THz radiation [SRF14]. 

LiNbO3 is a ferroelectric crystal displaying a permanent 
electric polarization. This polarization originates from 
the difference in position between the positively charged 
niobium ions and the center of gravity of the negatively 
charged oxygen ions along the c-axis (Fig. 1). Photoex-
cited carriers are accelerated in the built-in field along 
the c-axis and contribute to a dc shift current. 

In the experiments, a thin LiNbO3 crystal was used with 
the ferroelectric caxis parallel to its surfaces. Phase-
locked pairs of ultrashort intense THz pulses with their 
polarization parallel to the c-axis, derived by difference 
frequency generation from the output of a Ti:sapphire la-
ser, excite the crystal. Both the incident electric THz field 
and the field emitted from the sample were measured 
in amplitude and time-dependent phase by electro-optic 
sampling. The emitted field stems from the charge carri-
ers accelerated by the incident field and, thus, repre-
sents a direct probe of the time-dependent electric cur-
rent in the sample. 

The application of a phase-locked pair of THz pulses 
and the phase-resolved detection of the different electric 
fields allows for generating so-called two-dimensional 
(2D) spectra, in which the nonlinear signal is plotted as a 
function of the excitation frequency νt and the detection 
frequency νt (Fig. 2). The real part of the nonlinear signal 
(upper panel) is a hall-mark of the current due to THz-
excited carriers and displays a dc component as well 
as contributions at the second and third harmonics of 
the THz frequency. Such signals are much stronger than 
the imaginary part (lower panel) that originates from the 
nonlinear optical polarization of the LiNbO3 crystal and is 
dominated by second harmonic generation. This behav-
ior gives direct evidence of a predominant THz-induced 
bulk photovoltaic effect in LiNbO3. 

To understand the THz generation mechanism of mo-
bile carriers in more detail, model calculations of the 
non-perturbative nonlinear response were performed. 
The THz electric field leads to changes of the valence 
and conduction band wavefunctions. In particular, the 
wavefunctions of electrons in the valence band receive 
a small admixture of conduction band wavefunctions. In 
the absence of any decoherence processes destroying 
the phases of the coupled wavefunctions, this admix-
ture will be completely reversed once the field is zero 
again and no carriers will remain. However, decoher-
ence, which originates from scattering and dissipation 
processes in the material, will destroy reversibility, so 
that after the end of the THz pulse some electrons will 
remain in the conduction band. For small THz fields, the 
number of such electrons will be extremely small. Under 
the present conditions, however, the high amplitude and 
long duration of the THz pulse results in the electrons 
moving relatively large distances, which causes fast and 

Fig. 1:   
Part of the crystal structure of lithium niobate showing 
the built-in electric polarization. Once mobile electrons 
are created, they move preferentially in the direction 
shown by the arrows.
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efficient decoherence, resulting in the observed signifi-
cant shift current.

Another result of decoherence is the preferred direc-
tion of transport (otherwise no dc current would exist). 
Although the potential along the c-axis is asymmetric, 
without decoherence the probability of an electron going 
in the +c direction would be equal to the probability in 
-c direction. Decoherence breaks this symmetry, lead-
ing to a preferred direction and, thus, a dc current. This 
mechanism is operative on the sub-nanometer length 
scale of each unit cell of the crystal and causes the rec-
tification of the THz field. The effect can be exploited at 
even higher frequencies, offering novel interesting ap-
plications in high frequency electronics. 

Publication

SRF14: C. Somma et al.; Phys. Rev. Lett. 112 (2014) 
146602

Fig. 2:   
Real (a) and imaginary (b) components of the non-
linear emitted field in the frequency domain. The real 
part shows the dc current from the photovoltaic effect 
(SC) and the corresponding emissions from the 2nd 
and 3rd harmonic. DP denotes the depletion of the 
fundamental by the generation of new frequencies. 
The imaginary part contains emissions from nonreso-
nant optical nonlinearities. The color codes for (a) and 
(b) are different, see right scale.
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Four-dimensional imaging of a pericyclic reaction via time-resolved 
X-ray diffraction
T. Bredtmann, M. Ivanov, and G. Dixit

Chemistry happens all around us. A chemical reaction 
is a rearrangement of atoms in and between molecules, 
the breaking of old and the formation of new bonds. 
The glue that binds atoms in molecules and creates the 
bonds between them is made out of valence electrons. 
While the motion of valence electrons is at the very heart 
of chemical reactions, only a small fraction among them 
participates actively. The valence electron charge trans-
ferred between the atoms is often just a fraction of the 
charge of an electron. And those that do participate, do it 
very quickly: the duration of many very important chemi-
cal processes, such as first steps in vision and light har-
vesting, is measured in only tens to a hundred of fem-
toseconds – a femtosecond is a millionth of a billionth 
of a second. Making a movie of the chemically active 
electrons is therefore very challenging.

Thanks to enormous technological progress, it is now 
becoming possible to generate ultrashort X-ray pulses, 
adding femtosecond temporal resolution to structural 
sensitivity. These X-ray pulses promise to provide stro-
boscopic snapshots of chemical and biological process-
es in individual molecules by extending static diffraction 
techniques into the domain of ultrafast electronic pro-
cesses. However, X-ray diffraction from valence elec-
trons is very weak in comparison with that from core 
electrons. The valence electron density contributes only 
a very small fraction to the total diffraction pattern, which 
makes use of X-ray diffraction for time-resolved imaging 
of changes in chemically relevant parts of the valence 
electron density during complex chemical reactions ex-
tremely challenging.

Our work [BID14] suggests a way to resolve this chal-
lenge. In this work, we theoretically demonstrate a ro-
bust and effective method to extract the contributions of 
chemically active valence electrons from the total X-ray 
diffraction by a single molecule – a critical step in the 
endeavor to film bond making and bond breaking as it 
happens, in space and time. We show that combining 
the standard analysis of the full X-ray diffraction pattern 
with an additional analysis of the part of the diffraction 
pattern, which is limited to relatively small momentum 
transfer, one nearly effortlessly brings to the fore the mo-
tion of chemically active valence electrons. The work not 
only showed how to film chemically active valence elec-
trons with X-rays, it has also provided an experimental 
access to the long-standing problem: Are the new bonds 
made at the same time as old bonds are broken (syn-
chronous), or is there a time-delay between these two 
processes (asynchronous)?

The degenerate Cope rearrangement of semibullvalene, 
a pericyclic reaction, is chosen to demonstrate our pro-
posed method for imaging chemically active electron 
density. Depending on the reactant energy, the Cope re-

arrangement can proceed by tunneling or over the bar-
rier. Such alternative pathways are ubiquitous in many 
chemical reactions. They invariably trigger the question 
about synchronous versus asynchronous bond break-
ing and formation, debated over many decades for such 
pericyclic reactions.

We have observed that the full time resolved X-ray dif-
fraction patterns distinguish the over-the-barrier reac-
tion from tunneling. In the tunneling case, the intensity 
of diffracted photons, associated with high momentum 
transfer values, diminishes from the reactant to the 
reaction intermediate at T/2 and then increases again 
between T/2 and T with T as the time period of the re-
action process. The opposite behavior is observed for 
the over-the-barrier reaction. The difference between 
the two reaction paths is most prominent at T/2. The 
origin of these differences is in the different rearrange-
ment dynamics of the carbon core electrons for the two 
paths, which dominate the total electron density. The 
contribution of the valence electrons is very diffuse. Al-
though the full time-resolved diffraction patterns distin-
guish tunneling from the over-the-barrier reaction, the 
changes in chemical bonding are hardly visible since 
the corresponding electron densities do not peak at 
the positions of the bonds. Note that the total electron 
density differences, which are obtained by subtracting 
the total electron density at time zero from the succes-
sive snapshots of the total electron density, do not pro-

Fig. 1:   
Filming bond making and bond breaking during a 
pericyclic reaction: We show theoretically that the ul-
trafast X-ray camera is not only sensitive to inert core 
electrons but may also visualize the motion of chemi-
cally active valence electrons, which shed light on the 
nature of the reaction mechanism. (Credit: Gopal Dixit, 
MBI)
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vide any answer about the reaction mechanism, i.e., 
whether the reaction is synchronous or asynchronous. 

We used our proposed method, which emphasizes the 
information encoded in weakly diffracted photons, to 
image chemically active valence electron densities. Al-
though there is no strict separation of the contributions 
from the core, inert valence and the chemically active 
valence electrons to the total diffraction pattern, their 
relative contributions might be different in different re-
gions of the momentum-space. The delocalized valence 
electrons diffract weakly and should show their finger-
prints mostly in the low momentum transfer region of the 
diffraction pattern. The well-localized core electrons, on 
the other hand, diffract strongly and contribute across 
the full diffraction pattern. For the Cope rearrangement 
of semibullvalene, the chemically active valence elec-
trons can indeed be brought to the fore to a remarkable 
extent by restricting the reconstruction to the relatively 
small momentum transfer region. Hybrid-input-output 
algorithm, based on iterative Fourier transformations, 
back and forth between the momentum space and real 
space, is used to reconstruct the phase of the diffraction 
pattern. The reconstructed chemically active electron 
densities are in excellent agreement with the densities 
obtained by partitioning of the total electronic density 
based on localized molecular orbitals, which provide di-
rect insight into the reaction mechanism.

Our work provides access to the long-standing problem 
of synchronous versus asynchronous bond formation 
and breaking during pericyclic reactions. We hope it will 
bring new insights into ways to initiate and control com-
plex chemical and biological reactions.
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5589/1-7

 

 

Fig. 2:   
A combination of the standard analysis of the full X-ray 
diffraction pattern (A, B) with an additional analysis 
of the part of the diffraction pattern, which is limited 
to relatively small momentum transfer, one nearly ef-
fortlessly brings to the fore the motion of chemically 
active valence electrons during a pericyclic reaction 
(C, D). The breaking and making of chemical bonds 
along different reaction paths may thus be filmed and 
analyzed directly. 
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1.1: Ultrafast Nonlinear Optics
G. Steinmeyer, F. Noack† (project coordinators)
and S. Birkholz, M. Bock, B. Borchers, R. Grunwald, J. Herrmann, J. Hyyti, A. Husakou, S. König, V. Petrov, P. Trabs, 
A.Treffer, N. Zhavoronkov

1. Overview

In 2014, Project 1.1 has generated a variety of new 
results in its two topical focus areas. In topical area 1, 
nonlinear optics down to the few-cycle limit, the work on 
adaptive generation and diagnostics of non-diffracting 
few-cycle wavepackets was continued successfully. 
Another aspect of this focus area is the measurement 
and manipulation of the carrier-envelope phase. Our re-
search has progressed towards a deeper understanding 
of limiting noise mechanism. This understanding then 
enables to push limitations, e.g., in existing carrier-en-
velope phase measurement techniques for amplified 
pulses. Another line of research addressed ultrafast 
nonlinear optics at the extreme condition of a third-har-
monic resonance with the bandgap. We experimentally 
investigated this phenomenon and observed a non-in-
stantaneous response in a dielectric medium for the first 
time. With polarization decay times of a few femtosec-
onds, this non-instantaneous response may impose se-
vere limitations for the characterization and generation 
of few-cycle pulses in the visible and ultraviolet spectral 
region. In topical area 2, we theoretically investigated 
possibilities for quasi-phase-matching of high harmon-
ics in gas-nanoparticle composites. We find that this 
scenario holds opportunities for nearly unmatched ef-
ficiencies. Finally, at the other end of the spectrum, we 
explored possibilities for optimizing terahertz generation 
by tailored pump waveforms.

 
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: A. Aleksandrowsky (Kras-
noyarsk, Russia), H.-J. Kühn (Berliner Glas), E. McGIynn 
(DCU, Dublin, Ireland), C. Fischer (Metrolux 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, Tampere, Finland), G. Gen-
ty (TUT, Tampere, Finland), L. Bergé (CEA, Arpajon, 
France), S. Skupin (Université Bordeaux 1, France),  
J. S. Skibina (Nanostructured Glass LLC, Saratov, Rus-
sia), A. Demircan (Leibniz-Universität Hannover), C. 
Brée (Weierstraß-Institut, Berlin), A. Bjeoumikhov (IFG, 

Berlin); M. Rhodes and R. Trebino (Georgiatech, Atlan-
ta, GA, USA), F. Lücking and A. Assion (Femtolasers 
Produktions GmbH, Vienna, Austria), F. Guëll (Univer-
sity Barcelona, Spain),  A. Baltuška (Photonics Institute, 
Vienna, Austria).

Funding: 
•	 BMBF/DLR	RUS 08/103
•	 DFG	 Projects	  He 2083 13-1/13-2 and 12-3; STE  
 762/9-1, and GR 1782/14-1.

3. Results in 2014

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
 
Non-diffracting pulses, in particular those with non-zero 
extrinsic orbital momentum (vortex pulses), are of in-
creasing interest for optical communication, laser ma-
terials processing, and wavefront-sensitive laser excita-
tion of materials. A recent highlight was the demonstra-
tion of two-dimensional temporal coherence mapping 
with a tandem arrangement of two liquid-crystal-on-sil-
icon (LCoS) type spatial light modulators. Nondiffracting 
sub-3-cycle pulses at few-nanojoule level with variable 
optical orbital momenta were shaped and characterized 
[GEB14]. The experimental setup is shown in Fig. 1.

The modular arrangement of the experiment enables 
the study of configurations with single as well as multiple 
vortex beams. Figures 2 (a) and (b) show the resulting 
pulse front curvatures.

Furthermore, the spectral phase evolution of ultrashort 
pulsed vortex beams generated by diffractive optical el-
ements was numerically simulated to determine the op-
timum conditions for an effective dispersion compensa-
tion [MJB14] (collaboration with FernUniversity Hagen). 
In a joint DFG project (GR 1782/14-1) together with  
IMTEK (University Freiburg), new types of steerable 
reflective axicons for the adaptive generation of non-
diffracting ultrashort pulses were developed [GBB14].

Theoretical models describing the propagation of differ-
ent kinds of non-diffracting beams were critically ana-
lyzed in regard of optical information transfer and physi-
cal conservation laws [GBo14].
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Carrier-envelope phase noise

The relative phase between the envelope of a short 
pulse and the underlying carrier plays a decisive role in 
attosecond physics and frequency metrology. Stabiliza-
tion of the carrier-envelope phase (CEP) of an oscillator 
has progressed to a residual jitter that is equivalent to  
8 attoseconds. While this jitter is probably the best tim-
ing stabilization ever demonstrated, there still appears 
room for technical improvements, and the underlying 
physical limitations are not clear either.

In [BAS14], we analyzed a shot noise contribution to the 
noise in the detection front end of the f-2f interferometer. 
For minimum noise levels, it is required to maximize the 
number of photons on the detector. For CEP detection 
in an f-2f interferometer, one has to apply two nonlinear 
optical conversion steps. In a first step, the laser output 
needs to be spectrally broadened to octave coverage, 
which is normally accomplished by supercontinuum 
generation in a fiber. In a second step, the long-wave-
length tail of the supercontinuum needs to be frequency-
doubled. For optimum signal-to-noise ratios, the nonlin-

earity of the supercontinuum process typically has to be 
reduced to allow a larger fraction of the laser pulses to 
enter into the spectral broadening process. In contrast, 
the nonlinearity of the second step has to be chosen 
as high as possible. Our investigations [BAS14] showed 
that oscillator stabilization is typically already very close 
to optimum conditions. However, f-2f interferometers as 
used for amplifier stabilization are far from an ideal con-
version situation. Consequently, we are currently inves-
tigating means for the reduction of the supercontinuum 
nonlinearity in such interferometers.

While the role of detection shot noise is now very well 
understood, there is a second possible quantum noise 
signature apparent at very long time scales of seconds 
and beyond. Monitoring the output of a CEP-stabi-
lized laser oscillator with a second totally independent  
f-2f interferometer, one observes a very slow dephas-
ing mechanism between the phases measured in the 
two different interferometers, see Fig. 3. This dephasing 
gives rise to a white 1/f-like CEP flicker noise. This effect 
has always been considered to be an artifact caused by 
a slow mechanical drift of the arm lengths in the interfer-

Fig. 1:   
Tandem setup for shaping and temporal mapping of 
few-cycle vortex pulses with two spatial light modu-
lators [GEB14]. 6.5-fs pulses from a Ti:sapphire   
oscillator are processed at a first spatial light 
modulator (SLM1) (Inset: wavefront twist, schemat-
ically). The vortex is coupled into a Michelson in-
terferometer (BS = beam splitter) producing phase-
locked pulse pairs with variable delay. Wavefront 
and temporal coherence are analysed by a nonlin-
ear Shack-Hartmann sensor consisting of axicons 
programmed in a second spatial light modulator 
(SLM2), a BBO-crystal for second harmonic gen-
eration, an EMCCD camera and dispersion com-
pensation by double chirped mirrors (DCM).
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Fig. 2:   
Spatially resolved temporal coherence obtained by second-order autocorrelation of a Gaussian and a Laguerre-Gauss 
beam with topological charges of (a) mSHG = 0 and (b) mSHG = 2 (time resolution: 0.12 fs) [GEB14]. The curvature in time 
indicates the pulse front profile of the field cycles. Insets: cut profiles along the red bows and corresponding envelope 
(green solid curve).
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Fig. 3:   
Out-of-loop CEP noise den-
sities of two feed-forward 
stabilized Ti:sapphire lasers 
converted to frequency noise 
densities. (a) Quasi-common-
path f-2f interferometer. 
(b) Monolithic detection. 
Dashed line: equivalent intra-
cavity laser shot noise level. 
Dotted line: expected timing 
jitter CEP noise. Dash-dotted 
line: CEP noise level given by 
the Schawlow-Townes limit.

ometers. However, this drift appears also in monolithic 
implementations of the f-2f interferometer with nearly 
unchanged noise density of ~1 Hz/√Hz and independ-
ent of feed-forward or feedback stabilization. In [SLB14], 
we analyzed several possible mechanisms to explain 
the experimentally observed flicker noise levels. In this 
study, we find a good match to Schawlow-Townes fre-
quency noise, which is caused by amplified spontane-
ous emission inside the oscillator laser cavity. Quite 
surprisingly, we find no indications for an influence of 
timing jitter noise, other than was previously predicted 
in numerical simulations. We are currently develop-
ing a theoretical model to obtain a better understand-
ing for the influence of amplified spontaneous emis-

sion noise on the carrier-envelope phase of a laser.

In a third study, we investigated the CEP of a free-
running unstabilized oscillator. In this study we uti-
lized short time series of the beatnote measured in the  
f-2f interferometer of two different fiber lasers and one 
Ti:sapphire oscillator. At frequencies of 100 kHz or 
higher, one typically expects that the laser noise is dic-
tated by quantum noise, either stemming from amplified 
spontaneous emission in the oscillator itself or coming 
from the pump source. Consequently, one would expect 
to see that the noise transients are completely random 
on microsecond time scales, without any trace of deter-
minism or temporal correlation. In order to check this 

Fig. 4:   
a Experimental setup and a measured trace [HHB]. b Retrieved 
pulse intensities for SiO2 (green) and TiO2 (red) along with 
response function R (black). c Convolution ISiO2*R (blue) with a 
6.5 fs time constant matches ITiO2 (red). Solutions of TDSE for 
TiO2 at incident intensities of 0.1–1 TW/cm2 were used to ex-
tract d the nonlinear phase responses of the polarization at ω0 
and e the polarization amplitudes at 3ω0. Increase in incident 
intensity increases the relaxation time of the polarization, giv-
ing rise to a shift in the centers of gravity of the curves in both 
d & e.
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hypothesis, we analyzed the measured noise transients 
with methods of nonlinear time series analysis, namely 
the Grassberger-Procaccia algorithm. This method con-
firms the absence of determinism for the CEP of both 
free-running fiber lasers. Quite surprisingly, however, 
the respective Ti:sapphire measurements show a sig-
nificant trace of determinism in the data.

Polarization decay time [HHB]

Third-order optical nonlinearities are extensively utilized 
in both generation and characterization of ultrashort op-
tical pulses. One example is the widely used charac-
terization method of frequency-resolved optical gating 
(FROG), which can be based on a variety of χ(3) effects. 
Any variant of FROG relies on the instantaneity of the 
polarization response, as is usually expected off-reso-
nance. We recently measured third-harmonic FROG 
traces using two different nonlinear optical materials, 
namely SiO2 and TiO2, in an otherwise identical setup 
with a 7.5 fs Ti:sapphire laser as the source [HHB], see 
Fig. 4a. While SiO2 is a wideband dielectric material, 
TiO2 exhibits a third-harmonic resonance with the band-
gap of the material. Retrieval of these measurements in-
dicated significantly longer pulse durations for TiO2, see 
Fig. 4b. Convolving the retrieved pulse shape for SiO2 
with a 6.5 fs single-sided exponential provides good 
agreement with the TiO2 trace [Fig. 4c]. These experi-
mental results are an indication for a non-instantaneous 
polarization decay in the resonant non-linear medium.

We further investigated numerical solutions of the time-
dependent Schrödinger equation (TDSE) [HHB] to sup-
port the experimental findings. Using a quasi-potential 
approach, we can reproduce the observed time con-
stants in numerical solutions of the TDSE, see Fig. 4e. 
Moreover, our modeling also clearly indicates that 
similar effects also appear for self-refraction [Fig. 4d].
 
These findings may have important consequences for 
pulse characterization and generation, in particular at 
visible and ultraviolet wavelengths. Whenever a third-
harmonic resonance appears, a lasting polarization 
component with a decay time of a few femtoseconds 
may appear, making both few-cycle pulse genera-
tion methods as well as characterization methods like 
FROG or autocorrelation difficult. While the use of reso-
nant nonlinearities can suitably be avoided in the near 
infrared, the available band gaps of solid state materi-
als are limited to approximately <12 eV, which imposes 
an absolute constraint to wavelengths >310 nm for the 
avoidance of the resonance-induced non-instantaneity 
of the nonlinear polarization.

T2: Extreme wavelengths and attosecond pulse 
generation

Quasi-phase-matched high-harmonic generation in gas-
nanoparticle composites [HHe14]

Following our previous investigations in the field of HHG 
assisted by metal nanostructures we have studied the 
possibility to increase the interaction length (and thus 
efficiency) in a gas-nanoparticle composite. To this end, 

we utilize quasi-phase matching by modulating the na-
noparticle density, and thus mitigating the effect of the 
phase mismatch. We theoretically investigated high-har-
monic generation (HHG) in a composite, which consists 
of ellipsoidal silver nanoparticles in argon. The strong 
field enhancement in argon in the vicinity of metal nano-
particles allows for using much lower incident intensities 
than in typical HHG experiments. A periodic modulation 
of the nanoparticle density provides quasi-phase match-
ing, which mitigates the negative effect of the significant 
phase mismatch. First, we study the linear optical prop-
erties of such a system and the field enhancement and 
consider the technological possibilities of creating such 
a composite. Then the generation of high harmonics is 
simulated, using a propagation equation which includes 
field enhancement, phase mismatch, absorption of the 
pump beam and harmonics, and other effects. Genera-
tion of high-order harmonics with efficiency beyond 10−7 
is predicted, see Fig. 5. 

Boosting terahertz generation by optimized pump wave-
forms

Broadband ultrashort terahertz (THz) pulses can be 
generated using laser-field ionized gases by femto-sec-
ond two-color pulses. We demonstrate that a saw-tooth-
like temporal shape of the pump waveform optimizes 
the free electron trajectories in such a manner that they 
reach the highest velocity at the electric field extrema, in-
creasing the temporal asymmetry of the pump field. This 
allows enhancing the THz conversion efficiency to 2%, 
i.e., an unprecedented performance for THz generation 
in gases. Besides an analytical study of THz generation 
using a local current model, we utilize comprehensive 
3D simulations accounting for propagation effects which 
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Fig. 5:   
Dependence of the 13th-harmonic conversion ef-
ficiency on the propagation length for the non-phase-
matched case (blue curve), ideal case with zero 
mismatch (red curve), and quasi-phase-matched case 
(green curve). The composite consists of 20-atm Ar 
gas filled with prolate-ellipsoid nanoparticles and el-
lipticity of 1.37, at a filling factor of 0.01. The pump is 
at 800 nm with intensity of 10 TW/cm2. Additional thin 
black curve is the efficiency with corrections due to 
field inhomogeneity included.



31

confirm this prediction. Selection of the first four har-
monics already approximates a sawtooth shape fairly 
well and guarantees an impressive increase of the THz 
energy up to 5 microjoules, using a total pump energy of 
only 300 microjoules, cf. Fig. 6. Our results indicate that 
THz conversion in gases via tunnel ionization can be 
greatly improved with well-designed multicolor pulses.

Generation of tunable femtosecond VUV pulses in non-
linear crystals

In 2014 we confirmed the potential of random quasi-
phase-matching (RQPM) strontium tetraborate (SBO) 
for frequency doubling of amplified femtosecond pulses 
in the VUV by second harmonic (SH) generation (SHG). 
The pump source was either the 3rd harmonic (at  
266 nm) of a Ti:sapphire regenerative amplifier at 1 kHz 
or the frequency-doubled output of a commercial opti-
cal parametric amplifier (OPA). Depending on the wave-
length, the fundamental UV energy varied from 0.2 to a 
few µJ.

The enhancement of the SHG efficiency due to the 
RQPM crystal structure was evaluated by comparison 
with a single crystal at a SH wavelength of 160 nm in the 
cc-c polarization configuration (d33 nonlinear coefficient 
involved). The fundamental pulses at 320 nm (12 µJ, 
70 fs, 1 kHz) were focused by an R=-2 m Al mirror onto 
the SBO crystals in a chamber evacuated to 10-5 mbar. 
We obtained an enhancement factor of 9.2×104, i.e., 
much higher than the value of 320 reported for SH in 
the 200 nm range with unamplified pulses. The factor 
is also much higher than the predictions of a numeri-
cal simulation, taking into account the resolved domains 
in this RQPM sample. We attribute this unexpected but 
desirable enhancement to the presence of thin domains 
that could not be resolved by optical microscopy.

The absolute SH pulse energy and SHG conversion ef-
ficiency were evaluated by generating the 6th harmonic 
of the Ti:sapphire regenerative amplifier. The obtained 
dependence on the input energy is shown in Fig. 7. It 

can be well fitted by a quadratic law up to the maximum 
applied input level of ~100 µJ. 

The recorded SH spectra extend down to 121 nm in 
the VUV. Good correlation of the position and spectral 
shape was obtained, comparing with the squared spec-
tral intensity of the fundamental – the influence of the 
random structure on the SH spectra is more pronounced 
towards longer wavelengths. The inset in Fig. 7 shows a 
high resolution (3rd grating order) measurement of the 
spectrum around 133 nm. Temporal characterization 
of the SH pulses from the RQPM SBO was performed 
at longer wavelengths in the UV where the energy was 
higher and it was possible to directly compare with SHG 
in BBO. 

Finally, resolving spectral fringes (analogue of Maker 
fringes) in the SH spectra (Fig. 8) obtained with the sin-
gle domain SBO sample we were able to evaluate the 
group-velocity mismatch in the SHG process involving 
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femtosecond pulses. From such measurements at 202, 
177 and 160 nm SH wavelengths we derived the refrac-
tive index of SBO in the VUV which is relevant for the 
type-0 SHG nonlinear process.
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1.2: Ultrafast Laser Physics
V. Petrov, U. Griebner (project coordinators) 
and F. Bach, M. Bock, A. Gitin, L. v. Grafenstein, R. Jung, M. Kalashnikov, N. Khodakovskiy, M. Mero, F. Noack†,  
J. Tümmler, I. Will, Y. Wang

1. Overview

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

Power scalable ultrafast laser systems based on ultra-
broadband optical parametric amplification (OPA) at lon-
ger (>2 µm) wavelengths are desirable for shorter cut-off 
wavelengths in high-harmonic generation and for driving 
hard X-ray plasma sources. They will profit from opera-
tion around degeneracy. For all-solid-state chirped pulse 
OPA (OPCPA) this requires not only sub-50 fs oscillators 
as alternatives to Ti:sapphire seed sources but also nov-
el laser systems operating at half the seed wavelength 
with longer pulse durations (from few 100 fs up to few  
100 ps or even nanoseconds) as pump sources. Picosec-
ond pulses amplified in Yb-based modules will be opti-
mum for pumping OPCPA schemes operating in the few-
cycle regime, seeded by ultrafast 2-µm lasers while mov-
ing 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, 
extreme OPA bandwidths can be obtained with specially 
designed pulse shaping schemes and nonlinear crystals 
also away from degeneracy. A great deal of the activities 
within this project is devoted to exploring components for 
such systems which includes characterization and testing 
of various laser and nonlinear materials in diverse opera-
tional regimes. A first step towards developing a complete 
OPA system for use in other MBI projects has been initi-
ated by the set-up of a novel 100-kHz OPCPA phase-sta-
ble 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 
started with the implementations of the seed source and 
parts of the 2-µm pump channel.

A separate topic of the project encompasses the devel-
opment of picosecond thin-disk amplifiers of high aver-
age power. This development work was supported by 
the EU within the framework of an EFRE project as col-
laboration between MBI and the Ferdinand-Braun-Insti-
tut, Leibniz-Institut für Höchstfrequenztechnik (FBH). In 
this context, the FBH developed and manufactured the 
required high-power pump diodes. The project ended 
in 2014 and was successfully evaluated by an external 
commission of international experts. The developed la-
ser amplifier system consists of two synchronized chan-

nels which deliver in total >1 J pulse energy at a 100 Hz 
repetition rate in a <2.5 ps long laser pulse.

The existing thin-disk laser system has been continu-
ously improved and simultaneously used for pumping a 
plasma X-ray laser (Project 3.3) and a high-power OP-
CPA system to produce few-cycle pulses (Project 4.1). 
It is also included in the Laserlab Europe Access pro-
gram. Within this program it was used for several weeks 
by a group from the National Institute for Laser, Plasma 
& Radiation Physics (INFLPR) in Bucharest-Magurele, 
Romania. The experiments were related to the optimi-
zation of the X-ray laser by using a temporarily shaped 
laser pulse for pumping.

Activities in the High-Field Laser Application Laboratory 
(HFL), primarily focused on development of methods for 
improvement of the pulse parameters of the Ti:sapphire 
based laser source, on the first place the temporal con-
trast, as well as development of diagnostics for better 
characterization, 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 EU EFRE and Laserlab JRA EURO-
LITE projects 
• scaling of thin disk laser technology to high pulse energy 
 and exploring the limits of the solutions developed,
• demonstration of the developed technology by means 
 of an Yb:YAG thin-disk laser system with CPA that  
 delivers pulses of more than 1 J total energy.

T2: Ultrahigh intensity lasers 

Partly supported by Alexander von Humboldt Founda-
tion and EU EUROLITE projects
• development of diagnostics and characterization of 

the temporal contrast of recompressed CPA laser 
pulses on a picosecond time scale, 

• diagnostics of relativistic laser intensities in the focus 
of the High-Field Laser (HFL) system.

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

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

Collaboration partners: F. Diaz (University Tarrago-
na, Spain), P. Fuhrberg (LISA laser OHG, Germany),  
H. Zhang (Shandong University, P. R. China), F. Ro-
termund (Ajou University, Korea), M. Tonelli (University 
Pisa, Italy), A. Agnesi (Pavia University, Italy), J. Liu 
(Qindao University, China), A. Kovacs, K. Osvay (Uni-
versity Szeged, Hungary), M. Romanovsky (General 
Physics Institute, Russia), A. Savelev (Moscow State 
University, Russia), J. P. Chambaret (ILE, France),  
J.-Ch. Chanteloup (LULI, Palaiseau, France), S. Schad 
(TRUMPF Lasers GmbH, Germany), B. Kanngießer (TU 
Berlin, Germany), L. Isaenko (DTIM Novosibirsk, Rus-
sia), J.-J. Zondy (CNAM, Paris, France), V. Pasiskevicius, 
(KTH, Stockholm, Sweden), P. Schunemann (BAE Sys-
tems, Nashua, USA), V. Badikov (HTL, Krasnodar, Rus-
sia), K. Kato (Chitose, Japan), l. Buchvarov (Sofia Uni-
versity, Bulgaria), M. Ebrahim-Zadeh (ICFO, Barcelona, 
Spain), M. Eichhorn (ISL, France), V. Panyutin (Kuban 
State University, Russia), A. Leitenstorfer (University 
of Konstanz, Germany), G. Arisholm (FFI, Norway). 

3. Results in 2014 

T1: High average power thin-disk lasers 

The activities within this topic include the development 
of a high-power two channel thin-disk laser with a total 
pulse energy exceeding 1 J (2x 0.5 J) at a 100 Hz rep-
etition rate and the gradual improvement of the existing 
thin-disk laser that is used as a pump source for scien-
tific 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 Etotal ≥ 1 J pulse energy was a joint ini-
tiative between MBI and FBH and financially supported 

by an EU EFRE project. The goal of this project was to 
establish technologies for generating high pulse ener-
gies at average output power of few 100 W with diode-
pumped solid-state laser systems.

As shown in Fig. 1, the laser system consists of an 
Yb:KGW oscillator and a grating stretcher as front-end. 
After the front-end the pulses of 6 nJ pulse energy and 
a chirp of 1 ns/nm are split into two beams of equal 
power, and amplified to about 150 mJ in two regenera-
tive thin-disk amplifiers. Subsequently, the pulses seed 
the power amplifier, which amplifies the pulse to Epulse > 
0.6 J energy in each of the two beams (Fig. 3). A grat-
ing compressor designed for two separate channels re-
compresses the laser pulses to τ <2.5 ps duration with 
85% efficiency. This results in a total output energy of 
the two channel system of E ≥ 1J after compression.

One of the main components of the laser amplifier sys-
tem is the power amplifier. Since the thin-disks provide 
only a small gain per reflection (typically 20 … 40 %), 
the power amplifier was designed to realise several re-
flections on the thin-disks. Figure 2 shows the scheme 
of the new ring amplifier which allows for many paths 
through the amplifier medium. It contains two pump 
heads with Yb:YAG disks of 25 mm diameter as the am-
plifying medium.

Each of the disks was pumped with up to 8 kW power 
during a 1 ms long pulse. This required new fiber-cou- 
 
 
 
 
 
 
 
 
 
 

Fig. 1:   
Block diagram of the thin-disk laser system.

grating 
stretcher

Yb:KGW 
oscillator

regenerative 
amplifier #1

regenerative 
amplifier #2

One	thin-disk	pump	head 
per	amplifier

Two	thin-disk	pump	heads 
per	power	amplifier

power 
amplifier #1

power 
amplifier #2

Eout=0.15 J 
per channel

Eout ˜ 0.6 J 
per channel

gr
at

in
g 

co
m

pr
es

so
r

Two-channel 
grating	compressor

in total 
Eout	>	1	Joule 
@100-200Hz

Fig. 2:   
Scheme of the power amplifier. It is designed as a ring 
amplifier with two thin-disk pump heads.
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pled pump modules that were developed at FBH in the 
framework of our joint EFRE funded project.

The new fi ber-coupled pump modules deliver up to 6 kW 
peak power out of a fi ber of 2 mm diameter with a 20 % 
duty cycle (Fig. 4). In order to even further increase the 
available pump power on the thin disks, we have devel-
oped a pump setup that combines the radiation from two 
of these modules (Fig. 5).

The availability of the novel pump modules is a pre-req-
uisite to further increase the pulse energy of our thin-disk 
amplifi ers. At the same time, these modules allow us to 
improve the compactness of the pump system of these 
amplifi ers. In essence, the strategic cooperation between 
MBI and FBH turned out to be essential for a broad ap-
plication of our thin-disk amplifi ers during the next years.

The synchronicity of the pulses of the two amplifi er 
channels was verifi ed by means of a cross-correlator. 
Due to the angle between both input laser beams, the 
exact position of the second harmonics signal gener-
ated in the BBO crystal is a linear function of the mutual 
delay between the pulses in both beams. For calibrating 
the cross correlator, the two traces, shown in the plot 
of Fig. 6, have been produced with a well-defi ned de-
lay of 6.7 ps between the pulses in both beams. Thus, 
the device allows us to determine the temporal jitter be-
tween the pulses of both laser channels with better than 
0.1 ps accuracy. A jitter below 0.3 ps (rms) and a tem-
poral drift of 1.3 ps/h between the pulses of both laser 
channels was measured with the present setup of the 
laser (see Fig. 6). This low jitter is a pre-requisite for us-
ing the two-channel thin-disk laser as a pump source of 
a high-energy OPCPA system.

Utilization of our second thin-disk laser system for appli-
cations is another important part of this project. Among 
others, the second thin-disk laser was used for pumping 
a table-top X-ray laser. Additionally, a number of spec-
troscopy measurements have been performed in the 
XUV spectral region, using our sophisticated diagnos-
tics in this spectral region.

The main application of the second thin-disk laser was 
for pumping the OPCPA system, which is being devel-
oped at MBI in the framework of Project 4.1. For this 
task, the thin-disk laser system provided the desired 
pump pulses with 0.2 J energy and 50 ps duration 
(FWHM) at 100 Hz repetition rate on a regular basis.

In 2015, we plan to signifi cantly extend this OPCPA 
and pump it with the new two-channel thin-disk laser, 
in order to improve the overall effi ciency and stability of 
the system. This should allow us to produce sub-10 fs
pulses of more than 10 mJ energy. The goal of this ac-

Fig. 3:  
2x 600 mJ output pulse energy before compression 
demonstrated using the new 6 kW pump diodes de-
veloped at FBH.
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Fig. 4:  
Fiber-coupled pump module with 6 kW peak power. These modules 
were developed at the Ferdinand-Braun-Institut, Leibniz-Institut für 
Höchstfrequenztechnik.

Fig. 5:  
Combiner for two 6 kW peak power fi ber-
coupled pump diodes.
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tivity consists in setting up an OPCPA system together 
with the appropriate high-harmonic generation stage 
that can serve as a reliable source of high-energy at-
tosecond pulses. They are needed at the MBI for single- 
pulse attosecond pump-probe experiments, which will 
be conducted in the framework of Project 2.3.

T2: Ultrahigh intensity lasers

Investigation of the pedestal of recompressed CPA 
pulses on a picosecond time scale

Temporal contrast being one of the most important 
parameters of high intensity pulses was intensively in-

vestigated during the last decade. New technologies 
were developed during this period to suppress ampli-
fied spontaneous emission (ASE), in particular double 
chirped pulse amplification (DCPA) and temporal filter-
ing with cross polarized wave (XPW) generation. The 
technology mentioned above is scalable. Supporting 
the ASE contrast of currently above 1011 and increas-
ing the energy of ASE–free stretched pulses which seed 
the power amplifiers, an ASE-level of at least 1015 can 
be reached using the present stretchers. It can be also 
improved with plasma mirrors by nearly additional four 
orders of magnitude for a single shot mode of opera-
tion. After cancelling the ASE next is the pedestal at the 
leading front that appears to be the main issue. For most 
high intensity laser systems this pedestal starts to rise 
above the ASE level at several tens of picoseconds 
preceding the pulse peak and grows to the level of 10-4 
in the vicinity of the pulse maximum. The energy accu-
mulated in the pedestal (and the intensity) could be an 
issue for most of modern laser-matter interaction experi-
ments. Contrary to ASE the origin of these features is 
only poorly investigated and understood.

The current work aims to investigate possible sources 
and the nature of the parasitic pre/post pedestals that 
overlay a well-defined temporal shape of recompressed 
CPA pulses on a picosecond timescale. We did a com-
parative investigation of the pedestal appearing at the 
leading and trailing fronts of the recompressed pulse 
depending upon the master oscillator, the type of the 
stretcher/compressor used and the B-integral accumu-
lated in the system.

The scheme of the laser system is presented in Fig. 7. 
It consists of two mode-locked main oscillators based 
on different dispersion compensation schemes. The  
first oscillator uses prisms, the second one has chirped 
mirrors to compensate for the dispersion. Both oscil-
lators generate pulses with duration of about 30 fs. 
They are followed by one of three commonly used 
stretchers. The first one is based on transmission dif-
fraction gratings (Wasatch Photonics, 600 l/mm) 

Fig. 6:   
Measurement with the cross correlator showing a jitter 
below 0.3 ps rms and a slow temporal drift of 1.3 ps/h 
between the pulses of both laser channel.

Fig. 7:   
Scheme of the laser system.
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Fig. 8:   
Comparison of the pulse shape of the recompressed 
pulse using different types of stretcher-compressor 
configurations.
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(TDG), the second one on six Brewster angle prisms 
made of SLAL-59 glass (PrS) and the third one on a 
reflection diffraction grating (1400 l/mm) (RDG). The 
pulse duration of the stretched pulse was 15 ps for 
the first two stretcher types and substantially longer  
(120 ps) for the RDGs. After pulse stretching the repetit-
ion rate was reduced to 10 Hz with a Pockels cell. Then, 
the laser beam goes into the multi-pass amplifier with 
10 passes. After experiencing 5 passes in the amplifier 
the spectral phase of the amplified pulse was corrected 
by the Dazzler. The multipass amplifier was designed 
to minimize losses, thus ensuring a low ASE level. 
This was done by matching modes of pump and seed 
beams in the active medium. The efficiency of the ampli- 
fier was about 10 %. To avoid spectral clipping we used 
broadband dielectric coated (670 - 1010 nm) Ag mirrors 
with a protection layer on top. After amplification the 
chirped pulses were recompressed by a corresponding 
stretcher. For PrS and TDGs it was a block of SF6 glass, 
whereas for the RDG-based stretcher a conventional 
compressor with diffraction gratings was used.

Comparing different types of stretcher-compressor con-
figurations, we did not find a qualitative difference in the 
pedestals of the recompressed pulses. The comparative 
results are presented in Fig. 8. Recompressed pulses of 
the best quality were achieved with the low dispersive 
TDG stretcher. Despite that the RDG stretcher has a 
slightly higher leading pedestal, its duration and height 
are substantially lower than those typically observed in 
sub-Petawatt Ti:sapphire laser systems.

We found that there are two types of pedestals observed 
at the leading front of the recompressed pulse: dependent 
on and independent of the B-integral accumulated in the 
system. The first one is generated via self-phase modula-
tion from the trailing pedestal (Fig. 9) and has a duration 
comparable with that of the stretched pulse. For instance, 
with RDG the leading pedestal, shown in Fig. 9, reached 
the ASE level at -40 ps. This pedestal was not observed 
with other stretchers when the duration of the stretched 
pulse was much shorter (15 ps). Another pedestal that 
have a much shorter duration of one to two picoseconds, 
were observed with all investigated configurations. In this 
case there is no correlation of the B-integral value with 
the height of the leading front. It is independent of disper-
sion management in the system. However in some cases, 
despite of absence of an angular chirp, or other reasons 
that might lead to a spatially inhomogeneous temporal dis-
tribution within the laser beam, the B-Integral depend on 
the beam aperture to be measured by the cross-correlator 
(Sequoia). Most probably the pedestal of this type is not 
observable at high peak power laser systems because it is 
masked by another one, dependent on SPM that is much 
higher and longer.

In all cases the trailing, slowly falling pedestal, lasts 
several tens of picoseconds, or substantially longer 
than the duration of the stretched pulse. It consists of 
a large number of post-pulses (inset, Fig. 9). The ori-
gin of the structures appearing at the trailing front is un-
clear. The same sequence of post pulses was observed 
with all available configurations of the system includ-
ing measurements taken with different types of cross- 
correlators used for the pulse characterization. In the 

optimized case we succeeded to reach a very short 
pedestal of <2 ps at the leading front of the laser pulse 
(blue curve in Fig. 8).  

T3: Power scaling of diode-pumped fs laser sys-
tems beyond Ti:sapphire

Laser damage studies of non-oxide mid-IR nonlinear 
crystals for optical parametric amplification

Laser damage presents one of the major limitations 
when applying nonlinear optical crystals for frequency 
conversion of existing coherent sources. The situation is 
most critical in frequency down-conversion of high ener-
gy and average power to longer wavelengths where no 
solid-state lasers exist. In parametric converters which 
require a single pump source the nonlinear process 
starts from quantum noise and the threshold is higher 
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compared to difference-frequency generation (DFG). 
In addition, traveling-wave schemes (without a cavity) 
such as OPGs (or OPAs) require yet higher pump in-
tensities. Often the threshold cannot be reached before 
damage occurs. Optical damage issues in nonlinear 
crystals are even more pronounced for down-conver-
sion into the mid-IR because (i) non-oxide crystals ex-
hibit smaller band-gap and inferior thermo-mechanical 
properties compared to oxides and (ii) the concentration 
of defects and residual absorption are always higher in 
such nonlinear crystals.

In the last years we performed extensive studies of 
the optical damage phenomenon in representative 
non-oxide crystals in dependence on few parameters: 
wavelength, pulse duration, repetition rate, spot size, 
surface coating etc. Here we present some examples 
for two ternary II-IV-V2 semiconductors with chalcopy-
rite structure which show one of the highest figures of 
merit. ZnGeP2 (ZGP) is the most commonly used crystal 
in the mid-IR. It is especially useful for pumping near  
2 µm by Ho-laser systems and its clear transparency ex-
tends up to about 8.5 µm. CdSiP2 (CSP) can be pumped 
down to about 1 µm but is transparent only up to about  
6.5 µm. Ultrashort pulse pumping near 1 µm might re-
sult, however, in some two-photon-absorption (TPA). 
For both crystals the nonlinear coefficient is of the or-
der of 80 pm/V. We compared the damage resistivity 
of CSP and ZGP at 1.064 and 2.09 µm under identical 
conditions [HKT14b], which include the growth technol-
ogy, the surface polishing procedure and the damage 
studies themselves.

Figure 10 shows damage test measurements at  
1.064 µm. The 0%-damage probability corresponds to 
0.27 J/cm2 in both crystals but 100 % probability is at  
1.4 J/cm2 for ZGP while only at 0.4 J/cm2 for CSP. Be-
cause of the limited number of tested sites, we calcu-
lated from the experimental data also average damage 
thresholds. At 1.064 µm, ZGP shows ~2-times higher 
surface damage threshold than CSP (0.704 against 
0.328 J/cm2 for 99 % damage probability). At 2.09 µm, 
this ratio is ~3.

A possibility to avoid the TPA issue in CSP for ultra-
short pulses is slightly shifting the pump wavelength 
by stimulated Raman scattering. Such an experi-
ment was realized at a repetition rate of 1 kHz un-
der non-critical phase-matching (Fig. 11). Seeding 
at the signal wavelength with a CW DFB laser di-
ode enabled ~25 fold narrowing of the signal/idler 
bandwidths, leading to a Fourier product of ~1.  

 
100-kHz OPCPA at 1.55 µm/3.1 µm

The large scale SAW project launched in 2012 is devot-
ed to the development of a high average power OPCPA 
system pumped with 1030-nm pulses at a repetition 
rate of 100 kHz with a dual output of 1.55-µm, carrier-
envelope phase (CEP)-stable and 3.1-µm, non-CEP 
stable beams. The present status of the OPCPA sys-
tem is shown in Fig. 12, where the black and red blocks 
indicate units already implemented and to be realized, 
respectively. The first OPCPA stage was implemented 
based on MgO-doped PPLN providing 1.5-μJ pulses at 

Fig. 10:   
Damage probability curves (R-on-1 test procedure) at 1.064 µm for uncoated CSP (a) and ZGP (b) crystals. At each step 
of fluence, the samples are irradiated for 1 min at 100 Hz (6000 shots). The fluence values are peak on-axial.
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Fig. 11:   
CSP OPG-OPA performance in double pass emitting 
idler pulses at ~4.64 µm under picosecond pumping at 
1.198 µm by Raman shifted pulses.
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pump pulse energy of 100 μJ and a gain of 7000. The 
high gain in the first stage did not lead to significant gain 
narrowing and the transform-limited pulse duration re-
mained below 35 fs, as shown in Fig. 13(a). The ampli-
fied pulses were compressed in AR-coated fused silica 
windows to 65 fs (c.f. Figs. 13(b) and 13(c)) with negli-
gible losses. Further chirp compensation will be accom-
plished by manual tuning of the pulse shaper. 

The free-running 1.55-μm Er-laser front-end exhibits a 
fairly large CEP jitter >20 rad (rms) within the 500 Hz 
– 50 MHz range, making even the conventional feed-
forward stabilization technique a fairly futile approach. 
We are currently optimizing a patent pending feed-
forward scheme with the goal of reaching an effective 
servo bandwidth well above 1 MHz needed to suppress 
CEP jitter to the few-100-mrad range. For optimization, 

Fig. 12:   
Present status of 100-kHz 1.55-µm/3.1-µm OPCPA system. The black and the red blocks indicate units implemented and 
to be ordered, respectively.

Fig. 13:   
Signal pulse spectrum at the input of the OPCPA and after compression in bulk fused silica (a). Measured (b) and re-
trieved (c) SHG-FROG traces for the 1.5-μJ amplified signal pulses compressed in bulk silica to 65 fs at FWHM.
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the CEP noise of the compressed output of the first OP-
CPA stage is characterized using spectral interferom-
etry performed on the output of an f-to-2f interferometer. 
Preliminary results are shown in Fig. 14, which indicate 
an rms variation in the single-radian regime.

 
1-kHz OPCPA at 5 µm

The second SAW project started in 2014 aimed at the 
development of a high energy (>1 mJ) OPCPA system 
at a repetition rate of 1 kHz with sub-100 fs pulses at  
5 µm. In the first year the main activities were devoted to 
the implementation of the synchronized seed channels 
and the pump line at 2 µm. In the frame of the latter part 
a millijoule regenerative amplifier based on Ho3+-doped 
active materials was developed.

As regenerative amplifier (RA) design we employ a 
ring cavity allowing to separate input and output port 
which implies operating the Pockels cell (RTP) in the 
λ/2 regime. Furthermore, the Faraday rotator, required 
in a linear cavity can be omitted. The antireflection-
coated, 0.5% Ho-doped YLF rod was end-pumped 
by an unpolarized cw Tm:fiber laser (IPG Photonics). 
The optical spectrum of the seed pulses (rep. rate:  
40 MHz) is centered at 2075 nm with a bandwidth of  
15 nm (FWHM). After passing a grating stretcher, puls-
es with 2 nJ energy and ~400 ps duration are injected 
into the RA.

Figure 15(a) shows the RA pulse energy in dependence 
on pump power for 1 and 10 kHz repetition rate. The 
highest pulse energy of 2 mJ is achieved at 1 kHz cor-
responding to a net gain of ~60 dB. For the same pump 

Fig. 14:   
10-shot f-to-2f interferometer spectra recorded after amplification in an OPCPA without (a) and with stabilization (b).

Fig. 15:   
Ho:YLF regenerative amplifier: (a) pulse energy dependence on the pump power for 31 round trips, Inset: far-field beam 
profile; (b) emission spectrum.
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power level of 23 W the pulse energy amounts to 0.23 
mJ at 10 kHz giving the maximum average power of 2.3 
W. Analyzing the amplified pulse train by means of a 
12 GHz photodiode the detected trailing “satellite” pulse 
is separated by ~11 ns and almost suppressed with a 
pulse contrast of >27 dB. The generated spatial beam 
profile exhibits the TEM00 mode with M2 < 1.3, inset Fig. 
15(a).

Contrary to the typically applied orientation [A. Der-
gachev, SPIE Proc. 8599 (2013) 85990B-1], the Ho:YLF 
crystal is oriented for a polarization perpendicular to the 
c-axis (E ⊥ c) in order to better match the RA gain to the 
seed spectrum. As a consequence, the gain maximum 
is located at 2060 nm (E || c: 2050 nm), confirmed by 
the recorded emission spectrum as shown in Fig. 15(b). 
The spectral bandwidth amounts to 2.5 nm (FWHM), 
mainly limited by gain narrowing in the Ho:YLF RA. The 
pulse duration measured with a commercial autocorre-
lator (APE) was 40 ps. The emission spectrum supports 
pulse durations of ~2 ps, however, pulse compression 
was not implemented yet. Notwithstanding the per-
formed operation at E ⊥ c crystal orientation, exhibit-
ing the lower emission cross section compared to E || c, 
higher pulse energies are achieved compared to [A. 
Dergachev, SPIE Proc. 8599 (2013) 85990B-1].

In 2015, further scaling of pulse energy and average 
power of the 2 µm pump channel and its application as 
pump source for fs mid-IR parametric amplifiers will be 
performed.
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2.1: Laser Plasma Dynamics and Particle Acceleration
M. Schnürer (project coordinator)
and A. A. Andreev (also at Vavilov State Optical Institute, St. Petersburg, Russia), J. Bränzel, Ch. Koschitzki, F. Abicht 
(guest since June 2014), P. V. Nickles (guest)

1. Overview

The main goal of the project is the investigation and op-
timization of the dynamics in laser-plasma particle ac-
celerators. Acceleration is based on the interaction of 
an intense ultra-short laser pulse with plasma. The re-
search is maintained by 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 topics:

a) The first topic about relativistic plasma dynamics fo-
cuses on the investigation of laser driven ion/proton ac-
celeration. Research concentrates on a detailed study 
of energy transfer processes in relativistic plasmas, 
including effects of collective electron motion in ultra-
strong laser fields. Combination of different target struc-
tures and laser parameters has led to the identification 
of different laser acceleration processes. Recent results 
have been obtained concerning efficient acceleration of 
heavy ions. This will have an impact on future research 
options, especially at larger scale laser facilities aiming 
for application in nuclear and astro-physical research.

MBI is part of the national DFG Transregio 18 collabora-
tion, comprising the major German laboratories in the 
field of relativistic plasma dynamics. There, laser driv-
en ion and electron acceleration is being studied over 
a wide range of laser parameters, with applications in 
plasma physics.

In the third period of the Transregio 18 which started 
in January 2013, the two-beam Ti:sapphire laser facility 
in the High-Field Laser Laboratory at MBI has already 
enabled complex pump-probe experiments. During 
2014 experimental projects using the 70 TW and 100 
TW-laser in parallel were performed.

The dual beam MBI system represents the experimen-
tal base for novel particle acceleration and short wave-
length radiation experiments. Achievable intensities of 
the order of 1020 W/cm2 allow the investigation of radia-
tion pressure dominated processes. New target sys-
tems, such as, e.g., mass-limited targets and ultra-thin 
foil targets, are in the focus of ion acceleration research 
as they enable a higher energy transfer efficiency. Sur-
prising results were achieved with ultra-thin foils sup-
porting a heavy metal layer, enabling efficient laser plas-
ma driven heavy ion acceleration. All experiments rely 
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. The 

in-house target lab developed methods to produce free-
standing polymer and metal foils in the nm range, as well 
as freestanding two component targets (metal coated 
ultra-thin polymer foils). The new targets and characteri-
zation methods provide a principal background for the 
interaction experiments exploring efficient acceleration 
schemes. Recent research raised the importance of tar-
gets optimized for particular laser parameters. Further-
more, new acceleration schemes can be explored by 
the use of specially designed targets. Laser-machined 
and structured target systems are an upcoming topic of 
our in-house and international cooperation.

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 in operation. Additional 
technology has been implemented (cf. Project 4.2) to 
grant full access up to the calculated shielding limits. 
The development of stable acceleration schemes is a 
key requirement for new brilliant X-ray sources and elec-
tron accelerators. In 2014 several important diagnostics 
such as novel magnet spectrometer, laser – gas inter-
action via interferometer monitoring have been used in 
experiments and parameter scans for acceleration ex- 
periments quantify the current accelerator setup. Several 
bottlenecks of the driver laser have been identified and 
solved. A novel laser based electron injection scheme 
has been setup which will be investigated in 2015.     
  

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 18, project supported by the DFG; 
plasma theory: V. T. Tikhonchuk (CELIA, Université 
Bordeaux 1, France); experiment: A. Zigler (Hebrew 
University, Jerusalem, Israel), S. Ter-Avetisyan (GIST, 
Korea), P. Gibbon (Jülich Supercomputing Center),  
V. Malka (LOA, France), D. Batani (Univ. Milano, Italy), 
T. Sokollik (Key Laboratory for Laser Plasmas, Shang-
hai Jiao Tong University, China).
In-house-collaborations with Projects 1.2, 3.2, 3.3, and 4.2.

T2: Electron acceleration

Transregio 18 partners: Univ. Düsseldorf, Univ. Jena, 
LMU München, MPQ Garching; experiment: S. Steinke 
(LBNL, USA); theory: L. Yu (Key Laboratory for Laser 
Plasmas, Shanghai Jiao Tong University, China).
In-house collaborations with Projects 1.2, 3.2, and 3.3.
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3. Results in 2014

T1: Relativistic laser plasmas and ion acceleration 

Longitudinal streak imaging of strong fields at plasma-
vacuum interfaces
 
If an intense (intensity I > 1018 W/cm2) and ultra-short 
laser pulse interacts with a solid surface, a thin plasma 
layer is formed and the strong electromagnetic fields of 
the light pulse create charge separation and electron 
currents. Strong electric and magnetic fields are created 
which have a specific direction and temporal duration. 
These fields are important to study because they initi-
ate ion acceleration out of the plasma layer and, thus, 
formation of ion pulses with attractive properties.

The arrangement in longitudinal imaging is displayed in 
Fig. 1. A probe beam of protons traverses a laser irradi-
ated foil along its surface normal. Fields acting along the 
surface normal change the energy of the probing proton 
whereas fields oriented perpendicular change the direc-
tion of the proton beam. The term streak is used for a 
continuously temporal recording of an observable – in 
our case the deflection of the proton probe in one spa-
tial dimension (1 D-imaging). In the experiment we gain 
the temporal information from the kinetic energies of the 
probing protons. These energies cover a broad band 
and are perfectly chirped in time. Therefore, the interac-
tion time of protons with different kinetic energy is well 
defined. The encoding of the time-coordinate is done via 
kinetic energy measurement with a magnet spectrom-
eter (Thomsonspectrometer). In order to discriminate 
the spatial deflection a grating divides the probe beam 
in stripes which have to be aligned parallel to the disper-
sion direction of the magnet.

As illustrated in Fig. 1 radial electric and magnetic fields 
can cause the spatial deflection of the proton probe 
beam. Upon the deflection direction field discrimination 
is possible in some cases.

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 architecture 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 (cf. Project 4.2, HFL).

In laser driven ion acceleration the temporal contrast of 
the laser pulse is an essential parameter to steer the 
acceleration fields and the ion beam formation. We 
pursued investigation with laser irradiated nm thin foils 
which have turned out to provide an efficient transforma-
tion from laser to ion kinetic energy. Furthermore, thin 
foils reduce the scattering of probing protons passing 
through the foil in the longitudinal probing geometry.

An example of such a pump-probe investigation is 
shown in Fig. 2. The results demonstrate the change 
of field components when different temporal contrast of 
the laser is applied. Lower contrast values favour mag-
netic field generation being different at front and rear. A 
high contrast results in symmetric magnetic fields which 
compensate probe beam deflection. But this does not 
hold for radial electric fields which cause deflection in 
the same direction at rear and front side [APB].

Efficient acceleration of heavy ions due to a Coulomb boost 
mechanism

While the laser plasma driven acceleration of light ions 
(H,C,O) has been investigated intensively during the last 
years, little is reported on acceleration of heavier ions. 
The study of nuclear and astrophysical problems as 
well as radio therapy can make use of heavy ion pulses 
with kinetic energies (few ten MeV per nucleon). For the 
planned new powerful laser infrastructures (ELI) laser 
driven acceleration of heavy ions is a strategic option. 
Therefore, the question about heavy ion acceleration 

Fig. 1:   
Experimental setup of the longitudinal proton probing 
of a laser irradiated thin foil. 

Fig. 2:   
Proton probing of a “pumped” 30 nm formvar foil with 
inserted beam mask: (a) – outward bending (pump 
laser with contrast level of ASE ~ 10-10) indicates ra-
dial electrical fields, (b) – inward bending (pump laser 
with contrast level of ASE ~ 10-9) shows deflection due 
to an effective magnetic field, calculated iso-contour 
lines illustrate the effect.
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schemes and its laser energy to particle kinetic energy 
conversion efficiency becomes crucial concerning its 
design, the scientific perspectives and investment costs.

Common laser plasma driven acceleration models as-
sume an average degree of ionization leading to a fixed 
electron density which creates the driving electrical field 
for the (heavy) ion acceleration. Ions are accelerated 
proportional to their charge to mass ratio Z/A leading 
to higher MeV/u for the lighter material. Screening ef-
fects by lighter ions reduce the energy per nucleon sig-
nificantly for the heavier ions. So far the acceleration 
of the heavy material depended on a high laser energy  
(> 10 J) and a demanding target preparation to remove 
the contamination layer of light material. We developed 
a target method, enabling the production of freestanding 
heavy material (e.g. Gold) foils in the thickness range of 
~ 10 nm, as well two component targets consisting of 
an freestanding polymer foil ~ 7 - 300 nm and an ultra- 
thin heavy material coating (in the nm range). With  
these targets we obtained for the first time heavy ions 
with > 1 MeV/u in presence of the contamination layer by 
using only 1.3 J laser energy on target. While the maxi-
mum kinetic energy EMax kin for hydrogen reach 12 MeV/u 
and 4.2 MeV/u for C6+ / 8+, the highest charged gold ion  
~ Au50+ follows with ~ 1 MeV/u.

We achieved similar results for accelerated gold ions 
with the coated polymer foils, indicating a general ac-
celeration mechanism which is independent of the pres-
ence of light ions. All experiments were performed at 
ultra-high laser contrast (< 10-14) with a laser peak inten-
sity of 8 x 1019 W/cm2. Theoretical numerical and analyti-
cal investigation was performed, studying the field and 
ionization distribution inside the target foil. Results of 
our 1D PIC lead to a spatial dependence of the heavy 
ion ionization, which enables a field enhancement at the 
plasma boundary. The heavy ions are accelerated by an 
additional contribution of the Coulomb explosion – inde-
pendent of the light ions.

2D PIC simulations reproduced the kinetic energy boost 
of the heavy ions which we found in our experiments  

 

very well, by using the spatial dependence of the heavy 
ion ionization. A comparison of the simulation and ex-
perimental results is shown in Fig. 3.

The found acceleration mechanism leads for the heavy 
ion acceleration to higher charge to kinetic energy scal-
ing compared to previous investigations.

Our results show for the first time heavy ion acceleration 
by using a laser system with pulse durations in the lower 
femtosecond range and small laser energy [BAP].

Theory for specific interaction concepts

For laser driven ion and electron acceleration it is im-
portant to study if and how a cascaded acceleration with 
several stages is possible. In order to reach the desired 
particle energy it is necessary to combine several laser 
beams. In 2D-PIC simulations and a developed analyti-
cal model for a cascaded acceleration scheme, laser 
pulses at intensities of (3 – 5) x 1019 W/cm2 irradiate two 
spatially separated targets consecutively. The simula-
tion shows a higher efficiency of the acceleration com-
pared to the case of a single target. It delivers higher 
proton energy at optimized parameters compared to the 
case of one laser pulse with summed up energy and 
its interaction with only one target. An important feature 
is a resulting nearly mono-energetic proton spectrum 
which is found as a “compression” of the energy distri-
bution function. Figure 4 shows a result of these studies. 
[ANP14b].

The highest efficiency is obtained if the laser pulses 
have a comparable intensity at each of the cascaded 
targets.

Another important aspect for all secondary (laser driven) 
radiation sources is connected to the energy transfer 
efficiency between the laser pulse and fast electrons 
[GAP14]. Fast electrons are responsible for the gen-
eration of bright X-ray flashes or the build-up of strong 

Fig. 4:   
Distribution functions of protons in accelerating field. 
Red dot line – initial distribution function (particle 
number per energy bin as a function of energy in arbi-
trary units). Blue solid line – distribution function after 
interaction.
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Fig. 3:   
Dependence of maximal ion energy on its ionization 
energy: experimental data – red squares, 2D – PIC 
simulation data – blue squares, established model so 
far – black line, developed new model – blue line. 

ionization degree Z
0         10        20        30        40        50        60

200

150

100

50

0

io
n 

en
er

gy
 [M

eV
]

50

40

30

20

10

0



46

charge separation fields for charged particle accelera-
tion. Especially targets with thin (range of few to few 
tens of nanometers) wires came into the focus of recent 
research as they deliver interesting transport properties, 
e.g., fast or hot (close to the velocity of light) electrons 
can follow bent surfaces. Hot electrons propagate with-
out essential (compared to a bulk target) energy losses 
along wires up to trajectory angles of ~ 10°. A bunch of 
wires can be tapered such that electrons are focussed 
into a spot with a diameter of the order of about 1 µm, 
less than the laser focus.The energy flux density of elec-
trons propagating along one nanowire is several times 
higher than the energy flux density of the laser pulse.

Focussing of electrons becomes very efficient if the tar-
get consists only of a few wires and if the initial width of 
the wire cone corresponds to the laser spot diameter. 
In this case the electron concentration becomes larger, 
the related Debye radius smaller which allows electron 
transport up to the coalescence point of the wires. A 
result of a numerical simulation of such a situation is 
shown in Fig. 5.

Using specific wire target structures the energy of the 
initial laser pulse can be transferred with an efficiency 
of up to a few percent into fast electrons. They are able 
to carry energy over long distances along wires and a 
very high energy density can be achieved in case of wire 
combination [ANP14a].

T2: Electron acceleration

Over the past 10 years the field of Laser Wakefield Ac-
celeration (LWFA) has demonstrated the acceleration 
of electrons with acceleration gradients of the order of 
some 100 GeV per meter. As scaling laws hold, acceler-

ations of up to 10 GeV in a few centimeter structures are 
being approached and 4 GeV bunches have been dem-
onstrated with a Petawatt Laser System at Lawrence 
Berkeley Lab. As the energy of accelerated electrons 
becomes compatible with conventional accelerators, the 
quality of produced electron bunches becomes the most 
pressing issue. The quality parameters are transverse 
emittance, bunch length and energy spread. Looking at 
conventional injectors one lesson learned is, that one 
needs to accelerate the electron bunches from rest to 
a few 10 MeV as quickly as possible to avoid space 
charge, which would blow up a well confined bunch. 
This requires high acceleration gradients, which LWFA 
provides as described above.

The question to be answered is how to produce a highly 
confined electron bunch in a LWFA scheme. At MBI, 
we are currently working on tailoring density profiles to 
exploit the shockwave injection scheme. A simplified 
picture of LWFA is an electromagnetic driver (laser, 
charged particle beam) propagating in an under-dense 
plasma. This driver displaces electrons in its path caus-
ing a periodic wave structure of electron density follow-
ing the driver. The size or wavelength of this wakefield 
is given by the plasma density. The size increases with 
decreasing density. If the driver encounters a steep den-
sity down-gradient, the drop in density causes a sud-
den expansion of the wakefield. This provides a trapping  
 

Fig. 5:   
Spatial distribution of hot electrons (p/mec>1) in a wire 
target bent like a spiral with radius of 8 µm for Z= 1. 
Black colour is the ion core (at the initial moment, 
electron distribution is shown for the moments: 213 fs 
(blue) and 266 fs (red) after the start of the interaction. 
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Fig. 6:   
Interferogram of ionized gas region due to laser inter-
action and inferred gas density along laser propaga-
tion, marked shock front position.
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mechanism for background electrons. Since gas usu-
ally relaxes to equilibrium with the speed of sound, high 
density gradients can only be observed in supersonic 
gas flows. The Pictures show results from a quasi-static 
approach. The flow of supersonic de Laval nozzle is dis-
turbed with a sharp edge (Fig. 6).

While the gas flow is supersonic, the disturbed density 
distribution and a steep down ramp feature remain quasi 
static.

The down ramp can then be moved by repositioning the 
blade and the electron can be tuned and the accelera-
tion gradient be fitted. Figure 7 shows the obtained re-
sults and a gradient of 100 GeV/m can be inferred.

We have found stable regimes for different target types 
and can now routinely produce electrons up to 200 MeV 
(only limited by current target). Currently an f/15 Parab-
ola is installed and a (1/e²) 10 µm focal spot has been 
measured. This leads to an initial normalized vector po-
tential of maximal a0= 2.2 (I= 1 x 1019 W/cm2). For early 
2015 an experiment is setup to investigate injection on 
travelling shockwaves, which could be used as density 
gradient injector in subsonic gas target configurations.
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Fig. 7:   
Electron energy as a function of blade position and 
resulting acceleration length.
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2.2: Strong-field Few-body Physics
H. Rottke, O. Smirnova (project coordinators)
and A. Anderson, F. Bach, M. Baggash, W. Becker, S. Birkner, F. Bouakline, D. Brambila, F. Brauße, T. Bredtmann,  
U. Eichmann, S. Eilzer, F. Furch, A. Giree, A. Harvey, M. Y. Ivanov, J. Kaushal, F. Krecinic, S. Meise, J. Mikosch,  
K. Mildner-Spindler, D. B. Milošević, F. Morales Moreno, L. Plimak, K. Reininger, M. Richter, H. R. Reiss, A. Rouzée,  
C. P. Schulz, 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 ex-
citation of neutrals, on the forces exerted on these neu-
trals, and on the role played by molecular structure and 
dynamics. The strong field regime of interaction of light 
with matter is typically entered at light intensities beyond 
1013 Watt/cm2 in the infrared spectral range. There the 
electric field of the light wave starts to become compa-
rable with the inner-atomic/inner-molecular field expe-
rienced by the valence electrons. Based on the 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), C. Faria (City College London, UK), S. P. 
Goreslavski, S. V. Popruzhenko (National Research 
Nuclear University (MEPhi), Moscow, Russia), A. Saenz 
(HU Berlin), Y. Mairesse (CE-LIA, Université Bordeaux, 
France), N. Dudovich (Weizmann Institute, Rehovot, Is-
rael), J. Marangos (Imperial College, London, UK), X. 
J. Liu (Wuhan, Chinese Academy of Sciences, China),  
J. Chen (IAPCM, Beijing, China), T. Marchenko (Uni-

versité Pierre et Marie Curie, Paris, France), F. Lépine 
(Laboratoire de spectrometrie ionique, Villeurbanne, 
Fance), J. M. Bakker, G. Berden, B. Redlich (FOM-In-
stitute for Plasma Physics Rijnhuizen, The Netherlands), 
A. Stolow (Steacie Institute for Molecular Sciences, Na-
tional Research Council of Canada), M. M. Murnane, H. 
C. Kapteyn (JILA and Department of Physics, University 
of Colorado, USA), H. C. Bryant (Univ. of New Mexico), 
E. Brunetti, D. Jaroszynski (University of Strathclyde, 
Glasgow, UK), W. Chou (Fermilab, Warrenville, USA), F. 
Martín (Universidad Autónoma de Madrid, Spain).
In-house collaborations with Projects 2.1, 2.3, 4.1, and 
4.2 (HFL and FAL, G. Steinmeyer).

3. Results in 2014

High Harmonics Spectroscopy in molecules: Recon-
structing emission time for below threshold harmonics 
and electron localization

Atoms and molecules exposed to intense infrared (IR) 
laser fields can generate high harmonics of the driv-
ing IR field. This is well described by the semi-classical 
three step model which is valid as long as the energy of 
the emitted photon is higher than the ionization potential 
of the atom or molecule (the so-called above-threshold 
harmonics, ATH), and has been verified in many experi-
ments. 

The first step in this process, ionization, can be thought 
of as a pump step, where ionization triggers dynamics 
in the atom or molecule. The last step, recombination, 
then acts as a probe of these dynamics. The time the 
electron spends travelling in the continuum, guided by 
the laser field, corresponds to the time delay between 
the pump and the probe. For above threshold harmon-
ics, and when the so-called short-trajectories dominate 
the spectra, it is possible to map the pump-probe delay 
into the harmonic number: lower harmonics are associ-
ated with smaller time delays, while higher harmonics 
are associated with larger time delays.

This time-frequency mapping is the key principle of High 
Harmonic Spectroscopy, as different harmonics that re-
combine at different moments of time, carry information 
about the dynamics that took place between the instant 
of ionization and recombination.

Is it possible to extend the principle of time-frequency 
mapping to near-threshold or below-threshold harmon-
ics (BTH)? Knowledge about the generating process 
of near and below threshold harmonics is essential for 
understanding the mechanism of lower-order nonlineari-
ties in strong laser fields, for producing vacuum-ultravi-
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olet frequency combs, and for extending high harmonic 
spectroscopy from the gas to the condensed phase, 
where above threshold harmonics are hard to generate 
and propagate. Pioneering theoretical [4] and XFROG 
(XUV frequency resolved optical gating) studies [5] have 
already suggested that the emission of BTH is not as-
sociated with short trajectories, which would mean that 
the standard time-energy mapping is not applicable for 
BTH.

In our work [RMR14] we have introduced a reconstruc-
tion method that takes advantage of the ultrafast Cou-
lomb explosion that is triggered by ionization of a mol-
ecule, to time resolve the emission of specific near and 
below threshold harmonics.
 
We have performed correlated electron-nuclear dynam-
ics simulations for the molecular ions H2

+, D2
+, and T2

+ in 
the presence of an intense infrared (800 nm) laser field. 
For this we have solved numerically the TDSE on a two-
dimensional grid (z,R), where z is the electronic coordi-
nate, parallel to the linear polarization axis of the field, 
and R is the internuclear distance [SCR13]. In order to 
obtain high harmonic (HH) spectra, we have calculated 
the time-dependent dipole at each time step:

    (1)

Here 𝒪=∂zV(z,R,t)+E(t) is the dipole operator in accel-
eration form, and the integration is performed over both 
coordinates, the electronic (z) and the nuclear (R). The 
harmonic spectra, |d

..
(ω)|2, are obtained from the square 

of the Fourier transform of the time-dependent dipole  
d
..

(t). For interpretation purposes, we have applied the 
closure relation in order to decompose the total dipole, 
as described in [RMR14], using the complete set of vi-
brational states, χν(R), of the electronic ground state 
1sσg of H2

+. Equation (1) then becomes:
     
 
     

     (2)

Equation (2) also implies that d
..
(ω)=∑νd

..
ν(ω). Each in-

dividual term |d
..
ν(ω)|2 represents the harmonic spectrum 

associated with a specific vibrational channel ν. Since 
we have used a complete basis set, the total harmonic 
spectrum results from the coherent sum of the vibration-
ally resolved spectra,     

                  (3)

 
In Fig. 1, we present the total HH spectra calculated for 
three isotopic model systems, H2

+, D2
+ and T2

+, using a 
five-cycle 800 nm laser pulse. We notice minima in the 
HH signal near and below the ionization threshold, be-
tween H13 and H19, depending on the generating mol-
ecule. In order to gain insight on this feature, we ana-
lyzed the dipole response, resolved in vibrational states 

(Equation (2)): the total signal is dominated by the con-
tributions of the v=0, v=1 and v=2 vibrational channels. 
During the first few laser cycles, the molecular vibration-
al states are populated, via Raman transitions, leading 
to harmonic generation coming from these states. The 
partially resolved signal, and the relative phase between 
the vibrational channels, reveals that the minima in Fig. 1 
is due to the destructive interference between the v=0 
and v=1, and between v=0 and v=2 levels.

The interference between the different harmonic chan-
nels is controlled by the relative phase accumulated be-
tween ionization and recombination: the interference will 
be destructive when ∆Ip∆τ= π. Here ∆Ip is the difference 
between the ionization potentials of the states and ∆τ is 
the time between ionization and recombination. Given 
that strong field ionization is exponentially sensitive to 
the ionization potential, the ionization potentials are cal-
culated at the equilibrium distance for v=0, and at the 
turning points for v=1 and v=2, where the wave func-
tion is larger and the ionization potential is lower. For 
H2

+ and T2
+ the calculated values of ∆τ are 0.15 T and  

0.20 T respectively (T being the laser period). These 
reconstructed emission times suggest that short trajec-
tories are responsible for these harmonics (∆τ<T/2). 
This is further confirmed by a Gabor analysis of the time 
dependent dipole, which reveals that (i) short trajecto-
ries are suppressed due to the fast Coulomb explosion, 
and (ii) the dipole response follows Lewenstein’s semi-
classical theory.

From the same Lewenstein model one can easily 
evaluate the same delay for the BTH, getting values of  
0.13 T and 0.20 T, which are in excellent agreement 
with the estimates above. 

In conclusion we show that our reconstruction scheme, 
based on the fast nuclear motion after ionization, allows 
us to peek into the nature of near and below threshold 
harmonics, and confirms that they follow the semiclassi-
cal description of harmonic generation.

Fig. 1:   
Total harmonic spectra for H2

+, D2
+ and T2

+ for a 5 cy-
cles laser pulse with a sin2 envelope, a wavelength of 
λ= 800 nm, and an intensity of I = 3 x 1014 W/cm2. The 
solid vertical lines indicate the ionization threshold and 
the cutoff energy. Red curves are the results for H2

+, 
green for D2

+ and black for T2
+.
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High harmonic spectroscopy of electron localization in 
the hydrogen molecular ion

The interaction of a laser pulse with a centrally symmet-
ric medium, such as an isotropic gas of atoms or homo-
nuclear molecules, leads to the generation of harmonic 
emission which contains exclusively odd harmonics  
of the incident field. This result is the consequence  
of both the central symmetry of the medium and the  
temporal symmetry of the oscillating electric field,  
E(tπ/ωl)=-E(t), where ωl is the laser frequency. In the 
case of oriented heteronuclear molecules, the spatial 
symmetry no longer holds and both odd and even har-
monics become allowed.

We show [MRR14], by solving the time-dependent 
Schrödinger equation (TDSE) for H2

+, D2
+, and T2

+, that 
even-order harmonic generation is also possible for suf-
ficiently long infrared (IR) laser pulses in homonuclear, 
centrally symmetric molecules. Our analysis reveals that 
electron localization, which is induced by the interplay 
of the electronic and nuclear motion driven by the laser 
field, leads to the generation of even harmonics, reflect-
ing the asymmetric charge distribution associated with 
electron localization.

Panel b) of Fig. 2 shows the total HH spectrum for H2
+, 

using a ten-cycle laser pulse. Here we find a new, re-
markable feature: the appearance of even-order har-
monic peaks, especially pronounced between H17 and 
H35. The same even harmonics are generated by the 
D2

+ ion, however, with much lower intensity. For T2
+, the 

even harmonics are absent. 

Panel a) of Fig. 2 shows the vibrational states and a few 
lowest dissociative states χν(R) associated with the elec-
tronic ground state of H2

+. We have used these states to 
calculate vibrationally resolved HH spectra as described 
in equation (2). These spectra are depicted in panel b) 
of Fig. 2. One can see that the largest contribution to 
the odd harmonic peaks comes from the lowest vibra-
tional channels. In contrast, the even-order harmonics 
are built up by the contribution of higher-lying vibra-
tional states, even dissociative ones, suggesting that 
these harmonics are created at internuclear distances 
significantly larger than the equilibrium distance. This 
is possible because, as described in [SCR13], the IR 
field creates a vibrational wave packet in the 1sσg state 
that evolves to larger internuclear distances before the 
electron is efficiently ejected. As a consequence, when 
the ejected electron comes back, it can recombine with 
a vibrationally excited H2

+ molecule. When the  nuclear 
wave packet reaches R ≈ 3.4 a.u. and R ≈ 5.2 a.u., the 
energy difference between the 1sσg and 2pσu states 
becomes resonant with absorption of three and one IR 
photons, respectively. As the probability of absorption is 
large due to the high intensity of the IR field, a coher-
ent superposition of the 1sσg and 2pσu states is created, 
leading to electron localization, which breaks the sym-
metry of the electron density and produces the emission 
of even harmonics. 

Our work shows how HHG and, in particular, the appear-
ance of even-order harmonics, can be used to probe 
ultrafast, laser-induced correlated electron-nuclear dy-

namics in homonuclear diatomic molecules and, in gen-
eral, in molecules with inversion symmetry. It also sug-
gests that HHG might eventually be used to study laser-
induced charge transfer in symmetric molecules, where 
the sub-femtosecond response of the electronic charge 
affects femtosecond time-scale chemical dynamics.

 

Sub-femtosecond control at conical intersections

Nonadiabatic processes play a fundamental role in the 
understanding of photochemical processes in excited 
polyatomic molecules. A particularly interesting and 
important example is that of radiationless electronic re-
laxation achieved via ultrafast internal conversion of the 
electronic excess energy into nuclear motion at conical 
intersections (CIs). Nowadays not only the existence but 
also the great relevance of CIs is recognized – they play 
a fundamental role in the stability of DNA with respect to 
ultraviolet irradiation, or in the primary photoisomeriza-
tion event in vision, to name but two prominent exam-
ples.
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Fig. 2:   
Panel a) shows the vibrational states (blue) and a few 
lowest dissociative states (red) of the ground electron-
ic state of H2

+. Panel b): The black line shows the total 
high harmonic spectrum for H2

+ and pulse duration of 
10 cycles, with the same laser parameters as in Fig. 1, 
otherwise. The blue and red curves are the vibration-
ally resolved HH spectra as described in the text. The 
color of the curve indicates the state (shown in panel 
a)) used for the calculation. For the curves, the same 
color convention is used as in panel a): red for disso-
ciative and blue for bound vibrational states.
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NO2 is a prototypical molecule for which electronic re-
laxation due to nonadiabatic transitions has been ob-
served both theoretically and experimentally on the fem-
tosecond time scale. Recently, it has been suggested 
that high-harmonic spectroscopy can be used as a tool 
to probe the ultrafast electron dynamics in nonadiabatic 
processes [WBF11]. For this a pump pulse is employed 
to photo-excite a wave packet in the neutral, which sub-
sequently moves towards the CI region and crosses it. 
The change of the electronic character of the molecular 
system, due to the efficient nonadiabatic transition at the 
CI, can then be recorded in the high-harmonic signal de-
tected for different time delays between the pump pulse 
and the intense probe pulse driving the HHG process. 
Importantly, in order to be able to interpret the experi-
mentally obtained high harmonic spectra accurately, it is 
indispensable to study the light field induced modifica-
tions of the molecular system caused by the irradiating 
laser pulse driving the HHG process. Moreover, it has 
been shown previously that the laser-induced modifica-
tions can be used to control the coupled electron-nucle-
ar dynamics and thus steer chemical reactions.

We have simulated multidimensional coupled electron-
nuclear wave packet dynamics in the vicinity of the  
X ̃ 2A1/A ̃2B2 CI of NO2. Our numerical calculations show 
that we can control these dynamics on a sub-femtosec-
ond time scale, by exposing the molecular system to a 
well-timed ultrashort intense near-infrared laser pulse. 
Figure 3 shows the field-free evolution of the popula-
tion in the electronically excited state A ̃2B2 of NO2 (red 
line) upon δ-excitation from the ground state. We can 
see that the excited state population drops considerably 
at t ≈ 5 fs, when the nuclear wave packet crosses the 
CI region for the first time. The nonadiabatic transition 
to the ground state X2̃A1 takes place in only ~ 6 fs as 

is indicated by the vertical green lines. Next we want to 
study the influence of an intense laser field on the cou-
pled electron-nuclear dynamics. Importantly, we use a 
laser pulse with a time period comparable to the charac-
teristic time that the nuclear wave packet needs to pass 
through the CI region. For this we apply the 1600 nm 
laser pulse shown in Fig. 4, at the moment the nuclear 
wave packet crosses the CI region (indicated by the ver-
tical green lines). Our simulations reveal that the laser-
induced modifications of the CI topology do not only 
sculpt the nuclear wave packet while passing through 
the CI region, but also alter the subsequent laser-free 
evolution of the molecular system effectively, see Fig. 3. 
In Fig. 3 we also show the dependence of the popula-
tion evolution on the carrier-envelope phase (CEP) of 
the irradiating pulse, obtained for the pulses with differ-
ent CEP values plotted in Fig. 4.

The strong-field approximation and low-energy above-
threshold ionization

According to simple tunnelling models, the low-energy 
regime of above-threshold ionization (ATI) (with ener-
gies below and much below the ponderomotive energy 
Up) is rather structureless and boring. However, recent 
experiments at mid-infrared wavelengths have revealed 
various unexpected features in this so far neglected re-
gime. The quantum-mechanical strong-field approxima-
tion (SFA) (including both the direct and the rescattered 
electrons) has been considered inappropriate for elec-
trons of very low energy since it allows for at most one 
interaction of the liberated electron with the Coulomb 
field. However, a recent numerical evaluation of the SFA 
[GHL13] did yield a satisfactory description of the low-
energy structure (LES). The origin of this surprising re-
sult has now been traced to the orbits of the so-called 
classical simple-man model. The SFA ionization ampli-

Fig. 3:   
Field-free evolution of the adiabatic population (AP) 
of the excited state of NO2 (―) and the laser-modified 
evolution of the excited state, obtained for the differ-
ent pulses shown in figure 4 with a carrier- envelope 
phase of 0 (--), -π/4 (--), -π/2 (--), a wavelength of 
1600 nm and a peak intensity of 5.6 x 1013 W/cm2. The 
green vertical lines indicate the 6 fs full width at half 
maximum of the pulse shown in Fig. 4.
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Fig. 4:   
Different pulses used to calculate the laser-modified 
evolution of the excited state in NO2 shown in Fig. 3. 
Pulse with a wavelength of 1600 nm, a peak intensity 
of 5.6 x 1013 W/cm2, and a carrier-envelope phase of  
0 (―), -π/4 (―), -π/2 (―). The green vertical lines in-
dicate the 6 fs full width at half maximum of the pulse.
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tude can be decomposed in terms of the quantum ver-
sion of the classical orbits of an electron, which is taken 
in the presence of the laser field only, except for at most 
one scattering event off the Coulomb potential.

It turns out that the LES is generated by energy cutoffs 
of forward-scattering orbits (normally, only backward 
scattering orbits have been considered, which form 
the ATI plateau at high energy). In the simplest ap-
proximation, their positions are at En = 8Up/[(2n+1)2π2]  
(n = 1, 2, ...), in agreement with the soft-recollision mod-
el [KSR12]. The contributions of low-energy forward 
scattering are strongly enhanced by the large (actually, 
divergent) Coulomb forward scattering cross section so 
that they can overcome the smooth contribution of the 
direct electrons. Figure 5 depicts the partial amplitudes 
of the lowest 7 orbits (n = 1, ... 7), which exhibit the LES 
energies.

For a complete picture, Fig. 6 presents the (focal-aver-
aged) velocity map for ionization of argon by a linearly 
polarized laser pulse. The calculation includes the di-
rect electrons and those rescattered in any direction. 
The LES can be identified on either side of the origin 
along the (vertical) field axis. Pronounced arcs emerge 
from the LES, which form the pattern of a fork with two 
outer prongs and a split middle prong. Close to the field 
axis, spider-like holographic structures can be observed 
[HLG11]. The left-hand side of Fig. 6 is for an infinitely 
long pulse; on the right-hand side, which is for a short 
pulse (11 fs FWHM), all structures but for the spider 
have been washed out. More detailed results can be 
found in [MMS14, BGM14].

Foundations of Strong-Field Physics

Within the context of relativistic strong-field physics it 
has long been known that the rest energy of an elec-
tron experiences an increase from mc2 to mc2 +2Up when 
the electron is in a strong laser field, where Up is the  

ponderomotive energy of the electron in the field. It is 
also known that this “intense-field added mass” does 
not arise in any finite order of perturbation theory; it is 
exclusively a feature of nonperturbatively strong fields. 
The origin of this added mass has always been a mys-
tery. It has recently been shown [Rei14a] that if the 
electron acquires the energy Up from the photons of the 
field, and also adds the momentum Up/c associated with 
those photons, then the “mass shell” of the electron (the 
energy-momentum relation for the electron) shows ex-
actly the intense-field added mass. In other words, the 
electron in the field behaves as a composite of the bare 
electron plus the energy and momentum of the number 
of photons associated with the energy Up. The implica-
tion is that Up is a potential energy. This is in contrast to 
the behavior of an electron in an oscillatory electric field, 
which induces a “quiver energy” of the amount Up, which 
is thus a kinetic and not a potential energy. This is there-
fore another funda-mental difference of effects arising 
from longitudinal (quasistatic electric) fields as opposed 
to the behavior of an electron in transverse (propagat-
ing) fields such as laser fields.

A recent basic result pertaining to atomic ionization by 
laser fields is that the dipole approximation fails com-
pletely at low field frequencies [Rei14b]. An important 
consequence is that the ionization process does not 
possess a zero-frequency limit. As the frequency of a 
propagating field declines, it behaves as a very long-
wavelength radio-frequency field and not as a constant 
electric field. This has important consequences, one of 
which is that the criterion frequently applied to analyti-
cal theories of ionization that the theory should reduce 
to a constant-electric-field result as the frequency ap-
proaches zero is a fundamentally flawed consideration. 
Other results are that the well-known Keldysh param-
eter cannot be regarded as an “adiabaticity parameter”, 

Fig. 5:   
Differential ionization rates of Ar as functions of the 
electron energy in multiples of Up for a linearly polar-
ized laser field with intensity 2 x 1014 W/cm2 and wave-
length 2000 nm, obtained from the forward-scattering 
quantum orbits n = 1,2,...7. The peaks correspond to 
the soft-recollision energies En [BGM14].
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and that numerical solution of the dipole-approximation 
Schrödinger equation does not apply to low-frequency 
ionization by laser fields.

Strong field ionization with few cycle laser pulses

At the begin of 2014 strong field ionization of small Hy-
drocarbon chains (n-Butane, 1,3-Butadiene) has been 
studied using the newly build reaction microscope in 
combination with the 400 kHz repetition rate laser sys-
tem. This laser system delivers sub-7 fs CEP stable 
pulses at 800 nm with a pulse energy of more than 4 µJ. 
By tight focusing an intensity of up to 1014 W/cm2 can be 
reached.

Our interest in strong field ionization (SFI) of molecules 
is among other things driven by the question whether 
the ionization proceeds via the ionic ground state only 
or also excited ionic states are populated directly during 
SFI. 1,3-Butadiene allows to distinguish the two excita-
tion schemes since its excited ionic states undergo frag-
mentation in contrast to the ionic ground which stays in-
tact. First experiments in 2012 have shown that indeed 
higher electronically excited ionic are directly populated 
in strong field ionization. Our measurements with the re-
action microscope not only confirm the earlier findings 
but also offer to determine angular distributions. By cor-
relating the parent or fragment ion with its photo electron 
by means of coincidence detection channel resolved 
photo electron angular distribution can be measure. We 
found clear evidence that photo electrons correlated to 
the parent and fragment ion originate from different mo-
lecular orbitals. Figure 7 (top) shows a mass spectrum 
where the parent ion and a number of ionic fragments 
are visible. In the bottom part of the Figure the differ-
ence between the momentum distribution of the photo 
electrons from the parent and fragment ion is shown.

The measured angular distributions from the recent ex-
periment represent an average over all molecular ori-
entations and therefore cannot be directly correlated to 
the ionized molecular orbital. In a new experimental run 
scheduled for 2015 measurements with aligned mole-
cules will be performed.

Laser induced electron diffraction of aligned CF3I mol-
ecules

The ionization of a molecule in a strong laser field leads 
to a photoelectron wavepacket that oscillates in the 
laser field and may re-collide with its parent ion.  The 
resulting diffraction pattern from elastically re-scattered 
high energy photoelectrons can be exploited to image 
the molecular structure with sub-angstrom spatial res-
olution. This technique, called laser-induced electron 
diffraction (LIED), was recently applied to randomly ori-
ented N2 and O2 molecules [BJD12].

The diffraction pattern that contains information about 
the molecular structure is partially washed out when 
experiments are performed in randomly aligned mo-
lecular samples. We have recently performed LIED ex-
periments on aligned CF3I molecules. In these experi-
ments, a periodic alignment and anti-alignment of the 
CI molecular axis was achieved by exciting a rotational 
wavepacket in the molecule with an ultrashort, 800 nm 
laser pulse. Molecules were then ionized  by a second 
strong NIR (800 nm) or mid-IR (1300 nm) laser pulse 
at time delays corresponding to the maximum of align-
ment and anti-alignment and the photoelectron angular 
distributions (PADs) were recorded using a velocity map 
imaging spectrometer.

A typical normalized difference of PADs taken between 
an aligned and anti-aligned molecular sample is shown 

Fig. 7:   
Top: Mass spectrum ob-
tained from strong field ioni-
zation of 1,3-Butadiene. The 
parent ion (blue) and a num-
ber of ionic fragments (red) 
are visible. The peaks for 
the ionic fragment are broad 
due their kinetic energy 
gained in the fragmentation 
process.
Bottom: Momentum map 
of the photoelectrons. To 
enhance the difference be-
tween the momentum map 
of electrons from the parent 
and fragment ions the two 
have been subtracted from 
each other after normaliza-
tion.
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Fig. 8 for a 1300 nm ionizing laser pulse, together with 
the result from a simulation of the expected diffraction 
pattern assuming the CF3I molecule as an effective two-
center scattering problem. In the simulation, the CF3 
group was considered as a single scattering center and 
the distance between the two scatters was assumed to 
be identical to the C-I bond length of 2.14 Å.  In order to 
calculate the final momentum distributions of the photo-
electrons, only classical electron dynamics in the strong 
laser field was considered. The model allows reproduc-
ing the oscillation along the laser polarization axis and 
confirms that the experimental PADs show diffraction ef-
fects that can be used to retrieve information about the 
molecular structure, such as the internuclear distance.

Strong-field ionization of aligned argon dimers

To a first approximation noble gas dimers may be 
viewed as two atomic electron emitters fixed at a spe-
cific internuclear separation when photoionized. The 
reason for this can be found in the fact that the bind-
ing potentials are extremely shallow due to small Van 
der Waals forces acting among the atomic constituents. 
They hardly influence the ground states of the constitu-
ent atoms. In strong-field photoionization one may thus 
expect some characteristic interference structure show-
ing up in a photoelectron momentum distribution due 
to two identical, nearly unperturbed electron emission 
centers held fixed at a certain separation.

We investigated this presumption by photoionizing 
aligned Ar2 dimers with high-intensity ultra-short laser 
pulses. An alignment of the dimers should help identify 
interference structures which would otherwise, at least 
partly, be washed out in an unaligned sample. The spe-
cific strong-field ionization process investigated was Ar2  

→ Ar2
++e. Photoelectrons from Ar2  → Ar + Ar+ + e, an 

ionization process also expected to be present, are not 
detected. With this choice we expected that mostly un-
gerade Ar2

+ states, which are expected to be more sta-
ble against dissociation, contribute to the photoelectron 
yield. Such an imbalance is necessary to observe an 
interference effect. Equal contributions to the photoelec-
tron yield from gerade/ungerade eigenstate pairs would 
erase any interference. 

We used impulsive alignment of the Ar2 dimer to be sure 
the laser pulse aligning Ar2 does not interfere with the Ar2 

strong field ionization [VBS14]. We measured the differ-
ential photoelectron yields Y(pz) for Ar and Ar2 simulta- 

Fig. 8:   
Comparison between 
experimental and simu-
lated PADs. Left: experi-
mental and simulated 
normalized difference of 
PADs recorded in CF3I 
following ionization by 
a 1014 W/cm2, 1300 nm 
laser field. Right: cut-
through along the laser 
polarization axis (verti-
cal axis).

Parallel spectrum Inverted (A-B)/(A+B)
1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0

px [a.u.]

p y
 [a

.u
.]

-2            -1            0              1             2

4

3

2

1

0

Yi
el

d 
[a

rb
. u

.]

1.0

0.5

0.0

-0.5

-1.0
0            1               2              3              4             5

p [a.u.]

Fig. 9:   
Measured photoelectron yield ratios
R(pz)= YAr2 (pz) / YAr (pz) for Ar2 and Ar projected on the 
momentum component pz along the direction of linear 
of polarization of the ionizing Ti:sapphire laser pulse 
for an aligned (lower figure) and an antialigned (upper 
figure) Ar2 sample (dots with error bars and the blue 
lines). The light intensity applied was ~ 2 x 1014 W/cm2. 
The red and green lines show the effect of interference 
one would expect using SFA and a simplified model to 
treat the dimer. The result is shown for two internuclear 
separations with the larger one representing the equilib-
rium internuclear separation of Ar2.
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neously using Ti:sapphire laser pulses (pulse width ~ 25 fs, 
intensity ~ 2 x 1014 W/cm2) for an aligned (||) and an 
anti-aligned (⊥) Ar2 sample. To highlight dimer features 
in the recorded photoelectron momentum distributions 
we divided the yields point wise. The results for the (||) 
and (⊥) samples are shown in Fig. 9. “Atomic” structures 
in the measured photoelectron momentum distributions 
are completely eliminated in the ratio. This indicates that 
Ar2 is very similar to Ar strong field ionization. For the (||) 
as well as for the (⊥) sample we observe a pronounced 
dependence of the ratio on the momentum component 
pz. However, only a small difference is found between 
(||) and (⊥) alignment. The main difference is located at 
large pz (|pz| > 1 au).

We used the strong field approximation (SFA) and a 
simple model for the dimer to analyze the experimental 
result. The SFA was restricted to only incorporate the di-
rectly emitted photoelectrons. This approach allowed us 
to derive a ratio function W(p⃗, R⃗), with R⃗  the vector con-
necting the atomic constituents of the dimer, which be-
comes completely independent of the atomic subtleties 
of the photoelectron momentum distributions [ABM08]. 
Based on this approach we calculated what to expect 
for the ratio R(pz) (Fig. 9) for the specific alignment we 
achieved in the experiment. The results are shown in 
Fig. 9 for two internuclear separations, with the red line 
representing R(pz) for the equilibrium internuclear sepa-
ration of Ar2 where the strong field ionization happens 
in the experiment. There are still quite significant differ-
ences between the experiment and this simplified theo-
retical approach. However, the observed suppression of 
the maximum of R(pz) near |pz| ~ 1.5 au for (⊥) alignment 
is also found in the calculation together with the main 
broad hump of R(pz) at pz = 0. A final analysis of the 
experimental results is still ongoing work.

Steering neutral atoms in strong laser fields

The frustrated tunnelling ionization model explains and 
elucidates the excitation of atoms in the tunnelling re-
gime of strong-field interaction [NGS08]. Moreover, it 
establishes the basis how to describe kinematic effects 
on neutral atoms in an intensity gradient such as it is 
present in a focused laser field or a standing wave light 
field [ENR09, EZE14]. Substantial momentum transfer 
to the atoms occurs on an fs time scale in an impulsive 
way. Recently, the kinematic effects have allowed for a 
new experimental twist in the context of the stability of 
Rydberg atoms in strong fields. It has been found that 
Rydberg states not only survive strong elliptically polar-
ized laser fields at high rates, but are also accelerated. 
The strength of the acceleration, observable via the de-
flection of atoms, can be taken as a measure of the in-
tensity the atom has survived [ESE13].

In the present experiments, we manipulate atomic mo-
tion in two time delayed strong laser fields in a cascaded 
way, where we introduce non symmetric acceleration by 
displacing the foci of the two laser beams on the order 
of the beam waist. This enables us to steer atoms via 
short pulse strong-field interaction. With the first linearly 
polarized laser beam we excite He atoms into Rydberg 
states. We use a direct detection technique of observe 
the deflection of the excited Rydberg atoms.

In Fig. 10, right column, panel a) we display the meas-
ured distribution of excited atoms on the detector. The 
Rydberg atoms are deflected in the strong radial inten-
sity gradient in the focus. We measure the projection of 
the radial deflection on the detector’s x axis. The laser 
beam is directed on the z axis towards positive values. 
After a time delay of 500 fs we apply a second elliptically 
polarized laser beam. If the foci of both lasers perfectly 
overlap, the surviving Rydberg atoms are addition-
ally symmetrically accelerated, see panel b) in the left 
column. By varying the spatial overlap of the two laser 
foci, we are able to control the deflection of the Rydberg 
atoms selectively. Depending on the displacement we 
are able to steer the acceleration to one or the other 
side (not shown), panel c) – f). The left panel shows the 
results of semi classical calculations, which are based 
on the frustrated tunnelling model and on the pondero-
motive acceleration. They are in accord with our experi-
mental data [EEi14].

Fig. 10:   
Steering atomic motion with fs laser pulses. The left 
column shows theoretical results, the right one experi-
mental results. Distribution of atoms on the detector 
after a) single laser pulse excitation; b) same as a) but 
with the second laser pulse applied, fully overlapping 
foci; c) - f): same as b) but foci displaced by 3, 7.5, 12, 
and 16.5 μm, respectively.
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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,  F. Furch, M. Galbraith, A. Giree, S. Han, A. Harvey, J. Hummert, D. Kandula,  
J. Klei, O. Kornilov, F. Krecinic, M. Kubin, J. Long, L. Medisauskas, J. Mikosch, F. Morales Moreno, S. Patchkovskii,  
H.-H. Ritze, H. Rottke, C. P. Schulz, B. Schütte, C. Smeenk, O. Smirnova, M. J. J. Vrakking, N. Zhavoronkov 

1. Overview

The main goal of Project 2.3 is to study real-time 
electronic and nuclear dynamics in simple and 
complex photochemical and photobiological processes 
involving the use of XUV laser pulses. 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, and 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 (attoseconds) with atomic–scale spatial 
resolution (Ångstroms) 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 
scrutinizing 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: Atoms, molecules and clusters in intense XUV 
pulses 

T3: Time-resolved XUV/X-ray spectroscopy of ultra-
fast molecular processes 

T4: Theory of attosecond multi-electron dynamics 
during XUV photoionization and its coupling to 
 nuclear motion.   

Collaborations with:  P. Johnsson (Lund University, 
Sweden), A. Rudenko (Kansas State University, USA),  
H. Chapman, J. Küpper (Center For Free-Electron 
Laser), H. Stapelfeldt (Aarhus University, Denmark),  
C. Bostedt (LCLS, USA), K. Ueda (Tohoku University, 
Japan); G. Sansone, M. Nisoli, F. Calegari (Politecnico 
de Milano, Italy), F. Lépine (Institut Lumière et Matière, 
France), S. Düsterer, D. Rolles (DESY), D. Holland (Sci-

ence and Technology Facility Council, UK), E. V. Gry-
zlova (Lomonosov Moscow State University, Russia),  
P. Wernet (Helmholtz-Zentrum Berlin für Materialien und 
Energie), M. Meyer (The European XFEL), L. Frasinski 
(Imperial College London, UK), L. Poletto (LUXOR, Ita-
ly), T. Fennel (Universität Rostock), M. Krikunova (Tech-
nische Universität Berlin), K. Varju (University of Sze-
ged, Hungary), L. Banares (Universidad Complutense 
de Madrid, Spain), N. M. Kabachnik (European XFEL), 
E. Pisanty (Imperial College London, UK), M.-E. Mad-
jet (Qatar Environment & Research Institute, Qatar),  
P. Decleva (Università di Trieste, Italy), H. S. Chakraborty 
(Northwest Missouri State University, USA), D. Strasser 
(The Hebrew University of Jerusalem, Israel), K. Schaf-
fer (Louisiana State University, USA).
In-house collaborations with Projects 1.1, 2.2, 3.1, and 4.1. 

3. Results in 2014

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

The highly non-linear interaction of an intense femtosec-
ond laser pulse with an atomic or molecular gas sam-
ple leads to the generation of new frequency compo-
nents via the process of high-order harmonic generation 
(HHG). In this process, the electron ejected via tunnel 
ionization is driven by the electric field and can recom-
bine with its parent ion. The recombination of the elec-
tron with the ion is responsible for the emission of a pho-
ton with an energy corresponding to the energy gained 
by the electron during its interaction with the electric 
field. Since the electron can reach hundreds of electron 
volts of quiver energy in the field, the emitted radiation is 
in the XUV and soft X-ray region of the electromagnetic 
spectrum. Therefore, this energy, that can reach a few 
hundreds electron volts, is converted to XUV photons. In 
the time domain, HHG leads to the generation of ultra-
short XUV pulses. Depending on the pulse duration of 
the driving laser field, an attosecond pulse train or an 
isolated attosecond pulse can be generated. The latter 
requires few-optical cycle NIR driving laser fields that 
can be obtained by special compression techniques, 
such as by pulse broadening in a rare gas-filled hollow-
core fiber. In collaboration with Project 1.1, we designed 
and installed in our attosecond pump-probe velocity 
map imaging spectrometer beamline a hollow-core fiber 
and a set of chirped mirrors to generate few-optical cy-
cle laser pulses. Starting from a commercial Ti:Sa laser 
system delivering 30 fs, 20 mJ laser pulses at 1 kHz rep-
etition rate, we achieved few-optical cycle laser pulses 
with 5 – 7 fs pulse duration [(see Fig. 1a)]. HOHG was 
implemented using the com-pressed pulse and the XUV 
spectrum was recorded using an XUV spectrometer. An 
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Fig. 2:   
Snapshots of the time-depen-
dent hole density, defined as 
the difference between the 
electronic density of the neu-
tral and the time-dependent 
electronic density of the ion, 
following ionization by an XUV 
pulse.

example is given in Fig. 1b) that displays the harmonic 
spectrum using Xe atoms as a generating gas with a  
30 fs long pulse and with a 7 fs, bandwidth limited pulse, 
respectively. A large broadening of the harmonics was 
observed, corresponding to a reduction of the number of 
pulses in the attosecond pulse train.

Attosecond XUV light sources provide a unique way to 
investigate the sub-femtosecond electron dynamics oc-
curring in atomic and molecular systems. At high pho-
ton energies, i.e. in the VUV/XUV domain, ionization of 
molecules involves a number of valence and innerva-
lence states and electron correlation and multielectron 
dynamics becomes increasingly important. As a result, 
photoionization of a molecule by a short XUV pulses 
can lead to an ultrafast charge transfer in the molecule 
that takes place on a sub-fs timescale. We investigated 
the electron dynamics following sudden removal of an 
electron from the HOMO-2 orbital of the benzene mol-
ecule. We demonstrated theoretically that, due to elec-
tron correlations, an ultrafast transfer of population from 
the initial hole created in the orbital HOMO-2 (1a2u) to 
the HOMO (1e1g) orbital, and a simultaneous excita-
tion from the HOMO (1e1g) to the doubly degenerate 
LUMO (1e2u) takes place, with an oscillation period of 
935 as. Figure 2 shows corresponding snapshots of the 
hole density along one full oscillation. One can see that 
the charge oscillations correspond to a variation of the 
hole density in and out of the carbon ring and therefore 
to a spatial “breathing motion” of the hole density on the 
attosecond timescale. One important issue concerning 

the observation of ultrafast charge migration in molecule 
is whether or not this pure electronic hole dynamics can 
survive the influence of the nuclear motion. Coupling be-
tween electronic and nuclear degrees of freedom gen-
erally leads to a rather fast decoherence of the initial 
electronic wavepacket. We have shown theoretically 
that in case of the benzene molecule, the hole dynam-
ics survives for several oscillation periods, making this 
molecule a good candidate for the observation of charge 
migration driven by electron correlation.

 
T2: Intense XUV pulses and attosecond XUV pump-
XUV probe applications

The ionization dynamics of clusters in intense XUV 
fields has been the subject of intense research for the 
last 15 years. One of the first experiments performed 
at the VUV free electron laser in Hamburg (the Tesla 
Test Facility, the precursor of FLASH) was carried out 
in large xenon clusters showing already very intrigu-
ing results, such as the formation of Xe8+ ions follow-
ing the ionization with 12.7 eV photons [WBC]. Since 
then, several experiments were carried out and the 
ionization and expansion dynamics of clusters by XUV 
fields is now understood as a three step process. In 
the first step, the interaction with the intense XUV field 
leads to a sequential multiphoton ionization process, 
where electrons from individual atoms are sequentially 
removed from the cluster. However, due to the increas-
ing positive cluster charge, the kinetic energy of subse-

Fig. 1:   
a) Retrieved temporal pulse 
profile from a SPIDER mea-
surement after pulse compres-
sion in a hollow-core fiber of 
a 30 fs, NIR pulse. b) HHG 
spectra recorded with a 30 fs 
driving pulse (black) and with 
a 7 fs driving pulse (blue).
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quently emitted electrons successively decreases. As a 
consequence, after sufficient outer ionization, electron 
emission is frustrated and a nanoplasma is formed in 
the cluster. In the last step, thermalization by evapora-
tive electron emission and electron-electron collision 
leads to the ejection of electrons with a characteristic 
thermal distribution in the photoelectron kinetic energy 
spectrum.  

Electron-ion recombination, a neutralization process 
that occurs in the nanoplasma phase, has been predict-
ed to play a crucial role in the cluster expansion result-
ing from the interaction with an intense XUV or X-ray 
laser pulse [AFe]. In previous experiments, recombi-
nation processes were inferred indirectly from the very 
low abundance of Xe ions in Xe-core Ar-shell systems 
and interpreted in terms of an efficient recombination 
process within the core [SAF14]. Recently, using the 
high-intensity HHG beamline at MBI, we investigated 
the ionization and fragmentation dynamics of clusters 
in intense XUV pulses. We were able to observe for 
the first time the formation of a large number of excited 
atoms during the cluster expansion [SCA14, SAF14]. 
In our experiment, excited atoms formed in the nano-
plasma by electron-ion recombination processes were 
reionized by a time-delayed, weak NIR laser pulse (see 
Fig. 3). By measuring the photoelectron and photoion 
spectra, we estimated that recombination takes place 
within the first 10 ps of the cluster expansion.

In multiphoton ionization processes, resonances play 
an important role in the determination of the ionization 

pathways and the final products, thus, controlling the 
resonances implies a control of the nonlinear process.

In the past 10 years, multiphoton ionization in XUV fields 
was solely limited to free electron laser (FEL) sources. 
Recently, the development of a high-intensity HHG 
beam line at the MBI has allowed performing such type 
of experiments using a table-top XUV source. The HHG 
beamline at the MBI can provide XUV energy in the inter-
action zone of up to 10 nJ energy with 15 fs pulse dura-
tion, leading to an intensity at the focus of 2 x 1012 W/cm2.

Using this source, we investigated the double ionization 
of Ar atoms by intense XUV fields. In our experiment, 
the excited states of Ar+ ions were populated by sequen-
tial absorption of two XUV photons and then probed by 
a time-delayed NIR laser pulse. By measuring Ar+ and 
Ar2+ yields as a function of the pump-probe time delay, 
a decrease of the Ar+ yield was observed, which was 
correlated to an enhancement of the Ar2+ yield. Using 
time-resolved photoelectron spectroscopy, we assigned 
the enhancement of the Ar2+ yield to the reionization by 
the NIR pulse of the Ar+ ions initially prepared in the Ry-
dberg series n=8 by a two XUV photon process, where 
the second photon resonantly coupled the Ar+ ground 
state to the Ar+ n=8 Rydberg series. Interestingly, at 
the time overlap between the XUV and NIR pulses, a 
large modulation of the Ar2+ yield was observed (arrows 
in Fig. 4). Preliminary calculations performed by solving 
the time-dependent Schrödinger equation suggest that 
the modulation is due to a Stark shift of the n=8 Rydberg 
series of the Ar+ ions by the NIR field. This experiment 

Fig. 3:   
Difference of electron momen-
tum distributions taken between 
a measurement with both XUV 
pump and NIR probe pulses and 
a XUV-only measurement. The 
relative delay between the XUV 
pump and NIR probe pulse was 
set to (a) 67 ps, (b) 133 ps and 
(c) 333 ps. (d) Corresponding 
angle-integrated kinetic energy 
spectra including also a measure-
ment at a delay of 5.2 ns. At long 
time delay, a clear peak appears 
at 0.6 eV that corresponds to the 
re-ionization of the Ar(5p) state by 
the NIR probe pulse. 
(e) Schematic representation of 
the process, where (1) the XUV 
pulse ionizes the cluster, leading 
to electron emission, recombina-
tion and Coulomb explosion of 
the outer layers (2). Next, the 
core expands hydrodynamically, 
and the NIR pulse reionizes excit-
ed atoms from recombination (3).
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is the first demonstration of Stark control over the XUV 
two-photon ionization process.

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

XUV ionization of molecules is a complex process often 
involving rearrangement of valence electrons and accom-
panied by breaking of chemical bonds on femtosecond 
time scales. This ultrafast dynamics and highly correlated 
character of most chemical bonds render inefficient tradi-
tional spectroscopic techniques and calls for application 
of novel methods, such as ultrafast time-resolved spec-
troscopy on femtosecond and attosecond time scales.

In a time-resolved experiment [EYK], we investigated 
XUV ionization of nitrogen molecules from its inner-
valence shell. In addition to being notorious for highly 
correlated electron dynamics, this problem has practical 
application in modeling XUV-driven chemistry in atmos-

pheres containing nitrogen, such as those of Earth and 
Titan. We employ the new time-compensating mono-
chromator beamline delivering short XUV pulses and 
combine it in pump-probe configuration with a moder-
ately strong IR pulse to follow dynamics of fragments 
created by the XUV ionization events. Analysis of ion 
kinetic energy release spectra (see Fig. 5) and corre-
sponding photoelectron spectra recorded as a function 
of pump-probe time delay allows us to establish for the 
first time the major dissociation channels of the inner-
valence ionization. The results are supported by state-
of-the-art ab initio calculation employing the emerging 
density matrix renormalization group technique, and 
demonstrate the importance of Rydberg orbitals in the 
description of the high lying ionic states involved. We 
conclude that inner-valence dissociative ionization of N2 
leads to excited N atoms with small reactivity as com-
pared to ionization of higher orbitals, thus suggesting 
that modifications to the current models of Titan’s atm-
posphere are required for correct description of the ac-
tion of XUV light from the sun.

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

Chemistry happens all around us. A chemical reaction is 
a rearrangement of atoms in and between molecules, the 
breaking of old and the formation of new bonds. The glue 
that binds atoms in molecules and creates the bonds be-
tween them is made out of valence electrons. While the 
motion of valence electrons is at the very heart of chemi-
cal reactions, only a small fraction among them partici-
pates actively. The valence electron charge transferred 
between the atoms is often just a fraction of the charge 
of an electron. And those that do participate, do it very 
quickly: the duration of many very important chemical 
processes, such as first steps in vision and light harvest-
ing, is measured in only tens to a hundred of femtosec-
onds. First, one needs a camera with exquisite temporal 
and spatial resolution. Second, one needs a very sensi-
tive camera. Indeed, one would really like to see not just 
how the atoms move, but also how the new bonds are 
formed as the old ones are broken – and this means 

Fig. 5:   
Kinetic energy release 
in ionization of N2 
molecules by a pair 
of XUV-IR pulses for 
six XUV photon ener-
gies: H21=32.8eV, 
H23=35.9eV, 
H25=39.0eV, 
H27=42.1eV, 
H29=45.2eV, 
H31=48.4eV. 
Black solid lines show 
Coulomb explosion 
upon secondary ioniza-
tion by IR pulse.XUV - IR time delay [fs]
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Fig. 4:   
Photoionization yield of Ar2+ as a function of XUV 
pump-NIR probe time-delay, for 4 NIR laser inten-
sities. The inset shows photoelectron spectra rec-
orded with a velocity map imaging spectrometer. 
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filming the few active valence electrons in the sea of all 
electrons attached to the many atoms in the molecule.

An X-ray camera easily fits the first requirement. X-ray 
scattering has been indispensable in studying the struc-
ture of matter with atomic-scale spatial resolution since 
the discovery of X-rays. Thanks to enormous technologi-
cal progress, it is now becoming possible to generate ul-
trashort flashes of X-rays, adding femtosecond temporal 
resolution to structural sensitivity. These flashes of X-rays 
promise to provide stroboscopic snapshots of chemical 
and biological processes in individual molecules. Howev-
er, fitting the second requirement – the sensitivity to ac-
tive valence electrons – has never been the strength of 
an X-ray camera. X-ray scattering is always dominated 
by core and inner-valence electrons. The small fraction 
of valence electrons actively participating in a chemical 
reaction is generally presumed lost in the scattering sig-
nal, seemingly placing ultrafast X-ray imaging of these 
electron densities out of the realm of possibility.

In our work [BID14], we suggests a way to resolve this 
challenge. We theoretically demonstrate a robust and ef-
fective method to extract the contributions of chemically 
active valence electrons from the total X-ray scattering 
by a single molecule – a critical step in the endeavor to 
film bond making and bond breaking as it happens, in 
space and time. Our paper shows how, by combining 
the standard analysis of the full X-ray scattering pattern 
with an additional analysis of the part of the scattering 
pattern, which is limited to relatively small momentum 
transfer, one nearly effortlessly brings to the fore the mo-
tion of chemically active valence electrons.

The work not only showed how to film chemically active 
valence electrons with X-rays, it has also provided an 
experimental access to the long-standing problem: Are 
the new bonds made at the same time as old bonds 
are broken, or is there a time-delay between these two 

processes? The X-ray camera confirms that the answer 
depends on whether the atoms have enough energy to 
climb over the energy barrier, which separates reactants 
from products, or if they have to resort to the quantum 
trick of tunneling through the energy barrier – the only 
option available when their energy is not sufficient to 
overcome it. In the first case we confirm a time-delay 
between the breaking of old and the formation of new 
bonds. In the second case, we see no delay: the new 
bonds are built in concert with the destruction of the 
old ones. We hope our work will bring new insights into 
ways to initiate and control complex chemical and bio-
logical reactions.
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active valence electrons. 
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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, M. Ekimova, B. Fingerhut, W. Freyer, B. Guchait, C. Greve, J. Hummert,  
I. Katechis, A. Lübcke, S. Mierschink, M. Richter, H.-H. Ritze, T. Siebert, M. Soley, Y. Liu

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

Collaborations: J. T. Hynes (University of Colorado, 
Boulder, Colorado, USA), D. Laage (École Normale Su-
périeure, Paris, France), S. Mukamel (University of Cali-
fornia at Irvine, USA), N. E. Levinger (Colorado State 
University, Fort Collins, USA).

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

Collaboration: V. S. Batista (Yale University, New Ha-
ven, CT, USA).

T3: Charge transport in biomimetic and biological 
systems

Collaborations: E. Pines (Ben Gurion University of the 
Negev, Beer-Sheva, Israel), D. Sebastiani (Martin-
Luther-University Halle-Wittenberg), O. F. Mohammed 
(King Abdullah University of Science and Technology, 
Thuwal, Saudi-Arabia), H. N. Ghosh (Bhabha Atomic 
Research Centre, Mumbai, India).

T4: Electronic excited state dynamics in molecular 
model systems

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

Internal collaboration with Project 2.3 has been estab-
lished. 

3. Results in 2014

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 interac-
tions between the molecular systems and the fluctuating 
water shells in the electronic ground state [Els]. Hydro-
gen bond dynamics in hydrated DNA oligomer films as 
well as in hydrated phospholipid reverse micelles are 
the main topics in recent years [CHE14, CHE]. The ex-
periments are based on ultrafast two-colour infrared (IR) 
pump-probe and multi-dimensional photon echo spec-
troscopies, complemented by computational methods 
such as density functional theory to simulate linear and 
multidimensional spectra.

The interaction of charged phosphates with their water 
environment plays a key role in cell metabolism and 
determines the structure of biomolecules such as DNA 
and phospholipids where phosphate groups are impor-
tant hydration sites. The underlying mechanisms are 
understood insufficiently and include both local hydro-
gen bonding and fluctuating electric forces from water 
and other ions. Moreover, there is very limited informa-
tion on small phosphate ions in water which serve as 
an important benchmark case. To map this complex 
molecular scenario on its intrinsic femto- to picosecond 
time scale we use phosphate vibrations as spatially se-
lective probes [CTF]. An in-house collaboration of ex-
perimentalists and theoreticians shed light on ultrafast 
phosphate-water interactions of such systems by com-
bining two-dimensional infrared (2D IR) measurements 
with ab-initio calculations and hybrid quantum-classical 
molecular dynamics (MD) simulations. 

Linear absorption spectra of H2PO4
- dissolved in wa-

ter are shown in Fig. 1(a) with and without subtraction 
of the water absorption (red and black line, respec-
tively). Characteristic marker bands of the H2PO4

--ion  
are the symmetric and asymmetric P-(OH)2 stretching 
(νS(P-(OH)2), 880 cm-1 and νAS(P-(OH)2), 940 cm-1), the 
symmetric and asymmetric PO2

- stretching (νS(PO2
-), 

1080 cm-1 and νAS(PO2
-), 1160 cm-1), and the OH bending 

vibrations (δ(P-(OH)2), ~ 1250 cm-1). The effect of hydra-
tion on the vibrational frequencies of the phosphate ions 
is evaluated by a normal mode analysis of H2PO4

-/water 
clusters of different size (Fig. 1(b) - (f)). While νS(PO2

-) 
is rather insensitive on the hydration level, νAS(P-(OH)2)/
νAS(PO2

-) shift toward higher/lower frequency upon the 
addition of water molecules. Furthermore, hydration 
of the P-(OH) sites blue-shifts the δ(P-(OH)2) bending 
mode and causes mode-mixing with νAS(PO2

-), which 
in turn becomes even more red-shifted. As such, this 
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mode is a sensitive reporter of local hydrogen bond ge-
ometries and structural fluctuations.

Figure 2 presents measured 2D-IR spectra for differ-
ent delay times between 0 and 500 fs and a spectral 
range of 1000 - 1250 cm-1 which comprises νS(PO2

-), 
νAS(PO2

-), and δ(P-(OH)2) modes. Yellow-red contours 
represent signals arising from the ground state bleach 
and stimulated emission of the v = 0→1 transitions and 
are centered close to the frequency diagonal (excitation 
frequency ν1= detection frequency ν3). Blue contours 
arise due to the excited state absorption (1→2 transi-
tions) and are red-shifted on the ν3 axis due to the vi-
brational anharmonicity. Pronounced off-diagonal peaks 
reveal the coupled character of different vibrations of the 
H2PO4

- ion. The shape of the diagonal peaks is fairly ho-
mogeneous already at zero delay time which points to a 
dominant homogeneous broadening of the PO2

- stretch-
ing vibrations caused by fast structural fluctuations of 
the ion’s hydration shell. A minor tilt of the peaks with re-
spect to the diagonal that persists for < 500 fs suggests 
a small residual inhomogeneous broadening, e.g. due 
to a longer lived heterogeneity of hydration geometries.

Characteristic instantaneous frequencies are obtained 
by a normal mode analysis of configurations gener-
ated by a hybrid quantum-classical MD simulation 
(cf. Fig. (3c)). A histogram of frequencies as shown in 
Fig. 3(d) confirms that the frequency fluctuations are 
least pronounced for νS(PO2

-), stronger for νAS(PO2
-) and 

the strongest for d(P-(OH)2). The frequency fluctuation 
correlation function C(T) = <dν(0)dν(T)> is presented in 
Fig. 3(e). Its initial value (C(0) = 257 cm-2 for νS(PO2

-), 
C(0) = 816 cm-2 for νAS(PO2

-)) confirms the higher fluc-
tuation amplitudes for νAS(PO2

-), whereas C(T) decays 
on a sub-100 fs timescale for both vibrations. This decay 
is attributed to librational motions of the hydration shell 
water that leave phosphate-water hydrogen bonds in-
tact. The non-zero value at T = 500 fs again points to a 
residual heterogeneity of the system on this timescale, 
which is in agreement with predictions from MD simula-

Fig. 1:   
Vibrational spectra and structure of H2PO4

− in aqueous 
solution. (a) Linear absorption spectrum of a  
1 M KH2PO4 aqueous solution measured in a 10 µm 
liquid jet (black line) as well as the solvent-corrected 
absorption (red line). The dotted line shows a typical 
pulse spectrum used for time-resolved experiments. 
(b) – (e) Frequency positions of H2PO4

−/water clusters 
of different sizes obtained by DFT normal mode analy-
sis. f) Structure of H2PO4

− ions hydrated by 3 and  
7 water molecules (cf. (d) and (e), respectively) and 
with a full solvation shell (right, water molecules within  
3.5 Å are shown).
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Fig. 2:   
2D-IR spectra of H2PO4

− vibrations for waiting times T between 0 and 500 fs. The normalized absorptive 2D signal is 
plotted as a function of excitation (ν1) and detection (ν3) frequency with an amplitude change of 10 % between neighbor-
ing contour lines. Yellow-red contours are due to v= 0→1, blue contours due to v= 1→2 transitions or a thermal signal 
around (ν1, ν3)= (1150, 1190) cm−1. Strong pairs of peaks occur at ν1= 1075 cm−1 (νS(PO2

-)) and ν1= 1150 cm−1 (νAS(PO2
-)). 

The upright shape of all peaks in the spectra indicates a predominant homogeneous broadening due to fast frequency 
fluctuations. Off-diagonal cross peaks are due to anharmonic coupling between the different modes.
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tions where calculated phosphate-water hydrogen bond 
lifetimes are on the order of 10 ps. The frequency fluc-
tuation correlation function can be compared to experi-
mental ones that are extracted by comparing the meas-
ured 2D-IR spectra with simulations using density matrix 
theory (Fig. 3(a), (b)) with C(T) = dν1

2exp(-T/τC)+dν2
2. The 

experimental C(T) is plotted in Fig. 3(e) (solid lines) and 
nicely matches the theoretical results demonstrating the 
coherent analysis of experimental and theoretical data.

Combining two-dimensional infrared spectroscopy of 
H2PO4

- in H2O with in-depth theory, we discerned sub-
100 fs structural fluctuations from slower hydrogen bond 
dynamics and elucidated the prominent role of fluctuat-
ing Coulomb forces. The present results show for the 
first time that such ultrafast structural fluctuations deter-
mine the lineshapes of both linear absorption and 2D 
spectra of phosphate vibrations and underline the highly 
dynamic nature of the hydration shell in bulk water.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Despite their limited anharmonicity on the order of 
10 cm−1, the PO2 stretching vibrations are sensitive 
probes of structural fluctuations of the hydration shell. 
The results serve as benchmark for hydrated phospho-
lipids where the lineshapes of phosphate vibrations 
are dominantly inhomogeneously broadened [CHE14, 
CHE]. The phospholipid-water interface is subject to 
very strong electrostatic fields originating from the phos-
phate-choline dipole moments. The strong in-plane com-
ponent at the interface orients the much smaller water 
dipoles. Thus, the water shell around phosphate groups 
in phospholipids is comparably rigid and fluctuating mo-
lecular motions to a substantial extent suppressed. In 
contrast, the H2PO4

- ions in bulk H2O are fully exposed 
to the fluctuating electric field exerted by the water mol-
ecules in the first and the outer hydration shells. This 
leads to fluctuation amplitudes that are 2 – 3 times larger 
than in the phospholipid system with the consistent re-
sult that the asymmetric phosphate stretching vibration 
is more sensitive to fluctuations than the symmetric one.
The experimental and theoretical results presented 
here underline the strong potential of local ionic vibra-
tors for probing ultrafast structural dynamics of aqueous 
systems in a specific way. This concept is not limited to 
phosphate ions but can be extended to other polyatomic 
ions in aqueous environment such as sulfate or perchlo-
rate and to functional groups of hydrated 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 spectros-
copies. The experimental results are analyzed in close 
collaboration with theory groups.

We have continued our research on the characteriza-
tion of hydrogen bonding of (photo)acid-base pairs by 
use of linear and nonlinear IR spectroscopy of hydro-
gen stretching oscillators. The interpretation of the O-H 
stretching oscillator of 2-naphthol hydrogen-bonded 
to acetonitrile has benefitted from a comparison to a 
larger number of related aromatic alcohols complexed 
to acetonitrile [PPK]. We have also explored the hydro-
gen bonding properties of the amino group of aniline-d5. 
Here we have identified the roles of Fermi enhanced 
combination and overtone states in intramolecular vibra-
tional redistribution (IVR) pathways for N-H stretching 
excitations [CGF, GCF].

Using linear FT-IR spectroscopy, ultrafast one and 
two-colour IR-pump-IR-probe spectroscopy, and fem-
tosecond 2D-IR spectroscopy, we can identify the pri-
mary accepting modes for N-H stretching excitations. In 
particular, a key role is played by the δ(NH2) bending 
degree of freedom, either via its δ = 2 overtone state 

Fig. 3:   
Structural fluctuations derived from 2D IR spectra and 
MD simulations: (a) Experimental 2D spectrum of the 
PO2 stretching modes νS(PO2

-) and νAS(PO2
-) at a delay 

time T= 0 fs (b) Simulated 2D spectrum of νS(PO2
-) 

and νAS(PO2
-); (c) Time evolution of instantaneous 

frequencies in the mixed quantum-classical model. 
(d) Histogram of frequency distribution calculated at 
the B3LYP/6- 311++G(d,p) density functional level 
superimposed with the experimental linear absorption 
spectrum. (e) Frequency- frequency fluctuation cor-
relation function <δν(0)δν(T)> of νS(PO2

-) and νAS(PO2
-) 

modes calculated with the Kubo model (solid lines) 
and results from the mixed quantum-classical model 
(density functional level, dotted symbols).
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or via a combination state with the ν(C=C) ring stretch-
ing mode (Fig. 4). No significant transient population in 
these Fermi enhanced combination/overtone states can 
be observed, a consequence of similar decay rates of 
Fermi enhanced combination/overtone states and of the 
N-H stretching states. A similar magnitude of the tran-
sient response of the two fingerprint modes regardless 
of direct excitation of the Fermi enhanced combination/
overtone levels or of the N-H stretching states (Fig. 5) 
suggests an underlying common coupling mechanism 
facilitating common IVR pathways. This mechanism is 
expected to be of general importance for other organic 
compounds with hydrogen-bonded amino-groups, in-
cluding DNA bases.

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 as well as proton coupled elec-
tron transfer. This line of research builds on previous 
ultrafast studies of aqueous proton transfer using pho-
toacids, as well as of photoinduced electron transfer in 
donor-acceptor complexes.

Photo-induced excited state intramolecular hydrogen 
transfer dynamics in 1,8-dihydroxy-9,10-anthraquinone 
(DHAQ) has been studied in a combined ultrafast elec-
tronic and vibrational spectroscopic and quantum chem-
ical study [MXB14]. Excited state population is distrib-
uted between the photoexcited 9,10-quinone (S2) and 
1,10-quinone (S1) states by rapid population transfer 
within 150 fs, while undergoing vibrational energy re-
distribution, vibrational cooling and solvation dynamics 
on the 0.1 - 50 ps time scale. Ultimately, the two excited 
singlet states decay with a solvent-dependent time con-
stant ranging from 139 - 210 ps. The concomitant elec-
tronic ground state recovery is, however, only partial, 

Fig. 4:   
Vibrational level 
scheme of Aniline-
d5...(DMSO)2, show-
ing the relevant 
states of the sym-
metric and asym-
metric N-H stretching 
ν(NH2)s and ν(NH2)
as modes as well as 
the finger-print C=C 
ring stretching mode 
ν(C=C) and the 
NH2-bending mode 
δ(NH2).

(Aniline-d5)…(DMSO)2 

0.5 ps 

0.5 ps 

0.5 ps 

6.5 ps 

|δ(NH2)1>  

|ν(C=C)1>|δ(NH2)1>  
|δ(NH2)2>  

|ν(NH2)as
1>  

|ν(NH2)s
1>  

|ν(C=C)1> 

Fig. 5:   
Transient dynamics of red-shifted absorption of 
the NH2 bending (a; signal at 1602 cm-1) and of the 
ν(C=C) stretching (b; signal at 1568 cm-1) modes 
for different tuning of the IR pump pulses (purple 
triangles: pump the ν(NH2)s0→1 and ν(NH2)as0→1 
N-H stretching transitions; olive circles: pump 
the δ(NH2)0→2 NH2 bending overtone and the 
ν(C=C)0→1δ(NH2)0→1 combination tone; orange 
squares: pump the ν(C=C)0→1 and δ(NH2)0→1 fun-
damental fingerprint transitions), shown on a logarith-
mic scale. Multiexponential fits using time constants 
as indicated in Fig. 4 are shown as solid lines.
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since a large fraction of the population relaxes to the 
fi rst triplet state. From the similarity of the time scales 
involved, we conjecture that the solvent plays a crucial 
role in breaking the intramolecular hydrogen bond of 
DHAQ during the S2/S1 relaxation to either the ground 
or triplet states.

An initial assessment of proton transport studies using 
hydroxyquinolines we have in a joint effort with the Se-
bastiani group (Martin-Luther-University Halle-Witten-
berg) the role of different excited state proton transfer 
pathways of 7-hydroxyquinoline in water has been elu-
cidated [BAE14].

DNA bases, possess extremely effi cient excited state 
relaxation pathways through conical intersections typi-
cally assumed to involve ππ* states. Interest in the pho-
tostability of these molecules have triggered extensive 
research both in the gas and the solution phases. Nev-
ertheless, there are still important open questions. For 
the pyrimidine bases (thymine and cytosine) it has been 
discussed that, similar to the gas phase, the nπ* state 
also plays an important role in the excited state relaxa-
tion of the hydrated bases and that a signifi cant part of 
the excited state population is transiently trapped in this 
dark state.

We have used time-resolved liquid jet photoelectron 
spectroscopy to investigate the role of the nπ* state in 
hydrated thymine [BNY]. Experimental data was com-
plemented by QM/MM-MD simulations by A. Nakayama 
and S. Yamazaki (Hirosaki University, Japan). We ob-
served that relaxation after excitation of the ππ* state at 
4.66 eV proceeds along two different molecular coordi-
nates. The fi rst relaxation path involves an ethylene-like 
twisting of the C5-C6 double bond, while the second one 
involves an out-of-plane motion of the C4-O8 carbonyl 
group. Photoelectron signal due to the fi rst relaxation 
channel decays with a lifetime of 70 fs, while the sec-
ond component decays with a lifetime of 410 fs. Popula-
tion of a long-lived nπ* state was not observed. In the 
simulations, hopping from the ππ* to the nπ* state could 
not be treated. If such a transition occurs, the molecule 
would relax to the nπ* minimum. We have shown that 
the photon energy used for ionization was suffi ciently 
large to ionize the molecule from this state. This let us 
conclude, that the nπ* state does not play any impor-
tant role for the excited state relaxation of thymine. We 
speculate that the previously observed biexponential re-
laxed ground state repopulation actually refl ects ground 
state dynamics.
 

T4: Electronic excited state dynamics in molecular 
model systems

Determination of the ultrafast electronic excited state dy-
namics of organic molecules in solution is the main ob-
jective of this topical area. Photophysical events such as 
internal conversion, and photochemical transformations, 
trans/cis isomerization, ring opening or closure are exam-
ples of elementary processes to be studied in detail. 

The experiments in the topic address dynamics in elec-
tronically excited states with time-resolved photoioni-

zation methods. The major current activity are experi-
ments employing the novel time delay compensated 
XUV monochromator beamline. Its performance was 
demonstrated in the previous year and the fi rst experi-
mental results on the ionization of nitrogen molecules 
in the vicinity of the inner-valence ionization threshold 
provided reach insight into the ultrafast nature of this 
process. In 2014 extensive ab initio calculations com-
plemented the experimental results. Combined study 
using more conventional CASSCF and multi-reference 
CI, as well as novel density matrix renormalization 
group (DMRG) methods allowed to establish the prin-
cipal structure of the adiabatic potential energy surfac-
es of the nitrogen molecular ion in the highly excited 
state, which was used to support the experimental 
observations. Careful study in the Franck-Condon re-
gion revealed, that basis sets used in ab initio calcula-
tions require inclusion of Rydberg state components 
to correctly describe electronic structure of the inner-
valence hole states. The experimental and theoretical 
results on the inner-valence ionization of nitrogen were 
combined in a manuscript [EYK].

Further experimental activity at the monochromator 
beamline included investigation of the dynamics in 
neutral dissociation of nitrogen molecules. This study 
is complimentary to the ionization of the inner-valence 
states in the following way: in the latter case the mol-
ecules are ionized by an XUV pulse with the high prob-
ability creating a molecular ionic state (the H band), 
which includes highly excited neutral atomic fragments 
(n = 3 excitation) as some of its dissociation channels. 
In the former case (neutral dissociation), the molecule 
is brought directly to the neutral superexcited states, 
which is known to dissociate to similar excited atomic 
fragments. In 2014 fi rst experiments were carried out 
(see Fig. 6), which demonstrated that the dissociation 
dynamics in this energy range exhibits both slow and 
fast components, supposedly indicateing competi-
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Fig. 6:  
Photoelectron momentum maps derived from velocity 
map imaging experiments on dissociation of super-
excited states of molecular nitrogen. The XUV pulse 
excites a Rydberg state attached to the C2Σu

+ ionic 
state. The neutral fragments are dissoci-ated by a 
time delayed weal IR pulse.
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tion between autoionization of the molecule to form a 
bound molecular ion versus dissociation in two neutral 
atomic fragments. The assignment of the observed 
feature and time scales, as well as theoretical investi-
gations are under way.

The experimental investigation of excited state dy-
namics of retinal molecules in polar and non-polar sol-
vents, which was carried out in 2013, was put under 
careful analysis this year. The results achieved at MBI 
appeared to be in contradiction with the few published 
results employing all-optical techniques, which are 
also contradictory among themselves. To unravel the 
possible source of contradiction a software for more 
sophisticated data analysis, the signular-value decom-
position, was developed and applied to our own data, 
as well as to the published data to check if artifacts 
of data analysis may lead to contradictions. It was re-
vealed that electronic schemes of ultrafast decay pre-
dominantly employed in the literature may not be suf-
ficient to describe the dynamics. In addition to succes-
sion of electronic decays, vibrational cooling or solvent 
rearrangement may need to be included.

Own Publications 2014 ff 
(for full titles and list of authors see appendix 1)

AFD14: H. Ando et al.; J. Am. Chem. Soc. 136 (2014) 
14801-14810

BAE14: G. Bekçioğlu et al.; Phys. Chem. Chem. Phys. 
16 (2014) 13047-3099

CHE14: R. Costard et al.; J. Phys. Chem. Lett. 5 (2014) 
506-511

MXB14: O. F. Mohammed et al.; J. Phys. Chem. A 118 
(2014) 3090-3099

Nib14: E. T. J. Nibbering; Science 345 (2014) 137-138

in press

CGF: R. Costard et al.; J. Phys. Chem. B

CHE: R. Costard et al.; in Ultrafast Phenomena XIX, K. 
Yamanouchi, S. Cundiff, R. de Vivie-Riedle, M. Kuwata-
Gonokami, and L. DiMauro eds. (Springer, Heidelberg)

CTF: R. Costard et al.; J. Chem. Phys.

Els: T. Elsaesser; Chemie in unserer Zeit

EYK: M. Eckstein et al.; J. Phys. Chem. Lett.

FDM: B. Fingerhut et al.; in Ultrafast Phenomena XIX, K. 
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3.2: Solids and Nanostructures
M. Woerner, J. W. Tomm (project coordinators)
and K. Busch, S. K. Das, G. Folpini, S. Friede, R. Grunwald, J. Gupta, M. Hempel, M. Herzlieb, S. Höhm, F. Intravaia, 
B. Klessen, S. Kuehn, S. Marschner, C. Martens, A. Mermillod, H. Messaoudi, D. Morrill, K. Reimann, A. Rosenfeld, 
M. Schneider, C. Somma, T. Sproll, F. Yue

1. Overview

In this project we investigate ultrafast and non-linear 
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 lightmat-
ter interactions in materials processing with ultrashort 
optical pulses and by work on degradation processes in 
optoelectronic devices. The project includes five 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 K. Biermann (Paul-Drude-
Institut, Berlin) and C. Flytzanis (Ecole Normale Supé-
rieure, Paris, France).

T3: Material modification with femtosecond laser 
pulses

Cooperation partners include: S. Ashkenasi (Laser 
Medizin Technik Berlin, LMTB) and J. Krüger (Bundes-
anstalt für Materialprüfung, BAM), E. McGIynn (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 Sci-
ences, Wildau), J. R. Morante, T. Andreu and C. Fábre-
ga (Catalunian Energy Research Institute, IREC, Barce-
lona, Spain), S. Burger (Zuse Institute, Berlin).

T4: Optoelectronic devices 

The group works in the BMBF-project ‘Integrierte mikro-
optische und mikrothermische Elemente für Diodenlaser 
hoher Brillanz’ (IMOTHEB), 13N12310. Moreover, there 

are research contracts with JDSU (San Jose, USA) and 
3S-Photonics (Nozay, France) on high-power diode la-
sers. Collaborative work on quantum dot structures and 
devices is done together with F. Yue (Shanghai, China), 
D. Kruschke (Berlin) and V. Talalaev (Halle).

T5: Joint HU-MBI Group on Theoretical Optics

K. Busch (Humboldt University of 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 2014

T1: Nanoscale transport of excitons at the interface 
between ZnO and a molecular monolayer

Hybrid systems made of molecular layers on top of an 
inorganic semiconductor are considered highly promis-
ing for implementing novel optoelectronic properties and 
functions, e.g., for applications in display technology 
and solar cells. In particular, the wide-gap material ZnO 
with a bandgap around 3.3 eV has raised substantial 
interest and has been incorporated into hybrid systems 
with organic molecules. Bulk and nanolayered ZnO dis-
play a rich excitonic spectrum with different absorption 
and photoluminescence (PL) emission lines due to free 
(FX), donor- (DX), and acceptor-bound excitons. In ZnO 
nanostructures and on surfaces of cleaved bulk ZnO, 
the surface exciton (SX) makes a prominent contribution 
to the PL spectrum. Recently, we have demonstrated 
the occurrence of SX at the interface between a 20 nm 
thick epitaxially grown ZnO nanolayer and a molecular 
Langmuir-Blodgett film, the latter strongly enhancing the 
density of SX states. Here, we report new findings on 
the transport behavior of SX and DX at cryogenic tem-
perature [FKS]. Temporally and spatially resolved PL 
experiments give evidence of a lateral diffusive trans-
port of both species with nearly identical diffusion con-
stants of 0.3 cm²/s. Our results suggest a rapid popula-
tion interchange between DX and SX states within the 
PL lifetime, which is of the order of 100 ps. 

The sample consists of a pseudomorphic ZnO/ZnMgO 
layer sequence [Fig. 1A)] grown by molecular beam 
epitaxy on a ZnO single crystal. On the top ZnO layer, 
a monomolecular stearic acid film is attached by the 
Langmuir-Blodgett technique. Steady-state PL spectros-
copy was performed with continuous-wave excitation at  
3.81 eV by a HeCd laser. Frequency-doubled 150 fs 
pulses from a modelocked Ti:sapphire oscillator cen-
tered at 3.54 eV served for excitation in time-resolved 
PL experiments. Time-resolved detection was based on 
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time-correlated single photon counting with a detec-
tion bandwidth of 1.2 meV and an instrument response 
of 65 ps (FWHM). To implement spatially resolved PL 
studies, a home-built cryogenic near-field scanning 
optical microscope (NSOM) was integrated into the 
optical setup. The NSOM was operated in the excita-
tion/collection mode, in which the sample was excited 
through an NSOM fiber tip and the resulting PL emis-
sion was collected through the same tip [Figs. 1A), B)]. 
In the near-field (nf) geometry [Fig. 1A)], the distance 
between the tip and the sample surface was stabilized 
to approximately 10 nm by a shear-force feedback 
mechanism, resulting in a spot size of the order of 
100 nm. Measurements in this geometry were com-
plemented by far-field (ff) measurements with the fiber 
tip retracted to a 10 µm distance [Fig. 1B)] and a spot 
size of the order of 1 µm. Figure 1C) shows the steady-
state PL spectrum recorded at a sample temperature 
of 5 K. The emission from DX and SX is clearly distin-
guished. The SX band shows a substantial inhomoge-
neous broadening of the order of 4 meV, pointing to a 
dense manifold of SX states closely spaced in energy. 
This manifold partly overlaps with DX states as indi-

cated by the extrapolated dashed line in Fig. 1C). 

Figure 1D) shows PL line scans recorded with the 
NSOM. At particular spatial positions (red spot in Fig. 
1D), the DX emission displays very narrow PL lines that 
originate from individual local DX sites. Time-resolved 
PL transients recorded at the maximum of the (E) SX 
and (F) DX emission show decay kinetics faster for near- 
than for far-field detection. The faster decays originate 
from a decrease of exciton density in the nf collection 
spot of 100 nm diameter by lateral SX and DX diffusion. 
Under ff conditions, this mechanism plays a negligible 
role because of the much larger spot size of 1 µm. An 
analysis of the PL transients with a diffusion model gives 
a diffusion coefficient of 0.3 cm²/s for both DX and SX, 
corresponding to a diffusion length of the order of 50 nm 
within the 100 ps PL decay time. The SX transport is fa-
cilitated by the dense manifold of SX states and results 
in spectral diffusion within the SX PL band. The mani-
fold of DX states partly overlaps with the SX distribution 
of a much higher density of states, making an efficient 
population exchange between DX and SX and, thus, DX 
transport possible within the PL lifetime.
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Fig. 1:   
Schematic of the PL measurements under A) near-field (nf) and B) far-field conditions. C) Steady-state PL spectrum of 
the hybrid system at a sample temperature of 5 K with contributions from bound (DX) and surface (SX) excitons. D) Map 
of 20 PL spectra along a 1 µm scan line at T = 5 K with a spectrally narrow DX feature on spectrum 1. E): Time resolved 
PL recorded at the maximum of the SX emission band under nf and ff conditions. The nf measurement is sensitive to 
a decrease of SX density by lateral diffusion out of the 100 nm excitation/collection spot, resulting in a faster PL decay 
than under ff conditions. IR: instrument function of the detection system. F) Same as E) for DX PL.
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T1 & T4: Nanooptical analysis of GaN-based diode 
lasers

In cooperation with the Ferdinand-Braun-Institute, the 
UV-grade Near-field Scanning Optical Microscope 
(NSOM) was used to investigate a number of blue-emit-
ting GaN-based diode laser structures [FKT14]. Figure 
2 shows the result of photoluminescence (PL) analysis. 
PL signatures from all layers of the complex device ar-
chitecture are observed. This allowed analyzing them 
separately as well as when interacting. Features being 
spatially separated by only 30 nm are safely resolved. 
Moreover, the shape of the waveguide mode, the impact 
of defect absorption, and efficiencies of carrier transfer 
into the quantum well are revealed. In concert with com-
plementary photocurrent measurements, carried out 
with the same apparatus in parallel, the effective poten-
tial profile as formed by both layer structure and doping 
profile is imaged. This approach paves the way towards 
non-destructive nanoscopic analysis of wide-bandgap 
optoelectronic devices.

T2: Control of coherent intersubband excitations by 
a nonresonant THz pulse

Intersubband (IS) transitions in semiconductor quantum 
wells allow for studying basic aspects of light-induced 
quantum excitations of electrons and the role of many-
body effects. Here, we address the interplay between 
coherent resonant and nonresonant excitations in such 
a system. In the coherent limit, resonant excitation leads 
to Rabi oscillations of the subband populations and the 
IS polarization. In contrast, under nonresonant excita-

tion with a detuning large compared to the IS absorption 
linewidth, electrons stay in the lower subband, i.e., only 
”virtual” coherent, fully reversible transitions to the upper 
subband occur. Combining nonresonant and resonant 
excitation, we demonstrate for the first time the coherent 
control of the (resonant) IS transition by a nonresonant 
THz field.

We apply collinear two-color two-dimensional (2D) THz/
MIR spectroscopy to investigate the nonlinear response 
of a GaAs/AlGaAs quantum well (QW) sample, prism 
shaped to optimize the coupling between the p-polar-
ized electric field and the dipole moment of the IS tran-
sition. Using a Ti:sapphire oscillator-amplifier system, 
we generated with difference-frequency mixing two syn-
chronized pulses, a midinfrared (MIR) pulse resonant to 
the IS transition at 20 THz, the other in the THz range 
at 1.2 THz. The electric fields transmitted through the 
sample were measured by electro-optical sampling as 
a function of the real time t and the delay τ between the 
two pulses. 

With only resonant excitation, we observe IS Rabi os-
cillations. The influence of the additional, nonresonant 
strong THz field (amplitude 35 V/cm) is determined 
from the nonlinear emitted field ENL(t, τ) = ETHz+MIR(t, τ) 
− ETHz(t, τ) − EMIR(t). In Fig. 3(a) we show a contour plot 
of the 2D scan of the MIR (vertical phase fronts) and  
THz pulses (slanted phase fronts). The nonlinear field 
ENL(t, τ) emitted in the perturbative regime is shown in 
panel (b). A 2D Fourier transform of ENL(t, τ) along t and 
τ [Fig. 3(c)] allows us to identify its spectral components 
in the frequency space spanned by the excitation fre-
quency ντ and the detection frequency νt. All nonlinear 
2D spectra are dominated by spectrally narrow signals 
on the (ντ=0, νt =20 THz) spots, i.e., a resonant emission 
of the IS polarization. For a low amplitude of the resonant 
excitation [panels (a)-(d)], the observed perturbed free 
induction decay (PFID) is consistent with induced MIR 
absorption, as confirmed by a time-integrated measure-
ment. In Fig. 3(d) we show the spectrally resolved THz-
pump–MIR-probe signal ΔT(τ,νt)/T0. The signal at τ<0 
is a THz-induced PFID of the IS polarization. The PFID 
spectrum displays a dispersive feature exactly at the 
resonance. This is due to the THz-induced phase shift 
of the coherent resonant IS emission. For higher MIR 
amplitudes, the IS Rabi oscillations are also modified 
by the THz field. In Fgs. 3(e) and (f) we plot ΔT(τ,νt)/T0 

for a 2π IS Rabi flop. Different oscillation phases are 
found at different νt, again reflecting the THz-induced 
phase shift. The red line in panel (f) shows the sig-
nal for νt=20 THz together with |ETHz(0,τ)| (dashed 
line). The amplitude of the transmission decrease at  
νt=20 THz is proportional to the THz-induced IS phase 
shift. The latter reaches maxima at maxima of the in-
stantaneous THz intensity. Depending on the phase 
of the Rabi flop (population increase vs. decrease) the 
phase shift of the coherent IS emission can be positive 
or negative, resulting in a controlled coherent manipula-
tion of the IS polarization dynamics.

Calculations using the optical Bloch equations for an en-
semble of two-level systems beyond the slowly-varying 
amplitude and rotating-wave approximations account 
for the main features observed in the 2D experiments.

	  

Fig. 2:   
Nanoscopic PL analysis of a GaN diode laser: (a) PL 
plot consisting of 40 spectra measured with a step 
width of Δy = 50 nm along the growth direction y of 
the diode laser structure. The excitation wavelength is 
325 nm (3.81 eV). Contributions from the different lay-
ers are well visible. (b) Bandgap diagram of the layer 
structure. The influence of the doping on the shape 
of the potential is neglected. (c) Scanning electron 
micrograph (backscattered secondary electrons). (a), 
(b), and (c) share the same y scale.
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T3(1): Material structuring with femtosecond tech-
nology

Over the past years, many applications based on la-
ser-induced refractive index changes in the volume of 
transparent materials have been demonstrated. Ultra-
short pulse lasers offer the possibility to process bulky 
transparent materials in three dimensions, suggesting 
that direct laser writing will play a decisive role in the 
development of integrated micro-optics. At the present 
time, applications such as 3D long-term data storage or 
embedded laser marking are already in the phase of in-
dustrial development. However, a quantitative estimate 
of the laser-induced refractive index change is still very 
challenging. Recently, several microscopy techniques 
have been developed to characterize bulk refractive in-
dex changes in-situ. Among those spatial light interfer-
ence microscopy (SLIM) offers a very good robustness 
with minimal post-acquisition data processing. We re-
port on using SLIM to measure fs-laser-induced refrac-
tive index changes in different common glassy materi-
als, such as fused silica.

Reconstructing the refractive-index profile of thin micro-
scopic phase objects is difficult because the optical path 
differences (OPDs) involved lie in the nanometer range. 
With the recent advent of direct femtosecond laser writ-

ing in the volume of transparent materials, the ability to 
measure accurately weak refractive index changes (Δn) 
with a micrometer spatial resolution becomes crucial, 
for instance to optimize the irradiation conditions or to 
compare the photosensitivity of different samples to la-
ser irradiation. We applied the controlled phase shift be-
tween the scattered and unscattered light with the help 
of a phase-only spatial light modulator (SLM, Pluto HES 
6010, Holoeye) placed in the focal plane of a homebuilt 
phase-contrast microscope using a positive phase-con-
trast objective (LUCPlanFLN, NA 0.45, Olympus).

To demonstrate the accuracy of our quantitative phase-
contrast microscope, we studied a calibrated phase 
sample consisting of polystyrene microbeads with a 
diameter of 2 μm embedded in the optical adhesive 
NOA62. The expected refractive index variation is  
Δn = nb − nc = 0.07, where nb and nc correspond to the 
refractive index of the microbeads and the adhesive, 
respectively. The expected optical path difference for a 
ray hitting the center of a microbead with respect to a 
ray travelling through the optical adhesive is δ = 140 nm. 
In Fig. 4(b), we show the optical path difference map 
obtained with our SLIM setup. Figure 4(a) shows the 
same object viewed in positive phase-contrast micros-
copy (PPCM). We have chosen PPCM to enhance the 
visibility of the contrast inversion when approaching 

Fig. 3:   
(a) Contour plot of a 2D scan of the MIR (vertical phase fronts) and THz pulses (slanted phase fronts) as a function of 
the real time t and delay τ. (b) Nonlinear field ENL(t,τ) emitted by the MQW sample for field amplitudes in the perturbative 
regime. (c) 2D Fourier transform of ENL(t,τ) as a function of the detection frequency νt and excitation frequency ντ. Spec-
trally resolved THz-pump-MIR-probe signal in the perturbative (d) and in the non-perturbative regime (e). (f) Red line: 
signal of panel (e) for νt=20 THz together with |ETHz(0,τ)| (dashed line) as a function of the delay τ.
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the center of the bead. After calibration, we applied our 
method to the characterization of a laser-induced micro-
dot in fused silica (a-SiO2). A map of the laser-induced 

optical path difference in a-SiO2 is shown in Fig. 4(c). In 
fused silica, the laser-induced track is mainly composed 
of two elements: a void (red) and a filament (blue). The 
void induces a maximum OPD of δ = −65 nm over a 
thickness of about 2 μm. A quick estimate of the refrac-
tive index change can be deduced by applying Δn = δ/l, 
where l stands for the transverse dimension of the fea-
ture of interest. Adopting this simplification, we find a 
average laser-induced Δn of −3 % in the void and of  
0.6 % in the filament. 

T3(2): Laser-induced periodic surface structures 
(LIPSS) 

The initial stage of LIPSS formation on the femtosecond 
scale is multiphoton-assisted plasmon-polariton excita-
tion. We investigated the laser-induced transient change 
of the optical parameters of large-bandgap dielectrics 
like titanium dioxide [DMD]. These results are of particu-
lar interest because of ongoing parallel studies of the 
nonlinear Kerr effect in such materials, which revealed 
an unexpected polarization decay dynamics (see Pro-
ject 1.1, [HHB]). 

Relevant nanoscale feedback mechanisms of LIPSS 
were theoretically and experimentally analyzed and 
discussed in much detail. Application experiments for 
nanostructures were performed with surface-enhanced 
Raman spectroscopy (SERS) of biological molecules 
like herring sperm and egg albumins [MDL]. It was found 
that LIPSS nanogratings can serve as SERS substrates 
either if they are directly induced in metal surfaces or 
after depositing auxiliary metal coatings on top of dielec-
tric materials, which can be structured more easily. Re-
cently, the SERS studies were extended to Escherichia 
coli bacteria layers with the goal of detecting the SERS 
fingerprint even of single bacteria (collaboration with  
U Wildau and U Budapest). Preliminary experiments 
show that small aggregations of bacteria were detecta-
ble. To further enhance the contrast, modifications in the 
spectral properties of the nanostructures are required.

Fig. 4:  
Sample used for calibration 
viewed in positive phase-
contrast microscopy (a) and in 
quantitative phase-contrast mi-
croscopy (b). The test sample 
consists of polystyrene micro-
beads (2 μm diameter) embed-
ded in an optical adhesive. 
Laser-induced phase object in 
a-SiO2 viewed in quantitative 
phase-contrast microscopy (c). 
The laser pulse comes from 
the left. The image plane cor-
responds to the plane of inci-
dence of the laser.	  

	  

	  

	  Fig. 5:   
Scanning electron microscope images of two differ-
ent types of closely packed zinc oxide nanorod layers 
used for third-order nonlinear experiments fabricated 
by (a) chemical bath deposition (CBD, on fused silica 
substrate) and (b) vapor phase transport (VPT, on 
sapphire substrate). The inset in (a) represents a ver-
tical cut.



76

Si
gn

al
 [a

.u
.]

1.0 

0.8 

0.6 

0.4 

0.2 

0.0

Ph
as

el
 [r

ad
]

	  

 

Si
gn

al
 [a

.u
.]

1.0 

0.8 

0.6 

0.4 

0.2 

0.0

Ph
as

el
 [r

ad
]

Time [fs]

	  

 

T3(3): Nonlinear spectroscopy of semiconductor na-
nostructures  

Nonlinear optical properties of large-bandgap semicon-
ductor nanorods were studied at pulse energies in the 
few-nJ range. In the framework of a Laserlab project, dif-
ferent types of ZnO nanorods obtained by chemical bath 
deposition (CBD) and vapor phase transport (VPT) (Fig. 
5) were excited by sub-3-cycle pulses of a Ti:sapphire 
laser at 800 nm center wavelength.

The UV-photoluminescence and third-harmonic genera-
tion (THG) were analyzed by a single-photon detecting 
EMCCD spectrometer and third-order interferometric 
frequency-resolved optical gating (iFROG) [DGG14]. 
Figure 6 shows the application for the characterization 
of sub-3-cycle pulses. In contrast to materials like tita-
nia, where a resonant interference with the bandgap was 
found to corrupt the time resolution (see the discussion 
in the section on Project 1.1 [HHB]), the pulse of a sub-
3-cycle pulse is retrieved here in a more realistic fashion, 
i.e. the ZnO material has proven its capability for effi-
cient third-order frequency conversion of few-fs pulses in 
pulse diagnostic applications.

T4: Optoelectronics

Optical spectroscopy is used to investigate the proper-
ties of advanced optoelectronic devices. The project 
IMOTHEB, e.g. provides us with novel devices featur-
ing integrated micro-thermal and microoptical elements. 
Evaluations of out-coupling facets by time-resolved 
photoluminescence and reflectance spectroscopy as 
well as monitoring of temperature and strain profiles are 
subjects of ongoing work. Moreover, we have discov-
ered that imaging of devices in the short-wave infrared 

region (1.1<1.8 µm) allows for non-invasive direct de-
termination of the population of the active region with 
non-equilibrium carriers. This novel option has also 
been used to analyze sudden degradation of devices. 
Infrared microscopy techniques are of particular interest 
if the starting points of degradation are hidden inside 

Fig. 6:   
Application of ZnO nanorod 
layers. (a) - (c): CBD material, 
(d) - (f): VPT material] for the 
third-order characterization 
of ultrashort pulses by (b), (e) 
frequency-resolved optical 
gating (FROG) and (a), (d), in-
terferometric FROG. Retrieved 
temporal shape (black lines) 
and spectral phase (red lines).
Third harmonic generation 
from different types of ZnO 
nanorods induced by few-nJ 
6.5-fs Ti:sapphire laser pulses. 
Green squares: ZnO grown 
by chemical bath deposi-
tion (CBD) method on fused 
silica substrate, black circles: 
ZnO grown by vapor phase 
transport (VPT) on sapphire 
substrate.

Fig. 7:  
shows a side view of a diode laser during catastrophic 
degra-dation as recorded by a ther-mocamera within 
5 successive current pulses (1st-5th). The geometry 
of the device is given in grayscale. The position of 
the laser chip is indicated by the dotted line with the 
front facet at the left side. The thermal signatures of 
the internal degradation are overlaid in color. The bi-
directional spread of the damage along the laser cav-
ity is clearly visible.

	  

Time [fs]
-12   -8     -4      0      4      8    12 -12   -8     -4      0      4      8    12

W
av

el
en

gt
h 

[n
m

] 290 

280 

270 

260 

250

Delay [fs]
-15  -10    -5      0       5     10

	  

 

W
av

el
en

gt
h 

[n
m

] 290 

280 

270 

260 

250

Delay [fs]
-15  -10    -5      0       5     10

	  

 

W
av

el
en

gt
h 

[n
m

] 290 

280 

270 

260 

250

Delay [fs]
-15  -10    -5      0       5     10

	  

 

W
av

el
en

gt
h 

[n
m

] 290 

280 

270 

260 

250

Delay [fs]
-15  -10    -5      0       5     10

	  

 

2.0

1.5

1.0

0.5

0.0

2.0

1.5

1.0

0.5

0.0



77

devices. Figure 7 shows the propagation of damage pat-
tern within the quantum-well-plane (and vicinal parts of 
the waveguide) of a state-of-the-art laser structure after 
an internal degradation event took place ~1.1 mm be-
hind the front facet [HTY14]. The bi-directional spread 
of the infrared signature of the molten material along the 
asymmetric laser cavity and the different propagation 
velocities to the left and the right are understood assum-
ing amplified spontaneous emission as the driving force 
for defect growth. Moreover, it becomes clear that the 
melting process takes place only once at each location.

Research on PbS and PbSe quantum dots in glass ma-
trices was successfully concluded. A novel mechanism 
was revealed contributing to the inhomogeneous broad-
ening of the optical spectra of lead salt quantum dots in 
glass matrices. There is a split, which is caused by the 
lifted degeneracy of ground-states in different L valleys 
of the Brillouin zone under the mechanical load applied 
by the matrix [YTK14].

 
T5: Joint HU-MBI Group on Theoretical Optics

Nano-plasmonic systems continue to attract significant 
research interest. Suitably designed systems may be 
operated as nano-scale antennas that allow the spatio-
temporal localization of electromagnetic radiation and 
can, thus, efficiently deliver energy to just a few (or 
single) absorbers or efficiently transmit radiation from 
just a few (or even single) emitters to the far-field. Prob-
ing the local properties of such systems obviously rep-
resents a significant challenge. Ideally one would want 
to utilize single quantum emitters for spatially resolved 
quantum enhanced sensing and microscopy. A particu-
lar promising approach consists in a single nitrogen va-
cancy (NV) center embedded in nano-diamond glued to 
the tip of an atomic force microscope (AFM). Recording 
the life-time modifications of the NV center in conjunc-
tion with the three-dimensional positional information 
from the AFM thus enables a determination of the local 
optical density of states, i.e., a single quantum emitter 
fluorescence life-time (QE-FLIM) imaging tool operatings 
at room temperature. Owing to the unknown orientation 
of the NV center’s axis (the NV center represents a two-
dimensional dipole emitter with dipole axes perpendicu-
lar to the NV-center axis), a non-trivial calibration routine 
that compares measurements and simulations for simple 
systems is required to arrive at quantitative QE-FLIM. 
In an experimenttheory collaboration, where the ex-

perimental efforts have been headed by Prof. Dr. Oliver 
Benson of Humboldt University of Berlin, we have dem-
onstrated just that. For instance, when scanning along 
a long plasmonic wire, the lifetime for positions above 
the wire is reduced due to plasmonic field enhance-
ments. Reflection of surface plasmon polariton waves 
near the wire’s end facet lead to corresponding spatial 
oscillations. Away from the plasmonic wire, the lifetime 
increases quickly to the free-space value (see Fig. 8).  
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Fig. 8:  
(a) Mesh used in the three-dimen-
sional DGTD simulations of an NV-
center embedded in a nano-diamond 
(red) interacting with a silver nanow-
ire (green) lying on a glass substrate 
(blue). (b) Life-time dependence of 
the NV center when scanned along 
the wire. Big blue dots are results 
from simulations and are in excellent 
agreement with experimental data.
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(Springer, Heidelberg)
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Photonics Europe 2014 (Brussels, France, 2014-04)



79

3.3: Transient Structures and Imaging with X-rays

M. Woerner, H. Stiel (project coordinators)
and A. Hernandez, M. Holtz, R. Jung, V. Juvé, C. Seim, J. Tümmler, T. Tyborski, J. Weißhaupt

1. Overview

The investigation of ultrafast processes on atomic length 
(100 pm) and time (100 fs) scales requires both ultrafast 
bright X-ray sources as well as appropriate instrumenta-
tion such as X-ray optics and spectrometers. The current 
applications focus on time-resolved X-ray diffraction ex-
periments on both single crystals (rotation method) and 
powdered samples (Debye Scherrer method) using high 
repetition rate laser-driven X-ray sources. 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 microscope 
for the water window region are subjects of collabora-
tion 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 framework of 
the Berlin Laboratory for Inno-vative 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 studied in collaboration 
with Project 1.2. 

Collaborations: HZB-BESSY; FhG-ILT, Aachen; optix-
Fab, Jena; BRUKER ASC GmbH, Köln; INFLPR, Ma-
gurele, Romania; GIST, Rep. Korea; KTH, Stockholm, 
Sweden.

T2: Femtosecond X-ray diffraction and absorption 

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

Collaborations: A. Borgschulte (EMPA, Dübendorf, Swit-
zerland) and A. Baltuška (TU Vienna, Austria).

3. Results in 2014

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

Laboratory X-ray microscopy in the water window region

Start of user operation at a full field Laboratory Trans-
mission 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 (λ = 2.48 nm) comparable with the 
flux from bending magnet radiation of second genera-
tion synchrotron sources. The resolution of the system 
amounts to about 30 nm which is close to the limit given 
by the outermost zone width of the objective zone plate. 
An upgrade of the slab laser system (FhG-ILT) reduces 
the recording time for nanoscale images to less than 60 
s. A light microscope with a sub-μm resolution has been 
integrated. This setup allows correlative imaging experi-
ments using both X-rays and visible light. The user op-
eration is supported by BRUKER ASC (cp. Project 4.2).

New imaging techniques using coherent light sources

The work in this topic is mainly focused on the optimiza-
tion of a table-top plasma based X-ray laser (XRL) as 
a user station and its application to Fourier transform 
holography (FTH). The XRL is based on a thin disk la-
ser (TDL) in CPA configuration developed in Project 1.2. 
The TDL delivers two output pulses: a long pulse with a 
duration of 200 ps and a short pulse of about 2 ps. The 
maximum pulse energy amounts to 100 mJ for the long 
pulse and about 250 mJ for the short pulse. In order to 
get a maximum XRL output the delay between the two 
pulses is adjustable. For imaging experiments the beam 

Fig. 1:   
Nanoscopic image of plunge frozen cultivated primary 
keratinocyte (from human skin) containing nanoparti-
cles in slices of (collaboration with M. Meinke, Charité 
Berlin) taken @ 2.48 nm with the LTXM. Please note, 
that the agglomera-tion of nanoparticles (70 nm in di-
ameter) is clearly visible.



80

quality of the XRL is of great importance. As shown in 
Fig. 2, the XRL near field “footprint” suggests a high 
beam quality and very small source size. Experiments 
using the XRL user station and an advanced FTH setup 
are currently under progress. The diffractive optical ele-
ment (DOE) for the FTH setup has been successfully 
evaluated at HZB-BESSY.

T2: Femtosecond X-ray diffraction and absorption

Generation of femtosecond X-ray pulses using intense 
mid-infrared transients

This experimental activity is described in detail and pre-
sented in one of the highlight articles of this annual re-
port [WJH14]. 

Field-driven dynamics of correlated electrons and pro-
tons in metal hydrides

Electric-field driven processes play a key role for the 
electronic and optical properties of crystalline matter. In 
case the amplitude of the applied field becomes compa-
rable to the inner-atomic fields in solids one enters new 
regimes of charge transport and highly nonlinear optical 
response. In metal hydrides like LiH, LiBH4, or NaBH4 
electron correlations in crystalline matter strongly influ-
ence the linear and nonlinear response of the electronic 
charge distribution within the unit cell. In 2013 we pre-
sented first experimental evidence 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 experiments [JHZ13]. In 
2014 we threw new light on these phenomena in met-
al hydrides using three alternative approaches: (i) We  

performed extended theoretical model calculations with-
in the Coulomb-hole-screened-exchange (COHSEX) 
framework [WHJ14] to unravel the role of electron corre-
lations for the field-driven dynamics of electrons in LiH. 
(ii) We performed a com-prehensive femtosecond mid-
infrared pump-probe study [joint activity with Project 3.1] 
of vibrations of the (BH4)- anion both in liquid solution and 
in the crystalline environment of NaBH4 [TCW14]. (iii) 
In a joint experiment with Project 2.3 (Arnaud Rouzée) 
and topic 1 of Project 3.3 (Holger Stiel) we started first 
activities towards femtosecond X-ray absorption ex-
periments on a thin film of polycrystalline LiBH4.  

Wave vector dependent field-induced charge transfer in 
the unit cell of LiH

In order to identify the underlying mechanism of the 
experimentally observed quasi-instantaneous increase 
of ionicity of LiH in the presence of the strong electric 
field we performed quasi-particle band structure calcula-
tions within the Coulomb-hole-plus-screened-exchange 
(COHSEX) approach as described in detail in [WHJ14]. 
In contrast to a mean-field theory (i.e., the Hartree-Fock 
approximation which predicts wrongly a field-induced de-
crease of ionicity) the COHSEX approach includes Cou-
lomb correlations on the most basic level which are re-
sponsible for the experimentally observed phenomena. 
 
The COHSEX formalism considers the dynamics of the 
one-particle Green's function, expands the self-energy 
operator in terms of a dynamically screened interaction 
(rather than a bare Coulomb interaction), and keeps the 
first term in such an expansion. The quasiparticle ex-
citations in a closed shell many-electron system obey 
an integro-differential equation (eq. 4 of [WHJ14]) with 
the wave vector dependent electron self energy opera-
tor Σ(k) which includes all the exchange and correlation 
effects. A self-consistent solution of this integro-differen-
tial equation gives the k-dependent energies and inter-
band transition dipoles within the band structure of LiH. 

It turns out that the charge density of the ground state 
quasiparticle wave functions |Ψk(r)|2 depends very sen-
sitively on the wave vector k within the 1st Brillouin zone 
(BZ). In Fig. 3 we show the bandstructure of LiH, and 
the valence band electron density ρX at the X-point where 
the smallest bandgap occurs. The calculation of panels 
(a, b) assumes a homoge-neous screening. As in mean 
field calculations, i.e., Hartree Fock, the valence band 
is dominated by 1S-like orbitals on the H atom through-
out the BZ. As a consequence, the sta-tionary electron 
density corresponds to the fully ionized Li1+H1- situation. 
In contrast, panels (c – f) of Fig. 3 are calculated using 
the COHSEX model including inhomogeneous screening 
with parameters fitting best the experimental, stationary 
electron density which corresponds to the Li0.5+H0.5- situa-
tion. In contrast to the mean-field case the valence band 
Bloch functions depend now sensitively on their wave 
vector k within the Brillouin zone (BZ). At the Γ-point [Fig. 
3(f)] the valence band Bloch function has a strong con-
tribution of 2S-like orbitals on the Li-atoms, whereas at 
the L-point (e) complex hybrid-orbitals on both the H- and 
Li-atom are formed. Most importantly, the Bloch functions 
develop into 2P-like orbitals on both Li and H nuclei when 
approaching the valence band at the X-point [Fig. 3(d)]. 

Fig. 2:   
Measured near field “footprint” of the plasma based  
X-ray laser using a Mo target @ 18.9 nm. The image 
was recorded at a total IR pump energy of only 300 mJ. 
The optimum delay between long and short pulse 
amounts to 300 ps. 
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Applying a strong external electric field in our calcula-
tions we observe a general trend of the deformed elec-
tron density at any point (wave vector) within the BZ. 
The electric field leads to an increase of kinetic energy 
which redistributes the electronic charge more uniformly 
within the unit cell, causing in turn a reduction of ampli-
tude of the highest peaks of the electron density. As a 
consequence, we have simultaneously both a transfer 
of electronic charge from H to Li and from Li to H, sen-
sitively depending of the k-vector of the Bloch function. 
The electronic correlations in LiH determine which direc-
tion of electron transfer will dominate in the summation 
over the entire BZ. The COHSEX calculation with inho-
mogeneous screening shows that the electron density 
on the H atoms increases at the X point and its vicinity 
which dominates the total charge increase when sum-
ming over the entire BZ. This behaviour is in quantitative 
agreement with the femtosecond diffraction experiment 
on LiH [JZH13] and reveals the strong impact of elec-
tron-electron correlations on the nonlinear response of 
the electron density to a strong off-resonant electric field.

Ultrafast vibrational dynamics of BH4 ions in liquid and 
crystalline environments

Borohydrides, currently referred to as “complex hydrides” 
have been reported for the first time in the 1940s. Re-
cently, borohydrides have received increasing attention 
because of their potential as hydrogen storage materials 
for mobile applications. Processes like phase transitions 
or hydrogen uptake and release have been investigated 
intensively but only to a very limited extent the ultrafast 
dynamics of vibrational excitations. In 2014 we studied 
the ultrafast vibrational dynamics of the (BH4)- ion, the 
key unit in borohydrides [TCW14]. We applied femto-
second infrared spectroscopy in a comparative study of 
vibrational dynamics in NaBH4 crystallites and in a polar 
liquid solution containing (BH4)- ions.

Two-color pump-probe experiments reveal excited state 
lifetimes of 3 ps for the asymmetric BH4 stretching mode 
and of 3.6 ps for the asymmetric bending mode. The 
data provide direct evidence for the BH4 stretching re-
laxation pathway via the asymmetric bending mode by 
probing the latter after excitation of the stretching mode. 

Figure 4 shows a direct comparison of spectrally re-
solved one-color pump-probe experiments on the asym-
metric bending mode ν4 of the (BH4)- tetrahedron in the 
two different environments. The polycrystalline NaBH4 
[panel (a)] shows a fast decay (300 fs) at early times su-
perimposed on a step-like signal up to 20 ps. In contrast, 

 

Fig. 3:   
(a) and (c) Quasi-particle band struc-
tures of LiH within the COHSEX ap-
proximation. (b) and (d) Stationary elec-
tron densities at the X-point, (e) L-point, 
and (f) Γ-point within the Brillouin zone 
(BZ). Panels (a) and (b) correspond to a 
calculation with homogeneous screen-
ing similar to Hartree-Fock leading to a 
1S-like orbital on the H atom throughout 
the BZ. Panels (c, d, e, f) are calculated 
with a somewhat stronger screening on 
the proton resulting in 2P-like orbitals 
on both Li and H nuclei at the X-point 
(zone boundary). 

Fig. 4:   
Spectrally resolved one-color pump-probe signals 
measured on the asymmetric bending mode ν4 of the 
(BH4)- tetrahedron in polycrystalline NaBH4 [panel 
(a)] and an 0.8 molar solution of the latter in isopro-
pylamine [panel (b)]. The strongest bleach signal was 
observed for probe frequencies indicated by the red 
symbols, while the largest induced absorption 
occurred at probe frequencies represented by the 
blue symbols.
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the 0.8 molar solution of (BH4)- anions in isopropyla-
mine [panel (b)] shows first a much slower decay  
(3.6 ps) which vanishes completely after 20 ps. The 
sharply peaked signals around t = 0 are due to coherent 
pump-probe coupling effects (coherent artefact). A com-
parison with model calculations shows that the initial fast 
decay in the crystalline phase is caused by strong radia-
tive damping and coupling between the densely packed 
BH4 oscillators. The radiative decay is followed by inco-
herent vibrational relaxation similar to the liquid phase. 
The excess energy released in the relaxation processes 
of the BH4 intramolecular modes is transferred into the 
environment with thermal pump-probe signals being 
much more pronounced in the dense solid [Fig. 4(a)] 
than in the diluted solution [Fig. 4(b)].

T1 & T2: First X-ray absorption experiments on a 
thin film of polycrystalline LiBH4

In a joint activity with Project 2.3 we started first experi-
ments towards femtosecond X-ray absorption studies 
on a thin film of polycrystalline LiBH4. Similar to our 
femtosecond X-ray diffraction experiments on metal hy-
drides [WHJ14] we aim to apply ultrashort, strong off-

resonant electric fields while simultaneously monitoring 
the soft X-ray absorption around various K-edges to un-
ravel the underlying electronic correlations and hydro-
gen motions. Due to the very short absorption lengths 
(100 – 1000 nm) in the soft X-ray range (40 –200 eV) the 
preparation of thin samples of these highly reactive ma-
terials is a significant challenge. In 2014, we were suc-
cessful in preparing thin poly-crystalline films of LiBH4.

First, we measured the soft X-ray absorption spectrum 
of LiBH4 using the MBI picosecond-laser plasma source 
developed in topic 1. The black curve in Fig. 5(b) shows 
clearly the Li K-edge with a pronounced exciton peak 
at a photon energy of hν = 59 eV. As a next step we 
measured the transmission of the polycrystalline LiBH4 
sample using the (50 Hz) HHG beam line of Project 
2.3. The blue curve in Fig. 5(a) shows the HH intensi-
ty transmitted through the sample (black: HH intensity 
without sample). The absorption spectrum around the Li 
K-edge is clearly measured with the femtosec-ond soft 
X-ray pulses as shown in blue in Fig. 5(b). An integration 
over individual harmonics gives the red symbols in good 
agreement with the measurement performed in the ps-
laser plasma source. To summarize, first milestones are 
achieved on the way to femtosecond soft X-ray absorp-
tion studies on metal hydrides to be performed in 2015.

 

Fig. 5:   
(a) Blue: HH intensity transmitted through a thin poly-
crystalline film of LiBH4. Black: HH intensity without 
sample. (b) Blue: absorption spectrum defined by the 
logarithm of the ratio of the curves shown in (a). An 
integration over individual harmonics gives the red 
symbols. Black: absorption spectrum measured using 
a ps-laser plasma source.
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Own Publications 2014 ff  
(for full titles and list of authors see appendix 1)

CCK14: H. Chapman et al.; Faraday Discuss. 171 
(2014) 323–356

CCM14: H. Chapman et al.; Faraday Discuss. 171 
(2014) 419-427

EWo14: T. Elsaesser and M. Woerner; J. Chem. Phys. 
140 (2014) 020901/1-11

IUI14: M. Iqbal et al.; Appl. Phys. B 116 (2014) 305-311

JKN14: K. A. Janulewicz et al.; in X-Ray Lasers 2012, S. 
Sebban, J. Gautier, D. Ros, and P. Zeitoun eds. (Sprin-
ger Heidelberg, 2014) Vol. 147, 125-135

KSN14: T. Kawachi et al.; in X-Ray Lasers 2012, S. Seb-
ban, J. Gautier, D. Ros, and P. Zeitoun eds. (Springer 
Heidelberg, 2014) Vol. 147, 143-150

KWC14: J. Kuepper et al.; Faraday Discuss. 171 (2014) 
505-523

TCW14: T. Tyborski et al.; J. Chem. Phys. 141 (2014) 
034506/1-9

VKW14: O. Vendrell et al.; Faraday Discuss. 171 (2014) 
145-168

WHJ14: M. Woerner et al.; Faraday Discuss. 171 (2014) 
373-392

WJH14: J. Weisshaupt et al.; Nature Photon. 8 (2014) 
927-930

in press

JHZ: V. Juvé et al.; in Ultrafast Phenomena XIX, K. 
Yamanouchi, S. Cundiff, R. de Vivie-Riedle, M. Kuwata-
Gonokami, and L. DiMauro eds. (Springer, Heidelberg)

SAS: C. Schlesiger et al.; J. Anal. At. Spectrom.

SJD: H. Stiel et al.; X-Ray Lasers

SRW: C. Seim et al.; Innovative Food Science and 
Emerging Technologies

WJH: J. Weisshaupt et al.; in Ultrafast Phenomena 
XIX, K. Yamanouchi, S. Cundiff, R. de Vivie-Riedle, M. 
Kuwata-Gonokami, and L. DiMauro eds. (Springer, Hei-
delberg)

WZJ: J. Weisshaupt et al.; in Tabletop Intense Fem-
tosecond Pulse Sources and Their Applications, A. 
Baltuška and G. Cerullo eds. (Springer, Heidelberg) 
 

submitted

MWG: I. Mantouvalou et al.; Rev. Sci. Instrum.

WJH: J. Weisshaupt et al.; Struct. Dyn.

Other Publications

JHZ13: V. Juvé et al.; Phys. Rev. Lett. 111 (2013) 217401

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

T. Elsaesser; Int. Workshop: Functionality of Oxide Inter-
faces (Monastery Irsee, Germany, 2014-03)

T. Elsaesser; 45th Annual Meeting of the APS Division 
of Atomic, Molecular & Optical Physics (Madison, USA, 
2014-06)

T. Elsaesser; Photoinduced Phase Transitions and Co-
operative Phenomena, PIPT5 (Bled, Slovenia, 2014-06)

T. Elsaesser; 23rd Congress and General Assembly of 
the International Union of Crystallography, IUCr2014 
(Montreal, Canada, 2014-08)

T. Elsaesser; SSRL/LCLS User’s Conference, Work-
shop: Chemical Dynamics, SLAC (Stanford, USA, 2014-
10)

T. Elsaesser; SSRL/LCLS User’s Conference, SLAC 
(Stanford, USA, 2014-10)

V. Juvé; 23rd Congress and General Assembly of the 
International Union of Crystallography, IUCr2014 (Mon-
treal, Canada, 2014-08)

H. Stiel; Joint JRA Meeting: INREX) (Warsaw, Poland, 
2014-03)

H. Stiel together with A. Dehlinger, K. A. Janulewicz, R. 
Jung, H. Legall, C. Pratsch, S. Rehbein, C. Seim, and 
J. Tümmler; 14th Int. Conference on X-Ray Lasers, 
ICXRL2014 (Colorado State University, Fort Collins, 
USA, 2014-05) 

M. Woerner; The 3rd Int. Summer Course on Develop-
ment of Ultrafast Lasers and the Applications in Quan-
tum Matter (Hsinchu, Taiwan, 2014-08)

M. Woerner; The 3rd Int. Workshop on Development of 
Ultrafast Lasers and the Applications in Quantum Matter 
(Hsinchu, Taiwan, 2014-08)
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4.1: Implementation of Lasers Systems and Knowledge Transfer
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.

The generation of sub-10 fs pulses by means of Optical 
Parametric Chirped Pulse Amplification (OPCPA) tech-
nology gained significance during the last years. The 
appropriate OPCPA systems are developed in topic 3 
of this project.

2. Topics and collaborations

The project is organized in the following topics:

T1: Lasers for particle accelerators

This topic contributes to the development of Free Elec-
tron Lasers (FELs) by providing highly specialized photo 
injector drive lasers. This work is carried out in coopera-
tion with DESY, the Helmholtz-Zentrum Dresden Ros-
sendorf, and the Helmholtz-Zentrum Berlin für Materi-
alien und Energie.

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

T3: Development of OPCPA systems

a) 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.
 
b) High repetition rate NOPA
The development of high repetition-rate Non-collinear 
OPA (NOPA) systems (repetition rate ≥ 100 kHz) is the 
goal of this topic. The NOPAs are pumped by fiber la-
sers and, towards a new goal, by a high-power Innoslab 
or thin-disk amplifier.

3. Results in 2014

T1: Lasers for particle accelerators

This topic deals with the development and systematic 
improvement of photocathode lasers for linear accelera-
tors (linacs) of FELs. These lasers are needed for driv-
ing the photo injectors of the linear accelerators. Thus 
the parameters of the photocathode laser, in particular 
wavelength, synchronization accuracy, pulse shape, 
and stability, have a substantial influence on proper op-
erations of the linacs and FELs.

During 2014, we concentrated on the final development 
of the photocathode laser for the European XFEL and 
the installation of this laser at the underground XFEL 
building at Hamburg.

The photocathode laser of the XFEL is designed to pro-
duce bursts of ultraviolet picosecond pulses of 258 nm 
wavelength. These pulses will be focused on the photo-
cathode of an RF photoinjector, resulting in the genera-
tion of ultrashort, high density electron bunches. These 
electron bunches are then further accelerated in the su-
perconducting linear accelerator of the XFEL.

This photocathode laser (Fig. 1) contains four Yb:YAG 
crystals as the amplifying media, which are pumped by 
fiber-coupled diode modules of up to 350 W peak power. 
Figure 2 shows the pulse trains from the oscillator, pre-
amplifier and booster demonstrating successive amplifi-
cation of the pulses in the individual amplifier stages and 
operation of the two Pockels cells of the system.

In order to fully exploit the capabilities of the XFEL, the 
photocathode laser was designed for high flexibility of 
the parameters of its output pulses. At present, the pa-
rameter range of the produced pulses can be adjusted 
as follows: 

• Number of picosecond pulses per burst:   
 Nburst = 1 … 2700
• Duration of the bursts:  
 Tburst = 0 … 600 μs
• Repetition rate of the pulses in the burst:  
 fburst  = 0.1 MHz, 1 MHz or 4.5 MHz
• Tunable duration of the pulses in the bursts: 
 τ      = 3 ps … 12 ps (FWHM).

From the large number of potential combinations of pa-
rameters, eleven parameter sets have been selected 
for operation of the upcoming XFEL. During a measure-
ment campaign in Nov. 2014, the laser was operated 
in these eleven so-called operational modes, and the 
achieved output parameters were documented in appro-
priate measurement protocols.
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The XFEL will use the Distributed Object-Oriented Con-
trol System (DOOCS), which has been developed at 
DESY during the past decade. This control system is 
based on UNIX and LINUX compatible embedded com-
puters, which are placed in VME crates and microTCA 
crates respectively. Since this technology, including 
some special electronic RF components for microTCA 
crates are also of interest for the MBI, we have spent a 
substantial amount of our resources to adapt the control 
programs of the laser to DOOCS and integrate the laser 
in to the DESY-specific control system.

For future operation of the XFEL as a user facility, an 
extremely high stability (in the order of 0.5 %) of the UV 
pulses produced by the photocathode laser would be 
desired. This corresponds to a stability of the infrared 
pulses produced by the laser of 0.1 %. Reaching this 
ultimate stability requires a combination of a nonlinear 
fiber interferometer acting as an optical limiter with com-

puter-based electronic feedback systems. The develop-
ment of these stabilization systems is planned for 2015. 

The XFEL photocathode laser developed at the MBI has 
reached its specification in all eleven operational modes 
in Nov. 2014. Since then it has served as a reliable 
source of bursts of UV pulses. Starting from January 
2015, the laser has been used by our colleagues from 
DESY for setting up the optical beamline and for testing 
the RF photo injector of the XFEL.

T2: Femtosecond laser system with shaped pulses

Isolated attosecond pulses (IAP) are required to carry 
out experiments on electron dynamics on attosecond 
time scales. Generation of IAPs requires extremely short 
laser pulses tending towards the single cycle limit. Few-
cycle IR driving pulses with energy higher than 1 mJ are 

Fig. 1:   
Scheme of the photocathode laser for the 
European XFEL (Phase I: laser generat-
ing trains of Gaussian pulses).

Fig. 2:   
Pulse trains of the photocathode laser for 
the European XFEL recorded after the 
oscillator, the fiber preamplifier, the multi-
pass amplifier, and the booster.

Fig. 3:   
XFEL photocathode laser developed at the MBI on two optical tables in the XFEL underground building in Hamburg 
(cover opened, status Nov. 2014).
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Fig. 5:   
Spectra of XUV radiation generated with laser pulses 
of 1 mJ energy and different pulse duration after com-
pression in HCF.
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needed for reliable generation of attosecond pulses with 
sufficient flux for advanced experiments.

A technique based on nonlinear effects occurring in hol-
low core fibers (HCF) can be used for routinely produc-
ing intense laser pulses. We apply the gradient-pressure 
HCF technique, delaying self-focusing of the beam prior 
to the entrance, thus maintaining self-phase modulation 
inside the hollow fiber.

In a HCF compressor, a fused silica capillary with a wall 
thickness ranging from several hundreds of micrometers 
up to few millimeters (rigid type) is typically used. This 
capillary is mounted into a metal bar or a glass tube for 
mechanical support over the full length. In this case the 
straightness of the HCF is mainly determined by the 
quality of the supporting mechanics. This kind of con-
struction allows for appropriate operation of HCFs filled 
with gas at constant pressure. But it becomes challeng-
ing when implementing a gas pressure gradient inside 
the HCF. In most cases, the need to seal the HCF leads 
to an unacceptable local curvature of the fiber. This re-
sults in light attenuation inside the HCF, deteriorating 
the modal structure and the overall operation.

Proper mounting of the HCF is, beside its quality, the 
main factor that determines efficient and correct HCF 
operation. Even a small curvature of the HCF, like 1 mm 
per 1 m length, will cause drastic deterioration of both 
mode quality and overall transmission.

We have implemented a novel construction to improve 
operation of HCFs utilized for linear and nonlinear prop-
agation of laser radiation and for laser pulse compres-
sion. The new construction intends to stretch (pull) the 
HCF in longitudinal direction.

Two points at the opposite ends of HCF are fixed by 
pressure clamps. At the same time, the opposite ends 
are pulled apart from each other, forcing the HCF to a 
straight line. The HCF is placed inside a closed con-
tainer, which is sealed and thus isolated from ambient 
atmosphere. In this arrangement, HCFs with various 
diameters and lengths can be operated. This assem-
bly is intended for laser pulse compression as well as 
for linear and nonlinear propagation of laser radiation. 
It sustains the rectilinear arrangement of the HCF and 
decreases propagation losses.

In our application, the pulses from a Ti-sapphire laser 
system operated at 1 kHz repetition rate with 795 nm 
central wavelength, 1.5 mJ pulse energy and 35 fs pulse 
duration were sent into a 1 m long Ne-filled HCF of  
0.32 mm diameter. The throughput efficiency in the new 
design was observed to be as high as 80 %. We ob-
tained output energy up to 1.2 mJ.

Compression of the pulses was performed with a set of 
chirped mirrors. For fine tuning of the dispersion, a pair 
of thin fused silica wedges with 2 degree apex angle 
was used.

The duration of the pulses was measured with a variant 
of SPIDER. We have used SPIDER and SEA-SPIDER 
devices, which can measure laser pulses with duration 

down to 4 fs. The spectrum at the HCF output has a typi-
cal symmetric shape around 750 nm.

The pulse duration strongly depends on the gradient 
pressure inside the HCF. While the Ne pressure at the 
low pressure side of the HCF does not exceed 20 mbar, 
the Ne pressure on the inlet of the HCF (high pressure 
side) can be increased up to 3 bar. The duration of the 
compressed output pulses is continuously decreased as 
the Ne gradient pressure grows. It reaches a minimal 
detected duration of 4.3 fs at 3 bar. The result of mea-
surement of a pulse with duration as short as 1.8 light 
cycles is presented in Fig. 4, together with the corre-
sponding phase.

Isolated attosecond pulses (IAS) are required for inves-
tigation of electron dynamics on attosecond time scale. 
Their generation is one of the prospective applications for 
the two-cycle pulse produced with HCF compression. We 
have performed generation of high-harmonics with the 
new compression setup. Figure 5 shows observed spec- 

Fig. 4:   
The shortest pulse duration obtained with gas-pres-
sure-gradient and the phase of the pulse.
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tra of harmonics for different pulse durations. This figure 
shows characteristic features towards formation of IAP, 
specifically increasing of the cut-off energy and decreas-
ing of modulation depth down to a smooth continuum. 

The generation of attosecond pulses benefits from the 
different ionization probability between adjacent half cy-
cles within the sub-two-cycle laser pulse. The abrupt on-
set of ionization minimizes the density of free electrons 
and avoids distortion of the driving field. Consequently, 
the dephasing of the driving field and the generated har-
monics field is reduced, resulting in an increased co-
herent build-up time. In essence, extremely short pulses 
create unique conditions for generation of powerful iso-
lated attosecond pulses without the need of additional 
gating techniques. 

T3: OPCPA development

a) Terawatt OPCPA 

Development of a TW-OPCPA system was launched in 
2011. Due to historical reasons, initial buildup of the thin 
disk pump laser was prioritized. Once proper operation 
of the thin disk pump laser was reliably achieved, the de-
velopment of the OPCPA became the focus. The space 
to build up the TW-OPCPA was initially constrained. 
Thus many of the challenges seen were partially caused 
by the necessity of a dense setup due to the laboratory 
space restriction.

For the TW-OPCPA we attempted to produce a highly 
homogeneous pump beam at the crystal positions. The 
desired pump beam should be stable with a flat-top 
beam profile. Figure 6 shows an example of an appro-
priate flat-top beam (left side) compared to an unaccept-
able pump beam profile (right side) at the position of the 
third OPA crystal. However, due to the optical properties 
of the beam shaper it became difficult to produce a suf-
ficiently homogenous pump beam in a stable manner. In 
order to improve this stability, a rebuild is planned ad-

dressing several key issues that lead to such variations 
in the pump beam profile.

To this means, it was decided to move the OPCPA setup 
to another laboratory and pump it with an appropriately 
adapted thin-disk laser. In this new laboratory there will 
be sufficient space for not only the OPCPA, but the di-
agnostic devices needed for proper optimization of the 
OPCPA.

The new OPCPA will utilize relay-imaging of the pump 
through the compressor and SHG generation of the 
pump beam, and further on onto each of the neces-
sary OPA crystals. Relay imaging improves stability of 
the system and lowers its sensitivity to opto-mechanical 
misalignment. In order to increase workability of the sys-
tem the pump channels (pump telescopes) will be physi-
cally separated from the OPCPA beam path. This pro-
vides simplicity of the beam path, and access for align-
ment of both pump and seed beams. In addition, remote 
control of the pump beam alignment as well as tilt of the 
OPA crystals will be implemented. This is necessary to 
ensure safety of the personnel working on the alignment 
of the OPA stages due to the high pulse energy (specifi-
cally in the third stage) of the pump pulses in the OPA.  
 
b) High repetition rate NOPA 

Experiments in attosecond science aim to follow the 
ultrafast dynamics induced by the coherent excitation 
of multiple electronic levels of atoms or molecules af-
ter sudden photoexcitation or photoionization. Reac-
tion microscopes or COLTRIMS (COLD Target Recoil 
Ion Momentum Spectroscopy) machines represent an 
ideal tool to study these complex systems. They are 
capable of retrieving the full 3-Dimensional momentum 
vector of ions and electrons in coincidence and provide 
a cinematically complete reconstruction of the process 
under scrutiny. Detection in coincidence requires that 
only one ionization event is produced per laser shot and 
therefore demands high repetition rate sources. In 2013 
we demonstrated the combination of a NOPA providing 

Fig. 6:  
Examples of the pump beam profile formed by a flat top beam shaper at the third OPA crystal.
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CEP-stable few-cycle pulses at 400 kHz with a reaction 
microscope. In 2014, the ultra-high repetition rate NOPA 
has been upgraded in energy per pulse and average 
power. Within the framework of the European project 
FLAME (Femtosecond Light Amplifiers in the Megahertz 
regime), the pump laser has been upgraded to deliver 
> 24 W at 515 nm at repetition rates between 400 kHz 
and 2 MHz With this increase in pump power (a fac-
tor > 2 with respect to the previous system) the NOPA 
has been upgraded to deliver an average power of al-
most 5 W operating at repetition rates between 400 kHz 
and 800 kHz. Additionally different NOPA configurations 
have been studied in order to minimize spatio-temporal 
couplings in the amplified beam.

The basic architecture of the system is shown in Fig. 7. 
A carrier-envelope phase-stable, octave-spanning Ti: 
sapphire oscillator (Pulse:ONE, VENTEON Femtosec-
ond Laser Technologies GmbH) seeds both the NOPA 
operating at a central wavelength around 800 nm, and 
an Yb-doped fiber chirped pulse amplifier system (High 
Power 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 optically synchronized. Amplification of the ultra-
broadband pulses takes place in two parametric amplifi-
cations stages based on type I phase matching in BBO 
crystals. Compression is achieved with two chirped mir-
rors. 

The pump beam is split with a wave plate and a po-
larizer into a first and second stage. Between 10 % 
and 20 % of the pump power is sent to the first stage. 
The second stage reproduces our “old” NOPA, divid-
ing the amplification stage into two separate thin crys-
tals. The amplified energy per pulse at a repetition 
rate of 400 kHz reaches 12.5 µJ when pumping with 
almost 60 µJ (> 20 % efficiency). The amplified spec-
trum spans more than 300 nm (-10 dB point) around 
a central wavelength of 850 nm supporting sub-6 fs 
pulses. The pulses were compressed down below  
8 fs (3 optical cycles). Figure 8 shows the spectrum 
of the amplified pulses and the reconstructed tempo-
ral shape.  
 
We then measured to which degree the CEP stability 
from the oscillator is preserved during amplification. This 
is done by monitoring the spectral interference pattern 
with an f-to-2f interferometer at the output of the amplifi-
er. Figure 9 shows the results of acquiring multiple spec-

 

tra as a function of time after amplification. Analysis of  
the phase of the modulation can provide better under-
standing of the CEP drift over time (Fig. 10). Although 
we could quantify the phase stability with an RMS  
figure, the high repetition rate of the amplifier and the 
slow integration time of our detector (integrating over  
~ 800 pulses/spectra) would make this number ques-
tionable. However, the fact that we see almost full mod-
ulation in selected parts of the spectral signal is a clear 
indication that within the averaged pulses the CEP does 
not change significantly.

An additional slow feedback loop locks the delay between 
pump and seed pulses allowing stabilization of the output 
power and spectrum over hours. We intend to combine 
this delay stabilization with a slow CEP drift-stabilizing 
loop. This should extend the stability of the phase to times 
scales useful for applications in attosecond science ex-
periments.  
 

Fig. 7:  
Scheme of the octave-spanning oscillator, fiber ampli-
fier and OPA.

Fig. 8:  
Amplified spectrum out of each BBO crystal (top) and 
SPIDER reconstruction of the compressed amplified 
pulses (bottom). 

Time [fs]
N

or
m

al
iz

ed
 s

pe
ct

ra
l 

 p
ow

er
 d

en
si

ty

1 

0.8 

0.6 

0.4 

0.2 

0.0

Wavelength [nm]

NOPA optimized for Maximum output power at 400 kHz

600         700          800         900         1000      1100

N
or

m
al

iz
ed

 in
te

ns
ity

1 

0.8 

0.6 

0.4 

0.2 

0.0

Ph
as

e 
[r

ad
]

10 

6 

2 

-2 

-6 

-10
-75     -50     -25      0       25      50     75

Fig. 9:   
Interference spectra (vertical axis) recorded for a 70 s 
time period (horizontal axis).

W
av

el
en

gt
h 

[n
m

]

542 

544 

546 

548 

550

0       10      20      30       40      50      60      70
Time [sec]



90

A more thorough characterization of the CEP stability 
and implementation of the slow feedback loop correct-
ing the CEP drift are planned for 2015. In 2015 the ex-
isting OPCPA system will continue to be employed for 
strong field ionization experiments with ion-electron co-
incidence detection (as part of Project 2.2) and material 
processing with few cycle pulses (as part of Project 3.2). 

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. 10:   
Phase calculated from the Fourier transform of the 
data is shown in Fig. 9.

Fig. 11:   
400 kHz OPCPA system.
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4.2: Application Laboratories and Technology Transfer 
 
Femtosecond Application Laboratories (FAL)
F. Noack†, H. Stiel (project coordinators)

1. Overview

State-of-the-art experimental equipment for femtosec-
ond experiments is offered to internal and external users 
within the framework of the Femtosecond Application 
Laboratories. The application laboratories play a key 
role for MBI’s various access activities and collabora-
tions with external partners from science and industry. 

MBI offers access to six femtosecond laboratories:
• VUV system (until 2014)
• MultiColor I and II
• fs-UV/MIR system
• High-Power Shaped system
• 80 MHz system.

Since 2013 further development of the existing ap-
plication laboratories focuses on achieving special pa-
rameters for specific application experiments. The ef-
forts of Projects 1.2 and 4.1 are now concentrated on 
new unique high repetition or high power sources for 
HHG and asspectroscopy. When these systems reach a 
stable operational mode, they also will be offered within 
the application laboratories framework which has been 
an important part of the infrastructure of MBI to attract 
users from science and industry for more than 15 years. 

2. User statistics 2014

In 2014, the overall use of the FAL was more than 70 % 
of the available access time. About 10 % were utilized 
by visiting scientists, mainly supported by the Laserlab-
Europe program.

Publications

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

Fig. 1:   
Novel designs for ultrafast 
lasers operating in the 2 µm 
spectral range are studied in 
the 80 MHz lab, like evanes-
cent wave mode-locking of 
waveguide lasers employing 
SWCNTs deposited on the 
top surface. The fluorescing 
channel in the Tm-doped sur-
face waveguide can be seen 
on the picture.
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High-Field Laser Application Laboratory (HFL)
M. Schnürer (project coordinator)

1. Overview

The High-Field Laser Application Laboratory is the ex-
perimental 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 external access pro-
grams (Laserlab-Europe), national collaboration (Trans-
regio 18), and in-house collaborations.

The HFL is located in a separate building with restricted 
access due to radiation safety and cleanliness consid-
erations. Its structure and equipment allows perform-
ing a variety of laser-matter interaction experiments, 
especially complex laser-plasma interaction studies. 
Currently this research concentrates on generation and 
acceleration of charged particles, with special emphasis 
on protons, electrons, highly charged heavy ions and 
their applications.

The scientific objectives are met by combining the re-
sults of MBI research on high-power lasers (Projects 
1.2 and 4.2) with state-of-the-art commercial lasers in 
a dedicated 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 systems with intensities in excess of 1020 W/cm2 
and pulse duration of 25 and 35 fs excels by its pulse 
contrast capability. 

In 2014, the HFL infrastructure has been used for dif-
ferent laser-particle acceleration experiments including  
electron and ion acceleration (cf. Project 2.1). Specifi- 

 
cally, the MBI two-beam facility aims for staged accel-
eration schemes, both for electrons and ions. 

Fig. 1:   
Panorama view (impressionistic modified photo) of the electron acceleration experiment inside the bunker: From right to 
left – motor and adaptive mirror control unit, beam steering chamber, interaction chamber, spectrometer enclosed with 
concrete bricks, beam dump with reddish concrete bricks.

Fig. 2:   
Upper part: third order cross correlation measurement 
shows temporal contrast degradation and realignment 
of the 100 TW arm lower part: defocussing and wave-
front distortion caused by the final power amplifier of 
the 10 W laser arm which is finally corrected by the 
adaptive mirror to a front variation of λL/15 rms.
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In 2014 electron acceleration experiments where con-
tinued in a specific lab area which is enclosed in a ra-
diation shielded area (Bunker, Fig. 1). State of the art 
laser wakefield electron acceleration was realized.

Continuous work on laser parameter stabilization is 
an important topic. The given laser architecture of the  
100 TW bears several sensitive possibilities for steering 
the temporal pulse contrast. The changes can be dramat-
ic as it is exemplified with two measured temporal pulse 
shapes in Fig. 2. The lower part of Fig. 2 shows that wave 
front degradation occurs if the final power amplifier runs 
at full power. This constraint is handled with feedback 
controlled large aperture adaptive mirror operating at full 
amplified laser power. The control and further optimiza-
tion of the pulse spectrum was a part of continuing work 
to stabilize the achievable pulse power and thus the in-
tensity in the focused beam at a high level.

Interaction experiments with ultra-high temporal pulse 
contrast due to XPW-frontend and plasma-mirror com-
bination were also performed in 2014. These experi-
ments are devoted to study light pressure acceleration 
and process like electron blow out from ultra-thin foils of 
only a few nanometer thicknesses.

Lasers

•  70 TW Ti:sapphire: 10 Hz CPA (~35 fs, ~2.5 J) ca- 
 pable of delivering intensities of ~ 1020 W/cm2.
• 100 TW Ti:sapphire: 10 Hz CPA (~25 fs, 2.5 J),beam  
 attenuation stage. Moreover the beam parameters 
 like energy, pulse duration can be varied in both arms. 

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. 

2. Users

In 2014, system operation was mainly used for the MBI 
Project 2.1. This research is connected with the DFG 
funded Transregio 18 collaborative research consorti-
um and the CHARPAC-program within the Integrated 
Laser Infrastructure Network Laserlab-Europe and other 
bilateral cooperations. 

International Collaboration

Collaboration project: Investigation of proton beam opti-
mization with evolutionary algorithms steering the laser 
wavefront – Key Laboratory for Laser Plasmas, Shang-
hai Jiao Tong University (T. Sokollik).

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 Technologies 
(BLiX, (www.blix.tu-berlin.de) is jointly operated by the 
Institut für Optik und Atomare Physik (IOAP) of the TU 
Berlin and the Max-Born-Institut. BLiX is the „Leibniz-
Applikationslabor“ of MBI. It addresses scientific issues 
of importance to science and industry in order to transfer 
research results in prototypes. MBI contributes to BLiX

• with the support of user operation at a soft X-ray 
spectroscopy beamline based on a highly brilliant la-
ser produced plasma 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 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 ro-
tating metal cylinder as a target. This source has been 
developed in collaboration between IOAP/TU Berlin 
and BESTEC GmbH based on long time 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 on selected 
emission lines of up to 1012 ph/s*μm2*mrad2. For inves-
tigations of samples relevant for users from life and en-
vironmental sciences an X-ray absorption beamline has 
been implemented. This beamline is mainly applied in 
user driven investigations in near edge X-ray absorption 
fine structure (NEXAFS) spectroscopy at carbon, nitro-
gen and oxygen K-edges as well as transition metals 
L-edges.

As a result of a BMBF joint research project a full field lab-
oratory transmission X-ray microscope (LTXM) has been 
developed at MBI and transferred to BLiX. The LTXM en-
ables the detection of high quality microscope images at 

2.48 nm (500 eV) with a magnification of x1000 in a field 
of view of 30 ... 45 µm with a data accumulation time of 
less than one minute. In 2014, the work has mainly con-
centrated on the improvement of the spatial resolution 
and the reliability of the instrument. In addition a cryo-
genic option for sample preparation and a light micro-
scope were implemented. Both upgrades are highly ap-
preciated by users from life and environmental sciences. 
The user operation in 2014 was supported by BRUKER 
ASC. Main user applications refer to investigations on 
nanoparticles in human skin and inactivation of bacte-
rial endospores by high pressure treatment (cp. Fig. 1). 

2. Collaborations 

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

3. Users

Charité Berlin
Leibniz Institut ATB, Potsdam
TU Berlin

Publications

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

Fig. 1:   
Treated and untreated dormant bacterial 
endospores imaged with the LTXM (user 
project ATB, Potsdam).
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Das, R. Grunwald, M. Hoffmann, T. Nagy, A. Demircan, 
M. Jupé, D. Ristau, U. Morgner, C. Brée, M. Woerner, T. 
Elsaesser, and G. Steinmeyer; Noninstantaneous polar-
ization dynamics in dielectric media; Optica

HHRa: S. Höhm, M. Herzlieb, A. Rosenfeld, J. Krüger, 
and J. Bonse; Laser-induced periodic surface structures 
on fused silica upon cross-polarized two-color double-
fs-pulse irradiation; Appl. Surf. Sci. 

HHRb: S. Höhm, M. Herzlieb, A. Rosenfeld, J. Krüger, 
and J. Bonse; Femtosecond laser-induced periodic sur-
face structures on silicon upon polarization controlled 
two-color double-pulse irradiation; Opt. Express

HSca: I. V. Hertel and C. P. Schulz, Atoms, Molecules 
and Optical Physics 1: Atoms and Spectroscopy, 690 
pages (Springer Heidelberg New York Dordrecht Lon-
don)

HScb: I. V. Hertel and C. P. Schulz, Atoms, Molecules 
and Optical Physics 2: Molecules and Photons – Spec-
troscopy and Collisions, 720 pages (Springer Heidel-
berg New York Dordrecht London)

JHZ: V. Juvé, M. Holtz, F. Zamponi, M. Woerner, T. El-
saesser, and A. Borgschulte; Field-induced dynamics of 
correlated electrons in LiH and NaBH4; in Ultrafast Phe-
nomena XIX, K. Yamanouchi, S. Cundiff, R. de Vivie-
Riedle, M. Kuwata-Gonokami, and L. DiMauro eds. 
(Springer, Heidelberg)

KCA: J. W. Kim, S. Y. Choi, S. Aravazhi, M. Pollnau, U. 
Griebner, V. Petrov, S. Bae, K. J. Ahn, D.-I. Yeom, and 
F. Rotermund; Graphene Q-switched Yb:KYW planar 
waveguide laser; AIP Adv.

KPK: I. J. Kim, K. H. Pae, C. M. Kim, H. T. Ki, I. W. Choi, 
C.-L. Lee, H. Singhal, J. H. Sung, S. K. Lee, H. W. Lee, 
P. V. Nickles, T. M. Jeong, and C. H. Nam; Fast scaling 
of energetic protons generated in the interaction of lin-
early polarized femtosecond petawatt laser pulses with 
ultrathin targets; High Energy Density Physics 

LSM: P. Loiko, J. M. Serres, X. Mateos, K. Yumashev, 
N. Kuleshov, V. Petrov, U. Griebner, M. Aguiló, and F. 
Diaz; In-band-pumped Ho:KLu(WO4)2 microchip laser 
with 84% slope efficiency; Opt. Lett.

MBR: J. Michel, M. Beutler, I. Rimke, E. Büttner, P. Fari-
nello, A. Agnesi, and V. P. Petrov; High average power 
difference-frequency generation of picosecond mid-IR 
pulses at 80 MHz using an Yb-fiber laser pumped opti-
cal parametric oscillator; SPIE Proc.

MDL: H. Messaoudi, S. K. Das, J. Lange, F. Heinrich, S. 
Schrader, M. Frohme, and R. Grunwald; Femtosecond-
laser induced periodic surface structures for surface en-
hanced Raman spectroscopy of biomolecules; in Prog-
ress in Nonlinear Nano-Optics, M. Sakabe, C. Lienau, 
and R. Grunwald eds. (Springer, Heidelberg)

Pet: V. Petrov; Progress in 1-mm pumped mid-IR opti-
cal parametric oscillators based on non-oxide nonlinear 
crystals; IEEE J. Sel. Top. Quant. Electron
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PPK: B. T. Psciuk, M. Prémont-Schwartz, B. Koeppe, 
S. Keinan, D. Xiao, V. S. Batista, and E. T. J. Nibber-
ing; Ultrafast IR spectroscopy of O-H stretching modes 
in 2-naphthol-acetonitrile photoacid-base complexes; in 
Ultrafast Phenomena XIX, K. Yamanouchi, S. Cundiff, 
R. de Vivie-Riedle, M. Kuwata-Gonokami, and L. Di-
Mauro eds. (Springer, Heidelberg)

SAF: B. Schütte, M. Arbeiter, T. Fennel, F. Campi, M. 
J. J. Vrakking, and A. Rouzée; Recombination-induced 
autoionization process in rare-gas clusters; in Ultrafast 
Phenomena XIX, K. Yamanouchi, S. Cundiff, R. de 
Vivie-Riedle, M. Kuwata-Gonokami, and L. DiMauro 
eds. (Springer, Heidelberg)

SAS: C. Schlesiger, L. Anklamm, H. Stiel, W. Malzer, 
and B. Kanngiesser; XAFS spectroscopy by an X-ray 
tubed based spectrometer using a novel type HOPG 
mosaic crystal and an optimized image processing; J. 
Anal. At. Spectrom.

SJD: H. Stiel, R. Jung, A. Dehlinger, H. Legall, C. 
Pratsch, C. Seim, K. A. Janulewicz, and J. Tuemmler; 
Nanoscale imaging using coherent and incoherent labo-
ratory based soft X-ray sources; X-Ray Lasers

SLG: S. Sakabe, C. Lienau, and R. Grunwald; Preface; 
in Progress in Nonlinear Nano-Optics, S. Sakabe, C. 
Lienau, and R. Grunwald eds. (Springer, Heidelberg)

SRF: C. Somma, K. Reimann, C. Flytzanis, M. Woerner, 
and T. Elsaesser; Ultrafast terahertz response of lithium 
niobate in the nonperturbative regime; in Ultrafast Phe-
nomena XIX, K. Yamanouchi, S. Cundiff, R. de Vivie-
Riedle, M. Kuwata-Gonokami, and L. DiMauro eds. 
(Springer, Heidelberg)

SRW: C. Seim, K. Reineke, S. Werner, A. Dehlinger, 
H. Legall, H. Stiel, and B. Kanngießer; High pressure 
treated Bacillus subtilis spores - Structural analysis by 
means of synchrotron and laboratory based soft X-ray 
microscopy; Innovative Food Science and Emerging 
Technologies

Ste: G. Steinmeyer; Luftiger Laser; Physik Journal

TCN: V. G. Talalaev, G. E. Cirlin, B. V. Novikov, B. 
Fuhrmann, P. Werner, and J. W. Tomm; Ex post ma-
nipulation of barriers in InGaAs tunnel injection devices; 
Appl. Phys. Lett.

UPB: N. Umemura, V. P. Petrov, V. V. Badikov, and K. 
Kato; Temperature-tuned 90° phase-matched SHG and 
DFG in BaGa4S7; SPIE Proc.

WJH: J. Weisshaupt, V. Juvé, M. Holtz, S. Ku, M. Wo-
erner, T. Elsaesser, S. Ališauskas, A. Pugžlys, and A. 
Baltuška; Sub-100 fs mid-infrared pulses as driver for 
a table-top hard X-ray source; in Ultrafast Phenomena 
XIX, K. Yamanouchi, S. Cundiff, R. de Vivie-Riedle, M. 
Kuwata-Gonokami, and L. DiMauro eds. (Springer, Hei-
delberg)

WZJ: J. Weisshaupt, F. Zamponi, V. Juvé, M. Holtz, M. 
Woerner, and T. Elsaesser; Femtosecond X-ray diffrac-
tion: Laser-driven hard X-ray plasma sources and meth-
ods for analyzing spatio-temporal charge dynamics in 
crystals; in Tabletop Intense Femtosecond Pulse Sourc-
es and Their Applications, A. Baltuška and G. Cerullo 
eds. (Springer, Heidelberg) 

ZPG: Y. Zhang, V. Petrov, U. Griebner, X. Zhang, H. Yu, 
H. Zhang, and J. Liu; Diode-pumped SESAM mode-
locked Yb:CLNGG laser; Opt. Las. Techn.

submitted

AGP: V. Aleksandrov, A. Gluth, V. Petrov, I. Buchva-
rov, G. Steinmeyer, J. Paajaste, S. Suomalainen, A. 
Härkönen, M. Guina, X. Mateos, F. Díaz, and U. Grieb-
ner; Mode-locked Tm,Ho:KLu(WO4)2 laser at 2060 nm 
using InGaSb-based SESAMs; Opt. Express

BAP: J. Braenzel, A. A. Andreev, K. Platonov, M. Kling-
sporn, L. Ehrentraut, W. Sandner and M. Schnürer; 
Coulomb driven energy boost of heavy ions for laser 
plasma acceleration; Phys. Rev. Lett.

BBB: E. Brunetti, W. Becker, H. C. Bryant, D. A. Jaro-
szynski, and W. Chou; Laser stripping of hydrogen at-
oms by direct ionization; New J. Phys.

BCH: T. Barillot, C. Cauchy, P.-A. Hervieux, M. Gis-
selbrecht, S. E. Canton, P. Johnsson, J. Laksman, E. 
P. Mansson, J. M. Dahlstroem, M. Magrakvelidze, G. 
Dixit, M. E. Madjet, H. S. Chakraborty, E. Suraud, P. M. 
Dinh, P. Wopperer, K. Hansen, V. Loriot, C. Bordas, S. 
Sorensen, and F. Lépine; Angular asymmetry and atto-
second time delay in tandem from giant plasmon in C60 
photoionization; Phys. Rev. Lett.

BGK: A. V. Borovskiy, A. L. Galkin, and M. P. Kalash-
nikov; Two-dimensional angular energy spectrum of 
electrons accelerated by the ultra-short relativistic laser 
pulse; Phys. Plasmas

BNY: F. Buchner, A. Nakayama, S. Yamazaki, H.-H. Ri-
tze, and A. Lübcke; Excited-state relaxation of hydrated 
thymine and thymidine measured by liquid-jet photo-
electron spectroscopy: experiment and simulations; J. 
Am. Chem. Soc.

BRB: M. Beutler, I. Rimke, E. Büttner, P. Farinello, A. 
Agnesi, V. Badikov, D. Badikov, and V. Petrov; Differ-
ence-frequency generation of ultrashort pulses in the 
mid-IR using Yb-fiber pump system and AgGaSe2; Opt. 
Express

BSK: S. Birkholz, G. Steinmeyer, S. Koke, D. Gerth, S. 
Bürger, and B. Hofmann; Phase retrieval via regulariza-
tion in self-diffraction based spectral interferometry; J. 
Opt. Soc. Am. B

DNB: A. Demirel, J. Niegemann, K. Busch, and M. Ho-
chbruck; Efficient multiple time-stepping algorithms of 
higher order; J. Comput. Phys.
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FKS: S. Friede, S. Kuehn, S. Sadofev, S. Blumstengel, 
F. Henneberger, and T. Elsaesser; Nanoscale transport 
of surface excitons at the interface between ZnO and a 
molecular monolayer; Phys. Rev. B (RC)

FMS: G. Folpini, D. Morrill, C. Somma, K. Reimann, 
M. Woerner, T. Elsaesser, and K. Biermann; Coherent 
phase control of intersubband excitations by a nonreso-
nant terahertz pulse; Phys. Rev. B.

GHB: M. Grehn, M. Höfner, J. Bonse, T. Seuthe, C. The-
iss, A. Mermillod-Blondin, A. Rosenfeld, M. Eberstein, 
and H. Eichler; Thermodynamic aspects for laser modi-
fication and ablation of silicate glass systems; Mat. Ex-
press

HMW: A. Hille, M. Moeferdt, C. Wolff, C. Matyssek, R. 
Rodriguez-Oliveros, C. Prohm, J. Niegemann, S. Graf-
ström, L. Eng, and K. Busch; Metal nano-particle sys-
tems as second-harmonic resonators; Nano Lett.

KAI: M. Kalashnikov, A. A. Andreev, K. Ivanov, A. Galkin, 
V. Korobkin, M. Romanovsky, O. Shiryaev, M. Schnu-
erer, J. Braenzel, and V. Trofimov; Diagnostics of peak 
laser intensity based on the measurement of energy of 
electrons emitted from laser focal region; Appl. Phys. 
Lett.

KRH: G. Kewes, R. Rodriguez-Oliveros, K. Höfner, A. 
Kuhlicke, O. Benson, and K. Busch; Threshold limita-
tions of the SPASER; Phys. Rev. Lett.

LMW: P. Loiko, X. Mateos, Y. Wang, Z. Pan, K. Yuma-
shev, H. Zhang, U. Griebner, and V. Petrov; Thermo-
optic dispersion formulas for YCOB and GdCOB laser 
host crystals; Opt. Mater. Express

MAD: M. Magrakvelidze, D. M. Anstine, G. Dixit, M. E. 
Madjet, and H. S. Chakraborty; Fullerene photoemis-
sion time delay explores molecular cavity in attosec-
onds; Phys. Rev. Lett.

MDB: A. Marciniak, V. Despré, T. Barillot, A. Rouzée, M. 
C. E. Galbraith, J. Klei, C.-H. Yang, C. T. L. Smeenk, V. 
Loriot, S. Nagaprasad Reddy, A. G. G. M. Tielens, S. 
Mahapatra, A. I. Kuleff, M. J. J. Vrakking, and F. Lépine; 
Ultrafast relaxation of XUV induced relaxation in PAHs 
molecules; Nature Commun.

MMD: M. Magrakvelidze, M. E. Madjet, G. Dixit, M. Iva-
nov, and H. S. Chakraborty; Attosecond time delay in 
valence photoionization and photorecombination of ar-
gon: a TDLDA study; Phys. Rev. A

MPH: L. Medisauskas, S. Patchkovskii, A. Harvey, C. 
Neidel, J. Klei, A. Rouzée, M. J. J. Vrakking, and M. 
Y. Ivanov; On the role of initial electronic coherence in 
molecular dissociation induced by an attosecond pulse; 
Phys. Rev. Lett.

MWG: I. Mantouvalou, K. Wtte, D. Grötzsch, M. Neitzel, 
S. Günther, R. Jung, H. Stiel, B. Kanngießer, and W. 
Sandner; High average power, highly brilliant laser-pro-
duced plasma source for soft X-ray spectroscopy; Rev. 
Sci. Instrum.

Pet: V. Petrov; Frequency down-conversion of solid-
state laser sources to the mid-infrared spectral range 
using non-oxide nonlinear crystals; Prog. Quant. Elec-
tron.

QPK: Y. Qiao, F. Polzer, H. Kirmse, E. Steeg, S. Kühn, 
S. Friede, S. Kirstein, and J. P. Rabe; Nanotubular J-
aggregates and quantum dots coupled for efficient reso-
nance excitation energy transfer; ACS Nano

SLMa: J. M. Serres, P. Loiko, X. Mateos, K. Yumashev, 
N. Kuleshov, V. Petrov, U. Griebner, M. Aguiló, and F. 
Díaz; Prospects of monoclinic Yb:KLu(WO4)2 crystal for 
multi-wall microchip lasers; Opt. Mater. Express

SLMb: J. M. Serres, P. A. Loiko, X. Mateos, K. V. Yu-
mashev, N. V. Kuleshov, V. Petrov, U. Griebner, M. 
Aguiló, and F. Díaz; Ho:KLuW microchip laser intracav-
ity-pumped by a diode-pumped Tm:KLuW laser; Appl. 
Phys. B

SLR: F. G. Santomauro, A. Lübcke, J. Rittmann, E. 
Baldini, A. Ferrer, M. Silatani, P. Zimmermann, S. Grü-
bel, J. Johnson, P. Beaud, D. Grolimund, C. Borca, G. 
Ingold, S. Johnson, and M. Chergui; Real-time probing 
of electron localization in anatase TiO2; Angew. Chem. 
Int. Edit.

SMG: J. M. Serres, X. Mateos, U. Griebner, V. Petrov, 
M. Aguiló, and F. Díaz; Single-layer graphene satura-
ble absorber for diode-pumped passively Q-switched 
Tm:KLu(WO4)2 laser at 2 µm; IEEE Photonics Journal

SWKa: B. Schütte, P. Weber, K. Kovács, E. Balogh, B. 
Major, V. Tosa, S. Han, M. J. J. Vrakking, K. Varjù, and 
A. Rouzée; Bright soft X-ray bursts gated by transient 
phase-matching in two-color high-order harmonic gen-
eration; Phys. Rev. Lett.

SWKb: B. Schütte, P. Weber, K. Kovács, E. Balogh, B. 
Major, V. Tosa, S. Han, M. J. J. Vrakking, K. Varjù, and A. 
Rouzée; Recombination and fragmentation dynamics of 
clusters in intense extreme-ultraviolet and near-infrared 
fields; Phys. Rev. Lett. 

TNA: P. Trabs, F. Noack, A. S. Aleksandrovsky, A. I. Zait-
sev, N. V. Radionov, and V. Petrov; Spectral fringes in 
non-phase-matched SHG and refinement of dispersion 
relations in the VUV; Opt. Express

WJH: J. Weisshaupt, V. Juvé, M. Holtz, M. Woerner, and 
T. Elsaesser; Theoretical analysis of hard X-ray gen-
eration by nonperturbative interaction of ultrashort light 
pulses with a metal; Struct. Dyn.

General Publications

ART14: P. André, P. Reece, J. W. Tomm, J.-C. Ribierre, 
and I. Moreels; Preface: Semiconductor nanostructures 
towards electronic and optoelectronic device applica-
tions; phys. status solidi c 11 (2014) 193-194
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Hem14: M. Hempel; Die Katastrophe im Hochleistungs-
Laser verhindern; Verbundjournal 98 (2014) 12-13

RRB14: M. Rhodes, S. Rahaman, P. Bowlan, G. Stein-
meyer, and R. Trebino; From femtosecond to nanosec-
ond, laser-pulse measurement is all about the single 
shot; Laser Focus World 50 (2014) 97-100

GHe14: S. Großmann and I. V. Hertel, Koordinatoren, 
Zur fachlichen und fachdidaktischen Ausbildung für 
das Lehramt Physik; Eine Studie der Deutschen Physi-
kalischen Gesellschaft e. V., 117 pages (Bad Honnef, 
2014)

Master- and PhD theses

Master Theses

Glu14: A. Gluth; Untersuchung verschiedener sättig-
barer Absorber zur Erzeugung ultrakurzer Pulse mit 
neuartigen Tm-dotierten und Ho, Tm-kodotierten Laser-
materialien im Wellenlängenbereich um 2 µm (Supervi-
sor: U. Griebner), Technische Hochschule Wildau (FH), 
2014-11

Hol14: M. Holtz; Ultrafast electron dynamics in NaBH4 
revealed by femtosecond X-ray diffraction (Supervisor: 
T. Elsaesser), Humboldt-Universität zu Berlin, 2014-01

Frö14: P. Frömel; Generation of few-cycle laser pulses 
by hollow-core fiber compression for high harmonic gen-
eration (Supervisor: M. J. J. Vrakking and T. Elsaesser), 
Humoldt-Universität zu Berlin, 2014-09

Her14: M. Herzlieb; Erzeugung von laserinduzierten pe-
riodischen Oberflächenstrukturen mittels Femtosekun-
den-Doppelpulsen zweier verschiedener Wellenlängen 
(Supervisor: A. Rosenfeld), Technische Hochschule 
Wildau (FH), 2014-08

Hum14: J. Hummert; Characterization of ultrashort la-
ser pulses for transient absorption spectroscopy (Su-
pervisor: T. Elsaesser), Humboldt-Universität zu Berlin, 
2014-01

Mar14: S. Marschner; Erzeugung, Kontrolle und Chara-
kterisierung von großflächigen periodischen Ober-
flächenstrukturen im Nanometerbereich für tribologische 
Anwendungen (Supervisor: A. Rosenfeld), Technische 
Hochschule Wildau (FH), 2014-08

Tra14: 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), 
University of Pavia, Italy, 2014-02

Wei14: J. Weisshaupt; Generation of femtosecond X-
ray pulses with a mid-IR OPCPA system (Supervisor: 
T. Elsaesser), Humboldt-Universität zu Berlin, 2014-08

PhD theses

Bor14: B. Borchers; Untersuchungen mit phasensta-
bilisierten Laserimpulsen (Supervisor: T. Elsaesser), 
Humboldt-Universität zu Berlin, 2014-10

Cos14: R. Costard; Ultrafast dynamics of phospholipid-
water interfaces studied by nonlinear time-resolved vi-
brational spectroscopy (Supervisor: T. Elsaesser), Hum-
boldt-Universität zu Berlin, 2014-02

Gre14: C. Greve; Ultrafast vibrational dynamics of nu-
cleobases and base pairs in solution and DNA oligo-
mers (Supervisor: T. Elsaesser), Humboldt-Universität 
zu Berlin, 2014-09

Höh14: S. Höhm; Dynamik der Erzeugung und 
Mechanismen der Entstehung von periodischen 
Oberflächenstrukturen im Nanometerbereich (LIPSS) 
durch die Bestrahlung von Festkörpern mit Femtosekun-
den-Laserpulsen (Supervisor: W. Sandner), Technische 
Universität Berlin, 2014-10

Kun14: T. Kunze; Dynamik elektronischer Strukturen 
an nanostrukturierten Oberflächen (Supervisor: M. 
Weinelt), Freie Universität Berlin, 2014-10

Mar14: G. Marchev; Sub-nanosecond optical paramet-
ric generation of coherent radiation in the mid-infrared 
spectral range from 1064 nm pump sources (Supervi-
sor: V. Petrov), University of Plovdiv, Bulgaria, 2014-11

Sei14: C. Seim; Laboratory full-field transmission X-ray 
microscopy and applications in life science (Supervisor: 
H. Stiel and B. Kanngießer), Technische Universität Ber-
lin, 2014-10
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Invited talks at conferences 

A. A. Andreev; COST/LMJ-PETAL Workshop (Bordeaux, 
France, 2014-03): Proton radiography for pico- and fem-
tosecond laser pulses

A. A. Andreev; Workshop on Nonlinear Photonics (St. 
Petersburg, Russia, 2014-03): Generation of fast elec-
trons by ultra short intense laser pulse in “brush” target

A. A. Andreev; 12th Workshop:  Complex Systems of 
Charged Particles and their Interaction with Electromag-
netic Radiation (St. Petersburg, Russia, 2014-04): Fast 
electron generation by ultraintense short laser pulse in-
teraction with brush target

A. A. Andreev; 16th Laser Optics 2014 (St. Petersburg, 
Russia, 2014-06): Generation of X-rays and transport 
of fast electrons in nano-structured targets irradiated by 
relativistic intense laser pulses

A. A. Andreev; 17th Int. Congress on Plasma Physics, 
ICPP2014 (Lisboa, Portugal, 2014-09): Multi-stage ion 
acceleration in electric field of a foil irradiated by ultra-
intense laser pulses

W. Becker; The 13th Int. Conference on Multiphoton 
Processes, ICOMP13 (Shanghai, China, 2014): Quan-
tum-orbit theory of low-energy above-threshold ioniza-
tion on and off axis

W. Becker; Berge Fest Conference: In celebration of 
Prof Berge Englert’s contributions to Quantum Informa-
tion, Quantum Optics, and the Foundations of Quantum 
Mechanics (Singapore, 2014-04): Atoms in intense la-
ser field: Light at the end of the tunnel

W. Becker together with D. B. Milošević, S. P. Gore-
slavski, and G. G. Paulus; 23rd Annual Int. Laser Phys-
ics Workshop, LPHYS’14 (Sofia, Bulgaria, 2014-07): 
Low-energy electron rescattering in laser-induced ion-
ization

K. Busch; The Nonlinear Meeting 2014 (Edinburgh, 
Scotland, 2014-05): Discontinuous Galerkin methods in 
plasmonics

K. Busch; Casimir Spring School 2014 (Arnemuiden, 
The Netherlands, 2014-05): Nanoscale quantum optics: 
A personal perspective

K. Busch; Int. Workshop: Nonlinear Dynamics in Semi-
conductor Lasers, NDSL’14 (Berlin, Germany, 2014-05): 
A semi-classical theory of the SPASER

K. Busch; Photonics North 2014 (Montreal, Canada, 
2014-05): Computational methods and material models 
for nano-plasmonics

K. Busch; Electron Beam Spectroscopy of Nanostruc-
tures 2014, EBSN’14 (Amsterdam, The Netherlands, 
2014-06): Discontinuous Galerkin methods in plasmon-
ics: Application to electron energy loss spectroscopy

K. Busch; Lorentz-Center-Workshop: Nanoscale Quan-
tum Optics (Amsterdam, The Netherlands, 2014-06): 
Modified light-matter interaction, photon-atom bound 
states and few-photon nonlinearities

K. Busch; 6th Int. Conference: Advanced Computa-
tional Methods in Engineering, ACOMEN 2014 (Gent, 
Belgium, 2014-06): Computational plasmonics: Mate-
rial models for the discontinuous Galerkin Time-Domain 
Method

K. Busch; 11th Int. Conference on Nanosciences & Nan-
otechnologies, NN’14 (Thessaloniki, Greece, 2014-07): 
Computational methods and material models for nano 
plasmonics

G. Dixit; 20th National Conference on Atomic and Mo-
lecular Physics, NCAMP-XX (Trivandrum, India, 2014-
12): An era of attosecond science: Catching the elec-
trons

J. Dura-Diez; 23rd Congress of the International Com-
mission for Optics, ICO-23 (Santiago de Compostela, 
Spain, 2014-08): Electron dynamics from the non-per-
turbative to the perturbative regime

T. Elsaesser; Laser Optics (Berlin, Germany, 2014-03): 
Mapping atoms on the fly - lasers in structure research

T. Elsaesser; Int. Workshop: Functionality of Oxide In-
terfaces (Monastery Irsee, Germany, 2014-03): Ultrafast 
charge dynamics in ionic materials mapped by femto-
second X-ray powder diffraction

T. Elsaesser; 45th Annual Meeting of the APS Division 
of Atomic, Molecular & Optical Physics (Madison, USA, 
2014-06): Transient electron density maps of ionic mate-
rials from femtosecond X-ray powder diffraction

T. Elsaesser; Photoinduced Phase Transitions and Co-
operative Phenomena, PIPT-5 (Bled, Slovenia, 2014-
06): Nonequilibrium electron density maps of ionic crys-
tals from femtosecond X-ray powder diffraction

T. Elsaesser; 7th Int. Conference on Coherent Multidi-
mensional Spectroscopy, CMDS (Eugene, USA, 2014-
07): Ultrafast 2D infrared spectroscopy of phosphate-
water interactions in phospholipid reverses micelles and 
DNA

Appendix 2
External Talks, Teaching
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T. Elsaesser; 23rd Congress and General Assembly of 
the International Union of Crystallography, IUCr2014 
(Montreal, Canada, 2014-08): Structural dynamics of 
ionic materials mapped by femtosecond X-ray diffrac-
tion

T. Elsaesser; SSRL/LCLS User’s Conference, Work-
shop: Chemical Dynamics, SLAC (Stanford, USA, 
2014-10): X-ray probes of ultrafast charge transfer in 
condensed phase molecular systems

T. Elsaesser; SSRL/LCLS User’s Conference, SLAC 
(Stanford, USA, 2014-10): Transient electron density 
maps of ionic materials from femtosecond X-ray powder 
diffraction

T. Elsaesser; CNRS Workshop: Nanotechnologies et 
grandes longueurs d’onde: un enrichissement mutuel? 
(Paris, France, 2014-10): Ultrashort broadband THz 
probes of nonequilibrium charge transport in solids

T. Elsaesser; NORDITA Conference: Water - the most 
anomalous liquid (Stockholm, Sweden, 2014-10): Hy-
dration of DNA and phospholipids studied by femtosec-
ond two-dimensional infrared spectroscopy

J. Herrmann; The Nonlinear Meeting 2014 (Edinburgh, 
Scotland, 2014-05): Nonlinear processes at extreme 
wavelengths and high intensities in gas cells and in hol-
low-core fibers: From THz to VUV

A. Husakou; The Nonlinear Meeting 2014 (Edinburgh, 
Scotland, 2014-05): High-harmonic generation in a 
composite of a noble gas and metal nanoparticles, and 
near rough metal surfaces

F. Intravaia; Workshop: Casimir Physics 2014 (Houch-
es, Frances, 2014-03): Casimir force control through 
metallic surface nanostructuring

F. Intravaia; Int. Conference on Precision Physics of 
Simple Atomic Systems, PSAS2014 (Rio de Janeiro, 
Brazil, 2014-05): Non-equilibrium dispersion forces and 
fluctuation theorems

M. Ivanov; Free Electron Lasers and Attosecond Light 
Sources: portals to ultrafast dynamics in AMO systems 
(London, UK, 2014-06): Dynamic imaging: From high 
harmonic spectroscopy to X-ray diffraction

V. Juvé; 23rd Congress and General Assembly of the 
International Union of Crystallography, IUCr2014 (Mon-
treal, Canada, 2014-08): Field-driven dynamics of cor-
related electrons in LiH and NaBH4 revealed by femto-
second X-ray diffraction

M. P. Kalashnikov; Joint JRA Meeting: EUROLITE, 2nd 
meeting (Warsaw, Poland, 2014-04): Pulse shaping and 
measurements: Third order cross correlators to mea-
sure the temporal contrast of amplified fs pulses

M. P. Kalashnikov; 16th Laser Optics 2014 (St. Peters-
burg, Russia, 2014-06): ELI-ALPS - unique European 
laser facility

M. P. Kalashnikov together with M. Schnuerer and L. 
Ehrentraut; 23rd Annual Int. Laser Physics Workshop, 
LPHYS’14 (Sofia, Bulgaria, 2014-07): Dual-beam super 
high temporal contrast Ti:Sa laser system using double 
CPA technique

M. P. Kalashnikov; Workshop: Beam Propagation 
Method Softwares for Ultrashort Pulse Lasers (Prague, 
Czech Republic, 2014-09): Modeling requirements of 
ELI-ALPS

A. Mermillod-Blondin together with A. Rosenfeld, T. 
Seuthe, M. Eberstein, J. Bonse, and M. Grehn; Photon-
ics Europe 2014 (Brussels, France, 2014-04): Quantita-
tive estimate of laser-induced refractive index changes 
in the bulk of various transparent materials

F. Morales; 17th Gordon Research Conference on Mul-
tiphoton Processes (Bentley University Waltham, MA, 
USA, 2014-06): High harmonics spectroscopy in mole-
cules: Reconstructing emission time for below threshold 
harmonics and electron localization

E. T. J. Nibbering; 248th ACS National Meeting & Ex-
position (San Francisco, CA, USA, 2014-08): Ultrafast 
IR spectroscopy of photoacid-base complexes: The hy-
drogen stretching mode as local probe of the hydrogen 
bond

E. T. J. Nibbering; Core-to-Core Int. Symposium on Ion-
ization-Induced Switching (Institut für Optik und Atom-
are Physik, TU Berlin, Germany, 2014-12): Combined 
experimental and theoretical study on (transient) IR 
spectroscopy of hydrogen bonded naphthol-base com-
plexes

V. Petrov; 22nd Int. Conference on Advanced Laser 
Technologies, ALT’14 (Cassis, France, 2014-10): Prog-
ress in Nd:YAG laser pumped mid-IR optical parametric 
oscillators based on non-oxide nonlinear crystals; Book 
of Abstracts P24

H. R. Reiss; 23rd Annual Int. Laser Physics Workshop, 
LPHYS’14 (Sofia, Bulgaria, 2014-07): Low frequency 
limit of laser fields

H. R. Reiss; 23rd Annual Int. Laser Physics Workshop, 
LPHYS’14 (Sofia, Bulgaria, 2014-07): Ponderomotive 
potential and the intense-field mass shell

H. R. Reiss; Int. Symposium on Ultrafast Intense Laser 
Science, ISUILS (Vivant, Jodhpur, India, 2014-10): Next 
frontiers in intense laser science

M. Schnürer; Joint JRA Meeting: CHARPAC, 2nd meet-
ing (Warsaw, Poland, 2014-03): On acceleration field 
dynamics at femtosecond time scale

C. P. Schulz together with A. Anderson, S. Birkner, F. 
Furch, and M. J. J. Vrakking; 23rd Annual Int. Laser 
Physics Workshop, LPHYS’14 (Sofia, Bulgaria, 2014-
07): Strong field ionization with few cycle laser pulses 
at high repetition rates: Coincident three-dimensional 
momentum analysis
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B. Schütte; SFB 652 Summer Workshop: Ultrafast Clus-
ter Dynamics (Rostock, Germany, 2014-07): Observa-
tion and tracing of excited state dynamics in clusters

B. Schütte; Int. Workshop on Atomic Physics (Max-
Planck-Institut für Physik komplexer Systeme, mpiks, 
Dresden, Germany, 2014-11): Slow electrons and short 
light pulses

O. Smirnova; Free Electron Lasers and Attosecond Light 
Sources: Portals to ultrafast dynamics in AMO systems 
(University College London, UK, 2014-06): Attosecond 
dynamics in strong laser fields: From propylene and fen-
chone to hydrogen

O. Smirnova; Symposium über Attosekunden-Dynamik 
(Freie Universität Berlin, Germany, 2014-11): Attosec-
ond dynamics in strong laser fields: From propylene and 
fenchone to hydrogen

O. Smirnova; Int. Workshop on Atomic Physics (Max-
Planck-Institut für Physik komplexer Systeme, Dresden, 
Germany, 2014-11): Probing molecular chirality on sub-
fs time scale

O. Smirnova; Coherence and Control in the Quantum 
World: Current and Future Trends (Weizmann Institute 
of Science Rehovot, Israel, 2014-12): Probing molecular 
chirality on sub-fs time scale

G. Steinmeyer, Sino-German Symposium on Charac-
terization of Laser Components (Hannover, Germany, 
2014-05): Characterization of saturable absorber de-
vices

G. Steinmeyer; The Nonlinear Meeting (Edinburgh, 
Scotland, 2014-05): Rogue waves in multifilaments: A 
rough optical sea

G. Steinmeyer; Symposium on New Horizons in Nonlin-
ear Fiber Optics (Grasmere, UK, 2014-06): Nanostruc-
tured hollow-core fibers for high-fidelity delivery of few-
cycle laser pulses

G. Steinmeyer; Photon’14 (London, UK, 2014-09): 
Overcoming limitations of carrier-envelope phase stabi-
lization: New horizons for attosecond spectroscopy

G. Steinmeyer; The 5th Int. Symposium on Filamenta-
tion, COFIL2014 (Shanghai, China, 2014-09): Non-in-
stantaneous polarization decay in dielectric media

G. Steinmeyer; Frontiers in Optics 2014 (Tucson, AZ, 
USA, 2014-10): Rogue events in the atmospheric turbu-
lence of multifilaments

H. Stiel; Joint JRA Meeting: INREX (Warsaw, Poland, 
2014-03): High repetition rate X-ray laser at MBI

H. Stiel together with A. Dehlinger, K. A. Janulewicz, 
R. Jung, H. Legall, C. Pratsch, S. Rehbein, C. Seim, 
and J. Tümmler; 14th Int. Conference on X-Ray Lasers, 
ICXRL2014 (Colorado State University, Fort Collins., 
USA, 2014-05): Nanoscale imaging using coherent and 
incoherent lab oratory based soft X-ray sources

J. Tümmler; Joint JRA Meeting: EUROLITE, 2nd meet-
ing (Warsaw, Poland, 2014-03): High brightness pump 
source and thermal considerations for high average 
power amplifiers

M. J. J. Vrakking; Gordon Research Conference: Pho-
toionization & Photodetachment (Galveston, TX, USA, 
2014-02): Novel approaches for studying time-resolved 
molecular dynamics

M. J. J. Vrakking; DPG-Frühjahrstagung (Berlin, Ger-
many, 2014-03): Attosecond imaging

M. J. J. Vrakking; Third Workshop on High-speed Imag-
ing Sensors (Jesus College, Oxford, London, UK, 2014-
04): The TimePix sensor and imaging applications

M. J. J. Vrakking; Annual Meeting of the Spectroscopical 
Society of Japan and Int. Symposium on the Forefront 
of Ultrafast Spectroscopy (RIKEN, Japan, 2014-05): At-
tosecond time-resolved electron dynamics

M. J. J. Vrakking; MPC-AS Workshop (Garching, Ger-
many, 2014-07): Attosecond time-resolved electron dy-
namics

M. J. J. Vrakking; Frontiers of Intense Laser Physics 
(Kavli Institute for Theoretical Physics, University of Cal-
ifornia, Santa Barbara, CA, USA, 2014-08): Attosecond 
time-resolved molecular electron dynamics

M. J. J. Vrakking; 2nd Conference Science at FELs 
(Paul Scherrer Institute; Villingen, Switzerland, 2014-
09): Complementary uses of high-harmonic and FEL-
based XUV radiation

M. J. J. Vrakking; PIER GRADUATE WEEK 2014 for 
PhD and MSc students (Hamburg, Germany, 2014-10): 
Attosecond molecular electron dynamics

M. J. J. Vrakking; The 13th Int. Conference on Multipho-
ton Processes, ICOMP13 (Shanghai, China, 2014-10): 
Attosecond time-resolved molecular electron dynamics

M. J. J. Vrakking; Symposium on Attosecond Dynamics 
(Freie Universität Berlin, Germany, 2014-11): Attosec-
ond time-resolved molecular electron dynamics

M. J. J. Vrakking; Annual IMPRS-APS Meeting (Wien, 
Austria, 2014-11): Photoelectron holography in strong 
DC and AC fields

M. Woerner; The 3rd Int. Summer Course on Develop-
ment of Ultrafast Lasers and the Applications in Quan-
tum Matter (Hsinchu, Taiwan, 2014-08): Femtosecond 
X-ray diffraction

M. Woerner; The 3rd Int. Workshop on Development of 
Ultrafast Lasers and the Applications in Quantum Matter 
(Hsinchu, Taiwan, 2014-08): Ultrafast electronic charge 
redistribution processes in ionic crystals
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H. Zimmermann together with U. Eichmann and S. Eilz-
er; 23rd Annual Int. Laser Physics Workshop, LPHYS’14 
(Sofia, Bulgaria, 2014-07): Strong-field excitation of 
neutral helium

Invited talks at seminars and colloquia

W. Becker, Kolloquium (Wuhan Institute of Physics and 
Mathematics, Chinese Academy of Science, Wuhan, 
China, 2014-05): Low-energy above-threshold ioniza-
tion: How important is the Coulomb potential?

T. Elsaesser, Panel Discussion (HEPTech & DESY Aca-
demia-Industry Matching Event on High Energy Lasers, 
Hamburg, Germany, 2014-11): Academy-Industry Col-
laboration: How to create successful partnerships

B. Fingerhut, Seminar (Ludwig-Maximilians-Universität, 
München, Germany, 2014-05): The photoprotection 
mechanism of the RNA nucleobase uracil: Vibronic 
spectroscopy with IR and Raman probes

B. Fingerhut, Seminar (Physikalisch-Chemisches Insti-
tut, Universität Heidelberg, Germany, 2014-11): Probing 
biomolecular mechanisms by time-resolved vibrational 
spectroscopy

U. Griebner, Kolloquium (Jiao Tong University, Shang-
hai, China, 2014-11): Carbon nanostructures for solid-
state laser mode-locking in the near infrared

U. Griebner, Kolloquium (State Key Laboratory of Crys-
tal Materials, Shandong University, China, 2014-11): 
Boosting the nonlinear optical response of carbon nano-
tubes for broadband femtosecond mode-locking of bulk 
solid-state lasers

R. Grunwald, (LightTrans GmbH, Jena, Germany, 2014-
10): Tailoring and applications of ultrashort wavepackets

M. Hempel, Workshop: Alterung von Laserdioden und 
LED (Bayerisches Laserzentrum, Nürnberg, Germany, 
2014-05): Der Einfluss von externem Feedback auf die 
Alterung von Hochleistungs-Diodenlasern

M. Hempel, Kolloquium (Osram Opto Semiconductors, 
Regensburg, Germany, 2014-11): Messungen an GaN-
basierten Diodenlasern

M. Ivanov, Kolloquium (Leibniz Universität, Hannover, 
Germany, 2014-04): Surprising strong-field physics in 
laser filaments

M. Ivanov, Kolloquium (Humboldt University Berlin, Ger-
many, 2014-06): Imaging electronic dynamics at atto-
second time scale

J. Mikosch, Seminar (University of Innsbruck, Austria, 
2014-02): Channel-resolved above-threshold ionization 
in the molecular frame

E. T. J. Nibbering, Seminar (Biomolekulare Optik, Lud-
wig-Maximilians-Universität München, Germany, 2014-
01): Linear FT-IR and ultrafast 2D-IR spectroscopy of 
hydrogen bond dynamics: From acid-base complexes 
to complexing DNA base pairs

E. T. J. Nibbering, Seminar (Institute of Industrial Sci-
ences, University of Tokyo, Japan, 2014-07): Ultrafast 
hydrogen bond and aqueous proton transfer dynamics 
of photoacids

E. T. J. Nibbering, Seminar (Molecular Spectroscopy 
Laboratory, RIKEN, Tokyo, Japan, 2014-07): Linear FT-
IR and ultrafast 2D-IR spectroscopy of hydrogen bond 
dynamics: From acid-base complexes to complexing 
DNA base pairs

E. T. J. Nibbering, Seminar (University of California at 
Berkeley, CA, USA, 2014-08): Linear FT-IR and ultrafast 
2D-IR spectroscopy of hydrogen bond dynamics: From 
acid-base complexes to complexing DNA base pairs

V. Petrov, Seminar (Shandong University, Jinan, China, 
2014-11): Highest average power ultrashort pulse differ-
ence-frequency generation in the mid-IR at high repeti-
tion rates using non-oxide nonlinear crystals

V. Petrov, Seminar (Shanghai Jiao Tong University, Chi-
na, 2014-11): High-repetition rate difference-frequence 
generation of ultrashort pulses with high average power 
in the mid-IR using non-oxide nonlinear crystals

H. R. Reiss, AMO-Seminar (The Ohio State University, 
Dept. of Physics, USA, 2014-05): Rethinking laser-in-
duced ionization

T. Siebert; Seminar (Université de Genève, Switzerland, 
2014-04): Supercontinuum pulse shaping in the few-
cycle regime 

G. Steinmeyer; Kolloquium (Georgiatech, Atlanta, GA, 
USA, 2014-03): Non-instantaneous polarization decay 
in dielectric media 

G. Steinmeyer, Summer School, Photonics@be (Oost-
duinkerke, Belgium, 2014-05): Characterization of ultra-
short pulses

G. Steinmeyer, Int. School of Physics “Enrico Fermi” 
Frontiers in Modern Optics (Varenna, Italy, 2014-07): 
Measurement of amplitude and phase of Ultrashort 
Light Pulses

G. Steinmeyer, Kolloquium (Tianjin, China, 2014-08): 
Overcoming limitations of carrier-envelope phase stabi-
lization: New horizons for attosecond spectroscopy

G. Steinmeyer, Winter School (The Hamburg Centre 
of Ultrafast Imaging, Weissenhäuser Strand, Germany, 
2014-12): Nonlinear optics

H. Stiel, Kolloquium (Gwangju Institute of Science and 
Technology, Gwangju, Rep. Korea, 2014-02): Nanoscale 
imaging using laboratory based X-ray sources 
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H. Stiel, Kolloquium (Laserlabor Göttingen, Germany, 
2014-02): Röntgenmikroskopie und Spektroskopie im 
Labor mit laserbasierten Quellen

J. W. Tomm, together with M. Hempel and T. Elsaesser, 
Seminar (DirectPhotonics Industries GmbH Berlin, Ger-
many, 2014-01): Degradation mechanisms in AlGaAs-
based high-power diode lasers

J. W. Tomm, Seminar (University of Surrey, UK, 2014-
03): Optical spectroscopy paves the way towards novel 
semiconductor lasers

J. W. Tomm, Seminar (East China Normal University, 
ECNU Shanghai, China, 2014-09): Optical spectrosco-
py paves the way towards novel semiconductor lasers

J. W. Tomm, Seminar (Shanghai Institute of Technical 
Physics, SITP, China, 2014-09): Analysis of semicon-
ductor lasers by means of optical spectroscopy includ-
ing infrared techniques

J. W. Tomm, Kolloquium (Osram Opto Semiconductors, 
Regensburg, Germany, 2014-11): Spektroskopische 
Untersuchungen an GaN-Lasern

M. J. J. Vrakking, Seminar (Ecole Polytechnique Fédé-
rale de Lausanne, Swiss, 2014-04): Time-resolved mo-
lecular electron dynamics

M. J. J. Vrakking, Seminar (University of Tokyo, Japan, 
2014-05): Photoelectron holography in strong dc and 
optical fields

M. J. J. Vrakking, Kolloquium (Institut für Optik und Ato-
mare Physik, Technische Universität Berlin, Germany, 
2014-11): Attosecond time-resolved molecular dynam-
ics

I. Will; Meeting of the BERLinPro Mashine Advisory 
Committee (HZB Berlin, Germany, 2014-09): ERL com-
patible 1.3 GHz drive laser

M. Woerner, Kolloquium (Erwin-Schrödinger-Zentrum, 
Humboldt-Universität zu Berlin, Germany, 2014-10): 
Two-dimensional nonlinear terahertz spectroscopy on 
solids and nanostructures

General talks  

(popular, science politics etc.)

S. Höhm and S. Marschner, Tage der Forschung 
(Max-Born-Instiut, Berlin, Germany, 2014-09): 
Experimentelle Laserphysik   
 

Academic teaching

O. Benson, A. Peters, T. Elsaesser, F. Henneberger, 
K. Busch, A. Saenz, and S. Kowarik, Seminar, 2 SWS 
(Humboldt-Universität zu Berlin, SS 2014): Optik/Pho-
tonik

K. Busch, Vorlesung, 2 SWS (Humboldt-Universität zu 
Berlin, WS 2013/14): Elektrodynamik und Spezielle Re-
lativitätstheorie

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

K. Busch, Übung, 2 SWS (Humboldt-Universität zu Ber-
lin, SS 2014): Computational photonics

K. Busch and T. Elsaesser, Seminar, 3 SWS (Humboldt-
Universität zu Berlin, SS 2014): Optik/Photonik

K. Busch, Vorlesung, 2 SWS (Humboldt-Universität zu 
Berlin, SS 2014): Computerorientierte Photonik

K. Busch, Vorlesung, 2 SWS (Humboldt-Universität zu 
Berlin, WS 2014/15): Ausg. Kap. d. theor. Physik: Fluk-
tuationsinduzierte Phänomene

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

U. Eichmann, Integrierte LV (Vorlesung mit Übung), 4 
SWS (Technische Universität Berlin, Institut für Optik 
und Atomare Physik, WS 2014/15): Quantensysteme I

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

T. Elsaesser, Vorlesung, 2 SWS (Humboldt-Universität 
zu Berlin, SS 2014): Kurzzeitphysik I

T. Elsaesser, Vorlesung, 2 SWS (Humboldt-Universität 
zu Berlin, WS 2014/15): Laserphysik

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

I. V. Hertel, Forschungspraktikum mit Seminar, 4 SWS 
(Lise-Meitner-Haus - Physikgebäude Adlershof, SS 
2014): Moderne Physik und Schule - für MINT Lehr-
amtskandidaten

I. V. Hertel, Forschungspraktikum mit Seminar, 4 SWS 
(Humboldt-Universität zu Berlin, WS 2014/15): Moderne 
Physik und Schule - für MINT Lehramtskandidaten

A. Husakou, Vorlesung, 2 SWS (Freie Universität Berlin, 
WS 2013/14): Advanced solid state physics

F. Intravaia and K. Busch, Übung, 1 SWS (Humboldt- 
Universität zu Berlin, WS 2014/15): Ausg. Kap. d. theor. 
Physik: Fluktuationsinduzierte Phänomene

C. Martens, Übung, 1 SWS (Humboldt-Universität zu 
Berlin, WS 2013/14): Elektrodynamik und spezielle Re-
lativitätstheorie

C. Matyssek and K. Busch, Übung, 1 SWS (Humboldt-
Universität zu Berlin, WS 2013/14): Elektrodynamik und 
Spezielle Relativitätstheorie
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C. Matyssek and K. Busch, Übung, 1 SWS (Humboldt-
Universität zu Berlin, SS 2014): Computational photo-
nics

T. Sproll, Übung, 1 SWS (Humboldt-Universität zu Ber-
lin, WS 2013/14): Elektrodynamik und Spezielle Relati-
vitätstheorie

M. J. J. Vrakking, Vorlesung, 2 SWS (Freie Universität 
Berlin, WS 2013/14): Ultrafast Laserphysics 

M. J. J. Vrakking, Übung, 2 SWS (Freie Universität Ber-
lin, WS 2014/15): Ultrafast Laserphysics

M. J. J. Vrakking, Vorlesung, 2 SWS (Freie Universität 
Berlin, WS 2014/15): Ultrafast Laserphysics

M. Woerner, Übung, 1 SWS (Humboldt-Universität zu 
Berlin, WS 2013/14): Laserphysik

M. Woerner, Übung, 1 SWS (Humboldt-Universität zu 
Berlin, WS 2014/15): Laserphysik
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Master theses

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

B. Klessen; Erzeugung von Wellenleiterstrukturen in 
geschmolzenem Quarz mit Few-Cycle-Pulsen und ihre 
Charakterisierung (Supervisor: A. Rosenfeld), Techni-
sche Hochschule Wildau (FH)

S. Meise; Untersuchung angeregter neutraler Fragmen-
te nach Starkfeld-Dissoziation kleiner Moleküle (Super-
visor: U. Eichmann and T. Elsaesser), Humboldt-Univer-
sität zu Berlin

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

C. Patzek; Entwicklung und Anwendung eines Mess-
platzes zur räumlichen und zeitlichen Strahlformung 
eines Femtosekunden - Titan - Saphir - Lasers und 
zur Oberflächen - Materialbearbeitung (Supervisor: R. 
Grunwald), Technische Hochschule Wildau (FH)

A. Santagostino; Investigation of Ti:sapphire laser pum-
ped Tm:YAG laser ceramics with different doping level 
in the CW regime (Supervisor: V. Petrov), University of 
Pavia, Italy 

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

 

Diploma theses

R. Mohrhardt; Photonen-Transport in niedrigdimensio-
nalen Strukturen mit eingebetteten Quantenstörstellen 
(Supervisor: Prof. K. Busch), Humboldt-Universität zu 
Berlin

PhD theses

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

F. Bach; Erzeugung von hoch repetierenden (>100Khz) 
ultrakurzen Lichtimpulsen im nahen- und mittleren In-
frarot, durch parametrische Verstärkung gechirpter Im-
pulse (Supervisor: M. J. J. Vrakking), Freie Universität 
Berlin

M. Baggash; Real-time tracking of atomic electron dyna-
mics (Supervisor: W. Sandner), Technische Universität 
Berlin

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

S. Birkner; Untersuchung der Elektrodynamik in Mole-
külen mit ultrakurzen Laserpulsen und Koinzidenztech-
niken (Supervisor: M. J. J. Vrakking), Freie 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 A. Knorr), 
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

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

M. Eckstein; Coherent dynamics in photoactive biomole-
cules studied by ultrafast time-resolved photoelectron 
spectroscopy in water jets (Supervisor: M. J. J. Vrak-
king), Freie Universität Berlin

S. Eilzer; Excitation and acceleration of atoms and mole-
cules in tailored strong laser fields (Supervisor: U. Eich-
mann and 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 zu Berlin

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

Appendix 3
Ongoing Master, Diploma, and PhD theses
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M. Galbraith; Attosecond multielectron dynamics in 
molecules (Supervisor: M. J. J. Vrakking), Freie Univer-
sität 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

L. v. Grafenstein; Erzeugung und Anwendung intensiver 
ultrakurzer Lichtimpulse im mittleren Infrarot (Supervi-
sor: T. Elsaesser), Humboldt-Universität zu Berlin

A. S. Hernández; Femtosekunden-Röntgenbeugung an 
ionischen Materialien (Supervisor: T. Elsaesser), Hum-
boldt-Universität zu Berlin

M. Holtz; Ultrakurzzeit-Röntgenbeugung an ionischen 
Festkörpern (Supervisor: T. Elsaesser), Humboldt-Uni-
versität zu Berlin

J. Hummert; Time-resolved photoelectron spectroscopy 
on solvated chromophores (Supervisor: O. Kornilov and 
M. J. J. Vrakking), Freie Universität Berlin

J. Kaushal; Attosecond multielectron dynamics in strong 
laser fields (Supervisor: O. Smirnova and A. Knorr), 
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 sche-
mes (Supervisor: A. Jankowiak), Humboldt-Universität 
zu Berlin

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

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

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

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

K. Reininger; Structural imaging of transition state dy-
namics (Supervisor: J. Mikosch), Freie Universität Berlin

M. Richter; Imaging and controlling electronic and nu-
clear dynamics (Supervisor: O. Smirnova and A. Knorr), 
Technische 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 A. Knorr), Techni-
sche Universität Berlin

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

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

L. Torlina; Multi-channel theory of multi-electron dyna-
mics in strong laser fields (Supervisor: O. Smirnova and 
A. Knorr), 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 zu Berlin

A. v. Veltheim; Strong field ionization of aligned mole-
cules at large internuclear separation (Supervisor: W. 
Sandner), Technische Universität Berlin

J. Weißhaupt; Ultrakurzzeit-Röntgenmethoden zur Un-
tersuchung struktureller Dynamik in Festkörpern (Su-
pervisor: T. Elsaesser), Humboldt-Universität zu Berlin

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

H. Zimmermann; Untersuchung angeregter neutraler 
Fragmente nach frustrierter Tunnelionisation (Supervi-
sor: W. Sandner), Technische Universität Berlin
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M. Sander, Boston University, USA; Seminar C: Nonlin-
ear Processes in Condensed Matter, 2014-01-07: High 
repetition rate Er-doped femtosecond technology

W. Zinth, Ludwig-Maximilians-Universität München; 
Institutskolloquium, 2014-01-22: Light-switchable pep-
tides: From folding to aggregation

J. Kim, Korea Advanced Institute of Science and Tech-
nology, Korea; Seminar C, 2014-01-30: Attosecond-jitter 
mode-locked lasers and their microwave photonic ap-
plications

A. Vibok, University of Debrecen, Hungary; Seminar A: 
Attosecond Physics / Seminar B: Light-Matter-Interac-
tion in Intense Laser Fields, 2014-02-04: Attosecond 
electronic and nuclear quantum photodynamics of the 
ozone molecule: Probing the time-dependent electron 
density

K. Eikema, Vrije Universiteit Amsterdam, The Nether-
lands; Institutskolloquium, 2014-02-19: Exciting fre-
quency comb lasers: When less pulses can be more

T. Sarantceva, Voronezh State University, Russia; Semi-
nar A / Seminar B, 2014-03-03: High Harmonic Genera-
tion Spectroscopy: From 1D to 2D measurements

A. Kung, Frontier Photonics Research Laboratory, Na-
tional Tsing Hua University, Taiwan; Seminar A, 2014-
03-17: Towards single-cycle sub-femtosecond wave-
forms: An overview of ultrafast optics research in the 
Frontier Photonics Research Laboratory in National Ts-
ing Hua University

S. Stremoukhov, Moscow State University, Russia; 
Seminar A / Seminar B, 2014-03-17: The polarization 
control over the high harmonics as well as over the tera-
hertz radiation generated from a single atom irradiated 
by a two-color laser field

Y. Song, Tianjin University, China; Seminar C, 2014-03-
20: Routes to noise suppression in femtosecond lasers

B. Schmidt, Advanced Laser Light Source, INRS-EMT, 
Varennes, Canada; Seminar A, 2014-03-21: New per-
spectives for attosecond science based on few-cycle IR 
lasers

J. K. Wahlstrand, University of Maryland, College Park, 
USA; Seminar C, 2014-03-21: Measurements and ap-
plications of gas hydrodynamics driven by femtosecond 
pulses

K. Yamazaki, Tohoku University, Sendai, Japan; Semi-
nar A, 2014-03-25: Two-step explosion of highly charged 
fullerene cations C60q+ (q=20-60)

M. Guehr, PULSE Institute, SLAC National Accelerator 
Laboratory, Stanford University, USA; Seminar A, 2014-
03-26: Probing nonadiabatic dynamics using ultrafast 
soft X-ray and extreme ultraviolet pulses

K. Wynne, University of Glasgow, Scotland, UK; Insti-
tutskolloquium, 2014-04-30: Terahertz underdamped 
vibrational motion governs protein-ligand binding in so-
lution

W. Quan, Wuhan Institute of Physics and Mathematics, 
CAS, China; Seminar B, 2014-05-26: Above threshold 
ionization for atoms and molecules in femtosecond laser 
field

R. W. Boyd, Department of Physics, University of Otta-
wa, Canada; Institutskolloquium, 2014-06-06: Quantum 
nonlinear optics: Nonlinear optics meets the quantum 
world

D. Kielpinski, Griffith University, Brisbane, Austra-
lia; Seminar A, 2014-06-26: Precision experiments in 
strong-field and attosecond science 

D. Arbó, Institute for Astronomy and Space Physics, 
IAFE, Buenos Aires, Argentina; Seminar A, 2014-06-27: 
Subcycle quantum interference in interaction of ultra-
short laser pulses with atoms

E. Shapiro, Department of Chemistry, University of Brit-
ish Columbia, Vancouver, Canada; Seminar A, 2014-06-
27: Photonic-crystal optics in a cold atomic gas

B. Judkewitz, NeuroCure Cluster of Excellence an der 
Charité, Berlin; Seminar A, 2014-07-02: Deep tissue im-
aging with time-reversed light

M. Raschke, University of Colorado, Boulder, USA; 
Seminar C, 2014-07-11: Nano-focused multimodal im-
aging, control, and interaction dynamics: Ultrafast spec-
troscopy reaching the single quantum limit

S. Popruzhenko, Moscow Engineering Physics Institute, 
Russia; Seminar A, 2014-08-13: Complex trajectories in 
strong field physics: Technique and difficulties

S. Popruzhenko, Moscow Engineering Physics Institute, 
Russia; Seminar A, 2014-08-14: Complex trajectories in 
strong field physics: Fundamentals and history

E. Zander and L. Pevestorff, Preisträger ‘Jugend forscht’ 
2014, Mecklenburg-Vorpommern; Seminar B: Sonder-
seminar, 2014-08-29: Erleuchtende Momente: Mithilfe 
einer Gurke auf den Spuren der Teilchen

Appendix 4
Guest Lectures at the MBI
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F. Wang, CFEL Hamburg and SLAC Stanford, USA; 
Seminar A, 2014-09-03: Diffractive imaging of dissociat-
ing molecules using X-ray free-electron lasers

G. Reitsma, Faculty of Mathematics and Natural Scienc-
es, University of Groningen, The Netherlands; Seminar 
A, 2014-09-16: Structural dynamics of PAH molecules 
upon energetic photon or ion interactions

L. Bañares, Universidad Complutense de Madrid, Spain; 
Institutskolloquium, 2014-09-24: Strong-laser-field con-
trol of ultrafast photochemistry

P. R. Bunker, Researcher Emeritus, Steacie Lab, Nat. 
Research Council of Canada, Ottawa, Ontario, Canada; 
Seminar A, 2014-10-15: The benzene dimer

B. Bruner, Weizmann Institute of Science, Rehovot, 
Israel; Seminar B, 2014-11-12: Techniques for multidi-
mensional high harmonic spectroscopy

N. Huse, Max Planck Research Department for Struc-
tural Dynamics at the University of Hamburg; Instituts-
kolloquium, 2014-11-19: Transient X-ray spectroscopy 
of functional transition-metal complexes: Toward an at-
omistic picture of reaction pathways

S. Steinke, Postdoctoral Fellow, LOASIS Program Law-
rence Berkeley National Laboratory, USA; Seminar B, 
2014-12-05: Staging of laser plasma accelerators

Y. E. Schadilova, Russian Quantum Center, Moscow, 
Russia; Seminar B, 2014-12-08: Physics of particle 
strongly interacting with a field: An inside from ultracold 
atoms

L. Yu, Department of Physics and Astronomy, Shang-
hai Jiao Tong University, China; Seminar B, 2014-12-
15: Improvement of beam quality and generation of at-
tosecond electron sheets/light sources in laser plasma 
accelerators

I. Kulagin, Institute of Ion-Plasma and Laser Technolo-
gies, Uzbekistan Academy of Sciences, Tashkent, Uz-
bekistan; Seminar A, 2014-12-19: High harmonic gen-
eration of laser radiation in plasma structures
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Appendix 5
Grants and Contracts 2014

Total amounts spent in 2014: 4.444.655 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

A. A. Andreev

Member Program Committee, 16th Laser Optics 2014, 
St. Petersburg, Russia

 
W. Becker

Member, Advisory and Program Committee, Int. Laser 
Physics Workshop, LPHYS’ 14, Sofia, Bulgaria

Member, 13th Int. Conference on Multiphoton Process-
es, ICOMP13, Shanghai, China

Co-chair, Seminar 2, Strong Field & Attosecond Physics 
of the Int. Laser Physics Workshop, LPHYS’ 14, Sofia, 
Bulgaria

Member, Advisory Committee, SILAP 2015, Bordeaux, 
France

Member, Editorial Board, Laser Phys. Lett.

 
K. Busch

MC substitute member, COST Action MP 1403 Nano-
scale Quantum Optics (Elsevier) 

Member, Entwicklungs- und Planungskommission des 
Akademischen Senats, HU Berlin

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

 
T. Elsaesser

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

Member, IRIS Adlershof, Humboldt-Universität zu Berlin 

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

Chair, Physics Group, Gesellschaft Deutscher Naturfor-
scher und Ärzte 

Associate Editor, Struct. Dyn., AIP 

Divisional Associate Editor, Phys. Rev. Lett. 

Member, Editorial Board, Chem. Phys. 

Member, Editorial Board, Chem. Phys. Lett.

Member, Editorial Board, New J. Phys. 

 
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, Journal ISRN Optics

 
I. V. Hertel

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

Member, High school related activities of the Berlin 
Brandenburg Academy of Sciences 

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

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

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

Member, Selection Committee, Klung-Wilhelmy-Weber-
bank-Prize, Freie Universität Berlin

Member, Jury, Berlin Science Prize of the Governing 
Major 

Member, Scientific Advisory Board, „Foundation Bran-
denburger Tor“ 

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

Member, Editorial Board, J. Comput. Meth. Phys.

Member, Editorial Board, Advances in Optics

 
M. Ivanov

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

 
M.  P. Kalashnikov

Co-Chair, Seminar 4, Physics of Lasers, Int. Laser Phys-
ics Workshop, LPHYS’ 14, Sofia, Bulgaria

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. Photochem. Photobiol. 

Member, Central Laser Facility Access Panel, STFC 
Rutherford Application Laboratory

 
V. Petrov

Topical Editor, Opt. Lett.

Visiting Professor, University Joseph Fourier, Grenoble, 
France

 
O. Smirnova

Member, Organization Committee, 1st XLIC WG1 meet-
ing: Ultrafast electron dynamics in molecules, UC Lon-
don, UK

Member, Program Committee, European Conference 
on Atoms, Molecules and Photons (ECAMP)

Member, Program Committee, Int. Conference on Ultra-
fast Phenomena, Okinawa, Japan 

Board Member, Committee, Atomic, Molecular and Opti-
cal Physics Division (AMOPD) of the European Physical 
Society (EPS)

 
G. Steinmeyer

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

 
 
 

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

General Chair, Program Committee, High-Intensity La-
sers and High-Field Phenomena, HILAS 2016

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

Session Convener, Nonlinear Optics and Guided Wave 
Devices, International Union of Radio Science, URSI, 
General Assembly 2014, Beijing, China

Session Convener, Photonics in the International Year 
of the Light, International Union of Radio Science 
(URSI), 1st URSI Atlantic Radio Science Conference 
2015, Gran Canarias, Spain

Member, Program Committee, Ultrafast Optics 2015, 
Shanghai, China

Member, Editorial Board, Opt. Lett.

 
J.  W. Tomm

Member, Scientific Committee, Semiconductor Nano-
structures towards Electronic and Optoelectronic De-
vice Applications V, Conference of the E-MRS

Member, Scientific Program Committee, Int. Symposium 
on Reliability of Optoelectronics for Space Systems IS-
ROS, Toulouse, France

Member, Executive Committee, European Materials Re-
search Society (E-MRS), Strasbourg, France

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

 
M. J. J. Vrakking

Project Leader together with FU Berlin, Prof. M. Weinelt, 
DinL Leibnitz Graduate-School “Dynamic in New Light“

Member, XFEL SQS Steering and Advisory Committee

Member, Management Board, Laserlab-Europe-III

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

President, Scientific Advisory Board, CILEX-APOLLON

Member, Editorial Board, J. Phys. B, Photon Science 
Institute, Manchester, UK

Member, Scientific Reports, Nature Publishing Group
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Max-Born-Institut (MBI)
für Nichtlineare Optik und Kurzzeitspektroskopie
im Forschungsverbund Berlin e. V.

Mail Address: Max-Born-Institut
 Max-Born-Straße 2 A
 12489 Berlin
 Germany

Phone:  (++49 30) 6392 1505
Fax:  (++49 30) 6392 1519
 mbi@mbi-berlin.de
 www.mbi-berlin.de  
 

The Divisions of the Max-Born-Institut

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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