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This Annual Report summarizes the scientific activities of the Max-Born-Institut (MBI) for the 
year 2012. Last year was a crucial year for the institute, where MBI very successfully under-
went the third evaluation since its foundation. A panel of renowned, international specialists 
visited the institute for two days in September. The report issued at the end of the year un-
derlines ‘the global reputation of the institute in its field’ and rates MBI’s research program as 
very good to excellent. The panel compliments MBI´s general strategy, publication record, 
knowledge transfer activities, level of third-party funding, as well as the role that the institute 
plays in the national and international scientific landscape.

Scientifically 2012 was a very productive year for MBI´s research program. Key results are 
presented here for each of the MBI research projects, with selected scientific activities being 
discussed in more detail in a series of feature articles. The appendix gives a complete record 
of the publications, invited talks, academic teaching and training, guest lectures and activities 
in scientific organizations, as well as a summary of external funding. More detailed information 
on current activities is available on the MBI website (http://www.mbi-berlin.de).

In 2012, the research at the Max-Born-Institut has led to outstanding results in a range of 
research areas. Particular highlights are:

•	 The basic mechanism of the emission of Terahertz radiation in gases was elucidated, 
opening new possibilities for the control of Terahertz spectral parameters. Combined theo-
retical and experimental work showed that THz generation in gases is intrinsically con-
nected to the optically-induced stepwise increase of the plasma density near the maxi-
mum amplitudes of the pump laser fields used, due to tunneling ionization leading to the 
associated emission of a discrete set of attosecond-scale, ultra-broadband bursts. The 
spectrum is therefore determined by the interference of contributions arising from different 
ionization events, showing a remarkable analogy to the linear diffraction theory of gratings.  

•	 The breakdown of the single active electron approximation in strong field laser ionization 
was demonstrated in experiments where photoelectron spectra and ionic mass spectra 
were measured in covariance, showing that the production of fragment ions is frequently 
the result of ionization of deeper lying orbitals. This result has important implications for 
future studies in attosecond science, since it suggests that ionization by a strong laser field 
can be used to initiate ultrafast charge migration processes, which may pave the way to the 
charge-directed reactivity, a novel paradigm for chemical reactivity.  

•	 Spatial oscillations of electrons were observed in KDP crystals by recording a real-time 
‘movie’ using femtosecond X-ray powder diffraction with ultrashort X-ray flashes. Measur-
ing simultaneously many different X-ray diffraction peaks allows for a reconstruction of the 
momentary distances of atoms and in turn the three-dimensional distribution of electrons 
within the crystal. Remarkably, it was observed that excitation of a special kind of lattice 
vibrations (the so-called soft mode of KDP) leads to a periodic motion of the involved va-
lence electrons with a 30 times larger amplitude than that of the involved atoms (i.e. nuclei 
plus core electrons). The powder diffraction method can be applied to many other systems 
in order to map ultrafast structure changes in physical and chemical processes. 

•	 It was shown that extremely small water droplets embedding a phospholipid molecule en-
able efficient energy transfer on a time scale of 1 ps. Energy transfer was mapped by two-
dimensional infrared spectroscopy. As few as 3 water molecules around the phosphate 
group of the phospholipid are sufficient for transferring the energy of vibrations from the 
phospholipid into this minimal water shell. The transferred energy heats the water shell by 
10 to 20 centigrades and is stored in tilting motions of the water molecules, so called libra-
tions, leading to a weakening of the hydrogen bonds between the water molecules. This 
extremely efficient mechanism of energy disposal protects the biomolecule against dam-
age by overheating. 
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•	 The time when an electron exits the barrier in a strong laser field-driven tunneling process 
was measured and theoretically analyzed, using an approach where a weak cross-polar-
ized probe laser field was used to steer the tunneled electron in the lateral direction and 
monitoring the effect on the attosecond light bursts emitted when the liberated electron re-
encounters the parent ion. Subtle delays were measured in the ionization times from two 
different orbitals of a carbon dioxide molecule. 

•	 The scaling of photoelectron holographic interference patterns resulting from mid-infrared 
strong-field ionization with the laser pulse duration, wavelength, and intensity were studied, 
using high-resolution holograms for the ionization of metastable xenon atoms by 7–16 μm 
light from the FELICE free electron laser. Mid-infrared strong-field laser ionization offers 
the promise of measuring atomic and molecular dynamics with Ångström spatial and at-
tosecond temporal resolution.  

The number of publications was maintained at a high level with a significant fraction being 
published in internationally leading journals. MBI scientists gave a large number of talks at 
international conferences and external colloquia. Several key results of MBI research were 
highlighted by comments in scientific journals and by articles in the popular press. The inter-
national recognition of MBI´s researchers was further manifest in the Julius Springer Prize for 
Applied Physics being awarded to Thomas Elsaesser.

The increased role of theory research at the institute, exemplified in the last few years with the 
establishment of the groups of Olga Smirnova and Kurt Busch, was further enhanced by the 
appointment of Prof. Mikhael (Misha) Yu. Ivanov as Department head A1 of the MBI and as 
a W3-S-Professor of Theoretical Optics at the Humboldt University. Misha Ivanov is regarded 
world-wide as one of the leading theoreticians in the emerging field of ultrafast intense-field 
laser science. He has made major contributions to the emergence of attosecond science, 
and co-authored landmark papers on – among other subjects – the generation of attosecond 
pulses, the control of attosecond electron dynamics in strong-field ionization, and the observa-
tion of attosecond time-scale electron dynamics in molecular systems.

Anticipating on the coming retirement of Wolfgang Sandner as director of Division B, MBI and 
the TU Berlin started the procedure to find a suitable successor. This procedure is presently 
still under way.

Berlin, March 2013

 
Marc Vrakking            Wolfgang Sandner            Thomas Elsaesser 
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1. Introduction

Attosecond and femtosecond laser pulses constitute 
the shortest man-made events. In nuclear physics or el-
ementary particle physics, processes are known that ap-
pear on zeptosecond times scales and below [1]. How-
ever, the appearance of any such event can currently 
neither be controlled nor synchronized and is therefore 
useless for a pump-probe-type experiment. Current 
pulsed laser technology strongly relies on the original in-
vention of mode-locking [2] in the 1960’s, where the gen-
eration of 2.5 ns pulses was demonstrated. Despite rapid 
improvement in terms of ever shorter pulse duration over 
decades, theoretical description of mode-locking and 
laser pulse propagation restricted itself to the envelope 
structure of the laser pulses. 

This so-called slowly-varying envelope approximation 
neglects any possible effect from the underlying rapidly 
oscillating carrier field, in particular any dependence on 
the phase relative to the maximum of the envelope. This 
relative phase between carrier and envelope only start-
ed to matter when ultrafast laser technology advanced 
to pulse durations in the few-cycle regime [3]. For ex-
ample, a 5 fs Ti:sapphire pulse comprises only 2 opti-
cal field cycles within its full width at half maximum. For 
such short pulses, the maximum electric field strongly 
depends on the position of the field nodes and antinodes 
relative to the intensity maximum see Fig. 1(a).  
 

 
 
2. Measuring the Carrier-Envelope Phase

In mode-locked lasers, the carrier-envelope phase [4] 
appears as a hidden parameter beyond measurement 
and control. The intensity envelope of a laser pulse is 

controlled by the mode-locking mechanism, and the cav-
ity roundtrip time is readily measured via the repetition 
rate. However, the underlying carrier propagates at the 
phase velocity, which differs from the group velocity in 
dielectric materials. As the phase velocity is higher than 
the group velocity, this difference causes an advance 
of the carrier relative to the intensity envelope, which 
amounts to several hundred optical cycles per round trip 
in a typical Ti:sapphire laser cavity. 

Pulse characterization methods such as autocorrelation, 
FROG, or SPIDER [5] are completely insensitive to this 
rapid slippage between carrier and envelope. The first 
attempts to measure this effect relied on an interferomet-
ric cross-correlation between subsequent laser pulses 
from an oscillator [6]. While these experiments could 
clearly demonstrate that there is a slippage between car-
rier and envelope, this relatively simple diagnostic ap-
proach does not offer prospects for meaningful control 
of the slippage as this interferometric approach strongly 
relies on the mechanical stability of a delay line with a 
length exactly equal to that of the cavity. If the length 
of this reference cavity drifts by only a part in 10-8 of the 
wavelength in a second, i.e., an effective drift rate of  
10 femtometers per second, this drift would already add 
up to a phase error of a full optical cycle. This effectively 
renders application of such a phase stabilization mean-
ingless for applications in frequency metrology or atto-
second physics.

The key to solving this problem lies in the Fourier  
domain [4]. The spectrum of a mode-locked laser pulse 
train consists of a comb of absolutely equidistant modes, 
see Fig. 1(b). The spacing of these modes is equal to 
the repetition rate. However, their absolute frequencies 
are not simple integer multiples of this characteristic 
frequency but exhibit a common offset frequency. This 
offset frequency is zero only if the carrier slips by an in-
teger number of cycles relative to the envelope for each 
roundtrip inside the laser cavity.

For measuring this carrier-envelope offset (CEO) fre-
quency, it is sufficient to heterodyne two different optical 
harmonics of the comb signal, see Fig. 2. This method 
requires a certain bandwidth to ensure sufficient spectral 
overlap between both harmonics. For example, octave 
coverage is required for the case of heterodyning the 
fundamental comb with its second harmonic. The indi-
vidual frequencies in the second-harmonic comb arise 
because of sum frequency generation between all possi-
ble frequency combinations in the fundamental comb. As 
the frequency of any given mode in this comb is a sum of 
the CEO frequency and an integer multiple of the repeti-
tion rate, the frequency-doubled comb will also feature a 
doubled CEO frequency. Heterodyning the fundamental 
comb and the doubled comb on a photo diode therefore 
enables direct measurement of the CEO frequency as a 
radio frequency signal, cf. Fig. 2. This particular set-up 

Carrier-Envelope Phase Control: New routes and new challenges
G.Steinmeyer, B. Borchers, and M. Mero

 
Fig. 1:   
Train of few-cycle pulses in the (a) time domain and 
(b) spectral domain. The drift rate of the CE phase ϕCE 
corresponds to the carrier envelope offset frequency 
fCEO in the frequency domain. The delay between two 
pulses in the train translates into the equidistant fre-
quency difference frep between neighboring modes.
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for measuring the carrier-envelope phase is referred to 
as f-2f interferometer [4]. The resulting radio frequency 
signal effectively is the phase slippage rate between car-
rier and envelope. For example, if this slippage amounts 
to a quarter wave (= π/2 phase) per roundtrip, this results 
in a measured CEO frequency of 25 MHz for a laser with 
100 MHz repetition rate. 

Compared to the cross-correlation set-up [6], the rf 
heterodyne method has several advantages. First, the 
method does not require any external standard but only 
requires independent measurement or stabilization of 
the repetition rate, i.e., the method is self-referenced. 
Second, frequencies are the most precisely measurable 
physical quantities. Using interpolating frequency coun-
ters, one can easily track the slippage between carrier 
and envelope to the fraction of a cycle over arbitrarily 
long time intervals. This makes frequency combs very 
appealing for precision frequency metrology. In fact, 
measuring three radio frequencies, namely the repetition 
rate, the CEO frequency, and the difference frequency 
between an unknown optical frequency and the neigh-
boring comb line, effectively makes optical frequencies 
in the range of hundreds of terahertz countable. Fre-
quency combs have therefore revolutionized metrology, 
a development for which Theodor Hänsch and John 
Hall were honored with the Nobel Prize in 2005 [7, 8]. 
It is foreseeable that the current microwave frequency 
standard is soon to be replaced by an optical frequency 
standard with an at least 10,000 higher frequency.  
 

3. Feedback Control   
 
For application in frequency metrology, it is not abso-
lutely necessary to stabilize the carrier-envelope phase 
to a fixed value. Ultimately, all necessary information 
can be extracted from three simultaneous counts of ra-
dio frequency signals, and only cycle slips in the detec-
tion system have to be carefully avoided. Nevertheless, 
the first demonstration of a phase-locked CEO frequen-
cy came from the frequency metrology community [9]. 

The stabilization method used in [9] is based on feed-
back control of the CEO frequency within a phase-
locked loop (PLL), see Fig. 3. A PLL establishes a fixed 
phase relation between a reference oscillator and a sec-
ond voltage-controlled oscillator. For carrier-envelope 
control, the reference signal is typically derived from the 

repetition rate, e.g., by frequency division. In order to 
enforce this phase lock between this reference and the 
CEO frequency, a servo mechanism is required that en-
ables adjustment of the CEO frequency. Many mecha-
nisms have been demonstrated for this servo. The sim-
plest means for changing the difference between group 
velocity and phase velocity is the insertion of additional 
material into the laser cavity, e.g., by adjustable wedge 
prisms. However, it is immediately clear that such a me-
chanical solution is limited by the inertia of the prisms. In 
order to obtain a servo bandwidth in the kilohertz range, 
one therefore has to resort to an electro-optic or acous-
to-optic servo mechanism.

Acousto-optic pump power control is probably the most 
widespread servo mechanism for carrier-envelope 
phase stabilization. For this method, an acousto-optic 
modulator is inserted in between the pump laser and the 
femtosecond oscillator. Varying the input voltage at the 
driver electronics then enables control of the carrier-en-
velope frequency and enables closing the servo loop of 
the PLL. This stabilization method has been used quite 
successfully with experimentally demonstrated residual 
phase jitters between carrier and envelope down to ap-
proximately 100 mrad [10, 11], i.e., some 50 attosec-
onds of timing jitter or about 1/50th of an optical cycle.

Feedback control is currently the standard technique for 
carrier-envelope stabilization of lasers. Nevertheless, 
despite its widespread use, this stabilization approach 
comes with a number of disadvantages that often make 
its practical application cumbersome. One obvious prob-

 
Fig. 2:   
Measurement of the CE frequency by f -2f interferometry. 
The second harmonic of a mode from the infrared tail of 
the frequency comb fj

(2) is compared to a fundamental 
mode fi

(1). For adjacent modes (i = j) the beating frequency 
equals the offset of the fundamental comb fCEO.

 
Fig. 3:   
Feedback control. Stabilization of the carrier-envelope 
offset frequency fCEO within a phase-locked loop. After 
supercontinuum generation, an f-2f interferometer 
serves to generate the rf carrier-envelope slippage 
rate at fCEO. The f-2f interferometer is shown as Mach-
Zehnder with a frequency-doubler (SHG) in one arm. 
After filtering with an interference filter (IF), a photo 
diode picks up the electronic beat signal. An electronic 
mixer serves for phase comparison with a reference 
signal, which, in this case, was generated by electronic 
frequency division of the laser repetition rate. The gen-
erated intermediate frequency is processed by a so-
called loop filter, which is a low pass filter in the sim-
plest implementation. This signal is used to control the 
amplitude of the ultrasound field of an acousto-optic 
modulator, which is operated in 0 order. The stronger 
the ultrasound field, the stronger is the attenuation of 
the laser pump beam, which, in turn, affects the carrier 
-envelope frequency of the pumped laser. 
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lem is the necessary pump power modulation that also 
translates into undesired changes of the oscillator output 
power. In long-term experiments, the pump power may 
drop to a degree that simply terminates mode-locking. 
Moreover, important laser parameters such as pulse du-
ration may also be adversely affected by the pump pow-
er adjustment. In fact, for many applications in attosec-
ond physics, long-term stability over hours or even entire 
days is a major requirement. For such applications, it 
seems most favorable if the oscillator itself is environ-
mentally shielded and its output parameters are actively 
stabilized. However, such advantageous configurations 
with long-term stability appear impossible with feedback 
control. 

A second obvious problem is the inability of the feed-
back method to stabilize the CEO frequency to zero as 
a PLL can only stabilize to a radio frequency [12]. At ex-
actly zero frequency, a positive phase shift cannot be 
distinguished from a negative one, and stabilization is 
impossible. While this problem can typically be circum-
vented in various ways, all these methods render appli-
cation of the feedback scheme more complicated.  
 

4. Feed-Forward Control  
 
Feedback control is essentially the duplication of an 
electronic method in the optical domain. While electron-
ic voltage-controlled oscillators (VCO) are fairly trouble-
free components, their optical counterpart, effectively 
consisting of pump laser, pump power modulator, opti-
cal oscillator, and f-2f interferometer exhibits compara-
tively vast phase noise at unfavorably high frequencies 
in the kHz or even MHz range, which makes it very dif-
ficult to tame optical VCOs within a PLL. On the other 
hand, however, optics offers a much more favorable 
component for carrier-envelope control – the acousto-
optic frequency shifter, see Fig. 4.

An acousto-optic frequency shifter allows shifting an op-
tical frequency by a radio frequency. In the language 
of optics, this device produces the sum or difference 
frequency between these two mixed signals. Using the 
measured CEO frequency as the radio frequency in-

put to the shifter, it is now possible to simply shift the 
comb exactly by the measured CEO frequency, cf.  
Fig. 5. Without any further measures, in particular with-
out any intervention into the laser, the optical output of 
the shifter will then be a zero-offset comb. While this 
principle appears fairly obvious and even though fre-
quency shifters had been used frequently in metrol-
ogy, it is actually surprising that nobody ever tried this 
straightforward scheme before 2010. 

As it seemed appealing to control the CEO frequency 
simply with a shifter, we experimentally verified the 
scheme in Fig. 5 at MBI, starting in 2010 [13]. The early 
experimental work immediately identified several prob-
lems connected to this approach. The immediate prob-
lem with acousto-optic control of frequency combs is the 
trade-off between diffraction efficiency of a shifter and 
its group delay dispersion. While materials as tellurium 
oxide are highly efficient at low driver powers, more rea-
sonable few-cycle compatible materials such as silica 
require water cooling for decent diffraction efficiency. 
Moreover, the diffracted beam of the shifter exhibits an-
gular dispersion. These two sources of dispersion make 
it difficult to characterize the resulting CEO phase jitter 
in the stabilized beam.

Another immediate problem in characterizing the result-
ing phase jitters is the fact that the generated comb is 
offset free. While this is exactly the favored feature for 
many applications, it does render a precise measure-
ment of residual noise difficult. These difficulties are af-
fected by the previously mentioned problem of phase 
ambiguity at zero offset, but also include the general 
problem of 1/f noise in radio frequency measurement 
techniques. To overcome this fundamental problem, 
we chose to offset the characterization by a local-oscil-
lator frequency, see Fig. 5. This very set-up fulfills the 
requirement of a totally independent characterization 
system, normally dubbed as out-of-loop characteriza-
tion while at the same time overcoming troubles with 1/f 
noise characteristics. Moreover, the specific implemen-

Fig. 4:  
Working principle of frequency-shifter based carrier en-
velope control. An rf driver signal generates an acousto-
optic wave inside a dielectric optic material. An optical 
pulse experiences diffraction at the generated index grat-
ing inside this material. The grating phase determines the 
phase of the pulse diffracted into the first order whereas 
the pulse in the zero order remains unaffected.

Fig. 5:  
Set-up employed for the out-of-loop characterization 
of residual CEP jitter. SHX: periodically poled lithium 
niobate crystal phase matched for frequency doubling 
1064 nm; IF: interference filter at 532 nm; APD: ava-
lanche photodiodes; MSF: microstructured fiber;  
DSO: digital storage oscilloscope.
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tation of the f-2f interferometer for the diffracted beam 
avoids the angular dispersion problem.

After these initial tests, we conducted an experiment on 
the resulting phase noise performance in collaboration 
with the company Femtolasers, trying three different 
pump lasers for stabilization. While the need for avoid-
ing multimode pump lasers in the feedback scheme had 
been well known, we actually found to our surprise bet-
ter performance for a multimode laser than for a single-
mode ring laser with the feed-forward scheme. In fact, 
the stabilized performance of this laser outclassed any 
previously reported carrier-envelope stabilization [13]. 
The residual jitter between carrier and envelope amount-
ed to only 15 attoseconds, which is already significantly 
below the atomic unit of time (1 atu = 24 attoseconds 
= 1 rad of the orbit of an electron in the classical Bohr 
picture of a hydrogen atom). Quite clearly, these results 
constitute the best synchronization ever demonstrated, 
at a time scale that is below the fastest possible chang-
es in the outer electronic shell of any molecule or atom. 

The obtained results clearly raise the question wheth-
er there is a fundamental limitation for the obtainable 
carrier-envelope stabilization. Is it actually possible to 
reduce the jitter to a single attosecond or even below? In 
order to answer this question, we went through a num-
ber of tests on the limitation of the feed-forward technol-
ogy. This investigation immediately identified one ma-
jor problem: shot-noise in the f-2f interferometer. This 
problem had been previously identified in feedback sta-
bilization [10, 11]. We conducted numerical simulations 
that indicated a necessary visibility of he CEO beat note 
of 30 dB within a 100 kHz resolution bandwidth as an 
absolute minimum requirement for meaningful stabiliza-
tion. Increasing this value to 50 dB enables, in principle, 
residual jitters of 10 mrad, corresponding to about 5 as. 
Driving these considerations into the extreme, it would 
require a beat note visibility of >70 dB in 100 kHz band-
width to obtain sub-attosecond timing jitters between 
carrier and envelope. 

Moreover, our experiments indicated a second, prob-
ably more stringent limitation of feed-forward control – 
the acoustic lag time within the frequency shifter. While, 
in many applications this lag does not matter much, the 
particular application of carrier-envelope control is actu-
ally limited by the delay of the acoustic wave between 
piezo-electric actuator and interaction with the optical 
wave. We conducted careful measurements of this de-
lay, with a characteristic time constant of 0.8 µs for the 
device used in our experiments [14].

At first sight, a 0.8 µs lag appears to be negligible, in 
particular if one compares to feedback solutions that en-
able a demonstrated feedback bandwidth of only a few 
ten kilohertz at best. Formally, feed-forward control of-
fers a servo bandwidth of at least 500 kHz, clearly an or-
der of magnitude beyond the capabilities of PLL-based 
schemes. Looking closer at the acoustic lag, however, 
another problem becomes imminent. The CEO signal 
with several 10 MHz frequency also goes through sev-
eral ten cycles before it reaches the interaction zone. A 
change of the CEO frequency by the inverse lag time 
will cause a 2π phase change of the acoustic wave in the 

interaction zone. At short time scales up to a few sec-
onds, the passive stability of a Ti:sapphire oscillator is 
more than sufficient to cope with such slow drift effects. 
Nevertheless, on the time scales of several minutes or 
even hours, these drift effects will clearly take over and 
require further compensation [15].

In an effort to explore the limiting factors of carrier-
envelope stabilization, we combined an optimized f-2f 
detection scheme with a CEO frequency lock. Here we 
actually used the feedback scheme together with feed-
forward control. The feedback scheme was simply used 
to keep the CEO frequency at the center of the shifter 
passband, and feed-forward control was only used as 
a second stage to improve beyond traditional feedback 
control. In the detection scheme, we optimized the beat 
note visibility to > 50 dB [16]. Figure 6 shows the residual 
phase noise observed with our double stabilization ap-
proach. The experimentally obtained results amounted 
to 15 mrad, which translates into a sub-10-as residual 
timing jitter between carrier and envelope. Quite clear-
ly, these results constitute the best timing control ever 
demonstrated, see Fig. 7 for a comparison with previous 
results.

Fig. 6:  
Residual phase noise of the feed-forward stabilized 
Ti:sapphire oscillator. Black curve: integrated phase noise 
of the stabilized oscillator, amounting to a total of 45 mrad 
over the entire frequency range. Green curve: spectral 
phase noise density of the stabilized oscillator. Yellow 
curve: background measurement.

Fig. 7:  
Comparison of residual carrier-envelope timing and 
phase jitter between feedback and feed-forward method 
[14, 16]. Feed-forward control has enabled a tenfold 
improvement of the residual jitter to values 3 times lower 
than the atomic unit of time.
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While these timing jitter results, measured over a few 
seconds of integration time, appear to be very promis-
ing, it is often not the short-term stability but the long-
term performance that matters most for experiments in 
attosecond physics. In a joint experiment with Femtolas-
ers, we explored this practical aspect of the feed-forward 
scheme [15]. These measurements clearly reveal that 
the carrier-envelope phase of a laser can be kept within 
a 2π interval for an entire day, using nothing but environ-
mental control and the feed-forward scheme [15].

5. Current Directions  
 
We are currently investigating an advanced feed-for-
ward scheme for amplified lasers that does not require 
any additional second control loop or environmental 
control. This scheme relies on the fact that an amplified 
laser scheme typically does not require an identical car-
rier-envelope phase in each individual oscillator pulse, 
but in every N-th copy of it. Here N is the factor between 
oscillator and amplifier repetition rate. This alleviation 
multiplies the number of possible shifter driver frequen-
cies by a factor of N. Moreover, it is not only possible to 
drive the shifter at any of these individual frequencies, 
one can also use a multitude of these frequencies at 
the same time. This concept corresponds to acoustic 
mode-locking, providing short ultrasound pulses in the 
interaction zone with an acousto-optic carrier-envelope 
phase just suitable for compensation of the optical carri-
er-envelope slippage. 

An additional feature of this advanced scheme is its ap-
plicability of collinear acousto-optic devices such as the 
Dazzler ([18], Fastlite, France). While Dazzlers have al-
ready been previously evaluated for a slow control of 
residual phase drifts in the amplifier section of a femto-
second laser system, our novel synthesis scheme en-
ables complete wide-band control of all phase drifts in 
a single device.

So far, Ti:sapphire oscillators have been demonstrated 
with the lowest residual timing jitters. However, it ap-
pears far more difficult to phase-stabilize other lasers. 
Currently, two classes of lasers seem to be particularly 
interesting candidates for attosecond research, namely 
fiber lasers and ytterbium based solid-state laser sys-
tems. Both types of lasers pose particular challenges for 
phase stabilization. 

Ytterbium laser technology is highly interesting be-
cause of its power scalability and the fact that these la-
sers can be directly pumped with laser diodes. Mode-
locked Yb thin disk lasers, e.g., have been demonstrat-
ed with several 100 W output power [18]. Yb-doped 
master-oscillator power-amplifier (MOPA) systems are 
also highly interesting as pump sources for parametric 
amplifiers. Nevertheless, it has proven very difficult to 
phase-stabilize Yb-based systems [19]. Using a spe-
cial adaption of the feed-forward scheme developed 
at MBI, the group of Andrius Baltuška at TU Vienna 
has recently managed to stabilize an ytterbium based 
MOPA system to a residual carrier-envelope jitter of 
100 mrad. These first results clearly open new pros-

pects for these highly interesting laser materials.

While phase-stabilized fiber lasers are commercially 
available, a closer look at the residual noise characteris-
tics of these sources makes their use, e.g., as the seed 
source in parametric amplification schemes for attosec-
ond experiments difficult, even though they work per-
fectly for applications in frequency metrology. In metrol-
ogy, residual timing jitter is rarely a problem as the CEO 
frequency and the two other radio frequency signals just 
have to be counted, which is still possible even if the re-
sidual phase jitter exceeds 2π. Such large phase jitters, 
however, are a clear spoiler for attosecond experiments. 

In order to explore the suitability of a commercial Er:fiber 
laser for meaningful phase stabilization, we did some 
preliminary experiments at MBI. These experiments in-
dicated that a servo bandwidth in excess of 1 MHz is 
needed to stabilize our particular fiber laser. Despite the 
demonstrated large bandwidth of several 100 kHz of the 
feed-forward scheme, we clearly need further improve-
ments in the technology to get this particular laser sta-
bilized with residual phase jitters significantly below π. 
The limiting factor is clearly the travel time of the acous-
tic field to the interaction time with the laser, and cur-
rent experiments are aimed at minimizing the distance 
between actuator and laser as well as maximizing the 
sound velocity in the device. We are confident that these 
measures will enable phase stabilization of a much wid-
er class of lasers than currently considered possible. 

6. Conclusion

For the longest time, the carrier-envelope phase was a 
hidden, inaccessible parameter of mode-locked lasers. 
Its measurement and control only became possible for 
a small class of lasers, using the feedback method first 
demonstrated in 2000 [9]. Apart from some practical is-
sues that make long-term phase stabilization difficult, 
the feedback method is extremely limited in terms of 
servo bandwidth, in particular if pump power modula-
tion is used. Feed-forward control immediately widened 
the effective servo bandwidth to several 100 kHz, i.e., 
by nearly an order of magnitude. This advance also 
widened the class of lasers that can be meaningfully 
phase-controlled. Further improvements into the MHz 
range should enable stabilization of practically any fem-
tosecond oscillator with a sufficiently visible CEO beat 
note. This progress opens an avenue towards coher-
ent combination of laser pulses from independent laser 
sources [21], enabling much more versatile synthesis of 
extremely broadband laser sources, possibly with sub-
cycle temporal width.
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Introduction

The tunneling picture plays an outstanding role in un-
derstanding strong-field ionization dynamics of atoms 
and molecules [Kel64]. A linearly polarized pulsed 
strong laser field is considered as a classical electric 
field F(t) = FL(t) sin(ωt), where FL(t) is a slowly time-
varying pulse envelope with a maximum field strength 
F0 and ω the angular frequency of the laser. If an atom 
in its ground state is exposed to such a laser field the 
atomic Coulomb potential is periodically bent down by 
the large oscillating electric field strength and allows 
for tunneling of an electron. The pure tunneling picture 
describes ionization extremely well, particularly in those 
situations, where a fairly large number of photons are 
necessary to overcome the binding energy. It has been 
found, however, that the subsequent dynamics of the 
electron in the laser field is of decisive importance. It 
results in secondary processes, which are embraced in 
the famous three-step or simple man’s model [Cor93, 
KSK93, KYD93]. In this model tunneling of an electron 
is the first step. In the second step the electron is ac-
celerated in the field and might return to the core with 
substantial kinetic energy, depending on the phase of 
the electric field when it tunnels. Upon encounter with 
the core the third step might lead to collision or recom-
bination processes. The electron might be released as 
a high energy above threshold electron (HATI) [PNX94], 
it might account for non-sequential double or non-se-
quential multiple-ionization (NSDI) by collision [WSD94, 
MFS00, BLH12] and it might radiatively recombine and 
leave the atom in its neutral ground state while generat-
ing high harmonics (HHG) [LBI94] concomitant with a 
train of as-pulses [KIv09]. All processes are subject to 
ongoing intensive investigations worldwide, at MBI par-
ticularly in division A [San10, BMG12] and in the theory 
group of O. Smirnova, see, e.g. [Smi09].

In this feature article we will concentrate on electrons 
which tunnel before or at the field cycle maximum. As-
tonishingly the physical consequences that arise in the 
context of these electrons have not been considered 
coherently in the simple man’s model before. We find 
that the dynamics of the electron in the laser field fol-
lowing tunneling ionization is frustrated and leads to 
the population of excited states. The process, which we 
dubbed frustrated tunneling ionization (FTI), describes 
quasi multi-photon excitation within the tunneling picture 
[NSG08].  

In the following we will elucidate in more detail how frus-
trated tunneling ionization (FTI) leads to excited states 
and we will discuss consequences for strong field phys-
ics. Besides important ramifications in atomic strong-
field physics we also find FTI at work in strong-field dis-
sociation of molecules, where one observes neutral or 
charged excited fragments. As an important example 
we discuss results for H2, where we observe fast ex-

cited neutral hydrogen fragments in coincidence with a 
fast proton [Man09]. From the high kinetic energy we 
can conclude that they originate from a Coulomb ex-
plosion. As a most recent highlight we present a new 
fragmentation process based on FTI in rare gas dimers 
[MRS10a, VMQ]. Finally, FTI establishes also the ba-
sis to explain observed kinematic effects of strong fields 
on neutral atoms. Using a direct detection technique for 
neutral excited atoms we are able to measure deflection 
of atoms in the gradient of the focused strong light field. 
The enormous acceleration of atoms in strong fields can 
be understood within the frustrated tunneling picture 
[ENR09]. Most recently, we used the results to tackle 
the problem of stability of Rydberg atoms in strong fields 
with special emphasize on the fact that the intensity a 
surviving Rydberg atom has interacted with is encoded 
in the kinematics [ESE]. 

FTI in atoms

Frustrated tunneling ionization happens whenever the 
tunneled electron does not gain enough drift energy 
during the interaction with the laser pulse to overcome 
the Coulomb attraction of the ionic core [NGS08]. This 
condition holds basically for electrons that tunnel in the 
vicinity of a field cycle maximum of a linear polarized 
laser field, while it does not hold for electrons tunneling 
in a circular laser field, where the drift energy is in gen-
eral large enough to overcome the Coulomb field. To 
calculate the frustrated tunneling ionization effect in 
the simple man’s model we solve the classical Newton 
equations for an electron in a combined pure Coulomb 
potential V(r) = -1/r and a linearly polarized electric field 
F(t) in the x direction. All equations are in atomic units. 
We define the starting point of the electron at the time 
immediately after tunneling ionization tion to be located 
at the exit of the tunnel. Its coordinate along the laser 
polarization axis can be obtained from the tunneling ion-
ization model, , 
where Eb is the binding energy of the atom. We take   

and . We assume that at tion the 
momentum of the electron along the polarization axis 
is px = 0, perpendicular to it it follows the momentum 
distribution [DKr91] 

The probability for tunneling is proportional to [DKr91, 
YIv01, Com05]

Frustrated tunneling ionization in atoms and molecules
U. Eichmann and H. Rottke 

(1)

(2)

(1)

(2)
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At the time when the laser pulse terminates we consider 
an electron unbound, if its total energy is positive, it is 
bound, if the energy is negative. In that sense a clear 
definition of ionization is only meaningful at times after 
the laser pulse terminated. While the laser pulse is ap-
plied energy and angular momentum of the electron are 
not conserved and a strict analysis of the electron trajec-
tory in terms of bound or unbound cannot be given. The 
term frustrated tunneling ionization is thus particularly 
justified within the simple man’s model.

Whether excitation via FTI is possible depends on the 
initial position and momentum of the electron and on the 
phase of the oscillating laser field at the instance of tun-
neling [SGP09, NGS08]. In Fig. 1 we show a plot of the 
dependence of excitation on the phase defined relative 
to the field cycle maximum at the pulse maximum and 
on the lateral momentum py. Color coded is the negative 
energy of the electron. Additionally, we show trajecto-
ries for certain points of the diagram indicated by the 
lines. Typically the electron trajectory associated with 
frustrated tunneling ionization starts at the tunnel exit 
and oscillates in polarization direction as long as the 
laser pulse is on. If the electron is freed before a field 
cycle maximum it never encounters the core thus avoid-
ing a catastrophic (ionizing) collision. Even if it tunnels 
after the field maximum the lateral momentum ensures 
that it not necessarily collides with the core. Due to its 
initial momentum perpendicular to the laser polariza-
tion axis the electron follows a planar trajectory, which 
is eventually merging into an allowed Kepler orbit with 
fixed angular momentum and negative energy. The pe-
riodic structure within the stable regime depends on the 
number of laser oscillations the electron is subjected to 
after it has tunneled. In few cycle pulses, the area is 
almost completely filled.

In order to predict the probability to find the atom in 
a Rydberg state with principal quantum number n we 
use the probabilities, Eqs. (1) and (2), to randomly pick 
initial conditions and calculate about 105 trajectories. 
In the laser field there is a vast variety of complicated 

trajectories, which nevertheless finally turn into smooth 
bound Kepler orbits. After the laser pulse we determine 
the total energy T of the electron and assign each tra-
jectory with negative total energy an effective quantum 
number ν, determined according to T=-1/2ν2. We sort 
these numbers into integer bins and obtain the n prob-
ability distribution. For a fixed intensity and laser pulse 
duration we obtain the results shown in Fig. 2, which is 
taken from [NSG08]. We find the maximum of the distri-
bution at around n=8 with the classical angular momen-
tum being homogeneously distributed over the allowed 
range of angular momentum states l<n, but for states 
with n>12 predominantly l<11. A direct comparison with 
sophisticated TDSE calculations shows the predictive 
power of the frustrated tunnel ionization picture. 

The FTI model is not only able to explain excitation in 
the tunneling regime, but it is also able to make quan-
titative predictions. Although excitation in moderate 
strong fields has been observed in experiments almost 
20 years ago [BMU92, JSB93], the connection to the 
simple man’s model has only established recently, in 
the context of our observation of excited states of He 
deep in the strong-field tunneling regime using a direct 
detection technique explained in more detail later on 
[NSG08].

FTI in molecules

Interestingly, frustrated tunneling ionization can also be 
observed in the strong-field dissociation of molecules 
[Man09]. The most instructive case can be conceived 
in the Coulomb explosion of diatomic molecules. Let us 
consider the case of H2

+ in a strong laser field. Tunneling 
ionization leads to fragmentation of the molecule into 
two protons and an electron. The protons gain substan-
tial kinetic energy from Coulomb repulsion due to the 
small nuclear separation at the time of tunneling, which 
is, however, larger than the equilibrium distance of H2

+. 

Fig. 1:  
Non-ionizing (recapture) conditions and their depend-
ence on the initial lateral momentum py and on the ioni-
zation phase. We show sample trajectories at specific 
phases and py values the blue lines point at.

Fig. 2:  
Comparing the population of excited He states from a 
Monte Carlo simulation (red circles) with a quasi-one-
electron (black squares) and a full twoelectron quantum 
mechanical calculation (blue triangles) at a laser intensity 
of 1015 Wcm-2. The MC simulation has been normalized 
to the quasi-oneelectron calculation at n=10.
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If the tunneling ionization process is frustrated the elec-
tron is finally attached to one of the two protons. The 
scenario is depicted in Fig. 3. 

The liberated electron oscillates in the laser field. After 
the pulse it then follows a trajectory that stays near one 
of the accelerated protons forming eventually an excited 
state of H. In contrast to the atomic case here one has 
to consider the dynamics of the protons as well. As a 
result of solving extended Newton equations including 
the electron and two protons one actually finds excited 
neutral H-atoms. A more sophisticated calculation con-
firms the correctness of the picture [ELS12, ELa12]. 

Can we observe these excited states experimentally? 
We performed an experiment where we investigated 
the strong field fragmentation of H2 by detecting either 
an ion or an excited neutral atom. Detection of excited 
neutral atoms is possible if the excited atoms reach the 
detector in an excited state. In that case the internal en-
ergy is usually sufficient to initiate a detection process 
in a multi-channel plate (MCP) detector. In Fig. 4 we 

show spectra as a function of the kinetic energy of ex-
cited neutral and charged fragments. They are perfectly 
linked indicating that we find excited neutral fragments 
with the same kinetic energy as the charged ones. Thus 
we seem to confirm the Coulomb explosion involv-
ing finally a neutral excited state as sketched in Fig. 3. 
Moreover, also fragmentation processes such as bond-
softening are partially accompanied by FTI leading to 
low energy excited neutral fragments. Finally we have 
performed successfully a coincidence measurement 
of the fast excited neutral and of the ionic fragment at  
3 eV using a reaction microscope finally proving that 
both fragments stem from a single fragmentation pro-
cess as suggested by our FTI model [Man09].

Neutral excited fragments after strong-field dissociation 
have also been observed for other molecules such as 
N2 [NES09], CO and CO2 [Nub10], from which we con-
clude that the FTI process leading to an excited neutral 
fragment is a quite general phenomenon in strong-field 
dissociation. Our results have been confirmed by other 
groups for D2

+ and D3
+ [MKZ11, MKS12].

FTI in argon dimers

We find FTI also in more exotic strong field multiple 
ionization processes of loosely bound noble gas dimers, 
specifically Ar2. Here, we observe “frustrated triple ioni-
zation” where altogether three electrons of the dimer 
get tunnel ionized with only two of them leaving the  
dimer after the laser pulse is gone and one finally being 
trapped in an excited Rydberg state of a singly charged 
argon atom [MRS10a]. Ar2 is bound by weak polarization 
forces at a large internuclear separation (Req = 7.13 au). 
While applying the laser pulse nuclear dynamics in the 
dimer is frozen. That is, the excitation happens at Req. At 
this internuclear separation stepwise tunnel ionization 
leads to multiple ionization of the dimer. Electron impact 
ionization by a returning, tunnel ionized, and laser ac-
celerated electron is negligible. The reason for this is 
charge resonance enhanced tunneling ionization being 
the main molecular ionization mechanism in this range 
of internuclear separations. This multiple tunneling ioni-

Fig. 3:  
Classical trajectories for the Coulomb explosion of H2

+ 
after tunneling ionization. Shown are the components 
of the trajectories of the two nuclei and of the electron 
along the direction of the laser polarization as a function 
of time.

Fig. 4:  
Kinetic energy distribution of ionic and excited neutral 
fragments after strong field interaction with H2. Energy 
distributions of (a) H+ (black curve) and (b) H*(red curve) 
are shown. The inset shows a time-of-flight spectrum.

Fig. 5:  
Kinetic energy release (KER) distribution for the Coulomb 
explosion channel Ar2+ + Ar+ after triple ionization of the 
Ar2 dimer [dashed (blue) line]. The spectrum was taken 
simultaneously with the corresponding KER spectrum for 
the Coulomb explosion channel Ar+ + Ar+, solid (black) 
line. The dotted (red) line is a fit to the measured KER 
distribution assuming that it originates from frustrated 
triple ionization of Ar2.
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zation is a prerequisite for finding FTI in multiply ionized 
atoms or molecules. 

The kinetic energy release in Coulomb explosion of the 
dimer after double and triple ionization reveals the pres-
ence of “frustrated triple ionization”. In Fig. 5 the kinetic 
energy release (KER) in the Coulomb explosion channels 

Ar2  ---->  Ar2
2+  ---->  Ar+ + Ar+*                     (3)

Ar2  ---->  Ar2
3+  ---->  Ar+ + Ar2+                   (4)

is shown. The black line shows the high energy part of 
the channel (3) KER and the blue one that for channel 
(4). The KER distribution for channel (4) can be identi-
fied being just Coulomb explosion after triple ionization 
of Ar2 at Req. The high energy part of the KER in channel 
(3) shows a line structure slightly displaced to lower ki-
netic energy. Such a high KER after double ionization of 
Ar2 is only possible provided Ar2

2+ is formed in an elec-
tronically highly excited state where the excited electron 
is in a Rydberg state with an orbital radius larger than 
the internuclear separation Req of the nuclei after the la-
ser pulse is gone. In this case Coulomb explosion of the 
doubly charged dimer starts with the repulsion of a sin-
gly and a doubly charged Ar ion core. After the internu-
clear separation reaches the orbital radius of the excited 
electron in our case this electron gets localized at the 
Ar2+ ion core. It then shields one of the positive charges 
of this ion core from the other one. The Coulomb explo-
sion then proceeds as if the Ar dimer was merely dou-
bly ionized with one positive charge on each of the two 
nuclei. The small shift of the KER line of the channel (3) 
Coulomb explosion to lower kinetic energy with respect 
to the channel (4) line allows one to estimate the inter-
nuclear separation where the excited electron gets lo-
calized at the Ar2+ ion core [MRS10a]. As a mean value 
one gets R ~ 115 au. If one identifies this internuclear 
separation with the radius of the Rydberg electron orbit 
one estimates that Rydberg states with a principal quan-
tum number around n ~ 12 are created by frustrated tri-
ple ionization of the Ar dimer. The dimers thus may be 
used to get access to the principle quantum numbers n 
populated through atomic FTI basically by analysis of 
the kinetic energy release in their Coulomb explosion. 
Similar results have been reported in [UVM10] and mul-
tiple FTI with the trapping of more than one electron has 
been observed in [WVU11].

Frustrated tunneling ionization of noble gas di-
mers with Rydberg-electron shake-off by core 
electron charge oscillation

In noble gas dimers FTI even leaves a specific imprint 
on the momentum distribution of those photoelectrons 
that one detects together with singly charged dimer 
ions, i.e. photoelectrons from the ionization channel: 

A2  ----->  A2
+ + e  

where A represents the noble gas atoms Ne, Ar, Kr and 
Xe.

Strong field tunneling ionization and FTI of a noble gas 
dimer may be regarded as starting with tunneling ioniza-

tion of one of its nearly unperturbed atomic constituents 
(unperturbed by the presence of the neighboring atom 
since the binding polarization forces are very small). 
Thus, the positive charge of the dimer ion core in case 
of FTI is first localized at one of the atomic sites. This, 
however, does not correspond to an eigenstate of the 
molecular ion core but must be viewed as a superposi-
tion of a gerade and a corresponding ungerade eigen-
state of the dimer ion core. These state pairs have dif-
ferent energies and thus a superposition will give rise to 
a dependence on time of the ion core’s electronic wave 
function reached after FTI. This time dependence is ac-
companied by an electron charge oscillation between 
the two nuclear centers. An electron that has been left 
in a Rydberg state after FTI perceives this charge oscil-
lation as an oscillating dipole of significant strength due 
to the large equilibrium internuclear separation of noble 
gas dimers (Req > 6 au). Eventually, this dipole oscil-
lation may shake-off the Rydberg electron. Thus, in a 
dimer FTI may end up in Rydberg states which finally 
ionize due to this ion core charge oscillation. These FTI 
electrons then also appear in a photoelectron spectrum 
[VMQ]. 

Photoelectron momentum distributions of all noble gas 
dimers (Ne2, Ar2, Kr2, Xe2) show a very characteristic dif-
ference compared to the spectrum of the corresponding 
atomic constituents. A pronounced peak appears at zero 
momentum which has a width being smaller ~ 0.1 au. It 
is not found in the atomic constituent. Otherwise, the 
momentum distributions are very similar as can be seen 
in Figs. 6(a), (b) for Ar and Ar2, respectively [VMQ]. We 
are led to attribute this narrow peak to electrons that first 
get excited through FTI and then, in a second step, get 
ionized through electron charge oscillation in the dimer 
ion core as described above. Besides for the homonu-
clear dimers we also find this peak in the photoelectron 
momentum distribution for ArKr dimers, however not for 
ArNe [VMQ].  It’s missing in ArNe is due to the fact that 
in the experiment FTI at the light intensity used was only 
able to populate Rydberg states with the ion core charge 
localized at the Ar site of the dimer. Charge transfer 
states of the ion core, where the charge is localized at 
the Ne site, were not reached. This gives rise to a static 
charge distribution in the ion core and thus stable Ry-
dberg states. Contrary to ArNe the close lying ionization 

Fig. 6:  
Photoelectron momentum distributions after strong field 
single ionization of Ar atoms (a) and Ar2 dimers (b), from 
[VMQ13].
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potentials of the atomic constituents of ArKr allowed the 
population of charge transfer state pairs of the ion core 
through FTI accompanied with a charge oscillation in 
the ion core that is able to kick off the Rydberg electron. 

A model calculation done to determine the momentum 
distribution of electrons shaken off from Rydberg states 
through an ion core charge oscillation reveals that actu-
ally low momentum electrons are formed in the ioniza-
tion continuum. The actual width of the experimentally 
observed peaks in the dimer photoelectron spectrum 
can be understood within this model provided specifi-
cally high angular momentum Rydberg states become 
populated through FTI of the dimer with l, the angular 
momentum, being larger than approximately 7. This at 
the same time means correspondingly high principal 
quantum numbers being preferentially populated by 
FTI. This behavior is consistent with theoretical results 
on FTI for atoms [NGS08].

Noble gas dimers thus are to a certain extent able to 
give insight into the Rydberg states that get populated 
by frustrated tunnel ionization.

Acceleration of neutral atoms in strong laser 
fields

Dipole forces in the focus of a laser field are well known 
and extensively exploited to trap macroscopic neutral 
particles (optical tweezer) or to confine cold quantum 
gases. In contrast to recoil forces as in effect in laser 
cooling dipole forces are directly proportional to the light 
intensity (or more precisely to the intensity gradient). 
Kinematic manipulation of neutral atoms in inhomoge-
neous laser fields is essentially based on dipole forces 

acting on a polarizable atomic system, where the laser 
field represents only a minor perturbation.

In the course of our work on excitation in strong laser 
fields we have discovered that dipole forces acting on 
atoms at light intensities that exceed the threshold inten-
sity for ionization can be observed [ENR09]. The obser-
vation has become possible through the direct detection 
of neutral excited atoms with a position sensitive MCP 
detector. In Fig. 7 we show a sketch of our experimental 
setup, where a nearly collimated thermal beam of atoms 
crosses an intense focused laser beam. According to 
the FTI model the interaction with the laser field leaves 
a few percent of the atoms in long-lived excited states 
which are detected by our position sensitive detector lo-
cated downstream, in contrast to ground state atoms, 
which cannot be detected. Without additional forces 
such as the dipole force one would expect to measure 
a pattern reflecting the excited atom probability distribu-
tion in the laser beam. Since the radial dimension of the 
Gaussian laser beam is only on the order of the beam 
waist of 15 µm compared to the extension in laser beam 
direction on the order of the Rayleigh length of a few 
mm, we expect an elongated thin area along the laser 
beam axis where excited atoms hit the detector, as it 
has been measured for Ar, see Fig. 7(a).

In fact, however, we find for He a strong radial pon-
deromotive force (indicated by the black arrows in  
Fig. 7(b) acting on the excited atoms that causes a ra-
dial deflection dependent on the radial intensity gradi-
ent. This intensity gradient is strongest in radial direction 
and negligible along the z direction, which is the propa-
gation direction of the laser beam. The radial intensity 
gradient is strongest at the focal plane at half the beam 
spot size and drops symmetrically along the laser beam 

axis. It gives rise to a characteristic detection pattern. In 
Fig. 8 we show a result, where we have measured the 
distribution of laser excited He-atoms in a beam with a 

Fig. 7:  
Schematics of our neutral atom detection.  
(a) Distribution of heavy atoms (Ar) on the detector, no 
deflection. (b) Distribution of light He atoms, strong radial 
deflection due to the ponderomotive force.

Fig. 8:  
Position sensitive detection of excited He-atoms. The  
arrow denotes the laser beam direction. The focused 
beam intensity is ~ 7 x 1015 W/cm2. The color scale  
indicates the number of detected excited atoms.
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position sensitive detector located ~0.38 m downstream 
from the interaction region. The momentum transfer to 
the neutral atoms during the short interaction time is by 
far stronger than what one would expect from the di-
pole force acting on ground state atoms. To explain our 
findings we rely on the interpretation in the frame work 
of the frustrated tunneling ionization. After tunneling the 
electron oscillates with large amplitude at the laser fre-
quency and thus feels the ponderomotive force due to 
the strong radial gradient of the light intensity. It con-
verts quiver energy of the electron partially into centre-
of-mass motion of the whole atom, since the ionic core 
and the electron are coupled by the Coulomb force. This 
is confirmed by detailed classical trajectory calculations. 
Observed deflections for He and Ne atoms for different 
laser parameters are in very good agreement with our 
theoretical predictions [ENR09] and others [XFL].

Observing Rydberg atoms to survive strong 
laser fields

From the experiments described before, we can infer 
that an atom surviving the interaction with a strong laser 
field carries information about the laser intensity it has 
interacted with. We want to exploit this twist in combi-
nation with an old question, namely the stabilization of 
an atom in strong fields [ESE]. In particular, survival of 
atoms in strong laser fields, where already single-pho-
ton absorption is in principle sufficient to ionize was first 
predicted about a quarter of a century ago. Since then 
different stabilization mechanisms such as interference 
stabilization at lower intensity, adiabatic or dynamic sta-
bilization, or strongly reduced ionization rates due to 
initial high angular momentum have been theoretically 
discussed [EKu93, PTV03, Gav03, MRP11]. These 

mechanisms have been, however, only partially con-
firmed in experiments and then only at relatively moder-
ate laser intensities. One of the key problems is how to 
ensure that the surviving atom has really seen the peak 
intensity and did not survive in the “shadow” of the laser 
light, the temporal or spatial outskirts.

We choose excited Rydberg atoms to fulfill the condition 
that the binding energy is small compared to the photon 
energy. Ionization of Rydberg atoms in very strong la-
ser fields is far from being fully understood. There are 
many theoretical proposals and suggestions about why 
and how Rydberg atoms might survive very strong laser 
fields, but, again, in the best case they are only partially 
confirmed in experiments. 

We use a Mach-Zehnder interferometer to obtain two 
time delayed laser pulses with different polarization and 
very good spatial overlap in the focus. With a linearly 
polarized strong laser pulse of about 1015 Wcm-2, we ex-
cite Rydberg states according to the FTI mechanism. 
They form a wavepacket with principal quantum num-
bers centered around n ~ 8 and with angular momentum 
states distributed over a large range, essentially I<10 
[NGS08]. Moreover, as described before excited atoms 
are accelerated in the gradient of the focused strong 
short-pulse laser field [ENR09]. After a time delay of  
500 fs we apply a second laser field, which is elliptically 
polarized. It is important to note that sufficient elliptical 
polarization (ellipticity ε = 0.66) ensures that no further 
excitation from the ground state takes place [NGS08]. 
Consequently, any Rydberg atom, which interacts with 
the second laser pulse and survives, is additionally ac-
celerated provided it is located in a nonzero intensity 
gradient. Hence, the deflection of Rydberg atoms, which 
can be measured as described before, verifies the inter-
action with the strong field. 

Fig. 9:  
Distributions of excited He-atoms on the position  
sensitive detector. The number of impinging excited  
atoms on the detector is color coded. a) Excited He-atom  
distribution for a single laser pulse with an intensity  
of I1 = 2.7x1015 Wcm-2; b) Surviving excited He-atom  
distribution after applying a second elliptically polarized 
laser pulse with an intensity I2 = 3.8x1015 Wcm-2 and  
a time delay of about 500 fs. c) The difference of the  
He-atom distributions in a) and b)

Fig. 10:  
Deflection of atoms stemming from the focus. Black line: 
Rydberg atoms excited and accelerated with  
I1 = 2.7x1015Wcm-2. Red line: Rydberg atoms additionally 
accelerated with a second laser pulse;  
I2 = 3.8 x1015 Wcm-2. The full blue and green curves are 
from model calculations. The dotted curves are calcu-
lated using only certain focal regions:  
Blue squares: r<w0/2, cyan circles: w0/7<r<w0/2.
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We show the measured deflection of the Rydberg at-
oms excited by the first laser pulse in Fig. 9a). Figure 
9b) shows Rydberg atoms surviving the second laser 
field, which also accelerates them additionally. Figure 
9c) shows the difference in the He* yield. We find that 
the detected population after the second pulse drops at 
most by 15% indicating for the first time an experimental 
proof of the exceptional stability of Rydberg atoms in 
fields above 1015 Wcm-2. They withstand high laser in-
tensities, where corresponding field amplitudes of more 
than 1~GV/cm exceed the thresholds for static-field ioni-
zation by more than six orders of magnitude.

Furthermore, in Fig. 10 we compare the measured de-
flections with model Monte Carlo calculations. Hereby, 
we assume that the acceleration of an atom is based 
on a quasi-free electron-quivering in the focused laser 
beam. It is important to note that it is still bound to the 
ionic core after the laser pulse is over [ENR09]. For at-
oms localized within half of the focus size w0/2 there is 
a unique relation between deflection of the atom and 
the intensity it has interacted with. Since we find from 
the calculations that Rydberg atoms are predominantly 
excited within r<w0/2, we can clearly state that the sur-
viving atoms have seen 60% to 95% of the maximum 
intensity of the second pulse. Comparing our survival 
yield with quantum calculations, (single-active electron 
approximation and fully correlated calculations), we find 
good agreement. Further analysis of the data shows 
that the correlated motion of the Rydberg wave packet 
has no influence on the ionization rate. We find main-
ly low order processes to be in effect even at highest 
intensities. However, the calculations show important 
deviations from simple low-order perturbation theory 
at intensities when the quiver amplitude is comparable 
or larger than the classical inner turning point of the  
Rydberg orbit. 

In conclusion we describe frustrated tunneling ioniza-
tion (FTI), a recently discovered new exit channel in the 
simple man’s model for strong-field physics that leads to 
excitation. We present a variety of examples such as at-
oms in strong laser fields and molecular strong-field dis-
sociation, where FTI leads to a thorough understanding 
of observed phenomena. Furthermore, using a position 
sensitive detection scheme for neutral excited atoms we 
were able to reveal strong acceleration of strong-field 
surviving atoms. In the context of stability of Rydberg 
atoms we unambiguously proved that the information 
what intensity the Rydberg atom has survived is encod-
ed in its kinematics.
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Measurements of angular distributions of high kinetic en-
ergy photoelectrons suggest new opportunities for deter-
mining the time evolution of molecular structures in the 
course of a photochemical event. In this feature article, 
experiments are described where XUV/X-ray photoioni-
zation based on use of high-harmonic generation (HHG) 
as a source of short XUV pulses is used to eject a high 
energy photoelectron, as well as measurements where 
a large number of mid-infrared photons are absorbed 
in the course of strong-field ionization. In both case, the 
measured photoelectron angular distribution displays 
modulations related to the electronic geometry and mo-
lecular structure of the molecule under study. These ex-
periments are a first step towards  the investigation of 
complex non-adiabatic molecular dynamics involving a 
strong coupling between electronic and nuclear motion, 
where the time-dependent changes of electronic and 
molecular structure is monitored in time using high en-
ergy electrons generated within the molecule.

Much of our knowledge about matter on the atomic scale 
is based on studies of the interaction of matter with light. 
Consequently, the invention of lasers in the infrared, vis-
ible and ultra-violet parts of the wavelength spectrum 
has greatly benefitted our understanding of chemical and 
physical processes. Using lasers, very insightful experi-
ments have become possible, which operate either in the 
frequency or in the time domain. The latter type of ex-
periment has been particularly informative. Using pump-
probe approaches, where a first “pump” laser pulse trig-
gers a structural change in a molecule, and a second 
“probe” laser pulse interrogates the molecule after it has 
evolved for some time, detailed questions can be asked 
that are pertinent to chemical reactivity. The importance 
of this new research field of “femtochemistry” was recog-
nized by the Nobel Prize in Chemistry that was awarded 
in 1999 to Prof. Ahmed Zewail (Caltech) [1]. 

In femtochemistry experiments, an evolving molecular 
structure is typically monitored by measuring how the 
molecular absorption spectrum (or a related quantity that 
can be measured, such as a photoelectron or Raman 
spectrum) changes as a function of pump-probe delay. 
If it is known how the molecular absorption spectrum 
depends on the molecular structure, then measuring 
its time-dependent changes in a pump-probe sequence 
can inform us about time-dependent structural changes 
that occur. It follows however, that femtochemistry ex-
periments become very challenging when wavelength-
dependent spectral features are not very pronounced, or 
when the relation between the spectrum and the struc-
ture is not known ahead of time. Correspondingly, the 
level of detail that can be extracted from femtochemistry 
experiments is reduced when the complexity of the mol-
ecule increases. 

In the last few years a number of new ideas have been 
put forward that aim to address these limitations. The 
common denominator in all these ideas is that they base 
themselves on diffraction rather than absorption, so 
that the requirements on pre-existing knowledge of the 
electronic spectroscopy of the molecule under investiga-
tion are significantly relaxed. In a diffraction experiment 
structural information is encoded in interference patterns 
that result from the way that an electron or light wave 
scatters.  In the case of light diffraction the wavelength 
required to resolve interatomic distances is in the X-ray 
regime. Time-resolved X-ray diffraction was first devel-
oped at X-ray synchrotrons, making use of the intrinsic 
X-ray pulse duration of about 100 ps. More recently, 
laser-plasma based X-ray sources as developed at MBI 
have allowed performing X-ray diffraction experiments 
with a time resolution around 100 fs [2]. Time-resolved X-
ray diffraction is one of the main driving forces behind the 
development of X-ray free electron lasers (FELs) like the 
LCLS at Stanford, the SACLA X-ray FEL in Japan and 
the future European X-ray Free Electron Laser (XFEL) 
in Hamburg. At LCLS, several remarkable results illus-
trating the potential of coherent diffractive imaging using 
X-ray FELs have already been achieved [3]. 

Alternatively, the diffraction of fast electrons can be 
used. In doing so, an important advantage is the 
fact that for electron wavelengths to match intera-
tomic distances much lower electron kinetic energies 
are needed than the photon energy of the equivalent  
X-rays. The de Broglie wavelength of an electron is, 

 where Ekin is the elec-
tron kinetic energy. A de Broglie wavelength of ~1 Ång-
ström (which, as a laser wavelength would imply the use 
of 12.4 keV photons!), is already achieved for electrons 
with a kinetic energy as low as ~0.15 keV. Short electron 
pulses with kinetic energies in the 0.1 – 1000 keV range 
can be generated externally to a molecule on a photo-
cathode that precedes a small accelerator. Using such a 
technique impressive results have been achieved by Ze-
wail and co-workers [4-6] and by Miller and co-workers  
[7]. Already, these experiments can be performed with a 
time resolution of approximately 100 femtoseconds. 

In the last few years, MBI has started working on a num-
ber of alternative methods that allow the generation of 
electrons with kinetic energies in the 0.1-1 keV range, 
two of which will be detailed in this feature article. First of 
all, in experiments performed at FLASH and LCLS and in 
experiments using high-harmonic generation (HHG), we 
have explored the generation of fast electrons by XUV/X-
ray photo-ionization as a means to study time-resolved 
molecular dynamics. Like the time-resolved X-ray dif-
fraction studies mentioned above, this work may be seen 
as a natural continuation of earlier synchrotron-based 
experiments, where ideas to use XUV/X-ray radiation 
for “illuminating a molecule from within” were developed 

“Molecular Movies” from Molecular Frame Photoelectron Angular 
Distribution (MF-PAD) measurements
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about a decade ago [8, 9]. Secondly, in experiments per-
formed at the mid-infrared free electron laser FELICE, 
strong-field ionization was investigated at wavelengths 
ranging between 4 and 40 µm. Under these conditions, 
ponderomotive acceleration of electrons that are freed in 
the ionization event sets the stage for laser-driven elec-
tron-ion re-collisions, allowing the experimental meas-
urement of photoelectron holograms that have the po-
tential to encode both molecular structure and dynamics 
[10]. In this feature article, our progress in both of types 
of experiments will be described.

Molecular movies using XUV/X-ray photoioni-
zation

In the last few years two novel XUV/X-ray short-pulse 
light sources have burst on the scene that have signifi-
cantly changed the opportunities that experimentalists in 
atomic and molecular physics research can avail them-
selves of. On the one hand, HHG is widely implemented 
in moderate-scale laser laboratories on the basis of com-
mercially available, mJoule-level, femtosecond lasers 
[11-13]. On the other hand, several XUV/X-ray free elec-
tron laser (FEL) user facilities have become available 
that provide extremely bright, femtosecond XUV/X-ray 
pulses. The first examples of such a facility has been 
FLASH in Hamburg. More recently, the LCLS at Stanford 
has come into operation as the world’s first hard X-ray 
FEL user facility.

The interest in the use of these novel XUV/X-ray light 
sources can be rationalized both in the time and fre-
quency domain. Viewed in the time domain, the inher-
ently short optical periods of XUV/X-ray light (τoptical = 
λ/c, where λ is the wavelength and c is the speed of 
light), allows the synthesis of pulses with unprecedent-
ed pulse durations, accessing the attosecond domain. 
Viewed in the frequency domain, the short wavelength 
and thus intrinsic high photon energy of XUV/X-ray light 
sources creates the ability to produce high energy pho-
toelectrons, where the de Broglie wavelength becomes 
comparable to or smaller than the internuclear distances 
in the molecule, so that the angular distribution of the 
ejected photoelectron encodes information on the mo-
lecular structure. If one wishes to time-resolve the evo-
lution of internuclear distances in a molecule (in other 
words, make a “molecular movie”) using such photoelec-
trons, then it is imperative that the photoelectron angular 
distribution is observed in the molecular frame. This is 
possible using a so-called reaction microscope, where 
the 3D momentum of ejected photoelectrons is meas-
ured in coincidence with the 3D momentum of fragment 
ions. At MBI, we focus on an alternative approach where 
a macroscopic molecular sample is dynamically aligned 
prior to the pump-probe experiment by means of the in-
teraction with a short alignment laser pulse. As a first 
step, we have recently performed experiments on the 
XUV ionization of aligned molecules [14, 15]. A series 
of small molecules (CO2, N2, O2 and CO) were exposed 
to the sequence of an IR laser pulse that dynamically 
aligned the molecules and an XUV pulse generated by 
HHG that ionized the molecules at a variable time delay. 
Photoelectrons and fragment ions resulting from the lat-
ter photoionization process were recorded on a velocity 

map imaging (VMI) detector, allowing the measurement 
of a 2D projection of the 3D velocity distribution. 

Figure 1 shows a differential photoelectron distribution 
that was obtained by taking the difference between a 
photoelectron measurement at a delay where CO2 mol-
ecules were maximally aligned, and one where the mol-
ecules were maximally anti-aligned, for the case where 
the IR and XUV laser pulses were co-polarized in the 
plane of the VMI detector, allowing retrieval of the 3D ve-
locity distribution by an inverse Abel transform. Fig. 1a) 
shows a 2D slice through the 3D XUV-only photoelec-
tron kinetic energy and angular distribution that is meas-
ured without the IR-alignment laser. A large number of 
rings are observed due to the participation of harmonics 
H11-H29, as well as the contribution of at least 4 ioniza-
tion channels [the HOMO (X2Σg,IP=13.8 eV), the HOMO-
1 (A2Πu,IP=17.6 eV), the HOMO-2 (B2Σu,IP=18.1 eV) and 
the HOMO-3 (C2Σg, IP=19.4 eV)]. When the ionization 
by the XUV laser pulse is preceded by the IR alignment 
laser, appreciable changes occur. This is reflected in the 
experimental contour plot (left side) shown in Fig. 1b), 
where the afore-mentioned differential photoelectron 
kinetic energy and angular distribution is plotted as a 
function of the kinetic energy and the angle of ejection 
of the photoelectron with respect to the laser polariza-
tion axis. This plot shows all the rings that are visible in 
the 2D slice in Fig. 1a), and moreover shows that the 
differences between the measurements for aligned and 
anti-aligned molecules sensitively depend both on the 
orbital that is ionized and the electron kinetic energy. 
To begin with, the influence of the ionized orbital mani-
fests itself in the total photoelectron yield. The yield of 
electrons from the HOMO and HOMO-1 orbitals is sup-
pressed when the molecules are aligned, whereas the 
yield of photoelectrons corresponding to the HOMO-3 
increases when the molecules are aligned. Ionization of 
the HOMO-2 favors aligned molecules at low photoelec-
tron kinetic energies, but this behavior reverses above 
a kinetic energy of 15 eV, when anti-aligned molecules 
ionize more efficiently. These observations inform about 
the perpendicular resp. parallel character of the ionizing 
transition. When the photoionization occurs by means of 
a parallel transition, the ionization efficiency of molecules 
that are aligned parallel to the laser polarization axis will 
be higher than that of molecules that are anti-aligned. 
In this case, the symmetry of the final (molecular ion 
+ electron) state will be Σu. Similarly, when the photo-
ionization occurs by means of a perpendicular transition, 
the ionization efficiency of molecules that are aligned 
perpendicular to the laser polarization axis will be higher 
than that of molecules that are aligned along the polari-
zation axis and the symmetry of the final (molecular ion 
+ electron) state will be Πu. So the experiment indicates 
that the HOMO and HOMO-1 of CO2 ionize by means of 
a perpendicular transition, and the HOMO-3 by means 
of a parallel transition. The ionization of the HOMO-2 is 
predominantly parallel at low energies (up to a photo-
electron kinetic energy of 15 eV) and then changes to 
predominantly perpendicular. 

Calculated differential photoelectron kinetic energy and 
angular distributions (making use of an electron-mole-
cule quantum scattering method that was previously ap-
plied to calculate MFPADs recorded with synchrotron 
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radiation [16, 17]) are shown on the right side of Fig. 1b), 
as well as in Figs. 1c-f), where the theoretical differen-
tial photoelectron kinetic energy and angular distribu-
tions are plotted separately for the four most important 
ionization channels. The overall agreement between the 
experimental and theoretical data is very satisfactory. 
The experimental and theoretical contour plots shown in 
Figs. 1b-f) reveal that the differential photoelectron an-

gular distributions clearly depend on the kinetic energy 
of the outgoing electron. This may be interpreted as a 
manifestation of the onset of structural information in the 
photoelectron angular distributions. Although the photo-
electron kinetic energies are still too low to observe read-
ily interpretable diffraction patterns, and although the dif-
ferential photoelectron angular distributions are heavily 
affected by the extensive angular averaging that occurs 
as a result of the rather modest degree of alignment and 
anti-alignment in the experiment, this result motivates 
attempts to extend these results to higher photon ener-
gies. Extending the use of HHG sources, this may be-
come possible in the near future by the use of different 
generating gases with a higher cut-off (He or Ne, rather 
than Ar) in the HHG process, by performing HHG with a 
longer wavelength driver wavelength or by making use 
of a multi-color field. The latter approach has recently 
already been successfully tested at MBI.

Experiments were also performed where the polarization 
of the IR alignment and XUV ionization pulses were or-
thogonal to each other. In this case, the polarization of 
the alignment laser was once more in the VMI detection 
plane, while the XUV pulse was polarized perpendicu-
larly to this plane, i.e. along the symmetry axis of the VMI 
spectrometer. Since this polarization configuration lacks 
cylindrical symmetry, one cannot retrieve the 3D pho-
toelectron momentum distribution by means of an Abel 
inversion. Nevertheless, this polarization geometry is of 
great interest, since it allows an even more insightful ob-
servation of the structure of the participating orbitals, as 
is illustrated in Fig. 2. Figure 2a) first of all shows a com-
parison between the differential photoelectron kinetic 
energy and angular distribution that was experimentally 
measured, and results from an R-matrix method that was 
newly developed at MBI, which derives its strength from 
a division of the configuration space of the molecule into 

Fig. 1:  
a) XUV-only ionization of CO2, involving contributions 
from harmonics H11 to H29. The bottom left panel shows 
a 2D slice through the 3D photoelectron momentum dis-
tribution obtained after Abel inversion of the experimental 
data. The bottom right panel shows the integrated photo-
electron spectrum along (top) and perpendicular (bottom) 
to the laser polarization;  
b) comparison between the experimental and theoretical 
differential angular and kinetic energy distribution that is 
obtained by taking the difference between two measure-
ments for maximally aligned and maximally anti-aligned 
CO2 molecules;   
c-f) calculated evolution of the differential photoelectron 
angular distributions as a function of the photoelectron 
kinetic energy, for the four ionization channels observed. 
(Light)blue color means a negative value, implying that 
the efficiency for signal for aligned molecules is less 
than that for anti-aligned molecules, whereas red/yellow 
color implies a positive value, implying that the signal is 
increased when the molecule is aligned.

Fig. 2:  
a) Difference of the 2D momentum distributions in CO2, 
measured experimentally (left) and retrieved theoretically 
using the R-matrix formalism (right), considering the case 
of cross-polarized IR and XUV beams. Red signifies a 
positive value, and blue signifies a negative value.  
b) Calculated 2D projections of the 3D electron momen-
tum distribution in a plane perpendicular to the XUV laser 
polarization, for the case of cross-polarized XUV and IR 
alignment pulses, and for different alignment distribu-
tions. Separate calculations are shown for the four main 
channels involved in the XUV photoionization of CO2, 
revealing the connection between the measurable pro-
jections and the structure of the orbitals from which the 
electrons are removed.
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two regions, allowing different levels of approximation to 
be applied in each region. In the inner region, close to 
the molecule, techniques borrowed from quantum chem-
istry are used to rigorously treat electron-electron effects 
such as exchange, correlation and polarization, while in 
the outer region exchange and correlation are negligi-
ble and the ejected electron moves in the long range, 
multi-pole potential of its parent. As before excellent 
agreement between the experimental and computational 
results is obtained, and contributions from a large num-
ber of channels is evident, both due to the presence of 
multiple harmonics and due to the participation of multi-
ple orbitals. The effect on the final measured PADs of in-
creasing the degree of alignment beyond the experimen-
tally inferred alignment is explored in Fig. 2b). While the  
A2Πu (HOMO-1) ionization channel is only weakly affect-
ed by the degree of alignment, the three other channels 
show a strong dependence of the PAD on the alignment 
distribution. The right-most “perfect alignment” results 
are remarkably similar to the shapes shown of the or-
bitals from which the electrons are removed, which are 
shown for comparison on the far right of Fig. 2b), sug-
gesting that the – upon improvement of the experimen-
tally achieved alignment to values >0.95, which have 
already been achieved – our new method provides a 
way to map out the nodal structure of electronic wave 
functions (as well as their possible time dependence). 
One way to rationalize this is by considering that the 
ionization by the XUV pulse predominantly impacts on 
the electron momentum perpendicularly to the detection 
plane, while leaving the in-plane momentum distribution 
(and certainly the in-plane nodal structure) intact. In this 
respect, the experiment is analogous to the experiment 
reported by Meckel et al. a few years ago [18], where 
photoelectron angular distributions for strong-field ioni-
zation of N2 and O2 were reported, and where the imprint 
of the molecular orbital structure on the photoelectron 
angular distribution (at low transverse momenta) was 
observed.

Molecular movies using strong field mid-infra-
red ionization

Electrons can also be accelerated to high kinetic ener-
gies using ponderomotive acceleration in an intense la-
ser field. In this case the energy acquired by the electron 
scales with Ilaserλlaser

2, where Ilaser is the laser intensity and 
λlaser the laser wavelength. It follows that ponderomotive 
acceleration is particularly relevant for lasers operat-
ing in the mid-infrared wavelength range, and that mid-
infrared strong field ionization provides an alternative 
path towards studying time-resolved molecular dynam-
ics. The use of mid-infrared strong-field ionization as a 
means of probing molecular dynamics is only now being 
first attempted in a number of laboratories [19]. Howev-
er, there exists already a highly relevant body of work 
concerned with how HHG, beyond its use as a source 
of coherent XUV light, can be used to study atomic and 
molecular structure and time-resolved dynamics. These 
experiments, which have come to be known as “orbital 
tomography” or “high-harmonic imaging” experiments, 
probe the electronic geometry and molecular structure 
since they are sensitive to multi-particle interference ef-
fects [20], and allow to re-construct the amplitude and 

phase of the orbital from which the ionized electron was 
removed [21]. Of particular interest have also been re-
cent experimental and theoretical works showing that at-
tosecond time-scale electron dynamics in molecular ions 
and tunnel ionization can be probed [22, 23], as well as 
experiments on molecular bond breaking [24]. Alterna-
tively, laser-driven elastic or inelastic electron-ion scat-
tering can be measured. In this case, the interference 
between scattered and non-scattered, laser-ionized 
electrons leads to holographic interferences that provide 
further opportunities for the retrieval of dynamical and 
structural information. The first experimental observation 
of these holographic interference structures (described 
in a feature article in the MBI Annual Report for the year 
2010) was made in an experiment where metastable 
Xe atoms were ionized using 7 µm radiation from the 
FELICE FEL [10]. Under the influence of the FEL the 
outermost electron is pulled out of the atom along the 
polarization axis and starts an oscillatory motion in the 
laser field. The outer turning point of this oscillatory mo-
tion can be viewed as an electron source (at a distance 
of about 20 Ångströms from the atom!) from which elec-
tron waves are emitted that reach the detector either with 
or without interacting with the ion from which they are 
produced. In the former case we are justified in think-
ing of the electron wave as a signal wave that encodes 
information about the ion, while in the latter case we are 
justified in thinking of the electron wave as a reference 
wave. In this sense, the experiment records a hologram 
that can be used to retrieve information about the atomic 
or molecular target from which the electron is extracted. 
In order to arrive at this interpretation, a number of nu-
merical methods were used. The side-lobes are repro-
duced when the time-dependent Schrödinger equation 
(TDSE) is solved in the single active electron (SAE)-
approximation, or when using methods that are based 
on the strong-field approximation (SFA) [25]. In the SFA, 
one assumes that the prior to ionization the laser field 
has a negligible interaction with the electron compared 
to the interaction of the electron with the ion core, and 
that after ionization by a tunneling process the situation 
is reversed, i.e. the motion of the electron is then en-
tirely governed by the interaction of the electron with the 
laser field. The SFA in its simplest form cannot explain 
the holographic interferences in mid-infrared strong field 
ionization, since it does not include the Coulomb interac-
tion of the electron with the ion from which it as extracted 
and the changes in the electron momentum that are in-
duced by electron-ion recollisions that occur under the 
influence of the oscillatory laser field. A suitable method 
to include the Coulomb interaction into SFA was intro-
duced by Bauer and Prophuzhenko [26, 27], making use 
of the complex trajectories formulation of SFA. When 
the Coulomb interaction is taken into account during the 
evaluation of these trajectories, the Coulomb-Corrected 
SFA (CCSFA) correctly reproduces the holographic in-
terferences. 

As an intermediate approach between the application of 
SFA, which is too simplistic since it neglects re-scatter-
ing, and the CCSFA method, which relies on the numeri-
cal integration of large numbers of electron trajectories, 
we have also applied a generalized SFA method [10, 28]. 
This method does not include the Coulomb interaction, 
but does include re-collisions of electrons that are driven 
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away from and back towards the ion with zero trans-
verse momentum, and the scattering of these electrons 
into a spherical wave upon returning to the ion core. The 
advantage of this method is that it can be treated analyti-
cally, and allows to determine that the phase difference 
Δφ between the scattered and non-scattered electron 
waves that causes the holographic interference is domi-
nated by a term, where tC is the moment 
of the electron-ion re-collision and t0

ref corresponds to 
the time that the reference wavepacket starts tunneling 
through the barrier. This expression allows predicting the 
dependence of the holographic interferences on the in-
tensity and wavelength of the laser. The dependence on 
the intensity is very modest, since tC and t0

ref only change 
by very small amounts when the intensity is changed. 
This is corroborated by the calculations shown in Fig. 3a), 

 

which show the result of generalized SFA calcula-
tions for the ionization of metastable Xe atoms by a  
7 µm laser with an peak intensity ranging from 1.9x1011 – 
7x1011 W/cm2 [28]. The situation is very different when the 
wavelength of the ionizing laser is changed. Figure 3b) 
 shows a series of calculations where the holographic 
interference is calculated as a function of the laser 
wavelength under conditions where the ponderomotive 
energy (and thus the value of pz where the high-energy 
cut-off is observed in the photoelectron spectrum) stays 
constant. Increasing the laser wavelength clearly leads 
to a narrowing of the spacing of the holographic interfer-
ence fringes, due to the fact that the difference between 
tC and t0

ref scales linearly with laser wavelength, leading 
to a doubling of the phase difference between the refer-
ence and signal electron wave [28]. Similar results were 
also obtained at shorter wavelengths [29], underscor-
ing the universality of the holographic interferences in 
strong-field ionization.

Conclusions

In the last few years, MBI has embarked on the develop-
ment of a number of techniques that aim retrieving time-
dependent molecular structures without needing to rely 
on pre-existing knowledge of potential energy surfaces 
and/or molecular electronic spectroscopy. In this feature 
article, our progress on the use of high-energy electrons 
generated by means of XUV single-photon ionization 
and mid-infrared multi-photon strong-field ionization has 
been described. In both cases measured kinetic energy 
and angular distributions of the ejected photoelectrons 
contain a wealth of orbital and structural information. In 
the future, we hope to implement these approaches in 
time-resolved experiments.
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1. Overview

According to the redefinition and further concentration of 
the overall project structure of MBI valid since January 
2012, the two laser research projects are organized in a 
project related to more fundamental aspects of nonline-
ar optics, including the generation of extreme wave-
length and attosecond pulses, and a second project “Ul-
trafast laser physics” (Project 1.2) more devoted to 
research topics being directly relevant for future applica-
tions within the project groups 2 and 3. 

Carrier-envelope phase stabilization, a prerequisite of all 
techniques to generate stable isolated attosecond pulses 
is still an active field of research. At present we concen-
trate our efforts on the improvement of short and long 
term stability of the systems and the adaption of methods 
for several different sources of ultrashort pulses, e.g. fiber 
lasers exhibiting a large drift of the carrier phase offset 
and an extraordinary broadband phase noise.

Based on adaptive Shack-Hartman devices realized 
with liquid crystal spatial light modulators we demon-
strated full spatial and temporal characterization of few 
cycle light pulses by using programmable non-diffracting 
ultrashort-pulse needle beams. By the same technique 
we were able to measure the temporal and angular 
properties of few-cycle vortex pulses, a result that was 
highlighted as one of the top ten downloaded papers 
from Optics Letters in September 2012.

The lack of phase matching or transparency of most of 
the available nonlinear optical crystals are a main obsta-
cle for the extension of the wavelength range accessible 
by efficient χ(2) nonlinear mixing processes into the  
deep VUV. Last year we showed that using the random  
layered structure of strontium tetraborate, SrB4O7 

(SBO) second harmonic generation down to 121 nm is 
possible with a much higher efficiency than in a single 
crystal of SBO where the process takes place within one 
coherence length. 

For the most recently started research direction at MBI, 
the generation of powerful or high repetition rate isolat-
ed attosecond pulses the year 2012 was characterized 
by a lot of preparatory work necessary to create a sus-
tainable infrastructure for the generation and measure-
ment of such pulses. 

The experimental efforts for attosecond pulse genera-
tion are accompanied by theoretical work to fully under-
stand and optimize the underlying processes. Further 
theoretical investigations were performed on using met-
al nanostructures to create slow light and to achieve 
mode-locking in the blue spectral range.   

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: P. Staudt and G. Stibenz (APE 
Berlin); M. Piché (Laval University Quebec, Canada);  
S. Huferath von Luepke (BIAS Bremen); H.-J. Kühn 
(Berliner Glas); E. McGIynn (DCU, Dublin, Ireland);  
C. Fischer (Metrolux Göttingen); S. Osten (HoloEye Ber-
lin); J. Jahns (FernUniversität Hagen); W. Seeber (FSU 
Jena);A. Pfuch (INNOVENT, Jena); P. Kazansky (Uni-
versity Southampton, ORC, UK); U. Wallrabe and  
J. Brunne (University Freiburg, IMTEK); U. Neumann 
(Fibers&Technology, Berlin); M. Guina and O. Okhot-
nikov (ORC, Tampere, Finland); G. Genty and M. Kau-
ranen (TUT, Tampere, Finland); L. Bergé (CEA, Arpajon, 
France); S. Skupin (MPI, Dresden); J. S. Skibina (Sara-
tov State University, Russia); V. l. Beloglasov (Nano-
structured Glass Technology Comp., Saratov, Russia); 
M. B. Raschke (JILA, Boulder, CO, USA); S. Burger 
(Zuse-lnstitut, Berlin); A. Demircan (Weierstraß-Institut 
Berlin); R. Wedell (IAP, Berlin); A. Maksimenko (Univer-
sity Minsk, Belarus); Yu Kivshar (Canberra, Australia); 
H. Giessen (Uni. Stuttgart); F. Guëll (University Barce-
lona, Spain); A. Aleksandrovsky (Krasnoyarsk, Russia); 
T. Balčiūnas, S. Haessler, G.Y. Fan, G. Andriukaitis,  
A. Pugžlys, and A. Baltuška (Photonics Institute, Vienna, 
Austria); A. Zaïr, R. Squibb, T. Witting, J. W. G. Tisch, 
and J. Marangos (Imperial College London, UK).   

Funding: 
•	 BMBF/DLR	RUS 08/103; JPN 11/A02 
• FiDiPro (Finland Distinguished Professor  
 Program) 
•	 DFG	Projects He 2083 13-1/13-2 and 12-3; STE  
 762/7-2 and 762/9-1, GR 1782/13-1and GR 1782/14-1 
•	 EU	RII3-CT-2003-506350	
•	 DAAD	(UK, Northern Ireland, India). 
 

3. Results in 2012  

T1: Nonlinear optics down to the few cycle limit  
       
Advanced carrier-envelope phase stabilization schemes 
 
Carrier-envelope phase stabilization is a highly timely 
topic in ultrafast laser research. With the development 

1.1: Ultrafast Nonlinear Optics

G. Steinmeyer, F. Noack (project coordinators) 
and R. Beutner, S. Birkholz, M. Bock, B. Borchers, P. Börner, L. E. Chipperfield, S. K. Das, R. Grunwald, J. Herrmann,  
A. Husakou, K. Kim, S. Koke , S. König, H. Messaoudi, V. Petrov, O. Smirnova, P. Trabs, A. Treffer, N. Zhavoronkov
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tions within the project groups 2 and 3. 

Carrier-envelope phase stabilization, a prerequisite of all 
techniques to generate stable isolated attosecond pulses 
is still an active field of research. At present we concen-
trate our efforts on the improvement of short and long 
term stability of the systems and the adaption of methods 
for several different sources of ultrashort pulses, e.g. fiber 
lasers exhibiting a large drift of the carrier phase offset 
and an extraordinary broadband phase noise.

Based on adaptive Shack-Hartman devices realized 
with liquid crystal spatial light modulators we demon-
strated full spatial and temporal characterization of few 
cycle light pulses by using programmable non-diffracting 
ultrashort-pulse needle beams. By the same technique 
we were able to measure the temporal and angular 
properties of few-cycle vortex pulses, a result that was 
highlighted as one of the top ten downloaded papers 
from Optics Letters in September 2012.

The lack of phase matching or transparency of most of 
the available nonlinear optical crystals are a main obsta-
cle for the extension of the wavelength range accessible 
by efficient χ(2) nonlinear mixing processes into the  
deep VUV. Last year we showed that using the random  
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possible with a much higher efficiency than in a single 
crystal of SBO where the process takes place within one 
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For the most recently started research direction at MBI, 
the generation of powerful or high repetition rate isolat-
ed attosecond pulses the year 2012 was characterized 
by a lot of preparatory work necessary to create a sus-
tainable infrastructure for the generation and measure-
ment of such pulses. 

The experimental efforts for attosecond pulse genera-
tion are accompanied by theoretical work to fully under-
stand and optimize the underlying processes. Further 
theoretical investigations were performed on using met-
al nanostructures to create slow light and to achieve 
mode-locking in the blue spectral range.   
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of a feed-forward stabilization scheme, we previously 
demonstrated greatly improved performance compared 
to the traditional feedback scheme. In particular, feed-
forward stabilization offers a much larger effective servo 
bandwidth, does not require adjustment of the laser 
pump power, and provides record-breaking noise per-
formance of 10 attosecond residual timing jitter between 
carrier and envelope. The patent behind this scheme 
has been transferred to laser manufacturer Femtola-
sers, who developed it into the commercial product 
CEP4, which has recently been selected as a finalist of 
the prestigious “Prism Award” in the category of scien-
tific lasers. Nevertheless, feed-forward stabilization also 
has some shortcomings, namely the angular dispersion 
generated in the shifter, the requirement of a second 
servo loop for longterm (>1h) experiments [LAA12] and 
group-velocity dispersion effects inside the acousto-
optic shifter. We have now developed and patented a 
further improved feed-forward scheme that uses a mul-
ti-frequency driver signal to generate an acousto-optic 
frequency comb (see Fig. 1). This scheme overcomes 

Fig.	1:   
Scheme for driver signal synthesis. The carrier-enve-
lope frequency of the oscillator is electronically mixed 
with	a	signal	at	the	amplifier	repetition	rate,	which	
yields a comb with suitable non-zero CE frequency 
and	tooth	spacing.	This	signal	is	bandpass-filtered	to	
obtain a suitable driver signal for the acousto-optic 
device (AOD). 

Fig.	2:   
Detection of 8-fs Bessel-like few-cycle vortex pulses with a non-diffracting Shack-Hartmann wavefront sensor with pro-
grammable axicons. Wavepackets with optical angular momentum were generated with a compact, self-compensating 
setup including a diffractive-optical spiral phase plate and an appropriately designed dispersive medium [BJG12]. The 
figures	show	(a)	the	ring	structure	of	a	higher	order	Bessel	beam,	(b)	a	radial	cut	through	this	profile,	(c)	a	vector	map	
of the two innermost rings, with topological charges 1 and 2, respectively. The transversal elongations of the sub-beams 
indicate the local tilt of the wavefront.
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all the possible issues of the simpler mono-frequency  
variant of the technique and can also be employed with 
collinear acousto-optic devices.

Ultrashort-pulsed needle beams, highly localized wave-
packets and few-cycle vortex pulses

Programmable non-diffracting ultrashort-pulsed needle 
beams were applied to a spatially resolving time-wave-
front sensor [BDF12]. Its high angular sensitivity was 
verified by the detection of Bessel-like 8-fs optical vortex 
beams shaped by a self-compensating, extremely com-
pact setup (Fig. 2, [BJG12]). The non-diffracting transfer 
of image data was exemplified by encoding a QR code 
in an array of needle beams [GBo12]. The temporal self-
reconstruction properties of few-cycle needle beams 
were studied for the first time [TBD]. The concept of nee-
dle beams was further extended toward wavepackets of 
higher complexity [BDG 12]. It was shown that particular 
transformations that break the spatial symmetry without 
destructing the temporal pulse features can be obtained 
with generalized axicons (Fig. 3). The experimental re-
alization of such highly localized wavepackets (HLWs) 
was demonstrated by adaptively shaping sub-3-cycle 
(6-fs) Ti:sapphire laser pulses via programming appro-
priate phase maps in low-dispersion spatial light modu- 
       

lators, e.g. for the formation of stadium-shaped distribu-
tions (Fig. 4). The propagation-invariant patterns can be 
interpreted as free-space light bullets [BGra, BGrb] 
which are of basic interest in optical theory as well as of 
increasing importance for applications in ultrafast optics 
and spectroscopy.
 
Adaptive shaping and characterization of ultrashort laser 
pulses with liquid-crystal-on-silicon spatial light modula-
tors (LCoS-SLMs) were studied in the sub-3 cycle range 
(6-fs pulses) at low pulse energies (< 7 nJ). Because of 
the limited detector sensitivity the nonlinear diagnostics 
of ultrashort wavepackets at such parameters is chal-
lenging and requires enhanced conversion. Therefore, 
new types of nano-granular layers for enhanced third-
harmonic generation were developed [DSP11].

Exploitation of nonlinear optical properties of metal na-
noparticles and nanocomposites

Metal nanoparticles based composites are well known 
to show a fast nonlinear behavior close to the plasmon 
resonance that can be tailored over a large spectral 
range by changing the size nanoparticles. We theoreti-
cally investigated two possible applications of this non-
linearity in ultrafast optics. 
 

Fig.	3:   
Generation of highly localized wavepackets (HLWs) by transforming spatially and temporally non-diffracting ultrashort-
pulse needle beams (left), and the phase maps of corresponding generalized axicons (right) for three selected cases 
(schematically). BB = Bessel beam, NB = needle beam, TB = tubular beam, LB = linear beam [BDG12].

Fig.	4:   
Propagation of experimentally realized stadium-shaped highly localized wavepackets [BGrb]. The parameter z denotes 
the axial propagation distance. The pattern appears to be approximately invariant over the distance shown. The pulse 
duration (6 fs) is kept constant as well. 
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First we proposed a method for slowing down light by 
using composites of metal nanoparticles [KHH12b]. The 
underlying physical mechanism is related to the satura-
ble absorption near the plasmon resonance in a pump-
probe regime, leading to strong dispersion of the probe 
refractive index and significantly reduced group veloci-
ties. By using a non-collinear scheme, we predict a max-
imum total fractional delay of 43 (the fractional delay is 
defined as the ratio of the delay to the pulse length). 

This scheme promises simple, cheap and compact 
slow-light on-chip devices with tunable delay and THz 
bandwidth. As an example, in Fig. 5 shows probe pulse 
evolution and optical delay are shown for a parallel ar-
rangement of pump and probe pulses.

Secondly we investigated the application of metal nano-
composites as saturable absorber for mode-locking of 
solid state lasers. Metal nanocomposites exhibit satura-
ble absorption most prominently in the visible region. In 
comparison to other well-established mode-locking ele-
ments, the operation range can be extended to much 
shorter wavelengths, down to the blue spectral range, 
with several additional advantages. Accordingly we 
studied theoretically femtosecond pulse generation by 
passive mode-locking of semiconductor disk lasers 
[KGH12b] and solid-state lasers [KGH12a] operating in 
the blue and green spectral range by using metal nano-
composites as mode-locking elements. By using the for-
malism for the nonlinear dielectric response of a layer of 
silica glass doped with spherical silver nanoparticles 
and the master equation for mode-locking, we investi-
gated the dynamics of pulse formation and the achiev-
able pulse parameters in both types of lasers. As an 
example shown in Fig. 6 we predicted the generation of 
pulses as short as 50 fs at 420 nm in a semiconductor 
disk laser.

T2: Extreme wavelengths and attosecond pulse 
generation
  
Generation of tunable femtosecond VUV pulses
   
Since 2012 we are studying the potential of random 
quasi-phase-matching (QPM) strontium tetraborate 
(SBO) for frequency doubling of amplified femtosecond 
pulses. As a first result we demonstrated that the spec-

tral range down to 121 nm is accessible by second-
harmonic generation with the setup shown in Fig. 7.  

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 
optical parametric amplifier (OPA), The 3rd harmonic 

Fig.	6:   
Pulse intensity and frequency in a GaN-based semicon-
ductor disk laser (operating at 420 nm) passively mode-
locked by silica glass doped with Ag nanospheres for a 
GDD parameter D = 100 fs2	and	a	filling	factor	 
f = 3.5 x 10-3.

Fig.	5:   
Slow light in TiO2	film	doped	with	Au	nanorods	with	
a diameter of 20 nm and a length of 66 nm for pump 
intensity of 6 MW/cm2 at 1550 nm. Other parameters 
are the same as in Fig. 3. In (a) and (b), probe pulse 
evolution and optical delay are shown, respectively. 
In (b), the blue dotted line is the incident probe pulse, 
green dash-dotted and red solid lines are probe pulses 
corresponding	to	propagation	lengths	of	4	and	5	μm,	
respectively.

Fig.	7:   
Experimental setup for frequency doubling in the VUV 
wavelength regime by SBO.

15

was generated in a tripling stage (SHG+THG) pumped 
by 0.6 mJ of the output of the laser system and consist-
ing of two 0.2-mm thick type-I BBO crystals (Ɵ =29° and 
Ɵ =44° cuts), a calcite plate (CP) to compensate the 
group-velocity mismatch and a half-wave plate (HWP) 
which rotates the polarization of the ~800 nm wave. 
The visible output of the OPA (equipped with internal 
frequency-doubling of the signal wave or sum-frequen-
cy mixing of signal and pump waves) was additionally 
frequency-doubled in a 0.2-mm thick type-I BBO crys-
tal (Ɵ =44° or 65° cut). In both cases the resulting funda-
mental UV (242-344 nm) pulse duration was of the or-
der of 70 fs. Depending on the wavelength, the 
fundamental UV energy varied from 0.2 to few µJ. 
These UV pulses were focused onto the SBO crystal 
by a curved Al-mirror. The spot size (diameter) in the 
crystal was ~220 µm. The generated VUV pulses were 
detected by a McPherson monochromator Model 
234/302 equipped with a VUV-optimized CCD Camera 
Andor D0420-BN-995.

Figure 8 shows the obtained VUV spectra extending 
down to 121 nm and the conversion efficiency depend-
ing on the input pulse energy for SHG at 266 nm. The 
dependence on the input energy is quadratic, as should 
be expected for random QPM, but at fundamental en-
ergies exceeding 3 µJ it tends to be nearly linear which 
can be attributed to nonlinear losses, most probably 
with both 266 and 133 nm waves involved. Quantitative 
estimate of the VUV energy, the absolute conversion 
efficiency, and the actual interaction length remain the 
main tasks to be solved in the next experiments.

In order to overcome limitations of the useful pressure 
for collinear four-wave mixing processes in rare gases, 
we theoretically studied a new method of QPM for third 
harmonic generation in a gas cell using the periodic 
modulation of the gas pressure created by ultrasound 
wave [SBH12]. The modulation of the local pressure 
transfers directly into a variation of the third order non-
linear coefficient in the axial direction. Using a compre-
hensive numerical model we simulated the quasi-phase 
matched third harmonic generation of UV (at 266 nm) 
and VUV pulses (at 133 nm) by using pump pulses at 
800 nm and 400 nm, respectively, with pulse energy in 
the range from 3 mJ to 1 J, as illustrated in Fig. 9. In 
addition, using chirped pump pulses, the generation of 
sub-20 fs VUV pulses without the necessity for external 
chirp compensation is predicted numerically.

High harmonic and attosecond pulse generation

With regard to generation of pulses with even shorter 
wavelength a theoretical investigation has been carried 
out to explore the potential of using multi-color driving 
fields to dramatically increase the flux of high energy 

Fig.	9:   
Dependence of the conversion efficiency on the propa-
gation length for 800-nm (a) and 400-nm pump (b). 
The dashed curves are the analytical solution, solid red 
curves are the numerical solution, and green curve is 
the efficiency without ultrasound excitation. We con-
sider 0.7-ps pump pulses at 800 nm with 3 mJ energy 
and 1.4 ps pump pulses at 400 nm with 3 mJ energy, 
with an ultrasound amplitude of 0.01 atm.

Fig.	8:   
Top: Tuning range of the SBO crystal. 
Bottom: Conversion efficiency at 133 nm.
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photons produced by high-order harmonic generation 
in a gas jet. In particular, this research is motivated by 
the need to increase the fluence of isolated attosecond 
pulses. To achieve such gain the HHG process is op-
timized at the atomic level by shaping the intra-cycle 
waveform of the generated field to efficiently ionize and 
then accelerate the free electron in the continuum. At the 
macroscopic level the process is optimized by control-
ling the phase-matching conditions and minimizing the 
production of free electrons so as to avoid saturation ef-
fects. Ultimately, this enables the generation of yields 
that are not possible with only a single color driving field.
Computational tools have been developed to efficiently 
optimize the atomic and macroscopic conditions. These 
have been used to guide an ongoing experimental cam-
paign in the Photonics Institute at the Vienna University 
of Technology (see Fig. 10). This experimental cam-
paign has so far confirmed the theoretical prediction that 
multi-color driving fields can be used to produce yields 
in the high frequency region of the HHG spectrum that 
cannot be matched when using only a single-color field.
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field; experimental spectra on the left and theoretical on the right. The relative phases of the fields are varied to reveal the 
optimization of the XUV pulse generation process, due to shaping of the sub-cycle waveform, causing a large increase in 
the intensity of the generated light in the 55 - 70 eV range.
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1. Overview

The main objective of this project is to develop ad-
vanced ultrashort pulse laser sources operating 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 
also investigated. A major part of the results generated 
in this project is directly applied for implementing new 
laser systems for other research projects. 

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

A separate topic of the project encompasses the devel-
opment of picosecond thin-disk amplifiers of high aver-
age power. The long term targeted single pulse energy 
of ~1 J at a repetition rate of up to 200 Hz will correspond 
to an average power of few 100 W. The development of 
such high-power thin disk lasers is supported by the EU 
in the framework of an EFRE project as collaboration 
between Ferdinand Braun Institute (FBH), responsible 
for the development of the required high-power pump 
diodes, and MBI. An important part of the project is the 
development of a compact booster amplifier, which cur-
rently reaches pulse energy between 0.4 and 0.5 J. 
Besides the setup of the thin-disk chirped-pulse ampli-

fication (CPA) laser system, part of the EFRE project 
deals with manufacturing of larger Yb:YAG disks. In this 
context, a new type of thin-disk pump heads suitable for 
disks of 25 and 35 mm diameter has been constructed. 
On the other hand, the already existing thin-disk laser 
system is continuously being improved and simultane-
ously used as pump source for a high-power OPCPA 
system to produce few-cycle pulses (Project 4.1) and for 
pumping a plasma X-ray laser. 

Some activities in the high-field laser (HFL) lab, 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 contrast, as well 
as development of diagnostics for better characteriza-
tion, constitute the third topic of the project. 

2. Topics and collaborations

At present the project is organized in three topics:

T1: High average power thin disk lasers

Partly supported by SAW and EU EFRE projects
• scaling of thin disk laser technology to extreme pulse 

energies based on CPA,  
• development of an Yb:YAG thin disk multi-pass ampli-

fier for >1 J pulse energy,
• exploring the limits of thin disk laser technology. 

T2: Ultrahigh intensity lasers 

Partly supported by Alexander von Humboldt Founda-
tion and EU EUROLITE projects
• diagnostics for the laser beam characterization, espe-

cially temporal contrast and intensity, 
• development of a dual-beam Ti:sapphire laser system 

with peak power >200 TW and high temporal contrast 
(≥1011) with respect to amplified spontaneous emis-
sion.

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

Partly supported by Alexander von Humboldt Founda-
tion, SAW, DAAD and DLR projects
• ultrafast lasers/amplifiers based on different dopant-

host combinations for the 1 to 2-µm spectral range,
• carbon nanostructure saturable absorbers, mode-

locking and characterization,
• second-order nonlinear frequency conversion for ultra-

fast systems, especially OPA and CPOPA for down con-
version to longer wavelengths in the near- and mid-IR. 
 

1.2: Ultrafast Laser Physics  
 
V. Petrov, U. Griebner (project coordinators) 
and F. Bach, A. Gitin, R. Jung, M. Kalashnikov, G. Klemz, M. Mero, F. Noack, G. Priebe, H. Schönnagel, J. Tümmler, I. Will, 
H. Yu, Y. Zhang
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Collaboration partners: F. Diaz (University Tarragona, 
Spain); K. Petermann (University Hamburg, Germany); 
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(Shandong University, P. R. China); F. Rotermund (Ajou 
University, Korea); M. Tonelli (University Pisa, Italy); A. 
Agnesi (Pavia University, Italy); M. Weyers, G. Erbert 
(FBH Berlin, Germany), J. Liu (Qindao University, Chi-
na), A. Kovacs, K. Osvay (University Szeged, Hungary); 
M. Romanovsky (General Physics Institute, Russia); A. 
Savelev (Moscow State University, Russia), J. P. Cham-
baret (ILE, France), J.-Ch. Chanteloup (LULI, Palai-
seau, France), S. Schad (TRUMPF Lasers GmbH, Ger-
many); B. Kanngießer (TU Berlin, Germany); L. Isaenko 
(DTIM Novosibirsk, Russia); J.-J. Zondy (CNAM, Paris, 
France); V. Pasiskevicius (KTH, Stockholm, Sweden); P. 
Schunemann (BAE Systems, Nashua, USA); V. Badikov 
(HTL, Krasnodar, Russia); K. Kato (Chitose, Japan); l. 
Buchvarov (Sofia University, Bulgaria); M. Ebrahim-
Zadeh (ICFO, Barcelona, Spain); M. Eichhorn (ISL, 
France); V. Panyutin (Kuban State University, Russia).

3. Results in 2012

T1: High average power thin disk lasers 

The activities within this topic include development of a 
new high-power thin-disk laser with a pulse energy ex-
ceeding 1 J and utilization of the existing thin-disk laser 
as a pump source for scientific applications.

The development of a new picosecond high-power thin-
disk laser with >1 J pulse energy is a joint initiative with 
FBH, supported by an EU EFRE project. The goal of 
this project is to establish technologies for generating 
high pulse energies at average output power of few 
100 W with diode-pumped solid-state laser systems. 
The Yb:YAG-based thin-disk laser under development 
will incorporate these technologies, providing pulse en-

ergies of up to 1 J and above with repetition rates be-
tween 100 and 200 Hz. After setting up the basic infra-
structure in 2011, we focused on the following aspects in 
2012: i) Development and testing of a new power ampli-
fier layout; ii) Construction of new thin-disk laser heads 
which facilitate the use of larger Yb:YAG disks of 25  and 
35 mm in diameter; iii) Long-term tests of new high-pow-
er pump diode modules built by FBH in cooperation with 
Jenoptik Laserdiode; iv) Development and construction 
of pump beam coupling units; and v) Development of 
bonding technology for contacting Yb:YAG laser disks 
to appropriate heat sinks.

One of the main challenges is the development of a 
booster amplifier that can deliver laser pulses with an 
energy of up to 2 J at a repetition rate of 100 – 200 Hz. 
In 2012, we have set up a prototype of such a booster 
amplifier with a novel layout using smaller thin disks 
of 17 mm diameter. The new design proved to be well 
suited for amplifying the seed pulses. We were able 
to reach output energies of up to 0.4 J (0.5 J on short 
timescales) with the currently restricted maximum beam 
diameter of 8 mm.

Further increasing the pulse energy requires the use of 
larger disks, for which we have constructed and manu-
factured the necessary pump heads (Fig. 1). These 
heads have been designed for laser disks of 25 and 
35 mm diameter. They provide a sealed environment 
for the pumped disks and can be flooded with helium 
to reduce the effect of air turbulences caused by the 
heating by the pump light. The heads contain six wa-
ter-cooled prisms which reflect the pump light coupled 
into the head on a parabolic mirror and, ultimately, steer 
the pump beam several times onto the Yb:YAG laser 
disk (Fig. 2). The large number of reflections ensures 
efficient absorption of the pump light in the Yb:YAG thin 
disk. Two of these pump heads have been assembled 
and are ready now to be integrated into the booster am-
plifier.

Fig.	1:  
Helium-floodable thin-disk pump chamber for disks 
with 25 mm and 35 mm diameter.

Fig.	2:  
Optical elements of the thin-disk pump chamber.
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1. Overview

The main objective of this project is to develop ad-
vanced ultrashort pulse laser sources operating in the 
near and mid-infrared (IR) wavelength range. To this 
aim, new laser geometries and pump sources, special 
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also 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-
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ing hard X-ray plasma sources, will profit from opera-
tion around degeneracy. For all-solid-state chirped pulse 
OPA (CPOPA) this means that not only sub-50 fs oscil-
lators as alternatives to Ti:sapphire seed sources are 
necessary but also novel laser systems operating at half 
the seed wavelength with longer pulse durations (from 
few 100 fs up to few 100 ps or even nanoseconds) have 
to be developed as pump sources. Thus, picosecond 
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for pumping OPCPA schemes operating in the few-cycle 
regime, seeded by ultrafast 2-µm lasers while moving 
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however, extreme OPA bandwidths can be obtained with 
specially designed pulse shaping schemes and nonlin-
ear crystals also away from degeneracy. While a great 
deal of the activities within this project are devoted to 
exploring components for such systems which includes 
also characterization and testing of various laser and 
nonlinear materials in diverse operational regimes, a 
first step in 2012 towards developing a complete OPA 
system for use in other MBI projects has been the set-
up of a novel 100-kHz OPCPA phase-stable source, 
pumped at 1 µm and seeded near 1.5 µm, with the op-
tion for generation of broadband femtosecond pulses 
also at ~3 µm. 

A separate topic of the project encompasses the devel-
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age power. The long term targeted single pulse energy 
of ~1 J at a repetition rate of up to 200 Hz will correspond 
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deals with manufacturing of larger Yb:YAG disks. In this 
context, a new type of thin-disk pump heads suitable for 
disks of 25 and 35 mm diameter has been constructed. 
On the other hand, the already existing thin-disk laser 
system is continuously being improved and simultane-
ously used as pump source for a high-power OPCPA 
system to produce few-cycle pulses (Project 4.1) and for 
pumping a plasma X-ray laser. 

Some activities in the high-field laser (HFL) lab, 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 contrast, as well 
as development of diagnostics for better characteriza-
tion, constitute the third topic of the project. 

2. Topics and collaborations

At present the project is organized in three topics:

T1: High average power thin disk lasers

Partly supported by SAW and EU EFRE projects
• scaling of thin disk laser technology to extreme pulse 

energies based on CPA,  
• development of an Yb:YAG thin disk multi-pass ampli-

fier for >1 J pulse energy,
• exploring the limits of thin disk laser technology. 

T2: Ultrahigh intensity lasers 

Partly supported by Alexander von Humboldt Founda-
tion and EU EUROLITE projects
• diagnostics for the laser beam characterization, espe-

cially temporal contrast and intensity, 
• development of a dual-beam Ti:sapphire laser system 

with peak power >200 TW and high temporal contrast 
(≥1011) with respect to amplified spontaneous emis-
sion.

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

Partly supported by Alexander von Humboldt Founda-
tion, SAW, DAAD and DLR projects
• ultrafast lasers/amplifiers based on different dopant-

host combinations for the 1 to 2-µm spectral range,
• carbon nanostructure saturable absorbers, mode-

locking and characterization,
• second-order nonlinear frequency conversion for ultra-

fast systems, especially OPA and CPOPA for down con-
version to longer wavelengths in the near- and mid-IR. 
 

1.2: Ultrafast Laser Physics  
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3. Results in 2012

T1: High average power thin disk lasers 

The activities within this topic include development of a 
new high-power thin-disk laser with a pulse energy ex-
ceeding 1 J and utilization of the existing thin-disk laser 
as a pump source for scientific applications.

The development of a new picosecond high-power thin-
disk laser with >1 J pulse energy is a joint initiative with 
FBH, supported by an EU EFRE project. The goal of 
this project is to establish technologies for generating 
high pulse energies at average output power of few 
100 W with diode-pumped solid-state laser systems. 
The Yb:YAG-based thin-disk laser under development 
will incorporate these technologies, providing pulse en-

ergies of up to 1 J and above with repetition rates be-
tween 100 and 200 Hz. After setting up the basic infra-
structure in 2011, we focused on the following aspects in 
2012: i) Development and testing of a new power ampli-
fier layout; ii) Construction of new thin-disk laser heads 
which facilitate the use of larger Yb:YAG disks of 25  and 
35 mm in diameter; iii) Long-term tests of new high-pow-
er pump diode modules built by FBH in cooperation with 
Jenoptik Laserdiode; iv) Development and construction 
of pump beam coupling units; and v) Development of 
bonding technology for contacting Yb:YAG laser disks 
to appropriate heat sinks.

One of the main challenges is the development of a 
booster amplifier that can deliver laser pulses with an 
energy of up to 2 J at a repetition rate of 100 – 200 Hz. 
In 2012, we have set up a prototype of such a booster 
amplifier with a novel layout using smaller thin disks 
of 17 mm diameter. The new design proved to be well 
suited for amplifying the seed pulses. We were able 
to reach output energies of up to 0.4 J (0.5 J on short 
timescales) with the currently restricted maximum beam 
diameter of 8 mm.

Further increasing the pulse energy requires the use of 
larger disks, for which we have constructed and manu-
factured the necessary pump heads (Fig. 1). These 
heads have been designed for laser disks of 25 and 
35 mm diameter. They provide a sealed environment 
for the pumped disks and can be flooded with helium 
to reduce the effect of air turbulences caused by the 
heating by the pump light. The heads contain six wa-
ter-cooled prisms which reflect the pump light coupled 
into the head on a parabolic mirror and, ultimately, steer 
the pump beam several times onto the Yb:YAG laser 
disk (Fig. 2). The large number of reflections ensures 
efficient absorption of the pump light in the Yb:YAG thin 
disk. Two of these pump heads have been assembled 
and are ready now to be integrated into the booster am-
plifier.

Fig.	1:  
Helium-floodable thin-disk pump chamber for disks 
with 25 mm and 35 mm diameter.

Fig.	2:  
Optical elements of the thin-disk pump chamber.
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New high-power pump diodes developed by FBH and 
Jenoptik Laserdiode have been commissioned last year 
and underwent extensive testing. Eleven of these diode 
modules are now available as pump light sources, each 
module providing up to 1.7 kW peak power (20 % duty 
cycle) at repetition rates of up to 200 Hz. Achieving the 
optimum wavelength under high-power operation with-
out significant tuning of the temperature turns out to be 
a major challenge in the production of the diode chips. 
When selecting appropriate chips one has to take into 
account that the heat in the diodes causes a wavelength 
drift by several nm during each pulse. To get optimum 
overlap with the asymmetric absorption line of Yb:YAG, 
the center of the emission of the diodes should be close 
to 938 nm at nominal diode power. 

Our measurements have shown that the majority of the 
produced modules now meet the necessary wavelength 
specifications between 935 and 940 nm (pump transi-
tion of Yb:YAG) with a spectral bandwidth of 6 nm, when 
driven with maximum output power (Fig. 3).

The pulsed Yb:YAG laser disk is typically pumped with 
a peak power density of 10 kW/cm². For a pump spot 
diameter between 7 and 10 mm, several pump modules 
have to be combined. For this purpose, we have set up 
a beam combiner for coupling the radiation of up to four 
pump modules into the pump chamber. This is sufficient 
to pump disks of 25 mm diameter.

In 2012, our bonding technique has reached a state 
where Yb:YAG disks of 17 mm diameter can be attached 
to appropriate heat sinks with a yield >50 %. Research 
included the development of the current bonding tech-
niques and the test of several 17 mm disks bonded in-
house. These disks were successfully applied in both a 
regenerative thin-disk amplifier with 0.2 J pulse energy 
as well as in the new booster amplifier mentioned above. 
The next step will be the bonding and test of disks of 
larger diameter (25 mm), which will commence once the 
new Yb:YAG material has been obtained. These larger 
disks will be used in the new, improved version of our 
booster amplifier whose construction as well as the test 
with an increased beam diameter will be one of the main 
goals for 2013. 

Another important part of the work within this topic is the 
application of the thin-disk laser installation that was built 
in 2007 - 2011. This system has been continuously opti-
mised and applied in following projects: 

• Development of a high-power OPCPA system (see 
Project 4.1):     
MBI sets up a high-power OPCPA system for gen-
erating sub-10 fs pulses of more than 10 mJ ener-
gy. For this task, one of the thin-disk laser systems 
is used to provide the pump pulses for the OPA with 
30 - 100 mJ pulse energy and 10 - 50 ps pulse dura-
tion at 100 Hz repetition rate on a regular basis. The 
overall stability of the thin-disk laser already matches 
the requirements for the OPCPA system. Synchronisa-
tion between the OPCPA seed laser and the thin-disk 
pump laser turned out to be an important prerequisite 
for stable operation of the OPCPA system. Thus we 
plan to upgrade a copy of the synchronisation scheme 
presently installed at the new thin-disk laser and ex-
tend this scheme to provide stable synchronisation 
between the pump laser and the seed-pulse oscil-
lator of the OPCPA with sub-picosecond accuracy. 

• Commissioning of a 100 Hz X-ray laser (XRL) user 
station (see Project 3.3):     
A major part of the laser beam time was spent for the 
commissioning of an X-ray laser. Both arms of the 
thin-disk laser are used with full pulse energy to pump 
the plasma based XRL. This is 280 mJ (<2 ps) in the 
short pulse and 150 mJ (150 ps) in the long pulse. 
Both pulses need to have an adjustable delay between 
100 ps and 1 ns. For alignment, the thin-disk laser can 
be operated in single shot mode, even at full energy. 

Due to problems with the pulse duration the front end 
had to be sent to its manufacturer (Light Conversion). 
After more than two months the system could be re-in-
stalled. The amplified pulses can now be recompressed 
again to below 2 ps.

A further thin-disk amplifier has been installed at the 
BLiX laboratories. We have ensured regular mainte-
nance of this laser system, keeping it operational during 
2012. The laser was applied for driving a plasma X-ray 
source at BLiX. The generated soft X-rays will be used 
in X-ray absorption (NEXAFS) and fluorescence (XRF) 
applications for analytical purposes (see Project 4.2).

 
T2: Ultrahigh intensity lasers 

High Field Ti:sapphire Laser

The architecture of the High Field Ti:sapphire dual-beam 
laser system (HFL, Project 4.2) implements a scheme of 
successive amplification in two parallel chains (Fig. 4). 
In particular it consists of a high contrast front end with 
a nonlinear temporal filter based on generation of cross-
polarized waves that seeds both arms of the HFL ampli-
fiers. Since a single temporally clean XPW seed pulse 
is used for amplification in parallel chains, an automatic 
time synchronization of both arms of the laser system 
with accuracy close to interferometric can be expected 
to be achieved. The design of the two laser arms is sub-

Fig.	3:   
Spectral test results for one of the pump diode modules.
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stantially different. The first arm uses three stages of 
multipass Ti:sapphire amplifiers, while the second one 
implements a regenerative amplifier with a substantially 
larger amount of round trips comparing to a convention-
al multipass and a set of two multipass amplifiers. This 
distinction in architecture is responsible for a ~180 ns 
difference of optical paths between the two laser chains. 
To fix this problem a compact delay line was implement-
ed in the second arm of the laser system. 

The optical scheme of the delay line is shown in Fig. 5. It 
consists of two 120-mm diameter spherical concave di-
electric mirrors with a 5-m radius of curvature separated 
by ~ 1.35 m. The laser beam injected in the cavity expe-
riences multiple reflections between the cavity mirrors. 
The sequence of reflecting points on each of the mirrors 
has the shape of an ellipse with parameters depending 
on the geometry of the cavity, position and angle of the 
injected beam. At certain conditions the ellipse degener-
ates to a circle (as shown in Fig. 5) that is preferable 
for practical operation. The spherical shape of the cav-
ity mirrors serves in addition to correct the beam diver-
gence. Thus, one of the main advantages of such a con-
figuration is the low diffraction loss which is especially 
important for conservation of temporal contrast in the 
laser system. In the particular setup of the delay line the 
beam waist is chosen to be ~ 0.7 mm. This enables con-
servation of the beam shape in the cavity from the input 
up to the exit of the delay line. The number of round trips 
is 40 which corresponds to a total delay of ~ 180 ns. The 
fine tuning is achieved by a short (<1 ns) remotely con-

trolled motorized delay line. Timing of the laser channels 
was measured with a second order cross-correlator. Re-
sults of the measurements show that the synchroniza-
tion accuracy is in the femtosecond range.

Evaluation of the peak pulse intensity at the focal spot is 
an important issue in laser-matter interaction investiga-
tions. Currently there are no reliable methods for direct 
measurements of this parameter. During the last years 
MBI in collaboration with the General Physics Institute, 
Moscow (Humboldt Foundation collaboration project) 
developed a theoretical approach aimed at measuring 
intensities with values close and above the relativistic 
level and prepared the corresponding diagnostic equip-
ment. The method is based on investigation of the spec-
tra of electrons directly accelerated by the laser field in 
the beam waist [GKT12]. The scheme of the experiment 
is shown in Fig. 6. In experiments the laser beam is fo-
cused into the experimental chamber filled with a gas 
at low pressure, but still sufficiently high for detection of 
a substantial number of ionized and accelerated elec-
trons. The electron spectra are measured by an electron 
spectrometer that is synchronized with the laser pulse. 
The spectrometer works in a counting mode. The first 
intensity measurements were performed in the end of 
2012 running the first arm of the Ti:sapphire HFL at  
~ 70 TW and 10 Hz. The laser parameters correspond 
to a focal intensity of ~ 1020 W/cm2. The chamber was 
filled with Ar at a pressure of 2.10-4 mbar. The spectra 
of accelerated electrons were measured in depend-
ence on the incident energy and the angle relative to 

Fig.	4:   
Scheme of the 
dual-beam HFL 
Ti:sapphire laser 
(C – contrast).

Fig.	5:   
Scheme of the compact delay line (~180 ns) to com-
pensate for the beam path differences between the 
two HFL beam lines.  

Fig.	6:   
Experimental scheme of the measurement of relativis-
tic intensities by detection of electron spectra.  
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New high-power pump diodes developed by FBH and 
Jenoptik Laserdiode have been commissioned last year 
and underwent extensive testing. Eleven of these diode 
modules are now available as pump light sources, each 
module providing up to 1.7 kW peak power (20 % duty 
cycle) at repetition rates of up to 200 Hz. Achieving the 
optimum wavelength under high-power operation with-
out significant tuning of the temperature turns out to be 
a major challenge in the production of the diode chips. 
When selecting appropriate chips one has to take into 
account that the heat in the diodes causes a wavelength 
drift by several nm during each pulse. To get optimum 
overlap with the asymmetric absorption line of Yb:YAG, 
the center of the emission of the diodes should be close 
to 938 nm at nominal diode power. 

Our measurements have shown that the majority of the 
produced modules now meet the necessary wavelength 
specifications between 935 and 940 nm (pump transi-
tion of Yb:YAG) with a spectral bandwidth of 6 nm, when 
driven with maximum output power (Fig. 3).

The pulsed Yb:YAG laser disk is typically pumped with 
a peak power density of 10 kW/cm². For a pump spot 
diameter between 7 and 10 mm, several pump modules 
have to be combined. For this purpose, we have set up 
a beam combiner for coupling the radiation of up to four 
pump modules into the pump chamber. This is sufficient 
to pump disks of 25 mm diameter.

In 2012, our bonding technique has reached a state 
where Yb:YAG disks of 17 mm diameter can be attached 
to appropriate heat sinks with a yield >50 %. Research 
included the development of the current bonding tech-
niques and the test of several 17 mm disks bonded in-
house. These disks were successfully applied in both a 
regenerative thin-disk amplifier with 0.2 J pulse energy 
as well as in the new booster amplifier mentioned above. 
The next step will be the bonding and test of disks of 
larger diameter (25 mm), which will commence once the 
new Yb:YAG material has been obtained. These larger 
disks will be used in the new, improved version of our 
booster amplifier whose construction as well as the test 
with an increased beam diameter will be one of the main 
goals for 2013. 

Another important part of the work within this topic is the 
application of the thin-disk laser installation that was built 
in 2007 - 2011. This system has been continuously opti-
mised and applied in following projects: 

• Development of a high-power OPCPA system (see 
Project 4.1):     
MBI sets up a high-power OPCPA system for gen-
erating sub-10 fs pulses of more than 10 mJ ener-
gy. For this task, one of the thin-disk laser systems 
is used to provide the pump pulses for the OPA with 
30 - 100 mJ pulse energy and 10 - 50 ps pulse dura-
tion at 100 Hz repetition rate on a regular basis. The 
overall stability of the thin-disk laser already matches 
the requirements for the OPCPA system. Synchronisa-
tion between the OPCPA seed laser and the thin-disk 
pump laser turned out to be an important prerequisite 
for stable operation of the OPCPA system. Thus we 
plan to upgrade a copy of the synchronisation scheme 
presently installed at the new thin-disk laser and ex-
tend this scheme to provide stable synchronisation 
between the pump laser and the seed-pulse oscil-
lator of the OPCPA with sub-picosecond accuracy. 

• Commissioning of a 100 Hz X-ray laser (XRL) user 
station (see Project 3.3):     
A major part of the laser beam time was spent for the 
commissioning of an X-ray laser. Both arms of the 
thin-disk laser are used with full pulse energy to pump 
the plasma based XRL. This is 280 mJ (<2 ps) in the 
short pulse and 150 mJ (150 ps) in the long pulse. 
Both pulses need to have an adjustable delay between 
100 ps and 1 ns. For alignment, the thin-disk laser can 
be operated in single shot mode, even at full energy. 

Due to problems with the pulse duration the front end 
had to be sent to its manufacturer (Light Conversion). 
After more than two months the system could be re-in-
stalled. The amplified pulses can now be recompressed 
again to below 2 ps.

A further thin-disk amplifier has been installed at the 
BLiX laboratories. We have ensured regular mainte-
nance of this laser system, keeping it operational during 
2012. The laser was applied for driving a plasma X-ray 
source at BLiX. The generated soft X-rays will be used 
in X-ray absorption (NEXAFS) and fluorescence (XRF) 
applications for analytical purposes (see Project 4.2).

 
T2: Ultrahigh intensity lasers 

High Field Ti:sapphire Laser

The architecture of the High Field Ti:sapphire dual-beam 
laser system (HFL, Project 4.2) implements a scheme of 
successive amplification in two parallel chains (Fig. 4). 
In particular it consists of a high contrast front end with 
a nonlinear temporal filter based on generation of cross-
polarized waves that seeds both arms of the HFL ampli-
fiers. Since a single temporally clean XPW seed pulse 
is used for amplification in parallel chains, an automatic 
time synchronization of both arms of the laser system 
with accuracy close to interferometric can be expected 
to be achieved. The design of the two laser arms is sub-

Fig.	3:   
Spectral test results for one of the pump diode modules.
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stantially different. The first arm uses three stages of 
multipass Ti:sapphire amplifiers, while the second one 
implements a regenerative amplifier with a substantially 
larger amount of round trips comparing to a convention-
al multipass and a set of two multipass amplifiers. This 
distinction in architecture is responsible for a ~180 ns 
difference of optical paths between the two laser chains. 
To fix this problem a compact delay line was implement-
ed in the second arm of the laser system. 

The optical scheme of the delay line is shown in Fig. 5. It 
consists of two 120-mm diameter spherical concave di-
electric mirrors with a 5-m radius of curvature separated 
by ~ 1.35 m. The laser beam injected in the cavity expe-
riences multiple reflections between the cavity mirrors. 
The sequence of reflecting points on each of the mirrors 
has the shape of an ellipse with parameters depending 
on the geometry of the cavity, position and angle of the 
injected beam. At certain conditions the ellipse degener-
ates to a circle (as shown in Fig. 5) that is preferable 
for practical operation. The spherical shape of the cav-
ity mirrors serves in addition to correct the beam diver-
gence. Thus, one of the main advantages of such a con-
figuration is the low diffraction loss which is especially 
important for conservation of temporal contrast in the 
laser system. In the particular setup of the delay line the 
beam waist is chosen to be ~ 0.7 mm. This enables con-
servation of the beam shape in the cavity from the input 
up to the exit of the delay line. The number of round trips 
is 40 which corresponds to a total delay of ~ 180 ns. The 
fine tuning is achieved by a short (<1 ns) remotely con-

trolled motorized delay line. Timing of the laser channels 
was measured with a second order cross-correlator. Re-
sults of the measurements show that the synchroniza-
tion accuracy is in the femtosecond range.

Evaluation of the peak pulse intensity at the focal spot is 
an important issue in laser-matter interaction investiga-
tions. Currently there are no reliable methods for direct 
measurements of this parameter. During the last years 
MBI in collaboration with the General Physics Institute, 
Moscow (Humboldt Foundation collaboration project) 
developed a theoretical approach aimed at measuring 
intensities with values close and above the relativistic 
level and prepared the corresponding diagnostic equip-
ment. The method is based on investigation of the spec-
tra of electrons directly accelerated by the laser field in 
the beam waist [GKT12]. The scheme of the experiment 
is shown in Fig. 6. In experiments the laser beam is fo-
cused into the experimental chamber filled with a gas 
at low pressure, but still sufficiently high for detection of 
a substantial number of ionized and accelerated elec-
trons. The electron spectra are measured by an electron 
spectrometer that is synchronized with the laser pulse. 
The spectrometer works in a counting mode. The first 
intensity measurements were performed in the end of 
2012 running the first arm of the Ti:sapphire HFL at  
~ 70 TW and 10 Hz. The laser parameters correspond 
to a focal intensity of ~ 1020 W/cm2. The chamber was 
filled with Ar at a pressure of 2.10-4 mbar. The spectra 
of accelerated electrons were measured in depend-
ence on the incident energy and the angle relative to 

Fig.	4:   
Scheme of the 
dual-beam HFL 
Ti:sapphire laser 
(C – contrast).

Fig.	5:   
Scheme of the compact delay line (~180 ns) to com-
pensate for the beam path differences between the 
two HFL beam lines.  

Fig.	6:   
Experimental scheme of the measurement of relativis-
tic intensities by detection of electron spectra.  
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the axis of the incident light. It was found that the elec-
trons are distributed over cones with an angle depend-
ing on the electron energy. The most energetic electrons 
measured in the experiment (4 MeV) were generated 
at a small angle, close to the axis of the incident beam. 
These experiments have a preliminary character and 
the data are currently being processed. Further experi-
ments and validation of theory are planned for 2013. 

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

Graphene and SWCNT based saturable absorbers for 
bulk laser mode-locking in the near-IR spectral range

Graphene is experiencing an increasing level of interest 
as saturable absorber (SA) for mode-locking of fiber 
and bulk lasers owing to its unique optical and physical 
properties. Like other carbon nanostructures, e.g. 
single-walled carbon nanotubes (SWCNTs), it exhibits 
a very fast recovery time and SAs can be fabricated 
by relatively simple processes. Graphene has the great 
advantage over SWCNTs that it exhibits an ultrafast 
saturable absorption over an ultrabroad spectral range 
without band-gap engineering.

High-quality graphene layers for femtosecond bulk laser 
mode-locking were fabricated by the chemical vapour 
deposition technique by our long term collaboration 
partner in Korea. Mono- and bilayer graphene were 
transferred to 1-inch quartz substrates. The linear loss 
of the monolayer graphene is close to the theoretical 
value of 2.3 % - which indicates its high quality - and is 
nearly doubled for the bilayer graphene in the spectral 
range between 1 and 2 µm.

The nonlinear characteristics of the monolayer 
graphene SA near 1 µm are shown in Fig. 7. From the fit 
to the data, we extracted a modulation depth ~0.75 %, 
a saturation fluence of ~ 50 μJ/cm2, and nonsaturable 
loss ~1.6 %. Additionally, the measured pump-probe 
trace (Fig. 7, inset) shows a bi-exponential decay of the 

saturated absorption with an instantaneous component 
of ~ 200 fs and a slow 1/e recovery time of ~ 1.5 ps. The 
latter is nearly independent of the operation wavelength 
(measured up to 2 µm). 

The results of mode-locked laser operation around 
1 µm using Yb:KLu(WO4)2 (Yb:KLuW) as active medium 
applying the monolayer graphene SA sample are 
presented in Fig. 8. The design of the diode-pumped 
laser was a standard Z-fold with the transmission-type 
graphene SA placed near the focus of an additional 
cavity folding section. The shortest pulses obtained were 
160 fs (FWHM) with an output power of about 40 mW 
and a repetition rate of 92.5 MHz for 1% transmission 
of the output coupler (OC). The optical spectrum, 
centered at 1047 nm, was 7.1 nm wide (FWHM), and 
the corresponding time-bandwidth product amounts 
to 0.31, assuming a sech2-shape of the pulse (Fig. 8). 
From the first beat note of the radio frequency spectrum, 
no spurious modulations are visible down to 55 dBc, an 
indication of stable mode-locking. Although the laser 
was not reliably self-starting, only a slight perturbation 
was sufficient to initiate mode-locked operation. Much 
higher output power of 150 mW was obtained using 5% 
OC with only slightly longer pulse duration of 203 fs, 
also displaying bandwidth-limited pulse quality. In the 
latter case, the monolayer graphene SA mode-locked 
Yb:KLuW laser was very stable and fine tuning of the 
spectrum over a 13 nm range was possible [USP12]. 
These pulses are shorter than in any previous reports 
on 1 µm oscillators of this type, e.g. the 428 fs for a 
Yb:KGd(WO4)2 laser using graphene sheets prepared 
by the liquid phase exfoliation technique [J.-L. Xu et al.; 
Appl. Phys. Lett. 99 (2011) 261107].

To exploit the potential of graphene as SA up to the 
mid-IR spectral range other bulk solid-state lasers are 
under investigation. However, from the data of the 
nonlinear transmission change, a slight decrease of 
the modulation depth and the saturation fluence with 
wavelength is seen. Hence, the study of the more 
mature SWCNT based SAs is still very interesting since 
as we demonstrated before, they can cover with their 

Fig.	8:   
Graphene-SA mode-locked Yb:KLuW laser: Autocor-
relation trace (red symbols) with a fit (black curve) 
assuming sech2-shaped pulses and the corresponding 
optical spectrum (inset). 

Fig.	7:   
Nonlinear transmission versus fluence and pump-
probe trace (inset) measurements near 1 µm of a 
monolayer graphene SA. 
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E11 interband transition the spectral region at least up 
to 2-µm, which includes two important broadband laser 
transitions in Tm3+ and Ho3+ ions. With a similar laser 
setup, shown in Fig. 9, we were able to achieve the 
shortest pulses for a 2-µm bulk laser using Tm-doped 
KLuW mode-locked by transmission type SA which 
was fabricated by spin coating a quartz substrate with 
arc-made SWCNTs [SCY12]. The overall cavity group 
delay dispersion (GDD) was negative with the main 
contribution from the gain medium, GDD ~ -1040 fs2 
compared to the prism sequence (separation: 15 cm) 
with ~ -450 fs2. A Ti:sapphire laser emitting up to 2 W 
was applied as pump source and the total cavity length 
was ~ 170 cm.

Stable and self-starting mode-locked operation was 
achieved by careful optimization of the position of the 
SWCNT-SA. The measured autocorrelation trace, 
depicted in Fig. 10, exhibits a FWHM of 223 fs. To evaluate 
the pulse duration supported by the optical spectrum in 
the bandwidth-limited case, its Fourier transform was 
calculated yielding chirped but symmetric pulse profile 
with a FWHM of 135 fs. Numerically introducing a slight 
dispersive broadening to this assumed temporal pulse 
shape, the best fit with the measured autocorrelation 
resulted in a reconstructed pulse duration of 141 fs (Fig. 
10). Therefore, we conclude that the deviation from the 
bandwidth-limited case is only ~ 5 %. The output power 
of 26 mW in the mode-locked regime was obtained 
for a pump power of 1.63 W, of which roughly 72 % 
were absorbed in the crystal. Also in this case very 
high extinction down to 69 dBc (detector limited) was 
observed in the radio frequency spectrum, without any 
spurious modulation which is an evidence of stable and 
clean cw mode-locked operation. This is important to 
note because of the 900 µs long lifetime of Tm:KLuW 
which facilitates Q-switching and hence hinders cw 
mode-locking.

Continuation of the above activities in 2013 will be 
devoted to the exploitation of the full spectral bandwidth 
of Tm-, Ho- or Cr-doped laser materials in the 2 µm and 
1.5 µm spectral ranges, for pulse durations <50 fs (as 
potential seed sources for OPCPA), supercontinuum 
generation with such lasers and CEP characterization. 
These activities are closely related to the large scale 
SAW project devoted to high average power CPOPA 
at 100 kHz with two outputs at 1.56 and 3 µm, which 
was launched in mid 2012. This third-party funded 
effort includes novel pump laser concept at 1 µm, pulse 

shaping, OPCPA and CEP stabilization. The updated 
goals are average power of 300 W (after compression 
to 3 ps) or 3 mJ for the 1030 nm (Yb:YAG) pump pulses 
at 100 kHz, signal energy of 100 µJ at 1560 nm or 10 W 
(compressed) for the sub-50 fs signal pulses (1.56 µm 
CEP stable signal + 3 µm idler). 

On longer timescale this topic will focus on power 
scaling of femtosecond sources at various wavelengths 
by laser and parametric amplification and development 
of ps/ns pump sources in the 2 µm spectral range for 
OPCPA systems operating in the mid-IR.
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Fig.	10:   
Autocorrelation trace (black symbols) with the de-
rived fit (red curve) of the SWCNT-SA mode-locked 
Tm:KLuW laser.

Fig.	9:   
Setup of the mode-locked Tm:KLuW laser: M1, M2, 
M3, M4: curved mirrors; P1, P2: CaF2 - prisms; L, 
pump lens.



4522

the axis of the incident light. It was found that the elec-
trons are distributed over cones with an angle depend-
ing on the electron energy. The most energetic electrons 
measured in the experiment (4 MeV) were generated 
at a small angle, close to the axis of the incident beam. 
These experiments have a preliminary character and 
the data are currently being processed. Further experi-
ments and validation of theory are planned for 2013. 

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

Graphene and SWCNT based saturable absorbers for 
bulk laser mode-locking in the near-IR spectral range

Graphene is experiencing an increasing level of interest 
as saturable absorber (SA) for mode-locking of fiber 
and bulk lasers owing to its unique optical and physical 
properties. Like other carbon nanostructures, e.g. 
single-walled carbon nanotubes (SWCNTs), it exhibits 
a very fast recovery time and SAs can be fabricated 
by relatively simple processes. Graphene has the great 
advantage over SWCNTs that it exhibits an ultrafast 
saturable absorption over an ultrabroad spectral range 
without band-gap engineering.

High-quality graphene layers for femtosecond bulk laser 
mode-locking were fabricated by the chemical vapour 
deposition technique by our long term collaboration 
partner in Korea. Mono- and bilayer graphene were 
transferred to 1-inch quartz substrates. The linear loss 
of the monolayer graphene is close to the theoretical 
value of 2.3 % - which indicates its high quality - and is 
nearly doubled for the bilayer graphene in the spectral 
range between 1 and 2 µm.

The nonlinear characteristics of the monolayer 
graphene SA near 1 µm are shown in Fig. 7. From the fit 
to the data, we extracted a modulation depth ~0.75 %, 
a saturation fluence of ~ 50 μJ/cm2, and nonsaturable 
loss ~1.6 %. Additionally, the measured pump-probe 
trace (Fig. 7, inset) shows a bi-exponential decay of the 

saturated absorption with an instantaneous component 
of ~ 200 fs and a slow 1/e recovery time of ~ 1.5 ps. The 
latter is nearly independent of the operation wavelength 
(measured up to 2 µm). 

The results of mode-locked laser operation around 
1 µm using Yb:KLu(WO4)2 (Yb:KLuW) as active medium 
applying the monolayer graphene SA sample are 
presented in Fig. 8. The design of the diode-pumped 
laser was a standard Z-fold with the transmission-type 
graphene SA placed near the focus of an additional 
cavity folding section. The shortest pulses obtained were 
160 fs (FWHM) with an output power of about 40 mW 
and a repetition rate of 92.5 MHz for 1% transmission 
of the output coupler (OC). The optical spectrum, 
centered at 1047 nm, was 7.1 nm wide (FWHM), and 
the corresponding time-bandwidth product amounts 
to 0.31, assuming a sech2-shape of the pulse (Fig. 8). 
From the first beat note of the radio frequency spectrum, 
no spurious modulations are visible down to 55 dBc, an 
indication of stable mode-locking. Although the laser 
was not reliably self-starting, only a slight perturbation 
was sufficient to initiate mode-locked operation. Much 
higher output power of 150 mW was obtained using 5% 
OC with only slightly longer pulse duration of 203 fs, 
also displaying bandwidth-limited pulse quality. In the 
latter case, the monolayer graphene SA mode-locked 
Yb:KLuW laser was very stable and fine tuning of the 
spectrum over a 13 nm range was possible [USP12]. 
These pulses are shorter than in any previous reports 
on 1 µm oscillators of this type, e.g. the 428 fs for a 
Yb:KGd(WO4)2 laser using graphene sheets prepared 
by the liquid phase exfoliation technique [J.-L. Xu et al.; 
Appl. Phys. Lett. 99 (2011) 261107].

To exploit the potential of graphene as SA up to the 
mid-IR spectral range other bulk solid-state lasers are 
under investigation. However, from the data of the 
nonlinear transmission change, a slight decrease of 
the modulation depth and the saturation fluence with 
wavelength is seen. Hence, the study of the more 
mature SWCNT based SAs is still very interesting since 
as we demonstrated before, they can cover with their 

Fig.	8:   
Graphene-SA mode-locked Yb:KLuW laser: Autocor-
relation trace (red symbols) with a fit (black curve) 
assuming sech2-shaped pulses and the corresponding 
optical spectrum (inset). 

Fig.	7:   
Nonlinear transmission versus fluence and pump-
probe trace (inset) measurements near 1 µm of a 
monolayer graphene SA. 
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E11 interband transition the spectral region at least up 
to 2-µm, which includes two important broadband laser 
transitions in Tm3+ and Ho3+ ions. With a similar laser 
setup, shown in Fig. 9, we were able to achieve the 
shortest pulses for a 2-µm bulk laser using Tm-doped 
KLuW mode-locked by transmission type SA which 
was fabricated by spin coating a quartz substrate with 
arc-made SWCNTs [SCY12]. The overall cavity group 
delay dispersion (GDD) was negative with the main 
contribution from the gain medium, GDD ~ -1040 fs2 
compared to the prism sequence (separation: 15 cm) 
with ~ -450 fs2. A Ti:sapphire laser emitting up to 2 W 
was applied as pump source and the total cavity length 
was ~ 170 cm.

Stable and self-starting mode-locked operation was 
achieved by careful optimization of the position of the 
SWCNT-SA. The measured autocorrelation trace, 
depicted in Fig. 10, exhibits a FWHM of 223 fs. To evaluate 
the pulse duration supported by the optical spectrum in 
the bandwidth-limited case, its Fourier transform was 
calculated yielding chirped but symmetric pulse profile 
with a FWHM of 135 fs. Numerically introducing a slight 
dispersive broadening to this assumed temporal pulse 
shape, the best fit with the measured autocorrelation 
resulted in a reconstructed pulse duration of 141 fs (Fig. 
10). Therefore, we conclude that the deviation from the 
bandwidth-limited case is only ~ 5 %. The output power 
of 26 mW in the mode-locked regime was obtained 
for a pump power of 1.63 W, of which roughly 72 % 
were absorbed in the crystal. Also in this case very 
high extinction down to 69 dBc (detector limited) was 
observed in the radio frequency spectrum, without any 
spurious modulation which is an evidence of stable and 
clean cw mode-locked operation. This is important to 
note because of the 900 µs long lifetime of Tm:KLuW 
which facilitates Q-switching and hence hinders cw 
mode-locking.

Continuation of the above activities in 2013 will be 
devoted to the exploitation of the full spectral bandwidth 
of Tm-, Ho- or Cr-doped laser materials in the 2 µm and 
1.5 µm spectral ranges, for pulse durations <50 fs (as 
potential seed sources for OPCPA), supercontinuum 
generation with such lasers and CEP characterization. 
These activities are closely related to the large scale 
SAW project devoted to high average power CPOPA 
at 100 kHz with two outputs at 1.56 and 3 µm, which 
was launched in mid 2012. This third-party funded 
effort includes novel pump laser concept at 1 µm, pulse 

shaping, OPCPA and CEP stabilization. The updated 
goals are average power of 300 W (after compression 
to 3 ps) or 3 mJ for the 1030 nm (Yb:YAG) pump pulses 
at 100 kHz, signal energy of 100 µJ at 1560 nm or 10 W 
(compressed) for the sub-50 fs signal pulses (1.56 µm 
CEP stable signal + 3 µm idler). 

On longer timescale this topic will focus on power 
scaling of femtosecond sources at various wavelengths 
by laser and parametric amplification and development 
of ps/ns pump sources in the 2 µm spectral range for 
OPCPA systems operating in the mid-IR.
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1. Overview

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

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

a) The first topic on relativistic plasma dynamics focuses 
on the investigation of laser driven ion/proton accelera-
tion. Research concentrates on the detailed study of en-
ergy transfer processes in relativistic plasmas, including 
effects of collective electron motion in ultra-strong laser 
fields. Combination of different target structures and la-
ser parameters has led to the identification of new laser 
acceleration processes. Recent breakthrough results 
have been obtained in stabilization the acceleration pro-
cess and higher ion energies as a basis for future tech-
nologies and applications. 

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

Now within the successfully continuation of the TR18 
(the third period started in January 2013) the 2 beam Ti:-
Sapphire laser facility in the High Field Laser Laboratory 
infrastructure at MBI will enable complex pump-probe 
experiments. During 2012 the complete experimental in-
frastructure (cf. Project 4.2) was used and experimental 
projects using the 70 TW and 100 TW-laser in parallel or 
in a synchronized mode were performed.

The dual beam MBI system will provide the experimen-
tal base for novel particle acceleration and short wave-
length radiation experiments. The achievable intensi-
ties of the order of 1020 W/cm2 allow investigations of 
radiation pressure dominated processes. New target 
systems, as e.g. mass-limited targets and ultra-thin foil 
targets, are in the focus of ion acceleration research be-
cause of higher energy transfer efficiency. Further pro-
gress has been with ultra-thin foils which consist of two 
atomic species, carbon and hydrogen. The experiments 
relying on temporal pulse cleaning (contrast improve-
ment) with unprecedented values due to a combination 
of a XPW-frontend (cf. research in Project 1.2) and a 

double plasma mirror at MBI. Production of nanometer 
thick plastic-targets at MPQ/LMU (our cooperation part-
ner in TR18) - has also triggered significant advance in 
radiation pressure acceleration of ions. Establishing in-
house target technology and development of thickness 
measurement for nm-thin foils provides important back-
ground for interaction experiments exploring efficient 
acceleration schemes. Other specific, mass-limited and 
structured (e.g. droplets and snow), target systems are 
a topic in Laserlab-Europe access campaigns. 

b) The second topic electron acceleration is aiming at 
the investigation of interaction schemes being capable 
of stable GeV-electron beam production. Specifically 
this research requires a heavily radiation shielded area 
and radiation surveillance systems that are now in op-
eration. By combining the two multi-ten-TW-lasers novel 
staging experiments in electron acceleration are primary 
goals. Generally, the development of stable accelera-
tion schemes is a key requirement for new brilliant X-ray 
sources and electron accelerators. During 2012 the first 
important diagnostics such as novel magnet spectrome-
ter and gas target characterization have been developed 
and will be implemented in the experimental infrastructure. 
 
 
 
2. Topics and collaborations  

 
T1: Relativistic laser plasmas and ion acceleration   
 
Collaborations: Univ. Düsseldorf, Univ. Jena, LMU Mün-
chen, MPQ Garching: Joint projects within the national 
TRANSREGIO TR18, project supported by the DFG.

Prof. Tikhonchuk, CELIA, Université Bordeaux 1, 
France, plasma theory; Prof. Hartmut Ruhl, LMU 
München, plasma theory; Prof. Arie Zigler, Hebrew 
University, Jerusalem, experiment; Dr. Sargis Ter- 
Avetisyan, Queen’s University Belfast, UK, now ELI-
beamlines Prag, experiment; Dr. Paul Gibbon, Jülich 
Supercomputing Center.
  
In-house collaboration with Projects 1.2, 3.2, 3.3, and 
4.2.

T2: Electron acceleration

Anticipated future collaborations: Prof. W. Leemann, 
Lawrence Berkley National Laboratory, USA.

TRANSREGIO TR18 partner: Univ. Düsseldorf, Univ. 
Jena, LMU München, MPQ Garching.

In-house collaboration with Projects 1.2, 3.3.

2.1: Laser Plasma Dynamics and Particle Acceleration

M. Schnürer and S. Steinke* (project coordinators) 
and A.A. Andreev (also at Vavilov State Optical Institute, St. Petersburg, Russia) , J. Bränzel, F. Abicht, C. Koschitzki, 
G. Priebe, T. Sokollik*, (*during 2012 at Lawrence Berkley National Laboratory, USA)



4724

GKZ12: U. Griebner et al.; SPIE Proc. Ser. 8242 (2012) 
824205/1-9

IBC12a: H. Iliev et al.; Appl. Phys. B 106 (2012) 1-4

IBC12b: H. Iliev et al.; SPIE Proc. Ser. 8235 (2012) 
82350I/1-7

JMP12: V. Jambunathan et al.; SPIE Proc. Ser. 8235 
(2012) 823517/1-7

KOP12: M. P. Kalashnikov et al.; AIP Conf. Proc. 1462 
(2012) 108-111

KSS12: M. P. Kalashnikov et al.; AIP Conf. Proc. 1465 
(2012) 13-17 

KSA12: M. Krasilnikov et al.; Phys. Rev. ST Accel. 
Beams 15 (2012) 100701/1-18

LKH12: J. Liu et al.; Laser Phys. Lett. 9 (2012) 285-290

MDP12: G. Marchev et al.; Appl. Phys. B 109 (2012) 
211-214

MPP12: G. Marchev et al.; Opt. Lett. 37 (2012) 3219-
3221

MPT12: G. Marchev et al.; Proc. SPIE Ser. 8240 (2012) 
82400D/1-5

MTP12: G. Marchev et al.; Opt. Lett. 37 (2012) 740-742

MTS12 G. Marchev et al.; Proc. SPIE Ser. 8240 (2012) 
82400E/1-7

OMB12: K. Osvay et al.; Appl. Phys. B 107 (2012) 125-
130

Pet12: V. Petrov; Opt. Mater. 34 (2012) 536-554

RSK12: S. Rimjaem et al.; Nucl. Instrum. Meth. A 671 
(2012) 62-75

RCC12: F. Rotermund et al.; Quantum Electron. 42 
(2012) 663-670

SCY12: A. Schmidt et al.; Appl. Phys. Express 5 (2012) 
092704/1-3

SKH12: A. Schmidt et al.; Opt. Express 20 (2012) 5313-
5318

SKM12a: M. Segura et al.; Laser Phys. Lett. 9 (2012) 
104-109

SKM12b: M. Segura et al.; Opt. Express 20 (2012) 
A3394-A3400 

SMP12: M. Segura et al.; Appl. Optics 51 (2012) 2701-
2705

SMT12: M. Segura et al.; SPIE Proc. Ser. 8235 (2012) 
82351U/1-8

SSM12: M. Segura et al.; Cryst.Eng.Comm. 14 (2012) 
223-229 

TKM12: A. Tyazhev et al.; Opt. Lett. 37 (2012) 4146-
4148 

USP12: E. Ugolotti et al.; Appl. Phys. Lett. 101 (2012) 
161112/1-4 

VVS12: S. Vatnik et al.; Opt. Lett. 37 (2012) 356-358 

YPG12: H. Yu et al.; Opt. Lett. 37 (2012) 2544-2546 

YZW12: H. Yu et al.; Appl. Phys. Lett. 100 (2012) 
061119/1-3 

in press 

AGD: S. Aravazhi et al.; Appl. Phys. B

BOC: I. Baylam et al.; SPIE Proc. Ser.

KMP: K. Kato et al.; SPIE Proc. Ser.

KOM: K. Kato et al.; SPIE Proc. Ser.

MPA: G. Marchev et al.; Opt. Commun.

YZW: H. Yu et al.; Scientific Reports

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

U. Griebner together with P. Klopp, M. Zorn, and M. 
Weyers; SPIE Photonics West (San Francisco, USA, 
2012-01) 

M. P. Kalashnikov; Petawatt scientific committee meet-
ing 2012 (Mamaia, Romania, 2012-09)

V. Petrov; French-German Oxidecrystal-/Dielectrics-/La-
sercrystal-Workshop 2012 (Saint-Louis, France, 2012-
09)

V. Petrov; Int. Symposium, 50 Years of Nonlinear Optics, 
NLO 50 (Barcelona, Spain, 2012-10) 

H. Yu; 20th Int. Conference on Advanced Laser Tech-
nologies, ALT'12 (Thun, Switzerland, 2012-09)

27

1. Overview

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

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

a) The first topic on relativistic plasma dynamics focuses 
on the investigation of laser driven ion/proton accelera-
tion. Research concentrates on the detailed study of en-
ergy transfer processes in relativistic plasmas, including 
effects of collective electron motion in ultra-strong laser 
fields. Combination of different target structures and la-
ser parameters has led to the identification of new laser 
acceleration processes. Recent breakthrough results 
have been obtained in stabilization the acceleration pro-
cess and higher ion energies as a basis for future tech-
nologies and applications. 

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

Now within the successfully continuation of the TR18 
(the third period started in January 2013) the 2 beam Ti:-
Sapphire laser facility in the High Field Laser Laboratory 
infrastructure at MBI will enable complex pump-probe 
experiments. During 2012 the complete experimental in-
frastructure (cf. Project 4.2) was used and experimental 
projects using the 70 TW and 100 TW-laser in parallel or 
in a synchronized mode were performed.

The dual beam MBI system will provide the experimen-
tal base for novel particle acceleration and short wave-
length radiation experiments. The achievable intensi-
ties of the order of 1020 W/cm2 allow investigations of 
radiation pressure dominated processes. New target 
systems, as e.g. mass-limited targets and ultra-thin foil 
targets, are in the focus of ion acceleration research be-
cause of higher energy transfer efficiency. Further pro-
gress has been with ultra-thin foils which consist of two 
atomic species, carbon and hydrogen. The experiments 
relying on temporal pulse cleaning (contrast improve-
ment) with unprecedented values due to a combination 
of a XPW-frontend (cf. research in Project 1.2) and a 

double plasma mirror at MBI. Production of nanometer 
thick plastic-targets at MPQ/LMU (our cooperation part-
ner in TR18) - has also triggered significant advance in 
radiation pressure acceleration of ions. Establishing in-
house target technology and development of thickness 
measurement for nm-thin foils provides important back-
ground for interaction experiments exploring efficient 
acceleration schemes. Other specific, mass-limited and 
structured (e.g. droplets and snow), target systems are 
a topic in Laserlab-Europe access campaigns. 

b) The second topic electron acceleration is aiming at 
the investigation of interaction schemes being capable 
of stable GeV-electron beam production. Specifically 
this research requires a heavily radiation shielded area 
and radiation surveillance systems that are now in op-
eration. By combining the two multi-ten-TW-lasers novel 
staging experiments in electron acceleration are primary 
goals. Generally, the development of stable accelera-
tion schemes is a key requirement for new brilliant X-ray 
sources and electron accelerators. During 2012 the first 
important diagnostics such as novel magnet spectrome-
ter and gas target characterization have been developed 
and will be implemented in the experimental infrastructure. 
 
 
 
2. Topics and collaborations  

 
T1: Relativistic laser plasmas and ion acceleration   
 
Collaborations: Univ. Düsseldorf, Univ. Jena, LMU Mün-
chen, MPQ Garching: Joint projects within the national 
TRANSREGIO TR18, project supported by the DFG.

Prof. Tikhonchuk, CELIA, Université Bordeaux 1, 
France, plasma theory; Prof. Hartmut Ruhl, LMU 
München, plasma theory; Prof. Arie Zigler, Hebrew 
University, Jerusalem, experiment; Dr. Sargis Ter- 
Avetisyan, Queen’s University Belfast, UK, now ELI-
beamlines Prag, experiment; Dr. Paul Gibbon, Jülich 
Supercomputing Center.
  
In-house collaboration with Projects 1.2, 3.2, 3.3, and 
4.2.

T2: Electron acceleration

Anticipated future collaborations: Prof. W. Leemann, 
Lawrence Berkley National Laboratory, USA.

TRANSREGIO TR18 partner: Univ. Düsseldorf, Univ. 
Jena, LMU München, MPQ Garching.

In-house collaboration with Projects 1.2, 3.3.

2.1: Laser Plasma Dynamics and Particle Acceleration

M. Schnürer and S. Steinke* (project coordinators) 
and A.A. Andreev (also at Vavilov State Optical Institute, St. Petersburg, Russia) , J. Bränzel, F. Abicht, C. Koschitzki, 
G. Priebe, T. Sokollik*, (*during 2012 at Lawrence Berkley National Laboratory, USA)

2.1: Laser Plasma Dynamics and Particle Acceleration
M. Schnürer, S. Steinke* (project coordinators)
and A.A. Andreev (also at Vavilov State Optical Institute, St. Petersburg, Russia), J. Bränzel, F. Abicht, C. Koschitzki,
G. Priebe, T. Sokollik* (*during 2012 at Lawrence Berkley National Laboratory, USA)



4828

3. Results in 2012

Stabilized ion acceleration with ultra-thin foils

Currently radiation pressure dominated acceleration 
(RPA) is in the focus of laser-ion acceleration since it is 
capable of generating mono-energetic ion bunches with 
enhanced efficiency. 

During the last years and based on our former results 
(where we demonstrated principally, the experimental 
feasibility of RPA) we concentrated our work on the 
question of stabilizing the acceleration itself. In RPA a 
few nm thin target foil with a density of a few g/cm3 is 
pushed by a light pulse which is a medium with extreme-
ly low mass density. Then the enormous acceleration 
at the order of 1018 g (g - gravitational acceleration of 
the earth) leads to system developing a Rayleigh-Taylor 
instability. Our and other theoretical simulations have 
shown that growing density fluctuations inside the thin 
target can be buffered if layers of different ion species 
can be established. 

We present the first experimental investigation of this 
stable RPA regime utilizing polymer foils (provided by 
our TR18 collaboration partners from MPQ and LMU in 
Garching) with a high hydrogen content, irradiated by a 
circularly polarized laser pulse. Freestanding polyvinyl 
formal (Formvar) films with thicknesses down to 15 nm 
have been illuminated at normal incidence and ultrahigh 
temporal laser pulse contrast. In the experiments, the 
early separation of heavier carbon ions and lighter pro-
tons is expressed by the observation of isolated energy 
distributions of the two species. Around an optimum 
target thickness that depends on laser intensity, the 
fastest carbon ions coincide with the slowest protons; 
both accumulate to slightly separated, distinct maxima. 
These spectral characteristics are observed for a vari-
ety of target thicknesses and laser pulse durations. At 
the optimum thickness the measured velocity of the ion 
interface has a maximum and is in excellent agreement 
with the analytical 1D light sail model. Our interpreta-
tion is supported by both 2D and 3D particle-in-cell (PIC) 
simulations [SHS12].

In the simulations an early separation of heavier carbon 
ions and lighter protons under the influence of the inci-
dent laser pulse are observed. A stable interface is cre-
ated and maintained beyond the end of the interaction. 
This situation is proofed by the experimental results (cf. 
Fig. 1) because the recorded spectra show a situation 
after the acceleration process has been completed. The 
observed stable interface reflects an obtained stabilisa-
tion which is twofold: Firstly, the interface constitutes 
a stable electron-ion dynamic (non-thermal) and sec-
ondly, the ion spectra exhibit a high shot-to-shot stability 
in energy and number of accelerated particles. Fig. 1 
shows that the stable interface situation occurs at an 
optimum target thickness of 25 nm (in case of a laser 
pulse with duration 34 fs) and two adjacent peaks in the 
velocity distribution of protons and C6+ ions occur. The 
simulation result depicted in Fig. 1 reproduces the ex-
perimental result well and shows how the interface is 
formed within an ultra-fast timescale. 

Our experimental studies show how radiation pressure 
acceleration of ions can be realized with circularly po-
larized laser pulses and ultra-high temporal contrast. 
A stable double layer composed from the target con-
stituents, i.e. protons and carbon ions has been gener-
ated with an overall laser-to-ion energy conversion of 
6.5 %. Our results indicate that dense ion bunches with 
energies of 1 GeV can be generated with laser pulses  
focused onto 300 nm thick foils at an intensity of  
~ 2×1022 W/cm−2 Such targets are very robust and can 
be provided in high quantities allowing a high repetition 
rate, constituting a very attractive source for numerous 
applications. On the other hand, our results demonstrate 
that the laser pulse contrast has to be controlled care-
fully, i.e. it has to be assured that the laser intensity does 
not reach the damage threshold of the target earlier than  
1 ps before the arrival of the main laser pulse which is 

a great challenge for future laser development. Further-
more, the observed stability of the double layer and its 
high ion densities over a wide range of parameters en-
courages a staged acceleration scheme using multiple 
laser pulses in order to enhance the ion energies while 
maintaining their monochromaticity.

Beside the search for high kinetic energy branches in 
the ion distribution function we investigated fast nega-
tive ions and neutrals [TRD12, TRP12, PBA12]. The 
formation mechanism was reproduced in a specific ex-
periment by separating the ion source and the medium 
where charge exchange reactions take place. Thus we 
confirmed our hypothesis and quantification of the rel-
evant processes can be given.

Fig. 1:    
Experimental result (upper part - label (c)) and numer-
ical simulation (lower part – label (g)) of proton and 
carbon ion energy distribution when a laser pulse with 
an intensity of about 5*1019 W/cm2, a duration of 35 fs 
and a temporal contrast of more than 1011 accelerates 
a 25 nm thin CH foil.
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Proton streak deflectometry for studying a staged Target 
Normal Sheath Acceleration (TNSA) scheme

Laser accelerated proton beams have an excellent low 
emittance and their emission source is characterized by 
a virtual point. This enables imaging techniques which 
apply a simple magnifying projection scheme. Moreover 
the ultra-short emission time together with a continuous 
distribution of proton (and ion) kinetic energies results 
in a well defined Time Of Flight distribution of proton 
energies. This allows streak-like probing of an object 
with a single and quasi “energy-chirped” proton pulse. 
Protons with kinetic energies of a few MeV are well 
suited particle probes for strong and short living electric 
and magnetic fields. If the proton energy is resolved in 
a magnet spectrometer with one-dimensional spatial 
resolution (perpendicular to the dispersion direction) the 
proton deflection concerning this spatial coordinate can 
be obtained as a function of the probing time. In former 
work we developed and successfully applied this “proton 
streak deflectometry” to trace the temporal evolution of 
strong electric fields in the wake of initiated TNSA-fields.

In our previous and first studies the probing proton 
beam propagated perpendicular to the surface normal 
of the irradiated target. Thus, predominantly, the field 
components in target normal direction deflect the beam 
and can be measured. Beside this probing geometry we 
include now observation of the probing along the target 
normal. The interest in such geometry is twofold. 

On the one side an influence onto the kinetic energy 
spectrum of the probing protons shows how post-
acceleration of protons in a second target with produced 
TNSA-fields works. It is obvious that such an approach 
is interesting for development of acceleration schemes if 

the idea would work. Until now published theoretical and 
little experimental work show only patchy results. On the 
other side probing along target normal direction reveals 
deflecting field components along the target surface. 
Such fields can be electric or magnetic ones and act 
onto the beam geometry itself. Especially the magnetic 
field and its quantitative spatial reconstruction are in the 
focus of current research.

Fig. 2 (a) shows the principal setup of the probing 
geometry. The photograph of a recorded spectrum in 
Fig. 2 (b) has been obtained using our 2 beam HFL (cf. 
Project 4.2). Spatial resolution is obtained along the 
entrance slit of the magnet spectrometer; the proton 
energy is a function of the abscissa. In order to trace 
the deflection fields in definite way a beam let producing 
grid had been inserted in the probe beam. The probe  
beam has been produced with an intensity of about 
2*1019 W/cm2 and the pump beam irradiated a thin 30 nm 
CH-foil at an intensity of about 1*1019 W/cm2. Very thin 
foils have been studied as target objects because the 
acceleration fields are maximized for a given energy 
input. In order to realize laser – foil interaction at high 
density stringent requirements for the temporal laser 
pulse contrast are necessary. In this experiment the 
XPW-frontend of the used HFL-arm ensured an ASE 
contrast value of about 1011. From the timing of the two 
laser pulses we can deduce that the visible dark gap 
at a definite energy region (the slight bending is due to 
B-field variation in the magnet) arises at a time when 
the pump beam triggers the fields at the rear and the 
front surface of the thin foil target. Because we do not 
observe some bending features of the beam-lets we can 
conclude that we mainly observe the effect of a resulting 
field component in normal direction which occurs only 
during a short period of time. The observation is similar 
to a former TR18-cooperation experiment without 
spatial resolution. All this, being at the moment a 
phenomenological description will be substantiated with 
quantitative data analysis and numerical simulation. 
Experimental data have been acquired for different 
probe geometries and laser parameter which will resolve 
respective field properties. 

 
Dynamics of surface plasma layers under relativistic la-
ser irradiation and resulting modulation in high harmonic 
spectra

Interaction of relativistic laser pulses with plasma is ac-
companied by various phenomena. Not only the release 
of fast ions as discussed above is in the research focus. 
Another interesting topic derives from the partly conver-
sion of the incident laser light to higher harmonics of 
the fundamental laser frequency. They stem from strong 
and non-linear electron currents which are driven by the 
intense light field. Related plasma dynamics acts back 
on the radiation emission. Its investigation aims also 
for a twofold purpose: Intensity dependent frequency 
conversion of few cycle optical light pulses enables the 
realization of coherent and short-wavelength sources 
for application. Second, spectral features of the emit-
ted radiation help to understand the plasma dynamics in 
better detail and it shows directions for possible source 
optimization. Here we focus on this second aspect.

Fig. 2:   
Upper part (a) - scheme of probing a laser irradiated 
30 nm thin CH foil with a proton beam propagating 
along the surface normal and lower part (b) - resulting 
energy and 1D spatial distribution of the proton probe 
beam (a beam masking grating was additionally in-
serted for tracing the probe beam deflection). 

Fig. 1:   
Experimental result (upper part-label (c)) and  
numericalsimulation (lower part-label (g)) of proton and 
carbon ion energy distribution when a laser pulse with 
an intensity of about 5*1019 W/cm2, a duration of 35 fs 
and a temporal contrast of more than 1011  
ccelerates a 25 nm thin CH foil.
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in energy and number of accelerated particles. Fig. 1 
shows that the stable interface situation occurs at an 
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pulse with duration 34 fs) and two adjacent peaks in the 
velocity distribution of protons and C6+ ions occur. The 
simulation result depicted in Fig. 1 reproduces the ex-
perimental result well and shows how the interface is 
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Our experimental studies show how radiation pressure 
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A stable double layer composed from the target con-
stituents, i.e. protons and carbon ions has been gener-
ated with an overall laser-to-ion energy conversion of 
6.5 %. Our results indicate that dense ion bunches with 
energies of 1 GeV can be generated with laser pulses  
focused onto 300 nm thick foils at an intensity of  
~ 2×1022 W/cm−2 Such targets are very robust and can 
be provided in high quantities allowing a high repetition 
rate, constituting a very attractive source for numerous 
applications. On the other hand, our results demonstrate 
that the laser pulse contrast has to be controlled care-
fully, i.e. it has to be assured that the laser intensity does 
not reach the damage threshold of the target earlier than  
1 ps before the arrival of the main laser pulse which is 

a great challenge for future laser development. Further-
more, the observed stability of the double layer and its 
high ion densities over a wide range of parameters en-
courages a staged acceleration scheme using multiple 
laser pulses in order to enhance the ion energies while 
maintaining their monochromaticity.

Beside the search for high kinetic energy branches in 
the ion distribution function we investigated fast nega-
tive ions and neutrals [TRD12, TRP12, PBA12]. The 
formation mechanism was reproduced in a specific ex-
periment by separating the ion source and the medium 
where charge exchange reactions take place. Thus we 
confirmed our hypothesis and quantification of the rel-
evant processes can be given.

Fig. 1:    
Experimental result (upper part - label (c)) and numer-
ical simulation (lower part – label (g)) of proton and 
carbon ion energy distribution when a laser pulse with 
an intensity of about 5*1019 W/cm2, a duration of 35 fs 
and a temporal contrast of more than 1011 accelerates 
a 25 nm thin CH foil.
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Proton streak deflectometry for studying a staged Target 
Normal Sheath Acceleration (TNSA) scheme

Laser accelerated proton beams have an excellent low 
emittance and their emission source is characterized by 
a virtual point. This enables imaging techniques which 
apply a simple magnifying projection scheme. Moreover 
the ultra-short emission time together with a continuous 
distribution of proton (and ion) kinetic energies results 
in a well defined Time Of Flight distribution of proton 
energies. This allows streak-like probing of an object 
with a single and quasi “energy-chirped” proton pulse. 
Protons with kinetic energies of a few MeV are well 
suited particle probes for strong and short living electric 
and magnetic fields. If the proton energy is resolved in 
a magnet spectrometer with one-dimensional spatial 
resolution (perpendicular to the dispersion direction) the 
proton deflection concerning this spatial coordinate can 
be obtained as a function of the probing time. In former 
work we developed and successfully applied this “proton 
streak deflectometry” to trace the temporal evolution of 
strong electric fields in the wake of initiated TNSA-fields.

In our previous and first studies the probing proton 
beam propagated perpendicular to the surface normal 
of the irradiated target. Thus, predominantly, the field 
components in target normal direction deflect the beam 
and can be measured. Beside this probing geometry we 
include now observation of the probing along the target 
normal. The interest in such geometry is twofold. 

On the one side an influence onto the kinetic energy 
spectrum of the probing protons shows how post-
acceleration of protons in a second target with produced 
TNSA-fields works. It is obvious that such an approach 
is interesting for development of acceleration schemes if 

the idea would work. Until now published theoretical and 
little experimental work show only patchy results. On the 
other side probing along target normal direction reveals 
deflecting field components along the target surface. 
Such fields can be electric or magnetic ones and act 
onto the beam geometry itself. Especially the magnetic 
field and its quantitative spatial reconstruction are in the 
focus of current research.

Fig. 2 (a) shows the principal setup of the probing 
geometry. The photograph of a recorded spectrum in 
Fig. 2 (b) has been obtained using our 2 beam HFL (cf. 
Project 4.2). Spatial resolution is obtained along the 
entrance slit of the magnet spectrometer; the proton 
energy is a function of the abscissa. In order to trace 
the deflection fields in definite way a beam let producing 
grid had been inserted in the probe beam. The probe  
beam has been produced with an intensity of about 
2*1019 W/cm2 and the pump beam irradiated a thin 30 nm 
CH-foil at an intensity of about 1*1019 W/cm2. Very thin 
foils have been studied as target objects because the 
acceleration fields are maximized for a given energy 
input. In order to realize laser – foil interaction at high 
density stringent requirements for the temporal laser 
pulse contrast are necessary. In this experiment the 
XPW-frontend of the used HFL-arm ensured an ASE 
contrast value of about 1011. From the timing of the two 
laser pulses we can deduce that the visible dark gap 
at a definite energy region (the slight bending is due to 
B-field variation in the magnet) arises at a time when 
the pump beam triggers the fields at the rear and the 
front surface of the thin foil target. Because we do not 
observe some bending features of the beam-lets we can 
conclude that we mainly observe the effect of a resulting 
field component in normal direction which occurs only 
during a short period of time. The observation is similar 
to a former TR18-cooperation experiment without 
spatial resolution. All this, being at the moment a 
phenomenological description will be substantiated with 
quantitative data analysis and numerical simulation. 
Experimental data have been acquired for different 
probe geometries and laser parameter which will resolve 
respective field properties. 

 
Dynamics of surface plasma layers under relativistic la-
ser irradiation and resulting modulation in high harmonic 
spectra

Interaction of relativistic laser pulses with plasma is ac-
companied by various phenomena. Not only the release 
of fast ions as discussed above is in the research focus. 
Another interesting topic derives from the partly conver-
sion of the incident laser light to higher harmonics of 
the fundamental laser frequency. They stem from strong 
and non-linear electron currents which are driven by the 
intense light field. Related plasma dynamics acts back 
on the radiation emission. Its investigation aims also 
for a twofold purpose: Intensity dependent frequency 
conversion of few cycle optical light pulses enables the 
realization of coherent and short-wavelength sources 
for application. Second, spectral features of the emit-
ted radiation help to understand the plasma dynamics in 
better detail and it shows directions for possible source 
optimization. Here we focus on this second aspect.

Fig. 2:   
Upper part (a) - scheme of probing a laser irradiated 
30 nm thin CH foil with a proton beam propagating 
along the surface normal and lower part (b) - resulting 
energy and 1D spatial distribution of the proton probe 
beam (a beam masking grating was additionally in-
serted for tracing the probe beam deflection). 

Fig. 2a) shows the principal setup of the probing
geometry. The photograph of a recorded spectrum in
Fig. 2b) has been obtained using our 2 beam HFL (cf.
Project 4.2). Spatial resolution is obtained along the
entrance slit of the magnet spectrometer; the proton
energy is a function of the abscissa. In order to trace
the deflection fields in definite way a beam let producing
grid had been inserted in the probe beam. The probe
beam has been produced with an intensity of about
2*1019 W/cm2 and the pump beam irradiated a thin 30 nm
CH-foil at an intensity of about 1*1019 W/cm2. Very thin
foils have been studied as target objects because the
acceleration fields are maximized for a given energy
input. In order to realize laser – foil interaction at high
density stringent requirements for the temporal laser
pulse contrast are necessary. In this experiment the
XPW-frontend of the used HFL-arm ensured an ASE
contrast value of about 1011. From the timing of the two
laser pulses we can deduce that the visible dark gap
at a definite energy region (the slight bending is due to
B-field variation in the magnet) arises at a time when
the pump beam triggers the fields at the rear and the
front surface of the thin foil target. Because we do not
observe some bending features of the beam-lets we can
conclude that we mainly observe the effect of a resulting
field component in normal direction which occurs only
during a short period of time. The observation is similar
to a former TR18-cooperation experiment without
spatial resolution. All this, being at the moment a
phenomenological description will be substantiated with
quantitative data analysis and numerical simulation.
Experimental data have been acquired for different
probe geometries and laser parameter which will resolve
respective field properties. 
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The rising laser pulse is interacting with a sharp plasma 
boundary, driving an overdense electron layer on the 
target surface to relativistic oscillations upon which the 
laser is reflected. Relativistic retardation of the elec-
trons collective movement lead to high harmonic con-
tent in the reflected spectrum - the phenomena widely 
discussed as the ROM (Relativistic Oscillation Mirror) 
model. As the frequency up-shift occurs once per laser 
cycle, the reflected laser pulse gives raise to a pulse 
train of attosecond pulses. 

Recent results from TR18-colleagues showed how 
the scale length of the plasma density gradient affects 
the spectral structure of the ROM harmonics, by laser 
contrast manipulation.

A scale length of the density gradient of L ≥ 0,1 λL is 
essential for the ROM emission process to become 
efficient. At this length of L also a substructure of 
harmonics appears. The here presented ROM harmonic 

spectra show characteristic double or even triple line 
splitting for experiments performed at ultra high laser 
contrast. An example of such a spectrum is depicted in 
Fig. 3.

The creation of a small plasma gradient to the raising 
front of the laser pulse because the ionization threshold 
is already reached some hundred fs before the peak 
intensity of the laser pulse. 

The observed relative line splitting is nearly constant 
with harmonic order – and this corresponds to harmonic 
series fitting to two slightly different fundamental wave-
lengths (Fig. 3). This important observation is exempli-
fied in Fig. 4. The followed theoretical investigations had 
been aimed to explain the observation in context ROM 
model and plasma dynamics. 

Our simulations show how the line splitting is influenced 
by the density gradient and how it becomes more dis-
tinct with raising L. 

Further 1D and 2D simulations demonstrated that an 
additive accelerated motion of the oscillating plasma 

surface, on the timescale of the laser pulse duration, 
is causing the substructure in the harmonic spectra. In 
consequence the effect increases with the length of the 
plasma density gradient. But even for a sharp plasma 
boundary, without a density gradient, simulations show 
a small movement of the plasma boundary during the 
laser pulse is present, which as well causes a small line 
splitting in the harmonic spectra. Analytically the classi-
cal ROM model is expanded with a cycle averaged, ac-
celerated motion of the oscillating mirror and an analyti-
cal formula is obtained for line splitting of the harmonic 
spectra. 

Our analytical model gives a description of the source 
term for the splitting within the ROM model of previous 
work. As a result a functional dependence of the con-
stant relative splitting and the acceleration of the plasma 
surface g is obtained:

If we consider an acceleration

for the plasma boundary, we can calculate the relative 
line splitting of the harmonics with inserting the param-
eters of our experiments.

With the laser intensity IL corresponding to a rela-
tivistically normalized laser vector potential of a0 ~ 
3.5, at an fundamental laser wavelength of 805 nm, 
a pulse duration tL of 40 fs and a plasma layer den-
sity ρs, ~ 2.4 g/cm3 we obtain a splitting constant of 
δω=0.011, which is in agreement with the one in Fig. 4. 

Electron acceleration

In order start electron acceleration experiments in our 
special interaction lab with radiation enclosure (radia-
tion safety commissioning during 2011 and 2012, first 

Fig. 3:   
Evaluated high harmonic spectrum: recorded 
VUV-emission arising due to interaction of a 40 fs 
Ti:Sapphire-laser pulse with a plane SiO2 substrate 
(oblique incidence) at an intensity of about  
3*1019 W/cm2 and ultra-high temporal contrast.

Fig. 4:   
Relative spectral line splitting in dependence from 
harmonic order N, the nearly similar splitting value 
has been verified with a newly developed model.
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use for 2 beam ion acceleration experiments) necessary 
components and techniques have been developed dur-
ing 2012. A new magnet spectrometer aiming for high 
dispersion of electrons in an energy range of 100 MeV 
to 1 GeV has been developed. It uses a magnetic field 
structure which ensures partly beam guiding for good 
dispersion at high energies and implemented defined 
field gradients for the electrons exiting the B-field region 
(cf. Fig. 5).

First experiments will be carried out with gas jets. Noz-
zles have been produced and gas density profiles have 
been measured with an interferometry setup (cf. Fig. 6). 
Target characterization is an important prerequisite to 
study different injection schemes for laser wake field ac-
celeration.
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Design of a new magnet spectrometer and electron 
trajectories.
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Interferometry of a gas jet and computed density pro-
fi le (false colour plot with arbitrary density calibration).

Fig. 3:   
Evaluated high harmonic spectrum: recorded 
VUV-emission arising due to interaction of a 40 fs 
Ti:Sapphire-laser pulse with a plane SiO2 substrate 
(oblique incidence) at an intensity of about 
3*1019 W/cm2 and ultra-high temporal contrast.
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The rising laser pulse is interacting with a sharp plasma 
boundary, driving an overdense electron layer on the 
target surface to relativistic oscillations upon which the 
laser is reflected. Relativistic retardation of the elec-
trons collective movement lead to high harmonic con-
tent in the reflected spectrum - the phenomena widely 
discussed as the ROM (Relativistic Oscillation Mirror) 
model. As the frequency up-shift occurs once per laser 
cycle, the reflected laser pulse gives raise to a pulse 
train of attosecond pulses. 

Recent results from TR18-colleagues showed how 
the scale length of the plasma density gradient affects 
the spectral structure of the ROM harmonics, by laser 
contrast manipulation.

A scale length of the density gradient of L ≥ 0,1 λL is 
essential for the ROM emission process to become 
efficient. At this length of L also a substructure of 
harmonics appears. The here presented ROM harmonic 

spectra show characteristic double or even triple line 
splitting for experiments performed at ultra high laser 
contrast. An example of such a spectrum is depicted in 
Fig. 3.

The creation of a small plasma gradient to the raising 
front of the laser pulse because the ionization threshold 
is already reached some hundred fs before the peak 
intensity of the laser pulse. 

The observed relative line splitting is nearly constant 
with harmonic order – and this corresponds to harmonic 
series fitting to two slightly different fundamental wave-
lengths (Fig. 3). This important observation is exempli-
fied in Fig. 4. The followed theoretical investigations had 
been aimed to explain the observation in context ROM 
model and plasma dynamics. 

Our simulations show how the line splitting is influenced 
by the density gradient and how it becomes more dis-
tinct with raising L. 

Further 1D and 2D simulations demonstrated that an 
additive accelerated motion of the oscillating plasma 

surface, on the timescale of the laser pulse duration, 
is causing the substructure in the harmonic spectra. In 
consequence the effect increases with the length of the 
plasma density gradient. But even for a sharp plasma 
boundary, without a density gradient, simulations show 
a small movement of the plasma boundary during the 
laser pulse is present, which as well causes a small line 
splitting in the harmonic spectra. Analytically the classi-
cal ROM model is expanded with a cycle averaged, ac-
celerated motion of the oscillating mirror and an analyti-
cal formula is obtained for line splitting of the harmonic 
spectra. 

Our analytical model gives a description of the source 
term for the splitting within the ROM model of previous 
work. As a result a functional dependence of the con-
stant relative splitting and the acceleration of the plasma 
surface g is obtained:

If we consider an acceleration

for the plasma boundary, we can calculate the relative 
line splitting of the harmonics with inserting the param-
eters of our experiments.

With the laser intensity IL corresponding to a rela-
tivistically normalized laser vector potential of a0 ~ 
3.5, at an fundamental laser wavelength of 805 nm, 
a pulse duration tL of 40 fs and a plasma layer den-
sity ρs, ~ 2.4 g/cm3 we obtain a splitting constant of 
δω=0.011, which is in agreement with the one in Fig. 4. 

Electron acceleration

In order start electron acceleration experiments in our 
special interaction lab with radiation enclosure (radia-
tion safety commissioning during 2011 and 2012, first 

Fig. 3:   
Evaluated high harmonic spectrum: recorded 
VUV-emission arising due to interaction of a 40 fs 
Ti:Sapphire-laser pulse with a plane SiO2 substrate 
(oblique incidence) at an intensity of about  
3*1019 W/cm2 and ultra-high temporal contrast.

Fig. 4:   
Relative spectral line splitting in dependence from 
harmonic order N, the nearly similar splitting value 
has been verified with a newly developed model.
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use for 2 beam ion acceleration experiments) necessary 
components and techniques have been developed dur-
ing 2012. A new magnet spectrometer aiming for high 
dispersion of electrons in an energy range of 100 MeV 
to 1 GeV has been developed. It uses a magnetic field 
structure which ensures partly beam guiding for good 
dispersion at high energies and implemented defined 
field gradients for the electrons exiting the B-field region 
(cf. Fig. 5).

First experiments will be carried out with gas jets. Noz-
zles have been produced and gas density profiles have 
been measured with an interferometry setup (cf. Fig. 6). 
Target characterization is an important prerequisite to 
study different injection schemes for laser wake field ac-
celeration.
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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 imag-
ing and understanding atomic and molecular electron 
dynamics and molecular structural changes.

We put specific focus on the fundamental aspects of 
strong field induced multi-electron dynamics, on the 
excitation of neutrals, on the forces exerted on these 
neutrals, and on the role played by molecular struc-
ture and dynamics. The strong field regime of interac-
tion of light with matter is typically entered at light in-
tensities beyond 1013 Watt/cm2 in the infrared spectral 
range. There the electric field of the light wave starts 
to become comparable with the inner- atomic/inner- 
molecular field experienced by the valence electrons. 
Based on the knowledge of the fundamental strong field 
interaction mechanisms 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. V. 
Fomichev (Kurchatov Institute, Moscow, Russia); S. P. 
Goreslavski, S. V. Popruzhenko (Moscow Engineering 
Physics Institute, Russia); A. Saenz (HU Berlin); Y. 
Mairesse (CELIA, Université Bordeaux, France); S. 
Patchkovskii (NRC Canada); N. Dudovich (Weizmann 
Institute, Rehovot, Israel); M. Yu. Ivanov, J. Marangos 
(Imperial College, London, UK): A. Emmanouilidou 

(University College London, UK): X. J. Liu (Wuhan, 
Chinese Academy of Sciences, China); J. H. Eberly 
(Univ. of Rochester, USA); J. Chen (Peking Univ., 
Beijing, China), T. Marchenko (Université Pierre et 
Marie Curie); F. Lepine (Laboratoire de spectrométrie 
ionique); J. M. Bakker, G. Berden, B. Redlich (FOM-
Institute for Plasma Physics Rijnhuizen); A. Stolow 
(Steacie Institute for Molecular Sciences, National 
Research Council of Canada); M. M. Murnane, H. C. 
Kapteyn (JILA and Department of Physics, University of 
Colorado).

In-house collaboration with Projects 2.1, 2.3, 4.1, the 
HFL and femtosecond application laboratories, N. Zhav-
oronkov, G. Steinmeyer.    
 
 
3. Results in 2012  
 
Time-dependent analytical R-matrix method for strong-
field dynamics: single and multi-electron systems 

One of the most powerful ideas in describing scatter-
ing and ionization in multielectron systems is embedded 
in the R-matrix method [BTe05], which partitions space 
into outer and inner regions, each associated with differ-
ent dynamics. For example, in the case of one-electron 
ionization, these subsystems would correspond to the 
ion and the liberated electron. The power of this method 
lies in the ability to treat the two regions separately and 
make appropriate simplifications in each. In particular, if 
we choose the outer region sufficiently far from the ionic 
core, a simplified description of the electron-core inter-
action is possible. On the other hand, the limited volume 
of the inner region makes it possible to use the theoreti-
cal machinery already developed for bound states.

When it comes to analytical or semi analytical methods 
in strong laser fields, we find that such an approach also 
offers distinct advantages. Indeed, the root difficulty of 
analytical methods in strong-field dynamics is the need 
to include both types of electron interactions – with the 
laser field and with the ionic core – beyond standard 
time-dependent perturbation theory. This difficulty is 
naturally resolved in the outer region, where the elec-
tron is sufficiently far from the core and the strong-field 
eikonal-Volkov approximation [OSI08] becomes quite 
accurate. Thus, the separation of space into inner and 
outer regions naturally accommodates the possibility of 
an analytical or semi analytical description in the latter.

We have taken advantage of these ideas to develop a 
flexible analytical approach to strong-field dynamics in 
atoms and molecules: the analytical R-matrix method 
(ARM) [TSm12]. We began by applying our technique to 
systems with one active electron bound by the Coulomb 

2.2: Strong-field Few-body Physics

H. Rottke, O. Smirnova (project coordinators)
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potential in a linearly polarized laser field. Our results 
were benchmarked against the standard theory of Pere-
lomov, Popov, and Terent’ev [PPT66], and we investi-
gated corrections to the ionization amplitude associated 
with the interplay of the Coulomb potential and the laser 
field on the sub-laser cycle time scale.

Next, we turned our attention to the multielectron, multi-
channel case. Clearly, the ionization of atoms and mol-
ecules in strong low-frequency fields is inherently a mul-
tielectron process. Even if only one electron escapes 
the core, the process, at its heart, involves interaction 
between all electrons of the original system. These 
interactions, in turn, can give rise to excitations of the 
ion. In fact, there is compelling experimental evidence 
that strong field ionization can generate ions in excited 
states, for example see [SMP09].

Within the standard adiabatic picture of strong field ioni-
zation, it is typically assumed that only one electron is 
active, while the other electrons remain frozen in the ion. 
Under this assumption, the only way to excite the molec-
ular ion during ionization is to remove an electron from a 
lower lying molecular orbital (direct channel). However, 
the higher ionization potential corresponding to such 
processes implies that these channels are exponentially 
suppressed in general.

In light of this, we have proposed a new correlation-
driven mechanism for the strong field ionization of mul-
tielectron atoms and molecules. Extending the ARM to 
multielectron systems, and going beyond the single ac-
tive electron approximation, we explicitly incorporated 
electron-electron interaction throughout the departing 
electron’s motion under the tunnelling barrier [TIW12]. 
By including coupling between the outgoing and core 
electrons within first order perturbation theory, we have 
accounted for correlation-induced excitation of the ion 
during ionization. This, in turn, has allowed us to probe 
complex attosecond dynamics of electron rearrange-
ment in the core. In particular, we showed that corre-
lation-induced coupling between the departing electron 
and the core electrons can help remove the exponential 
penalty associated with direct ionization. We applied our 
analysis to N2 and CO2 and demonstrated the impor-
tance of correlation-induced excitations for these mol-
ecules (see Fig. 1).

Resolving the time when an electron exits a tunnelling 
barrier

Exposed to an intense laser field, the potential energy 
barrier of an atom or a molecule can experience such 
a distortion that the electrons can tunnel through it. The 
tunnelling electrons then can trigger a plethora of strong 
field phenomena, such as high harmonic generation 
(HHG), laser-induced electron diffraction and hologra-
phy - all being subject to intense theoretical and experi-
mental study within the recent years. These processes 
evolve on the attosecond timescale and are well suited 
to investigate the link between the tunnelling of an elec-
tron through a barrier and its dynamics outside the bar-
rier – a general issue much debated since the early days 
of quantum dynamics.

We have studied [SSB12] laser-induced tunnelling, us-
ing a weak field as a probe, which steers the tunneled 
electron in the lateral direction. By monitoring the effect 
of such field on the attosecond light bursts emitted when 
the electron recombines with its parent ion (last step in 
the HHG process), we can measure the time ti at which 
the electron exits from the tunnelling barrier. In the ex-
periment, the emitted radiation is generated from Heli-
um atoms using a strong fundamental field with a wave-
length of 800 nm. The weak-second harmonic probe 
field has an intensity 1% of that of the fundamental field. 

HHG offers attosecond temporal resolution, arising from 
the relation between the ionization time (ti), the return 
time (tr) and the return energy (Er) of the corresponding 
electron trajectory mapped onto the energy of the emit-
ted photon (Ω) by the expression of energy conserva-
tion Er(tr)+Ip=Ω, where Ip is the ionization potential. So far 
HHG studies have explored the link between tr and Er, 
but the sub-cycle mapping between ti and Er has been 
hidden until now. For the independent characterization 
of ionization and recombination times, we have intro-
duced a perturbative probe by adding a weak second 
harmonic field, F2ω= F2ωcos(2ωt+ϕ)ey, to the strong funda-
mental beam, Fω= Fωcos(ωt)ex,  where ϕ is the controlled 
delay between the two fields, which are orthogonally 
polarized (ey and ex are unit vectors in the y and x di-

Fig. 1:  
Ionization rate as a function of molecular alignment 
for (a) direct (XX, BB) and correlation-driven (XB) 
channels for N2 and (b) direct (XX, AA) and correlation-
driven (XA) channels for CO2. Notice that the correla-
tion channel XB dominates its direct counterpart BB at 
all angles for N2. However, in general, we find that the 
relative importance of the correlation-driven channel 
varies with molecular alignment.

We put specific focus on the fundamental aspects of 
strong field induced multielectron dynamics, on the 
excitation of neutrals, on the forces exerted on these 
neutrals, and on the role played by molecular structure 
and dynamics. The strong field regime of interaction 
of light with matter is typically entered at light intensities 
beyond 1013 Watt/cm2 in the infrared spectral range. 
There the electric field of the light wave starts to become 
comparable with the inner-atomic/innermolecular field 
experienced by the valence electrons. Based on the 
knowledge of the fundamental strong field interaction 
mechanisms 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.
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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 imag-
ing and understanding atomic and molecular electron 
dynamics and molecular structural changes.

We put specific focus on the fundamental aspects of 
strong field induced multi-electron dynamics, on the 
excitation of neutrals, on the forces exerted on these 
neutrals, and on the role played by molecular struc-
ture and dynamics. The strong field regime of interac-
tion of light with matter is typically entered at light in-
tensities beyond 1013 Watt/cm2 in the infrared spectral 
range. There the electric field of the light wave starts 
to become comparable with the inner- atomic/inner- 
molecular field experienced by the valence electrons. 
Based on the knowledge of the fundamental strong field 
interaction mechanisms 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
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ionization

T4: High harmonic generation spectroscopy.
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3. Results in 2012  
 
Time-dependent analytical R-matrix method for strong-
field dynamics: single and multi-electron systems 

One of the most powerful ideas in describing scatter-
ing and ionization in multielectron systems is embedded 
in the R-matrix method [BTe05], which partitions space 
into outer and inner regions, each associated with differ-
ent dynamics. For example, in the case of one-electron 
ionization, these subsystems would correspond to the 
ion and the liberated electron. The power of this method 
lies in the ability to treat the two regions separately and 
make appropriate simplifications in each. In particular, if 
we choose the outer region sufficiently far from the ionic 
core, a simplified description of the electron-core inter-
action is possible. On the other hand, the limited volume 
of the inner region makes it possible to use the theoreti-
cal machinery already developed for bound states.

When it comes to analytical or semi analytical methods 
in strong laser fields, we find that such an approach also 
offers distinct advantages. Indeed, the root difficulty of 
analytical methods in strong-field dynamics is the need 
to include both types of electron interactions – with the 
laser field and with the ionic core – beyond standard 
time-dependent perturbation theory. This difficulty is 
naturally resolved in the outer region, where the elec-
tron is sufficiently far from the core and the strong-field 
eikonal-Volkov approximation [OSI08] becomes quite 
accurate. Thus, the separation of space into inner and 
outer regions naturally accommodates the possibility of 
an analytical or semi analytical description in the latter.

We have taken advantage of these ideas to develop a 
flexible analytical approach to strong-field dynamics in 
atoms and molecules: the analytical R-matrix method 
(ARM) [TSm12]. We began by applying our technique to 
systems with one active electron bound by the Coulomb 
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potential in a linearly polarized laser field. Our results 
were benchmarked against the standard theory of Pere-
lomov, Popov, and Terent’ev [PPT66], and we investi-
gated corrections to the ionization amplitude associated 
with the interplay of the Coulomb potential and the laser 
field on the sub-laser cycle time scale.

Next, we turned our attention to the multielectron, multi-
channel case. Clearly, the ionization of atoms and mol-
ecules in strong low-frequency fields is inherently a mul-
tielectron process. Even if only one electron escapes 
the core, the process, at its heart, involves interaction 
between all electrons of the original system. These 
interactions, in turn, can give rise to excitations of the 
ion. In fact, there is compelling experimental evidence 
that strong field ionization can generate ions in excited 
states, for example see [SMP09].

Within the standard adiabatic picture of strong field ioni-
zation, it is typically assumed that only one electron is 
active, while the other electrons remain frozen in the ion. 
Under this assumption, the only way to excite the molec-
ular ion during ionization is to remove an electron from a 
lower lying molecular orbital (direct channel). However, 
the higher ionization potential corresponding to such 
processes implies that these channels are exponentially 
suppressed in general.

In light of this, we have proposed a new correlation-
driven mechanism for the strong field ionization of mul-
tielectron atoms and molecules. Extending the ARM to 
multielectron systems, and going beyond the single ac-
tive electron approximation, we explicitly incorporated 
electron-electron interaction throughout the departing 
electron’s motion under the tunnelling barrier [TIW12]. 
By including coupling between the outgoing and core 
electrons within first order perturbation theory, we have 
accounted for correlation-induced excitation of the ion 
during ionization. This, in turn, has allowed us to probe 
complex attosecond dynamics of electron rearrange-
ment in the core. In particular, we showed that corre-
lation-induced coupling between the departing electron 
and the core electrons can help remove the exponential 
penalty associated with direct ionization. We applied our 
analysis to N2 and CO2 and demonstrated the impor-
tance of correlation-induced excitations for these mol-
ecules (see Fig. 1).

Resolving the time when an electron exits a tunnelling 
barrier

Exposed to an intense laser field, the potential energy 
barrier of an atom or a molecule can experience such 
a distortion that the electrons can tunnel through it. The 
tunnelling electrons then can trigger a plethora of strong 
field phenomena, such as high harmonic generation 
(HHG), laser-induced electron diffraction and hologra-
phy - all being subject to intense theoretical and experi-
mental study within the recent years. These processes 
evolve on the attosecond timescale and are well suited 
to investigate the link between the tunnelling of an elec-
tron through a barrier and its dynamics outside the bar-
rier – a general issue much debated since the early days 
of quantum dynamics.

We have studied [SSB12] laser-induced tunnelling, us-
ing a weak field as a probe, which steers the tunneled 
electron in the lateral direction. By monitoring the effect 
of such field on the attosecond light bursts emitted when 
the electron recombines with its parent ion (last step in 
the HHG process), we can measure the time ti at which 
the electron exits from the tunnelling barrier. In the ex-
periment, the emitted radiation is generated from Heli-
um atoms using a strong fundamental field with a wave-
length of 800 nm. The weak-second harmonic probe 
field has an intensity 1% of that of the fundamental field. 

HHG offers attosecond temporal resolution, arising from 
the relation between the ionization time (ti), the return 
time (tr) and the return energy (Er) of the corresponding 
electron trajectory mapped onto the energy of the emit-
ted photon (Ω) by the expression of energy conserva-
tion Er(tr)+Ip=Ω, where Ip is the ionization potential. So far 
HHG studies have explored the link between tr and Er, 
but the sub-cycle mapping between ti and Er has been 
hidden until now. For the independent characterization 
of ionization and recombination times, we have intro-
duced a perturbative probe by adding a weak second 
harmonic field, F2ω= F2ωcos(2ωt+ϕ)ey, to the strong funda-
mental beam, Fω= Fωcos(ωt)ex,  where ϕ is the controlled 
delay between the two fields, which are orthogonally 
polarized (ey and ex are unit vectors in the y and x di-

Fig. 1:  
Ionization rate as a function of molecular alignment 
for (a) direct (XX, BB) and correlation-driven (XB) 
channels for N2 and (b) direct (XX, AA) and correlation-
driven (XA) channels for CO2. Notice that the correla-
tion channel XB dominates its direct counterpart BB at 
all angles for N2. However, in general, we find that the 
relative importance of the correlation-driven channel 
varies with molecular alignment.

Exposed to an intense laser field, the potential energy 
barrier of an atom or a molecule can experience such 
a distortion that the electrons can tunnel through it. The 
tunnelling electrons then can trigger a plethora of strong
field phenomena, such as high-harmonic generation 
(HHG), laser-induced electron diffraction and holography
- all being subject to intense theoretical and experimental
study within the recent years. These processes evolve 
on the attosecond timescale and are well suited to in-
vestigate the link between the tunnelling of an electron 
through a barrier and its dynamics outside the barrier – 
a general issue much debated since the early days of 
quantum dynamics.
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rection). After tunnelling, the weak probe field displaces 
the electron in the lateral direction, therefore suppress-
ing recombination. This displacement acts as an ‘am-
plitude gate’ - for each delay ϕ, only some trajectories, 
launched in a narrow range of times, return to the parent 
ion and contribute to the emitted signal. By measuring 
the harmonic intensity as a function of ϕ, we can find the 
exit time (ti) of the corresponding electron trajectory. An 
additional independent observable (the lateral velocity 
vy and hence the recollision angle) provides a ‘velocity 
gate’, which allows us to disentangle ti and tr. 

In Fig. 2 we show the reconstructed ionization and re-
combination times (red dots), and the predictions of the 
standard semi classical model [COR93] (grey curves), 
which assumes that after tunnelling the electron ap-
pears at the ion position with zero initial velocity. The 
reconstructed recombination times agree well with the 
prediction of the semi classical model, however, for the 
ionization times a distinct deviation is observed for the 
lower harmonics. The extracted ionization times agree 
much better with the calculated times according to the 
quantum stationary solution [LBI94] (black curve). The 
difference between the quantum and the semi classical 
pictures of tunnelling reflects the non-zero velocity of the 
electron as it exits the barrier.

Our method also opens the way to observe tunneling in 
more complex systems, in which more than one orbital 
participates in strong-field ionization. We show that it is 
possible to distinguish experimentally between ionization 
dynamics associated with different channels and dem-
onstrate the high sensitivity of the measurement by de-
tecting subtle delays in ionization times from two orbitals 
(HOMO and HOMO-2) of a carbon dioxide molecule. 

Our approach provides a general tool for time-resolv-
ing multi-electron rearrangements in atoms and mol-
ecules—one of the key challenges in ultrafast science. 

Shaping polarization of attosecond pulses via laser con-
trol of electron and hole dynamics

One important challenge of attosecond technology is to 
obtain a robust and flexible control over the polariza-
tion of attosecond pulses. However, it is quite difficult 
to produce optical components in the XUV range, which 
change the polarization of already generated attosec-
ond pulses without having a significant energy loss. This 
has stimulated a lot of theoretical work on controlling the 
polarization properties of attosecond pulses as they are 

produced. Almost all of this theoretical work has focused 
on single active electron systems, although it has been 
proven that the multi-electron dynamics plays a key role 
in the harmonic ellipticity.

Fig. 3:   
Three examples of attosecond pulses produced by 
filtering the calculated HHG signal (a) around harmonic 
23 for delay between the two colors φ = 3π/8 rad, (b) 
around harmonic 21, delay φ = π/2 rad, (c) around 
harmonic 19, delay φ = 5 π/8 rad. The fundamental 
field intensity is I = 1.25 x 1014 W/cm2, and the sec-
ond harmonic field is set at 144 % of intensity of the 
fundamental. The molecule is aligned 35 degrees 
with respect to the fundamental field. The plots show 
instantaneous rotation of the time-dependent polariza-
tion ellipse.

Fig. 2:   
Reconstructed ionization and recollision times extracted from the HHG measurements in the Helium atom, using the 
two-colour probe technique (red dots). The pink shaded areas represent the uncertainty in the reconstruction procedure. 
The extracted times are compared to the calculated times according to the semi classical model (grey curves) and the 
quantum stationary solution (black curves). The reconstructed ionization times using the combined Ionization –displace-
ment gate (green curve) are also shown.
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Following the work done in [SSB12], we show that the 
combination of the strong laser pulse and its second 
harmonic oriented perpendicular to the fundamental 
field allows for the control of the angle of recombina-
tion of the electron with the parent ion during the HHG 
process. This, in turn, controls the relative magnitudes 
of the different recombination channels as each of these 
channels has certain preferred recombination angles. At 
the same time this second laser field also induces dy-
namics in the molecular ion after ionization, which leads 
to population transfer between the different ionic states. 
These two combined effects allow one to control the 
amplitude and the phase of the different recombination 
channels in HHG, by controlling the relative intensity 
and the phase delay between the two pulses. 

To demonstrate this fine control mechanism, we have 
applied our multi-electron HHG approach, which was 
recently extended to include the second harmonic field 
[SSB12]. We have filtered the generated HHG spec-
tra to study and characterize the isolated attosecond 
pulses. We have shown [MBS12] that it is possible to 
manipulate the polarization properties of the gener-
ated XUV radiation using the described two-colour field 
mechanism, which has already been implemented in 
several experiments [BHS11, RPB12]. Fig. 3 shows an 
example of such control, where the instantaneous rota-
tion of the time-dependent polarization ellipse is plotted. 
In each of the panels in Fig. 3, one of the two pulse 
bursts has almost linear polarization, while the polari-
zation of the other one is circular almost everywhere. 

The strong-field approximation for atoms, negative ions, 
and molecules

The strong-field approximation (SFA) arguably is the 
workhorse of the theoretical description of the laser-atom 
interaction. Its main shortcoming is the fact that it ignores 
the interaction of the liberated electron with its parent ion. 
For ionization, this is the Coulomb interaction while for 
electron detachment of a negative ion it is a weak short- 
range interaction. We have compared these two cases. 
Both velocity maps exhibit rings of constant electron en-

ergy, corresponding to absorption of a specific number 
of laser photons [the familiar above-threshold-ionization 
(ATI) rings]. For a negative ion (left-hand panel of Fig. 4), 
the velocity map is dominated by parabola-shaped lines 
on which the electron yield is suppressed and which give 
the velocity map the appearance of a lobster tail. They 
are caused by destructive interference of electrons lib-
erated at two different times within the same laser cy-
cle, one before and the other one after a maximum of 
the vector potential (the so-called short and long orbits). 
These curves obey simple analytical formulas [KPG12a]. 
In the right-hand panel, we compare this with ionization 
of an atom, calculated by numerical solution of the time-
dependent Schrödinger equation (TDSE). The curves are 
still visible, but distorted and bent towards the polariza-
tion axis. They may be related to the holographic side-
band pattern [HRG11]. For electron emission at about 
right angles to the polarization axis, the difference is least 
pronounced. Here, the Coulomb potential affects both or-
bits about equally. Analysis of the number of minima on a 
given ATI ring and comparison with the SFA betrays the 
effect of the binding potential.

Fig. 4:   
Logarithm of the differential ionization probability of hydrogen, presented in false colors, as a function of the electron mo-
mentum components parallel (vertical axis) and perpendicular (horizontal axis) to the laser polarization axis, calculated 
from the SFA (left-hand panel) and the TDSE (right-hand panel). The laser pulse with a wavelength of 800 nm has eight 
cycles and a peak intensity of 9 x 1013 W/cm2. The SFA result should give a good description of multiphoton detachment 
of a fictitious negative ion with the ionization energy of hydrogen [KPG12a].

Fig. 5:   
Part of a measured velocity map for ionization of xenon 
by a 25-fs 800-nm Ti:Sa laser pulse with an energy of 
1 mJ [KPG12b].

Our approach provides a general tool for time-resolv- 
ing multi-electron rearrangements in atoms and mol-
ecules—one of the key challenges in ultrafast science.

produced. Almost all of this theoretical work has focused
on single active electron systems, although it has been 
proven that the multielectron dynamics plays a key role 
in the harmonic ellipticity.
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rection). After tunnelling, the weak probe field displaces 
the electron in the lateral direction, therefore suppress-
ing recombination. This displacement acts as an ‘am-
plitude gate’ - for each delay ϕ, only some trajectories, 
launched in a narrow range of times, return to the parent 
ion and contribute to the emitted signal. By measuring 
the harmonic intensity as a function of ϕ, we can find the 
exit time (ti) of the corresponding electron trajectory. An 
additional independent observable (the lateral velocity 
vy and hence the recollision angle) provides a ‘velocity 
gate’, which allows us to disentangle ti and tr. 

In Fig. 2 we show the reconstructed ionization and re-
combination times (red dots), and the predictions of the 
standard semi classical model [COR93] (grey curves), 
which assumes that after tunnelling the electron ap-
pears at the ion position with zero initial velocity. The 
reconstructed recombination times agree well with the 
prediction of the semi classical model, however, for the 
ionization times a distinct deviation is observed for the 
lower harmonics. The extracted ionization times agree 
much better with the calculated times according to the 
quantum stationary solution [LBI94] (black curve). The 
difference between the quantum and the semi classical 
pictures of tunnelling reflects the non-zero velocity of the 
electron as it exits the barrier.

Our method also opens the way to observe tunneling in 
more complex systems, in which more than one orbital 
participates in strong-field ionization. We show that it is 
possible to distinguish experimentally between ionization 
dynamics associated with different channels and dem-
onstrate the high sensitivity of the measurement by de-
tecting subtle delays in ionization times from two orbitals 
(HOMO and HOMO-2) of a carbon dioxide molecule. 

Our approach provides a general tool for time-resolv-
ing multi-electron rearrangements in atoms and mol-
ecules—one of the key challenges in ultrafast science. 

Shaping polarization of attosecond pulses via laser con-
trol of electron and hole dynamics

One important challenge of attosecond technology is to 
obtain a robust and flexible control over the polariza-
tion of attosecond pulses. However, it is quite difficult 
to produce optical components in the XUV range, which 
change the polarization of already generated attosec-
ond pulses without having a significant energy loss. This 
has stimulated a lot of theoretical work on controlling the 
polarization properties of attosecond pulses as they are 

produced. Almost all of this theoretical work has focused 
on single active electron systems, although it has been 
proven that the multi-electron dynamics plays a key role 
in the harmonic ellipticity.

Fig. 3:   
Three examples of attosecond pulses produced by 
filtering the calculated HHG signal (a) around harmonic 
23 for delay between the two colors φ = 3π/8 rad, (b) 
around harmonic 21, delay φ = π/2 rad, (c) around 
harmonic 19, delay φ = 5 π/8 rad. The fundamental 
field intensity is I = 1.25 x 1014 W/cm2, and the sec-
ond harmonic field is set at 144 % of intensity of the 
fundamental. The molecule is aligned 35 degrees 
with respect to the fundamental field. The plots show 
instantaneous rotation of the time-dependent polariza-
tion ellipse.

Fig. 2:   
Reconstructed ionization and recollision times extracted from the HHG measurements in the Helium atom, using the 
two-colour probe technique (red dots). The pink shaded areas represent the uncertainty in the reconstruction procedure. 
The extracted times are compared to the calculated times according to the semi classical model (grey curves) and the 
quantum stationary solution (black curves). The reconstructed ionization times using the combined Ionization –displace-
ment gate (green curve) are also shown.
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Following the work done in [SSB12], we show that the 
combination of the strong laser pulse and its second 
harmonic oriented perpendicular to the fundamental 
field allows for the control of the angle of recombina-
tion of the electron with the parent ion during the HHG 
process. This, in turn, controls the relative magnitudes 
of the different recombination channels as each of these 
channels has certain preferred recombination angles. At 
the same time this second laser field also induces dy-
namics in the molecular ion after ionization, which leads 
to population transfer between the different ionic states. 
These two combined effects allow one to control the 
amplitude and the phase of the different recombination 
channels in HHG, by controlling the relative intensity 
and the phase delay between the two pulses. 

To demonstrate this fine control mechanism, we have 
applied our multi-electron HHG approach, which was 
recently extended to include the second harmonic field 
[SSB12]. We have filtered the generated HHG spec-
tra to study and characterize the isolated attosecond 
pulses. We have shown [MBS12] that it is possible to 
manipulate the polarization properties of the gener-
ated XUV radiation using the described two-colour field 
mechanism, which has already been implemented in 
several experiments [BHS11, RPB12]. Fig. 3 shows an 
example of such control, where the instantaneous rota-
tion of the time-dependent polarization ellipse is plotted. 
In each of the panels in Fig. 3, one of the two pulse 
bursts has almost linear polarization, while the polari-
zation of the other one is circular almost everywhere. 

The strong-field approximation for atoms, negative ions, 
and molecules

The strong-field approximation (SFA) arguably is the 
workhorse of the theoretical description of the laser-atom 
interaction. Its main shortcoming is the fact that it ignores 
the interaction of the liberated electron with its parent ion. 
For ionization, this is the Coulomb interaction while for 
electron detachment of a negative ion it is a weak short- 
range interaction. We have compared these two cases. 
Both velocity maps exhibit rings of constant electron en-

ergy, corresponding to absorption of a specific number 
of laser photons [the familiar above-threshold-ionization 
(ATI) rings]. For a negative ion (left-hand panel of Fig. 4), 
the velocity map is dominated by parabola-shaped lines 
on which the electron yield is suppressed and which give 
the velocity map the appearance of a lobster tail. They 
are caused by destructive interference of electrons lib-
erated at two different times within the same laser cy-
cle, one before and the other one after a maximum of 
the vector potential (the so-called short and long orbits). 
These curves obey simple analytical formulas [KPG12a]. 
In the right-hand panel, we compare this with ionization 
of an atom, calculated by numerical solution of the time-
dependent Schrödinger equation (TDSE). The curves are 
still visible, but distorted and bent towards the polariza-
tion axis. They may be related to the holographic side-
band pattern [HRG11]. For electron emission at about 
right angles to the polarization axis, the difference is least 
pronounced. Here, the Coulomb potential affects both or-
bits about equally. Analysis of the number of minima on a 
given ATI ring and comparison with the SFA betrays the 
effect of the binding potential.

Fig. 4:   
Logarithm of the differential ionization probability of hydrogen, presented in false colors, as a function of the electron mo-
mentum components parallel (vertical axis) and perpendicular (horizontal axis) to the laser polarization axis, calculated 
from the SFA (left-hand panel) and the TDSE (right-hand panel). The laser pulse with a wavelength of 800 nm has eight 
cycles and a peak intensity of 9 x 1013 W/cm2. The SFA result should give a good description of multiphoton detachment 
of a fictitious negative ion with the ionization energy of hydrogen [KPG12a].

Fig. 5:   
Part of a measured velocity map for ionization of xenon 
by a 25-fs 800-nm Ti:Sa laser pulse with an energy of 
1 mJ [KPG12b].

To demonstrate this fine control mechanism, we have 
applied our multielectron HHG approach, which was 
recently extended to include the second harmonic field 
[SSB12]. We have filtered the generated HHG spectra 
to study and characterize the isolated attosecond 
pulses. We have shown [MBS12] that it is possible to 
manipulate the polarization properties of the generated 
XUV radiation using the described two-colour field 
mechanism, which has already been implemented in 
several experiments [BHS11, RPB12]. Figure 3 shows an 
example of such control, where the instantaneous rota-
tion of the time-dependent polarization ellipse is plotted. 
In each of the panels in Fig. 3, one of the two pulse 
bursts has almost linear polarization, while the polariza-
tion of the other one is circular almost everywhere.
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Both calculations show that for emission at right angles 
every other ATI peak is absent. This has been demonstrat-
ed in a recent experiment with xenon atoms [KPG12b]. 
Remarkably, the effect, which has been dubbed the in-
terference carpet, is even stronger in reality than in the 
simulations; see Fig. 5. The absence of every other peak 
can be explained by the fact that electrons with zero lon-
gitudinal momentum are emitted at every half period of 
the laser field with period T = 2 p/w, giving rise to a 2 w 
separation in energy space [KPG12a, KPG12b].

In other work, we have considered the SFA for molecules, 
especially for heteronuclear dimers and for fields with ar-
bitrary elliptical polarization [BHB12, HGB12a, HGB12b].

   
Frustrated tunnel ionization of noble gas dimers with 
Rydberg-electron shake-off  by electron charge oscilla-
tion

Noble gas dimers are bound by weak polarization forces 
at a substantially larger internuclear separation than or-
dinary molecules are. This gives rise to a localization of 
the electrons at the two atomic centers. Photoionizing 
these dimers in a high intensity laser pulse is expected 
to open new ionization pathways differing from those of 
strongly bound molecules with delocalized valence elec-
trons and from those typical for individual atoms. On one 

hand, their photoionization is expected to approach the 
atomic limit. On the other hand, however, specific mo-
lecular aspects may turn out to prevail during or subse-
quent to strong field ionization or to excitation via, e.g., 
frustrated tunnel ionization (FTI) [NGS08]. Characteris-
tic molecular aspects may, e.g., manifest themselves in 
photoelectron spectra as interference phenomena due 
to the two identical photoelectron emission centers in 
homonuclear dimers. Alternatively, they may show up 
after secondary scattering of the photoelectron on the 
dimer ion core [HGS11].

We focused on a specific structure that we find in the 
photoelectron momentum distribution after strong field 
single ionization of noble gas dimers [VMQ]. A pro-
nounced enhancement of the photoelectron yield, as 
compared to the electron yield from strong field ioniza-
tion of the respective atomic constituent (monomer), ap-
pears at small electron momentum (|p| < 0.1 au, see 
Fig. 6). This structure is found to be characteristic of all 
homonuclear noble gas dimers (Ne2; Ar2; Kr2; Xe2). Be-
sides the homonuclear dimers we find this structure also 
for ArKr, however, not for ArNe [VMQ].

The experimental results lead us to attribute this en-
hancement to a new two-step strong field ionization 
mechanism with FTI of the dimer being the first step. It 
populates Rydberg states, which, in the monomer, are 
bound after the laser pulse is gone. These states can 
decay only via fluorescence, eventually to the atomic 
ground state or to metastable excited ones. In the di-
mer the situation, however, is different. Given that the 
electrons are well localized at the atomic constituents in 
the dimer ground state, FTI will excite one of the atoms 
with the positive dimer ion core charge initially localized 
at this atomic site. This excitation does not leave the 
ion core of the dimer in a time independent eigenstate 
but in a superposition of charge resonance eigenstate 
pairs. Thus, an electron charge oscillation will start in 
the core, which affects the electron in the Rydberg state 
that was populated by FTI. One effect of the charge 
oscillation may be a shakeoff of the Rydberg electron 
into the ionization continuum. Just this shakeoff results 
in a photoelectron yield enhancement at p = 0 for all 
homonuclear dimers and for ArKr. For ArKr FTI leaves 
the dimer ion core in a superposition of charge transfer 
eigenstates of the ion core. Therefore, also here we ob-
serve the shakeoff of the Rydberg electron. In the case 
of ArNe the light intensity used only allowed FTI of the 
Ar constituent. Here, excited charge transfer states of 
the dimer ion core, where an electron of the Ne constitu-
ent gets excited, are located well above the ionization 
threshold of the Ar atom. At the light intensity used in our 
experiment these states were not accessible via FTI. 
Therefore, the charge remains localized at the Ar site 
of the dimer ion core and the Rydberg electron can thus 
not be shaken off. The ArNe photoelectron momentum 
distribution is thus practically equal to the corresponding 
distribution for the Ar atom.

A model calculation of the electron momentum distribu-
tion resulting from shakeoff of a Rydberg electron via 
ion core charge oscillation confirms this two-step strong 
field ionization mechanism (see [VMQ]). High angular 
momentum Rydberg states which seem to get populat-
ed preferentially by FTI give rise to a narrow momentum 
distribution of the shaken off electron at p = 0.

We expect this two-step mechanism to occur in any di-
atomic molecule at large internuclear separation when 
the electrons of the neutral molecule start to localize at 
the atomic cores, under the only constraint that the ioniza-
tion potentials of the atomic constituents do not differ too 
much. Apart from dimers, this mechanism will potentially 
also be active in larger noble gas clusters which allow 
charge oscillation or migration over the cluster ion core. 

Fig. 6:   
Photoelectron momentum distributions from strong 
field ionization of atomic Ar (a) and Ar2 dimers (b). 
The spectra were taken with Ti:Sa laser pulses (pulse 
width: 25 fs, light intensity: ~2 x 1014 W/cm2, linear 
polarization) with the polarization vector aligned along 
the pz axis. The main difference in the spectra is a pro-
nounced photoelectron yield enhancement localized 
at zero momentum (momentum range: |p| < 0.1 au) for 
the dimer.
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Strong-field photoelectron holography 

We have recently shown that mid-IR strong field ioniza-
tion of atoms and molecules leads to an holographic 
pattern in the photoelectron angular distribution due to 
interference between a reference wave formed from 
electrons that directly leave the atoms without further 
interaction with the ions and a signal wave formed from 
electrons that are driven back by the electric field of the 
laser and elastically scatter on the potential of the ion 
before to reach the detector [HRG11]. This holographic 
pattern has the potential to probe the dynamic struc-
ture of molecules and materials on the sub-nanometer 
length scale and femtosecond-to-attosecond time scale.

We have done a series of measurements to explore 
how the hologram scales with laser intensity Ilaser, 

wavelength λlaser, and pulse duration τlaser. Experiments 
were carried out at the free electron laser for intra-cavity 
experiments (FELICE), where metastable xenon atoms 
[5p5(2P3/2)6s[3/2]2] were ionized using 5–20 cycle 
mid-IR laser pulses with wavelengths ranging from 7 to 
16 μm [HGS12]. A typical 2D electron momentum dis-
tribution recorded under these conditions is shown Fig. 
7. The image shows a dominant photoelectron emis-
sion along the laser polarization, and well-resolved side 
lobes, marked by white dashed lines. These side lobes 
are identified as holographic interference structures. 

Our measurements show that the fringe spacing of the 
side lobes is independent of the laser pulse duration, 
changes slightly with intensity (Fig. 7b), and changes 
significantly as a function of wavelength (Fig. 7c). In col-
laboration with O. Smirnova, we have analysed this be-
haviour using a generalised strong field approximation 
model where the phase difference between the refer-
ence and signal wave leading to the holographic pattern 
is approximated by:

ΔΦ ~ -1/2pr
2(tC - t0ref)                          (1)

with tC and t0ref the recollision time and the time of ioniza-
tion of the reference wave, respectively [HGS12]. This 
expression indicates that the difference of phase is pro-
portional to the time Δt that has spent the electron into 
the continuum. At high intensity, Δt is almost intensity 
independent, since the birth and return times of the elec-
tron stay the same. If instead the wavelength is varied, 
Δt does change. When the wavelength is doubled, the 
time between ionization and recollision is doubled and 
consequently the cosine of the phase difference chang-
es twice as fast, therefore leading to a narrowing of the 
fringe spacing. This is illustrated in the Figs. 7d and 7e 
that display the cosine of the approximate reference-
versus signal phase difference for two intensities and 
two wavelengths. Our model qualitatively predicts the 
scaling of the fringe spacing with intensity and wave-
length. The weak dependence of the fringe spacing on 
the intensity explains why the hologram is visible in ex-
periments where a range of intensities in the focus are 
sampled.

 
Strong field ionization with few cycle laser pulses

The main activity in 2012 was the build-up of the reac-
tion microscope, which has been designed to measure 
the momenta of photoelectrons and ions up to 30 eV ki-
netic energy. The time- and position-sensitive delay line 
detectors (RoentDek) will allow coincidence detection of 
ions and electrons created in the strong field ionisation 
process.

Fig. 8 shows a picture of the reaction microscope. Most 
noticeable are the Helmholtz coils for earth magnetic 
field compensation and the three horizontal coils pro-
ducing the guiding magnetic field. The setup of the reac-
tion microscope was completed by adding a molecular 
beam source consisting of nozzle-skimmer arrange-
ment, a differential pumping stage, and a beam dump 
located behind the interaction zone.

Fig. 7:   
Scaling of photoelectron holography with the intensity 
and the wavelength. a) a typical 2D photoelectron 
momentum distribution. The white dash-lines indicate 
the position of the first side lobe. b) experimental radial 
distribution for 5 intensities ranging from A:  
7.1 x 1011 W/cm2 up to E: 1.9 x 1011 W/cm2 c) evolution 
of the radial distribution with respect to the wavelength, 
with A: 16 µm B: 11 µm and C: 8 µm. d) The cosine of 
the total phase difference (Φtotal) and the approximated 
phase difference (Φpartial) as described by Eqn. (1) in 
the text, for intensities of 7.1 x 1011 W/cm2 (red) and 
3.6 x 1011 W/cm2 (black). e) Same as figure d), but for 
different wavelengths; 8 µm (black) and 16 µm (red).
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Both calculations show that for emission at right angles 
every other ATI peak is absent. This has been demonstrat-
ed in a recent experiment with xenon atoms [KPG12b]. 
Remarkably, the effect, which has been dubbed the in-
terference carpet, is even stronger in reality than in the 
simulations; see Fig. 5. The absence of every other peak 
can be explained by the fact that electrons with zero lon-
gitudinal momentum are emitted at every half period of 
the laser field with period T = 2 p/w, giving rise to a 2 w 
separation in energy space [KPG12a, KPG12b].

In other work, we have considered the SFA for molecules, 
especially for heteronuclear dimers and for fields with ar-
bitrary elliptical polarization [BHB12, HGB12a, HGB12b].

   
Frustrated tunnel ionization of noble gas dimers with 
Rydberg-electron shake-off  by electron charge oscilla-
tion

Noble gas dimers are bound by weak polarization forces 
at a substantially larger internuclear separation than or-
dinary molecules are. This gives rise to a localization of 
the electrons at the two atomic centers. Photoionizing 
these dimers in a high intensity laser pulse is expected 
to open new ionization pathways differing from those of 
strongly bound molecules with delocalized valence elec-
trons and from those typical for individual atoms. On one 

hand, their photoionization is expected to approach the 
atomic limit. On the other hand, however, specific mo-
lecular aspects may turn out to prevail during or subse-
quent to strong field ionization or to excitation via, e.g., 
frustrated tunnel ionization (FTI) [NGS08]. Characteris-
tic molecular aspects may, e.g., manifest themselves in 
photoelectron spectra as interference phenomena due 
to the two identical photoelectron emission centers in 
homonuclear dimers. Alternatively, they may show up 
after secondary scattering of the photoelectron on the 
dimer ion core [HGS11].

We focused on a specific structure that we find in the 
photoelectron momentum distribution after strong field 
single ionization of noble gas dimers [VMQ]. A pro-
nounced enhancement of the photoelectron yield, as 
compared to the electron yield from strong field ioniza-
tion of the respective atomic constituent (monomer), ap-
pears at small electron momentum (|p| < 0.1 au, see 
Fig. 6). This structure is found to be characteristic of all 
homonuclear noble gas dimers (Ne2; Ar2; Kr2; Xe2). Be-
sides the homonuclear dimers we find this structure also 
for ArKr, however, not for ArNe [VMQ].

The experimental results lead us to attribute this en-
hancement to a new two-step strong field ionization 
mechanism with FTI of the dimer being the first step. It 
populates Rydberg states, which, in the monomer, are 
bound after the laser pulse is gone. These states can 
decay only via fluorescence, eventually to the atomic 
ground state or to metastable excited ones. In the di-
mer the situation, however, is different. Given that the 
electrons are well localized at the atomic constituents in 
the dimer ground state, FTI will excite one of the atoms 
with the positive dimer ion core charge initially localized 
at this atomic site. This excitation does not leave the 
ion core of the dimer in a time independent eigenstate 
but in a superposition of charge resonance eigenstate 
pairs. Thus, an electron charge oscillation will start in 
the core, which affects the electron in the Rydberg state 
that was populated by FTI. One effect of the charge 
oscillation may be a shakeoff of the Rydberg electron 
into the ionization continuum. Just this shakeoff results 
in a photoelectron yield enhancement at p = 0 for all 
homonuclear dimers and for ArKr. For ArKr FTI leaves 
the dimer ion core in a superposition of charge transfer 
eigenstates of the ion core. Therefore, also here we ob-
serve the shakeoff of the Rydberg electron. In the case 
of ArNe the light intensity used only allowed FTI of the 
Ar constituent. Here, excited charge transfer states of 
the dimer ion core, where an electron of the Ne constitu-
ent gets excited, are located well above the ionization 
threshold of the Ar atom. At the light intensity used in our 
experiment these states were not accessible via FTI. 
Therefore, the charge remains localized at the Ar site 
of the dimer ion core and the Rydberg electron can thus 
not be shaken off. The ArNe photoelectron momentum 
distribution is thus practically equal to the corresponding 
distribution for the Ar atom.

A model calculation of the electron momentum distribu-
tion resulting from shakeoff of a Rydberg electron via 
ion core charge oscillation confirms this two-step strong 
field ionization mechanism (see [VMQ]). High angular 
momentum Rydberg states which seem to get populat-
ed preferentially by FTI give rise to a narrow momentum 
distribution of the shaken off electron at p = 0.

We expect this two-step mechanism to occur in any di-
atomic molecule at large internuclear separation when 
the electrons of the neutral molecule start to localize at 
the atomic cores, under the only constraint that the ioniza-
tion potentials of the atomic constituents do not differ too 
much. Apart from dimers, this mechanism will potentially 
also be active in larger noble gas clusters which allow 
charge oscillation or migration over the cluster ion core. 

Fig. 6:   
Photoelectron momentum distributions from strong 
field ionization of atomic Ar (a) and Ar2 dimers (b). 
The spectra were taken with Ti:Sa laser pulses (pulse 
width: 25 fs, light intensity: ~2 x 1014 W/cm2, linear 
polarization) with the polarization vector aligned along 
the pz axis. The main difference in the spectra is a pro-
nounced photoelectron yield enhancement localized 
at zero momentum (momentum range: |p| < 0.1 au) for 
the dimer.
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Strong-field photoelectron holography 

We have recently shown that mid-IR strong field ioniza-
tion of atoms and molecules leads to an holographic 
pattern in the photoelectron angular distribution due to 
interference between a reference wave formed from 
electrons that directly leave the atoms without further 
interaction with the ions and a signal wave formed from 
electrons that are driven back by the electric field of the 
laser and elastically scatter on the potential of the ion 
before to reach the detector [HRG11]. This holographic 
pattern has the potential to probe the dynamic struc-
ture of molecules and materials on the sub-nanometer 
length scale and femtosecond-to-attosecond time scale.

We have done a series of measurements to explore 
how the hologram scales with laser intensity Ilaser, 

wavelength λlaser, and pulse duration τlaser. Experiments 
were carried out at the free electron laser for intra-cavity 
experiments (FELICE), where metastable xenon atoms 
[5p5(2P3/2)6s[3/2]2] were ionized using 5–20 cycle 
mid-IR laser pulses with wavelengths ranging from 7 to 
16 μm [HGS12]. A typical 2D electron momentum dis-
tribution recorded under these conditions is shown Fig. 
7. The image shows a dominant photoelectron emis-
sion along the laser polarization, and well-resolved side 
lobes, marked by white dashed lines. These side lobes 
are identified as holographic interference structures. 

Our measurements show that the fringe spacing of the 
side lobes is independent of the laser pulse duration, 
changes slightly with intensity (Fig. 7b), and changes 
significantly as a function of wavelength (Fig. 7c). In col-
laboration with O. Smirnova, we have analysed this be-
haviour using a generalised strong field approximation 
model where the phase difference between the refer-
ence and signal wave leading to the holographic pattern 
is approximated by:

ΔΦ ~ -1/2pr
2(tC - t0ref)                          (1)

with tC and t0ref the recollision time and the time of ioniza-
tion of the reference wave, respectively [HGS12]. This 
expression indicates that the difference of phase is pro-
portional to the time Δt that has spent the electron into 
the continuum. At high intensity, Δt is almost intensity 
independent, since the birth and return times of the elec-
tron stay the same. If instead the wavelength is varied, 
Δt does change. When the wavelength is doubled, the 
time between ionization and recollision is doubled and 
consequently the cosine of the phase difference chang-
es twice as fast, therefore leading to a narrowing of the 
fringe spacing. This is illustrated in the Figs. 7d and 7e 
that display the cosine of the approximate reference-
versus signal phase difference for two intensities and 
two wavelengths. Our model qualitatively predicts the 
scaling of the fringe spacing with intensity and wave-
length. The weak dependence of the fringe spacing on 
the intensity explains why the hologram is visible in ex-
periments where a range of intensities in the focus are 
sampled.

 
Strong field ionization with few cycle laser pulses

The main activity in 2012 was the build-up of the reac-
tion microscope, which has been designed to measure 
the momenta of photoelectrons and ions up to 30 eV ki-
netic energy. The time- and position-sensitive delay line 
detectors (RoentDek) will allow coincidence detection of 
ions and electrons created in the strong field ionisation 
process.

Fig. 8 shows a picture of the reaction microscope. Most 
noticeable are the Helmholtz coils for earth magnetic 
field compensation and the three horizontal coils pro-
ducing the guiding magnetic field. The setup of the reac-
tion microscope was completed by adding a molecular 
beam source consisting of nozzle-skimmer arrange-
ment, a differential pumping stage, and a beam dump 
located behind the interaction zone.

Fig. 7:   
Scaling of photoelectron holography with the intensity 
and the wavelength. a) a typical 2D photoelectron 
momentum distribution. The white dash-lines indicate 
the position of the first side lobe. b) experimental radial 
distribution for 5 intensities ranging from A:  
7.1 x 1011 W/cm2 up to E: 1.9 x 1011 W/cm2 c) evolution 
of the radial distribution with respect to the wavelength, 
with A: 16 µm B: 11 µm and C: 8 µm. d) The cosine of 
the total phase difference (Φtotal) and the approximated 
phase difference (Φpartial) as described by Eqn. (1) in 
the text, for intensities of 7.1 x 1011 W/cm2 (red) and 
3.6 x 1011 W/cm2 (black). e) Same as figure d), but for 
different wavelengths; 8 µm (black) and 16 µm (red).

wavelength λlaser, and pulse duration τlaser. Experiments 
were carried out at the free electron laser for intra-cavity 
experiments (FELICE), where metastable xenon atoms 
[5p5(2P3/2)6s[3/2]2] were ionized using 5–20 cycle 
mid-IR laser pulses with wavelengths ranging from 7 to  
16 μm [HGS12]. A typical 2D electron momentum distri-
bution recorded under these conditions is shown Fig. 7.  
The image shows a dominant photoelectron emission 
along the laser polarization, and well-resolved side lobes, 
marked by white dashed lines. These side lobesare iden-
tified as holographic interference structures.

Figure 8 shows a picture of the reaction microscope. Most
noticeable are the Helmholtz coils for earth magnetic 
field compensation and the three horizontal coils produc-
ing the guiding magnetic field. The setup of the reaction 
microscope was completed by adding a molecular beam 
source consisting of nozzle-skimmer arrangement, a dif-
ferential pumping stage, and a beam dump located be-
hind the interaction zone.

The main activity in 2012 was the build-up of the reaction 
microscope, which has been designed to measure the 
momenta of photoelectrons and ions up to 30 eV kinetic
energy. The time- and position-sensitive delay line detec-
tors (RoentDek) will allow coincidence detection of ions 
and electrons created in the strong field ionization pro-
cess.
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Towards the end of 2012 we were able to run the first 
tests of the apparatus. As a laser source the 400 kHz 
OPCPA laser system was used, which delivers 830 nm 
CEP stable pulses with a duration of 8 fs and an energy 
of 4 µJ (for details see project 4.1). The laser beam is fo-
cused by a mirror (f = 80 mm) onto an Argon beam. Fig. 
9 shows the resulting mass spectrum with a clean peak 
from Argon ions and some water background. From this 
result we conclude (i) that the intensity in the interaction 
volume is sufficient to ionise Argon (11 photon process), 
and (ii) that the data acquisition electronics is capable to 
record the data with the full 400 kHz repetition rate of the 
laser system. After the final commissioning of the reac-
tion microscope early 2013 we will start to study strong 
field ionisation processes in H2 and small hydrocarbon 
molecules.

Observing Rydberg atoms to survive intense laser fields

Survival of atoms in strong laser fields where already 
single-photon absorption is in principle sufficient to 
ionize was first predicted about a quarter century ago. 
Since then different stabilization mechanisms such as 
interference stabilization at lower intensity, adiabatic 
or dynamic stabilization, or strongly reduced ionization 
rates due to initial high angular momentum have been 
theoretically discussed. These mechanisms have been, 
however, only partially confirmed in experiments at rela-
tively moderate laser intensities. One of the key prob-
lems is how to ensure that the surviving atom has really 
seen the peak intensity and did not survive in the “shad-
ow” of the laser light, the temporal or spatial outskirts.

We report experiments with Rydberg atoms exposed 
to intense laser fields above 1015 W/cm-2. Rydberg at-
oms fulfil the condition that the binding energy is small 
compared to the photon energy. Using a direct detection 
technique for surviving atoms we demonstrate experi-
mentally their exceptional stability. These withstand high 
laser intensities, where corresponding field amplitudes 
of more than 1~GV/cm exceed the thresholds for static-
field ionization by more than six orders of magnitude.  
Most strikingly, we are able to unravel that the intensity a 
surviving Rydberg atom has interacted with is encoded 
in the kinematics of the atom. 

With a linearly polarized laser pulse, we excite Rydberg 
states, which form a wave packet with principal quantum 
numbers centred around n ~ 8 and with angular momen-
tum states distributed over a large range, essentially 
l < 10, as long as l < n [NGS08]. Moreover, the excited 
atoms are accelerated in the gradient of the focused 
strong short-pulse laser field [ENR09]. After a time delay 
of 500 fs we apply a second laser field, which is elliptical-
ly polarized. It is important to note that sufficient elliptical 
polarization (ellipticity ε = 0.66) ensures that no further 
excitation from the ground state takes place [NGS:08]. 
Consequently, any Rydberg atom which interacts with 
the second laser pulse and survives is additionally ac-
celerated, provided it is located in a nonzero intensity 
gradient. Hence, the magnitude of acceleration, or more 
specific, the deflection of Rydberg atoms, which can be 
measure by our setup, verifies the interaction with the 
strong field.

In Fig.10 we show measured deflections of surviving 
Rydberg atoms, which stem from the focus of the laser 
field. In the figure caption is indicated at which intensities 
Rydberg wave packets are produced and to what inten-
sities they are subsequently exposed to. We find that the 
detected population after the second pulse drops only by 
a) 7 %, b) 9 % and c) 15 %. We compare the measured 
distributions in Fig.10 with model Monte Carlo calcula-
tions for the deflection of atoms. Hereby, we assume 
that the acceleration of atoms is based on a quasi-free 
electron-quivering in the focused laser beam, which is 
nevertheless still bound to the ionic core after the laser 
pulse is over [ENR09]. For atoms localized within half of 
the focus size w0/2 there is a unique relation between 
deflection of the atom and the intensity it has interacted 
with. Since we find from the calculations that Rydberg 
atoms are predominantly excited within r<w0/2, we can 

Fig. 9:  
First mass spectrum from the new reaction micro-
scope: Multi photon ionization of Argon with 830 nm, 
8 fs, 4 µJ laser pulses at 400 kHz repetition rate.

Fig. 8:  
Photo of the newly build reaction microscope with 
Helmholtz coils for magnetic field compensation and 
the three horizontal coils for the guiding magnetic field.
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clearly state that the surviving atoms have seen 60 % to 
95 % of the maximum intensity. Comparing our survival 
yield with quantum calculations, (single-active electron 
approximation and fully correlated calculations), we find 
good agreement. Further analysis of the data shows 
that the correlated motion of the Rydberg wave packet 
has no influence on the ionization rate. Furthermore, we 
find mainly low order processes to be in effect even at 
highest intensities.
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Fig. 10:   
Deflection of atoms stemming from the focus. Black 
line: Rydberg atoms excited and accelerated with I1  
a) 1.5 x 1015 W/cm-2, b) 2.3 x 1015 W/cm-2,  
c) 2.7 x 1015 W/cm-2. Red line: Rydberg atoms addition-
ally accelerated with the second laser pulse at intensi-
ties I2: a) 1.9 x 1015 W/cm-2, b) 3.0 x 1015 W/cm-2,  
c) 3.8 x 1015 W/cm-2. The full blue and green curves in 
a) and b) are from model calculations. In c) the dotted 
curves are calculated using only certain focal regions: 
Blue squares:  r < w0/2, cyan circles: w0/7 < r < w0/2. 

Towards the end of 2012 we were able to run the first 
tests of the apparatus. As a laser source the 400 kHz  
OPCPA laser system was used, which delivers 830 nm 
CEP stable pulses with a duration of 8 fs and an energy 
of 4 μJ (for details see Project 4.1). The laser beam is 
focused by a mirror (f = 80 mm) onto an Argon beam. 
Figure 9 shows the resulting mass spectrum with a clean 
peak from Argon ions and some water background. From 
this result we conclude (i) that the intensity in the inter-
action volume is sufficient to ionise Argon (11 photon 
process), and (ii) that the data acquisition electronics is 
capable to record the data with the full 400 kHz repetition 
rate of the laser system. After the final commissioning of 
the reaction microscope early 2013 we will start to study 
strong field ionization processes in H2 and small hydro-
carbon molecules.
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Towards the end of 2012 we were able to run the first 
tests of the apparatus. As a laser source the 400 kHz 
OPCPA laser system was used, which delivers 830 nm 
CEP stable pulses with a duration of 8 fs and an energy 
of 4 µJ (for details see project 4.1). The laser beam is fo-
cused by a mirror (f = 80 mm) onto an Argon beam. Fig. 
9 shows the resulting mass spectrum with a clean peak 
from Argon ions and some water background. From this 
result we conclude (i) that the intensity in the interaction 
volume is sufficient to ionise Argon (11 photon process), 
and (ii) that the data acquisition electronics is capable to 
record the data with the full 400 kHz repetition rate of the 
laser system. After the final commissioning of the reac-
tion microscope early 2013 we will start to study strong 
field ionisation processes in H2 and small hydrocarbon 
molecules.

Observing Rydberg atoms to survive intense laser fields

Survival of atoms in strong laser fields where already 
single-photon absorption is in principle sufficient to 
ionize was first predicted about a quarter century ago. 
Since then different stabilization mechanisms such as 
interference stabilization at lower intensity, adiabatic 
or dynamic stabilization, or strongly reduced ionization 
rates due to initial high angular momentum have been 
theoretically discussed. These mechanisms have been, 
however, only partially confirmed in experiments at rela-
tively moderate laser intensities. One of the key prob-
lems is how to ensure that the surviving atom has really 
seen the peak intensity and did not survive in the “shad-
ow” of the laser light, the temporal or spatial outskirts.

We report experiments with Rydberg atoms exposed 
to intense laser fields above 1015 W/cm-2. Rydberg at-
oms fulfil the condition that the binding energy is small 
compared to the photon energy. Using a direct detection 
technique for surviving atoms we demonstrate experi-
mentally their exceptional stability. These withstand high 
laser intensities, where corresponding field amplitudes 
of more than 1~GV/cm exceed the thresholds for static-
field ionization by more than six orders of magnitude.  
Most strikingly, we are able to unravel that the intensity a 
surviving Rydberg atom has interacted with is encoded 
in the kinematics of the atom. 

With a linearly polarized laser pulse, we excite Rydberg 
states, which form a wave packet with principal quantum 
numbers centred around n ~ 8 and with angular momen-
tum states distributed over a large range, essentially 
l < 10, as long as l < n [NGS08]. Moreover, the excited 
atoms are accelerated in the gradient of the focused 
strong short-pulse laser field [ENR09]. After a time delay 
of 500 fs we apply a second laser field, which is elliptical-
ly polarized. It is important to note that sufficient elliptical 
polarization (ellipticity ε = 0.66) ensures that no further 
excitation from the ground state takes place [NGS:08]. 
Consequently, any Rydberg atom which interacts with 
the second laser pulse and survives is additionally ac-
celerated, provided it is located in a nonzero intensity 
gradient. Hence, the magnitude of acceleration, or more 
specific, the deflection of Rydberg atoms, which can be 
measure by our setup, verifies the interaction with the 
strong field.

In Fig.10 we show measured deflections of surviving 
Rydberg atoms, which stem from the focus of the laser 
field. In the figure caption is indicated at which intensities 
Rydberg wave packets are produced and to what inten-
sities they are subsequently exposed to. We find that the 
detected population after the second pulse drops only by 
a) 7 %, b) 9 % and c) 15 %. We compare the measured 
distributions in Fig.10 with model Monte Carlo calcula-
tions for the deflection of atoms. Hereby, we assume 
that the acceleration of atoms is based on a quasi-free 
electron-quivering in the focused laser beam, which is 
nevertheless still bound to the ionic core after the laser 
pulse is over [ENR09]. For atoms localized within half of 
the focus size w0/2 there is a unique relation between 
deflection of the atom and the intensity it has interacted 
with. Since we find from the calculations that Rydberg 
atoms are predominantly excited within r<w0/2, we can 

Fig. 9:  
First mass spectrum from the new reaction micro-
scope: Multi photon ionization of Argon with 830 nm, 
8 fs, 4 µJ laser pulses at 400 kHz repetition rate.

Fig. 8:  
Photo of the newly build reaction microscope with 
Helmholtz coils for magnetic field compensation and 
the three horizontal coils for the guiding magnetic field.

39

clearly state that the surviving atoms have seen 60 % to 
95 % of the maximum intensity. Comparing our survival 
yield with quantum calculations, (single-active electron 
approximation and fully correlated calculations), we find 
good agreement. Further analysis of the data shows 
that the correlated motion of the Rydberg wave packet 
has no influence on the ionization rate. Furthermore, we 
find mainly low order processes to be in effect even at 
highest intensities.
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Fig. 10:   
Deflection of atoms stemming from the focus. Black 
line: Rydberg atoms excited and accelerated with I1  
a) 1.5 x 1015 W/cm-2, b) 2.3 x 1015 W/cm-2,  
c) 2.7 x 1015 W/cm-2. Red line: Rydberg atoms addition-
ally accelerated with the second laser pulse at intensi-
ties I2: a) 1.9 x 1015 W/cm-2, b) 3.0 x 1015 W/cm-2,  
c) 3.8 x 1015 W/cm-2. The full blue and green curves in 
a) and b) are from model calculations. In c) the dotted 
curves are calculated using only certain focal regions: 
Blue squares:  r < w0/2, cyan circles: w0/7 < r < w0/2. 
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1. Overview

Project 2.3 is one of the new projects that have started 
in 2011. Its main goal is to study real-time electronic and 
nuclear dynamics in simple and complex photochemical 
and photobiological processes. The project has both ex-
perimental and theoretical components. Experimentally, 
we are developing a framework of closely interconnected 
time-resolved methods, unified by the application of novel 
XUV/X-ray light sources, both table-top, such as obtained 
by high harmonic generation, or at free electron laser fa-
cilities. Using photoionization as a probe step in a pump-
probe configuration, we investigate attosecond electronic 
motion in atoms and molecules and its coupling with the 
nuclear motion. This is done by combining the extreme 
temporal resolution (attosecond) with Ångström-scale 
spatial resolution provided by these new light sources. 
This experimental framework is complemented by an ad-
vanced theory program aiming at (i) tracking down and 
resolving on the attosecond time scale correlated multi-
electron dynamics, and (ii) understanding the impact of 
coherently excited attosecond multi-electron dynamics 
on the longer, femtosecond-scale nuclear motion. Our 
common goal is to push atomic and molecular science 
beyond the present state of the art by looking at the new 
time-scale in chemical and physical processes.  

2. Topics and collaborations

At present, the project is organized in 4 topics:

T1: Attosecond electronic and nuclear dynamics 
and control using IR/XUV pump-probe spectroscopy

T2: Attosecond XUV pump-XUV probe applications

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

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

Collaborations with: Lund University (Per Johnsson); 
Max Planck Advanced study group (Artem Rudenko); 
Center for free electron laser (Henry Chapman, Jochen 
Küpper); Aarhus University (Henry Stapelfeldt); LCLS 
(Christoph Bostedt, John Bozek); Pulse Stanford (Ryan 
Coffee); Tohoku University (Kiyoshi Ueda); Western 
Michigan University (Nora Berrah); Politecnico di Milano 
(Guiseppe Sansone, Francesca Calegari and Mauro Ni-
soli); Laboratoire de spectrométrie ionique (Franck Le-
pine); DESY (Stephan Düsterer, Daniel Rolles); Univer-

2.3: Time-resolved XUV-science

A. Rouzée, M. Ivanov (project coordinators)
and M. Baggash, S.Bikner, F. Buchner, M. Eckstein, U. Eichmann, M. Flögel, F. Furch, M. Galbraith, A. Harvey, D. Kandula, 
J. Klei, O. Kornilov, F. Krecinic, M. Kubin, A. Lübcke, C. Neidel, T. Nguyen Xuan, H. Rottke, L. Medisauskas, F. Morales Moreno, 
C. Schröter, C. P. Schulz, T. Schultz, B. Schütte, O. Smirnova, H. H. Ritze, M. J. J. Vrakking, C. H. Yang, N. Zhavoronkov 

Fig. 1:   
Time-compensated monochromator that was assembled in 2012 in the kHz laboratory. The bottom images shows the 
high harmonic spectrum generated in the HHG cell and the 2D electron momentum distributions of Ar ionized with the 
newly generated XUV pulse recorded with a VMI spectrometer that was installed behind the monochromator. 
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sité Pierre et Marie Curie (Tatiana Marchenko); Science 
and technology facility council (David Holland); Moscow 
MV Lomonosov state University (E. V. Gryzlova); FOM 
institute Plasma Physics (F. Bijkerk); Helmholtz-Zen-
trum Berlin für Materialien und Energie (Philippe Wer-
net); University of Groningen (Thomas Schlathölter); the 
European XFEL (Michael Meyer); Imperial college Lon-
don (Leszek Frasinski); Tokyo University (K. Ishikawa); 
LUXOR, Padova (Luca Poletto).

In-house collaboration with Projects 1.1, 2.2, 3.1 and 4.1. 
 
 
 
3. Results in 2012

Development of high harmonic generation beam-
lines

The project has been established in November 2011 and 
is currently in active development. The main activity was 
dedicated to the design and construction of experimen-

tal apparatus for the generation and use of ultrashort 
XUV light obtained by high order harmonic generation. 

The first laboratory for experiments at kHz repetition 
rates hosts a powerful dual-head Ti:Sapphire laser sys-
tem that delivers 20 fs CEP-stabilized laser pulses at  
1 kHz and 10 kHz repetition rates with 20 mJ and 2 mJ 
pulse energies, respectively. The experimental stations 
include an attosecond pump-probe velocity map imag-
ing setup and a new beam line with a time-compensat-
ing monochromator (spectral resolution of 300 meV and 
pulse durations of 10 fs) for photoelectron experiments 
in the gas phase and liquid jets (see Fig. 1). 

The second laboratory, for experiments at low repeti-
tion rate hosts a powerful, home made Ti:Sapphire laser 
system, delivering 35 fs, CEP-stabilized laser pulses at  
50 Hz with 50 mJ energy. This TW laser system is used 
for the generation of soft X-ray radiation (200-400 eV 
photon energy, see Fig. 2) and high flux XUV pulses us-
ing high harmonic generation techniques. This permits 
in turn to explore the time-dependent photoionization dy-

Fig. 2:   
Sketch of the soft-X-ray 
high harmonic genera-
tion beamline that was 
assembled in the TW 
laboratories in 2012. The 
beamline is composed 
of a HHG cell, an in-
vacuum focusing unit, a 
VMI spectrometer and a 
soft-X-ray spectrometer  
(1-25 nm). The bottom 
image shows a typical 
high order harmonic 
spectrum generated in 
Neon with a two-color 
laser field (800 nm+ 
1240 nm) that was 
recorded with the soft-
X-ray spectrometer. The 
cut-off photon energy 
was estimated at 200 eV.

Fig. 3:   
Optical setup to facilitate 
as-XUV pump as-XUV 
probe experiments and 
alternatively as-XUV  
fs-IR pump-probe  
experiments. SM1: 
XUV-IR delay unit, SM2: 
XUV-XUV delay unit, TM: 
torroidal mirrors, VMI: 
velocity map imaging 
spectrometers.

Project 2.3 is one of the new projects that have started 
in 2011. Its main goal is to study real-time electronic and
nuclear dynamics in simple and complex photochemical
and photobiological processes. The project has both ex-
perimental and theoretical components. Experimentally,
we are developing a framework of closely interconnected
time-resolved methods, unified by the application of 
novel XUV/X-ray light sources, both table-top, such as 
obtained by high harmonic generation, or at free elec-
tron laser facilities. Using photoionization as a probe 
step in a pumpprobe configuration, we investigate at-
tosecond electronic motion in atoms and molecules 
and its coupling with the nuclear motion. This is done 
by combining the extreme temporal resolution (attosec-
ond) with Ångström-scale spatial resolution provided by 
these new light sources. This experimental framework 
is complemented by an advanced theory program aim-
ing at (i) tracking down and resolving on the attosecond 
time scale correlated multielectron dynamics, and (ii) un-
derstanding the impact of coherently excited attosecond 
multielectron dynamicson the longer, femtosecond-scale 
nuclear motion. Our common goal is to push atomic and 
molecular science beyond the present state of the art by 
looking at the new time-scale in chemical and physical 
processes.

T1: Attosecond electronic and nuclear dynamics 
and control using IR/XUV pump-probe spectroscopy

T2: Attosecond XUV pump-XUV probe applications 

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

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

Project 2.3 is one of the new projects that have started 
in 2011. Its main goal is to study real-time electronic and 
nuclear dynamics in simple and complex photochemical 
and photobiological processes. The project has both ex-
perimental and theoretical components. Experimentally, 
we are developing a framework of closely interconnected 
time-resolved methods, unified by the application of novel 
XUV/X-ray light sources, both table-top, such as obtained 
by high harmonic generation, or at free electron laser fa-
cilities. Using photoionization as a probe step in a pump-
probe configuration, we investigate attosecond electronic 
motion in atoms and molecules and its coupling with the 
nuclear motion. This is done by combining the extreme 
temporal resolution (attosecond) with Ångström-scale 
spatial resolution provided by these new light sources. 
This experimental framework is complemented by an ad-
vanced theory program aiming at (i) tracking down and 
resolving on the attosecond time scale correlated multi-
electron dynamics, and (ii) understanding the impact of 
coherently excited attosecond multi-electron dynamics 
on the longer, femtosecond-scale nuclear motion. Our 
common goal is to push atomic and molecular science 
beyond the present state of the art by looking at the new 
time-scale in chemical and physical processes.  

2. Topics and collaborations

At present, the project is organized in 4 topics:

T1: Attosecond electronic and nuclear dynamics 
and control using IR/XUV pump-probe spectroscopy

T2: Attosecond XUV pump-XUV probe applications

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

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

Collaborations with: Lund University (Per Johnsson); 
Max Planck Advanced study group (Artem Rudenko); 
Center for free electron laser (Henry Chapman, Jochen 
Küpper); Aarhus University (Henry Stapelfeldt); LCLS 
(Christoph Bostedt, John Bozek); Pulse Stanford (Ryan 
Coffee); Tohoku University (Kiyoshi Ueda); Western 
Michigan University (Nora Berrah); Politecnico di Milano 
(Guiseppe Sansone, Francesca Calegari and Mauro Ni-
soli); Laboratoire de spectrométrie ionique (Franck Le-
pine); DESY (Stephan Düsterer, Daniel Rolles); Univer-

2.3: Time-resolved XUV-science

A. Rouzée, M. Ivanov (project coordinators)
and M. Baggash, S.Bikner, F. Buchner, M. Eckstein, U. Eichmann, M. Flögel, F. Furch, M. Galbraith, A. Harvey, D. Kandula, 
J. Klei, O. Kornilov, F. Krecinic, M. Kubin, A. Lübcke, C. Neidel, T. Nguyen Xuan, H. Rottke, L. Medisauskas, F. Morales Moreno, 
C. Schröter, C. P. Schulz, T. Schultz, B. Schütte, O. Smirnova, H. H. Ritze, M. J. J. Vrakking, C. H. Yang, N. Zhavoronkov 

Fig. 1:   
Time-compensated monochromator that was assembled in 2012 in the kHz laboratory. The bottom images shows the 
high harmonic spectrum generated in the HHG cell and the 2D electron momentum distributions of Ar ionized with the 
newly generated XUV pulse recorded with a VMI spectrometer that was installed behind the monochromator. 
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sité Pierre et Marie Curie (Tatiana Marchenko); Science 
and technology facility council (David Holland); Moscow 
MV Lomonosov state University (E. V. Gryzlova); FOM 
institute Plasma Physics (F. Bijkerk); Helmholtz-Zen-
trum Berlin für Materialien und Energie (Philippe Wer-
net); University of Groningen (Thomas Schlathölter); the 
European XFEL (Michael Meyer); Imperial college Lon-
don (Leszek Frasinski); Tokyo University (K. Ishikawa); 
LUXOR, Padova (Luca Poletto).

In-house collaboration with Projects 1.1, 2.2, 3.1 and 4.1. 
 
 
 
3. Results in 2012

Development of high harmonic generation beam-
lines

The project has been established in November 2011 and 
is currently in active development. The main activity was 
dedicated to the design and construction of experimen-

tal apparatus for the generation and use of ultrashort 
XUV light obtained by high order harmonic generation. 

The first laboratory for experiments at kHz repetition 
rates hosts a powerful dual-head Ti:Sapphire laser sys-
tem that delivers 20 fs CEP-stabilized laser pulses at  
1 kHz and 10 kHz repetition rates with 20 mJ and 2 mJ 
pulse energies, respectively. The experimental stations 
include an attosecond pump-probe velocity map imag-
ing setup and a new beam line with a time-compensat-
ing monochromator (spectral resolution of 300 meV and 
pulse durations of 10 fs) for photoelectron experiments 
in the gas phase and liquid jets (see Fig. 1). 

The second laboratory, for experiments at low repeti-
tion rate hosts a powerful, home made Ti:Sapphire laser 
system, delivering 35 fs, CEP-stabilized laser pulses at  
50 Hz with 50 mJ energy. This TW laser system is used 
for the generation of soft X-ray radiation (200-400 eV 
photon energy, see Fig. 2) and high flux XUV pulses us-
ing high harmonic generation techniques. This permits 
in turn to explore the time-dependent photoionization dy-

Fig. 2:   
Sketch of the soft-X-ray 
high harmonic genera-
tion beamline that was 
assembled in the TW 
laboratories in 2012. The 
beamline is composed 
of a HHG cell, an in-
vacuum focusing unit, a 
VMI spectrometer and a 
soft-X-ray spectrometer  
(1-25 nm). The bottom 
image shows a typical 
high order harmonic 
spectrum generated in 
Neon with a two-color 
laser field (800 nm+ 
1240 nm) that was 
recorded with the soft-
X-ray spectrometer. The 
cut-off photon energy 
was estimated at 200 eV.

Fig. 3:   
Optical setup to facilitate 
as-XUV pump as-XUV 
probe experiments and 
alternatively as-XUV  
fs-IR pump-probe  
experiments. SM1: 
XUV-IR delay unit, SM2: 
XUV-XUV delay unit, TM: 
torroidal mirrors, VMI: 
velocity map imaging 
spectrometers.

sité Pierre et Marie Curie (Tatiana Marchenko); Science
and technology facility council (David Holland); Moscow
MV Lomonosov State University (E. V. Gryzlova); FOM 
Institute Plasma Physics (F. Bijkerk); Helmholtz-Zentrum 
Berlin für Materialien und Energie (Philippe Wernet); 
University of Groningen (Thomas Schlathölter); the Eu-
ropean XFEL (Michael Meyer); Imperial College London 
(Leszek Frasinski); Tokyo University (K. Ishikawa); LUX-
OR, Padova (Luca Poletto).



6444

namics of molecules using Vis/soft X-ray or strong XUV/
XUV pump-probe experiments which has only been 
possible so far at Free Electron Laser (FEL) facilities. 
The time-compensating monochromator, the soft X-ray 
beamline and the high flux XUV pump-probe setup were 
assembled and commissioned in 2012. 

A third laboratory for attosecond XUV pump- XUV probe 
applications is being developed. This laboratory relies on 
the completion of a TW-OPCPA system that is being de-
veloped in the frame of Project 4.1 and on the generation 
of isolated attosecond pulse by HHG which is developed 
through Project 1.1. In order to be able to employ these 
instruments in experiments immediately upon their com-
pletion, the design of an experimental station and acqui-
sition of its components was started in 2012. Besides the 
capability for XUV-XUV experiments this instrument will 
facilitate two-colour XUV-IR experiments. A drawing of 
the designed instrument is depicted in Fig. 3.

Interplay between electronic and nuclear motion in 
molecules

Many important reactions in nature start with photo-exci-
tation or photoionization. This "shaking" of the electronic 
cloud happens in less than a femtosecond, yet it acts as 
an initial step for the nuclear dynamics that follows. It 
was demonstrated that the removal of an electron from 
a molecule leaves a hole which may start to oscillate on 
an ultrafast time scale [KCe11]. This can lead to ultrafast 
energy transfer within the molecule, induce structural 
rearrangements and even break bonds at sites distant 
from the ionization centre [WSC97, LKC08]. Thus, atto-
second electronic motion may alter molecular dynamics 
on the nuclear time scales.

We have recently investigated the role of electronic co-
herence in dissociation of N2 molecules induced by ioni-
zation with an XUV attosecond pulse train, in the pres-
ence of a moderately intense fs IR field. 

Experiments were performed with our attosecond 
pump-IR probe velocity map imaging setup that allowed 
us to record the momentum distribution of the N+ frag-
ments as a function of the delay between the attosecond 
pulse train and the fs, 800 nm laser field. The recorded 
N+ fragment kinetic energy spectrum is shown in Fig. 4. 
It is composed of several peaks corresponding to the 
vibrational progression of the C2Σ+

u -state of N2
+ that 

predissociates via the D state. A significant change of 
the yield in each peak in the N+ fragments kinetic energy 
spectrum is observed with the pump-probe delay. The 
oscillation corresponds to 1/2 the IR-cycle period.

The oscillation observed in the N+ KES can be under-
stood in terms of a two-path interference effect leading 
to the dissociation of N2

+ after ionization with the XUV 
pulse. In the presence of a strong IR field, the two path-
ways that dominate the dissociation process at the fem-
tosecond time scales (Fig. 5 a) are:

path (a): A Franck-Condon (FC) wavepacket created 
on the D state due to two photon XUV+IR absorption, 
where the B state acts as an intermediate virtual state. 
As the D potential surface is repulsive at the FC region, 
the wavepacket directly dissociates to the L1 continuum.

path (b): A real transition, initiated by a single XUV pho-
ton, takes the FC wavepacket to the bound C state. After 
propagating for a certain amount of time on the C state, 
the wavepacket is de-excited by the IR field to the D 
state and dissociates to the L1 continuum. 

We have theoretically investigated the possible interfer-
ence between paths (a) and (b). For this, a numerical 
code for solving the Time Dependent Schrödinger Equa-
tion on coupled 1D potential energy surfaces based on 
the split operator method and using the diagonalization 
of dipole interaction matrix and DVR basis set was de-
veloped and used.

After the propagation the dissociating part of the 
wavepacket was extracted by projecting the wavefunc-
tion on the eigenstates of the D potential for both paths. 
Finally, the phase of the wavepacket created in the path 
(a) was adjusted to account for the phase of the IR field 
at the moment of ionization.

Fig. 5:  
a) Paths leading to the dissociation in N2

+. 
b) Coherent and incoherent sums of wavepackets, 
originating from paths (a) and (b).

Fig. 4:  
Time-dependence of the N+ fragments kinetic energy 
distribution recorded with a velocity map imaging 
spectrometer that are formed during dissociative ioni-
zation of N2 by a combined XUV and near-IR pulse.
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The simulation shows that both paths produce disso-
ciation fragments of the same energy at the detector. 
Moreover, the detected spectrum depends significantly 
on how they interfere (Fig. 5 b).

The path (a) involves overall absorption of an XUV+IR 
photon pair while the path (b) XUV-IR photon pair. The 
phase difference between them at the moment of ioni-
zation is determined by the delay Δt between XUV and 
IR fields, yielding exp(-i2ωIRΔt) factor. This phase differ-
ence is at the origin of the oscillation observed experi-
mentally in the N+ KES (see Fig. 6). Manipulating the 
delay on an attosecond time scale allows one to sig-
nificantly alter the fragment spectrum. This is remark-
able because the fragments are produced tenths of 
femtoseconds after ionization, thus demonstrating the 
role of initial electronic coherence in a nuclear reaction.  

 
Real-time observation of interference between 
atomic one- and two-electron excitation

Investigating electron dynamics in an atom in the time 
domain, specifically when more than one electron is in-
volved, gives direct insight into electron correlations in 
the system. Dynamics is usually initiated with a pump 
pulse. Observation requires a second pulsed excita-
tion with a probe. Investigation of two-electron dynam-
ics requires the excitation of two electrons from an 
atom’s ground state. These excited configurations are 
usually embedded in the ionization continuum, and de-
cay through electron-electron correlation, e. g., into a 
ground-state ion and a free electron. In an absorption 
spectrum they appear as Fano-resonances.

We investigated the evolution of a wave packet that 
we launched in the ionization continuum of krypton by 
an ultra-short extreme-ultraviolet (XUV) laser pulse  
(Fig. 7) [GRZ12]. Within the spectral bandwidth of the 
XUV pulse, two Fano window-resonances are found. 
One is induced by the inner-valence-electron excited 
configuration (4s)−1(7p), the second one by a two-elec-
tron excited configuration (4p)−2(nl)(n′l′) (n, n′: principal 

quantum numbers of the one-electron orbitals; l, l′: their 
angular momenta). Both these excited configurations 
are embedded in the (4p)−1(ε s/d) continuum (ε the en-
ergy). The wave packet dynamics after excitation by the 
XUV pulse was probed by absorption of a photon from a 
delayed ultra-short infrared (IR) laser pulse. It photoion-
ized the (4s)−1(7p)-orbital, with (4s)−1(ε s/d) being the 
final continuum reached (Fig. 7), where the correspond-
ing photoelectron was detected. With this pump-probe 
scheme, we were able to look into the dynamics of this 
wave packet in real-time. Specifically, we followed the 
autoionization of the (4s)−1(7p) and (4p)−2(nl)(n′l′) config-
urations, as well as the coherent two-electron dynamics 
that is expected to give rise to an interference between 
one- and two-electron excitation in this wave packet.

Fig. 6:   
Calculated center of mass energy of dissociated 
fragments with respect to the pump-probe delay ob-
tained theoretically by solving the Time Dependent 
Schrödinger Equation on coupled 1D potential energy 
surfaces. The calculation reproduced the observed 
oscillation of the KES of the N+ fragments.

Fig. 7:   
The excitation scheme used for real-time observa-
tion of two-electron dynamics. An XUV laser pulse 
launches a continuum wave packet in Kr with two 
Fano-resonances participating. One is induced by an 
electron configuration with one inner-valence-electron 
excited (4s)−1(7p), and the other one by a two-
valence-electrons excited configuration (4p)−2(nl)(n′l′). 
After a variable delay, the wave packet is probed by 
an IR laser pulse that induces a transition to the final 
(4s)−1(ε s/d) continuum configuration.

Fig. 8:   
The photoelectron yield in the (4s)-1(ε s/d) ionization 
channel of Kr plotted versus the delay of the IR laser 
pulse, that probes the Fano-wave packet, with respect 
to the XUV pulse, that starts it. Time zero indicates 
the optimum overlap of both pulses in time. It was de-
termined by measuring the cross correlation of the IR 
and XUV pulses.
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namics of molecules using Vis/soft X-ray or strong XUV/
XUV pump-probe experiments which has only been 
possible so far at Free Electron Laser (FEL) facilities. 
The time-compensating monochromator, the soft X-ray 
beamline and the high flux XUV pump-probe setup were 
assembled and commissioned in 2012. 

A third laboratory for attosecond XUV pump- XUV probe 
applications is being developed. This laboratory relies on 
the completion of a TW-OPCPA system that is being de-
veloped in the frame of Project 4.1 and on the generation 
of isolated attosecond pulse by HHG which is developed 
through Project 1.1. In order to be able to employ these 
instruments in experiments immediately upon their com-
pletion, the design of an experimental station and acqui-
sition of its components was started in 2012. Besides the 
capability for XUV-XUV experiments this instrument will 
facilitate two-colour XUV-IR experiments. A drawing of 
the designed instrument is depicted in Fig. 3.

Interplay between electronic and nuclear motion in 
molecules

Many important reactions in nature start with photo-exci-
tation or photoionization. This "shaking" of the electronic 
cloud happens in less than a femtosecond, yet it acts as 
an initial step for the nuclear dynamics that follows. It 
was demonstrated that the removal of an electron from 
a molecule leaves a hole which may start to oscillate on 
an ultrafast time scale [KCe11]. This can lead to ultrafast 
energy transfer within the molecule, induce structural 
rearrangements and even break bonds at sites distant 
from the ionization centre [WSC97, LKC08]. Thus, atto-
second electronic motion may alter molecular dynamics 
on the nuclear time scales.

We have recently investigated the role of electronic co-
herence in dissociation of N2 molecules induced by ioni-
zation with an XUV attosecond pulse train, in the pres-
ence of a moderately intense fs IR field. 

Experiments were performed with our attosecond 
pump-IR probe velocity map imaging setup that allowed 
us to record the momentum distribution of the N+ frag-
ments as a function of the delay between the attosecond 
pulse train and the fs, 800 nm laser field. The recorded 
N+ fragment kinetic energy spectrum is shown in Fig. 4. 
It is composed of several peaks corresponding to the 
vibrational progression of the C2Σ+

u -state of N2
+ that 

predissociates via the D state. A significant change of 
the yield in each peak in the N+ fragments kinetic energy 
spectrum is observed with the pump-probe delay. The 
oscillation corresponds to 1/2 the IR-cycle period.

The oscillation observed in the N+ KES can be under-
stood in terms of a two-path interference effect leading 
to the dissociation of N2

+ after ionization with the XUV 
pulse. In the presence of a strong IR field, the two path-
ways that dominate the dissociation process at the fem-
tosecond time scales (Fig. 5 a) are:

path (a): A Franck-Condon (FC) wavepacket created 
on the D state due to two photon XUV+IR absorption, 
where the B state acts as an intermediate virtual state. 
As the D potential surface is repulsive at the FC region, 
the wavepacket directly dissociates to the L1 continuum.

path (b): A real transition, initiated by a single XUV pho-
ton, takes the FC wavepacket to the bound C state. After 
propagating for a certain amount of time on the C state, 
the wavepacket is de-excited by the IR field to the D 
state and dissociates to the L1 continuum. 

We have theoretically investigated the possible interfer-
ence between paths (a) and (b). For this, a numerical 
code for solving the Time Dependent Schrödinger Equa-
tion on coupled 1D potential energy surfaces based on 
the split operator method and using the diagonalization 
of dipole interaction matrix and DVR basis set was de-
veloped and used.

After the propagation the dissociating part of the 
wavepacket was extracted by projecting the wavefunc-
tion on the eigenstates of the D potential for both paths. 
Finally, the phase of the wavepacket created in the path 
(a) was adjusted to account for the phase of the IR field 
at the moment of ionization.

Fig. 5:  
a) Paths leading to the dissociation in N2

+. 
b) Coherent and incoherent sums of wavepackets, 
originating from paths (a) and (b).

Fig. 4:  
Time-dependence of the N+ fragments kinetic energy 
distribution recorded with a velocity map imaging 
spectrometer that are formed during dissociative ioni-
zation of N2 by a combined XUV and near-IR pulse.
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The simulation shows that both paths produce disso-
ciation fragments of the same energy at the detector. 
Moreover, the detected spectrum depends significantly 
on how they interfere (Fig. 5 b).

The path (a) involves overall absorption of an XUV+IR 
photon pair while the path (b) XUV-IR photon pair. The 
phase difference between them at the moment of ioni-
zation is determined by the delay Δt between XUV and 
IR fields, yielding exp(-i2ωIRΔt) factor. This phase differ-
ence is at the origin of the oscillation observed experi-
mentally in the N+ KES (see Fig. 6). Manipulating the 
delay on an attosecond time scale allows one to sig-
nificantly alter the fragment spectrum. This is remark-
able because the fragments are produced tenths of 
femtoseconds after ionization, thus demonstrating the 
role of initial electronic coherence in a nuclear reaction.  

 
Real-time observation of interference between 
atomic one- and two-electron excitation

Investigating electron dynamics in an atom in the time 
domain, specifically when more than one electron is in-
volved, gives direct insight into electron correlations in 
the system. Dynamics is usually initiated with a pump 
pulse. Observation requires a second pulsed excita-
tion with a probe. Investigation of two-electron dynam-
ics requires the excitation of two electrons from an 
atom’s ground state. These excited configurations are 
usually embedded in the ionization continuum, and de-
cay through electron-electron correlation, e. g., into a 
ground-state ion and a free electron. In an absorption 
spectrum they appear as Fano-resonances.

We investigated the evolution of a wave packet that 
we launched in the ionization continuum of krypton by 
an ultra-short extreme-ultraviolet (XUV) laser pulse  
(Fig. 7) [GRZ12]. Within the spectral bandwidth of the 
XUV pulse, two Fano window-resonances are found. 
One is induced by the inner-valence-electron excited 
configuration (4s)−1(7p), the second one by a two-elec-
tron excited configuration (4p)−2(nl)(n′l′) (n, n′: principal 

quantum numbers of the one-electron orbitals; l, l′: their 
angular momenta). Both these excited configurations 
are embedded in the (4p)−1(ε s/d) continuum (ε the en-
ergy). The wave packet dynamics after excitation by the 
XUV pulse was probed by absorption of a photon from a 
delayed ultra-short infrared (IR) laser pulse. It photoion-
ized the (4s)−1(7p)-orbital, with (4s)−1(ε s/d) being the 
final continuum reached (Fig. 7), where the correspond-
ing photoelectron was detected. With this pump-probe 
scheme, we were able to look into the dynamics of this 
wave packet in real-time. Specifically, we followed the 
autoionization of the (4s)−1(7p) and (4p)−2(nl)(n′l′) config-
urations, as well as the coherent two-electron dynamics 
that is expected to give rise to an interference between 
one- and two-electron excitation in this wave packet.

Fig. 6:   
Calculated center of mass energy of dissociated 
fragments with respect to the pump-probe delay ob-
tained theoretically by solving the Time Dependent 
Schrödinger Equation on coupled 1D potential energy 
surfaces. The calculation reproduced the observed 
oscillation of the KES of the N+ fragments.

Fig. 7:   
The excitation scheme used for real-time observa-
tion of two-electron dynamics. An XUV laser pulse 
launches a continuum wave packet in Kr with two 
Fano-resonances participating. One is induced by an 
electron configuration with one inner-valence-electron 
excited (4s)−1(7p), and the other one by a two-
valence-electrons excited configuration (4p)−2(nl)(n′l′). 
After a variable delay, the wave packet is probed by 
an IR laser pulse that induces a transition to the final 
(4s)−1(ε s/d) continuum configuration.

Fig. 8:   
The photoelectron yield in the (4s)-1(ε s/d) ionization 
channel of Kr plotted versus the delay of the IR laser 
pulse, that probes the Fano-wave packet, with respect 
to the XUV pulse, that starts it. Time zero indicates 
the optimum overlap of both pulses in time. It was de-
termined by measuring the cross correlation of the IR 
and XUV pulses.

The simulation shows that both paths produce disso-
ciation fragments of the same energy at the detector. 
Moreover, the detected spectrum depends significantly 
on how they interfere (Fig. 5b).

We investigated the evolution of a wave packet that 
we launched in the ionization continuum of krypton by 
an ultra-short extreme-ultraviolet (XUV) laser pulse  
(Fig. 7), [GRZ12]. Within the spectral bandwidth of the 
XUV pulse, two Fano window-resonances are found. 
One is induced by the inner-valence-electron excited 
configuration (4s)−1(7p), the second one by a two-elec-
tron excited configuration (4p)−2(nl)(n′l′) (n, n′: principal 
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The tracking of the Fano-wave packet is shown in Fig. 
8. There, the total photoelectron yield in the (4s)−1(ε s/d) 
ionization continuum is shown as a function of the de-
lay of the IR probe pulse with respect to the XUV pulse 
that started the wave packet. The IR probe pulse maps 
that part of the wave packet to the (4s)−1(ε s/d) ionization 
channel that stays close to the Kr ion core. Therefore a 
decay of the photoelectron signal with increasing delay 
is found. However, the decay is non-exponential with 
an oscillatory structure being visible. This structure is 
a consequence of the coherent evolution of the wave 
packet due to the two excited discrete electron con-
figurations contributing. The period of the oscillation is 
determined by the energy separation of the two Fano 
resonances involved.

In the specific case investigated here the evolution in 
time of the wave packet maps the interplay of one- and 
two-electron excitation of the Kr atom that is started 
by the XUV laser pulse and its final decay due to au-
toionization into the (4p)-1 (ε s/d) ionization continuum. 
This decay directly affects the amplitude of the coher-
ence oscillation (see [GRZ12]). The dependence of the 
photoelectron yield in Fig. 8 on time can be completely 
modelled using Fano’s theory to simplify transition di-
pole matrix elements for Kr. They are fixed by very few 
parameters. For details concerning this analysis see 
[GRZ12].

The method used here to map the electron wave packet 
evolution in the photoionization continuum can be ap-
plied to any atomic system. It is specifically useful pro-
vided Fano window resonances are involved where the 
standard sideband technique is difficult to apply.

 
Time-resolved XUV/X-ray photoelectron imaging 
and spectroscopy 

With the advent of new XUV light sources, and the de-
velopment of high harmonic emission both as a light 
source and as a probe, combined with advances in ex-
perimental detection techniques, observation and con-
trol of the fastest electronic and molecular processes 
are now possible. 

There are mainly two experimental techniques which 
are used to probe molecular dynamics on the attosec-
ond timescale: High Harmonic Generation spectroscopy 
(HHG) [SMP09] and the measurement of Molecular 
Frame Photoelectron Angular Distributions (MFPAD) 
[RKS12]. In the latter, information about the electronic 
geometry and molecular structure is retrieved from the 
angle and kinetic energy distribution of the ejected elec-
trons during XUV ionization. 

Using a velocity map imaging spectrometer, we have 
recently recorded the MFPAD after photoionization of 
aligned CO2, N2, O2 and CO molecules by an EUV comb 
produced from HHG and compared the results with ab-
initio calculations based on an adaptation of the UK-
Rmatrix code to photoionization. A detailed description 
of this activity is given in one of the feature articles of 
this annual report.

Attosecond cascades and time delays in one-elec-
tron photoionization

The first experiments devoted to time resolving pho-
toionization dynamics have started a heated debate 
about photoionization time delays. Experiments have 
shown long time delays, inconsistent with the theoretical 
predictions. The possible causes of the disagreement 
have been thoroughly checked theoretically, taking into 
account the effect of the measurements (either streak 
cameras or RABBITT techniques). The most complete 
simulations to date [MLP11] differ to experimental ob-
servations by a factor of 2 [SFK10]. All these studies 
have shown the richness of the correlation driven dy-
namics that contribute to photoionization delays. 

In collaboration with Prof. K. Ishikawa, from the Tokyo 
University, we have carried out [SII12] a time resolved 
ab initio study of the attosecond dynamics of electron-
electron correlation during single-electron, single XUV-
photon ionization of an excited helium atom. We have 

also used a restricted-dimensionality model, where both 
electrons are restricted to a single degree of freedom 
each, and electron-nucleus interactions are softened. 
Even with these limitations the 1D-He model has proven 
to be very useful due to its shorter computing time, and 
also as a benchmarking tool before performing the more 
costly full Helium atom simulations. The calculations 
were done using a multiple configuration time-depend-
ent Hartree method (MCTDH), recently adapted by us 
to fermions.

First, we prepare the system in one of its excited states 
(one electron excitations), so that one of the electrons 

Fig. 9:   
Time-dependent populations of ionic states (channels) 
for the 3D He initially in the 1s2p state. The lines are 
marked with the corresponding channel numbers. Ad-
ditionally, dotted, dashed and dot-dashed lines show 
the cumulative populations of the ionic states with 
principal quantum number 1,2 and 3. Fine dotted line 
represents ionizing XUV laser pulse, (length 100 as, 
carrier frequency 73 eV, intensity 1012 W/cm2). Elec-
tron transfer between different ionic states continues 
after the pulse, while the activated electron is pushing 
its way through the outer-electron shells. This leads to 
apparent delays in appearance of different ionization 
channels.
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is bound deeper than the other. One-photon absorp-
tion predominantly activates the deeper bound electron, 
which will have to push its way through the outer-elec-
tron cloud, inducing a cascade of correlation-induced 
processes. 

We observe two distinctly different excitation time-
scales. The first is associated with the shake-up, which 
is essentially instantaneous. The second is associated 
with the post-ionization interaction leading to the 'knock-
up' and 'knock-down' transitions after the end of the la-
ser pulse. These transitions are (somewhat) analogous 
to the two-step-one (TS1) process in double photo-ion-
ization and involve energy exchange between the two 
electrons after the absorption of the XUV photon. Sec-
ond, we see that the time-scales of the 'knock-up' and 
'knock-down' transitions are directly linked to the time it 
takes the 'active' electron, lifted from the deeper lying 
orbital by photon absorption, to traverse the cloud of the 
'passive' electron residing on the outer orbit. The tem-
poral structure of the transitions maps space-dependent 
charge density of the 'passive' electron orbitals. De-
pending on the initial state of the 'passive' electron and 
the energy of the active electron, relevant time scales 
can easily approach few 100 as. Thus, our fully quan-
tum analysis reveals a simple underlying semi-classical 
picture. Third, we find that different time-scales of the 
shake-up and the 'knock-up'/'knock down' transitions 
lead to the appearance of excitation cascades. The ini-
tial shake-up excitation is followed by one or more tran-
sitions between the excited states after the end of the 
ionizing pulse, as the 'passive' electron is 'pushed' by the 
'active' one. Thus, the time-domain approach helps one 
to assess the physical reality of processes described by 
different diagrams in the many-body perturbation theory. 
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There are mainly two experimental techniques which 
are used to probe molecular dynamics on the attosecond
timescale: High-harmonic Generation spectroscopy 
(HHG) [SMP09] and the measurement of Molecular 
Frame Photoelectron Angular Distributions (MFPAD) 
[RKS12]. In the latter, information about the electronic 
geometry and molecular structure is retrieved from the 
angle and kinetic energy distribution of the ejected elec-
trons during XUV ionization.

Using a velocity map imaging spectrometer, we have 
recently recorded the MFPAD after photoionization of 
aligned CO2, N2, O2 and CO molecules by an EUV 
comb produced from HHG and compared the results 
with abinitio calculations based on an adaptation of the 
UKRmatrix code to photoionization. A detailed descrip-
tion of this activity is given in one of the feature articles of
this Annual Report.

The tracking of the Fano-wave packet is shown in Fig. 8. 
There, the total photoelectron yield in the (4s)−1(ε s/d) 
ionization continuum is shown as a function of the de-
lay of the IR probe pulse with respect to the XUV pulse 
that started the wave packet. The IR probe pulse maps 
that part of the wave packet to the (4s)−1(ε s/d) ionization 
channel that stays close to the Kr ion core. Therefore a 
decay of the photoelectron signal with increasing delay 
is found. However, the decay is non-exponential with an 
oscillatory structure being visible. This structure is a con-
sequence of the coherent evolution of the wave packet 
due to the two excited discrete electron configurations 
contributing. The period of the oscillation is determined 
by the energy separation of the two Fano resonances 
involved.
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The tracking of the Fano-wave packet is shown in Fig. 
8. There, the total photoelectron yield in the (4s)−1(ε s/d) 
ionization continuum is shown as a function of the de-
lay of the IR probe pulse with respect to the XUV pulse 
that started the wave packet. The IR probe pulse maps 
that part of the wave packet to the (4s)−1(ε s/d) ionization 
channel that stays close to the Kr ion core. Therefore a 
decay of the photoelectron signal with increasing delay 
is found. However, the decay is non-exponential with 
an oscillatory structure being visible. This structure is 
a consequence of the coherent evolution of the wave 
packet due to the two excited discrete electron con-
figurations contributing. The period of the oscillation is 
determined by the energy separation of the two Fano 
resonances involved.

In the specific case investigated here the evolution in 
time of the wave packet maps the interplay of one- and 
two-electron excitation of the Kr atom that is started 
by the XUV laser pulse and its final decay due to au-
toionization into the (4p)-1 (ε s/d) ionization continuum. 
This decay directly affects the amplitude of the coher-
ence oscillation (see [GRZ12]). The dependence of the 
photoelectron yield in Fig. 8 on time can be completely 
modelled using Fano’s theory to simplify transition di-
pole matrix elements for Kr. They are fixed by very few 
parameters. For details concerning this analysis see 
[GRZ12].

The method used here to map the electron wave packet 
evolution in the photoionization continuum can be ap-
plied to any atomic system. It is specifically useful pro-
vided Fano window resonances are involved where the 
standard sideband technique is difficult to apply.

 
Time-resolved XUV/X-ray photoelectron imaging 
and spectroscopy 

With the advent of new XUV light sources, and the de-
velopment of high harmonic emission both as a light 
source and as a probe, combined with advances in ex-
perimental detection techniques, observation and con-
trol of the fastest electronic and molecular processes 
are now possible. 

There are mainly two experimental techniques which 
are used to probe molecular dynamics on the attosec-
ond timescale: High Harmonic Generation spectroscopy 
(HHG) [SMP09] and the measurement of Molecular 
Frame Photoelectron Angular Distributions (MFPAD) 
[RKS12]. In the latter, information about the electronic 
geometry and molecular structure is retrieved from the 
angle and kinetic energy distribution of the ejected elec-
trons during XUV ionization. 

Using a velocity map imaging spectrometer, we have 
recently recorded the MFPAD after photoionization of 
aligned CO2, N2, O2 and CO molecules by an EUV comb 
produced from HHG and compared the results with ab-
initio calculations based on an adaptation of the UK-
Rmatrix code to photoionization. A detailed description 
of this activity is given in one of the feature articles of 
this annual report.

Attosecond cascades and time delays in one-elec-
tron photoionization

The first experiments devoted to time resolving pho-
toionization dynamics have started a heated debate 
about photoionization time delays. Experiments have 
shown long time delays, inconsistent with the theoretical 
predictions. The possible causes of the disagreement 
have been thoroughly checked theoretically, taking into 
account the effect of the measurements (either streak 
cameras or RABBITT techniques). The most complete 
simulations to date [MLP11] differ to experimental ob-
servations by a factor of 2 [SFK10]. All these studies 
have shown the richness of the correlation driven dy-
namics that contribute to photoionization delays. 

In collaboration with Prof. K. Ishikawa, from the Tokyo 
University, we have carried out [SII12] a time resolved 
ab initio study of the attosecond dynamics of electron-
electron correlation during single-electron, single XUV-
photon ionization of an excited helium atom. We have 

also used a restricted-dimensionality model, where both 
electrons are restricted to a single degree of freedom 
each, and electron-nucleus interactions are softened. 
Even with these limitations the 1D-He model has proven 
to be very useful due to its shorter computing time, and 
also as a benchmarking tool before performing the more 
costly full Helium atom simulations. The calculations 
were done using a multiple configuration time-depend-
ent Hartree method (MCTDH), recently adapted by us 
to fermions.

First, we prepare the system in one of its excited states 
(one electron excitations), so that one of the electrons 

Fig. 9:   
Time-dependent populations of ionic states (channels) 
for the 3D He initially in the 1s2p state. The lines are 
marked with the corresponding channel numbers. Ad-
ditionally, dotted, dashed and dot-dashed lines show 
the cumulative populations of the ionic states with 
principal quantum number 1,2 and 3. Fine dotted line 
represents ionizing XUV laser pulse, (length 100 as, 
carrier frequency 73 eV, intensity 1012 W/cm2). Elec-
tron transfer between different ionic states continues 
after the pulse, while the activated electron is pushing 
its way through the outer-electron shells. This leads to 
apparent delays in appearance of different ionization 
channels.
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is bound deeper than the other. One-photon absorp-
tion predominantly activates the deeper bound electron, 
which will have to push its way through the outer-elec-
tron cloud, inducing a cascade of correlation-induced 
processes. 

We observe two distinctly different excitation time-
scales. The first is associated with the shake-up, which 
is essentially instantaneous. The second is associated 
with the post-ionization interaction leading to the 'knock-
up' and 'knock-down' transitions after the end of the la-
ser pulse. These transitions are (somewhat) analogous 
to the two-step-one (TS1) process in double photo-ion-
ization and involve energy exchange between the two 
electrons after the absorption of the XUV photon. Sec-
ond, we see that the time-scales of the 'knock-up' and 
'knock-down' transitions are directly linked to the time it 
takes the 'active' electron, lifted from the deeper lying 
orbital by photon absorption, to traverse the cloud of the 
'passive' electron residing on the outer orbit. The tem-
poral structure of the transitions maps space-dependent 
charge density of the 'passive' electron orbitals. De-
pending on the initial state of the 'passive' electron and 
the energy of the active electron, relevant time scales 
can easily approach few 100 as. Thus, our fully quan-
tum analysis reveals a simple underlying semi-classical 
picture. Third, we find that different time-scales of the 
shake-up and the 'knock-up'/'knock down' transitions 
lead to the appearance of excitation cascades. The ini-
tial shake-up excitation is followed by one or more tran-
sitions between the excited states after the end of the 
ionizing pulse, as the 'passive' electron is 'pushed' by the 
'active' one. Thus, the time-domain approach helps one 
to assess the physical reality of processes described by 
different diagrams in the many-body perturbation theory. 
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1. Overview

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

2. Topics and collaborations

Research in this project has been structured into four ma-
jor topical directions:

T1: Hydrogen bond dynamics in hydrated biomimetic 
and biomolecular systems

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

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

External collaborations: V. S. Batista (Yale University, 
New Haven, CT, USA); M. Odelius (Stockholm Univer-
sity, Sweden); Ph. Wernet (Helmholtz Zentrum Berlin).

T3: Charge transport in biomimetic and biological 
systems

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

T4: Electronic excited state dynamics in molecular 
model systems

External collaborations: L. Poletto and F. Frassetto (LUX-
OR, Padova, Italy).

Internal collaboration with Project 2.3 has been estab-
lished. 

3. Results in 2012

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

Biomimetic and biomolecular systems are studied in a 
wide range of hydration levels to unravel the interactions 
between the molecular systems and the fluctuating water 
shells in the electronic ground state. Earlier stages of this 
research project focussed on hydrogen-bonded model 
systems, such as acetic acid dimer, and liquid water. In 
recent years the research has been extended towards 
hydrogen bond dynamics in hydrated DNA oligomer films 
as well as DNA base pairs in weakly interacting solvents. 

3.1: Dynamics of Condensed Phase Molecular Systems

E. T. J. Nibbering, O. Kornilov (project coordinators)
and F. Buchner, R. Costard, M. Eckstein, H. Fidder, W. Freyer, C. Greve, I. A. Heisler, B. Koeppe, M. Kubin, K. Lange, 
A. Lübcke, N. Preissler, M. Prémont-Schwarz, H.-H. Ritze, T. Schultz, C.-H. Yang, M. Yang, J. Zielinski 

Fig. 1:   
Linear FT-IR spectra of (a) adenosine monomer and 
(b) a solution of adenosine and thymidine. Solid blue 
lines indicate 100% H isotope content, solid black lines 
are H/D exchanged samples with 70-85% deuteration. 
The symmetric and asymmetric N-H and N-D stretch-
ing modes of adenosine monomer are indicated by ar-
rows in panel (a) and by asterisks in panel (b). Calcu-
lated stick diagrams for the four geometrically different 
A•T base pairs are shown at the bottom. 

H. Rottke; Workshop on Super Intense Laser-Atom 
Physics, SILAP 2012 (Suzhou Jiangsu Province, China, 
2012-09)
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lished. 

3. Results in 2012
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(FP7/2007-2013)/ERC grant agreement no. 247051

Biomimetic and biomolecular systems are studied in a 
wide range of hydration levels to unravel the interactions 
between the molecular systems and the fluctuating water 
shells in the electronic ground state. Earlier stages of this 
research project focussed on hydrogen-bonded model 
systems, such as acetic acid dimer, and liquid water. In 
recent years the research has been extended towards 
hydrogen bond dynamics in hydrated DNA oligomer films 
as well as DNA base pairs in weakly interacting solvents. 

3.1: Dynamics of Condensed Phase Molecular Systems
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A. Lübcke, N. Preissler, M. Prémont-Schwarz, H.-H. Ritze, T. Schultz, C.-H. Yang, M. Yang, J. Zielinski 

Fig. 1:   
Linear FT-IR spectra of (a) adenosine monomer and 
(b) a solution of adenosine and thymidine. Solid blue 
lines indicate 100% H isotope content, solid black lines 
are H/D exchanged samples with 70-85% deuteration. 
The symmetric and asymmetric N-H and N-D stretch-
ing modes of adenosine monomer are indicated by ar-
rows in panel (a) and by asterisks in panel (b). Calcu-
lated stick diagrams for the four geometrically different 
A•T base pairs are shown at the bottom. 
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A new research line involves the vibrational dynamics 
of hydrated phospholipid reverse micelles. The experi-
ments 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.

In collaboration with the Temps group (Christian-Al-
brechts-Universität zu Kiel) we recently initiated a study 
of chemically modified DNA base. This research has 
been augmented with theoretical calculations using den-
sity functional theory performed by the Mukamel group 
(University of California at Irvine, USA). 

We have studied the N-H stretching vibrations of ade-
nine, one of the building blocks of DNA, by combining 
linear infrared absorption and nonlinear two-dimensional 
infrared spectroscopy with ab initio calculations [GPC12, 
GPC]. The diagonal and off-diagonal anharmonicities can 
be determined of N-H stretching vibrations in chemically 
modified adenosine monomer dissolved in chloroform. 
For the single quantum v=0 " v=1 excitation manifold, 
the normal mode picture with symmetric and asymmetric 
NH2 stretching vibrations is fully appropriate (Fig. 1a). For 
the two-quantum v=1 " v=2 excitation manifold, how-
ever, the interplay between intermode coupling and fre-
quency shifts due to a large diagonal anharmonicity leads 
to a situation where strong mixing does not occur, and 
the local mode picture is more appropriate to describe 
the spectroscopic transitions (Fig. 2). Our findings on the 
N-H stretching transitions of adenosine monomer can be 
compared with previously reported results obtained with 
overtone spectroscopy of coupled hydrogen stretching 
oscillators of gas phase molecular systems.

The N-H stretching vibrations of adenosine-thymidine 
base pairs in chloroform solution have been studied with 
linear and nonlinear infrared spectroscopy [GPF, GPC]. 
Based on estimates from NMR measurements [KNT] 
and ab initio calculations, we conclude that adenos-
ine and thymidine form hydrogen bonded base pairs in 
Watson-Crick, reverse Watson-Crick, Hoogsteen and re-
verse Hoogsteen configurations with similar probability. 
Steady-state concentration- and temperature dependent 
linear FT-IR studies, including H/D exchange experi-
ments (Fig. 1b), reveal that these hydrogen-bonded base 
pairs have complex N-H/N-D stretching spectra with a 
multitude of spectral components. Nonlinear 2D-IR spec-
troscopic results (Fig. 3), together with IR-pump-IR-probe 
measurements, as also corroborated by ab initio calcula-
tions, reveal that the number of N-H stretching transitions 
is larger than the total number of N-H stretching modes. 
This is explained by couplings to other modes, such as 
an underdamped low-frequency hydrogen-bond mode, 
and a Fermi resonance with NH2 bending overtone levels 
of the adenosine amino-group. Our results demonstrate 
that modeling based on local N-H stretching vibrations 
only is not sufficient and call for further refinement of the 
description of the N-H stretching manifolds of nucleic acid 
base pairs of adenosine and thymidine, incorporating a 
multitude of couplings with fingerprint and low-frequency 
modes.

We have also refined our understanding of guanosine-cy-
tidine (G•C) base pairs, hydrogen-bonded in the Watson-
Crick geometry [FYN]. Comparison of G•C absorption 

spectra before and after H/D exchange reveals signifi-
cant N-H stretching absorption in the region from 2500 up 
to 3300 cm-1. Both the local stretching modes νC(NH2)b 

of the hydrogen bonded N-H moiety of the cytidine NH2 
group and νG(NH) of the guanosine N-H group contrib-
ute to this broad absorption band. Its complex lineshape 
is attributed to Fermi resonances of the N-H stretching 
modes with combination and overtones of fingerprint 
vibrations and anharmonic couplings to low-frequency 
modes. Cross peaks in the nonlinear 2D spectra between 
the 3491 cm-1 free N-H oscillator band and bands cen-

Fig. 2:   
2D-IR spectra of the adenosine monomer (left col-
umn) recorded at a population waiting time of 200 fs, 
using the (ZZZZ) and (ZZYY) polarization conditions. 
Calculated 2D-IR spectra for the A monomer are 
given in the second column. The linear FT-IR spectra 
are depicted in the top panels.

Fig. 3:   
Absorptive 2D-IR spectra of 140 mM A·T measured in 
CHCl3, measured for the ZZZZ and ZZXX polarization 
configurations of excitation and local oscillator pulses, 
(waiting time T = 100 fs). For comparison the solvent cor-
rected linear IR spectra have been added to this graph.
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tered at 3145 and 3303 cm-1 imply N-H···O=C hydrogen 
bond character for both these transitions.

Having used IR-pump-probe and 2D-IR photon echo 
spectroscopy in previous years to discern the coupled 
N-H stretching modes of the A-T pairs and O-H stretching 
excitations of the water shell of hydrated A-T oligomers 
[YSE12, ESY], we have more recently explored hydra-
tion phenomena in self-assembled phospholipid reverse 
micelles [CLN12, CGH12]. These reverse micelles are 
composed of dioleoylphosphatidylcholine (DOPC), a 
phospholipid with hydrophobic tails and a hydrophilic 
head consisting of a PO4 unit and covalently linked cho-
line groups. In such systems, the hydrophilic heads point 
to the interior and addition of water leads to hydration of 
the head groups as well as the build-up of nanoscopic 
water pools inside the reverse micelles (the water content 
is defined by the parameter w0 = [H2O]/[DOPC]). 

Structural and functional properties of phospholipids are 
strongly influenced by dynamics of their hydration shells. 
We have observed that local water pools as small as 
three water molecules around the polar headgroups in 
phospholipid reverse micelles (dioleoylphosphatidylcho-
line, DOPC) serve as efficient sinks of excess energy 
released during vibrational relaxation. Femtosecond 
IR-pump-probe measurements as well as 2D-IR photon 
echo experiments (Fig. 4) show that at low water content 
a persistent predominantly inhomogeneously broadened 
line due to a heterogeneous distribution of hydrogen bond 
geometries of single water molecules bound to the phos-
phate groups. With increasing water content the spectral 
diffusion rates increase as a result of vibrational energy 
dissipation into local water pools. Concomitantly, the O-H 
stretching lifetime decreases from approximately 500 fs 
at a 1:1 ratio of water and DOPC molecules (w0 = 1) to 
300 fs for large water pools (w0 = 16). Two-colour pump–
probe studies mapping the ultrafast O-H bending re-

sponse after O-H stretch excitation demonstrate that the 
relaxation pathway of the O-H stretch vibration involves 
the O-H bending mode. After O-H stretching relaxation 
at high hydration levels, the vibrational excess energy is 
randomized within the water pool and then transferred to 
the surrounding solvent.

The 2D-IR spectra of O-H stretching excitations of H2O 
shells demonstrate a subpicosecond buildup of a hot wa-
ter ground state, in which excess energy is randomized in 
low-frequency modes. To assess the degree of inhomo-
geneous broadening at early times (as indicated by the 
ellipticity of the 2D-IR spectral envelopes) and the impact 
of subsequent spectral diffusion (as exemplified by the 
change into round spectral envelopes), a centre line slope 
analysis was performed, where the maxima of cuts along 
the excitation frequency ν1 for fixed detection frequency 
ν3 were determined, and the found frequency positions 
of the respective maximum signals were connected. An 
analysis of centre line slopes of the 2D-IR spectra (solid 
blue lines in Fig. 4) reveals kinetics of energy dissipation 
that are significantly faster than structural fluctuations of 
the water pool and remain unchanged at intermediate hy-
dration levels between three and eight water molecules 
per polar headgroup (Fig. 5). Our results suggest that 
confined small water pools in biomolecular systems are 
sufficient to dissipate excess energy originating from the 
decay of electronic or vibrational excitations.
 

Fig. 4:   
Absorptive 2D-IR spectra (measured for ZZZZ polar-
ization configuration) of the O-H stretching vibration 
of water inside DOPC reverse micelles for the waiting 
times indicated and 2 different hydration levels w0 = 
1 (first row), and w0 = 16 (second row). Contour lines 
indicate 10% steps in the measured 2D signals. Cen-
tre lines for spectral diffusion analysis are shown as 
solid lines. 

Fig. 5:   
Centre line slopes derived from 2D-IR spectra of 
DOPC micelles at different hydration levels from  
w0 = 1 to 16, showing a faster decrease upon water 
pool size as a function of waiting time T. The decays 
are significantly faster than the ones resulting from 
structural fluctuations of phospholipid hydration shells 
as predicted by MD simulations, showing the impor-
tant role of the hot ground state contributions to the 
2D-IR signals. The centre line slope decays for bulk 
H2O (brown) show even faster dynamics due to the 
highly fluctuating hydrogen bond network and reso-
nant energy transfer between O-H stretching oscilla-
tors.
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A new research line involves the vibrational dynamics 
of hydrated phospholipid reverse micelles. The experi-
ments 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.

In collaboration with the Temps group (Christian-Al-
brechts-Universität zu Kiel) we recently initiated a study 
of chemically modified DNA base. This research has 
been augmented with theoretical calculations using den-
sity functional theory performed by the Mukamel group 
(University of California at Irvine, USA). 

We have studied the N-H stretching vibrations of ade-
nine, one of the building blocks of DNA, by combining 
linear infrared absorption and nonlinear two-dimensional 
infrared spectroscopy with ab initio calculations [GPC12, 
GPC]. The diagonal and off-diagonal anharmonicities can 
be determined of N-H stretching vibrations in chemically 
modified adenosine monomer dissolved in chloroform. 
For the single quantum v=0 " v=1 excitation manifold, 
the normal mode picture with symmetric and asymmetric 
NH2 stretching vibrations is fully appropriate (Fig. 1a). For 
the two-quantum v=1 " v=2 excitation manifold, how-
ever, the interplay between intermode coupling and fre-
quency shifts due to a large diagonal anharmonicity leads 
to a situation where strong mixing does not occur, and 
the local mode picture is more appropriate to describe 
the spectroscopic transitions (Fig. 2). Our findings on the 
N-H stretching transitions of adenosine monomer can be 
compared with previously reported results obtained with 
overtone spectroscopy of coupled hydrogen stretching 
oscillators of gas phase molecular systems.

The N-H stretching vibrations of adenosine-thymidine 
base pairs in chloroform solution have been studied with 
linear and nonlinear infrared spectroscopy [GPF, GPC]. 
Based on estimates from NMR measurements [KNT] 
and ab initio calculations, we conclude that adenos-
ine and thymidine form hydrogen bonded base pairs in 
Watson-Crick, reverse Watson-Crick, Hoogsteen and re-
verse Hoogsteen configurations with similar probability. 
Steady-state concentration- and temperature dependent 
linear FT-IR studies, including H/D exchange experi-
ments (Fig. 1b), reveal that these hydrogen-bonded base 
pairs have complex N-H/N-D stretching spectra with a 
multitude of spectral components. Nonlinear 2D-IR spec-
troscopic results (Fig. 3), together with IR-pump-IR-probe 
measurements, as also corroborated by ab initio calcula-
tions, reveal that the number of N-H stretching transitions 
is larger than the total number of N-H stretching modes. 
This is explained by couplings to other modes, such as 
an underdamped low-frequency hydrogen-bond mode, 
and a Fermi resonance with NH2 bending overtone levels 
of the adenosine amino-group. Our results demonstrate 
that modeling based on local N-H stretching vibrations 
only is not sufficient and call for further refinement of the 
description of the N-H stretching manifolds of nucleic acid 
base pairs of adenosine and thymidine, incorporating a 
multitude of couplings with fingerprint and low-frequency 
modes.

We have also refined our understanding of guanosine-cy-
tidine (G•C) base pairs, hydrogen-bonded in the Watson-
Crick geometry [FYN]. Comparison of G•C absorption 

spectra before and after H/D exchange reveals signifi-
cant N-H stretching absorption in the region from 2500 up 
to 3300 cm-1. Both the local stretching modes νC(NH2)b 

of the hydrogen bonded N-H moiety of the cytidine NH2 
group and νG(NH) of the guanosine N-H group contrib-
ute to this broad absorption band. Its complex lineshape 
is attributed to Fermi resonances of the N-H stretching 
modes with combination and overtones of fingerprint 
vibrations and anharmonic couplings to low-frequency 
modes. Cross peaks in the nonlinear 2D spectra between 
the 3491 cm-1 free N-H oscillator band and bands cen-

Fig. 2:   
2D-IR spectra of the adenosine monomer (left col-
umn) recorded at a population waiting time of 200 fs, 
using the (ZZZZ) and (ZZYY) polarization conditions. 
Calculated 2D-IR spectra for the A monomer are 
given in the second column. The linear FT-IR spectra 
are depicted in the top panels.

Fig. 3:   
Absorptive 2D-IR spectra of 140 mM A·T measured in 
CHCl3, measured for the ZZZZ and ZZXX polarization 
configurations of excitation and local oscillator pulses, 
(waiting time T = 100 fs). For comparison the solvent cor-
rected linear IR spectra have been added to this graph.
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tered at 3145 and 3303 cm-1 imply N-H···O=C hydrogen 
bond character for both these transitions.

Having used IR-pump-probe and 2D-IR photon echo 
spectroscopy in previous years to discern the coupled 
N-H stretching modes of the A-T pairs and O-H stretching 
excitations of the water shell of hydrated A-T oligomers 
[YSE12, ESY], we have more recently explored hydra-
tion phenomena in self-assembled phospholipid reverse 
micelles [CLN12, CGH12]. These reverse micelles are 
composed of dioleoylphosphatidylcholine (DOPC), a 
phospholipid with hydrophobic tails and a hydrophilic 
head consisting of a PO4 unit and covalently linked cho-
line groups. In such systems, the hydrophilic heads point 
to the interior and addition of water leads to hydration of 
the head groups as well as the build-up of nanoscopic 
water pools inside the reverse micelles (the water content 
is defined by the parameter w0 = [H2O]/[DOPC]). 

Structural and functional properties of phospholipids are 
strongly influenced by dynamics of their hydration shells. 
We have observed that local water pools as small as 
three water molecules around the polar headgroups in 
phospholipid reverse micelles (dioleoylphosphatidylcho-
line, DOPC) serve as efficient sinks of excess energy 
released during vibrational relaxation. Femtosecond 
IR-pump-probe measurements as well as 2D-IR photon 
echo experiments (Fig. 4) show that at low water content 
a persistent predominantly inhomogeneously broadened 
line due to a heterogeneous distribution of hydrogen bond 
geometries of single water molecules bound to the phos-
phate groups. With increasing water content the spectral 
diffusion rates increase as a result of vibrational energy 
dissipation into local water pools. Concomitantly, the O-H 
stretching lifetime decreases from approximately 500 fs 
at a 1:1 ratio of water and DOPC molecules (w0 = 1) to 
300 fs for large water pools (w0 = 16). Two-colour pump–
probe studies mapping the ultrafast O-H bending re-

sponse after O-H stretch excitation demonstrate that the 
relaxation pathway of the O-H stretch vibration involves 
the O-H bending mode. After O-H stretching relaxation 
at high hydration levels, the vibrational excess energy is 
randomized within the water pool and then transferred to 
the surrounding solvent.

The 2D-IR spectra of O-H stretching excitations of H2O 
shells demonstrate a subpicosecond buildup of a hot wa-
ter ground state, in which excess energy is randomized in 
low-frequency modes. To assess the degree of inhomo-
geneous broadening at early times (as indicated by the 
ellipticity of the 2D-IR spectral envelopes) and the impact 
of subsequent spectral diffusion (as exemplified by the 
change into round spectral envelopes), a centre line slope 
analysis was performed, where the maxima of cuts along 
the excitation frequency ν1 for fixed detection frequency 
ν3 were determined, and the found frequency positions 
of the respective maximum signals were connected. An 
analysis of centre line slopes of the 2D-IR spectra (solid 
blue lines in Fig. 4) reveals kinetics of energy dissipation 
that are significantly faster than structural fluctuations of 
the water pool and remain unchanged at intermediate hy-
dration levels between three and eight water molecules 
per polar headgroup (Fig. 5). Our results suggest that 
confined small water pools in biomolecular systems are 
sufficient to dissipate excess energy originating from the 
decay of electronic or vibrational excitations.
 

Fig. 4:   
Absorptive 2D-IR spectra (measured for ZZZZ polar-
ization configuration) of the O-H stretching vibration 
of water inside DOPC reverse micelles for the waiting 
times indicated and 2 different hydration levels w0 = 
1 (first row), and w0 = 16 (second row). Contour lines 
indicate 10% steps in the measured 2D signals. Cen-
tre lines for spectral diffusion analysis are shown as 
solid lines. 

Fig. 5:   
Centre line slopes derived from 2D-IR spectra of 
DOPC micelles at different hydration levels from  
w0 = 1 to 16, showing a faster decrease upon water 
pool size as a function of waiting time T. The decays 
are significantly faster than the ones resulting from 
structural fluctuations of phospholipid hydration shells 
as predicted by MD simulations, showing the impor-
tant role of the hot ground state contributions to the 
2D-IR signals. The centre line slope decays for bulk 
H2O (brown) show even faster dynamics due to the 
highly fluctuating hydrogen bond network and reso-
nant energy transfer between O-H stretching oscilla-
tors.
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T2: Transient structure determination of hydrogen 
bonded acid-base pairs
(DFG NI 492/11.1)

This activity aims at an analysis of the hydrogen-bonded 
structure of acid-base pairs. By determining structure, 
the elementary chemical processes of proton release, 
transfer, and acceptance by the base will be elucidated 
most directly. Femtosecond infrared techniques are 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 [GYG] to X-ray absorption and emission spectros-
copies. The experimental results will be analyzed in close 
collaboration with theory groups. 

IR spectroscopy of the O-H mode provides a local probe 
of the hydrogen bond in photoacid-base complexes. We 
have reached an appropriate description for O-H stretch-
ing frequency shifts of the uncomplexed photoacid mol-
ecules 1-naphthol and 2-naphthol [XPN12]. This descrip-
tion (abbreviated as PvdZH) is based on a perturbative 
theoretical model originally developed by Pullin, and aug-
mented it with the van der Zwan-Hynes relationship. Ab-
initio quantum chemistry calculations provide the deter-
mination of the molecular parameters for the augmented 
model, computed at the level of density functional theory 

for the ground state (i.e. using the B3LYP/TZVP method) 
and the excited states (i.e. using the TD-B3LYP/TZVP 
method).

We now extended this approach for hydrogen-bonded 
complexes of 2-naphthol (2N) with acetonitrile (Fig. 6) 
[PXB]. The measured frequency shifts of 2N-CH3CN in 
the 1Lb-state are plotted in Fig. 6 (b) as a function of F0 = 
(2ε0-2)/(2ε0+1), with ε0 the static dielectric constant of the 
solvent. We have quantified the slopes in Fig. 6(b) using 
the PvdZH model, with molecular parameters computed 
from ab initio calculations, and compared our predicted 
frequency shifts to that obtained by a direct O-H stretch-
ing normal mode analysis performed at the (TD-) DFT 
levels with the standard polarizable continuum model 
(PCM) solvation technique as implemented in Gaussian 
09. Two stable conformers, which differ by the orientation 
of the O-H···N vector relative to the aromatic ring of 2N 
(Fig. 2(b)), were used in the analysis. Whereas a similarly 
consistent correspondence between experiment and the-
ory for the slopes of frequency shifts is obtained for 2N-
CH3CN in the S0-state, a marked deviation in the 1Lb-state 
is apparent. This may be an indication that modelling of 
solvent-induced O-H stretching frequency shifts for stron-
ger hydrogen-bonded complexes (such as 2N-CH3CN in 
the 1Lb-state), where anharmonicities of the O-H stretch-
ing potential are more pronounced, necessitates a so-
phistication of the description of these complexes extend-
ing to states involving conjugate (photo) base-conjugate 
acid configurations.

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 [GAV]. This line of research builds on pre-
vious ultrafast studies of aqueous proton transfer using 
photoacids, as well as of photoinduced electron transfer 
in donor-acceptor complexes [GAV12].

The 1-naphthol molecule has been the subject of intense 
research activity for the past 60 years due to its com-
plex behaviour as a photoacid upon optical excitation. 
We have utilized femtosecond mid-infrared spectroscopy 
and time-resolved fluorescence spectroscopy to investi-
gate the excited-state proton transfer reaction of 1-naph-
thol-3,6-disulfonate (1N-3,6diS) and several 5-substitut-
ed 1-naphthol derivatives [PBP]. The proton dissociation 
rate constant of 1N-3,6-diS was found to be about 3 times 
faster and the pKa* about 2 pKa units more acidic than 
the values previously reported in the literature. A Marcus 
(free-energy) plot of excited-state proton dissociation rate 
constants vs. the excited state equilibrium constant of the 
photoacids, Ka*, was constructed using the C-5 series of 
the 1-naphthol derivatives (Fig. 7). The newly measured 
values for the ESPT rate constant and pKa* of 1N-3,6diS 
was found to fit well with the Marcus correlation. 

In the last years, femtosecond photoelectron spectros-
copy has been successfully applied to liquid samples 

Fig. 6:   
(a) Transient UV-pump-IR-probe spectra of 2N-CH3CN 
complexes, measured in solvents with varying polarity. 
Asterisks denote O-H stretching bands of uncomplexed 
2N molecules. The observed frequency shifts measured 
in the S0- and 1Lb-states are plotted in (b), together with 
calculated curves using the PvdZH approach, as well as 
using (TD-)DFT with PCM modelling of the solvent.
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to study different binding motifs of electrons in water 
and the excited state dynamics of liquid water [BSL12, 
BRB12]. The experimental setup employs the liquid mi-
crojet technique developed by Manfred Faubel and co-
workers (MPI for Flow Research, Göttingen and Georg-
August-Universität Göttingen), where the sample solu-
tion is pushed through a fused silica nozzle at high pres-
sure. For aqueous solutions, this technique unavoidably 
produces electrokinetic charging of the jet which results 
in (large) potentials accelerating or decelerating the pho-
toelectrons to be analyzed. In our experiments, kinetic 
energies of the photoelectrons are in the range of few 
eV. The expected streaming potentials are in the range of 
several Volts, i. e. electrokinetic charging of the jet makes 
experiments on pure water practically impossible. Addi-

tion of sufficient amount of ions to the sample solution 
can suppress charging of the liquid jet. 

We have performed a systematic study to measure the 
electrokinetic charging as function of salt concentration 
and flow rate [PBS]. Assuming that all excess charges 
are confined within the liquid jet, we yield the stream-
ing potentials which were compared to corresponding 
shifts in photoelectron spectra. Interestingly, we find that 
streaming potentials derived from the measured stream-
ing currents are significantly larger than the observed 
shifts in the photoelectron spectra. Apparently, the as-
sumption that all excess charges are confined within the 
jet is not appropriate, and we conclude that a significant 
fraction of excess charge is evaporated from the jet in 
form of charged clusters. Support for this conclusion 
comes from our photoelectron spectra of the gas phase 
around the liquid jet, where we found clear indication for 
I-(H2O)n clusters. In conclusion, femtosecond photoelec-
tron spectroscopy of aqueous solution requires addition 
of about 30 mM salt to safely rule out any effects from 
electrokinetic charging.

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, 
such as trans/cis isomerization, ring opening or closure 
are examples of elementary processes to be studied in 
detail. Previous activities at the MBI to probe such fun-
damental events have utilized femtosecond mid-IR spec-
troscopy.

Combination of the high-order harmonic generation 
(HHG) and liquid microjet techniques allows us to ap-
ply the method of time-resolved photoelectron spectros-
copy with unprecedented time-resolution to problems 
of condensed-phase femtochemistry. Of primary inter-
est are electron and nuclear dynamics of electronically 
excited chromophores. The XUV photoelectron spec-
troscopy gives complimentary information to more com-
mon all-optical spectroscopies. In particular it avoids 
the problem of dark states and can follow the dynamics 
along the reaction coordinate down to the ground state, 
bringing new insights into the biologically important mo-
lecular transformations. 

The setup for UV-vis/XUV pump-probe photoelectron 
spectroscopy, implemented as part of this project, is 
nearing its completion. It consists of an HHG source, a 
time-compensating XUV monochromator and a liquid mi-
crojet end-station. This year construction of all the parts 
has been completed and some of the commissioning 
tests have been carried out. In particular, operations of 
the HHG source and XUV monochromator have been 
demonstrated. The first commissioning test results are 
summarized in Fig. 9 along with the recent photograph 
of the setup. 

As the first step towards UV-vis/XUV spectroscopy, ex-
periments using multiphoton ionization (instead of XUV) 

Fig. 7:   
Free energy corrrelation found in the proton dissocia-
tion reaction of 1N derivatives, as well as 2N. Added 
in this correlation are the kinetic rate constants for 
direct proton transfer between photoacids and car-
boxylate bases. Dashed and solid lines are due to two 
different Marcus-type relationships.

Fig. 8:   
The observed shift of the photoelectron spectrum 
of solvated electrons as function of added salt con-
centration is significantly smaller than the streaming 
potential derived from measured electrokinetic cur-
rents. This is explained by evaporation of a significant 
amount of excess charges.
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T2: Transient structure determination of hydrogen 
bonded acid-base pairs
(DFG NI 492/11.1)

This activity aims at an analysis of the hydrogen-bonded 
structure of acid-base pairs. By determining structure, 
the elementary chemical processes of proton release, 
transfer, and acceptance by the base will be elucidated 
most directly. Femtosecond infrared techniques are 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 [GYG] to X-ray absorption and emission spectros-
copies. The experimental results will be analyzed in close 
collaboration with theory groups. 

IR spectroscopy of the O-H mode provides a local probe 
of the hydrogen bond in photoacid-base complexes. We 
have reached an appropriate description for O-H stretch-
ing frequency shifts of the uncomplexed photoacid mol-
ecules 1-naphthol and 2-naphthol [XPN12]. This descrip-
tion (abbreviated as PvdZH) is based on a perturbative 
theoretical model originally developed by Pullin, and aug-
mented it with the van der Zwan-Hynes relationship. Ab-
initio quantum chemistry calculations provide the deter-
mination of the molecular parameters for the augmented 
model, computed at the level of density functional theory 

for the ground state (i.e. using the B3LYP/TZVP method) 
and the excited states (i.e. using the TD-B3LYP/TZVP 
method).

We now extended this approach for hydrogen-bonded 
complexes of 2-naphthol (2N) with acetonitrile (Fig. 6) 
[PXB]. The measured frequency shifts of 2N-CH3CN in 
the 1Lb-state are plotted in Fig. 6 (b) as a function of F0 = 
(2ε0-2)/(2ε0+1), with ε0 the static dielectric constant of the 
solvent. We have quantified the slopes in Fig. 6(b) using 
the PvdZH model, with molecular parameters computed 
from ab initio calculations, and compared our predicted 
frequency shifts to that obtained by a direct O-H stretch-
ing normal mode analysis performed at the (TD-) DFT 
levels with the standard polarizable continuum model 
(PCM) solvation technique as implemented in Gaussian 
09. Two stable conformers, which differ by the orientation 
of the O-H···N vector relative to the aromatic ring of 2N 
(Fig. 2(b)), were used in the analysis. Whereas a similarly 
consistent correspondence between experiment and the-
ory for the slopes of frequency shifts is obtained for 2N-
CH3CN in the S0-state, a marked deviation in the 1Lb-state 
is apparent. This may be an indication that modelling of 
solvent-induced O-H stretching frequency shifts for stron-
ger hydrogen-bonded complexes (such as 2N-CH3CN in 
the 1Lb-state), where anharmonicities of the O-H stretch-
ing potential are more pronounced, necessitates a so-
phistication of the description of these complexes extend-
ing to states involving conjugate (photo) base-conjugate 
acid configurations.

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 [GAV]. This line of research builds on pre-
vious ultrafast studies of aqueous proton transfer using 
photoacids, as well as of photoinduced electron transfer 
in donor-acceptor complexes [GAV12].

The 1-naphthol molecule has been the subject of intense 
research activity for the past 60 years due to its com-
plex behaviour as a photoacid upon optical excitation. 
We have utilized femtosecond mid-infrared spectroscopy 
and time-resolved fluorescence spectroscopy to investi-
gate the excited-state proton transfer reaction of 1-naph-
thol-3,6-disulfonate (1N-3,6diS) and several 5-substitut-
ed 1-naphthol derivatives [PBP]. The proton dissociation 
rate constant of 1N-3,6-diS was found to be about 3 times 
faster and the pKa* about 2 pKa units more acidic than 
the values previously reported in the literature. A Marcus 
(free-energy) plot of excited-state proton dissociation rate 
constants vs. the excited state equilibrium constant of the 
photoacids, Ka*, was constructed using the C-5 series of 
the 1-naphthol derivatives (Fig. 7). The newly measured 
values for the ESPT rate constant and pKa* of 1N-3,6diS 
was found to fit well with the Marcus correlation. 

In the last years, femtosecond photoelectron spectros-
copy has been successfully applied to liquid samples 

Fig. 6:   
(a) Transient UV-pump-IR-probe spectra of 2N-CH3CN 
complexes, measured in solvents with varying polarity. 
Asterisks denote O-H stretching bands of uncomplexed 
2N molecules. The observed frequency shifts measured 
in the S0- and 1Lb-states are plotted in (b), together with 
calculated curves using the PvdZH approach, as well as 
using (TD-)DFT with PCM modelling of the solvent.
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to study different binding motifs of electrons in water 
and the excited state dynamics of liquid water [BSL12, 
BRB12]. The experimental setup employs the liquid mi-
crojet technique developed by Manfred Faubel and co-
workers (MPI for Flow Research, Göttingen and Georg-
August-Universität Göttingen), where the sample solu-
tion is pushed through a fused silica nozzle at high pres-
sure. For aqueous solutions, this technique unavoidably 
produces electrokinetic charging of the jet which results 
in (large) potentials accelerating or decelerating the pho-
toelectrons to be analyzed. In our experiments, kinetic 
energies of the photoelectrons are in the range of few 
eV. The expected streaming potentials are in the range of 
several Volts, i. e. electrokinetic charging of the jet makes 
experiments on pure water practically impossible. Addi-

tion of sufficient amount of ions to the sample solution 
can suppress charging of the liquid jet. 

We have performed a systematic study to measure the 
electrokinetic charging as function of salt concentration 
and flow rate [PBS]. Assuming that all excess charges 
are confined within the liquid jet, we yield the stream-
ing potentials which were compared to corresponding 
shifts in photoelectron spectra. Interestingly, we find that 
streaming potentials derived from the measured stream-
ing currents are significantly larger than the observed 
shifts in the photoelectron spectra. Apparently, the as-
sumption that all excess charges are confined within the 
jet is not appropriate, and we conclude that a significant 
fraction of excess charge is evaporated from the jet in 
form of charged clusters. Support for this conclusion 
comes from our photoelectron spectra of the gas phase 
around the liquid jet, where we found clear indication for 
I-(H2O)n clusters. In conclusion, femtosecond photoelec-
tron spectroscopy of aqueous solution requires addition 
of about 30 mM salt to safely rule out any effects from 
electrokinetic charging.

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, 
such as trans/cis isomerization, ring opening or closure 
are examples of elementary processes to be studied in 
detail. Previous activities at the MBI to probe such fun-
damental events have utilized femtosecond mid-IR spec-
troscopy.

Combination of the high-order harmonic generation 
(HHG) and liquid microjet techniques allows us to ap-
ply the method of time-resolved photoelectron spectros-
copy with unprecedented time-resolution to problems 
of condensed-phase femtochemistry. Of primary inter-
est are electron and nuclear dynamics of electronically 
excited chromophores. The XUV photoelectron spec-
troscopy gives complimentary information to more com-
mon all-optical spectroscopies. In particular it avoids 
the problem of dark states and can follow the dynamics 
along the reaction coordinate down to the ground state, 
bringing new insights into the biologically important mo-
lecular transformations. 

The setup for UV-vis/XUV pump-probe photoelectron 
spectroscopy, implemented as part of this project, is 
nearing its completion. It consists of an HHG source, a 
time-compensating XUV monochromator and a liquid mi-
crojet end-station. This year construction of all the parts 
has been completed and some of the commissioning 
tests have been carried out. In particular, operations of 
the HHG source and XUV monochromator have been 
demonstrated. The first commissioning test results are 
summarized in Fig. 9 along with the recent photograph 
of the setup. 

As the first step towards UV-vis/XUV spectroscopy, ex-
periments using multiphoton ionization (instead of XUV) 

Fig. 7:   
Free energy corrrelation found in the proton dissocia-
tion reaction of 1N derivatives, as well as 2N. Added 
in this correlation are the kinetic rate constants for 
direct proton transfer between photoacids and car-
boxylate bases. Dashed and solid lines are due to two 
different Marcus-type relationships.

Fig. 8:   
The observed shift of the photoelectron spectrum 
of solvated electrons as function of added salt con-
centration is significantly smaller than the streaming 
potential derived from measured electrokinetic cur-
rents. This is explained by evaporation of a significant 
amount of excess charges.

Combination of the high-order harmonic generation 
(HHG) and liquid microjet techniques allows us to apply
the method of time-resolved photoelectron spectroscopy
with unprecedented time-resolution to problems of con-
densed-phase femtochemistry. Of primary interest are 
electron and nuclear dynamics of electronically excited 
chromophores. The XUV photoelectron spectroscopy 
gives complimentary information to more common all-
optical spectroscopies. In particular it avoids the prob-
lem of dark states and can follow the dynamics along 
the reaction coordinate down to the ground state, bring-
ing new insights into the biologically important molecular 
transformations.
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Fig. 2:  
Schematic of the n = 1 image-potential 
state in the gap of the surface-projected 
bulk bands (filled areas). Ine las tic decay 
processes of the image-potential-state 
electron via electron-hole pair creation  
are indicated:  decay to bulk states,  
 inter- and  intraband decay.
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have been performed on solvated all-trans retinal mol-
ecules. Retinal is a chromophore incorporated in many 
photo-sensor proteins, such as rhodopsin - the vision pro-
tein. In rhodopsin, the retinal upon excitation undergoes 
ultrafast cis-trans isomerization starting the protein trans-
formation, which ultimately leads to perception of light. In 
the literature it has been shown, that dynamics of retinal 
molecules strongly depends on its surroundings. The ex-
planation of this dependence has been somewhat contro-
versial so far, suggesting the change of order in the ex-
cited state manifold. The first results of the time-resolved 
photoelectron spectroscopy of all-trans retinal in ethanol 
and hexane show the drastic difference in dynamics in 
those two solvents further experiments and data analysis 
will help to assign dynamics to particular exited states of 
the molecule.
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Fig. 9:   
Top: recent photograph of the HHG source and the XUV 
time-compensating monochromator; bottom left: spectral 
response of the monochromator in three different photon 
energy ranges provided by gratings with different groove 
densities; bottom right: photoelectron signal (velocity map 
images) of Ar ionized by all harmonics or the 17th harmonic 
selected by the monochromator.
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1. Overview  

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

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

 

2. Topics and collaborations  
 
T1: Ultrafast nanooptics  
This topic includes the Teilprojekt A4 of the Collabora-
tive Research Center (CRC) 658 (FU Berlin, DFG) and 
B5 of the CRC 951 (HU Berlin, DFG).  

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

T3: Time-resolved photoelectron spectroscopy us-
ing the high-order harmonics beamline  
Dynamics at surfaces studied with soft X-rays (DFG 
WE2037/4-1, WGL Graduate School DinL), with M. 
Weinelt (FU Berlin) and Ph. Wernet (Helmholtz-Zentrum 
Berlin für Materialien und Energie GmbH).

Ultrafast versus equilibrium magnetic phase transitions 
and their signature in the electronic system, DFG project 
with M. Weinelt.

3.2: Solids and Nano-Structures

M. Woerner, R. Carley (project coordinators)
and R. Artinyan, J. Bowlan, P. Bowlan,  S. K. Das, S. Friede, B. Frietsch, R. Grunwald, M. Hempel, M. Herzlieb,  
S. Höhm, S. Kuehn, E. Martinez Moreno, H. Mentzel,  A. Mermillod, H. Messaoudi, K. Reimann, A. Rosenfeld, 
M. Teichman, J. W. Tomm, F. Yue

Fig. 1:  
(a) Infrared absorption spectra of the DTE monomer and the cyclic hydrogen bonded dimer.  
(b) Topography and scattering spectra of individual silver-core/silica-shell nanorods. (height scale: 60 nm).  
(c) Experimental scheme of near-field microscopy on 6P nanocrystals grown on ZnMgO. The correlation between 
crystal height and PL intensity shows a linear dependence. This indicates that excitons do not dissociate at the or-
ganic/inorganic interface.
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have been performed on solvated all-trans retinal mol-
ecules. Retinal is a chromophore incorporated in many 
photo-sensor proteins, such as rhodopsin - the vision pro-
tein. In rhodopsin, the retinal upon excitation undergoes 
ultrafast cis-trans isomerization starting the protein trans-
formation, which ultimately leads to perception of light. In 
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planation of this dependence has been somewhat contro-
versial so far, suggesting the change of order in the ex-
cited state manifold. The first results of the time-resolved 
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1. Overview  

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

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

 

2. Topics and collaborations  
 
T1: Ultrafast nanooptics  
This topic includes the Teilprojekt A4 of the Collabora-
tive Research Center (CRC) 658 (FU Berlin, DFG) and 
B5 of the CRC 951 (HU Berlin, DFG).  

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

T3: Time-resolved photoelectron spectroscopy us-
ing the high-order harmonics beamline  
Dynamics at surfaces studied with soft X-rays (DFG 
WE2037/4-1, WGL Graduate School DinL), with M. 
Weinelt (FU Berlin) and Ph. Wernet (Helmholtz-Zentrum 
Berlin für Materialien und Energie GmbH).

Ultrafast versus equilibrium magnetic phase transitions 
and their signature in the electronic system, DFG project 
with M. Weinelt.

3.2: Solids and Nano-Structures

M. Woerner, R. Carley (project coordinators)
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(a) Infrared absorption spectra of the DTE monomer and the cyclic hydrogen bonded dimer.  
(b) Topography and scattering spectra of individual silver-core/silica-shell nanorods. (height scale: 60 nm).  
(c) Experimental scheme of near-field microscopy on 6P nanocrystals grown on ZnMgO. The correlation between 
crystal height and PL intensity shows a linear dependence. This indicates that excitons do not dissociate at the or-
ganic/inorganic interface.
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Non-equilibrium dynamics in the heavy Fermion com-
pound YbRh2Si2, with D. Vyalikh (TU Dresden) and M. 
Weinelt.

Ultrafast dynamics of the spin density wave in Chromi-
um, with M. Wolf (FHI) and M. Weinelt.

Optically driven insulator-metal transition in VO2, with R. 
Haglund (Vanderbilt), J. Stähler (FHI), M. Weinelt.

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

T5: Optoelectronic devices  
This topic includes: BMBF project “Integrierte mikroop-
tische und mikrothermische Elemente für Diodenlaser 
hoher Brillanz”, IMOTHEB, 13N12310. Analysis of de-
fects in devices with J. Jiménez (Valladolid), U. Zeimer 
(FBH), M. Bettiati (Nozay). Emission kinetics of diode 
lasers with J. Mukherjee (Guildford). Spectroscopy of 
quantum dots with V. Talalaev (Halle), P. Smowton (Car-
diff) and D. Kruschke (Berlin).

3. Results in 2012

T1: Spatially and temporally resolved spectroscopy 
of hybrid nanostructures  

New concepts for functional materials were investigat-
ed within the framework of two Collaborative Research 
Center funded by DFG. Here, the combination of organ-
ic and inorganic materials into hybrid systems is of par-
ticular interest as their often complementary properties 
may be coupled such as to lead to fundamentally new 
physical phenomena. MBI investigates the electronic 
and optical properties of these novel systems with the 
experimental tools of ultrafast spectroscopy and scan-
ning near-field optical microscopy (SNOM).

Integration of photochromic molecules into opto-elec-
tronic devices presupposes dense molecular packing. 
The resulting strong alteration of the photochromic ac-
tivity for a number of molecules has been typically attrib-
uted to excitonic as well as chemical coupling. Through 
a specially functionalized diarylethene photochromic 
molecule (DTE) the formation of hydrogen bonded 
dimers was observed at elevated concentrations  
(Fig. 1(a)). Spectroscopic and actinometric measure-
ments showed that excitonic intermolecular coupling is 
generally insignificant for DTE dimers. Likewise, pro-
cesses such as charge or energy transfer were not ob-
served in the DTE dimer [KFZ12, KFZ]. This makes the 
practical application of DTE straightforward.

Two other hybrid nanostructures - one plasmonic and 
one excitonic - were investigated at the single particle 
level. Plasmonic enhancement of molecular emission 
requires the accurate control of shape and size of the 
metal particle and the location of the chromophore. A 
novel synthesis of particles with a metallic core and a 
dielectric shell serves this purpose. To rule out ambigui-
ties in the interpretation, spectroscopy of single parti-
cles was correlated with topographic information (Fig. 
1(b)) [WSL]. An excitonic inorganic system consisting 
of a ZnMgO epilayer and nanocrystals of para-heaxa-
phenyl (6P) was investigated with regard to charge 
transfer and exciton dissociation. The bimodal growth 
of nanocrystals on the (000-1) ZnMgO surface introduc-
es considerable heterogeneity into this hybrid system. 
Individual nanocrystals of either morphology could be 
addressed making use of the SNOM (Fig. 1(c)). It was 
found, that in spite of the favourable energetic align-
ment of the participating levels no dissociation of the 
molecular exciton occurs at the interface. The (000-1) 
surface is thus suitable to study hybrid excitonic cou-
plings without interference from charge transfer pro-
cesses.

 
T2: Two-dimensional terahertz (THz) spectroscopy 
of graphene in the non-perturbative limit

Graphene, a single layer of carbon atoms in a honey-
comb spatial arrangement, has a peculiar electronic 
band structure. The energy gap between conduction 

Fig. 2:  
a) Electric field transmitted through a 40-layer epitaxial 
graphene sample as a function of real time t and delay 
t. (b) Nonlinear signal. (c) Two-dimensional Fourier 
transform of the nonlinear signal. The black (blue) 
lines show the region of the pump-A–probe-B (pump-
B–probe-A) signals, the green lines the region of the 
photon-echo signals. (d) Total electric field and pump-
probe signal for t = 0, showing induced absorption. 
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and valence bands is zero at the Dirac points K and 
K’. In the neigh bour hood of these points both bands 
have a linear dispersion. Furthermore, the interband di-
pole matrix element diverges near these points, reach-
ing a huge value of e×80 nm at an interband transition 
frequency of 2 THz (e: elementary charge). Because 
of this very high dipole moment, THz fields with am-
plitudes below 1 kV/cm induce a nonlinear and even 
non-perturbative response, i.e., a response in which the 
coupling of electrons to the external field is dominating 
over interactions within the material. Additionally, gra-
phene has the interesting property that intra- and inter-
band transitions occur simultaneously in the THz range. 

To study the carrier dynamics and the interplay of intra- 
and interband transitions, we have performed two-di-
mensional (2D) THz spectroscopy on graphene [WKB, 
BMR]. A phase-locked pair of pulses centred at 2 THz 
with electric field amplitudes around 10 kV/cm are fo-
cused onto the graphene sample where they spatially 
overlap. We investigated epitaxial graphene samples 
on SiC with both 10 and 40 layers at temperatures 
between 30 and 300 K. The electric fields transmitted 
through the sample are measured by electro-optic sam-
pling in a 2D scan of real time t and delay t (Fig. 2(a)). 
The nonlinear response is obtained as the difference 
between the transmitted field when both pulses are pre-
sent minus the sum of the fields of the single pulses 
(Fig. 2(b)). A 2D Fourier transform allows to separate 
the different contributions to the total nonlinear signal 
(Fig. 2(c)). Whereas both pump-probe signals (regions 
marked blue and black) are present, the photon-echo 
signals (green) are absent. Selecting the pump-A–
probe-B nonlinear signal and Fourier transforming it 
back into the time domain gives the oscillatory trace 
shown in red in Fig. 2(d). This signal displays a phase 
shift of p relative to the total field (blue line), indicating 
an induced transient absorption of the sample. At all 
temperatures, at all field amplitudes, and for both sam-
ples the pump-probe signals show induced absorption; 
bleaching is never observed. The induced absorption 
decreases with time constants of a few picoseconds. 
With increasing temperature, the time constants be-
come faster and the maximum in the differential trans-
mission decreases.

In our experiments the amplitude of the trajectories in 
k space is many times larger than both the wavevec-
tor at which the 2 THz interband transition occurs and 
the Fermi wave vector determined by the Fermi level 
due to a possible unintentional doping of some lay-
ers. Thus, we are definitely in the non-perturbative re-
gime, in which the periodic motion of electrons between 
states in the lower and upper cone allows for ultrafast 
electron-hole pair generation. The energy absorbed 
from the THz pump pulse leads to a multiplication of 
carriers. Since the oscillator strength of THz intraband 
absorption is directly proportional to the area density 
of both holes in the valence band and electrons in the 
conduction band, the THz probe pulse experiences al-
ways an induced absorption after the pump pulse has 
injected energy into the electronic system of graphene. 
Both the induced absorption and the absence of the 
photon-echo signals are explained by a model using a 
pseudopotential bandstructure for graphene including 

the electron-light coupling via the vector potential. The 
model further includes radiative damping and coupling 
between graphene layers. The model reproduces our 
experimental results very well, without having to intro-
duce extremely fast decoherence processes or other 
scattering mechanisms. Both the enhanced absorp-
tion and the absence of photon-echo signals have their 
origin in the huge transition dipole moments. Since the 
Rabi frequencies are different at each point in k-space, 
the superposition of all photon-echo components leads 
to a negligible total signal. The model also explains the 
picosecond recombination of the generated electron-
hole pairs by collective radiative damping.

 
T3: Time-resolved photoelectron spectroscopy us-
ing the high-order harmonics beamline

We perform time-, energy-, and angle (momentum)-
resolved photoelectron spectroscopy (tr-ARPES) using 

Fig. 3:  
Upper panels: ARPES images of Tb (top) and Gd (cen-
ter) before and after laser excitation. Changes in the 
valence bands (a) and surface states (b) can be clearly 
seen. Spectra are extracted between the dashed blue 
lines (right) and fitted (lower panel) to reveal the dy-
namics of the valence bands. Tb shows a stronger and 
faster response than Gd.

Two other hybrid nanostructures - one plasmonic and 
one excitonic - were investigated at the single particle 
level. Plasmonic enhancement of molecular emission re-
quires the accurate control of shape and size of the met-
al particle and the location of the chromophore. A novel 
synthesis of particles with a metallic core and a dielectric 
shell serves this purpose. To rule out ambiguities in the 
interpretation, spectroscopy of single particles was cor-
related with topographic information (Fig. 1(b)), [WSL]. 
An excitonic inorganic system consisting of a ZnMgO 
epilayer and nanocrystals of para-heaxaphenyl (6P) was 
investigated with regard to charge transfer and exciton 
dissociation. The bimodal growth of nanocrystals on the 
(000-1) ZnMgO surface introduces considerable hetero-
geneity into this hybrid system.Individual nanocrystals 
of either morphology could be addressed making use of 
the SNOM (Fig. 1(c)). It was found, that in spite of the 
favourable energetic alignment of the participating levels 
no dissociation of the molecular exciton occurs at the in-
terface. The (000-1) surface is thus suitable to study hy-
brid excitonic couplings without interference from charge 
transfer processes.

Fig. 3:   
(a) Electric field transmitted through a 40-layer epi-
taxial graphene sample as a function of real time t 
and delay τ. (b) Nonlinear signal. (c) Two-dimensional 
Fourier transform of the nonlinear signal. The black 
(blue) lines show the region of the pump-A-probe-B 
(pump-B-probe-A) signals, the green lines the region 
of the photon-echo signals. (d) Total electric field and 
pumpprobe τsignal for τ = 0, showing induced absorp-
tion.ccelerates a 25 nm thin CH foil.
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Non-equilibrium dynamics in the heavy Fermion com-
pound YbRh2Si2, with D. Vyalikh (TU Dresden) and M. 
Weinelt.

Ultrafast dynamics of the spin density wave in Chromi-
um, with M. Wolf (FHI) and M. Weinelt.

Optically driven insulator-metal transition in VO2, with R. 
Haglund (Vanderbilt), J. Stähler (FHI), M. Weinelt.

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

T5: Optoelectronic devices  
This topic includes: BMBF project “Integrierte mikroop-
tische und mikrothermische Elemente für Diodenlaser 
hoher Brillanz”, IMOTHEB, 13N12310. Analysis of de-
fects in devices with J. Jiménez (Valladolid), U. Zeimer 
(FBH), M. Bettiati (Nozay). Emission kinetics of diode 
lasers with J. Mukherjee (Guildford). Spectroscopy of 
quantum dots with V. Talalaev (Halle), P. Smowton (Car-
diff) and D. Kruschke (Berlin).

3. Results in 2012

T1: Spatially and temporally resolved spectroscopy 
of hybrid nanostructures  

New concepts for functional materials were investigat-
ed within the framework of two Collaborative Research 
Center funded by DFG. Here, the combination of organ-
ic and inorganic materials into hybrid systems is of par-
ticular interest as their often complementary properties 
may be coupled such as to lead to fundamentally new 
physical phenomena. MBI investigates the electronic 
and optical properties of these novel systems with the 
experimental tools of ultrafast spectroscopy and scan-
ning near-field optical microscopy (SNOM).

Integration of photochromic molecules into opto-elec-
tronic devices presupposes dense molecular packing. 
The resulting strong alteration of the photochromic ac-
tivity for a number of molecules has been typically attrib-
uted to excitonic as well as chemical coupling. Through 
a specially functionalized diarylethene photochromic 
molecule (DTE) the formation of hydrogen bonded 
dimers was observed at elevated concentrations  
(Fig. 1(a)). Spectroscopic and actinometric measure-
ments showed that excitonic intermolecular coupling is 
generally insignificant for DTE dimers. Likewise, pro-
cesses such as charge or energy transfer were not ob-
served in the DTE dimer [KFZ12, KFZ]. This makes the 
practical application of DTE straightforward.

Two other hybrid nanostructures - one plasmonic and 
one excitonic - were investigated at the single particle 
level. Plasmonic enhancement of molecular emission 
requires the accurate control of shape and size of the 
metal particle and the location of the chromophore. A 
novel synthesis of particles with a metallic core and a 
dielectric shell serves this purpose. To rule out ambigui-
ties in the interpretation, spectroscopy of single parti-
cles was correlated with topographic information (Fig. 
1(b)) [WSL]. An excitonic inorganic system consisting 
of a ZnMgO epilayer and nanocrystals of para-heaxa-
phenyl (6P) was investigated with regard to charge 
transfer and exciton dissociation. The bimodal growth 
of nanocrystals on the (000-1) ZnMgO surface introduc-
es considerable heterogeneity into this hybrid system. 
Individual nanocrystals of either morphology could be 
addressed making use of the SNOM (Fig. 1(c)). It was 
found, that in spite of the favourable energetic align-
ment of the participating levels no dissociation of the 
molecular exciton occurs at the interface. The (000-1) 
surface is thus suitable to study hybrid excitonic cou-
plings without interference from charge transfer pro-
cesses.

 
T2: Two-dimensional terahertz (THz) spectroscopy 
of graphene in the non-perturbative limit

Graphene, a single layer of carbon atoms in a honey-
comb spatial arrangement, has a peculiar electronic 
band structure. The energy gap between conduction 

Fig. 2:  
a) Electric field transmitted through a 40-layer epitaxial 
graphene sample as a function of real time t and delay 
t. (b) Nonlinear signal. (c) Two-dimensional Fourier 
transform of the nonlinear signal. The black (blue) 
lines show the region of the pump-A–probe-B (pump-
B–probe-A) signals, the green lines the region of the 
photon-echo signals. (d) Total electric field and pump-
probe signal for t = 0, showing induced absorption. 
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and valence bands is zero at the Dirac points K and 
K’. In the neigh bour hood of these points both bands 
have a linear dispersion. Furthermore, the interband di-
pole matrix element diverges near these points, reach-
ing a huge value of e×80 nm at an interband transition 
frequency of 2 THz (e: elementary charge). Because 
of this very high dipole moment, THz fields with am-
plitudes below 1 kV/cm induce a nonlinear and even 
non-perturbative response, i.e., a response in which the 
coupling of electrons to the external field is dominating 
over interactions within the material. Additionally, gra-
phene has the interesting property that intra- and inter-
band transitions occur simultaneously in the THz range. 

To study the carrier dynamics and the interplay of intra- 
and interband transitions, we have performed two-di-
mensional (2D) THz spectroscopy on graphene [WKB, 
BMR]. A phase-locked pair of pulses centred at 2 THz 
with electric field amplitudes around 10 kV/cm are fo-
cused onto the graphene sample where they spatially 
overlap. We investigated epitaxial graphene samples 
on SiC with both 10 and 40 layers at temperatures 
between 30 and 300 K. The electric fields transmitted 
through the sample are measured by electro-optic sam-
pling in a 2D scan of real time t and delay t (Fig. 2(a)). 
The nonlinear response is obtained as the difference 
between the transmitted field when both pulses are pre-
sent minus the sum of the fields of the single pulses 
(Fig. 2(b)). A 2D Fourier transform allows to separate 
the different contributions to the total nonlinear signal 
(Fig. 2(c)). Whereas both pump-probe signals (regions 
marked blue and black) are present, the photon-echo 
signals (green) are absent. Selecting the pump-A–
probe-B nonlinear signal and Fourier transforming it 
back into the time domain gives the oscillatory trace 
shown in red in Fig. 2(d). This signal displays a phase 
shift of p relative to the total field (blue line), indicating 
an induced transient absorption of the sample. At all 
temperatures, at all field amplitudes, and for both sam-
ples the pump-probe signals show induced absorption; 
bleaching is never observed. The induced absorption 
decreases with time constants of a few picoseconds. 
With increasing temperature, the time constants be-
come faster and the maximum in the differential trans-
mission decreases.

In our experiments the amplitude of the trajectories in 
k space is many times larger than both the wavevec-
tor at which the 2 THz interband transition occurs and 
the Fermi wave vector determined by the Fermi level 
due to a possible unintentional doping of some lay-
ers. Thus, we are definitely in the non-perturbative re-
gime, in which the periodic motion of electrons between 
states in the lower and upper cone allows for ultrafast 
electron-hole pair generation. The energy absorbed 
from the THz pump pulse leads to a multiplication of 
carriers. Since the oscillator strength of THz intraband 
absorption is directly proportional to the area density 
of both holes in the valence band and electrons in the 
conduction band, the THz probe pulse experiences al-
ways an induced absorption after the pump pulse has 
injected energy into the electronic system of graphene. 
Both the induced absorption and the absence of the 
photon-echo signals are explained by a model using a 
pseudopotential bandstructure for graphene including 

the electron-light coupling via the vector potential. The 
model further includes radiative damping and coupling 
between graphene layers. The model reproduces our 
experimental results very well, without having to intro-
duce extremely fast decoherence processes or other 
scattering mechanisms. Both the enhanced absorp-
tion and the absence of photon-echo signals have their 
origin in the huge transition dipole moments. Since the 
Rabi frequencies are different at each point in k-space, 
the superposition of all photon-echo components leads 
to a negligible total signal. The model also explains the 
picosecond recombination of the generated electron-
hole pairs by collective radiative damping.

 
T3: Time-resolved photoelectron spectroscopy us-
ing the high-order harmonics beamline

We perform time-, energy-, and angle (momentum)-
resolved photoelectron spectroscopy (tr-ARPES) using 

Fig. 3:  
Upper panels: ARPES images of Tb (top) and Gd (cen-
ter) before and after laser excitation. Changes in the 
valence bands (a) and surface states (b) can be clearly 
seen. Spectra are extracted between the dashed blue 
lines (right) and fitted (lower panel) to reveal the dy-
namics of the valence bands. Tb shows a stronger and 
faster response than Gd.
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high-order harmonic generation as a source of femto-
second XUV probe pulses to study the transient elec-
tronic band structures of materials driven far from equi-
librium by intense femtosecond laser excitation.

One focus of our work concerns the ultrafast demag-
netization dynamics in ferromagnetic thin films. Switch-
ing magnetic order by intense, ultrashort laser pulses 
explores the speed limits of magnetic data storage. 
Achieving a microscopic understanding of the underly-
ing processes is essential for device optimization and 
tuning, as well as challenging our fundamental under-
standing of magnetism.

We have compared the ferromagnetic heavy lantha-
nides Gadolinium and Terbium shown in Fig. 3. While 
they exhibit many similarities, they differ in their occu-
pation of the 4f orbital: Gd (4f7), Tb (4f8). This partial 
occupancy leads to a large magnetic moment per atom, 
and spin-polarizes the valence electrons, which due to 
their itinerancy then serve to align adjacent 4f moments 
across the lattice. The apparently small difference be-
tween Gd and Tb leads to strikingly different magnetic 
ordering. Likewise, their laser-driven ultrafast demag-
netization dynamics show distinct behavior.

We have studied the nonequilibrium exchange-split 
band structures of both metals at photon energies of 36 
eV with time- and angle-resolved photoemission. Thus 
we are able to separate the different processes acting 
during demagnetization, namely spin transport and elec-
tron-phonon scattering, while simultaneously monitoring 
the magnetization via the exchange splitting. Astonish-
ingly, we find that the dynamics of the electron-phonon 
scattering, which is thought to be the major difference 
between the two metals, is very similar in Gd and Tb, 
while the spin transport accounts for their differences.

T4: Material modification with femtosecond laser 
pulses

Laser-induced periodic surface structures (LIPSS)

LIPSS with periods (Λ) close to the laser wavelength (λ) 
are a universal phenomenon upon irradiation of solids 

by multiple, linearly polarized laser pulses. Apart from 
the polarization, the laser fluence and the number of la-
ser pulses per spot were identified as experimental key 
parameters for their generation. We have extended our 
recent double-fs-pulse experiments on fused silica into 
a transillumination time-resolved pump-probe scheme 
which allows to follow the dynamics of LIPSS formation 
from the fs- to the ns-range and with a temporal resolu-
tion significantly smaller than the electron-phonon inter-
action time. 

Laser fluences around the multi-pulse damage thresh-
old were selected to generate pronounced near wave-
length sized periodic surface structures (φ0 = 3.9 J/
cm2). Even before a permanent LIPSS formation is 
visible at the surface in optical microscopy (OM) a 
transient diffraction signal with a rise time of less than 
0.2 ps can be observed for a low number of pump 
pulses For larger pulse numbers, the surface dam-
age threshold is exceeded and pronounced LIPSS are 
formed. In the corresponding diffraction signal, a rapid 
shielding of the optical signal by a dense free-electron 
plasma at the silica sample surface is observed on the 
subpicosecond time scale.

The results confirm that the ultrafast energy deposition 
of the first few laser pulses to the materials surface is 
essential for the formation laser-induced periodic sur-
face structures. In silica, it triggers subsequent physi-
cal mechanisms such as the formation of self-trapped 
excitons (STE). Apart from the pulse number depend-
ence of the diffraction signal, the impact of the fluence 
was investigated in more detail. Fig. 4 exemplifies the 
transient diffraction at three different peak fluences 
(φ0 = 2.9 - 3.6 J/cm2) after a fixed number of NPump 
= 20 pump pulses. Particularly for delays Δt between 
0.2 ps and 500 ps, fluence dependent differences can 
be seen, i.e., the transiently absorbing surface state 
lasts shorter for the lower fluences. Hence, the diffrac-
tion at the LSFL becomes detectable for the probing 
beam at smaller Δt (> 1 ps at φ0 = 2.9 J/cm2).

The classical Drude-Sipe model of LIPSS formation 
was extended by including nonlinear-optical excitation. 
In good agreement with the theory, the experimental re-
sults confirm the assumption of transient changes of the 

Fig. 4: 
Left: Diffraction signal as a function of the pump-probe delay Δt upon irradiation with NPump = 20 pump pulses at three 
different fluences (2.9 - 3.6 J/cm2). Right: Nanoripples resulting from LIPSS at spatially variable intensity. The spatial 
period changes continuously. The quantitative analysis indicates a 3-photon mechanism.
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refractive index and an interference of plasmon-polar-
itons. This picture favours an initial mechanism based 
on the spatially periodical generation of photoelectrons 
with subsequent Coulomb explosion as a local prior to 
a global mass transport model. Moreover, the theory 
predicts a continuous dependence of the ripple period 
on the fluence and the possibility to generate arbitrar-
ily small structures. Progress in LIPSS technologies 
was achieved by a simultaneous multiline-excitation of 
a moving substrate with new types of MEMS axicons 
[TDB]. Currently, joint analytical and numerical simula-
tions of the relevant processes on nanoscale are pre-
pared (collaboration: HUB, Zuse Institute). 

Spectroscopy and photochemical activity of semi-
conductor nanostructures

The photochemical activity of semiconductor nano-
structures, in particular electrolytically fabricated TiO2 
nanotubes with and without annealing produced in two 

different chemical environments, was studied in a La-
serLab Europe project (collaboration: DCU, FSU Jena, 
INNOVENT Jena, IREC Barcelona). To explore the 
structure-function-relationships, the crystalline struc-
ture of the specimens was investigated with spectro-
scopical methods, in particular with Raman spectros-
copy. By comparing the Raman modes to reference 
data from literature, a correlation to rutile and anatase 
phases and mixed states was found [PGT]. Highly sen-
sitive photoluminescence measurements of ZnO and 
TiO2 materials were performed with EMCCD detectors.

T5: Optoelectronic devices 

This research focuses on the analysis of optoelectronic 
materials and devices, in particular high power diode 
lasers [BLA12]. Targets are the mechanisms, which de-
fine the limits of the devices in terms of high-power op-
eration and reliability [HTE12]. The Catastrophic Optical 
Damage (COD) process represents one major limit for 
achieving ultrahigh optical output powers. We analyze 
this process with sub-ns temporal resolution [HTH12]. 
Eventually this work will contribute to improvement of 
high-power and high-brightness laser sources.

Fig. 7 shows the temporal evolution of the emission 
nearfield of a diode laser as monitored by a streak cam-
era system. Two COD- events are observed. The first 
COD begins at the position of a strong filament (at 130 
µm, see dashed line). Shortly before power reduction 
takes place at this particular site, the filament moves 
to the right. We interpret this as a result of the heating 
(thermal lensing). The filament on the right becomes 
substantially enhanced (~10 percent) turning this loca-
tion into a new starting point of a second thermal runa-
way event (at 145 µm). Thus one COD-event controls 
a second one via the laser field. The damage pattern 
eventually observed at the facet show exactly what 
is expected from the described sequence of events, 
namely two damaged sites being separated by ~15 µm. 
Thus, the thermal runaway phase of two COD events 
is resolved on a nanosecond time scale via their emis-
sion signatures. Multiple damage sites at facets being 
caused by COD represent something that is frequently 
observed for broad-area emitters. 

Potential new gain materials for semiconductor lasers 
were examined. Analysis involved the carrier transfer 
and recombination in epitaxial InGaAs quantum dot as-
semblies such as tunnel-injection structures [TTZ12a, 
THE12]. Moreover PbS quantum dots in glass matrices 
were analyzed. Structural properties are derived from 
optical spectra and photoluminescence. This allows for 
precise tailoring of the gain profiles [MKG12, YTKa].  
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Fig. 5:  
Direct observation of two coupled COD-events in the stripe of a high power-broad-area diode laser with a stripe width of 
100 µm as recorded in two subsequent single high power pulses with operation currents of 29.0 and 29.8 A.The actual 
graph displays the power difference between the two pulses (red: increase, blue: decrease).The micrograph at the bottom 
shows the physical damage pattern as monitored by optical microscopy with the two defect sites, which creation has been 
in situ observed. 

We have studied the nonequilibrium exchange-split band 
structures of both metals at photon energies of 36 eV 
with time- and angle-resolved photoemission. Thus we 
are able to separate the different processes acting dur-
ing demagnetization, namely spin transport and elec-
tron-phonon scattering, while simultaneously monitoring
the magnetization via the exchange splitting. Astonish-
ingly, we find that the dynamics of the electron-phonon 
scattering, which is thought to be the major difference 
between the two metals, is very similar in Gd and Tb, 
while the spin transport accounts for their differences.

The results confirm that the ultrafast energy deposition 
of the first few laser pulses to the materials surface is 
essential for the formation laser-induced periodic sur-
face structures. In silica, it triggers subsequent physi-
cal mechanisms such as the formation of self-trapped 
excitons (STE). Apart from the pulse number depend-
ence of the diffraction signal, the impact of the fluence 
was investigated in more detail. Figure 4 exemplifies 
the transient diffraction at three different peak fluences  
(φ0 = 2.9 - 3.6 J/cm2) after a fixed number of NPump =  
20 pump pulses. Particularly for delays Δt between  
0.2 ps and 500 ps, fluence dependent differences can be 
seen, i.e., the transiently absorbing surface state lasts 
shorter for the lower fluences. Hence, the diffraction at 
the LSFL becomes detectable for the probing beam at 
smaller Δt (> 1 ps at φ0 = 2.9 J/cm2).
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high-order harmonic generation as a source of femto-
second XUV probe pulses to study the transient elec-
tronic band structures of materials driven far from equi-
librium by intense femtosecond laser excitation.

One focus of our work concerns the ultrafast demag-
netization dynamics in ferromagnetic thin films. Switch-
ing magnetic order by intense, ultrashort laser pulses 
explores the speed limits of magnetic data storage. 
Achieving a microscopic understanding of the underly-
ing processes is essential for device optimization and 
tuning, as well as challenging our fundamental under-
standing of magnetism.

We have compared the ferromagnetic heavy lantha-
nides Gadolinium and Terbium shown in Fig. 3. While 
they exhibit many similarities, they differ in their occu-
pation of the 4f orbital: Gd (4f7), Tb (4f8). This partial 
occupancy leads to a large magnetic moment per atom, 
and spin-polarizes the valence electrons, which due to 
their itinerancy then serve to align adjacent 4f moments 
across the lattice. The apparently small difference be-
tween Gd and Tb leads to strikingly different magnetic 
ordering. Likewise, their laser-driven ultrafast demag-
netization dynamics show distinct behavior.

We have studied the nonequilibrium exchange-split 
band structures of both metals at photon energies of 36 
eV with time- and angle-resolved photoemission. Thus 
we are able to separate the different processes acting 
during demagnetization, namely spin transport and elec-
tron-phonon scattering, while simultaneously monitoring 
the magnetization via the exchange splitting. Astonish-
ingly, we find that the dynamics of the electron-phonon 
scattering, which is thought to be the major difference 
between the two metals, is very similar in Gd and Tb, 
while the spin transport accounts for their differences.

T4: Material modification with femtosecond laser 
pulses

Laser-induced periodic surface structures (LIPSS)

LIPSS with periods (Λ) close to the laser wavelength (λ) 
are a universal phenomenon upon irradiation of solids 

by multiple, linearly polarized laser pulses. Apart from 
the polarization, the laser fluence and the number of la-
ser pulses per spot were identified as experimental key 
parameters for their generation. We have extended our 
recent double-fs-pulse experiments on fused silica into 
a transillumination time-resolved pump-probe scheme 
which allows to follow the dynamics of LIPSS formation 
from the fs- to the ns-range and with a temporal resolu-
tion significantly smaller than the electron-phonon inter-
action time. 

Laser fluences around the multi-pulse damage thresh-
old were selected to generate pronounced near wave-
length sized periodic surface structures (φ0 = 3.9 J/
cm2). Even before a permanent LIPSS formation is 
visible at the surface in optical microscopy (OM) a 
transient diffraction signal with a rise time of less than 
0.2 ps can be observed for a low number of pump 
pulses For larger pulse numbers, the surface dam-
age threshold is exceeded and pronounced LIPSS are 
formed. In the corresponding diffraction signal, a rapid 
shielding of the optical signal by a dense free-electron 
plasma at the silica sample surface is observed on the 
subpicosecond time scale.

The results confirm that the ultrafast energy deposition 
of the first few laser pulses to the materials surface is 
essential for the formation laser-induced periodic sur-
face structures. In silica, it triggers subsequent physi-
cal mechanisms such as the formation of self-trapped 
excitons (STE). Apart from the pulse number depend-
ence of the diffraction signal, the impact of the fluence 
was investigated in more detail. Fig. 4 exemplifies the 
transient diffraction at three different peak fluences 
(φ0 = 2.9 - 3.6 J/cm2) after a fixed number of NPump 
= 20 pump pulses. Particularly for delays Δt between 
0.2 ps and 500 ps, fluence dependent differences can 
be seen, i.e., the transiently absorbing surface state 
lasts shorter for the lower fluences. Hence, the diffrac-
tion at the LSFL becomes detectable for the probing 
beam at smaller Δt (> 1 ps at φ0 = 2.9 J/cm2).

The classical Drude-Sipe model of LIPSS formation 
was extended by including nonlinear-optical excitation. 
In good agreement with the theory, the experimental re-
sults confirm the assumption of transient changes of the 

Fig. 4: 
Left: Diffraction signal as a function of the pump-probe delay Δt upon irradiation with NPump = 20 pump pulses at three 
different fluences (2.9 - 3.6 J/cm2). Right: Nanoripples resulting from LIPSS at spatially variable intensity. The spatial 
period changes continuously. The quantitative analysis indicates a 3-photon mechanism.
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refractive index and an interference of plasmon-polar-
itons. This picture favours an initial mechanism based 
on the spatially periodical generation of photoelectrons 
with subsequent Coulomb explosion as a local prior to 
a global mass transport model. Moreover, the theory 
predicts a continuous dependence of the ripple period 
on the fluence and the possibility to generate arbitrar-
ily small structures. Progress in LIPSS technologies 
was achieved by a simultaneous multiline-excitation of 
a moving substrate with new types of MEMS axicons 
[TDB]. Currently, joint analytical and numerical simula-
tions of the relevant processes on nanoscale are pre-
pared (collaboration: HUB, Zuse Institute). 

Spectroscopy and photochemical activity of semi-
conductor nanostructures

The photochemical activity of semiconductor nano-
structures, in particular electrolytically fabricated TiO2 
nanotubes with and without annealing produced in two 

different chemical environments, was studied in a La-
serLab Europe project (collaboration: DCU, FSU Jena, 
INNOVENT Jena, IREC Barcelona). To explore the 
structure-function-relationships, the crystalline struc-
ture of the specimens was investigated with spectro-
scopical methods, in particular with Raman spectros-
copy. By comparing the Raman modes to reference 
data from literature, a correlation to rutile and anatase 
phases and mixed states was found [PGT]. Highly sen-
sitive photoluminescence measurements of ZnO and 
TiO2 materials were performed with EMCCD detectors.

T5: Optoelectronic devices 

This research focuses on the analysis of optoelectronic 
materials and devices, in particular high power diode 
lasers [BLA12]. Targets are the mechanisms, which de-
fine the limits of the devices in terms of high-power op-
eration and reliability [HTE12]. The Catastrophic Optical 
Damage (COD) process represents one major limit for 
achieving ultrahigh optical output powers. We analyze 
this process with sub-ns temporal resolution [HTH12]. 
Eventually this work will contribute to improvement of 
high-power and high-brightness laser sources.

Fig. 7 shows the temporal evolution of the emission 
nearfield of a diode laser as monitored by a streak cam-
era system. Two COD- events are observed. The first 
COD begins at the position of a strong filament (at 130 
µm, see dashed line). Shortly before power reduction 
takes place at this particular site, the filament moves 
to the right. We interpret this as a result of the heating 
(thermal lensing). The filament on the right becomes 
substantially enhanced (~10 percent) turning this loca-
tion into a new starting point of a second thermal runa-
way event (at 145 µm). Thus one COD-event controls 
a second one via the laser field. The damage pattern 
eventually observed at the facet show exactly what 
is expected from the described sequence of events, 
namely two damaged sites being separated by ~15 µm. 
Thus, the thermal runaway phase of two COD events 
is resolved on a nanosecond time scale via their emis-
sion signatures. Multiple damage sites at facets being 
caused by COD represent something that is frequently 
observed for broad-area emitters. 

Potential new gain materials for semiconductor lasers 
were examined. Analysis involved the carrier transfer 
and recombination in epitaxial InGaAs quantum dot as-
semblies such as tunnel-injection structures [TTZ12a, 
THE12]. Moreover PbS quantum dots in glass matrices 
were analyzed. Structural properties are derived from 
optical spectra and photoluminescence. This allows for 
precise tailoring of the gain profiles [MKG12, YTKa].  
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Fig. 5:  
Direct observation of two coupled COD-events in the stripe of a high power-broad-area diode laser with a stripe width of 
100 µm as recorded in two subsequent single high power pulses with operation currents of 29.0 and 29.8 A.The actual 
graph displays the power difference between the two pulses (red: increase, blue: decrease).The micrograph at the bottom 
shows the physical damage pattern as monitored by optical microscopy with the two defect sites, which creation has been 
in situ observed. 

refractive index and an interference of plasmon-polar-
itons. This picture favours an initial mechanism based 
on the spatially periodical generation of photoelectrons 
with subsequent Coulomb explosion as a local prior to 
a global mass transport model. Moreover, the theory 
predicts a continuous dependence of the ripple period 
on the fluence and the possibility to generate arbitrar-
ily small structures. Progress in LIPSS technologies 
was achieved by a simultaneous multiline-excitation of 
a moving substrate with new types of MEMS axicons 
[TDB]. Currently, joint analytical and numerical simula-
tions of the relevant processes on nanoscale are pre-
pared (collaboration: HU Berlin, Zuse Institute).

Figure 7 shows the temporal evolution of the emis-
sion nearfield of a diode laser as monitored by a streak 
camera system. Two COD-events are observed. The 
first COD begins at the position of a strong filament (at  
130 μm, see dashed line). Shortly before power reduc-
tion takes place at this particular site, the filament moves 
to the right. We interpret this as a result of the heating 
(thermal lensing). The filament on the right becomes 
substantially enhanced (~10 percent) turning this loca-
tion into a new starting point of a second thermal runa-
way event (at 145 μm). Thus one COD-event controls 
a second one via the laser field. The damage pattern 
eventually observed at the facet show exactly what is ex-
pected from the described sequence of events, namely 
two damaged sites being separated by ~15 μm. Thus, 
the thermal runaway phase of two COD-events is re-
solved on a nanosecond time scale via their emission 
signatures. Multiple damage sites at facets being caused 
by COD represent something that is frequently observed 
for broad-area emitters.
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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 cur-
rent applications focus on time-resolved X-ray diffraction 
experiments on both single crystals (rotation method) 
and powdered samples (Debye Scherrer method) us-
ing two high repetition rate laser-driven plasma sources. 
The evaluation of new imaging techniques utilizing the 
light from coherent highly brilliant soft X-ray sources as 
well as the user operation of a laboratory based X-ray 
microscope for the water window region are subjects of 
collaboration with partners from academia and industry. 

 
 
2. Topics and collaborations

T1: 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 Innovative X-ray Technologies 
(BLiX, www.blix.tu-berlin.de) which is jointly operated by 
the Technical University (TU) Berlin and MBI (cf. Project 
4.2). The operation of a plasma-based soft X-ray laser 
utilizing the high repetition rate thin disk laser is done in 
collaboration with Project 1.2. 

Collaborations: Helmholtz-Zentrum Berlin (HZB), 
BESSY, Fraunhofer-Institut für Lasertechnik (ILT), 
Aachen, Fraunhofer-Institut für Angewandte Optik und 
Feinmechanik (IOF), Jena, BRUKER ASC GmbH, Köln, 
National Institute for Laser, Plasma & Radiation Physics 
(INFLPR), Magurele, Romania, Advanced Photonics 
Research Institute (APRI), Gwangju, Rep. Korea, Royal 
Institute of Technology (KTH), Stockholm, Sweden.

T2: Femtosecond X-ray diffraction

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

3. Results in 2012

T1: Laboratory X-ray microscopy in the water win-
dow region

A Laboratory Transmission X-ray Microscope (LTXM) 
developed at MBI in the framework of a “BMBF Verbun-
dvorhaben” has been transferred to BLiX. It is based on 
a 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 generation synchrotron sources [MSH12]. It 
was shown that the X-ray microscope enables the de-
tection of a high quality microscope image at 2.48 nm 
with a magnification of x1000 in a field of view of 45 µm 
with a data accumulation time of less than 60 s and a 
resolution well below 40 nm [LBS12]. Further reduction 
of the acquisition times by an upgrade of the high power 
high repetition laser system to 150 W is underway and 
will enable the acquisition of a high resolution micro-
scope image in less than 20 s. The user operation of the 
LTXM supported by BRUKER ASC already started (cp. 
Project 4.2).

 
T1: 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, operating in the EUV-region around 18.9 
nm and its application to Fourier transformed hologra-
phy (FTH). For applications in spectroscopy and imag-
ing, requiring a good signal-to-noise ratio, high average 
photon flux of the XRL is crucial. A new pumping scheme 
based on two short and one long pulse allows a further 
reduction of the total pump energy down to 200 mJ 
[BCU12]. This pump energy can be provided easily by 
the high repetition rate thin disk laser in CPA configura-
tion developed in Project 1.2, allowing an XRL operation 
up to 100 Hz. It is planned to use the XRL user station 
for imaging experiments using an advanced FTH setup. 
This setup is now under evaluation in collaboration with 
HZB-BESSY.

3.3: Transient Structures and Imaging with X-rays

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

Fig. 1:   
Microscopic images taken @ 2.48 nm with the LTXM 
(for details cp. [LBS12]). 
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T2: Electron transfer in a virtual quantum state of 
ionic crystals induced by strong optical fields and 
mapped by femtosecond X-ray diffraction

The interaction of condensed matter with strong optical 
fields induces a spatial relocation of electrons, connect-
ed with a time-dependent electric polarization. This 
mechanism is essential for nonlinear optics both with 
isolated atoms in the gas phase and in condensed phas-
es. While the optical and/or electrical responses have 
been studied in detail, the underlying charge relocations 
in real space have remained unknown in most cases. 

To determine the latter in a quantitative way, one needs 
structure probes with atomic spatial and time resolution.

Our recent development of pulsed X-ray sources with 
femtosecond duration allows for direct measurements of 
the atomic displacements and the electronic motion in 
crystalline structures. A plasma-based source has been 
developed in our group and is capable of delivering X-
ray pulses of 100 fs duration and a photon flux on the 
sample of about 106 photons/s. We combine this X-ray 
source to a standard pump-probe scheme in a Debye-
Scherrer configuration in order to study condensed mat-
ter at a femtosecond time scale with a sub-angstrom 
spatial resolution.

By optical fields of high amplitude we induce transient 
optical polarizations in an ionic crystal. Such polariza-
tions are connected with a spatial redistribution of elec-
tronic charge in a mixed quantum state. In 2012 we de-
termined for the first time the related transient electron 
density maps, applying femtosecond X-ray powder dif-
fraction as a structure probe [SZF12]. The prototype 
ionic material LiBH4 driven nonresonantly by an intense 
sub-40 fs optical pulse displays a large amplitude fully 
reversible electron transfer from the BH-

4 anion to the Li+ 

cation during excitation. Our results establish this mech-
anism as the source of the strong optical polarization 
which agrees quantitatively with theoretical estimates.

In our experiments many Debye-Scherrer diffraction 
rings were recorded simultaneously (Fig. 2) for different 
time delays between the laser pump pulse and the X-ray 
probe pulse. From these diffraction patterns, changes of 
intensity on different rings are monitored (Fig. 3). Upon 
interaction with the pump pulse, individual rings of the 
pattern display intensity changes of up to 4x10-2.

The interference of X-rays diffracted from the many un-
excited cells, with known structure factors coming from 
steady-state measurement, and X-rays diffracted from 
the few excited cells allows for the detection of the tran-
sients structure factors in intensity and phase. From 
such data, electron density maps are reconstructed by 
means of 3D-Fourier transform. In principle, this method 
could give rise to artefacts due to the fact that the X-ray 
reflections are collected only up to a maximum angle 
2θmax. In order to overcome this issue, the maximum en-
tropy method is used, which is maximally non-committal 
with regard to missing information. The time-dependent 
electron density maps are computed with a sub-ang-
strom spatial and a 100 fs time resolution.

The unit cell of LiBH4 is shown in the right panel of Fig. 
4. In the left panel, we plot the equilibrium electron den-
sity ρ0(r) in the crystal plane Y = 0.25 which contains a 
Li+ and a BH-

4 ion. This map shows a high electron den-
sity on the BH-

4 ion and a small density on the Li+ ion. In 
the middle panel of Fig. 4, the change of electron den-
sity Δρ(r,t=0) is plotted for zero delay time. This map 
shows a pronounced decrease of electron density on 
the BH-

4 unit and a corresponding increase on the Li+ 

Fig. 2:   
X-ray powder diffraction pattern of LiBH4 acquired on a 
large-area detector (integration time 140 s). 

Fig. 3:   
Transient intensity changes for three selected reflec-
tions as a function of pump-probe delay (symbols). The 
red lines are a guide to the eye. 

63

ion, giving direct evidence for a transfer of electronic 
charge between these ions and a concomitant electric 
polarization.

To determine the amount of charge transferred, we di-
vided the unit cell into subvolumes each containing one 
atom, by assigning each spatial position r within the unit 
cell uniquely to the subvolume of the nearest atom de-
fined by the nuclear positions of the initial structure. We 
then integrated the charge in the subvolumes. In the 
case of BH-

4, the charge of the whole unit was put to-
gether. Time-dependent charge density changes are 
displayed in Fig. 5. The striking feature is a sharp drop 
of electronic charge on the BH-

4 unit [lower panel] con-
comitant with the increase of the same amplitude on the 
Li+ ions [upper panel] around pump-probe delay zero. 
The peaks around delay zero have a width of approxi-
mately 120 fs (FWHM) which agrees with the temporal 
crosscorrelation function of the optical excitation and the 
hard X-ray probe pulses.

Such facts strongly support the picture of a field-driven 
charge transfer which is limited in time to the presence 
of the driving field. Changes in the sign of the 800 nm 
driving field of a 2.66 fs period lead to a local charge 
transfer in a different pair of BH-

4 and Li+ ions which is 
oriented in the opposite spatial direction and makes an 
identical contribution to the transient charge density 
map. As a result, the modulus of the macroscopic po-
larization oscillates as sketched in the inset of Fig. 5. 
From the amount of transferred charge of 0.04 e- (e- el-
ementary electron charge) and the distance between 
the Li+ and BH-

4 ions, one estimates a high transient po-
larization P/e = 1.0 x 10-11 m per effective ion pair.

Finally, we compare the measured polarization ampli-
tude with the polarization estimated from the polarizabil-
ity of the electronic system of LiBH4 and the applied 
electric field of the excitation pulse of 1.6 x 109 V/m. In 
the solid state, the polarizability can be estimated from 
the refractive index of the material via the Clausius-Mos-
sotti relation. There are no reliable refractive index data 
for LiBH4 crystals in the literature. A comparison of the 

Fig. 4:   
Left panel: Stationary total electron density distribution in the plane Y = 0.25 [transparent light blue in right panel], convo-
luted in the reciprocal space with a Gaussian to fit our spatial resolution. Right panel: Unit cell of LiBH4: Li atoms are violet, 
H white, and B pink. The Y = 0.25 plane is shown in transparent light blue.
Middle panel: Change of electron density Δρ(r,t=0) in the Y = 0.25 plane at zero delay between the optical excitation and 
the x-ray probe pulses. Note the different scales of the color bars. The isosurface of the stationary electron density distri-
bution is shown in yellow.

Fig. 5:   
(d), (e) Amount of transferred charge Δq(t)  integrated 
over the subvolumes of the Li+ and BH-

4 ions as a func-
tion of pump-probe delay. The transients show sharp 
spikes of Δq around delay zero with about 120 fs full 
width at half maximum, the width of the temporal cor-
relation of excitation and probe pulses. The solid lines 
are a guide to the eye. The inset in (d) shows the cal-
culated time dependence of the modulus of the polar-
ization.

The unit cell of LiBH4 is shown in the right panel of Fig. 4 
In the left panel, we plot the equilibrium electron den-
sity ρ0(r) in the crystal plane Y = 0.25 which contains a 
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T2: Electron transfer in a virtual quantum state of 
ionic crystals induced by strong optical fields and 
mapped by femtosecond X-ray diffraction

The interaction of condensed matter with strong optical 
fields induces a spatial relocation of electrons, connect-
ed with a time-dependent electric polarization. This 
mechanism is essential for nonlinear optics both with 
isolated atoms in the gas phase and in condensed phas-
es. While the optical and/or electrical responses have 
been studied in detail, the underlying charge relocations 
in real space have remained unknown in most cases. 

To determine the latter in a quantitative way, one needs 
structure probes with atomic spatial and time resolution.

Our recent development of pulsed X-ray sources with 
femtosecond duration allows for direct measurements of 
the atomic displacements and the electronic motion in 
crystalline structures. A plasma-based source has been 
developed in our group and is capable of delivering X-
ray pulses of 100 fs duration and a photon flux on the 
sample of about 106 photons/s. We combine this X-ray 
source to a standard pump-probe scheme in a Debye-
Scherrer configuration in order to study condensed mat-
ter at a femtosecond time scale with a sub-angstrom 
spatial resolution.

By optical fields of high amplitude we induce transient 
optical polarizations in an ionic crystal. Such polariza-
tions are connected with a spatial redistribution of elec-
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which agrees quantitatively with theoretical estimates.
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Middle panel: Change of electron density Δρ(r,t=0) in the Y = 0.25 plane at zero delay between the optical excitation and 
the x-ray probe pulses. Note the different scales of the color bars. The isosurface of the stationary electron density distri-
bution is shown in yellow.

Fig. 5:   
(d), (e) Amount of transferred charge Δq(t)  integrated 
over the subvolumes of the Li+ and BH-

4 ions as a func-
tion of pump-probe delay. The transients show sharp 
spikes of Δq around delay zero with about 120 fs full 
width at half maximum, the width of the temporal cor-
relation of excitation and probe pulses. The solid lines 
are a guide to the eye. The inset in (d) shows the cal-
culated time dependence of the modulus of the polar-
ization.
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To demonstrate the performance of our method, we re-
alized a rotating crystal experiment on bismuth which is 
presented in the following. X-ray probe pulses are gener-
ated by a 1 kHz laser driven plasma source and focused 
onto the sample. The spot diameter on the sample is 
200 mm and the flux of X-ray photons is about 106 s-1. We 
used a single crystal of bismuth with a cylindrical shape. 
The sample has a diameter of 8 mm, a thickness of  
2 mm, and a surface roughness of 30 nm. The sample is 
excited by an 800 nm pump pulse and probed by a hard 
X-ray (λ = 0.154 nm) pulse under respective angles of 
grazing incidence of 7° and 1.5°. We chose the grazing 
incidence scheme to adapt the penetration depth of the 
probe to the penetration depth of the pump. The latter 
is not affected by the incidence angle. The pump pulse 
is p-polarized and the area density of absorbed energy 
has a value of 1 mJ / cm2. To ensure that the angle of in-
cidence remains constant while rotating the sample we 
aligned the rotation axis to be exactly perpendicular to 
the sample surface. As a reference for the fluctuations 
of the X-ray source we used the (111) reflection of a 
60 mm thick diamond crystal in the incident X-ray beam. 
This X-ray beamsplitter reflects approximately 5% of the 
incoming X-ray intensity.

To enhance the signal-to-noise ratio we oscillated the 
sample within a 15° range and slowed down the an-
gular velocity at positions where reflections occur. All 
reflections, including the reflection from the diamond 
crystal are measured simultaneously and integrated on 
a deep depletion CCD. Averaging over a large num-
ber of individual pump-probe scans gives the transients 

shown in Fig. 4. The diffracted X-ray intensity is plotted 
as a function of pump-probe delay for the (222), (111), 
(322) and (323) diffraction peaks. Note, that the oscil-
latory behavior of the (111) reflection is clearly visible 
even though the effect size is only ≈ 5%. This proofs 
the high time resolution and the high sensitivity of our 
method. In the third and fourth panel of Fig. 4 we show 
the first measurement of the (322) and (323) transient 
reflection, the (322) reflection shows an oscillation with 
identical frequency and phase as those of the (111) 
transient.

We wish to emphasize that in the rotation method, as 
well as in the powder method, all reflection are meas-
ured simultaneously. This fact makes sure that all re-
flections are measured under the same conditions, e.g., 
pump intensity, spatial overlap and temporal overlap. In 
contrast to powder-diffraction, the rotation method al-
lows for a separation of different reflections which have 
the same diffraction angle.

UP2(2): Ultrafast soft-mode driven charge reloca-
tion in an ionic crystal

Ionic crystals display an interplay of lattice motions and 
relocations of electronic charge which is important for 
their macroscopic electric properties and for transitions 
between different structural phases. The dynamics of 
such phenomena occurs in ion ultrafast time scales and 
is addressed here by applying femtosecond X-ray dif-
fraction as a structural probe. From an extended set of 
time-resolved diffraction data generated by X-ray pow-
der diffraction, we derived transient electron density 
maps of the prototype material potassium dihydrogen 
phosphate [KH2PO4, KDP] the crystal structure of which 
is shown in Fig. 5(a) [ZRS, ZSW].

In Fig. 5(a) the unit cell of KDP is depicted. Its space 
group at room temperature is I42d (No. 122). The unit 
cell dimensions are a= b= 0.74529 nm, c= 0.69751 nm 
with four formula units. The crystal consists of K+ ions 
and covalently tetrahedral PO4 groups which are linked 
by O-H-O hydrogen bonds. Ionic bonds exist between 
the K+ cations and H2PO4

- groups.

In an optical pump/X-ray probe scheme, the KDP pow-
der sample was excited by a 50 fs pulse at 266 nm, 
the third harmonic of amplified pulses from a Ti:sapphire 
laser system, and the resulting structure changes were 
mapped by diffracting a 100 fs hard X-ray pulse from 
a laser-driven Cu Ka (wavelength 0.154 nm) plasma 
source from the excited sample. In the optical excitation 
process, the two-photon interband absorption of KDP 
was exploited. The diffracted X-rays were recorded with 
a large-area CCD detector. 

A powder pattern as acquired with a 7 min exposure 
time of the CCD detector is shown in Fig. 5(c). The 
panels (d, e, f) in Fig. 5 are transients of selected X-ray 
reflections, i.e., the change of the diffracted X-ray flux 
integrated over a particular Debye Scherrer ring is plot-
ted as a function of pump-probe delay. We note here 
that, for the first time for this kind of measurements, 
a sensitivity better than one percent was achieved. 

Fig. 4:   
Reflectivity change of particular reflections measured 
with the rotating-crystal experiment. The solid lines 
are guides to the eye. 
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measured values of its isomorphs like NaBH4, KBH4, 
RbBH4, and CsBH4, however, suggests a value of 
n = 1.6 at 800 nm. By plugging in the electric field of the 
excitation pulse, one estimates a transient polarization 
of the crystal of P/e = 1.0 x 10-11 m per ion pair. This 
value is in very good agreement with the polarization 
derived above from the amount of transferred electron 
charge and the spatial separation of the Li+ and BH-

4 
ions. 

Such agreement shows that the charge transfer be-
tween the two ions represents the major source term of 
the electric polarization generated in the high optical 
field.
 
Recently, we applied this technique to the insulator LiH. 
Again, we used a nonresonant excitation with a pump 
pulse energy of 1.5 eV, much smaller than the energy 
gap of the material (around 5 eV). Similar to LiBH4, a 
fully reversible charge transfer is observed in LiH within 
the time resolution of the experiment (around 100 fs). In 
contrast to the electron transfer from the anion to the 
cation in LiBH4, charge is shifted from the Li+ cation to 
the hydrogen in the LiH crystal. Since the core electrons 
of a Li+ ion are too tightly bonded in order to be trans-
ferred, the latter behavior is a consequence of the in-
complete ionic character of the material and the exist-
ence of a significant covalent contribution to the bond 
between the Li and H atoms. 
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measured values of its isomorphs like NaBH4, KBH4, 
RbBH4, and CsBH4, however, suggests a value of 
n = 1.6 at 800 nm. By plugging in the electric field of the 
excitation pulse, one estimates a transient polarization 
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value is in very good agreement with the polarization 
derived above from the amount of transferred electron 
charge and the spatial separation of the Li+ and BH-
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ions. 

Such agreement shows that the charge transfer be-
tween the two ions represents the major source term of 
the electric polarization generated in the high optical 
field.
 
Recently, we applied this technique to the insulator LiH. 
Again, we used a nonresonant excitation with a pump 
pulse energy of 1.5 eV, much smaller than the energy 
gap of the material (around 5 eV). Similar to LiBH4, a 
fully reversible charge transfer is observed in LiH within 
the time resolution of the experiment (around 100 fs). In 
contrast to the electron transfer from the anion to the 
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the hydrogen in the LiH crystal. Since the core electrons 
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1. Overview

The general goal of this project is the development of 
lasers and optical measurement systems suitable for 
special applications at the MBI or at the laboratories of 
collaboration partners. 

A new topic that deals with the generation of sub-10 fs 
pulses by means of OPCPA technology was added to 
the project and continued to gain in significance during 
the last year. The appropriate OPCPA systems are de- 
veloped in topic 3 of the project.  

2. Topics and collaborations

The project is organized in the following topics: 

T1: Lasers for particle accelerators 
This topic contributes to the development of FELs by
providing highly specialized photoinjector drive lasers.
This work is carried out in cooperation with DESY, the
Helmholtz-Zentrum Dresden Rossendorf and the Helm- 
holtz-ZentrumBerli für Materialien und Energie.  
   
T2: Laser sources for few-cycle and shaped pulses 
The main task of the topic is implementation of new ideas
for generation of few-cycles and shaped laser pulses
for the experiments at MBI. 

T3: Few-cycle OPCPA systems with unique parame- 
ters 
Two femtosecond OPCPA systems are being developed
in the framework of this topic: 
a) A TW-OPCPA system pumped by a high-power 
    thin-disk laser; 
b) A 400 kHz OPCPA pumped by a fiber laser. 
 
T4: The high-order harmonics monochromator beam- 
line was developed under the framework of Project
4.1 as a source of 100 fs XUV pulses with sufficient
energy resolution for surface science applications. 

The instrument, including a surface science end station
for time- and angle-resolved photoelectron spectroscopy,
is now operational and has been moved to the
Femtosecond Application Laboratories (Project 4.2).
The facility has been used to study ultrafast laser-driven
magnetization dynamics in the lanthanide metal Gado- 
linium. This work is described under Project 3.1. 

3. Results in 2012

T1: Lasers for particle accelerators 

An important part of the project deals with the systematic
improvement of the lasers developed at the MBI in
the previous years, and with their application for driving
the photo injectors of linear electron accelerators (linacs)
at various accelerator labs. This regards the following
systems: 

• The photocathode laser of the FLASH FEL (DESY 
Hamburg). The achieved stable operation of this sytem 
was essential for successful operation of FLASH 
in 2012. In 2012, we have installed a second  
photocathode laser at FLASH that produces UV pulse 
trains of up to 3 MHz repetition rate in the train. 
The laser was equipped with a novel oscillator that 
is particularly easy to operate. Both photocathode 
lasers at FLASH cannow be combinedin the same 
beamline and illuminate the same photocath-
ode simultaneously. Despite of this, both the 
generated bunch charge and the duration of the 
bunch trains can be adjusted individually. This is 
required for driving two electron accelerators (FLASH 
and FLASH II) with a single photo injector and to 
achieve maximum flexibility in the bunch parameters.  

• The laser of the PITZ installation at DESY Zeuthen, 
which generates picosecond pulses of various shapes. 
This pulse shape allows optimizing the emittance of 
the electron beams produced by the photo injector. 
In 2012, a new oscillator was developed and installed 
at PITZ. This oscillator features higher reliability 
and, in particular, easy maintenance.  

• At the Helmholtz-Zentrum Dresden-Rossendorf 
(HZDR), the two-channel laser described in the pre- 
vious Annual Report was installed and put into op- 
eration.This laser has been used during 2012 for 
operating the superconducting electron gun in both 
the high-current mode (13 MHz repetition rate) and 
in a high bunch-charge mode (typically 500 kHz rep- 
etition rate). Due to the additional degree of freedom 
in the temporal structure of the produced electron 
bunches, the implemented burst-mode turned out to 
be particularly useful for both the alignment of the linac 
and for its operation for a variety of experiments.  

• A photocathode laser at Helmholtz-Zentrum für Ma- 
terialien und Energie Berlin. This laser is installed in 
the HoBiCAT facility at BESSY II and is being used for 
the development of the photo injector for the Energy 
Recovery Linac at BESSY (“BERLinPro”). 

4.1: Implementation of Lasers and Measuring Techniques
I. Will, N. Zhavoronkov (project coordinators)
and F. Furch, D. Z. Kandula, G. Klemz, M. Floegel
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In 2011, we have insured the reliable operation of these la-
sers. This was one of the prerequisites for successful opera-
tion of the photo injectors at FLASH, PITZ, HZB and HZDR. 

A second part of the project was dedicated to the de-
velopment of the photocathode laser for the European 
XFEL. This laser must be completed in 2015. At the 
MBI, the concept of the laser for the XFEL was further 
improved and elaborated in the details (Fig. 1).

According to this concept our present layout allows for 
two operational modes of the laser:

•	 A basic mode for generation of Gaussian pulses. 
This mode features particularly high reliability of the 
laser and low effort for synchronization and opera-
tion. This mode will be particularly useful during the 
commissioning phase of the XFEL and for realign-
ment of the linac, where a particular shape of the UV 
pulses illuminating the photocathode is unimportant.  

•	 An advanced mode for generation of shaped UV puls-
es. This mode will be used for operating the XFEL at 
maximum specification. Shaping the pulses will allow 
for a significant improvement of the emittance of the 
electron bunches compared to Gaussian pulses. 

The laser incorporates a multicrystal birefringent pulse 
shaper that has been developed at the MBI during 
2006…2008 for generating flat-top picosecond pulses 
with sharp rising and falling edges. Since the European 
XFEL will be a user facility, the pulse shape of the photo-
cathode laser has to be feedback-stabilized. This feed-
back loop, which will be based on a single-shot high-
resolution XFROG is presently being developed at the 
MBI. In 2012, we have concentrated on the development 
of the control electronics and the software required for 
remote operation of this laser.

T2: Laser sources for few-cycle and shaped pulses

Isolated attosecond pulses are required for investigating 
electron dynamics on attosecond time scale. The gener-
ation of these isolated attosecond pulses is governed by 
the laser pulses with an electric field sufficient for high 
harmonics generation within a single cycle only. For reli-
able production of attosecond pulses with flux sufficient 
for advanced experiments, few-cycle IR driving pulses 
having energy more than 1 mJ are essential. A tech-
nique based on the nonlinear effects occurring in hollow 
waveguides is applied to produce such intense, short IR 
laser pulses routinely.

The radiation from Ti-sapphire laser system operating 
with 1 kHz repetition rate at 800 nm central wavelength, 
3 mJ pulse energy and 30 fs pulse duration, was di-
rected into 1 m long large aperture hollow waveguide. 
This waveguide was filled with Ne gas at atmospheric 
pressure. As shown in Fig. 2, the output spectrum of 
the waveguide had a typical symmetrical shape around 
800 nm. Such an extremely broad and uniform spec-
trum is essential for generating few cycle pulses with 
high contrast.

After phase correction by 4 reflections on the mirrors 
with negative dispersion, pulses with a duration as short 
as 6.2 fs were measured by means of SPIDER. A maxi-
mum pulse energy of 1.3 mJ was reached. Further at-
tempts to increase the output pulse energy by a corre-
sponding increase of the input pulse energy were limited 
by increasing gas ionisation, which leads to a narrowing 
of the output spectrum and to a damage of the input face 
of the hollow waveguide. 

Filamentation in gases appears as a self-guiding regime 
by sustaining a spatial balance of nonlinear self-focus-
ing and defocusing effects. The action of various non-

Fig. 1:   
Conceptual layout of the photoinjector drive laser for the XFEL.
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linear effects in a plasma channel provides the spectral 
broadening and ensures the fulfillment of preconditions 
for efficient pulse compression. The slightly focused out-
put pulses from the laser system described above were 
directed into a 1.5 m long glass cell filled with SF6. As a 
result of the filamentary propagation 

the supercontinuum with spectral bandwidth of about 
1.5 octaves is generated as it is shown in Fig. 1. The 
filament in SF6 demonstrated the dramatic enhance-
ment in frequency conversion out of the fundamental 
spectral range, especially toward higher frequencies. 
The entire spectrum from the filament in SF6 supports 
generation of single-cycle pulses. With a use of differ-
ent filters the generated supercontinuum was separated 
into spectral parts, as it is indicated in Fig. 3 by differ-
ent colours. Spectral coherence of the supercontinuum 
is particularly important for application of the generated 
radiation. With the specially developed UV-VIS SPIDER 
operated in spectral range between 400 and 1000 nm, 
the duration of the pulses from the different spectral re-
gion were measured together with the corresponding 
spectral phases. Pulses with duration as short as 6 fs 
(420-530 nm region), 8 fs (500-590 nm) and 7 fs in re-

gion spanning from 600 to 900 nm were obtained. The 
amounts of additional phases required to correct the 
phases of the output pulse towards a linear one were 
within 20-40 fs2, which brings evidence about proper 
degree of spectral coherency and opens prospect for 
generation of single cycle pulses.

T3: Few-cycle OPCPA systems with unique  
parameters

Two femtosecond OPCPA systems are developed in 
the framework of this topic:
  1.A  Terawatt OPCPA system pumped by a high-
      power thin-disk laser; 
  2.A  400 kHz OPCPA pumped by a fiber laser.

These systems are described in the following sections:

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

The development of a TW-OPCPA system has been 
launched in 2011. The complete system will produce 
isolated attosecond pulses which are powerful enough 
to perform pump-probe experiments at attosecond time-
scales. 

The OPCPA amplifier is seeded by near-IR few-cycle 
pulses from a CEP-stabilized oscillator (rainbow HP 
from FEMTOLASERS Productions GmbH). In contrast 
to standard Ti:sapphire amplifiers, OPCPA systems 
require precise synchronization between the pump 
and the seed pulses. The synchronization is presently 
accomplished with a phase-locked loop that locks the 
repetition rates of the two seed lasers to a common har-
monic at 8 GHz.

In order to pump all three crystals of the OPA chain 
by a single pump beam, the pump pulse of 400 mJ at 
1030 nm wavelength is compressed to 50 ps, frequency 
doubled and split in three replica to facilitate amplifica-
tion in three BBO crystals. The two pre-amplifier stages 
are pumped with 4 mJ each, while the major part goes 
into the third power amplifier stage. Subsequently, the 

Fig. 2:   
Output spectrum (left) and intensity (right) of the few-cycle pulses from large aperture hollow waveguide.

Fig. 3:   
Output spectrum and intensity of the few-cycle pulses 
from large aperture hollow waveguide.

In 2011, we have insured the reliable operation of these  
lasers. This was one of the prerequisites for successful  
operation of the photo injectors at FLASH, PITZ, HZB  
and HZDR.   

A second part of the project was dedicated to the de- 
velopmentof the photocathode laser for the European
XFEL. This laser must be completed in 2015. At the
MBI, the concept of the laser for the XFEL was further
improved and elaborated in the details (Fig. 1). 

According to this concept our present layout allows for
two operational modes of the laser: 

• A basic mode for generation of Gaussian pulses. 
This mode features particularly high reliability of the 
laser and low effort for synchronization and operation. 
This mode will be particularly useful during the 
commissioning phase of the XFEL and for realignment 
of the linac, where a particular shape of the UV 
pulses illuminating the photocathode is unimportant.  

• An advanced mode for generation of shaped UV pulses. 
This mode will be used for operating the XFEL at 
maximum specification. Shaping the pulses will allow 
for a significant improvement of the emittance of the 
electron bunches compared to Gaussian pulses. 

The laser incorporates a multicrystal birefringent pulse 
shaper that has been developed at the MBI from 2006 
to 2008 for generating flat-top picosecond pulses with 
sharp rising and falling edges. Since the European 
XFEL will be a user facility, the pulse shape of the photo- 
cathode laser has to be feedback-stabilized. This feed- 
back loop, which will be based on a single-shot high- 
resolution XFROG is presently being developed at the 
MBI. We have concentrated on the development 
of the control electronics and the software required for 
remote operation of this laser in 2012. 

T2: Laser sources for few-cycle and shaped pulses  
 
Isolated attosecond pulses are required for investigating
electron dynamics on attosecond time scale. The gener- 
ationof these isolated attosecond pulses is governed by 
the laser pulses with an electric field sufficient for high
harmonics generation within a single cycle only. For reli- 
ableproduction of attosecond pulses with flux sufficient
for advanced experiments, few-cycle IR driving pulses
having energy more than 1 mJ are essential. A tech- 
nique based on the nonlinear effects occurring in hollow
waveguides is applied to produce such intense, short IR
laser pulses routinely. 

The radiation from Ti-sapphire laser system operating
with 1 kHz repetition rate at 800 nm central wavelength,
3 mJ pulse energy and 30 fs pulse duration, was di- 
rected into 1 m long large aperture hollow waveguide.
This waveguide was filled with Ne gas at atmospheric
pressure. As shown in Fig. 2, the output spectrum of
the waveguide had a typical symmetrical shape around
800 nm. Such an extremely broad and uniform spectrum
is essential for generating few cycle pulses with
high contrast. 

After phase correction by 4 reflections on the mirrors
with negative dispersion, pulses with a duration as short
as 6.2 fs were measured by means of SPIDER. A maxi- 
mum pulse energy of 1.3 mJ was reached. Further at- 
tempts to increase the output pulse energy by a corre- 
sponding increase of the input pulse energy were limited
by increasing gas ionization, which leads to a narrowing
of the output spectrum and to a damage of the input face
of the hollow waveguide.  

Filamentation in gases appears as a self-guiding regime
by sustaining a spatial balance of nonlinear self-focusing
and defocusing effects. The action of various non-
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linear effects in a plasma channel provides the spectral
broadening and ensures the fulfillment of preconditions
for efficient pulse compression. The slightly focused output
pulses from the laser system described above were
directed into a 1.5 m long glass cell filled with SF6. 
As a result of the filamentary propagation the super-
continuum with spectral bandwidth of about 1.5 oc-
taves is generated as it is shown in Fig. 2.  

  
The filament in SF6 demonstrated the dramatic en-
hancement in frequency conversion out of the fun-
damental spectral range, especially toward higher
frequencies. The entire spectrum from the fila-
ment in SF6 supports generation of single-cycle 
pulses. With a use of different filters the generated 
supercontinuum was separate into spectral parts, 
as it is indicated in Fig. 3 by different colours. Spec-
tral coherence of the supercontinuum is particularly 
important for application of the generated radiation. 
With the specially developed UV-VIS SPIDER oper-
ated in spectral range between 400 and 1000 nm, the 
duration of the pulses from the different spectral re-
gion were measured together with the corresponding 
spectral phases. Pulses with duration as short as 6 fs
(420-530 nm region), 8 fs (500-590 nm) and 7 fs in region

spanning from 600 to 900 nm were obtained. The
amounts of additional phases required to correct the
phases of the output pulse towards a linear one were
within 20-40 fs2, which brings evidence about proper
degree of spectral coherency and opens prospect for
generation of single cycle pulses. 

T3: Few-cycle OPCPA systems with unique 
parameters 
 
a) Terawatt OPCPA system pumped by a high-power
thin-disk laser 

The development of a TW-OPCPA system has been
launched in 2011. The complete system will produce
isolated attosecond pulses which are powerful enough
to perform pump-probe experiments at attosecond time-
scales. 

The OPCPA amplifi er is seeded by near-IR few-cycle
pulses from a CEP-stabilized oscillator (rainbow HP
from FEMTOLASERS Productions GmbH). In contrast
to standard Ti:sapphire amplifi ers, OPCPA systems
require precise synchronization between the pump
and the seed pulses. The synchronization is presently
accomplished with a phase-locked loop that locks the
repetition rates of the two seed lasers to a common har-
monic at 8 GHz. 

In order to pump all three crystals of the OPA chain
by a single pump beam, the pump pulse of 400 mJ at
1030 nm wavelength is compressed to 50 ps, frequency
doubled and split in three replica to facilitate amplifi ca-
tion in three BBO crystals. The two pre-amplifi er stages
are pumped with 4 mJ each, while the major part goes
into the third power amplifi er stage. Subsequently, the
amplifi ed seed is compressed in a grating compressor.
The residual deviations of the spectral phase from an
optimal dependence are measured with spectral inter-
ferometry and corrected in a spectral phase modulator
that is located in the Fourier plane of a stretcher before
the amplifi er chain. 

The development of the TW-OPCPA was hampered in
2012 for many months by a malfunction of the thin-disk
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In 2011, we have insured the reliable operation of these la-
sers. This was one of the prerequisites for successful opera-
tion of the photo injectors at FLASH, PITZ, HZB and HZDR. 

A second part of the project was dedicated to the de-
velopment of the photocathode laser for the European 
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MBI, the concept of the laser for the XFEL was further 
improved and elaborated in the details (Fig. 1).
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•	 A basic mode for generation of Gaussian pulses. 
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•	 An advanced mode for generation of shaped UV puls-
es. This mode will be used for operating the XFEL at 
maximum specification. Shaping the pulses will allow 
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electron bunches compared to Gaussian pulses. 
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of the control electronics and the software required for 
remote operation of this laser.
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ation of these isolated attosecond pulses is governed by 
the laser pulses with an electric field sufficient for high 
harmonics generation within a single cycle only. For reli-
able production of attosecond pulses with flux sufficient 
for advanced experiments, few-cycle IR driving pulses 
having energy more than 1 mJ are essential. A tech-
nique based on the nonlinear effects occurring in hollow 
waveguides is applied to produce such intense, short IR 
laser pulses routinely.

The radiation from Ti-sapphire laser system operating 
with 1 kHz repetition rate at 800 nm central wavelength, 
3 mJ pulse energy and 30 fs pulse duration, was di-
rected into 1 m long large aperture hollow waveguide. 
This waveguide was filled with Ne gas at atmospheric 
pressure. As shown in Fig. 2, the output spectrum of 
the waveguide had a typical symmetrical shape around 
800 nm. Such an extremely broad and uniform spec-
trum is essential for generating few cycle pulses with 
high contrast.

After phase correction by 4 reflections on the mirrors 
with negative dispersion, pulses with a duration as short 
as 6.2 fs were measured by means of SPIDER. A maxi-
mum pulse energy of 1.3 mJ was reached. Further at-
tempts to increase the output pulse energy by a corre-
sponding increase of the input pulse energy were limited 
by increasing gas ionisation, which leads to a narrowing 
of the output spectrum and to a damage of the input face 
of the hollow waveguide. 

Filamentation in gases appears as a self-guiding regime 
by sustaining a spatial balance of nonlinear self-focus-
ing and defocusing effects. The action of various non-

Fig. 1:   
Conceptual layout of the photoinjector drive laser for the XFEL.
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linear effects in a plasma channel provides the spectral 
broadening and ensures the fulfillment of preconditions 
for efficient pulse compression. The slightly focused out-
put pulses from the laser system described above were 
directed into a 1.5 m long glass cell filled with SF6. As a 
result of the filamentary propagation 

the supercontinuum with spectral bandwidth of about 
1.5 octaves is generated as it is shown in Fig. 1. The 
filament in SF6 demonstrated the dramatic enhance-
ment in frequency conversion out of the fundamental 
spectral range, especially toward higher frequencies. 
The entire spectrum from the filament in SF6 supports 
generation of single-cycle pulses. With a use of differ-
ent filters the generated supercontinuum was separated 
into spectral parts, as it is indicated in Fig. 3 by differ-
ent colours. Spectral coherence of the supercontinuum 
is particularly important for application of the generated 
radiation. With the specially developed UV-VIS SPIDER 
operated in spectral range between 400 and 1000 nm, 
the duration of the pulses from the different spectral re-
gion were measured together with the corresponding 
spectral phases. Pulses with duration as short as 6 fs 
(420-530 nm region), 8 fs (500-590 nm) and 7 fs in re-

gion spanning from 600 to 900 nm were obtained. The 
amounts of additional phases required to correct the 
phases of the output pulse towards a linear one were 
within 20-40 fs2, which brings evidence about proper 
degree of spectral coherency and opens prospect for 
generation of single cycle pulses.

T3: Few-cycle OPCPA systems with unique  
parameters

Two femtosecond OPCPA systems are developed in 
the framework of this topic:
  1.A  Terawatt OPCPA system pumped by a high-
      power thin-disk laser; 
  2.A  400 kHz OPCPA pumped by a fiber laser.

These systems are described in the following sections:

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

The development of a TW-OPCPA system has been 
launched in 2011. The complete system will produce 
isolated attosecond pulses which are powerful enough 
to perform pump-probe experiments at attosecond time-
scales. 

The OPCPA amplifier is seeded by near-IR few-cycle 
pulses from a CEP-stabilized oscillator (rainbow HP 
from FEMTOLASERS Productions GmbH). In contrast 
to standard Ti:sapphire amplifiers, OPCPA systems 
require precise synchronization between the pump 
and the seed pulses. The synchronization is presently 
accomplished with a phase-locked loop that locks the 
repetition rates of the two seed lasers to a common har-
monic at 8 GHz.

In order to pump all three crystals of the OPA chain 
by a single pump beam, the pump pulse of 400 mJ at 
1030 nm wavelength is compressed to 50 ps, frequency 
doubled and split in three replica to facilitate amplifica-
tion in three BBO crystals. The two pre-amplifier stages 
are pumped with 4 mJ each, while the major part goes 
into the third power amplifier stage. Subsequently, the 

Fig. 2:   
Output spectrum (left) and intensity (right) of the few-cycle pulses from large aperture hollow waveguide.

Fig. 3:   
Output spectrum and intensity of the few-cycle pulses 
from large aperture hollow waveguide.
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amplified seed is compressed in a grating compressor. 
The residual deviations of the spectral phase from an 
optimal dependence are measured with spectral inter-
ferometry and corrected in a spectral phase modulator 
that is located in the Fourier plane of a stretcher before 
the amplifier chain.

The development of the TW-OPCPA was hampered in 
2012 for many months by a malfunction of the thin-disk 
laser. Nevertheless, it was possible to partly set up and 
align the OPCPA. Fig. 4 shows three examples of am-
plified spectra which were taken without changing the 
system. The differences between the measured spectra 
result from a poor timing between pump and seed. The 
reason for the large jitter is the slow reaction of the piezo 
crystal in the seed oscillator of the thin-disk laser.

For the presently used commercial Yb:KGW oscillator 
it turned out that the piezo is too slow for synchroniza-
tion with sub-picosecond accuracy. Since the oscillator 
is sealed completely, the piezo cannot be changed eas-

ily. Thus we plan to implement a new electronic syn-
chronization scheme with a home-built oscillator. Similar 
systems have been developed during the past years at 
our our institute and applied at DESY, HZDR and HZB 
(BESSY). These systems utilize a common highly-sta-
ble electronic master oscillator and allows to operate 
and synchronize both the master oscillator of the pump 
laser and the ultrabroadband Ti:Sa seed-pulse pulse os-
cillator independently. 

b)  400 kHz OPCPA pumped by a fiber laser

The ultra-high repetition rate Non-collinear Optical Para-
metric Amplifier (NOPA) is mainly being developed for 
ion-electron coincidence experiments. In 2012, the sys-
tem has reached a state, which allows its application 
for measurements in strong field ionization experiments. 
The originally required specifications for this laser sys-
tem included a repetition rate of 400 kHz or more, suf-
ficient energy per pulse to induce ionization with a rea-

Fig. 4:   
Individual spectra (green, read and blue) measured at 
the output of the OPCPA. The different spectra illus-
trate the present timing jitter between pump and seed.

Fig. 6:   
Photograph of the 400 
kHz OPCPA system, 
which is presently 
being developed in 
the framework of the 
FLAME project.

Fig. 5:   
Amplified spectra and beam profiles after 1st and 2nd 
NOPA stages.     
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sonable	spot	size	(≈	few	µJ)	and	pulse	duration	in	the	
order of sub-10 fs with a stable Carrier-Envelope Phase 
(CEP). 

Currently the developed NOPA is delivering amplified 
pulses	with	3.5	-	4	µJ	energy	at	400	kHz	repetition	rate	
when	pumped	with	24	µJ	(≈	15%	efficiency).	The	ampli-
fied spectrum spans more than 300 nm (-10 dB point) 
around a central wavelength of 830 nm, and the pulses 
are compressed down to 8 fs. The beam quality de-
scribed by the beam propagation factor M2 is more than 
2.0 due to a low intensity pedestal. The output power 
stability	has	a	standard	deviation	of	σ	<	1%	of	the	mean	
value, on a time-scale of hours. Thus the stability it is 
reaching the limit imposed by the pump laser. In 2012 it 
has also been shown that the amplified pulses are CEP-
stable without active stabilization in the amplifier in a 
time-scale of tens of seconds. 

For the next year it is planned to add a slow feedback 
loop to improve the stability of the CEP. We will also 
try different NOPA configurations to further increase the 
amplified bandwidth and to improve the pulse compres-
sion. Additionally we intend to improve quality of the out-
put beam. 
In terms of future plans, within the recently approved 
FLAME EU-project, the pump laser will be upgraded to 
deliver	>	75	µJ	at	400	kHz	(expected	to	be	available	in	
2014) and the NOPA will be upgraded accordingly.

This infrastructure will be employed for the generation 
of high harmonics in tight focus geometries (as part of 
Project 1.1), and for strong field ionization and pump-
probe experiments with ion-electron coincidence detec-
tion, utilizing a reaction microscope (as part of Projects 
2.2 and 2.3).
 

Publications   

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

laser. Nevertheless, it was possible to partly set up and
align the OPCPA. Fig. 4 shows three examples of am- 
plified spectra which were taken without changing the
system. The differences between the measured spectra
result from a poor timing between pump and seed. The
reason for the large jitter is the slow reaction of the piezo
crystal in the seed oscillator of the thin-disk laser. 

For the presently used commercial Yb:KGW oscillator
it turned out that the piezo is too slow for synchroniza- 
tionwith sub-picosecond accuracy. Since the oscillator
is sealed completely, the piezo cannot be changed eas- 
ily. Thus we plan to implement a new electronic syn- 
chronization scheme with a home-built oscillator. Similar
systems have been developed during the past years at
our our institute and applied at DESY, HZDR and HZB
(BESSY). These systems utilize a common highly-stable
electronic master oscillator and allows to operate
and synchronize both the master oscillator of the pump
laser and the ultrabroadband Ti:Sa seed-pulse pulse os- 
cillator independently.  

b) 400 kHz OPCPA pumped by a fiber laser 

The ultra-high repetition rate Non-collinear Optical Para- 
metric Amplifier (NOPA) is mainly being developed for
ion-electron coincidence experiments. In 2012, the sys- 
tem has reached a state, which allows its application
for measurements in strong field ionization experiments.
The originally required specifications for this laser sys- 
tem included a repetition rate of 400 kHz or more, suf- 
ficient energy per pulse to induce ionization with a rea-
sonable spot size (≈ few μJ) and pulse duration in the
order of sub-10 fs with a stable Carrier-Envelope Phase
(CEP).  

Currently the developed NOPA is delivering amplified
pulses with 3.5 - 4 μJ energy at 400 kHz repetition rate
when pumped with 24 μJ (≈ 15% efficiency). The ampli- 
fied spectrum spans more than 300 nm (-10 dB point)
around a central wavelength of 830 nm, and the pulses
are compressed down to 8 fs. The beam quality de- 
scribed by the beam propagation factor M2 is more than

68

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

The development of the TW-OPCPA was hampered in 
2012 for many months by a malfunction of the thin-disk 
laser. Nevertheless, it was possible to partly set up and 
align the OPCPA. Fig. 4 shows three examples of am-
plified spectra which were taken without changing the 
system. The differences between the measured spectra 
result from a poor timing between pump and seed. The 
reason for the large jitter is the slow reaction of the piezo 
crystal in the seed oscillator of the thin-disk laser.

For the presently used commercial Yb:KGW oscillator 
it turned out that the piezo is too slow for synchroniza-
tion with sub-picosecond accuracy. Since the oscillator 
is sealed completely, the piezo cannot be changed eas-

ily. Thus we plan to implement a new electronic syn-
chronization scheme with a home-built oscillator. Similar 
systems have been developed during the past years at 
our our institute and applied at DESY, HZDR and HZB 
(BESSY). These systems utilize a common highly-sta-
ble electronic master oscillator and allows to operate 
and synchronize both the master oscillator of the pump 
laser and the ultrabroadband Ti:Sa seed-pulse pulse os-
cillator independently. 

b)  400 kHz OPCPA pumped by a fiber laser

The ultra-high repetition rate Non-collinear Optical Para-
metric Amplifier (NOPA) is mainly being developed for 
ion-electron coincidence experiments. In 2012, the sys-
tem has reached a state, which allows its application 
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Fig. 4:   
Individual spectra (green, read and blue) measured at 
the output of the OPCPA. The different spectra illus-
trate the present timing jitter between pump and seed.

Fig. 6:   
Photograph of the 400 
kHz OPCPA system, 
which is presently 
being developed in 
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FLAME project.
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Amplified spectra and beam profiles after 1st and 2nd 
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68

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

The development of the TW-OPCPA was hampered in 
2012 for many months by a malfunction of the thin-disk 
laser. Nevertheless, it was possible to partly set up and 
align the OPCPA. Fig. 4 shows three examples of am-
plified spectra which were taken without changing the 
system. The differences between the measured spectra 
result from a poor timing between pump and seed. The 
reason for the large jitter is the slow reaction of the piezo 
crystal in the seed oscillator of the thin-disk laser.

For the presently used commercial Yb:KGW oscillator 
it turned out that the piezo is too slow for synchroniza-
tion with sub-picosecond accuracy. Since the oscillator 
is sealed completely, the piezo cannot be changed eas-

ily. Thus we plan to implement a new electronic syn-
chronization scheme with a home-built oscillator. Similar 
systems have been developed during the past years at 
our our institute and applied at DESY, HZDR and HZB 
(BESSY). These systems utilize a common highly-sta-
ble electronic master oscillator and allows to operate 
and synchronize both the master oscillator of the pump 
laser and the ultrabroadband Ti:Sa seed-pulse pulse os-
cillator independently. 

b)  400 kHz OPCPA pumped by a fiber laser

The ultra-high repetition rate Non-collinear Optical Para-
metric Amplifier (NOPA) is mainly being developed for 
ion-electron coincidence experiments. In 2012, the sys-
tem has reached a state, which allows its application 
for measurements in strong field ionization experiments. 
The originally required specifications for this laser sys-
tem included a repetition rate of 400 kHz or more, suf-
ficient energy per pulse to induce ionization with a rea-

Fig. 4:   
Individual spectra (green, read and blue) measured at 
the output of the OPCPA. The different spectra illus-
trate the present timing jitter between pump and seed.

Fig. 6:   
Photograph of the 400 
kHz OPCPA system, 
which is presently 
being developed in 
the framework of the 
FLAME project.

Fig. 5:   
Amplified spectra and beam profiles after 1st and 2nd 
NOPA stages.     

68

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

The development of the TW-OPCPA was hampered in 
2012 for many months by a malfunction of the thin-disk 
laser. Nevertheless, it was possible to partly set up and 
align the OPCPA. Fig. 4 shows three examples of am-
plified spectra which were taken without changing the 
system. The differences between the measured spectra 
result from a poor timing between pump and seed. The 
reason for the large jitter is the slow reaction of the piezo 
crystal in the seed oscillator of the thin-disk laser.

For the presently used commercial Yb:KGW oscillator 
it turned out that the piezo is too slow for synchroniza-
tion with sub-picosecond accuracy. Since the oscillator 
is sealed completely, the piezo cannot be changed eas-

ily. Thus we plan to implement a new electronic syn-
chronization scheme with a home-built oscillator. Similar 
systems have been developed during the past years at 
our our institute and applied at DESY, HZDR and HZB 
(BESSY). These systems utilize a common highly-sta-
ble electronic master oscillator and allows to operate 
and synchronize both the master oscillator of the pump 
laser and the ultrabroadband Ti:Sa seed-pulse pulse os-
cillator independently. 

b)  400 kHz OPCPA pumped by a fiber laser

The ultra-high repetition rate Non-collinear Optical Para-
metric Amplifier (NOPA) is mainly being developed for 
ion-electron coincidence experiments. In 2012, the sys-
tem has reached a state, which allows its application 
for measurements in strong field ionization experiments. 
The originally required specifications for this laser sys-
tem included a repetition rate of 400 kHz or more, suf-
ficient energy per pulse to induce ionization with a rea-

Fig. 4:   
Individual spectra (green, read and blue) measured at 
the output of the OPCPA. The different spectra illus-
trate the present timing jitter between pump and seed.

Fig. 6:   
Photograph of the 400 
kHz OPCPA system, 
which is presently 
being developed in 
the framework of the 
FLAME project.

Fig. 5:   
Amplified spectra and beam profiles after 1st and 2nd 
NOPA stages.     

68

laser. Nevertheless, it was possible to partly set up and 
align the OPCPA. Fig. 4 shows three examples of am-
plified spectra which were taken without changing the 
system. The differences between the measured spectra 
result from a poor timing between pump and seed. The 
reason for the large jitter is the slow reaction of the piezo 
crystal in the seed oscillator of the thin-disk laser.

For the presently used commercial Yb:KGW oscillator 
it turned out that the piezo is too slow for synchroniza-
tion with sub-picosecond accuracy. Since the oscillator 
is sealed completely, the piezo cannot be changed eas-
ily. Thus we plan to implement a new electronic syn-
chronization scheme with a home-built oscillator. Similar 
systems have been developed during the past years at 
our our institute and applied at DESY, HZDR and HZB 
(BESSY). These systems utilize a common highly-sta-
ble electronic master oscillator and allows to operate 
and synchronize both the master oscillator of the pump 
laser and the ultrabroadband Ti:Sa seed-pulse pulse os-
cillator independently. 

b)  400 kHz OPCPA pumped by a fiber laser

The ultra-high repetition rate Non-collinear Optical Para-
metric Amplifier (NOPA) is mainly being developed for 
ion-electron coincidence experiments. In 2012, the sys-
tem has reached a state, which allows its application 
for measurements in strong field ionization experiments. 
The originally required specifications for this laser sys-
tem included a repetition rate of 400 kHz or more, suf-
ficient energy per pulse to induce ionization with a rea-
sonable	spot	size	(≈	few	µJ)	and	pulse	duration	in	the	
order of sub-10 fs with a stable Carrier-Envelope Phase 
(CEP). 

Currently the developed NOPA is delivering amplified 
pulses	with	3.5	-	4	µJ	energy	at	400	kHz	repetition	rate	
when	pumped	with	24	µJ	(≈	15%	efficiency).	The	ampli-
fied spectrum spans more than 300 nm (-10 dB point) 
around a central wavelength of 830 nm, and the pulses 
are compressed down to 8 fs. The beam quality de-
scribed by the beam propagation factor M2 is more than 

Fig. 4:   
Individual spectra (green, read and blue) measured at 
the output of the OPCPA. The different spectra illus-
trate the present timing jitter between pump and seed.

Fig. 6:   
Photograph of the  
400 kHz OPCPA  
system, which is  
presently being  
developed in the 
framework of the 
FLAME project.

Fig. 5:   
Amplified spectra and beam profiles after 1st and 2nd 
NOPA stages.     
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sonable	spot	size	(≈	few	µJ)	and	pulse	duration	in	the	
order of sub-10 fs with a stable Carrier-Envelope Phase 
(CEP). 

Currently the developed NOPA is delivering amplified 
pulses	with	3.5	-	4	µJ	energy	at	400	kHz	repetition	rate	
when	pumped	with	24	µJ	(≈	15%	efficiency).	The	ampli-
fied spectrum spans more than 300 nm (-10 dB point) 
around a central wavelength of 830 nm, and the pulses 
are compressed down to 8 fs. The beam quality de-
scribed by the beam propagation factor M2 is more than 
2.0 due to a low intensity pedestal. The output power 
stability	has	a	standard	deviation	of	σ	<	1%	of	the	mean	
value, on a time-scale of hours. Thus the stability it is 
reaching the limit imposed by the pump laser. In 2012 it 
has also been shown that the amplified pulses are CEP-
stable without active stabilization in the amplifier in a 
time-scale of tens of seconds. 

For the next year it is planned to add a slow feedback 
loop to improve the stability of the CEP. We will also 
try different NOPA configurations to further increase the 
amplified bandwidth and to improve the pulse compres-
sion. Additionally we intend to improve quality of the out-
put beam. 
In terms of future plans, within the recently approved 
FLAME EU-project, the pump laser will be upgraded to 
deliver	>	75	µJ	at	400	kHz	(expected	to	be	available	in	
2014) and the NOPA will be upgraded accordingly.

This infrastructure will be employed for the generation 
of high harmonics in tight focus geometries (as part of 
Project 1.1), and for strong field ionization and pump-
probe experiments with ion-electron coincidence detec-
tion, utilizing a reaction microscope (as part of Projects 
2.2 and 2.3).
 

Publications   

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

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

At present the MBI offers access to six femtosecond  
laboratories:    
•	 VUV	system	  
•	 MultiColor	I	and	II	systems	 	 
•	 Sub-50fs	system	 	 
•	 High-Power	Shaped	system	  
•	 80	MHz	system.	

A main effort to improve the usability of the applica-
tion laboratories was to expand the capabilities of 
pulse duration and phase measurement into the UV/
VUV spectral range. Based on randomly oriented χ2 
nonlinearity in strontium tetraborate (SBO) we could 
demonstrate second harmonic conversion down to 
121 nm. This can be used for FROG measurement for 
  

ultrashort deep UV pulses. Pulses in the vacuum UV 
should be measured by difference frequency mixing. 

The advantage of this approach based on nonlinear opti-
cal crystals is the quite high sensitivity and compactness 
(Fig. 1) compared to other setups based on multi-photon 
ionization and time of flight spectrometry. In addition it is 
much easier to resolve any spectral phase direct in the 
optical domain than by small differences in the photo-
electron energy. 

2. User statistics 2012  
 
In	2012	the	overall	use	of	the	FAL	was	more	than	70	%	
of	the	available	access	time.	About	20	%	were	utilized	
by visiting scientists mainly supported by DAAD/DLR 
(several programs) and the Laserlab- Europe program. 

Last year we had 9 guest scientists (7 projects) from 
Spain, Russia, China, France and Italy.    

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

4.2: Application Laboratories and Technology Transfer 

Fig. 1:   
Top view into a small 
vacuum chamber for VUV 
pulse characterization by 
frequency mixing in SBO.  
(For more details about 
the characteristics of SBO 
please check Project 1.1.)  

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

The High-Field Laser Application Laboratory is ensur-
ing the international scientific competitiveness of MBI 
research in high field laser physics, particularly relativis-
tic 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 MBI-project research. 

The objectives are met by combining the results of MBI 
research on high-power lasers (Projects 1.2 and 4.2) 
with state-of-the-art commercial lasers in a dedicated 
laboratory environment, including highly specialized in-
strumentation and building infrastructure. The present 
laser equipment, based on two parallel, optically syn-
chronized Ti:Sapphire laser systems with intensities in 
excess of 1019 W/cm2 and 25 and 35 fs pulse duration, 
respectively, excels by its pulse contrast capability, al-
lowing e.g. the investigation of novel laser particle accel-
eration schemes. Main research directions include elec-
tron acceleration by lasers using a radiation shielded 
laboratory and proton/ion acceleration. 
 
Development of short-pulse, high-average-power lasers 
for special applications, most importantly lasers for ac-
celerators, free electron lasers (FEL), X-ray lasers and 
a new generation of pump-lasers is pursued in different 
other MBI projects (cf. 1.2, 4.1). 

During 2012 the HFL-infrastructure has been developed 
such that the full diversity of relativistic pump probe ex-
periments (e.g. imaging of strong fields or particle pump 

and photon probe – scattering) can be applied (cf. Proj-
ect 2.1). 

Essential experimental infrastructure design and devel-
opment will support the effective realization of external 
access programs (Laserlab-Europe), national collabora-
tion (Transregio18), in-house collaboration and beam 
time for in-house projects.

Specifically, the MBI two-beam facility will be used for 
staged acceleration schemes, both for electrons and 
ions. Implementation of new systems concerning wave 
front adjustment, beam pointing adjustment and contrast 
adjustment will be realized. The scientific issues which 
back these activities are discussed mainly in Project 2.1.

The architecture of the MBI laser systems and essential 
parts of the final amplifiers and pulse compressors as 
well as beamline construction is such that a moderate 
upgrade of pulse energy in both laser arms (i.e. up to 
>300 TW and >100 TW, respectively) is possible without 
changes in the architecture or geometry. 

In 2011 particle acceleration experiments started in a 
specific lab area which is enclosed in a radiation shield-
ed area (Bunker). A photo / picture of the laser-area is 
depicted in Fig. 1 and a glimpse of successful experi-
ments is given with Figs. 2 and 3.

HFL is located in a separate building with restricted ac-
cess due to radiation safety and cleanliness consider-
ations. Its structure and equipment allows to perform a 
variety of laser-matter interaction experiments such as 

High-Field Laser Application Laboratory (HFL)
M. Schnürer, G. Priebe (project coordinators) 

Fig. 1:  
Photographers impression when looking from the accelerator laboratory through the wall into the laser hall: dual beam high 
intensity laser facility at the HFL: left – compressor with beamline to Bunker and housed 100 TW Ti:Sapphire amplifier arm, 
center (front) – housed power supplies, center (back) – XPW-frontend, right – compressor and housed 70 TW Ti:Sapphire 
laser.
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VUV spectral range. Based on randomly oriented χ2 
nonlinearity in strontium tetraborate (SBO) we could 
demonstrate second harmonic conversion down to 
121 nm. This can be used for FROG measurement for 
  

ultrashort deep UV pulses. Pulses in the vacuum UV 
should be measured by difference frequency mixing. 

The advantage of this approach based on nonlinear opti-
cal crystals is the quite high sensitivity and compactness 
(Fig. 1) compared to other setups based on multi-photon 
ionization and time of flight spectrometry. In addition it is 
much easier to resolve any spectral phase direct in the 
optical domain than by small differences in the photo-
electron energy. 

2. User statistics 2012  
 
In	2012	the	overall	use	of	the	FAL	was	more	than	70	%	
of	the	available	access	time.	About	20	%	were	utilized	
by visiting scientists mainly supported by DAAD/DLR 
(several programs) and the Laserlab- Europe program. 

Last year we had 9 guest scientists (7 projects) from 
Spain, Russia, China, France and Italy.    
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The High-Field Laser Application Laboratory is ensur-
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excess of 1019 W/cm2 and 25 and 35 fs pulse duration, 
respectively, excels by its pulse contrast capability, al-
lowing e.g. the investigation of novel laser particle accel-
eration schemes. Main research directions include elec-
tron acceleration by lasers using a radiation shielded 
laboratory and proton/ion acceleration. 
 
Development of short-pulse, high-average-power lasers 
for special applications, most importantly lasers for ac-
celerators, free electron lasers (FEL), X-ray lasers and 
a new generation of pump-lasers is pursued in different 
other MBI projects (cf. 1.2, 4.1). 

During 2012 the HFL-infrastructure has been developed 
such that the full diversity of relativistic pump probe ex-
periments (e.g. imaging of strong fields or particle pump 

and photon probe – scattering) can be applied (cf. Proj-
ect 2.1). 

Essential experimental infrastructure design and devel-
opment will support the effective realization of external 
access programs (Laserlab-Europe), national collabora-
tion (Transregio18), in-house collaboration and beam 
time for in-house projects.

Specifically, the MBI two-beam facility will be used for 
staged acceleration schemes, both for electrons and 
ions. Implementation of new systems concerning wave 
front adjustment, beam pointing adjustment and contrast 
adjustment will be realized. The scientific issues which 
back these activities are discussed mainly in Project 2.1.

The architecture of the MBI laser systems and essential 
parts of the final amplifiers and pulse compressors as 
well as beamline construction is such that a moderate 
upgrade of pulse energy in both laser arms (i.e. up to 
>300 TW and >100 TW, respectively) is possible without 
changes in the architecture or geometry. 

In 2011 particle acceleration experiments started in a 
specific lab area which is enclosed in a radiation shield-
ed area (Bunker). A photo / picture of the laser-area is 
depicted in Fig. 1 and a glimpse of successful experi-
ments is given with Figs. 2 and 3.

HFL is located in a separate building with restricted ac-
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ations. Its structure and equipment allows to perform a 
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High-Field Laser Application Laboratory (HFL)
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Fig. 1:  
Photographers impression when looking from the accelerator laboratory through the wall into the laser hall: dual beam high 
intensity laser facility at the HFL: left – compressor with beamline to Bunker and housed 100 TW Ti:Sapphire amplifier arm, 
center (front) – housed power supplies, center (back) – XPW-frontend, right – compressor and housed 70 TW Ti:Sapphire 
laser.
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single atom ionization as well as complex laser-plasma 
interaction studies. The latter include generation and ac-
celeration of charged particles, with special emphasis on 
protons, electrons, highly charged ions and their applica-
tions.

2. Experimental areas 

The interaction of fast protons or electrons with matter 
causes emission of neutrons and X-rays which require 
a necessary radiation shield. In order to realize experi-
ments within a broad range of parameters and to make 
complete use of the 5 fs - 100 TW laser a special lab 
(colloquial “bunker”) has served for synchronized  
2 beam ion acceleration experiments in 2012. This  
also enables commissioning of the radiation surveillance 
system. In 2013 electron acceleration experiments will 
start which require heavy shielding. The total bunker 
construction has a load of several 100 tons. The walls 
consist of special concrete with ferric oxide which caus-
es the characteristic red colour. A 60 tons heavy beam 
dump is put downstream of the accelerated particles. 
The entrance to the bunker is setup similar to a baffle. 
The central wall of the baffle construction is a moveable 
gate. So that it is possible to transport a complete ap-
paratus into and out of the room. The energetic particles 
are slowed down inside the dump and secondary pro-
duced radiation is absorbed inside the bunker. Experi-
ments aiming for production of ultra-short GeV electron 
pulses can be realized now. 

Lasers: 

TW Ti:Sa: 10 Hz CPA (~35 fs, ~2.5 J) capable of de-
livering intensities of ~ 1020 W/cm2. Moreover the beam 
parameters like energy, pulse-duration can be varied.  

100 TW Ti:Sa: 10 Hz CPA( ~ 25 fs, 2.5 J), beam attenu-
ation stage, first interaction experiments started in 2011 
(cf. scheme of both lasers in project description 1.2). 

A diversity of diagnostic equipment with high energy 
(spectral), spatial and temporal resolution, consisting of 
optical and X-ray streak cameras, CCD cameras, X-ray 
and EUV-spectrometers and Thomson spectrometers is 
available. The following supporting systems and infra-
structure are are available in the high field laser applica-
tion laboratory:
 
• Auto-correlators for pulse duration measurement of 

Ti:Sapphire laser pulses  

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

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

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

A principle step in direction towards a new ion accel-
eration scheme is the stable and efficient operation of 
a double plasma mirror which is a key-technology for all 
experiments with nm-thick ultrathin foils. The improved 
operation with the newly implemented XPW-frontend 
was used in interaction experiments with nm-thick foils 
(TRANSREGIO TR18 – program in collaboration with 
the LMU/MPQ Munich). Radiation pressure acceleration 
is a most promising scheme (cf. 2.1) and needs further 
exploration. It is also planned to develop new experi-
ments which make use of collectiveelectron dynamics at 
ultra-high laser intensities. 
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parameters like energy, pulse-duration can be varied. 

100 TW Ti:Sa: 10 Hz CPA( ~ 25 fs, 2.5 J) , beam attenu-
ation stage, first interaction experiments started in 2011 
(cf. scheme of both lasers in project description 1.2).

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 
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available. The following supporting systems and infra-
structure are available in the high field laser application 
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Ti:Sapphire laser pulses.

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

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

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

A principle step in direction towards a new ion accel-
eration scheme is the stable and efficient operation of 
a double plasma mirror which is a key-technology for 
all experiments with nm-thick ultrathin foils. The im-
proved operation with the newly implemented XPW-

Fig. 2:   
Photo of an experimental setup for pump-probe experi-
ments at relativistic laser intensities.

Fig. 3:   
Photo inside the bunker: View in direction to the beam-
dump which consists of several thousand bricks made 
of heavy concrete, chamber (in front of dump) contains 
an pump-probe interaction setup (cf. above) for ion ac-
celeration (cf. 2.1). 
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bers in separate laboratories, surrounding the central 
laser hall.

A principle step in direction towards a new ion accel-
eration scheme is the stable and efficient operation of 
a double plasma mirror which is a key-technology for 
all experiments with nm-thick ultrathin foils. The im-
proved operation with the newly implemented XPW-

Fig. 2:   
Photo of an experimental setup for pump-probe experi-
ments at relativistic laser intensities.

Fig. 3:   
Photo inside the bunker: View in direction to the beam-
dump which consists of several thousand bricks made 
of heavy concrete, chamber (in front of dump) contains 
an pump-probe interaction setup (cf. above) for ion ac-
celeration (cf. 2.1). 
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3. Users 

In 2012 several user access programs were realized.
According to the general mission of the MBI these facilities
are not only used for the in-house research (mainly
Projects 1.2, 2.1), but also offered to external users
who are interested in research collaborations with MBI
groups, including the DFG funded TRANSREGIO
TR18 collaborative research consortium. The laboratory
is also open to external users within the Transnational
Access Activity of the EU (Integrated Laser
Infrastructure Network Laserlab-Europe) and other
bilateral cooperation. 

TRANSREGIO TR18 

Ion acceleration using ultra-thin foils with collaboration
partners from LMU/MPQ München 
19.03. - 13.04.2012; 28.10. - 28.11.2012: 
P. Hilz, T. Ostermayer, W. Draxinger, Ch. Kreuzer. 

Proton imaging with collaboration partners from HHU
Düsseldorf  
11. - 14.09.2012; 01.10. - 08.10.2012: 
R. Prasad, T. Toncian. 

Laserlab-Europe 

Access project: Investigation of laser driven negative ion
sources – Queens University Belfast (QUB) 
05. - 31.01.2012: 
S. Ter-Avetisyan, R. Prasad. 

Access project: Investigation of laser driven snow targets
(Hebrew University Jerusalem) 
16.04. - 13.05.2012; 08. - 31.10.2012: 
A. Zigler, S. Eisenmann, E. Nahum, Y. Katzir,
E. Schleifer. 

Humboldt Foundation 

Access project: Investigation of highest laser intensities
with electron spectrometry (Moscow State University)
01. - 22.12.2012: 
V. Korobkin, K. Ivanov. 

Publications 
 
All publications which have emerged from experiments
in HFL laboratory are listed under the relevant research
projects. 
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1. Overview

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

•	 with the commissioning of a novel thin disk laser sys-
tem as a driver laser for a plasma based highly brilliant 
XUV source. 

•	 with the transfer of a laboratory based X-ray micro-
scope and the management of the user operation.

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

A high average power (up to 25 W) Yb:YAG thin disk 
laser system (pulse duration between 200 … 1000 ps 
and a single pulse energy up to 250 mJ@100 Hz) as 
a pump laser for a high spectral brightness laser-pro 
duced plasma-source (LPP) has been commissioned.
Based on this laser and the experience of MBI in close 
collaboration between IOAP/TU Berlin and BESTEC 
GmbH a LPP source has been developed. Depend-
ing on the needs of the application the source emits 
soft X-ray radiation in the wavelength region between  
1… 20 nm. The source will mainly applied in user driven 
investigations in near edge X-ray absorption fine struc-

ture (NEXAFS) spectroscopy X-ray as well as grazing 
incidence X-ray fluorescence (GIXRF) thus, enabling 
analysis of samples with a depth resolution in the  
nm-regime in a laboratory environment. 

As a result of a BMBF joint research project a laboratory 
transmission X-ray microscope (LTXM, cp. Fig. 1) has 
been developed at MBI. It was transferred to BLiX. The 
LTXM enables the detection of high quality microscope 
images at 2.48 nm (500 eV) with a magnification of 
x1000	in	a	field	of	view	of	45	µm	with	a	data	accumula-
tion time of less than one minute. In 2012 the high pow-
er high repetition laser system was upgraded to 130 W  
allowing in future the recording of high resolution imag-
es in less than 20 sec. The user operation of the LTXM 
which is supported by BRUKER ASC already started.

 
2. Collaborations 

Bruker ASC, Bergisch-Gladbach FhG-ILT, Aachen 
FhG-IOF, Jena     
HZB-BESSY     
KTH, Stockholm     
BESTEC GmbH

 
3. Users

Charité Berlin     
TU Berlin     
U Oxford 
DIFE, Potsdam

Berlin Laboratory for innovative X-ray technologies (BLiX)
H. Stiel (project coordinator)

Fig. 1:  
Laboratory transmission X-ray microscope (LTXM). From left to right: Vacuum chamber with multilayer condenser 
optics, cryostat with liquid nitrogen and jet target system, sample chamber with sample stage capable for cryo-to-
mography, zone plate, high resolution 16-bit back-illuminated CCD camera. The pump laser for the cryo-jet target 
system is not shown. It is a high-average power (up to 150 W) slab laser system developed by FhG-ILT.

As a result of a BMBF joint research project a laboratory
transmission X-ray microscope (LTXM, cp. Fig. 1) has
been developed at MBI. It was transferred to BLiX. The
LTXM enables the detection of high quality microscope
images at 2.48 nm (500 eV) with a magnification of
x1000 in a field of view of 45 μm with a data accumulation
time of less than one minute. In 2012 the high power
high repetition laser system was upgraded to 130 W
allowing in future the recording of high resolution images
in less than 20 sec. The user operation of the LTXM
which is supported by BRUKER ASC already started. 

Bruker ASC, Bergisch-Gladbach  
FhG-ILT,Aachen 
FhG-IOF, Jena 
HZB-BESSY 
KTH, Stockholm 
BESTEC GmbH 

3. Users

Charité Berlin
TU Berlin
U Oxford
DIFE, Potsdam

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 of the TU Berlin 
and the Max-Born-Institut. BLiX is the „Leibniz-Appli-
kationslabor“ of MBI. It addresses scientific issues of 
importance to science and industry in order to transfer 
research results in prototypes. MBI contributes to BLiX 
among others: 



9574

1. Overview

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

•	 with the commissioning of a novel thin disk laser sys-
tem as a driver laser for a plasma based highly brilliant 
XUV source. 

•	 with the transfer of a laboratory based X-ray micro-
scope and the management of the user operation.

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

A high average power (up to 25 W) Yb:YAG thin disk 
laser system (pulse duration between 200 … 1000 ps 
and a single pulse energy up to 250 mJ@100 Hz) as 
a pump laser for a high spectral brightness laser-pro 
duced plasma-source (LPP) has been commissioned.
Based on this laser and the experience of MBI in close 
collaboration between IOAP/TU Berlin and BESTEC 
GmbH a LPP source has been developed. Depend-
ing on the needs of the application the source emits 
soft X-ray radiation in the wavelength region between  
1… 20 nm. The source will mainly applied in user driven 
investigations in near edge X-ray absorption fine struc-

ture (NEXAFS) spectroscopy X-ray as well as grazing 
incidence X-ray fluorescence (GIXRF) thus, enabling 
analysis of samples with a depth resolution in the  
nm-regime in a laboratory environment. 

As a result of a BMBF joint research project a laboratory 
transmission X-ray microscope (LTXM, cp. Fig. 1) has 
been developed at MBI. It was transferred to BLiX. The 
LTXM enables the detection of high quality microscope 
images at 2.48 nm (500 eV) with a magnification of 
x1000	in	a	field	of	view	of	45	µm	with	a	data	accumula-
tion time of less than one minute. In 2012 the high pow-
er high repetition laser system was upgraded to 130 W  
allowing in future the recording of high resolution imag-
es in less than 20 sec. The user operation of the LTXM 
which is supported by BRUKER ASC already started.

 
2. Collaborations 

Bruker ASC, Bergisch-Gladbach FhG-ILT, Aachen 
FhG-IOF, Jena     
HZB-BESSY     
KTH, Stockholm     
BESTEC GmbH

 
3. Users

Charité Berlin     
TU Berlin     
U Oxford 
DIFE, Potsdam

Berlin Laboratory for innovative X-ray technologies (BLiX)
H. Stiel (project coordinator)

Fig. 1:  
Laboratory transmission X-ray microscope (LTXM). From left to right: Vacuum chamber with multilayer condenser 
optics, cryostat with liquid nitrogen and jet target system, sample chamber with sample stage capable for cryo-to-
mography, zone plate, high resolution 16-bit back-illuminated CCD camera. The pump laser for the cryo-jet target 
system is not shown. It is a high-average power (up to 150 W) slab laser system developed by FhG-ILT.

Appendices



96



97

AGP12: A. Agnesi, A. Greborio, F. Pirzio, E. Ugolotti, 
G. Reali, S. Y. Choi, F. Rotermund, U. Griebner, and 
V. Petrov; Femtosecond Nd:glass lasers pumped by 
single-mode laser diodes and mode-locked with carbon 
nanotube or semiconductor saturable absorber mirrors; 
IEEE J. Sel. Top. Quant. Electron. 18 (2012) 74-80

ARW12: C. Aku-Leh, K. Reimann, M. Woerner, E. Mon-
roy, and D. Hofstetter; Coupling of intersubband transi-
tions to zone-folded acoustic phonons in a GaN/AIN su-
perlattice; Phys. Rev. B 85 (2012) 155323/1-5

Bar12: I. Barth; Translational effects on electronic and 
nuclear ring currents; J. Phys. Chem. A 116 (2012) 
11283-11303

BBB12: B. Borchers, C. Brée, S. Birkholz, A. Demircan, 
and G. Steinmeyer; Saturation of the all-optical Kerr ef-
fect in solids; Opt. Lett. 37 (2012) 1541-1543

BBK12: I. Barth, C. Bressler, S. Koseki, and J. Manz; 
Strong nuclear ring currents and magnetic fields in pseu-
dorotating OsH4 molecules induced by circularly polar-
ized laser pulses; Chem. Asian J. 7 (2012) 1261-1295

BCU12: R. A. Banici, G. V. Cojocaru, R. G. Ungureanu, 
R. Dabu, D. Ursescu, and H. Stiel; Pump energy reduc-
tion for a high gain Ag X-ray laser using one long and 
two short pump pulses; Opt. Lett. 37 (2012) 5130-5132

BDF12: M. Bock, S. K. Das, C. Fischer, M. Diehl, P. 
Börner, and R. Grunwald; Reconfigurable wavefront sen-
sor for ultrashort pulses; Opt. Lett. 37 (2012) 1154-1156 
 
BDG12: M. Bock, S. K. Das, and R. Grunwald; Ultrashort 
highly localized wavepackets; Opt. Express 20 (2012) 
12563-12578

BDS12: C. Brée, A. Demircan, and G. Steinmeyer; 
Kramers-Kronig relations and high-order nonlinear sus-
ceptibilities; Phys. Rev. A 85 (2012) 033806/1-8

BHB12: M. Busuladžić, E. Hasović, W. Becker, and D. 
B. Milošević, Application of the dressed-bound-state 
molecular strong-field approximation to above-threshold 
ionization of heteronuclear molecules: NO vs. CO; J. 
Chem. Phys. 137 (2012) 134307/1-10

BJG12: M. Bock, J. Jahns, and R. Grunwald; Few-cycle 
high-contrast vortex pulses; Opt. Lett. 37 (2012) 3804-
3806

BKH12a: J. Bonse, J. Krüger, S. Höhm, and A. Rosen-
feld; Femtosecond laser-induced periodic surface struc-
tures; J. Laser Appl. 24 (2012) 042006/1-7

BKH12b: O. Bünermann, O. Kornilov, D. J. Haxton, S. R. 
Leone, D. M. Neumark, and O. Gessner; Ultrafast prob-
ing of ejection dynamics of Rydberg atoms and molecu-
lar fragments from electronically excited helium nano-
droplets; J. Chem. Phys. 137 (2012) 214302/1-9

BKL12: O. Bünermann, O. Kornilov, S. R. Leone, D. M. 
Neumark, and O. Gessner; Femtosecond extreme ultra-
violet ion imaging of ultrafast dynamics in electronically 
excited helium nanodroplets; IEEE J. Sel. Top. Quant. 
Electron. 18 (2012) 308-317

BKR12: P. Bowlan, W. Kuehn, K. Reimann, M. Woerner, 
T. Elsaesser, R. Hey, and C. Flytzanis; Nonlinear elec-
tron transport in an electron-hole plasma; Phys. Rev. B 
85 (2012) 165206/1-9

BLA12: S. Bull, J. J. Lim, C. K. Amuzuvi, J. W. Tomm, 
J. Nagle, B. Sumpf, G. Erbert, N. Michel, M. Krakowski, 
and E. C. Larkins; Emulation of the operation and deg-
radation of high-power laser bars using simulation tools; 
Semicond. Sci. Tech. 27 (2012) 094012/1-7

BLH12: W. Becker, X. Liu, P. J. Ho, and J. H. Eberly; The- 
ories of photoelectron correlation in laser-driven multiple 
atomic ionization; Rev. Mod. Phys. 84 (2012) 1011–1043

BMG12: A. E. Boguslavskiy, J. Mikosch, A. Gijsbertsen, 
M. Spanner, S. Patchkovskii, N. Gador, M. J. J. Vrak-
king, and A. Stolow; The multielectron ionization dynam-
ics underlying attosecond strong-field spectroscopies; 
Science 335 (2012) 1336-1340

BMT12: E. V. Bogdanov, N. Y. Minina, J. W. Tomm, and H. 
 Kissel; Effect of uniaxial stress on electroluminescence, 
valence band modification, optical gain, and polarization 
modes in tensile strained p-AIGaAS/GaAsP/n-AIGaAS 
laser diode structures: Numerical calculations and exper-
imental results; J. Appl. Phys. 112 (2012) 093113/1-10 
 
BOC12: I. Baylam, S. Ozharar, H. Cankaya, S. Y. Choi, 
K. Kim, F. Rotermund, U. Griebner, V. Petrov, and A. 
Sennaroglu; Energy scaling of a carbon nanotube satu-
rable absorber mode-locked femtosecond bulk laser; 
Opt. Lett. 37 (2012) 3555-3557

BPE12: D. Brete, D. Pryzrembel, C. Eickhoff, R. Carley, 
W. Freyer, K. Reuter, C. Gahl, and M. Weinelt; Mixed 
self-assembled monolayers of azobenzene photoswitch-
es with trifluoromethyl and cyano end groups; J. Phys.-
Condens. Mat. 24 (2012) 394015/1-10

BRB12: F. Buchner, H.-H. Ritze, M. Beutler, T. Schultz, 
I. V. Hertel, and A. Lübcke; Role of alkali cations for the 
excited state dynamics of liquid water near the surface; 
J. Chem. Phys. 137 (2012) 024503/1-10

Appendix 1
Publications



98

BSL12: F. Buchner, T. Schultz, and A. Lübcke; Solvated 
electrons at the water - air interface: surface versus bulk 
signal in low kinetic energy photoelectron spectroscopy; 
Phys. Chem. Chem. Phys. 14 (2012) 5837-5842

CBH12a: A. Čerkić, M. Busuladžić, E. Hasović, A. 
Gazibegović-Busuladžić, S. Odžak, K. Kalajdžić, and 
D. B. Milošević; Ellipticity dependence of plateau struc-
tures in atomic and molecular processes in a strong la-
ser field; Phys. Scripta T149 (2012) 014044/1-4

CBH12b: A. Čerkić, M. Busuladžić, E. Hasović, A. 
Gazibegović-Busuladžić, W. Becker, and D. B. Milošević; 
Plateau structures in laser-assisted and laser-induced 
processes; Phys. Scripta T149 (2012) 014043 /1-5

CBT12: J. Cohen, P. Bowlan, and R. Trebino; Extending 
femtosecond metrology to longer, more complex laser 
pulses in time and space; IEEE J. Sel. Top. Quant. Elec-
tron. 18 (2012) 218-227

CDF12: R. Carley, K. Döbrich, B. Frietsch, C. Gahl, 
M. Teichmann, O. Schwarzkopf, P. Wernet, and M. 
Weinelt; Femtosecond laser excitation drives ferromag-
netic Gadolinium out of magnetic equilibrium; Phys. 
Rev. Lett. 109 (2012) 057401/1-4

CGA12: J. P. Cryan, J. M. Glownia, J. Andreasson, A. 
Belkacem, N. Berrah, C. I. Blaga, C. Bostedt, J. Bozek, 
N. A. Cherepkov, L. F. DiMauro, l. Fang, O. Gessner, 
M. Gühr, J. Hajdu, M. P. Hertlein, M. Hoener, O. Ko-
rnilov, J. P. Marangos, A. M. March, B. K. McFahrland, 
H. Merdji, M. Messerschmidt, V. S. Petrovic, C. Raman, 
D. Ray, D. A. Reis, S. K. Semenov, M. Trigo, J. L. White, 
W. White, L. Young, P. H. Bucksbaum, and R. N. Cof-
fee; Molecular frame Auger electron energy spectrum 
from N2; J. Phys. B 45 (2012) 055601/1-8

CGG12: J. M. Carr, P. G. Galiatsatos, J. D. Gorfinkiel, 
A. G. Harvey, M. A. Lysaght, D. Madden, Z. Masin, M. 
Plummer, J. Tennyson, and H. N. Varambhia; UKRmol: 
a low-energy electron- and positron-molecule scattering 
suite; Eur. Phys. J. D 6603 (2012) 58/1-11

CGH12: R. Costard, C. Greve, I. A. Heisler, and T. El-
saesser; Ultrafast energy redistribution in local hydra-
tion shells of phospholipids - A two-dimensional infrared 
study; J. Phys. Chem. Lett. 3 (2012) 3646-3651

CLN12: R. Costard, N. E. Levinger, E. T. J. Nibbering, 
and T. Elsaesser; Ultrafast vibrational dynamics of wa-
ter confined in phospholipid reverse micelles; J. Phys. 
Chem. B 116 (2012) 5752-5759

CSK12: E. V. Chulkov, I. Sklyadneva, M. Kira, S. W. 
Koch, J. M. Pitarke, L. M. Sandratskii, P. Buczek, K. Ish-
ioka, J. Schäfer, and M. Weinelt; Quasiparticles and col-
lective excitations; in Dynamics at Solid State Surfaces 
and Interfaces Part 2, U. Bovensiepen, H. Petek, and M. 
Wolf eds. (Wiley-VCH, Berlin, 2012) 27-113

DAB12: A. Demircan, S. Amiranashvili, C. Brée, C. 
Mahnke, F. Mitschke, and G. Steinmeyer; Rogue events 
in the group velocity horizon; Scientific Reports 2 (2012) 
850/1-6

EBR12: T. Elsaesser, P. Bowlan, K. Reimann, M.  
Woerner, R. Hey, and C. Flytzanis; Ultrafast nonlinear 
terahertz studies of high-field charge transport in semi-
conductors; SPIE Proc. Ser. 8260 (2012) 82600N/1-9 

EHZ12: S. N. Elliott, M. Hempel, U. Zeimer, P. M. Smow-
ton, and J. W. Tomm; Catastrophic optical bulk damage 
in InP 7xx emitting quantum dot diode lasers; Semicond. 
Sci. Tech. 27 (2012) 102001/1-4

ELS12: A. Emmanouilidou, C. Lazarou, A. Staudte, and 
U. Eichmann; Routes to formation of highly excited neu-
tral atoms in the breakup of strongly driven H2; Phys. 
Rev. A 85 (2012) 011402 /1-4

EWo12: T. Elsaesser and M. Woerner; Transient charge 
density maps from femtosecond X-ray diffraction; in 
Modern Charge-Density Analysis, C. Gatti, and P. Mac-
chi eds. (Springer, London, 2012) 697-714

FBC12: S. Ferrari, M. Bini, D. Capsoni, P. Galinetto, M. 
S. Grandi, U. Griebner, G. Steinmeyer, A. Agnesi, F. 
Pirzio, E. Ugolotti, G. Reali, and V. Massarotti; Optimiz-
ing single-walled-carbon-nanotube-based saturable ab-
sorbers for ultrafast lasers; Adv. Funct. Mater. 22 (2012) 
4369-4375

FKP12: R. Faoro, M. Kadankov, D. Parisi, S. Veronesi, 
M. Tonelli, V. Petrov, U. Griebner, M. Segura, and X. 
Mateos; Passively Q-switched Tm:YLF laser; Opt. Lett. 
37 (2012) 1517-1519

GAP12: P. Gibbon, A. A. Andreev, and K. Y. Platonov; 
A kinematic model of relativistic laser absorption in over-
dense plasma; Plasma Phys. Control. Fusion 54 (2012) 
045001/1-7

GAV12: H. N. Ghosh, K. Adamczyk, S. Verma, J. 
Dreyer, and E. T. J. Nibbering; On the role of hydrogen 
bonds in photoinduced electron-transfer dynamics be-
tween 9-fluorenone and amine solvents; Chemistry - A 
European Journal 18 (2012) 4930-4937

GBJ12: R. Grunwald, M. Bock, and J. Jahns; Tempo-
ral multiplexing and shaping of few-cycle pulses with 
microoptical retroreflector arrays; Adv. Opt. Techn. 1 
(2012) 97-99

GBo12: R. Grunwald and M. Bock; Spatially encoded 
localized wavepackets for ultrafast optical data transfer; 
J. Eur. Opt. Soc. 7 (2012) 12009/1-3

Git12a: A. Gitin; Tautochronism principle and grating 
dispersive delay lines; Appl. Optics 51 (2012) 27-32

Git12b: A. Gitin; Application of unfolding technique to 
dispersion calculating of reflective grating dispersion de-
lay lines in the chirped pulses amplifier; Opt. Commun. 
285 (2012) 1375-1382

Git12c: A. Gitin; Phase space description of vignetting in 
optical systems; Opt. Commun. 285 (2012) 2485-2491

Git12d: A. Gitin; Mathematical fundamentals of mod-
ern linear optics; Int. J. Antenn. Propag. 2012 (2012) 
273107/1-15



99

Git12e: A. Gitin; Evolution equation for radiance and co-
herence; Optik 123 (2012) 1711-1724

GKT12: A. L. Galkin, M. P. Kalashnikov, and V. A. Tro-
fimov; Angular distribution of electrons in the field of a 
short laser pulse of relativistic intensity; Bulletin of the 
Lebedev Physics Institute 39 (2012) 241-245

GKZ12: U. Griebner, P. Klopp, M. Zorn, and M. Weyers; 
Harmonically and fundamentally mode-locked InGaAs-
AIGaAs disk laser generation pulse repetition rates in 
the 100 GHz or pulse duration in the 100 fs range; SPIE 
Proc. Ser. 8242 (2012) 824205/1-9

GPC12: C. Greve, N. K. Preketes, R. Costard, B. Ko-
eppe, H. Fidder, E. T. J. Nibbering, F. Temps, S. Muka-
mel, and T. Elsaesser; N-H stretching modes of adenos-
ine monomer in solution studied by ultrafast nonlinear 
infrared spectroscopy and ab initio calculations; J. Phys. 
Chem. A 116 (2012) 7636-7644

GRZ12: H. Geiseler, H. Rottke, N. Zhavoronkov, and W. 
Sandner; Real-time observation of interference between 
atomic one-electron and two-electron excitations; Phys. 
Rev. Lett. 108 (2012) 123601/1-5

GTH12: M. Grehn, W. J. Tsai, M. Höfner, T. Seuthe, J. 
Bonse, A. Mermillod-Blondin, A. Rosenfeld, J. Henning, 
A. W. Achtstein, C. Theiss, U. Woggon, M. Eberstein, 
and H.-J. Eichler; Nonlinear optical properties of binary 
and ternary silicate glasses upon near-infrared femto-
second pulse laser irradiation; AIP Conf. Proc. 1464 
(2012) 660-670

GYG12: N. Y. Gorobets, S. A. Yermolayev, T. Gurley, 
A. A. Gurinov, P. M. Tolstoy, I. G. Shenderovich, and N. 
E. Leadbeater; Difference between 1H NMR signals of 
primary amide protons as a simple spectral index of the 
amide intramolecular hydrogen bond strength; J. Phys. 
Org. Chem. 25 (2012) 287-295

HBM12: P. Hilse, T. Bornath, M. Moll, M. Schlanges, 
N. X. Truong, S. Göde, J. Tiggesbäumker, and K.-H. 
Meiwes-Broer; Control of ionization in the interaction 
of strong laser fields with dense nanoplasmas; Contrib. 
Plasma Phys. 52 (2012) 28-32

HGB12: E. Hasović, A. Gazibegović-Busuladžić, M. 
Busuladžić, D. B. Milošević, and W. Becker; High-order 
above-threshold ionization with few-cycle laser pulses: 
molecular improved strong-field approximation vs. mo-
lecular low-frequency approximation; Laser Phys. 22 
(2012) 1819-1826

HGS12: Y. Huismans, A. Gijsbertsen, A. S. Smolkows-
ka, J. H. Jungmann, A. Rouzée, P. S. W. M. Logman, F. 
Lépine, C. Cauchy, S. Zamith, T. Marchenko, J. M. Bak-
ker, G. Berden, B. Redlich, A. F. G. van der Meer, M. Y. 
Ivanov, T.-M. Yan, D. Bauer, O. Smirnova, and M. J. J. 
Vrakking; Scaling laws for photoelectron holography in 
the midinfrared wavelength regime; Phys. Rev. Lett. 109 
(2012) 013002/1-5

HLD12: M. Husnik, S. Linden, R. Diehl, J. Niegemann, 
K. Busch, and M. Wegener; Quantitative experimental 
determination of scattering and absorption cross-sec-
tion spectra of individual optical metallic nanoantennas; 
Phys. Rev. Lett. 109 (2012) 233902/1-5

HMB12: E. Hasović, D. B. Milošević, M. Busuladžić, A. 
Gazibegović-Busuladžić, and W. Becker; High-order 
above-threshold ionization of heteronuclear diatomic 
molecules by a strong laser field with arbitrary polariza-
tion; Laser Phys. 22 (2012) 1827-1832

HMi12: E. Hasović and D. B. Milošević; Strong-field ap-
proximation for above-threshold ionization of polyatomic 
molecules; Phys. Rev. A 86 (2012) 043429/1-9

HRK12: S. Höhm, A. Rosenfeld, J. Krüger, and J. Bonse; 
Femtosecond laser-induced periodic surface structures 
on silica; J. Appl. Phys. 112 (2012) 014901/1-9

HRW12: D. D. Hickstein, P. Ranitovic, S. Witte, X.-M. 
Tong, Y. Huismans, P. Arpin, X. Zhou, K. E. Keister, C. 
W. Hogle, B. Zhang, C. Ding, P. Johnsson, N. Toshima, 
M. J. J. Vrakking, M. M. Murnane, and H. C. Kapteyn; 
Direct visualization of laser-driven electron multiple 
scattering and tunneling distance in strong-field ioniza-
tion; Phys. Rev. Lett. 109 (2012) 073004/1-5

HTB12a: M. Hempel, J. W. Tomm, M. Baeumler, H. 
Konstanzer, J. Mukherjee, and T. Elsaesser; Near-field 
evolution in strongly pumped broad area diode lasers; 
SPIE Proc. Ser. 8277 (2012) 82771H/1-8

HTB12b: M. Hempel, J. W. Tomm, M. Baeumler, H. 
Konstanzer, J. Mukherjee, and T. Elsaesser; Near-field 
characteristics of broad-area diode lasers during cata-
strophic optical damage failure; SPIE Proc. Ser. 8432 
(2012) 84320O/1-7

HTE12: M. Hempel, J. W. Tomm, T. Elsaesser, and M. 
Bettiati; High single-spatial-mode pulsed power from 
980 nm emitting diode lasers; Appl. Phys. Lett. 101 
(2012) 191105/1-5

HTH12: M. Hempel, J. W. Tomm, V. Hortelano, N. Mi-
chel, J. Jiménez, M. Krakowski, and T. Elsaesser; Time-
resolved reconstruction of defect creation sequences in 
diode lasers; Laser Photon. Rev. 6 (2012) L15-L19

HTZ12: M. Hempel, J. W. Tomm, U. Zeimer, and T. El-
saesser; Defect propagation in broad-area diode lasers; 
Mater. Sci. Forum 725 (2012) 101-104

HZS12: M. Hempel, M. Ziegler, S. Schwirzke-Schaaf, 
J. W. Tomm, D. Jankowski, and D. Schröder; Spectro-
scopic analysis of packaging concepts for high-power 
diode laser bars; Appl. Phys. A 107 (2012) 371-377

IBC12a: H. Iliev, I. Buchvarov, S. Y. Choi, K. Kim, F. 
Rotermund, U. Griebner, and V. Petrov; Steady state 
mode-locking of a 1.34 μm Nd:YVO4 laser with a single-
walled carbon nanotube saturable absorber; Appl. Phys. 
B 106 (2012) 1-4



100

IBC12b: H. Iliev, I. Buchvarov, S. Y. Choi, K. Kim, F. Ro-
termund, and V. Petrov; 1.34 μm Nd:YVO4 laser mode-
locked by a single-walled carbon nanotube saturable 
absorber; SPIE Proc. Ser. 8235 (2012) 82350I/1-7

IBS12: M. Y. Ivanov, D. Bartram, and O. Smirnova; 
Coherent control in strongly driven multi-level systems: 
quantum vs classical features; Mol. Phys. 110 (2012) 
1801-1805

Iva12: M. Y. Ivanov; Single molecules filmed dancing on 
a table top; Nature 483 (2012) 161-163

JBB12: P. Jójárt, Á. Börzsönyi, B. Borchers, G. Stein-
meyer, and K. Osvay; Agile linear interferometric meth-
od for carrier-envelope phase drift measurement; Opt. 
Lett. 37 (2012) 836-838

JMP12: V. Jambunathan, X. Mateos, M. C. Pujol, J. J. 
 Carvajal, F. Diaz, M. Aguiló, U. Griebner, and V. Petrov; 
Ho:KRE(WO4)2, RE = (Y, Gd, Lu), CW laser performance 
near 2.1 micron under resonant pumping by a  
Tm:KLu(WO4)2 laser; SPIE Proc Ser. 8235 (2012)  
823517/1-7   
 
KFZ12: S. Kuehn, S. Friede, M. Zastrow, C. Gahl, K. 
Rueck-Braum, and T. Elsaesser; Photophysics of 
closed- and open-ring isomers of a diarylethene with a 
carboxylic anchor group; Chem. Phys. Lett. 542 (2012) 
94-98

KGH12a: K.-H. Kim, U. Griebner, and J. Herrmann; 
Theory of passive mode locking of solid-state lasers us-
ing metal nanocomposites as slow saturable absorbers; 
Opt. Lett. 37 (2012) 1490-1492

KGH12b: K.-H. Kim, U. Griebner, and J. Herrmann; 
Theory of passive mode-locking of semiconductor disk 
lasers in the blue spectral range by metal nanocompos-
ites; Opt. Express 20 (2012) 16174-16179

KHH12a: K.-H. Kim, A. Husakou, and J. Herrmann; 
Theory of plasmonic femtosecond pulse generation by 
mode-locking of long-range surface plasmon polariton 
lasers; Opt. Express 20 (2012) 462-473

KHH12b: K.-H. Kim, A. Husakou, and J. Herrmann; Slow 
light in dielectric composite materials of metal nanopar-
ticles; Opt. Express 20 (2012) 25790-25797

KKV12: F. Kelkensberg, A. F. Koenderink, and M. J. 
J. Vrakking; Attosecond streaking in a nano-plasmonic 
field; New J. Phys. 14 (2012) 093034/1-19

KOP12: M. P. Kalashnikov, K. Osvay, G. Priebe, L. Eh-
rentraut, S. Steinke, and W. Sandner; Temporal contrast 
of high intensity laser systems above 1011 with double 
CPA technique; AIP Conf. Proc. 1462 (2012) 108-111

KPG12a: P. A. Korneev, S. V. Popruzhenko, S. P.  
Goreslavski, W. Becker, G. G. Paulus, B. Fetic, and D. 
B. Milošević; Interference structure of above-thresh-
old ionization vs. above-threshold detachment; New  
J. Phys. 14 (2012) 055019/1-17

KPG12b: P. A. Korneev, S. V. Popruzhenko, S. P.  
Goreslavski, T.-M. Yan, D. Bauer, W. Becker, M. Kübel, 
M. F. Kling, C. Rödel, M. Wünsche, and G. G. Paulus; 
Interference carpets in above-threshold ionization: From 
the Coulomb-free to the Coulomb-dominated regime; 
Phys. Rev. Lett. 108 (2012) 223601/1-5

KSA12: M. Krasilnikov, F. Stephan, G. Asova, H.-J. 
Grabosch, M. Groß, L. Hakobyan, I. Isaev, Y. Ivanisen-
ko, L. Jachmann, M. Khojoyan, G. Klemz, W. Köhler, 
M. Mahgoub, D. Malyutin, M. Nozdrin, A. Oppelt, M. 
Otevrel, B. Petrosyan, S. Rimjaem, A. Shapovalov, G. 
Vashchenko, S. Weidinger, R. Wenndorff, K. Flöttmann, 
M. Hoffmann, S. Lederer, H. Schlarb, S. Schreiber, I. 
Templin, I. Will, V. Paramonov, and D. Richter; Experi-
mentally minimized beam emittance from an L-band 
photoinjector; Phys. Rev. ST Accel. Beams 15 (2012) 
100701/1-18

KSS12: M. P. Kalashnikov, H. Schönnagel, and W. 
Sandner; High temporal contrast front end with CaF2-
based XPW temporal filter for high intensity lasers; AIP 
Conf. Proc. 1465 (2012) 13-17

KZB12: J. Küchenmeister, T. Zebrowski, and K. Busch; 
A construction guide to analytically generated meshes 
for the Fourier Modal Method; Opt. Express 20 (2012) 
17319-17347

LAA12: F. Lücking, A. Assion, A. Apolonski, F. Krausz, 
and G. Steinmeyer; Long-term carrier-envelope-phase-
stable few-cycle pulses by use of the feed-forward 
method; Opt. Lett. 37 (2012) 2076-2078

LBS12: H. Legall, G. Blobel, H. Stiel, W. Sandner, C. 
Seim, P. Takman, D. H. Martz, M. Selin, U. Vogt, H. M. 
Hertz, D. Esser, H. Sipma, J. Luttmann, M. Höfer, H. D. 
Hoffmann, S. Yulin, T. Feigl, S. Rehbein, G. S. P. Gutt-
mann, U. Wiesemann, M. Wirtz, and W. Diete; Compact 
X-ray microscope for the water window based on a high 
brightness laser plasma source; Opt. Express 20 (2012) 
18362-18369

LBu12: P. Longo and K. Busch; Pulse propagation of 
photon-added coherent states in waveguides with side-
coupled nonlinear cavities; Opt. Lett. 37 (2012) 1793-
1795

LCB12: P. Longo, J. H. Cole, and K. Busch; The Houng-
Ou-Mandel effect in the context of few-photon scatter-
ing; Opt. Express 20 (2012) 12326-12340

LKC12: M. Lucchini, K. Kim, F. Calegan, F. Kelkens-
berg, W. Siu, G. Sansone, M. J. J. Vrakking, M. Hochlaf, 
and M. Nisoli; Autoionization and ultrafast relaxation dy-
namics of highly excited states in N2; Phys. Rev. A 86 
(2012) 043404/1-4

LKH12: J. Liu, W. Kong, W. Han, H. Zhang, X. Mateos, 
and V. Petrov; Spectroscopic properties and laser per-
formance of a new mixed Yb0.015:Lu0.162Gd0.823VO4 crys-
tal; Laser Phys. Lett. 9 (2012) 285-290



101

LPJ12: D. Laundy, G. Priebe, S. P. Jamison, D. M. Gra-
ham, P. J. Phillips, S. L. Smith, Y. Saveliev, S. Vassilev, 
and E. A. Seddon; Results from the Daresbury Comp-
ton Backscattering X-ray Source; Nucl. Instrum. Meth. A 
689 (2012) 108-114

MBS12: F. Morales, I. Barth, V. Serbinenko, S. Patch-
kovskii, and O. Smirnova; Shaping polarization of at-
tosecond pulses via laser control of electron and hole 
dynamics; J. Mod. Opt. 59 (2012) 1303-1311

MDP12: G. Marchev, P. Dallocchio, F. Pirzio, A. Agnesi, 
G. Reali, V. Petrov, A. Tyazhev, V. Pasiskevicius, N. 
Thilmann, and F. Laurell; Sub-nanosecond, 1-10 kHz, 
low-threshold, non-critical OPOs based on periodically 
poled KTP crystal pumped at 1,064 nm; Appl. Phys. B 
109 (2012) 211-214

MKG12: I. Moreels, D. Kruschke, P. Glas, and J. W. 
Tomm; The dielectric function of PbS quantum dots in 
a glass matrix; Opt. Mater. Express 2 (2012) 496-500

MPP12: G. Marchev, F. Pirzio, R. Piccoli, A. Agnesi, G. 
Reali, P. Schunemann, K. T. Zawilski, A. Tyazhev, and 
V. Petrov; Narrow-bandwidth, mid-infrared, seeded opti-
cal parametric generation in 90° phase-matched CdSiP2 
crystal pumped by diffraction limited 500 ps pulses at 
1064 nm; Opt. Lett. 37 (2012) 3219-3221

MPT12: G. Marchev, V. Petrov, A. Tyazhev, V. Pasis-
kevicius, N. Thilmann, F. Laurell, and I. Buchvarov; 
Sub-nanosecond, 1-kHz, low-threshold, non-critical 
OPO based on periodically-poled KTP crystal pumped 
at 1064 nm; SPIE Proc. Ser. 8240 (2012) 82400D/1-5

MSH12: D. H. Martz, M. Selin, O. v. Hofsten, E. Fo-
gelqvist, A. Holmberg, U. Vogt, H. Legall, G. Blobel, C. 
Seim, H. Stiel, and H. M. Hertz; High average brightness 
water window source for short-exposure cryomicrosco-
py; Opt. Lett. 37 (2012) 4425-4427

MSR12: A. Mermillod-Blondin, R. Stoian, and A. Rosen-
feld; Time-resolved study of fs laser-induced plasma in 
bulk a-SiO2; AIP Conf. Proc. 1464 (2012) 620-627

MTP12: G. Marchev, A. Tyazhev, V. Petrov, P. G.  
Schunemann, K. T. Zawilski, G. Stöppler, and M.  
Eichhorn; Optical parametric generation in CdSiP2 at 
6125 μm pumped by 8 ns long pulses at 1064 nm; Opt. 
Lett. 37 (2012) 740-742

MTS12: G. Marchev, A. Tyazhev, G. Stöppler, M. Eich-
horn, P. Schunemann, and V. Petrov; Comparison of lin-
ear and RISTRA cavities for a 1064 nm pumped CdSiP2 

OPO; SPIE Proc. Ser. 8240 (2012) 82400E/1-7

MZh12: M. Mero and J. Zheng; Femtosecond optical 
parametric converter in the 168-182-nm range; Appl. 
Phys. B 106 (2012) 37-43

OMB12: K. Osvay, M. Mero, Á. Börzsönyi, A. P. Kovács, 
and M. P. Kalashnikov; Spectral phase shift and residu-
al angular dispersion of an acousto-optic programmable 
dispersive filter; Appl. Phys. B 107 (2012) 125-130

OMi12a: S. Odžak and D. B. Milošević; Dressed-bound-
state molecular strong-field approximation: application 
to high-order harmonic generation by heteronuclear di-
atomic molecules; J. Opt. Soc. Am. B 29 (2012) 2147-
2155

OMi12b: S. Odžak and D. B. Milošević; Elliptic dichro-
ism, ellipticity and the offset angle of high harmonics 
generated by arbitrary homonuclear diatomic molecules; 
Laser Phys. 22 (2012) 1780-1786

OTH12: M. Olecki, J. W. Tomm, M. Hempel, P. Hennig, 
and T. Elsaesser; Emission properties of diode laser 
bars during pulsed high-power operation; SPIE Proc. 
Ser. 8241 (2012) 82410/1-6

PBA12: R. Prasad, M. Borghesi, F. Abicht, P.-V. Nick-
les, H. Stiel, M. Schnürer, and S. Ter-Avetisyan; Etha-
nol (C2H5OH) spray of sub-micron droplets for laser 
driven negative ion source; Rev. Sci. Instrum. 83 (2012) 
083301/1-6

Pet12: V. Petrov; Parametric down-conversion devices: 
The coverage of the mid-infrared spectral range by sol-
id-state laser sources; Opt. Mater. 34 (2012) 536-554

PSS12: S. Patchkovskii, O. Smirnova, and M. Spanner; 
Attosecond control of electron correlations in one-pho-
ton ionization and recombination; J. Phys. B 45 (2012) 
131002/1-6

RCC12: F. Rotermund, W. B. Cho, S. Y. Choi, I. H. 
Baek, J. H. Yim, S. Lee, A. Schmidt, G. Steinmeyer, U. 
Griebner, D.-I. Yeom, K. Kim, and V. Petrov; Mode-lock-
ing of solid-state lasers by single-walled carbon-nano-
tube based saturable absorbers; Quantum Electron. 42 
(2012) 663-670

Rei12: H. R. Reiss; On a modified electrodynamics; J. 
Mod. Opt. 59 (2012) 1371–1383

RKS12: A. Rouzée, F. Kelkensberg, W. K. Siu, G. Gade-
mann, R. R. Lucchese, and M. J. J. Vrakking; Photo-
electron kinetic and angular distributions for the ioniza-
tion of aligned molecules using a HHG source; J. Phys. 
B 45 (2012) 074016/1-11

RRH12: A. Rosenfeld, M. Rohloff, S. Höhm, J. Krüger, 
and J. Bonse; Formation of laser-induced periodic sur-
face structures on fused silica upon multiple parallel 
polarized double-femtosecond-laser-pulse irradiation 
sequences; Appl. Surf. Sci. 258 (2012) 9233-9236

RSK12: S. Rimjaem, F. Steph, M. Krasilnikov, W.  
Ackermann, G. Asova, J. Bähr, E. Gjonaj, H. J. 
Grabosch, L. Hakobyan, M. Hänel, Y. Ivanisenko, 
M. Khojoyan, G. Klemz, S. Lederer, M. Mahgoub, P.  
Michelato, L. Monaco, M. Nozdrin, B. O’Shea, M.  
Otevrel, B. Petrosyan, D. Richter, J. Rönsch-Schulen- 
burg, D. Sertore, S. Schreiber, S. Schnepp, A. 
Shapovalov, R. Spesyvtsev, L. Staykov, G. Vashchen-
ko, T. Weiland, and I. Will; Optimizations of transverse 
projected emittance at the photo-injector test facility at 
DESY, location Zeuthen; Nucl. Instrum. Meth. A (2012) 
62-75



102

RSW12: J. Ratner, G. Steinmeyer, T. C. Wong, R. Bar-
tels, and R. Trebino; The coherent artifact in modern 
pulse measurements; Opt. Lett. 37 (2012) 2874-2876

SBF12: B. Schütte, S. Bauch, U. Frühling, M. Wieland, 
M. Gensch, E. Plönjes, T. Gaumnitz, A. Azima, M. Bo-
nitz, and M. Drescher; Evidence for chirped Auger-elec-
tron emission; Phys. Rev. Lett. 108 (2012) 253003/1-5

SBH12: U. K. Sapaev, I. Babushkin, and J. Herrmann; 
Quasi-phase-matching for third harmonic generation 
in noble gases employing ultrasound; Opt. Express 20 
(2012) 22753-22762

SBL12: C. Seim, J. Baumann, H. Legall, C. Redlich, I. 
Mantouvalou, G. Blobel, H. Stiel, and B. Kanngießer; 
Laboratory full-field transmission X-ray microscopy; 
SPIE Proc. Ser. 8678 (2012) 867808/1-9 

SCG12: M. P. Schneider, S. T. Carr, I. V. Gornyi, and A. D. 
Mirlin; Weak localization and magnetoresistance in a two-
leg ladder model; Phys. Rev. B 86 (2012) 155141/1-17 
 
SCY12: A. Schmidt, S. Y. Choi, D.-I. Yeom, F. Roter-
mund, X. Mateos, M. Segura, F. Diaz, V. Petrov, and 
U. Griebner; Femtosecond pulses near 2 µm from a 
Tm:KLuW laser mode-locked by a single-walled carbon 
nanotube saturable absorber; Appl. Phys. Express 5 
(2012) 092704/1-3

SGB12: G. Steinmeyer, C. Grebing, B. Borchers, and 
S. Koke; Self-referenced scheme for direct synthesis of 
carrier-envelope phase stable pulses with jitter below 
the atomic time unit; in Springer Proceedings in Phys-
ics, K. Yamanouchi, and K. Midorkawa eds. (Springer, 
2012) Vol. 125, 3-8

SGC12: S. Schorb, T. Gorkhover, J. P. Cryan, J. M. 
Glownia, M. R. Bionta, R. N. Coffee, B. Erk, R. Boll, C. 
Schmidt, D. Rolles, A. Rudenko, A. Rouzée, M. Swig-
gers, S. Carron, J.-C. Castagna, J. D. Bozek, M. Mess-
erschmidt, W. F. Schlotter, and C. Bostedt; X-ray-optical 
cross-correlator for gas-phase experiments at the Linac 
Coherent Light Source free-electron laser; Appl. Phys. 
Lett. 100 (2012) 121107/1-4

SGW12: J. Stähler, C. Gahl, and M. Wolf; Dynamics and 
reactivity of trapped electrons on supported ice crystal-
lites; Account. Chem. Res. 45 (2012) 131-138

SII12: S. Sukiasyan, K. Ishikawa, and M. Y. Ivanov; 
Attosecond cascades and time-delays in one-electron 
photo-ionization; Phys. Rev. A 86 (2012) 033423/1-6

SKH12: A. Schmidt, P. Koopmann, G. Huber, P. Fuhr-
berg, S. Y. Choi, D.-I. Yeom, F. Rotermund, V. Petrov, 
and U. Griebner; 175 fs Tm:Lu2O3 laser at 2.07 µm 
mode-locked using single-walled carbon nanotubes; 
Opt. Express 20 (2012) 5313-5318

SKM12: G. Sansone, F. Kelkensberg, F. Morales, J. F. 
Pérez-Torres, F. Martin, and M. J. J. Vrakking; Attosec-
ond time-resolved electron dynamics in the hydrogen 
molecule; IEEE J. Sel. Top. Quant. Electron. 18 (2012) 
520-530

SKM12a: M. Segura, M. Kadankov, X. Mateos, M. 
C. Pujol, J. J. Carvajal, M. Aguiló, F. Díaz, U. Grieb-
ner, and V. Petrov; Polarization switching in the 2 μm 
Tm:KLu(WO4)2 laser; Laser Phys. Lett. 9 (2012) 104-109

SKM12b: M. Segura, M. Kadankov, X. Mateos, M. C. 
Pujol, J. J. Carvajal, M. Aguiló, F. Díaz, U. Griebner, and 
V. Petrov; Passive Q-switching of the diode pumped 
Tm3+:KLu(WO4)2 laser near 2 μm with Cr2+:ZnS satu-
rable absorbers; Opt. Express 20 (2012) A3394-A3400

SMP12: M. Segura, X. Mateos, M. C. Pujol, J. J. Car-
vajal, M. Aguiló, F. Díaz, U. Griebner, and V. Petrov; 
Diode-pumped 2 μm vibronic (Tm3+,Yb3+):KLu(WO4)2 la-
ser; Appl. Optics 51 (2012) 2701-2705

SMT12: M. Segura, X. Mateos, A. Tyazhev, M. C. Pu-
jol, J. J. Carvajal, M. Aguiló, F. Díaz, U. Griebner, and 
V. Petrov; Passive Q-switching of a diode-pumped 
(Tm,Yb):KLu(WO4)2 laser near 2 µm with a Cr2+:ZnS satu-
rable absorber; SPIE Proc. Ser. 8235 (2012) 82351U/1-8 
 
SRS12: S. Schorb, D. Rupp, M. L. Swiggers, R. N. Cof-
fee, M. Messerschmidt, G. Williams, J. D. Bozek, S.-I. 
Wada, O. Kornilov, T. Möller, and C. Bostedt; Size-
dependent ultrafast ionization of nanoscale samples in 
intense femtosecond X-ray free-electron-laser pulses; 
Phys. Rev. Lett. 108 (2012) 233401/1-5

SSB12: D. Shafir, H. Soifer, B. D. Bruner, M. Dagan, Y. 
Mairesse, S. Patchkovskii, M. Y. Ivanov, O. Smirnova, 
and N. Dudovich; Resolving the time when an electron 
exits a tunnelling barrier; Nature 485 (2012) 343–346

SSM12: M. Segura, R. M. Solé, X. Mateos, J. J. Car-
vajal, M. C. Pujol, J. Masons, M. Aguiló, S. Vatnik, I.  
Vedin, V. Petrov, U. Griebner, and F. Díaz; Crystal 
growth, characterization and thin disk laser operation of 
KLu1-xTmx(WO4)2/KLu(WO4)2 epitaxial layers; CrystEng-
Comm 14 (2012) 223-229

SZF12: J. Stingl, F. Zamponi, B. Freyer, M. Woerner, 
T. Elsaesser, and A. Borgschulte; Electron transfer in 
a virtual quantum state of LiBH4 induced by strong opti-
cal fields and mapped by femtosecond X-ray diffraction; 
Phys. Rev. Lett. 109 (2012) 147402/1-5

THE12: J. W. Tomm, M. Hempel, and T. Elsaesser; Ki-
netics of defect propagation during the catastrophic opti-
cal damage (COD) in broad-area diode lasers; Mat. Sci. 
Forum 725 (2012) 105-108

TIW12: L. Torlina, M. Y. Ivanov, Z. B. Walters, and 
O. Smirnova; Time-dependent analytical R-matrix ap-
proach for strong-field dynamics. II. Many-electron sys-
tems; Phys. Rev. A 86 (2012) 043409/1-12

TKM12: A. Tyazhev, D. Kolker, G. Marchev, V. Badikov, 
D. Badikov, G. Shevyrdyaeva, V. Panyutin, and V. 
Petrov; Mid-infrared optical parametric oscillator based 
on the wide-bandgap BaGa4S7 nonlinear crystal; Opt. 
Lett. 37 (2012) 4146-4148



103

TRB12: S. Ter-Avetisyan, B. Ramakrishna, M. Borghesi, 
D. Doria, M. Zepf, G. Sarri, L. Ehrentraut, A. A. Andreev, 
P.-V. Nickles, S. Steinke, W. Sandner, M. Schnürer, and 
V. Tikhonchuk; Erratum: MeV negative ion generation 
from ultra-intense laser interaction with a water spray 
(vol 99, 051501, 2011); Appl. Phys. Lett. 100/1-1 (2012) 

TRD12: S. Ter-Avetisyan, B. Ramakrishna, D. Doria, 
R. Prasad, M. Borghesi, A. A. Andreev, S. Steinke, M. 
Schnürer, P. V. Nickles, and V. Tikhonchuk; MeV nega-
tive ion source from ultra-intense laser-matter interac-
tion; Rev. Sci. Instrum. 83 (2012) 02A710/1-3

TRP12: S. Ter-Avetisyan, B. Ramakrishna, R. Prassad, 
M. Borghesi, P.-V. Nickles, S. Steinke, M. Schnürer, K. 
I. Popov, L. Ramunno, N. V. Zmitrenko, and V. Bychen-
kov; Generation of quasi-monoenergetic proton beam 
from exploding sub-micron droplets interacting with 
a high intensity laser pulse; Phys. Plasmas 19 (2012) 
073112/1-8

TSm12: L. Torlina and O. Smirnova; Time-dependent 
analytical R-matrix approach for strong-field dynam-
ics. I. One-electron systems; Phys. Rev. A 86 (2012) 
043408/1-13

TSN12: V. G. Talalaev, A. V. Senichev, B. V. Novikov, 
J. W. Tomm, L. V. Asryan, N. D. Zakharov, P. Werner, 
A. D. Bouravleuv, Y. B. Samsonenko, A. I. Khrebtov, I. 
P. Soshnikov, and G. E. Cirlin; Relaxation pathways of 
excitation in the tunnel-injection structures with quantum 
dots; Vestnik of St. Petersburg University 4 (2012) 34-35

TTZ12a: V. G. Talalaev, A. A. Tonkikh, N. D. Zakharov, 
A. V. Senichev, J. W. Tomm, P. Werner, B. V. Novikov, 
L. V. Asryan, B. Fuhrmann, J. Schilling, H. S. Leipner, 
A. D. Bouraulev, Y. B. Samsonenko, A. I. Khrebtov, I. P. 
Soshnikov, and G. E. Cirlin; Light-emitting tunnel nano-
structures based on quantum dots in the Si and GaAs 
matrix; Fizika I Technika Poluprovodnikov 46 (2012) 
1492-1503

TTZ12b: V. G. Talalaev, A. A. Tonkikh, N. D. Zakharov, 
A. V. Senichev, J. W. Tomm, P. Werner, B. V. Novikov, 
L. V. Asryan, B. Fuhrmann, J. Schilling, H. S. Leipner, 
and A. Cirlin; Light-emitting tunneling nanostructures 
based on quantum dots in a Si and GaAs matrix; Semi-
conductors 46 (2012) 1460 - 1470

USP12: E. Ugolotti, A. Schmidt, V. Petrov, J. W. Kim, 
D.-I. Yeom, F. Rotermund, S. Bae, B. H. Hong, A. Agne-
si, C. Fiebig, G. Erbert, X. Mateos, M. Aguiló, F. Diaz, 
and U. Griebner; Graphene mode-locked femtosecond 
Yb:KLuW laser; Appl. Phys. Lett. 101 (2012) 161112/1-4

VEl12: M. J. J. Vrakking and T. Elsaesser; X-rays inspire 
electron movies; Nat. Photonics 6 (2012) 645-647

VVS12: S. Vatnik, I. Vedin, M. Segura, X. Mateos, 
M. C. Pujol, J. J. Carvajal, M. Aguiló, F. Díaz, V. Petrov, 
and U. Griebner; Efficient thin-disk Tm-laser operation 
based on Tm:KLu(WO4)2/KLu(WO4)2 epitaxies; Opt. Lett. 
37 (2012) 356-358  

WBu12: C. Wolff and K. Busch; Constraints in the gen-
eration of photonic Wannier functions; Physica B 407 
(2012) 4051-4055

XPN12: D. Xiao, M. Prémont-Schwarz, E. T. J. Nibbe-
ring, and V. S. Batista; Ultrafast vibrational frequency 
shifts induced by electronic excitations: Naphthols in 
low dielectric media; J. Phys. Chem. A 116 (2012) 2775-
2790

YPG12: H. Yu, V. Petrov, U. Griebner, D. Parisi, S. Ve-
ronesi, and M. Tonelli; Compact passively Q-switched 
diode-pumped Tm:LiLuF4 laser with 1.26 mJ output en-
ergy; Opt. Lett. 37 (2012) 2544-2546

YSE12: M. Yang, Ł. Szyc, and T. Elsaesser; Vibrational 
dynamics of the water shell of DNA studied by femto-
second two-dimensional infrared spectroscopy; J. Pho-
tochem.  Photobiol. A 234 (2012) 49-56

YZW12: H. H. Yu, H. J. Zhang, Z. P. Wang, H. H. Xu, 
Y. C. Wang, J. Y. Wang, and V. Petrov; Manifestation of 
quantum disordered wave functions with weak localisa-
tion from conical second harmonic generation in ferro-
electric crystal; Appl. Phys. Lett. 100 (2012) 061119/1-3

ZHM12: I. Znakovskaya, P. von den Hoff, G. Marcus, S. 
Zherebtsov, B. Bergues, X. Gu, Y. Deng, M. J. J. Vrak-
king, R. Kienberger, F. Krausz, R. de Vivie-Riedle, and 
M. F. Kling; Subcycle controlled charge-directed reactiv-
ity with few-cycle midinfrared pulses; Phys. Rev. Lett. 
108 (2012) 063002/1-5

ZRS12: F. Zamponi, P. Rothhardt, J. Stingl, M. Woerner, 
and T. Elsaesser; Ultrafast large-amplitude relocation of 
electronic charge in ionic crystals; Proc. Nat. Acad. Sci. 
USA 109 (2012) 5207-5212

ZSP12: S. Zherebtsov, F. Süßmann, C. Peltz, J. Plenge, 
K. J. Betsch, I. Znakovskaya, A. S. Alnaser, N. G. John-
son, M. Kübel, A. Horn, V. Mondes, C. Graf, S. A. 
Trushin, A. Azzeer, M. J. J. Vrakking, G. G. Paulus, F. 
Krausz, E. Rühl, T. Fennel, and M. F. Kling; Carrier-en-
velope phase-tagged imaging of the controlled electron 
acceleration from SiO2 nanosperes in intense few-cycle 
laser fields; New J. Phys. 14 (2012) 075010/1-17

ZSW12: F. Zamponi, J. Stingl, M. Woerner, and T. El-
saesser; Ultrafast soft-mode driven charge relocation in 
an ionic crystal; Phys. Chem. Chem. Phys. 14 (2012) 
6156-6159

 
in press

AGD: S. Aravazhi, D. Geskus, K. v. Dalfsen, S. A. 
Vázquez-Córdoba, C. Grivas, U. Griebner, S. M. 
García-Blanco, and M. Pollnau; Engineering lattice 
matching, refractive index, and doping level of KY1-x-y-

zGdxLuyYbz(WO4)2 layers, Yb3* spectroscopy, and appli-
cation to a cladding-side-pumped channel waveguide 
laser; Appl. Phys. B 



104

APl: A. A. Andreev and K. Platonov; Interaction of ultra-
high intensity laser pulse with a structure target and fast 
particle generation in a stable mode; Contrib. Plasma 
Phys. 

BGB: M. Busuladžić, A. Gazibegović-Busuladžić, W. 
Becker, and D. B. Milošević; Molecular above-thresh-
old ionization with a circularly polarized laser field; Eur. 
Phys. J. D 

BHR: J. Bonse, S. Höhm, A. Rosenfeld, and J. Krüger; 
Sub-100nm laser-induced periodic surface structures 
upon irradiation of titanium by Ti:sapphire femtosecond 
laser pulses in air; Appl. Phys. A 

BKR: P. Bowlan, W. Kuehn, K. Reimann, M. Woerner, 
T. Elsaesser, R. Hey, and C. Flytzanis; Transition from 
ballistic to drift motion in high-field transport in GaAs; in 
Ultrafast Phenomena XVIII 

BMR: P. Bowlan, E. M. Moreno, K. Reimann, M.  
Woerner, and T. Elsaesser; Ultrafast two-dimensional 
THz spectroscopy of graphene; in Ultrafast Phenomena 
XVIII

BOC: I. Baylam, S. Ozharar, H. Cankaya, S. Y. Choi, 
K. Kim, F. Rotermund, U. Griebner, V. Petrov, and A. 
Sennaroglu; Energy scaling of a multipass-cavity mode-
locked femtosecond bulk laser with a carbon nanotube 
saturable absorber; SPIE Proc. Ser. 

BSK: L. Bergé, S. Skupin, C. Köhler, I. Babushkin, and 
J. Herrmann; 3D numerical simulations of THz genera-
tion by two-color laser filaments; Phys. Rev. Lett.  

BSm: I. Barth and O. Smirnova; Nonadiabatic tunneling 
in circularly polarized laser fields II: Derivation of formu-
las; Phys. Rev. A 

CGL: R. Costard, C. Greve, N. E. Levinger, E. T. J. Nib-
bering, and T. Elsaesser; Ultrafast vibrational dynamics 
of water confined in phospholipid reverse micelles; in 
Ultrafast Phenomena XVIII

CID: F. von Cube, S. Irsen, R. Diehl, J. Niegemann, K. 
Busch, and S. Linden; From isolated metaatoms to pho-
tonic metamaterials: Evolution of the plasmonic near-
field; Nano Lett.

DBG: S. K. Das, M. Bock, R. Grunwald, B. Borchers, J. 
Hyyti, G. Steinmeyer, D. Ristau, A. Harth, T. Vockerodt, 
T. Nagy, and U. Morgner; First measurement of the non-
instantaneous response time of a χ(3) nonlinear optical 
effect; in Ultrafast Phenomena XVIII

Els: T. Elsaesser; Ultrafast vibrational dynamics of hy-
drogen bonded dimers and base pairs; in Ultrafast infra-
red vibrational spectroscopy, M. D. Fayer ed. (Taylor & 
Francis, London)

ESY: T. Elsaesser, Ł. Szyc, and M. Yang; Ultrafast 
structural and vibrational dynamics of the hydration shell 
around DNA; in Ultrafast Phenomena XVIII  

FKM: B. Fetic, K. Kalajdzic, and D. B. Milošević; High-
order harmonic generation by a spatially inhomoge-
neous field; Ann. Phys.-Berlin 

FSZ: B. Freyer, J. Stingl, F. Zamponi, M. Woerner, and 
T. Elsaesser; Femtosecond X-ray diffraction using the 
rotating crystal method; in Ultrafast Phenomena XVIII 

FYN: H. Fidder, M. Yang, E. T. J. Nibbering, T. Elsaesser, 
K. Roettger, and F. Temps; N-H stretching vibrations of 
guanosine-cytidine base pairs in solution: ultrafast dy-
namics, couplings and lineshapes; J. Phys. Chem. A 

GAV: H. Ghosh, K. Adamczyk, S. Verma, J. Dreyer, 
and E. T. J. Nibbering; Ultrafast proton coupled elec-
tron transfer (PCET) dynamics in 9-anthranol-aliphatic 
amine system; in Ultrafast Phenomena XVIII 

GHB: D. Gerth, B. Hofmann, S. Birkholz, S. Koke, and 
G. Steinmeyer; Regularization of an autoconvolution 
problem in ultrashort laser pulse characterization; In-
verse Problems in Science and Engineering 

GHL: L. Guo, S. S. Han, X. Liu, Y. Cheng, Z. Z. Xu, J. 
Fan, J. Chen, S. G. Chen, W. Becker, C. I. Blaga, A. D. 
DiChiara, E. Sistrunk, P. Agostini, and L. F. DiMauro; 
Scaling of the low-energy structure in above-threshold 
ionization in the tunneling regime: theory and experi-
ment; Phys. Rev. Lett. 

GKZ: U. Griebner, P. Klopp, M. Zorn, and M. Weyers; 
Femtosecond mode-locked semiconductor disk laser; in 
Femtonik, S. Nolte ed. (Springer, Heidelberg) 

GPC: C. Greve, N. K. Preketes, R. Costard, B. Koeppe, 
H. Fidder, E. T. J. Nibbering, F. Temps, S. Mukamel, 
and T. Elsaesser; Ultrafast IR pump-probe and 2D-IR 
photon echo spectroscopy of adenosine-thymidine base 
pairs; in Ultrafast Phenomena XVIII

GPF: C. Greve, N. K. Preketes, H. Fidder, R. Costard, 
B. Koeppe, I. A. Heisler, S. Mukamel, F. Temps, E. T. 
J. Nibbering, and T. Elsaesser; N-H stretching excita-
tions in adenosine-thymidine base pairs in solution: Pair 
geometries, infrared line shapes and ultrafast vibrational 
dynamics; J. Phys. Chem. A 

GTB: M. Ghotbi, P. Trabs, M. Beutler, and F. Noack; 
Generation of tunable-sub-45 femtosecond pulses by 
noncollinear FWM; Opt. Lett.  

HCP: M. Hempel, M. Chi, P. M. Petersen, U. Zeimer, 
and J. W. Tomm; How does external feedback cause 
AIGaAs-based diode lasers to degrade?; Appl. Phys. 
Lett. 

HRK: S. Höhm, A. Rosenfeld, J. Krüger, and J. Bonse; 
Area dependence of femtosecond laser-induced peri-
odic surface structures for varying band gap materials 
after double pulse excitation; Appl. Surf. Sci. 

HRR: S. Höhm, M. Rohloff, A. Rosenfeld, J. Krüger, and 
J. Bonse; Dynamics of the formation of laser-induced 
periodic surface structures on dielectrics and semicon-
ductors upon femtosecond laser pulse irradiation se-
quences; Appl. Phys. A 



105

HTL: M. Hempel, J. Tomm, F. La Mattina, I. Ratschin-
ski, M. Schade, I. Shorubalko, M. Stiefel, H. Leipner, F. 
Kießling, and T. Elsaesser; Microscopic origins of cata-
strophic optical damage in diode lasers; IEEE J. Sel. 
Top. Quant. Electron.

ISm: M. Y. Ivanov and O. Smirnova; Opportunities for 
sub-laser-cycle spectroscopy in condensed phase; 
Chem. Phys. Lett. 

JKS: K. A. Janulewicz, C. Kim, and H. Stiel; Speckle 
statistics and transverse coherence of a X-ray laser with 
fluctuations in an active medium; Opt. Express 

KBD: S. Koenig, M. Bock, S. K. Das, A. Treffer, and R. 
Grunwald; Temporal self-reconstruction of few-cycle 
nondiffracting wavepackets; SPIE Proc. Ser. 

KFZ: S. Kuehn, S. Friede, M. Zastrow, K. Schiebler, K. 
Rueck-Braun, and T. Elsaesser; Photophysics of hy-
drogen bonded diarylethene dimers in the liquid phase; 
Chem. Phys. Lett. 

KMP: K. Kato, T. Mikami, and V. P. Petrov; Sec-
ond-harmonic generation in Hg0.35Cdx0.65Ga2S4 and 
Hg0.52Cdx0.48Ga2S4; SPIE Proc. Ser. 

KOM: K. Kato, T. Okamoto, T. Mikami, V. P. Petrov, V. 
V. Badikov, D. V. Badikov, and V. L. Panyutin; Fourth-
harmonic generation of the CO2 laser wavelength at 
10.5910 μm in BaGa4S7; SPIE Proc. Ser. 

KSH: G. Kewes, A. W. Schell, R. Henze, R. S. Schön-
feld, S. Burger, K. Busch, and O. Benson; Design and 
numerical optimization of an easy-to-fabricate photon-
to-plasmon coupler for quantum plasmonic; Appl. Phys. 
Lett.  

LAz: K. M. Lange and E. F. Aziz; The hydrogen bond of 
water from the perspective of soft X-ray spectroscopy; 
Chemistry – An Asian Journal 

LWC: X. Y. Lai, C. L. Wang, Y. J. Chen, Z. L. Hu, W. 
Quan, X. J. Liu, J. Chen, Y. Cheng, Z. Z. Xu, and W. 
Becker; Elliptical polarization favors long quantum orbits 
in high-order above-threshold ionization of noble gases; 
Phys. Rev. Lett.

LSA: K. M. Lange, E. Suljoti, and E. F. Aziz; Resonant 
inelastic X-ray scattering as a probe of molecular struc-
ture and electron dynamics in solutions; J. Electron 
Spectrosc. 

LSB: H. Legall, H. Stiel, G. Blobel, C. Seim, J. Baumann, 
S. Yulin, D. Esser, M. Höfer, U. Wiesemann, M. Wirtz, 
G. Schneider, S. Rehbein, and H. M. Hertz; A compact 
laboratory transmission X-ray microscope for the water 
window; J. Phys. Conf. Ser. 

MPA: G. Marchev, F. Pirzio, A. Agnesi, G. Reali, V. 
Petrov, A. Tyazhev, P. G. Schunemann, and K. T.  
Zawilski; 1064 nm pumped CdSiP2 optical parametric 
oscillator generating sub-300 ps pulses near 6.15 μm at 
1-10 kHz repetition rates; Opt. Commun.

PBP: M. Prémont-Schwarz, T. Barak, D. Pines, E. T. J. 
Nibbering, and E. Pines; Ultrafast excited state proton 
transfer reaction of 1-naphthol-3,6-disulfonate and sev-
eral 5-substituted 1-naphtol derivatives; J. Phys. Chem. B  
 
PBS: N. Preissler, F. Buchner, T. Schultz, and A. 
Lübcke; Electrokinetic charging and evidence for charge 
evaporation in liquid microjets of aqueous salt solution; 
J. Phys. Chem. B 

PGT: A. Pfuch, F. Gueell, T. Toelke, S. K. Das, H. Mess-
aoudi, E. McGlynn, W. Seeber, C. Fábrega, T. Andreu, 
J. R. Morante, and R. Grunwald; Photocatalytic activities 
of TiO2 nanotubes; SPIE Proc. Ser. 

PXB: M. Prémont-Schwarz, D. Xiao, V. S. Batista, and 
E. T. J. Nibbering; Ultrafast OH-stretching frequency 
shifts of hydrogen-bonded 2-naphthol photoacid-base 
complexes in solution; in Ultrafast Phenomena XVIII 

Rei: H. R. Reiss; Foundations of strong-field physics; 
Springer volume on Proceedings of the COAST Autumn 
School at the University of Tokyo

SDS: H. Soifer, M. Dagan, D. Shafir, B. D. Bruner, M. 
Y. Ivanov, V. Serbinenko, I. Barth, O. Smirnova, and N. 
Dudovich; Spatio-spectral analysis of ionization times in 
High-Harmonic Generation; Chem. Phys. 

SGe: O. Smirnova and O. Gessner; Attosecond spec-
troscopy: Editorial; Chem. Phys. 

SHS: S. Steinke, P. Hilz, M. Schnürer, G. Priebe, J. 
Bränzel, F. Abicht, D. Kiefer, C. Kreuzer, J. Schreiber, 
A. A. Andreev, T. P. Yu, A. Pukhov, and W. Sandner; 
Stable laser ion acceleration in the light sail regime; 
Phys. Rev. Special Topics in AB  

SIv: O. Smirnova and M. Y. Ivanov; High Harmonic Gen-
eration in multielectron systems: simple man on com-
plex plane; Chem. Phys.  

TMB: A. Tyazhev, G. Marchev, V. Badikov, A. Esteban-
Martin, D. Badikov, V. Panyutin, G. Shevyrdyaeva, S. 
Sheina, A. Fintisova, V. Petrov; High-power HgGa2S4 
optical parametric oscillator pumped at 1064 nm and 
operating at 100 Hz; Laser Photon. Rev.

VFZ: A. Vlad, A. Frölich, T. Zebrowski, C. A. Dutu, K. 
Busch, S. Melinte, M. Wegener, and T. Huynen; Direct 
transcription of two-dimensional colloidal crystal arrays 
into three-dimensional photonic crystals; Adv. Funct. 
Mater.  

VMQ: A. v. Veltheim, B. Manschwetus, W. Quan, B. 
Borders, G. Steinmeyer, H. Rottke, and W. Sandner; 
Frustrated tunnel ionization of noble gas dimers with 
Rydberg-Electron shakeoff by electron charge oscilla-
tion; Phys. Rev. Lett.

WKB: M. Woerner, W. Kuehn, P. Bowlan, K. Reimann, 
and T. Elsaesser; Ultrafast two-dimensional terahertz 
spectroscopy of elementary excitations in solids; New 
J. Phys.  



106

WSL: S. Wu, A. W. Schell, M. Lublow, J. Kaiser, T. 
Aichele, S. Schietinger, F. Polzer, S. Kühn, and X. Guo; 
Silica-coated Au/Ag nanorods with tunable surface plas-
mon bands for nanoplasmonics with single particles; 
Colloid Polym. Sci.

WZR: M. Woerner, F. Zamponi, P. Rothhardt, J. Stingl, 
and T. Elsaesser; Ultrafast charge relocation in an ionic 
crystal probed by femtosecond X-ray powder diffraction; 
in Ultrafast Phenomena XVIII 

YTKa: F. Yue, J. W. Tomm, D. Kruschke, and P. Glas; 
Stimulated emission from PbS-quantum dots in glass 
matrix; Laser Photon. Rev.  

YTKb: F. Yue, J. W. Tomm, D. Kruschke, P. Glas, K. 
A. Bzheumikohov, and Z. C. Margushev; PbS: glass 
as broad-bandwidth near-infrared light source material; 
Opt. Express 

YZW: H. Yu, H. Zhang, Y. Wang, Z. Wang, J. Wang, and 
V. Petrov; Generation of crystal-structure transverse 
patterns via a self-frequency-doubling laser; Scientific 
Reports

ZFJ: F. Zamponi, B. Freyer, V. Juvé, J. Stingl, M.  
Woerner, M. Chergui, and T. Elsaesser; Ultrafast in-
ter-ionic charge transfer of transition-metal complexes 
mapped by femtosecond X-ray powder diffraction; in Ul-
trafast Phenomena XVIII 

ZSS: A. Zair, T. Siegel, S. Sukiasyan, F. Risoud, L. 
Brugnera, C. Hutchison, Z. Diveki, T. Auguste, J. Tisch, 
P. Salieres, M. Y. Ivanov, and J. Marangos; Molecular 
internal dynamics studied by quantum path interfer-
ences in high order harmonics generation; Chem. Phys. 
Lett.  

 
 
submitted

APSa: A. A. Andreev, K. Y. Platonov, and S. P. Sady-
kova; Double relativistic electron accelerating mirror; J. 
Appl. Polym. Sci. 

APSb: A. A. Andreev, K. Y. Platonov, M. Schnürer, R. 
Prasad, and S. Ter-Avetisyan; Hybrid proton accelera-
tion scheme using relativistic intense laser light; Phys. 
Plasmas  

BAS: J. Braenzel, A. A. Andreev, M. Schnuerer, S. 
Steinke, K. Platonov, G. Priebe, and W. Sandner; Sub-
structure of laser generated harmonics reveals plasma 
dynamics of a relativistically oscillating mirror; Phys. 
Plasmas  

BDF: M. Bock, S. K. Das, C. Fischer, M. Diehl, P.  
Börner, and R. Grunwald; Adaptive shaping of nondif-
fracting wavepackets for applications in ultrashort pulse 
diagnostics; in Non-Diffracting Waves, H. E. Hernandez-
Figueroa, M. Zamboni-Rached, and E. Recami eds. (J. 
Wiley, Berlin) 

BGra: M. Bock and R. Grunwald; Spatio-temporal local-
ization of ultrashort-pulsed Bessel beams at extremely 
low light level; in Non-Diffracting Waves, H. E. Hernan-
dez-Figueroa, M. Zamboni-Rached, and E. Recami eds. 
(J. Wiley, Berlin) 

BGrb: M. Bock and R. Grunwald; Adaptive generation 
and diagnostics of linear few-cycle light bullets; Appl. 
Sci.

BMR: P. Bowlan, E. Martinez-Moreno, K. Reimann, 
T. Elsaesser, and M. Woerner; Ultrafast terahertz re-
sponse of graphene in the non-perturbative regime; 
Phys. Rev. X

BPH: J. Braenzel, C. Pratsch, P. Hilz, C. Kreuzer, M. 
Schnuerer, H. Stiel, and W. Sandner; Note: A novel ap-
proach to measure the thickness of ultrathin foils using 
a laboratory table top extreme ultraviolet source; Rev. 
Sci. Instrum.  

EKW: C. Eickhoff, J. Kopprasch, M. Weinelt, T. U.-K. 
Dang, C. Weber, and A. Knorr; Hot phonons in the relax-
ation of X-valley conduction-band electrons at Si(100); 
New J. Phys.  

ESE: U. Eichmann, A. Saen, S. Eilzer, T. Nubbemeyer, 
and W. Sandner; Observing Rydberg atoms to survive 
intense laser fields; Phys. Rev. Lett.  

FBe: S. V. Fomichev and W. Becker; Linear and nonlin-
ear light scattering and absorption in free-electron nano-
clusters with diffuse surface: second- and third-order 
harmonic generation; Phys. Rev. A

FFZ: A. Frölich, J. Fischer, T. Zebrowski, K. Busch, 
and M. Wegener; Complete three-dimensional photonic 
bandgap in the visible; Adv. Materials

FZJ: B. Freyer, F. Zamponi, V. Juvé, J. Stingl, M.  
Woerner, T. Elsaesser, and M. Chergui; Ultrafast in-
ter-ionic charge transfer of transition-metal complexes 
mapped by femtosecond X-ray powder diffraction; J. 
Chem. Phys.

GHB: M. Grehn, M. Höfner, J. Bonse, T. Seuthe, C. 
Theiss, A. Mermillod-Blondin, A. Rosenfeld, M. Eber-
stein, and H. Eichler; Thermodynamic aspects for laser 
modification and ablation of silicate glass systems; Mat. 
Express

HRK: S. Höhm, A. Rosenfeld, J. Krüger, and J. Bonse; 
Femtosecond diffraction dynamics of laser-induced peri-
odic surface structures on fused silica; Appl. Phys. Lett.

HWB: U. Hoeppe, C. Wolff, H. Benner, and K. Busch; 
Controlling spontaneous emission in photonic crystals 
by ferromagnetic resonance; IEEE T. Magn.

JSM: V. Jambunathan, A. Schmidt, X. Mateos, M. C. 
Pujol, J. J. Carvajal, U. Griebner, V. Petrov, C. Zaldo, 
M. Aguiló, and F. Díaz; Crystal growth, optical spectros-
copy and continuous-wave laser operation of co-doped 
(Ho,Tm):KLu(WO4)2 monoclinic crystals; J. Opt. Soc. 
Am. B



107

KNT: B. Koeppe, E. T. J. Nibbering, and P. M. Tolstoy; 
NMR and FT-IR studies on the association of derivatives 
of thymidine, adenosine, and 6-N-methyl-adenosine in 
aprotic solvents; Z. Phys. Chem.

LAN: S. Luber, K. Adamczyk, E. T. J. Nibbering, and V. 
S. Batista; Photoinduced proton coupled electron trans-
fer in 2-(2’-hydroxyphenyl)-benzothiazole; J. Am. Chem. 
Soc.

QLC: W. Quan, X. Y. Lai, Y. J. Chen, C. L. Wang, Z. 
L. Hu, X. J. Liu, X. L. Hao, J. Chen, E. Hasović, M. 
Busuladžić, W. Becker, and D. B. Milošević; Reso-
nance-like enhancement in high-order above-threshold 
ionization of molecules; Phys. Rev. Lett.

TDB: A. Treffer, S. K. Das, M. Bock, J. Brunne, U. Wall-
rabe, and R. Grunwald; MEMS axicons for nondiffract-
ing line shaping of ultrashort pulses; SPIE Proc. Ser.

TVM: A. Tyazhev, V. Vedenyapin, G. Marchev, L. 
Isaenko, D. Kolker, S. Lobanov, V. Petrov, A. Ye-
lisseyev, M. Starikova, and J.-J. Zondy; Singly-resonant 
optical parametric oscillation based on the wide band-
gap mid-IR nonlinear optical crystal LiGaS2; Opt. Mater.

WLB: J. F. M. Werra, P. Longo, and K. Busch; Spectra 
of coherent on-resonant light pulses interacting with a 
two-level atom in a waveguide; Phys. Rev. Lett.

ZAP: N. Zhavoronkov, A. Andreev, and K. Platonov; Tun-
able sub-femtosecond hard-X-ray radiation generated by 
electron bunches ejected from water jet; Phys. Rev. Lett. 
 

General publications and reports

Els12: T. Elsaesser; Nachruf auf F. P. Schäfer; in Jahr-
buch der Berlin-Brandenburgischen Akademie der Wis-
senschaften 2011 (Akademie Verlag, Berlin, 2012) 54-56 

Master- and PhD theses

Master theses

Caf12: S. D. D. Cafiso; Ultrafast Cr:YAG with novel 
nanostructured carbon saturable absorber (in Italian) 
(Supervisor: V. Petrov and A. Agnesi), University of Pa-
via, Italy, 2012-10      

PhD theses

Beu12: M. Beutler; Erzeugung abstimmbarer Fem-
tosekunden Impulse im Vakuum Ultravioletten Spektral-
gebiet (Supervisor: I. V. Hertel), Freie Universität Berlin, 
2012-06

Gei12: H. Geiseler; Untersuchung der Dynamik von 
Elektronenwellenpaketen in angeregten Zuständen at-
omarer Systeme (Supervisor: W. Sandner), Technische 
Universität Berlin, 2012-08

Hui12: Y. Huismans; Probing structure and dynamics 
with photoelectrons generated in strong fields (Supervi-
sor: M. J. J. Vrakking), Radbout Universiteit Nijmegen, 
The Netherlands, 2012-05     
 
Kim12: K.-H. Kim; Ultrafast nonlinear optical processes 
in metal-dielectric nanocomposites and nanostructures 
– passive mode-locking, slow light, high harmonic gen-
eration (Supervisor: T. Elsaesser), Humboldt-Universität 
Berlin, 2012-04

Sch12: C. Schröter; Femtosekundenspektroskopie an 
orientierten Molekülen (Supervisor: T. Schultz), Freie 
Universität Berlin, 2012-12

Tya12: A. Tyazhev; Investigation of wide-band-gap chal-
cogenide crystals for optical parametric oscillators for 
the mid infrared (Supervisor: V. Petrov and V. Chizhiko), 
Kuban State University, Krasnodar, Russia, 2012-11

Yan12: M. Yang; Ultrafast two-dimensional infrared 
spectroscopy of hydrogen-bonded base pairs and hy-
drated DNA (Supervisor: T. Elsaesser), Humboldt-Uni-
versität Berlin, 2012-07
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Invited lectures at conferences

A. A. Andreev; 10th Workshop “Complex Systems of 
Charged Particles and Their Interaction with Electro-
magnetic Radiation” (Moscow, Russia, 2012-04): Inter-
action of shaped high intensity laser pulse with tailored 
target and fast particle generation      
 
A. A. Andreev; 10th Direct Drive and Fast Ignition Work-
shop, DDFIW 2012 (Prague, Czech Republic, 2012-05): 
Fast ions generation from nanostructure target irradi-
ated by high intensity short laser pulse     
 
A. A. Andreev; Int. Conference on Laser Optics, LO’ 
2012 (St. Petersburg, Russia, 2012-06): Relativistic 
nano-plasma photonics  

A. A. Andreev together with K. Yu. Platonov; 32nd Eu-
ropean Conference on Laser Interaction with Matter, 
ECLIM 2012 (Warsaw, Poland, 2012-09): Fast particles 
and short wavelength radiation generation from nano-
structure target irradiated by high intensity ultra short 
laser pulses

I. Barth together with O. Smirnova; 21st Int. Laser Phys-
ics Workshop, LPHYS’12 (Calgary, Canada, 2012-07): 
Hole dynamics of valence atomic spin-orbitals induced 
by nonadiabatic ionization in circularly polarized laser 
fields  

W. Becker; Pécs Workshop Quantum Information and 
Quantum Optics (Pécs, Hungary, 2012-05): Interference 
effects in intense-laser--atom interaction processes  

W. Becker together with S. V. Popruzhenko P. A.  
Korneev, S. P. Goreslavski, G. G. Paulus, B. Fetić, 
and D. B. Milošević; 21st Int. Laser Physics Workshop, 
LPHYS’12 (Calgary, Canada, 2012-07): Interference 
structure of above-threshold ionization vs. above-
threshold detachment

J. Bonse together with S. Höhm, M. Rohloff, A. Rosen-
feld, and J. Krüger; Int. High Power Laser Ablation Con-
ference 2012 (Santa Fé, NM, USA, 2012-05): Femto-
second laser-induced periodic surface structures

J. Bonse together with S. Höhm, A. Rosenfeld, and J. 
Krüger; ICPEPA-8 - 8th Int. Conference on Photoex-
cited Processes and Applications (Rochester, NY, USA, 
2012-08): Laser-induced periodic nanostructures

J. Bonse together with S. Höhm, A. Rosenfeld, and J. 
Krüger; Int. Workshop “Laser micro and nano struc-
turing: fundamentals and applications” (Paris, France, 
2012-12): Femtosecond laser-induced periodic nano-
structures

B. Borchers together with S. Koke, and G. Stein- 
meyer; High Intensity Lasers and High Field Phenom-
ena, HILAS (Berlin, Germany, 2012-03): Carrier-enve-
lope phase double stabilization setup with sub-10 atto-
second timing jitter

P. Bowlan together with K. Reimann, M. Woerner, and 
T. Elsaesser; Int. Conference on Ultrafast Structural Dy-
namics (Berlin, Germany, 2012-03): Two-dimensional 
THz spectroscopy of graphene

K. Busch; 3rd Int. Conference on Metamaterials, Pho-
tonic Crystals and Plasmonics, META’12 (Paris, France, 
2012-04): Nano-plasmonics: Material models and com-
putational methods

K. Busch; 10th Int. Symposium on Photonic and Elec-
tromagnetic Crystal Structures, PECS-X (Santa Fé, NM, 
USA, 2012-06): Non-Markovian radiation dynamics in 
3D photonic band gap materials

K. Busch; OSA Advanced Photonics Congress (Colora-
do Springs, CO, USA, 2012-06): Discontinuous Galerkin 
methods in nano-photonics

K. Busch; EOS Annual Meeting (Aberdeen, Scotland, 
UK, 2012-09): Discontinuous Galerkin methods in nano-
photonics

R. Carley; ECOSS-29 (Edinburgh, UK, 2012-09): Ultra-
fast magnetisation dynamics of Gadolinium and Terbi-
um studied by XUV photoelectron spectroscopy

U. Eichmann; DPG-Frühjahrstagung, FV Atomphysik, 
Interaction with VUV and X-ray light I (Stuttgart, Ger-
many, 2012-03): Rydberg atoms in strong laser fields  

U. Eichmann together with S. Eilzer H. Zimmermann, A. 
Saenz, and W. Sandner; 21st Int. Laser Physics Work-
shop, LPHYS’12 (Calgary, Canada, 2012-07): Survival 
and acceleration of Rydberg atoms in strong laser fields

U. Eichmann; Workshop on Atomic and Molecular Phys-
ics, WAMP 7 (Jurata, Poland, 2012-09): Excitation and 
acceleration of atoms in strong short-pulse laser fields

U. Eichmann; Workshop on Super Intense Laser-Atom 
Physics, SILAP 2012 (Suzhou, Jiangsu Province, Chi-
na, 2012-09): Survival and acceleration of Rydberg at-
oms in intense short-pulse laser fields

T. Elsaesser; SPIE Photonics West (San Francisco, 
USA, 2012-01): Ultrafast nonlinear THz studies of high-
field charge transport in semiconductors

Appendix 2
External Talks, Teaching
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T. Elsaesser; Gordon Research Conference on Ultrafast 
Phenomena in Cooperative Systems (Galveston, TX, 
USA, 2012-02): Transient charge density maps of mo-
lecular crystals studied by femtosecond X-ray diffraction

T. Elsaesser; Banff Meeting on Structural Dynamics: Ul-
trafast Dynamics with X-rays and Electrons (Banff, Can-
ada, 2012-02): Transient charge density maps of mo-
lecular crystals studied by femtosecond X-ray diffraction

T. Elsaesser; March Meeting of the American Physical 
Society (Boston, USA, 2012-02): Ultrafast molecular 
processes mapped by femtosecond X-ray diffraction  

T. Elsaesser; FRIAS Black Forest Focus on Soft Matter 
7 (Saig/Titisee, Germany, 2012-03): Dynamics of wa-
ter and hydrated biomolecules studied by femtosecond 
two-dimensional infrared spectroscopy

T. Elsaesser; Julius Springer Forum on Applied Phys-
ics 2012 (Berlin, Germany, 2012-06): Ultrafast X-ray dif-
fraction - how atoms and charges move in crystals

T. Elsaesser; George Fisher Baker Lectureship Sympo-
sium on Water (Cornell University, USA, 2012-06): Ul-
trafast vibrational and structural dynamics of water and 
hydrated biomolecules

T. Elsaesser; 244th American Chemical Society Na-
tional Meeting (Philadelphia, USA, 2012-08): Ultrafast 
vibrational dynamics of hydrated DNA studied by 2D in-
frared spectroscopy

T. Elsaesser; Int. Symposium on Frontiers in Quantum 
Photon Science (Hamburg, Germany, 2012-11): Charge 
motions in solids mapped by femtosecond X-ray diffrac-
tion

U. Griebner together with P. Klopp, M. Zorn, and M. 
Weyers; SPIE Photonics West (San Francisco, USA, 
2012-01): Harmonically and fundamentally mode-
locked InGaAs-AIGaAs disk laser generating pulse rep-
etition rates in the 100 GHz or pulse durations in the 
100 fs range

F. Güell together with E. McGlynn, S. K. Das, and R. 
Grunwald; Laserlab-Europe (FP7), User Meeting 2012 
(Szeged, Hungary, 2012-02): Nonlinear excitation of tai-
lored nanostructures (NEXT)

A. Harvey together with F. Morales and O. Smirnova; 
Theory of Electron-Molecule Collisions for Astrophysics, 
Biophysics and Low-Temperature Plasmas: Opportu-
nities and Challenges (ITAMP, Cambridge, MA, USA, 
2012-12): The R-matrix method for attosecond spec-
troscopy

S. Höhm together with J. Bonse, J. Krüger, and A. 
Rosenfeld; European Material Conference, E-MRS 
Spring Meeting 2012, Symposium V: Laser materials 
processing for micro and nano applications (Strasbourg, 
France, 2012-05): Laser-induced periodic surface struc-
tures produced by double femtosecond pulse irradiation 
sequences

S. Höhm together with A. Rosenfeld, J. Bonse, and J. 
Krüger; 2nd workshop on LIPSS (Universität Cottbus, 
Germany, 2012-10): Formation of laser-induced peri-
odic surface structures upon irradiation of metals (Ti), 
seminconductors (Si) and dielectrics (SiO2) with double 
femtosecond pulse sequences

A. Husakou; Int. Symposium Advances in Nonlinear 
Photonics (Minsk, Belarus, 2012-09): Plasmon-assisted 
high harmonic generation in vicinity of metal nanostruc-
tures

M. Y. Ivanov; DPG-Frühjahrstagung (Berlin, Germany, 
2012-03): Time delays in ionization: real, imaginary, and 
imagined

M. Y. Ivanov; CLEO 2012, Laser Science to Photonic 
Applications (San José, CA, USA, 2012-05): High har-
monic spectroscopy of attosecond dynamics

M. Y. Ivanov; Int. Workshop “Novel Ideas in Optics: 
From Advanced Materials to Revolutionary Applications” 
(Purdue University, West Lafayette, IN, USA, 2012-05): 
From barge hauling to laser filamentation: bound states 
of a free electron

M. Y. Ivanov; 43rd Annual Meeting of the APS Division 
of Atomic, Molecular and Optical Physics (Anaheim, CA, 
USA, 2012-06): High harmonic spectroscopy and time-
resolved holography with photoelectrons

M. Y. Ivanov; 3rd Int. Workshop on Laser-Matter Inter-
action, WLMI (Porquerolles, France, 2012-06): Time de-
lays in ionization: real, imaginary, and imagined

M. Y. Ivanov; 5th EPS-QEOD Europhoton Conference 
on Solid-State, Fiber and Waveguide Light Sources 
(Stockholm, Sweden, 2012-08): Time delays in ioniza-
tion: real, imaginary, and imagined

M. Y. Ivanov; The Workshop on Super Intense Laser-
Atom Physics, SILAP (Suzhou, Jiangsu Province, Chi-
na, 2012-09): From barge hauling to laser filamentation: 
bound states of a free electron

M. Y. Ivanov; 4th Int. Symposium on Filamentation, 
COFIL 2012 (Tucson, Arizona, USA, 2012-10): Bound 
states of a free electron

M. P. Kalashnikov; Petawatt scientific committee meet-
ing (Mamaia, Romania, 2012-09): Cleaning techniques 
for compressor grating

E. T. J. Nibbering; Solid State Protonic Conductors 
SSPC16 (Grenoble, France, 2012-09): Ultrafast hydro-
gen bonding and proton transfer dynamics of photoacid 
molecules

V. Petrov; French-German Oxide Crystal-/Dielectrics-/
Laser Crystal-Workshop (Saint-Louis, France, 2012-
09): Non-oxide nonlinear materials and direct frequency 
conversion to the mid-IR above 4 µm with near 1 µm 
pump lasers
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V. Petrov; Int. Symposium, 50 Years of Nonlinear Op-
tics, NLO 50 (Barcelona, Spain, 2012-10): Non-oxide 
nonlinear crystals and direct frquency conversion to the 
mid-IR above 4 µm with near 1µm pump lasers 

H. R. Reiss; 21st Int. Laser Physics Workshop, 
LPHYS’12 (Calgary, Canada, 2012-07): Critical role of 
the ponderomotive potential and its gauge invariance 

H. Rottke; Workshop on Super Intense Laser-Atom 
Physics 2012) Suzhou, Jiangsu Province, China, 2012-
09): Tracking Fano wavepackets in the ionization con-
tinuum of atoms 

A. Rouzée; Gordon Research on Conference Multipho-
ton Processes (South Hadley, MA, USA, 2012-06): ATI 
with far infrared sources 

W. Sandner; 1st Meeting on Science with PW-class 
lasers (Ministère de l’Enseignement Supérieur et de la 
Recherche, Paris, France, 2012-01): General overview 
of large scale lasers in EU and worldwide

W. Sandner; Int. Workshop on Laser-Plasma Interac-
tion at Ultra-High Intensity, 2nd Dresden Exchange on 
Laser-Plasma Interaction Theory, ENLITE (MPI-PKS, 
Dresden, Germany, 2012-04): Laser facilities and re-
lated laser-plasma interaction projects 

W. Sandner; ERF-Workshop “The Socio-economic  
Value of Research Infrastructures” (Hamburg, Germa-
ny, 2012-05): Laser research within Laserlab-Europe

W. Sandner; 32nd European Conference on Laser In-
teraction with Matter, ECLIM 2012 (Warsaw, Poland, 
2012-09): Science with high power lasers in Europe 

W. Sandner; ICUIL 2012 Conference (Mamaia, Roma-
nia, 2012-09): Overview for the ultrahigh intensity laser 
development effort in Europe 

W. Sandner; 10th Czech Days for European Research 
(Prague, Czech Republic, 2012-10): ELI: political con-
text, role and expected impact 

M. Schnürer; Instrumentation for Diagnostics and Con-
trol of Laser-Accelerated Proton (Ion) Beams: Second 
Workshop (École Normale Supérieure, Paris, France, 
2012-06): Seeking for combined electron/ion spectro-
meter in laser ion acceleration experiments  

C. Seim together with J. Baumann, C. Redlich, G. Blo-
bel, H. Legall, B. Hesse, H. Stiel, B. Kanngießer; DPG-
Frühjahrstagung, FV Mikrosonden, X-ray imaging, ho-
lography and tomography (Berlin, Germany, 2012-03): 
Investigation of biological specimens with a 30 nm reso-
lution table top X-ray microscope based on a high rep-
etition laser plasma source

O. Smirnova; 5th School & Workshop on Time-Depend-
ent Density-Functional Theory: Prospects and Applica-
tions (Benasque, Spain, 2012-01): Multichannel tun-
neling in strong field ionization

O. Smirnova; FRIAS Black Forest Focus on Soft Matter 
7, “Multidimensional Optical Spectroscopy and Imag-
ing: Temporal and spatial resolution at the cutting edge” 
(Saig/Titisee, Germany, 2012-03): Multidimensional 
high harmonic spectroscopy: time-resolving tunnelling 
dynamics

O. Smirnova; Gordon Research Conference on Multi-
photon Processes, Attoseconds, Intense Fields, and 
Ultrafast Imaging (Mount Holyoke College, South Had-
ley, USA, 2012-06): Attosecond tunneling dynamics in 
multielectron systems

O. Smirnova; Int. Workshop “Novel Ideas in Optics: 
From Advanced Materials to Revolutionary Applications” 
(Purdue University, West Lafayette, USA, 2012-06): At-
tosecond multielectron dynamics in tunnel ionization

O. Smirnova; Workshop: Frontiers in Intense Laser Mat-
ter Interaction Theory, FILMITh (Garching, Germany, 
2012-09): Attosecond multielectron tunneling dynamics

O. Smirnova; Workshop on Super Intense Laser-Atom 
Physics, SILAP 2012 (Suzhou, Jiangsu Province, Chi-
na, 2012-09): Attosecond dynamics of multielectron tun-
neling

O. Smirnova; The Schawlow-Townes Symposium on 
Photonics (University of Ottawa, Canada, 2012-11): At-
tosecond spectroscopy of tunneling

O. Smirnova; Int. Workshop on Atomic Physics (Max-
Planck-Institut für Physik komplexer Systeme, Dresden, 
Germany, 2012-11): Attosecond larmor clock

O. Smirnova; CORINF PhD School, Correlated Multi-
electron Dynamics in Intense Light Fields (MPI Dresden, 
Germany, 2012-11): Analytical methods for attosecond 
and strong field dynamics II

S. Steinke; Laserlab Joint JRA meeting (Bratislava, 
Slovakia, 2012-03): Current & future activities on laser 
plasma acceleration at MBI

S. Steinke; 15th Advanced Accelerator Concepts Work-
shop (AAC2012) (Austin, Texas, USA, 2012-06): Stable 
ion acceleration in the light sail regime

G. Steinmeyer; 3rd Int. Workshop on Laser-Matter Inter-
action (Porquerolles, France, 2012-06): Rogue waves 
in multifilaments

G. Steinmeyer; 5th EPS-QEOD Europhoton Confer-
ence ‘Solid State, Fibre, and Waveguide Coherent Light 
Sources’ (Stockholm, Sweden, 2012-08): Saturation of 
the all-optical Kerr effect in solids and gases

G. Steinmeyer; 4th Int. Symposium on Filamentation, 
COFIL (Tucson, AZ, USA, 2012-10): Rogue wave dy-
namics in femtosecond multifilaments
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J. W. Tomm together with M. Hempel, M. Krakowski, 
and T. Elsaesser; IEEE Photonics Society Summer 
Topical Meetings (Seattle, WA, USA, 2012-07): Mecha-
nisms and kinetics of the catastrophic optical damage 
(COD) of high-power semiconductor lasers

J. W. Tomm together with M. Hempel, and T. Elsaesser; 
7th Int. Conference on Photonics and Applications, 
ICPA-7 (Saigon, Vietnam, 2012-11): The limits of high-
power diode lasers in terms of reliability

M. Weinelt; Gordon Research Conference on Ultrafast 
Phenomena in Cooperative Systems (Galveston, TX, 
USA, 2012-02): Faster than magnetism: electronic spin 
correlation on the femtosecond timescale 

M. Weinelt; Int. Conference Science with seeded FEL 
beams (Hamburg, Germany, 2012-06): Spin and mag-
netisation dynamics studied with femtosecond VUV and 
XUV

M. J. J. Vrakking; 5th School & Workshop on Time-
Dependent Density-Functional Theory: Prospects and 
Applications (Benasque, Spain, 2012-01): Attosecond 
time-resolved molecular dynamics

M. J. J. Vrakking; The Forth Peter Brojde Workshop 
on Innovations in Engineering and Computer Science 
(Hebrew University, Israel, 2012-02): Attosecond time-
resolved molecular electron dynamics

M. J. J. Vrakking; 4th annual meeting of COST Action 
CUSPFEL (Cluj-Napoca, Romania, 2012-03): Novel 
methods for studying time-resolved structural and elec-
tronic dynamics in molecules

M. J. J. Vrakking; Wilhelm und Else Heraeus Seminar 
‘Free Electron Lasers: from Fundamentals to Applica-
tions’ (Bad Honnef, Germany, 2012-04): Atomic and 
molecular physics at FEL’s

M. J. J. Vrakking; Symposium Korean Physical Society 
(Daejon, South Korea, 2012-04): Attosecond time-re-
solved molecular electron dynamics

M. J. J. Vrakking; SCIENCE at FELs SRI 2012 Satellite 
Meeting (Hamburg, DESY, Germany, 2012-07): High-
harmonic and FEL-based pump-probe spectroscopy

M. J. J. Vrakking; 2012 Ultrafast Dynamic Imaging of 
Matter Conference (Banff, Alberta, Canada, 2012-07): 
Time-resolved molecular dynamics using diffractions of 
high-energy (photo)electrons

M. J. J. Vrakking; Dynamic Pathways in Multidimen-
sional Landscape, Kick-Off Workshop (Berlin, Germa-
ny, 2012-08): Novel methods for studying time-resolved 
structural and electronic dynamics in molecules

M. J. J. Vrakking; Int. Conference on Many Particle 
Spectroscopy of Atoms, Molecules, Clusters and Sur-
faces, MPS 2012 (Berlin, Germany, 2012-08): Novel 
methods for studying time-resolved structural and elec-
tron dynamics in molecules

M. J. J. Vrakking; The European Conference on Dynam-
ics of Molecular Systems, MOLEC (Oxford, UK, 2012-
09): Novel methods for studying time-resolved structural 
and electronic dynamics in molecules

M. J. J. Vrakking; 12th Int. Conference, Electronic 
Spectroscopy and Structure, ICESS 2012 (Saint-Malo, 
France, 2012-09): Attosecond time-resolved molecular 
dynamics

M. J. J. Vrakking; Conference of the European Theoreti-
cal Spectroscopy Facility (Coimbra, Portugal, 2012-10): 
Novel methods for studying time-resolved structural and 
electronic dynamics in molecules

M. J. J. Vrakking; Manfred-Eigen-Nachwuchswissen-
schaftlergespräche “Molecules, Light and Life” der 
Deutschen Bunsengesellschaft (Jena, Germany, 2012-
11): Attosecond time-resolved molecular electron dy-
namics

H. Yu; 20th Int. Conference on Advanced Laser Tech-
nologies, ALT’12 (Thun, Switzerland, 2012-09): Self-Q-
switched Cr,Nd:ReVO4 (Re=Gd, Y) crystal lasers

N. Zhavoronkov; Int. Symposium Advances in Nonlinear 
Photonics (Minsk, Belarus, 2012-09): The way to power-
ful single-cycle pulses: laser filaments and electron jets 
 

Invited external talks at seminars and   
colloquia

W. Becker, 3 Seminare (Wuhan Institute of Physics and 
Mathematics, Chinese Academy of Sciences, Wuhan, 
China, 2012-04): Fundamentals of above-threshold ioni-
zation

W. Becker, Kolloquium (Sun-Yat-Sen University, 
Guangzhou (Kanton), China, 2012-05): Atoms in strong 
laser fields: light at the end of the tunnel

K. Busch, Kolloquium (Center for Computational Sci-
ences Adlershof, Berlin, Germany, 2012-06): Nano-
plasmonics: Material models and computational meth-
ods

U. Eichmann, Theoriekolloquium (Martin-Luther-Uni-
versität Halle-Wittenberg, Institut für Physik, Germany, 
2012-02): Excitation and acceleration of neutral atoms 
in strong short-pulse laser fields

U. Eichmann, Seminar (Wuhan Institute of Physics and 
Mathematics, Chinese Academy of Sciences Wuhan, 
China, 2012-09): Excitation and acceleration of neutral 
atoms in strong short-pulse laser field

T. Elsaesser, Seminar (Department of Chemi-
cal Physics, University of Lund, Sweden, 2012-
02): Structural dynamics of condensed matter 
mapped by femtosecond infrared and X-ray probes 
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T. Elsaesser, Leibniz Graduate School: Dynamics in 
New Light, DinL, Spring School (Eggersdorf, Germany, 
2012-04): Femtosecond X-ray diffraction for probing ul-
trafast structural dynamics of crystals

T. Elsaesser, Seminar (Department of Chemistry, École 
Normale Supérieure, Paris, France, 2012-09): Ultrafast 
vibrational dynamics of hydrated DNA studied by 2D in-
frared spectroscopy

T. Elsaesser, Seminar (Laboratoire Pierre Aigrain, 
Physics Department, École Normale Supérieure, Paris, 
France, 2012-09): High-field charge transport in semi-
conductors studied by nonlinear terahertz spectroscopy

T. Elsaesser, Physics Colloquium (Department of Phys-
ics, École Normale Supérieure, Paris, France, 2012-09): 
How atoms and charges move in crystals - X-ray diffrac-
tion in the femtosecond time domain

T. Elsaesser, Physics Colloquium (Department of Phys-
ics, University of Groningen, The Netherlands, 2012-
11): How atoms and charges move in crystals - X-ray 
diffraction in the femtosecond time domain

F. Furch, Seminar (Prague, Czech Republic, 2012-12): 
Few-cycle non-collinear optical parametric amplifier at 
extreme repetition rates for ion-electron coincidence ex-
periments

U. Griebner, Seminar (Fraunhofer-Institut für ange-
wandte Festkörperphysik, Freiburg, Germany, 2012-
11): Mode-locked semiconductor disk laser generating 
pulse repetition rates in the 100 GHz or pulse durations 
in the 100 fs range near 1 µm

R. Grunwald, ORC Seminar (University of Southamp-
ton, UK, 2012-11): Tailoring and application of ultra-
short-pulsed localized wavepackets

M. Y. Ivanov, Kolloquium (Humboldt University Berlin, 
Germany, 2012-05): Time delays in ionization: real, im-
aginary, and imagined

A. Lübcke, Seminar (University of Groningen, The Neth-
erlands, 2012-04): Time-resolved photoelectron spec-
troscopy of aqueous solutions

A. Lübcke, Seminar (Ludwig-Maximilians-Universität, 
München, Germany, 2012-05): Time-resolved photo-
electron spectroscopy of aqueous solutions

A. Lübcke, Seminar (EPFL Lausanne, Switzerland, 
2012-07): Time-resolved photoelectron spectroscopy of 
aqueous solution

A. Lübcke, Seminar (Villigen, Switzerland, 2012-07): 
Time-resolved photoelectron spectroscopy of aqueous 
solution

H. Messaoudi together with S. K. Das, and R. Grunwald; 
2nd Workshop on LIPSS (BTU Cottbus, Germany, 2012-
10): Significance of multiphoton-excited carriers for the 
generation of sub-wavelength LIPSS in dielectrics

E. T. J. Nibbering, Seminar (Fritz-Haber-Institut der 
Max-Planck-Gesellschaft, Berlin, Germany, 2012-11): 
Ultrafast hydrogen bond dynamics in photoacid-base 
complexes

E. T. J. Nibbering, Seminar (University of Strathclyde, 
Glasgow, UK, 2012-12): Ultrafast spectroscopy of hy-
drogen bonds: From complexing acid-base pairs to nu-
cleobase pairing

V. Petrov, Seminar (Institut NEEL, CNRS, Grenoble, 
France, 2012-12): Picosecond OPOs and nanosecond 
OPGs: the overlap temporal regime between parametric 
oscillators and generators

V. Petrov, Seminar (Institut NEEL, CNRS, Grenoble, 
France, 2012-12): Fs pulses at the 5th harmonic (160 
nm) of Ti:sapphire laser systems and nonlinear crystals

H. R. Reiss, Ultrafast Laser Physics Seminar (ETH 
Zürich, Switzerland, 2012-02): Quantum transitions: S 
and T matrices

H. R. Reiss, Ultrafast Laser Physics Atto-Talk, Seminar 
(ETH Zürich, Switzerland, 2012-03): Problems and new 
directions

H. R. Reiss, Ultrafast Laser Physics Seminar (ETH 
Zürich, Switzerland, 2012-06): Resolution of a basic 
ambiguity in strong-field electrodynamics

H. Rottke together with N. Zhavoronkov H. Geiseler, and 
W. Sandner; Kolloquium (Wuhan Institute of Physics 
and Mathematics, China Academy of Sciences, Wuhan, 
China, 2012-09): Tracking Fano wavepackets in the 
ionization continuum of atoms

W. Sandner, Festvortrag, Wissenschaftliches Festkollo-
quium zu Ehren von Prof. Dr. Dieter Röß (Magnus-Haus 
Berlin, Germany, 2012-10): Höchstleistungslaserfor-
schung an der Schwelle zur „Global Science“

W. Sandner, Seminar (Japan Atomic Energy Agency, 
Advanced Beam Technology Division, Kyoto, Japan, 
2012-12): The European Extreme Light Infrastructure: 
The world’s first international laser research facility

W. Sandner, Seminar (Kansai Photon Research Insti-
tute, Kansai, Japan, 2012-12): Novel reserach opportu-
nities at the European Extreme Light Infrastructure

T. Schultz, Seminar (CFEL-Center for Free Electron La-
ser Science, Hamburg, Germany, 2012-03): Structure 
and photochemistry of biomolecules

T. Schultz, Seminar (Imperial College, London, UK, 
2012-05): Structure and photochemistry of biomolecules

C. P. Schulz, Seminar (HZB, Wilhelm-Conrad-Rönt-
gen-Campus Adlershof, BESSY II, Berlin, Germany, 
2012-05): C60 in strong laser fields  
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O. Smirnova, IMPRS Seminar (Max-Planck-Institut für 
Physik komplexer Systeme, Dresden, Germany, 2012-
03): Tunneling in many-body systems: Multichannel tun-
neling in strong field ionization

O. Smirnova, Leibniz Graduate School: Dynamics in 
New Light, DinL, Spring School (Eggersdorf, Germany, 
2012-04): High harmonic spectroscopy of multielectron 
dynamics

O. Smirnova, Kolloquium (Fritz-Haber-Institut der Max-
Planck-Gesellschaft, Berlin, Germany, 2012-11): Atto-
second spectroscopy of tunneling

O. Smirnova, CQIQC/Toronto Quantum Information 
Seminars, QUINF 2012-13 (University of Toronto, The 
Fields Institute, Canada, 2012-11): Time-resolving tun-
neling dynamics

O. Smirnova, Seminar (Freie Universität Berlin, Ger-
many, 2012-12): Attosecond spectroscopy of tunneling

G. Steinmeyer, Seminar (University of Adelaide, Aus-
tralia, 2012-01): An expedition through nonlinear op-
tics: From Kerr saturation to fiber-based guiding of  
10 fs pulses

G. Steinmeyer, Seminar (University of California, Los 
Angeles, USA, 2012-05): The rich physics on nonlinear 
optical filamentation in gases

G. Steinmeyer, Workshop ‘Optische Fasern – Neue Fa-
sertypen und -architekturen für spezielle Laseranwen-
dungen und hohe Leistungen’ (Nürnberg, Germany, 
2012-06): Verzerrungsfreie Führung von 10 fs-Pulsen 
in Hohlfasern

G. Steinmeyer, Seminar (Université de Genève, Swit-
zerland, 2012-07): Surprising findings in the physics of 
filament formation

G. Steinmeyer, Seminar (University of New Mexico, Al-
buquerque, NM, USA, 2012-10): The rich physics of the 
optical Kerr effect beyond textbook knowledge

G. Steinmeyer, Seminar (University of Colorado at Boul-
der, CO, USA, 2012-10): Extreme nonlinear optics: from 
rogue waves to finite polarization decay times in dielec-
trics

J. W. Tomm, Seminar (Ferdinand-Braun-Institut, Berlin, 
Germany, 2012-11): Kinetics of the catastrophic optical 
damage in diode lasers

J. W. Tomm, Seminar (Institute of Material Sciences, 
Hanoi, Vietnam, 2012-11): Spectroscopic analysis of 
nanostruture materials

J. W. Tomm, Seminar (Institute of Physics of the Viet-
namese Academy of Sciences, Hanoi, Vietnam, 2012-
11): Recent developments and limitations of high-power 
diode lasers      
   

J. W. Tomm, Seminar (OSRAM Opto Semiconductors, 
Regensburg, Germany, 2012-11): Kinetics of the cata-
strophic optical damage in diode lasers

L. Torlina together with M. Y. Ivanov, Z. Walters, O. 
Smirnova, and J. Kaushal; Theoretical Chemistry Semi-
nar (Universität Potsdam, Germany, 2012-11): An ana-
lytic approach to strong-field ionization: Coulomb and 
correlation effects

L. Torlina together with M. Y. Ivanov, Z. Walters, O. 
Smirnova, and J. Kaushal; Dynamics in New Light Grad-
uate School Meeting (MBI, Berlin, Germany, 2012-12): 
An analytic approach to strong-field ionization: Coulomb 
and correlation effects

M. J. J. Vrakking, Kolloquium (CFEL - Center for Free-
Electron Laser Science, Hamburg, Germany, 2012-02): 
Attosecond time-resolved molecular electron dynamics

M. J. J. Vrakking, Kolloquium (Freie Universität Berlin, 
Institut für Chemie und Biochemie, Germany, 2012-05): 
Attosecond-time-resolved molecular electron dynamics

M. J. J. Vrakking, Kolloquium (Lawrence Berkeley Na-
tional Laboratory, Berkeley, CA, USA, 2012-10): Novel 
XUV/X-ray based methods for studying time-resolved 
atomic and molecular dynamics

M. J. J. Vrakking, IMPRS Seminar (Max- Planck In-
stitute for the Physics of Complex Systems, Dresden, 
Germany, 2012-11): Time resolved molecular electron 
dynamics

M. J. J. Vrakking, Kolloquium (ETH Zürich, Switzerland, 
2012-12): Attosecond time-resolved molecular dynam-
ics

M. Woerner, Oberseminar: Ultrakurzzeitspektroskopie 
(Ludwig-Maximilians-Universität, München, Germany, 
2012-12): Making of molecular movies with atomic time 
and spatial resolution

H. Yu, Seminar (Institut NEEL, CNRS, Grenoble, 
France, 2012-09): Self-frequency doubled crystal la-
sers: engineering and physics   
 

 
General talks      
(popular, science politics etc.)

K. M. Lange, Closing Event of German-Russian Science 
Year (Freie Universität Berlin, 2012-05): What holds the 
inner workings of the world together: from the Big Bang 
to the materials of the future - research in the search for 
the fundamental particles of matter

W. Sandner, BMBF-Auftaktveranstaltung der Länder-
kampagne Russland (Moscow, Russia, 2012-03): Ent-
wicklung nationaler und europäischer Förderprogram-
me auf der Basis einer engen Kooperation zwischen 
Politik, Wirtschaft und Wissenschaft   
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W. Sandner, Helmholtz Science Talks (Moscow, Rus-
sia, 2012-12): Prospect and potential of the Russian 
XCELS megascience project for the German-Russian 
research cooperation

M. J. J. Vrakking, Marie Curie Initial Training Networks, 
ITN (Leibniz-Gemeinschaft, Berlin, 2012-09): Erfah-
rungsbericht eines erfolgreichen Antragstellers  
 
 

Academic teaching

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

K. Busch, Übung, 1 SWS (Humboldt-Universität Berlin, 
WS 2012/13): Elektrodynamik und spezielle Relativi-
tätstheorie

K. Busch and F. Henneberger, Vorlesung, 4 SWS 
(Humboldt-Universität Berlin, WS 2012/13): Optik

K. Busch and F. Henneberger, Übung, 2 SWS 
(Humboldt-Universität Berlin, WS 2012/13): Optik 
 
U. Eichmann, Integrierte LV (Vorlesung mit Übungen), 4 
SWS (TU Berlin, Institut für Optik und Atomare Physik, 
WS 2012/13): Quantensysteme I

T. Elsaesser, Vorlesung, 2 SWS (Humboldt-Universität 
Berlin, WS 2011/12): Kurzzeitspektroskopie II

T. Elsaesser, Vorlesung, 2 SWS (Humboldt-Universität 
Berlin, SS 2012): Kurzzeitspektroskopie I

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

R. Grunwald, Lecture Photonics Master Course, 2 x 1,5 
SWS (University of Applied Sciences Wildau, 2012-06): 
Grundlagen der laserinduzierten periodischen Oberflä-
chenstrukturierung

I. V. Hertel, Ringvorlesung mit Seminar, 4 SWS (Lise-
Meitner-Haus, Physikgebäude Adlershof, SS 2012): 
Moderne Physik und Schule - für MINT Lehramtskan-
didaten

I. V. Hertel, Seminar und Praktikum, 2 SWS (Max-Born-
Institut, SS 2012): Moderne Physik und Schule - für 
MINT Lehramtskandidaten

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

C. Martens, Übung, 1 SWS (Humboldt-Universität Ber-
lin, WS 2012/13): Elektrodynamik und spezielle Relati-
vitätstheorie     

V. Petrov, Stella Summer School in Laser Physics 
(Pavia University, Italy, 2012-06): Femtosecond diode-
pumped solid state lasers

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

T. Schultz, Vorlesung, 2 SWS (Freie Universität, FB 
Chemie, SS 2012): Physikalische Chemie III - Elektro-
chemie

T. Sproll, Übung, 1 SWS (Humboldt-Universität Berlin, 
WS 2012/13): Elektrodynamik und Spezielle Relativi-
tätstheorie      
 
M. Woerner, 1 SWS (Humboldt-Universität Berlin, WS 
2012/13): Übung zur Vorlesung Laserphysik
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Master theses  
 
J. Baumann; Charakterisierung eines Labor-Röntgen-
mikroskops und erste Anwendungen (Supervisor: H. 
Stiel), Technische Universität Berlin    
 
J. Buller; Populationsverteilung von angeregten neu-
tralen Heliumatomen nach Wechselwirkung mit inten-
siven kurzen Laserfeldern (Supervisor: M. J. J. Vrak-
king), Freie Universität Berlin     
 
H. Menzel; Aufbau eines Phasenkontrast-Mikroskop-
Messplatzes und erste Messungen im Rahmen des 
IGF-Projektes „micro-dots“ (Supervisor: A. Mermillod-
Blondin), Fachhochschule Wildau    
 
K. Witte; Röntgenabsorptionsspektroskopie mit einer 
Laser-Plasma-Quelle im L-Kantenbereich von Über-
gangsmetallen (Supervisor: B. Kanngießer), Techni-
sche Universität Berlin     
 
 
Diploma theses  
 
T. Bido; Aufbau und Charakterisierung einer La-
ser-Plasma-Quelle im keV-Bereich (Supervisor: 
B. Kanngießer), Technische Universität Berlin   
 
B. Frietsch; Laser driven magnetization dynamics in thin 
lanthanide films studied by time- and angular-resolved pho-
toemission using high-order harmonic radiation (Super-
visor: M. Weinelt), Freie Universität Berlin    
 
J. Zielinski; Erweiterung des kurzwelligen Emissions-
bereichs einer Röntgenlaserquelle für Anwendungen 
in der Molekülspektroskopie (Supervisor: M. J. J. Vrak-
king), Universität Potsdam 

 
PhD theses

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

F. Bach; Erzeugung von hoch repetierenden (> 100 kHz) 
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 dy-
namics (Supervisor: W. Sandner), Technische Univer-
sität Berlin 

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

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

M. Bock; Raum-zeitliche Formung und Charakterisie-
rung ultrakurzer Lichtimpulse (Supervisor: T. Elsaes-
ser), Humboldt-Universität Berlin

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

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

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

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

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

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

M. Eckstein; Coherent dynamics in photoactive biomol-
ecules 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 mol-
ecules in tailored strong laser fields (Supervisor: W. 
Sandner), Technische Universität Berlin 

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

B. Freyer; Femtosekunden-Röntgenbeugung zur Auf-
klärung reversibler Phasenübergänge in Festkörpern 
(Supervisor: T. Elsaesser), Humboldt-Universität Berlin 

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

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

Appendix 3
Ongoing Master theses, Diploma- and PhD theses
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M. Hempel; Spektroskopische Untersuchungen an op-
toelektronischen Halbleiternanostrukturen (Supervisor: 
T. Elsaesser), Humboldt-Universität Berlin 

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

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

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

J. Kopprasch; Elektronendynamik von Ge(001) Oberflä-
chenzuständen (Supervisor: M. Weinelt), Freie Univer-
sität Berlin

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

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

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

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

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

C. Neidel; Femtosekundenlaserpulse für den Nachweis 
von Makromolekülen (Supervisor: M. J. J. Vrakking and 
I. V. Hertel), Freie Universität Berlin 

M. Prémont-Schwarz; Ultraschnelle strukturelle Dyna-
mik elementarer chemischer Reaktionen (Supervisor: T. 
Elsaesser), Humboldt-Universität Berlin 

M. Richter; Imaging and controlling coupled electron-
nuclear dynamics (Supervisor: O. Smirnova and W. 
Sandner), Technische Universität Berlin 

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

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

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

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

J. Stingl; Femtosekunden-Röntgenbeugung an korre-
lierten Festkörpern (Supervisor: T. Elsaesser), Hum-
boldt-Universität Berlin 

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

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

T. Tyborski; Röntgenbeugungsexperimente an kristalli-
nen Materialien im Femtosekundenbereich (Supervisor: 
T. Elsaesser), Humboldt-Universität Berlin 

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

H. Zimmermann; Untersuchung angeregter neutraler 
Fragmente nach frustrierter Tunnelionisation (Supervi-
sor: W. Sander), Technische Universität Berlin
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T. Pfeifer, Max-Planck-Institut für Kernphysik, Heidel-
berg; Seminar A: Attosecond Physics, 2012-01-10: In-
tegrating attosecond temporal and meV spectral resolu-
tion: Precision spectroscopy of laser-dressed correlated 
two-electron transition states

W. v. d. Zande, Molecular and Biophysics, Radboud 
University, Nijmegen, The Netherlands; Institutskol-
loquium, 2012-01-11: Free electron lasers for infrared 
and far infrared experiments: A facility for physics and 
chemistry

A. G. Dijkstra, Kyoto University, Japan; Seminar C: 
Nonlinear Processes in Condensed Matter, 2012-01-20: 
Bathanglement and the nonlinear response

J. Mukherjee, Photonics Group, Advanced Technology 
Institute, University of Surrey, UK; Seminar C, 2012-02-
16: Spatial mode dynamics in wide aperture semicon-
ductor lasers

R. J. Cobley, Swansea University, UK, Seminar C, 
2012-03-08: Analysing surface modification of operating 
semiconductor laser diodes using cross-sectional STM

C. F. d. M. Faria, Atomic, Molecular, Optical and Posi-
tron Physics Group, University College London, UK; 
Seminar B: Light-Matter-Interaction in Intense Laser 
Fields, 2012-03-19: High-harmonic generation and non-
sequential double ionization in atoms and molecules: 
Quantum interference, causality, excitation and multiple 
orbitals

N. Dudovich, Weizmann Institute of Science, Physics of 
Complex Systems, Rehevot, Israel; Seminar A, 2012-
03-20: Looking inside the recollision process

L. Miao, Associate Editor Physical Review X, The 
American Physical Society, USA; Institutskolloquium, 
2012-03-23: The Physical Review Journals in today’s 
research and publishing environment

E. Shapiro, University of British Columbia, Canada; 
Seminar B, 2012-04-16: Kick them to make them focus: 
Phase control of excitons in an optical lattice, and focus-
ing light in a turbid sample

P. Hamm, Institute of Physical Chemistry, University of 
Zurich, Switzerland; Institutskolloquium, 2012-04-18: 
Multidimensional spectroscopies of liquid water and ice

S. v. Smaalen, Laboratory of Crystallography, University 
of Bayreuth; Seminar C, 2012-04-24: Chemical bonding 
in boron studied by X-ray diffraction

M. Kling, Max-Planck-Institut für Quantenoptik, Garch-
ing; Seminar A, 2012-05-10: Correlated and collective 
electron dynamics on attosecond time scales

C. Merschjann, Helmholtz-Zentrum Berlin; Seminar C, 
2012-05-10: A microscopic description for non-expo-
nential relaxations of localized light-induced charge car-
riers in oxide crystals

K. Gaffney, PULSE Institute for Ultrafast Energy Sci-
ence, SLAC Nat. Accelerator Laboratory, Menlo Park, 
CA, USA; Seminar C, 2012-05-11: Vibrational anisotro-
py studies of chemical dynamics

A. Baltuska, Technische Universität Wien, Austria; In-
stitutskolloquium, 2012-05-25: Technology and applica-
tions of intense few-cycle mid-infrared pulses

R. Dörner, Institut für Kernphysik, Frankfurt am Main; 
Institutskolloquium, 2012-05-30: The power of coinci-
dence imaging: Fundamental physics with small mol-
ecules

U. Morgner, Institut für Quantenoptik, Laserzentrum 
Hannover, Universität Hannover; Institutskolloquium, 
2012-06-13: Ultra-broadband parametric oscillators and 
amplifiers for single-cycle pulse generation

Y. Tanimura, Department of Chemistry, Kyoto Universi-
ty, Japan; Seminar C, 2012-06-19: Modeling, calculating 
& analyzing multidimensional vibrational spectroscopies

J. Limpert, Institute of Applied Physics, Jena; Instituts-
kolloquium, 2012-06-27: High repetition rate and high 
peak power ultrafast fiber laser systems

B. Aurand, GSI Darmstadt; Seminar B, 2012-07-20: 
Mechanisms of laser particle acceleration

D. E. Kim, Center for Attosecond Science and Technol-
ogy and Max-Planck Center for Attosecond Science, 
Pohang, South Korea; Seminar A, 2012-07-24: Over-
view of research activities at Max Planck Center for At-
tosecond Science

G. Manahan, University of Strathclyde, Rottenrow, 
Scottland, UK; Seminar B, 2012-08-24: Characteriza-
tion of electron beams from laser wakefield accelerators

M. Y. Amusia, The Hebrew University, Jerusalem, Isra-
el, and Ioffe Physico-Technical Institute, St. Petersburg, 
Russia; Seminar B, 2012-08-27: Effect of electron ex-
change on atomic ionization in a strong electric field

Appendix 4

Guest Lectures at the MBI
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A. Landsman, ETH, Zürich, Switzerland; Seminar B, 
2012-09-14: Dynamics of the electron wavepacket fol-
lowing tunnel ionization

W.-C. Chu, Kansas State University, Manhattan, USA; 
Seminar B, 2012-10-24: Frontiers of manipulation of ul-
trafast electron dynamics with attosecond light pulses

P. Segonds, Institut NÉEL-CNRS-UJF, Grenoble, 
France; Seminar A, 2012-11-07: Infrared parametric 
generation in nonlinear crystals: from characterization 
to tunable devices

A. Agnesi, Universita di Pavia, Italy; Seminar A, 2012-
11-12: DPSS and fiber laser sources for high quality pi-
cosecond pulses

Y. Bellouard, Mechanical Engineering, Dept. Eind-
hoven, University of Technology, The Netherlands; 
Seminar C, 2012-12-06: Femtosecond laser process-
ing of fused silica: A micro-manufacturing platform for 
single-material microsystems

M. Meuwly, Department of Chemistry, University Basel, 
Switzerland; Institutskolloquium, 2012-12-12: Spectros-
copy and reactive dynamics of small molecular systems 
in the gas and condensed phase

A. Landsman, ETH, Zürich, Switzerland; Seminar B, 
2012-09-14: Dynamics of the electron wavepacket fol-
lowing tunnel ionization

W.-C. Chu, Kansas State University, Manhattan, USA; 
Seminar B, 2012-10-24: Frontiers of manipulation of ul-
trafast electron dynamics with attosecond light pulses

P. Segonds, Institut NÉEL-CNRS-UJF, Grenoble, 
France; Seminar A, 2012-11-07: Infrared parametric 
generation in nonlinear crystals: from characterization 
to tunable devices

A. Agnesi, Universita di Pavia, Italy; Seminar A, 2012-
11-12: DPSS and fiber laser sources for high quality pi-
cosecond pulses

Y. Bellouard, Mechanical Engineering, Dept. Eindhoven, 
University of Technology, The Netherlands; Seminar C, 
2012-12-06: Femtosecond laser processing of fused sil-
ica: A micro-manufacturing platform for single-material 
microsystems

M. Meuwly, Department of Chemistry, University Basel, 
Switzerland; Institutskolloquium, 2012-12-12: Spectros-
copy and reactive dynamics of small molecular systems 
in the gas and condensed phase
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A. Landsman, ETH, Zürich, Switzerland; Seminar B, 
2012-09-14: Dynamics of the electron wavepacket fol-
lowing tunnel ionization

W.-C. Chu, Kansas State University, Manhattan, USA; 
Seminar B, 2012-10-24: Frontiers of manipulation of ul-
trafast electron dynamics with attosecond light pulses

P. Segonds, Institut NÉEL-CNRS-UJF, Grenoble, 
France; Seminar A, 2012-11-07: Infrared parametric 
generation in nonlinear crystals: from characterization 
to tunable devices

A. Agnesi, Universita di Pavia, Italy; Seminar A, 2012-
11-12: DPSS and fiber laser sources for high quality pi-
cosecond pulses

Y. Bellouard, Mechanical Engineering, Dept. Eind-
hoven, University of Technology, The Netherlands; 
Seminar C, 2012-12-06: Femtosecond laser process-
ing of fused silica: A micro-manufacturing platform for 
single-material microsystems

M. Meuwly, Department of Chemistry, University Basel, 
Switzerland; Institutskolloquium, 2012-12-12: Spectros-
copy and reactive dynamics of small molecular systems 
in the gas and condensed phase
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A. A. Andreev

Co-Chair, Int. Conference on Laser Optics, LO’ 2012 
(St. Petersburg, Russia)

 
 
W. Becker

Member, Advisory & Program Committee and Co Chair 
of Seminar 2: Strong Field Attosecond Physics at Int. 
Laser Physics Workshop, LPHYS’ 12 (Calgary, Canada)

Member, Editorial Board, Laser Phys. Lett.

Member, Int. Advisory and Coordinating Committee, 
The Workshop on Super Intense Laser-Atom Physics 
SILAP 2012 (Suzhou, Jiangsu Province, China)

Member, Program Subcommittee, ICONO/LAT 2013 
(RAS Moscow, Russia)

 
 
K. Busch

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

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

 
 
T. Elsaesser

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

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

Conference Chair, 6th Int. Conference on Coherent Mul-
tidimensional Spectroscopy, CMDS 2012 (Berlin, Ger-
many)

Conference Chair, Int. Conference on Ultrafast Struc-
tural Dynamics, ICUSD 2012 (Berlin, Germany)

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

Chair, Kuratorium, Laserlabor Göttingen

Member, Berlin Brandenburg Academy of Sciences

Member, IRIS Adlershof, Humboldt-Universität Berlin  

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

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

Vertrauensdozent, Studienstiftung des deutschen Vol-
kes

Member, Editorial Board, Chem. Phys.

Member, Editorial Board, Chem. Phys. Lett.

Divisional Associate Editor, Phys. Rev. Lett.

Member, Editorial Board, New J. Phys.

 
 
U. Griebner

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

 
 
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

 
 
I. V. Hertel

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

Member, Board of the German-Israeli James Franck 
Program (München/Jerusalem)

Honorary Chair, Joint initiative of non university re-
search institutions Berlin Adlershof (IGAFA)    

Appendix 6

Activities in Scientific Organizations
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Member, High School related Activities of the Berlin 
Brandenburg Academy of Sciences

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

Member, Selection Committee for the Klung-Wilhelmy-
Weberbank-Prize (FU Berlin)

Member, Jury for the Berlin Science Prize of the Gov-
erning Major

Member, Scientific Advisory Board, Foundation Bran-
denburger Tor

Chair, Kuratorium Magnushaus, Deutsche Physika-
lische Gesellschaft e.V. 

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

 
 
M. Y. Ivanov

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

 
 
M. P. Kalashnikov

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

Objective Coordinator, European Research Objectives 
on Laser for Innovation, Technology and Energy (EU-
RO-LITE), Laserlab-Europe

 
 
E. T. J. Nibbering

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

Member, Editorial Board, Journal of Photochemistry and 
Photobiology A

Member, Editorial Board, Opt. Lett.

 
 
V. Petrov

Member, Program Committee, 50 Years of Nonlinear 
Optics International Symposium, NLO50 (Barcelona, 
Spain)

Topical Editor, Opt. Lett.

 

Member, Programme Committee ASSP 2012 (San Di-
ego, CA, USA)

Member, Programme Committee Europhoton 2012, 
(Stockholm, Sweden)

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

Member, Programme Committee UFO 2013 (Davos, 
Switzerland) 

 
 
W. Sandner

Co-ordinator, Chair of the Participants Council and 
Chair of the Management Board, EC Research Infra-
structure Network ”LASERLAB-EUROPE” in the 6th and 
7th Framework Programme of the European Union

President (2010 - 2012), and Vice-President (2012-
2014), German Physical Society (DPG)

Vice-Chair, Int. Committee on Ultra-High Intensity La-
sers, ICUIL

Executive Board Member, The European HiPER project 
(High Power Laser Energy Research Facility)

Member, ELI Delivery Consortium, The European ELI 
project (Extreme Light Infrastructure)

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

Member, Steering Committee, International Workshop 
”Laser Physics”, LPHYS’12 (Calgary, Canada)

Member, PITZ Collaboration Board, DESY (Hamburg, 
Zeuthen)

Member, Board of Trustees, Berthold Leibinger-Stiftung, 
Berthold Leibinger Stiftung GmbH (Ditzingen)

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

Chair, Scientific Advisory Board, Munich-Centre for Ad-
vanced Photonics, MAP (Garching)

Member, Scientific Advisory Board, Wilhelm und Else 
Heraeus Stiftung

Member, Scientific Council, Helmholtz Institute Jena

Member, Int. Advisory Panel, Institute for Plasmas and 
Nuclear Fusion IPFN (Lisbon, Portugal)

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

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

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

Member, Program Advisory Board „Optical Technolo-
gies for the 21st Century“, German Federal Ministry for 
Research and Education (BMBF, Bonn) 

Chair, EU Steering Committee, and Representative of 
the Board on EU issues, Leibniz Association (WGL, Ber-
lin) 

Member, Europapolitischer Gesprächskreis, German 
Federal Ministry for Research and Education (BMBF, 
Bonn) 

Member, Board of European Association of National 
Research Facilities (ERF) 

Member, Advisory Board, Institute of Laser Engineer-
ing, Osaka University, External-Party Review (Osaka, 
Japan)

Member, Int. Sсiеnсе Policy Committее, ISPC, National 
Research Сеntеr „Kurchatov Institute“ (Moscow, Rus-
sia) 

O. Smirnova

Member, Program Committee, XVIII Int. Conference on 
Ultrafast Phenomena (Lausanne, Switzerland)

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

G. Steinmeyer

Subcommittee Chair, Program Committee, Conference 
on Lasers and Electro-Optics, CLEO 2013, Topical 
Area: Ultrafast Optics, Optoelectronics and Applications 
(San Jose, CA, USA)

Member, Program Committee, Conference on Lasers 
and Electro-Optics, CLEO 2012, Topical Area: Ultrafast 
Optics, Optoelectronics and Applications (San Jose, 
CA, USA)

Member, Program Committee, High-Intensity Lasers 
and High-Field Phenomena, HILAS 2012 (Berlin, Ger-
many)

Member, Program Committee, Nonlinear Photonics 
2012 (Colorado Springs, CO, USA)

General Chair, IQEC 2013 (Munich, Germany) 

Member, Program Committee, Ultrafast Optics 2013 
(Davos, Switzerland)

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

Advising Member, Arbeitskreis ‘Begriffe, Prüfgeräte und 
Prüfverfahren’ des Deutschen Instituts für Normung e. V.
(DIN), Arbeitsausschuss Laser (Munich, Germany)

Member, Editorial Board, Opt. Lett.

J. W. Tomm

Organizer, Symposium E-MRS Spring Meeting 2011/13 
‘Semiconductor nanostructures towards electronic and 
optoelectronic device applications III and IV’ (Nice and 
Strasbourg, France)

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

M. J. J. Vrakking

Managing Director, Max-Born-Institut, Berlin, since 
2011-05

Member, Scientific Reports, Nature Publishing Group

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

President, Scientific Advisory Board of CILEX-APOL-
LON

Chairman, Artemis Access Board

Member, Int. Scientific Advisory Board, Manchester 
Photon Science Institute (UK) 
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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
 Prof. Dr. W. Sandner

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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