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Preface

This Annual Report gives an overview of the scientific program and the results of research
of the Max-Born-Institut (MBI) in 2010. Key achievements are described in three longer
feature articles which are complemented by shorter reports summarizing results for each of
the MBI research projects. A complete record of publications, invited talks, academic teaching and training, guest lectures, activities in scientific organizations, and third party funding is
included. More detailed information on current activities is available at the World Wide Web
Site of the MBI (http://www.mbi-berlin.de).
In 2010, the scientific work at the Max-Born-Institut has led to outstanding results in different
research areas. Highlights are:
• A new holographic method was introduced with the potential to obtain structural and dynamical information about molecular targets in a manner that may be regarded as complementary
to the use of X-ray free electron lasers. The method is based on strong field ionization by
a mid-infrared laser pulse. Upon excitation, the ionized electron undergoes extensive ponderomotive acceleration and can be driven back towards its parent ion, causing a collision.
On a detector, electrons that have collided with the parent ion (signal electrons) interfere with
electrons that have not (reference electrons), creating a hologram.
• Time-resolved XUV photoemission has been successfully implemented on a newly developed high harmonics beam line, and applied to study de-magnetization dynamics in Gadolinium and Terbium. Femtosecond XUV pulses are generated by high harmonic generation. A
single harmonic is selected using an XUV monochromator, and imaged onto a sample, where
the de-magnetization dynamics following illumination with a short IR laser pulse is probed
using angle- and energy-resolved photoelectron spectroscopy.
• A new mechanism of strong-field ionization in molecules has been predicted and theoretically described. It involves attosecond correlations between the departing electron and the
core, which knocks-up the core electrons to excited ionic states. This new mechanism plays
dominant role in attosecond dynamics of core rearrangement during molecular ionization by
infrared femtosecond pulses, with implications from attosecond dynamical imaging to femtosecond laser mass spectrometry.
• A record efficiency in laser ion acceleration has been reported using ultra-high-contrast pulses from the MBI high field laser, in combination with diamond-like Carbon foil targets of nanometer thickness from a collaboration with LMU Munich and MPQ Garching. At optimum target
thickness more than 10% of the irradiating laser pulse energy could be converted into kinetic
energy of Carbon ions. The result suggests acceleration in the laser transparency regime
where the ponderomotive coupling of light to target electron occurs at the target rear side, as
confirmed by own numerical simulations.
• A new method to control the phase of few-cycle optical pulses outside of the laser allows
for stabilizing the electric field maxima relative to the pulse envelope with an unprecedented
accuracy of 12 attoseconds (as), surpassing the atomic unit of time (24 as). As the atomic
unit of time marks the fastest processes in the outer shells of an atom, the new stabilization
method will enable significant progress in the research on the fastest processes in nature.
This work was performed in collaboration with a company (Femtolasers Vienna) and the
technology will be the basis of new laser products.
- X-ray powder diffraction with a 100 fs time resolution was implemented successfully in an
optical pump – X-ray probe approach. It provided for the first time transient electron density
maps of crystals on the time scale of atomic motions. So far unknown chemical processes
and ultrafast charge relocations, in particular concerted electron and proton motions, were
directly observed in ionic hydrogen-bonded materials by mapping position changes of atoms
including hydrogen and determining charge density changes. This highly sensitive method
opens a new area of research and can be applied to a broad range of systems in physics and
chemistry.
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The number of publications in internationally leading journals and the number of invited talks
at important conferences and colloquia remained at a high level. Several key results of MBI research were highlighted by comments in scientific journals and by articles in the public press.
In March 2010, Marc Vrakking joined the MBI as a new director, being in charge of Division
A which has been renamed into ‘Attosecond Physics’. He and the members of his team are
presently implementing their scientific infrastructure and research program which is devoted to
attosecond pulse generation and light-induced phenomena on the attosecond time scale. This
new area complements the MBI activities in high-field physics and ultrafast condensed matter
research and offers a strong potential for collaborative research.
On December 1st, MBI’s high field laser laboratory was re-opened after a 12 month shut-down
period. During that time a new 100TW, 25fs laser was installed, together with a new front end
employing a double-CPA and cross polarized wave (XPW) pulse contrast enhancement, serving both the new and the existing MBI high field lasers. In parallel, a heavily radiation shielded
experimental area for future laser particle acceleration experiments had been constructed.
The staff of MBI is truly international with members from 25 different nations around the world.
In 2010, the institute has hosted a large number of guest scientists, among them the Humboldt Prize winners Majed Chergui, EPF Lausanne, and Christos Flytzanis, Ecole Normale
Supérieure, Paris, as well as the Marie Curie Professor Alexander A. Andreev, St. Petersburg.
The institute remains to be part of an extended international network of collaborations with
partners from academia and industry. A number of large collaborative projects started in 2010,
among them the Marie Curie Training Network ATTOFEL, the ERC Advanced Grant ULTRADYNE, and several laser projects supported by EU-EFRE funding.
The recognition of MBI is also manifested in the functions, awards and honors awarded to
its members. Olga Smirnova was awarded the Karl Scheel Prize 2010 of the Physikalische
Gesellschaft zu Berlin, Wolfgang Sandner started his term as the President of the Deutsche
Physikalische Gesellschaft, Thomas Elsaesser was elected a Regular Member of the Berlin
Brandenburg Academy of Sciences, and the MBI X-ray team together with a team from IfG
– Institute for Scientific Instruments GmbH received the Innovation Prize Berlin Brandenburg
2010 for the development of a femtosecond laser-driven hard X-ray source. Members of MBI
were involved as organizers and presenters in events celebrating the 50th anniversary of the
laser.
We would like to thank all staff members, guest scientists and external cooperation partners
for their dedicated work, the scientific advisory board for its support and advice and the funding
agencies for the continuous financial support of the institute.
Berlin, March 2011
Thomas Elsaesser           Wolfgang Sandner              Marc Vrakking
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2 Ultrafast and Nonlinear Phenomena:
Atoms, Molecules, Clusters, and Plasma

3 Ultrafast and Nonlinear Phenomena:
Solids and Surfaces

2-01
Laser Plasma Dynamics

3-01
Dynamics at Surfaces and Structuring

2-02
Ionization Dynamics in
Intense Laser Fields

3-02
Solids and
Nanostructures

1 Laser Research
1-01
Ultrafast Nonlinear
Optics and Few
Cycle Pulses

2-03
Free Clusters
and Molecules

1-02
Short Pulse
Laser Systems

3-03
Opto Electronic
Devices

2-04
Molecular Vibrational and Reaction Dynamics
in the Condensed Phase

3-04

Transient Structures and
Imaging with X-Rays

4 Scientific Infrastructure:
Short Pulse and High Field Lasers
4-1
Development and Implementation of
Laser Systems and Measuring Techniques

4-2
Access to Laser Systems and
Service for the Application Laboratories

Organizational Structure of the Max-Born-Institut

Kuratorium of the Forschungsverbund Berlin e.V.

Chief Administrative Officer

Board of Directors

Scientific Advisory Board

Management Representative

Division A
Attosecond Physics

A1: Surface Spectroscopy

B1: High Density Laser Plasma

A2: Ultrafast XUV Physics

B2: Few Particle Systems in
Strong Laser Fields

A3: Ultrafast Lasers and
Nonlinear Optics

B3: High Power Lasers

Junior Group: Theory

Administration
Library

Division C
Nonlinear Processes
in Condensed Matter

Division B
Light-Matter Interaction
in Intense Laser Fields

IT-A Applications
IT-B Network

C1: Femtosecond Spectroscopy of
Molecular Systems
C2: Solid State Light Sources
C3: Femtosecond Spectroscopy
of Solids
Group: Theoretical Optics

Mechanical Design and
Workshop

Maintenance
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Knock-up in tunnel ionization of molecules
O. Smirnova and Z. Walters

Ionization is a ubiquitous process in laser-matter interaction. It underlies photo-electric effect, radiation damage,
tunneling microscopy, laser-based mass-spectrometry,
etc. The two most studied ionization regimes are onephoton ionization and tunneling in static fields.
In one-photon ionization, the importance of ultrafast
core rearrangement during the ionization process has
been understood and appreciated for decades. When
an electron is detached from an atom or a molecule,
particularly their upper (valence) orbitals, two pathways
play fundamental role in describing core rearrangement
that can accompany the removal of the electron and
lead to excitations of the electronic states in the ion.
These are the shake-up and the knock-up processes.
Both involve electron-electron correlation: the interaction between the ‘active’ electron and the electrons of
the ionic core.

Fig. 1:
A cartoon of the shake-up process in one-photon
ionization, with the schematic diagram in the left corner. The blue dashed curve sketches the potential of
the neutral, with the sketch of the wavefunction in the
ground state. The red solid curve sketches the potential of the ion, to which the old wavefunction has had
no time to re-adjust after fast removal of one electron.

In the shake-up, the electron-electron correlation is ‘timed’
prior to the absorption of the photon. In simple terms, the
‘core’ electrons feel the presence of the ‘active’ electron
before the photon arrives. Once the ‘active’ electron absorbs the photon and quickly runs away, leaving the ion
behind, the core electrons discover themselves with the
old wavefunction but a new potential. The potential no
longer has the contribution from the liberated electron:
the ‘shielding’ of the nuclear charge it has provided is
now gone. Projection of the old wavefunction on the new
eigenstates results in ionic excitations. The shake-up is
essentially instantaneous, and the relevant time-con-

stant is determined by the characteristic response time
of the ionic core. For the shake-up to occur, the detached
electron has to leave faster than the other electrons can
react, leaving them no time to re-adjust their wavefunction. Fig. 1 gives a cartoon picture of this process, with
the schematic diagram in the left corner.
In the knock-up, the electron-electron correlation is
‘timed’ after the photon is absorbed. The outgoing electron interacts with the core and transfers part of its energy, acquired from the photon, to the core. The knock-up
is essentially a half-collision, and the collisional excitation can occur for as long as the outgoing electron interacts with the ionic core. Thus, contrary to the shakeup, the knock-up can take its time, occurring even if the
outgoing electron does not leave ‘instantly’. Fig. 2 gives
a cartoon picture of this process, with the schematic diagram in the left corner.

Fig. 2:

A cartoon of the knock-up-up process in one-photon
ionization, with the schematic diagram in the left corner. The red solid curve sketches the potential of the
ion. Electronelectron interaction (red double-sided arrow) occurs after the photon has been absorbed and
changes the state of the remaining core electron.

How does this simple picture change when not one, but
many photons are involved, especially when the minimal number of the photons required for ionization is very
large, N0=Ip/ћω>>1? Here Ip is the ionization potential
and ω is the laser field frequency. Intuitively, it is clear
that N1 photons may be absorbed before the electronelectron interaction and N2 may be absorbed after, with
any combination of N1 and N2 such that N1+N2≥N0. How
would all these pathways add up? Is it possible to include electron-electron interaction in higher orders, and
how important such higher-order diagrams will be? Here
we answer these questions, generalizing the theory of
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strong-field ionization already developed for single active electron systems (atoms or molecules).
Ionization of atoms and molecules by strong low-frequency fields is often described as optical tunneling.
The combined action of the binding potential and the
electric field of the laser pulse create a barrier, through
which the electron can escape. This picture is reminiscent of tunnel ionization in static electric fields, except
that the barrier oscillates with the laser frequency ω. It
has long been known that the transmission rate through
such barrier is exponentially suppressed with respect to
the ionization potential Ip [1]. It has therefore been a natural and nearly universal assumption that only the least
bound electron escapes the molecule in low-frequency
fields, leaving the resulting ion in its lowest electronic
state. Within this physical picture, ionization would leave
the molecular ion in the excited electronic state if the
electron tunnels from a deeper-bound orbital, paying
exponential penalty for this daring act. Thus, contrary
to the one-photon ionization, tunneling always appeared
to be an adiabatic process, with electronic excitations
exponentially unlikely.
Experimentally, the presence of excited ionic states
could be detected by examining the photoelectron
spectra, as done for single photon ionization. However, highly non-linear nature of strong-field interaction makes the analysis of structures in photo-electron
spectra very challenging, obscuring identification of different ionic states [2]. In molecules, one could attempt
to identify excited states by the fragmentation channels they correlate to, see e.g. Ref. [3]. However, these
techniques do not generally allow the experiment to
distinguish the excitations in the ion that occur during
and after ionization.
The problem has now been solved using coincidence
techniques [4], which allow one to correlate the energies in the photoelectron spectra with the ionic fragments, ‘cleaning up’ the photo-electron spectra and distinguishing ionic excitations that have occurred during
or after ionization. Together with alternative evidence
[5 - 11], experiments have now unambiguously demonstrated significant contribution of multiple ionization
channels corresponding to the population of different
electronically excited states during ionization. Strong
experimental arguments suggest that, just like the onephoton ionization, the multi-photon ionization is not an
adiabatic process [9].
This situation has significant implications for theory,
which can no longer conveniently rely on the single active electron approximation, particularly well-developed
for the strong-field ionization of atoms (see e.g. [12,
13]). First, the theory has to consider different ionization
channels. Loosely speaking, these correspond to the
removal of electrons from different orbitals; rigorously,
the different channels correspond to the different ionic
states created upon ionization. Secondly, the coupling
between the channels has to be included. Quantitative
description of strong-field ionization in molecules for single ionization channel, let alone an accurate treatment
of multiple coupled channels represent problems at the
frontier of strong field theory (see e.g. [14 - 23]). The
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importance of channel coupling due to the laser field
has been emphasized theoretically in [9, 20, 23]. Ref.
[9] suggested the importance of electron correlations
during tunneling and provided the first evidence of nontrivial dynamics induced by this coupling. The theory
presented below lays the foundation for the analysis and
interpretation of these dynamics.
The usual tunneling picture leaves an impression of
an adiabatic process. The escaping tail of the bound
wavefunction penetrates the slowly oscillating barrier in
the self-consistent field of the core. In turn, the core
adjusts adiabatically to this change. How do we modify
this picture?
The adiabatic picture is only valid if the state of the ion
is frozen during the ionization process. The electronelectron correlation can induce non-adiabatic dynamics
in the ion as the ‘active’ electron leaves the core. As a
result of correlation-induced excitation, which can happen at any time during ionization (tunneling), the creation of excited states of the ion is not subject to the full
exponential suppression accompanying direct tunneling
from deeper bound orbitals. Fig. 3 shows the cartoon
representation for this new non-adiabatic pathway in
strong-field ionization

Fig. 3:
A cartoon of the direct (left) and knock-up (right) channels in tunnel ionization.

The left panel shows the usual direct adiabatic tunneling
channels, which correspond to the removal of the electron from different orbitals: the highest occupied molecular orbital (HOMO) and the one just below it (HOMO-1).
Rigorously, these channels correspond to leaving the
ion in the ground (upper channel) and excited (lower
channel) electronic states. The tunneling barrier is thinner for the highest orbital, giving this channel exponential advantage over the second direct tunneling channel,
where the electron leaving the from lower orbital has to
penetrate through the thicker barrier. The non-adiabatic
channel is shown on the right panel. In this channel,
the electron leaves from the highest occupied molecular orbital (HOMO). Before exiting the tunneling barrier,
it kicks the core electrons and excites the ionic core.
As a result, the electron looses its energy and finishes
tunneling through a thicker barrier, as if it has tunnelled
from HOMO-1. However, it only encounters thicker tunneling barrier at the end, lowering the exponential penalty suffered by the direct tunneling from HOMO-1.

The next section discusses the general theory which
includes electron-electron correlation during tunneling.

2. General Theory
Our approach generalizes the strong field ionization
theory originally proposed by Perelomov, Popov and
Terent’ev in Ref. [13], referred to as PPT below. We
include the channel coupling induced by the interaction between the departing electron and the electrons
left behind in the molecule. The full Hamiltonian of an N
electron molecule interacting with the laser field is

the integral, which involves all moments t’’. A quantitative analysis follows below.
Since ionization occurs in the presence of a strong laser field, it is necessary to introduce basis states which
incorporate the effects of the laser field. Therefore, we
write propagators in equation (3) using the basis of fielddressed (Floquet) electronic states of the ion |ntN-1> and
channel specific one-electron continuum states |ktn>.
The evolution of the (N-1)-electron Floquet states is
governed by the Hamiltonian H(N-1). The Hamiltonian for
the single electron includes a channel specific Hartree
potential,
(4)

(1)

where the nuclei are frozen at positions Rm, index m
runs over the nuclei, superscript N indicates the number
of electrons involved, TNe is the electron kinetic energy operator, VNC describes the Coulomb potential of
the nuclei, VNee describes the electron-electron interaction, VNL describes interaction with the laser field.
It is convenient to define the Hamiltonian of the ion in
the laser field
(2)

and the Hamiltonian for a single electron interacting with
the laser field and the molecular ion He=H(N)-H(N-1) The exact solution for the N electron wavefunction of a molecule,
which starts from the ground electronic state ΨNg, is [24]:

the Coulomb potential of the nuclei, and the laser field.
Note that the Hartree potential is defined for fielddressed states of the ion and includes polarization of the
core by the laser field. Finally, ionization amplitudes are
found by projecting the N electron wavefunction (3) onto
a basis of (N-1)-electron ionic states and single electron
continuum states characterized by the final canonical
momentum kf.

3. Analysis and Results
We will now analyze the general expressions above using the saddle-point method, which offers excellent and
reliable tool to calculate the integrals arising in strong
laser fields. Its applicability is ensured by large action
associated with the strongly driven electron dynamics.
The multi-dimensional integral over t’, t’’ and the intermediate electron momenta is accumulated along the
so-called quantum trajectories, which realize the saddle
points of the integral. These trajectories were first proposed in [13]. We generalize their approach to the multichannel case. As in [13], the effect of the ionic core is
included in the eikonal approximation, and the saddle
points of these integrals are found in the zeroth order of
the iterative saddle point method [25, 26].
The saddle point equations that define a trajectory
followed by the departing electron are:

(3).

Here Vee=VNee-VN-1ee describes the interaction of the
departing electron with all the electrons in the ion. The
N-electron propagators UN0 is governed by the fieldfree Hamiltonian of the molecule. The propagator UN1
is governed by the fully laser-dressed Hamiltonian
HN1=HN-Vee, which describes the evolution of the ion
and the outgoing electron without the coupling Vee, between them. Thus, while UN1 acts on all N electrons, it
is naturally factorized into the ionic and electronic parts.
The last term in equation.(3) already answers our earlier question: “How would all the pathways, with different
number of photons absorbed prior to the correlation-induced transition, add up?” Formally, all are added up in

(5).

These conditions describe an electron which begins
tunneling at (complex) time t0 and exits the sub-barrier
region at a time of birth on the real axis. For the field
E(t)=E0cosωt and the ionization at the maximum of the
laser field the trajectory is
(6).

15

The final result of the saddle point analysis shows
that the ionization amplitude associated with such
trajectory is the sum of direct and indirect terms:
.
The direct terms can be written as
.
The amplitude am(PPT) is the standard strong-field ionization amplitude of the PPT theory [13]. The factor bmm(t,t0),
which is expressed as

describes the correction to the conventional PPT term
due to laser-induced channel interaction. In the quasistatic limit, this corresponds to the Stark shift. In our
analysis, the time integration is performed using complex time, and bmm(t,t0) may be interpreted as the norm
of Floquet states following non-Hermitian dynamics in
the complex interval between t and t0 [27]. Effectively,
the Stark shift changes the ionization potential for the
corresponding ionization channel, and in complex
time this means exponential decrease of the norm if
the ionization potential has increased, and vice versa.
The new indirect (knock-up) amplitude

can also be expressed as a product of two terms. The
second corresponds to the PPT ionization amplitude in
the initial channel ‘n’. Without the electron-electron interaction, the ion would have ended in that state. However,
electron-electron interaction with amplitude cmn changes
the state of the ion. It is given by
.
Here Vee(r0(t’’)) denotes electron-electron correlation operator Vee with the coordinate of the tunneling electron substituted by the subbarrier trajectory, which realizes the saddle point of the integral.
The matrix elements from this operator, calculated
between the laser-dressed states of the ion |ntN-1>
and |mtN-1>, determine the correlation potential:

which induces the transitions between the two ionic
states. The transitions can occur at any instant between
the complex time t0 and the moment t, but only transitions between t0 and its real part contribute to the
knock-up ionization channel during tunneling. The transition may also lead to the de-excitation in the ion, if the
energy of the final ionic state ‘m’ is less than the initial
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state ‘n’ energy. The channel coupling is described in
the lowest order with respect to the electron correlations and in all orders with respect to the laser field.
Because t0 satisfying the saddle point conditions is complex, propagation of a state with positive Ip to the real
axis yields the familiar exponential suppression of tunneling with respect to energy. However, the expression
for cmn involves not one but two propagation steps, from
t0 to t’’ and from t’’ to the real axis. After the ion changes
its state at time t’’ due to the correlation potential, the
indirect channel will have an additional exponential suppression associated with the evolution of a higher-energy
state ‘m’ in complex time. This suppression is intermediate between those of the more- and less deeply bound
states. Excitations occurring at t’’ near t0 will be more
suppressed than excitations which occur near the real
time-axis, i.e. close to the exit from the barrier. The indirect ionization mechanism thus represents a pathway to
the ionization of deeply bound orbitals which is not subject to the full exponential energy suppression of the direct pathway. Neglecting laser-induced dynamics in the
ion for simplicity, the ratio of indirect and direct pathways
leading to the same final state of the ion m is given by:

where Vmncorr (t) is a matrix element of electron-electron correlation operator along the subbarrier trajectory calculated between the field-free states of the ion,
∆Ip is the energy gap between these states, τ is the
imaginary part of t0, refereed to as tunneling time.
To gauge the importance of the indirect ionization pathway, we calculated the ratio of indirect ionization amplitude to the direct amplitude for the parent channel:

for N2 and CO2 molecules. Following convention, we
name the essential channels X, A and B in order of increasing ionization potential. Here we focus on indirect
ionization pathways leading to excitation of the cation
upon removing the electron from HOMO and thus contributing to ionization from deeper molecular orbitals.
Deexcitation pathways, leaving the cation in the ground
state upon removal of electron from deeper orbitals and
thus contributing to ionization signal from HOMO will be
considered elsewhere. Calculations were performed for
an 800 nm laser with intensity I=1.7 x 1014 W/cm2 for electrons leaving the molecule at the peak of the electric field.
The vertical ionization potentials for channels X, A
and B are known spectroscopically: 15.6 eV, 16.9
eV, 19.1 eV for N2 and 13.8 eV, 17.3 eV, 18.1 eV for
CO2. To include the effects of the laser field, we use
complete active space self-consistent field (CASSCF)
values for the transition dipole matrix elements between ionic states calculated in [6, 9]. For N2, the dipole coupling vectors between the ionic states are

dCAS(XA)=(0.25, 0, 0), dCAS(XB)=(0,0,0.72). For CO2 they
are dCAS(XA)=(0,0,0.46), dCAS(XB)=(0.27,0,0). The first
component in the brackets is perpendicular and the last
is parallel to the molecular axis. Note that the HartreeFock approximation often overestimates the strength of
dipole couplings: for the XA transition in CO2 by a factor
of 3.5, for the XB transition in N2 by a factor of 2.2. Using
the Hartree-Fock dipoles thus overestimates the laserinduced dynamics in molecular ions N2 and CO2. While
we have used CASSCF values for the transition dipoles,
we have calculated the correlation in the Hartree-Fock
approximation. Since the correlation potential asymptotes to its dipole term, its Hartree-Fock appoximation
is to overestimate of correlation effects. To achieve the
correct asymptotic value of the correlation potential, we
scale the value of the correlation potential by the ratio of
CASSCF and the Hartree-Fock transition dipoles.

The indirect channels result from electronic transitions
and are therefore strongly affected by the electronic
structure of the ion in the field of the laser. This may
be seen in three ways. First, the enhanced exponential
suppression of the excitation pathway from t’’ to the real
time-axis means that highly energetic excitations, or excitations which occur at large imaginary times, are strongly
suppressed. Second, the sign of the correlation potential
may change as the electron passes through an orbital
node while exiting the molecule. Third, laser-induced
polarization may lead to substantial modification of orbital geometry. All of these effects may be seen by comparing CO2 to N2 at appropriate molecular orientations.
The effects of exponential suppression and laser-induced
polarization may be seen by comparing N2 aligned at 90o
to the laser electric field to CO2 aligned at 0o. In both
cases, only the X and A channels contribute to ionization. Fig. 4(a) shows the correlation potential calculated
between the field-free Hartree-Fock states, scaled to
agree with CASSCF dipoles at long range. Dashed lines
show the correlation potential, while solid lines show the
correlation potential multiplied by the suppression factor
exp[-∆Ipt]. Due to the much smaller energy gap between
the X and A states in N2+, the correlation potential experiences much less suppression in N2 than in CO2.
The effects of laser polarization may be seen by comparing the field free correlation potential of Fig. 4(a) to
the one calculated using field-dressed states shown in
Fig. 4(b). Here the closely spaced levels of N2 result in
strong orbital mixing, while the more widely spaced orbitals of CO2 are less affected. After accounting for both
polarization and energy suppression, the indirect amplitude for N2 is 0.28, almost two times larger than for CO2,
where it is equal to 0.17.

Fig. 4:
(a) Field-free correlation potentials VAXcorr(t) vs (imaginary) time for CO2 aligned at 00 (dashed black) and
N2 aligned at 900 (dashed red). Solid curves show the
effect of exponential suppression VAXcorr(t) exp[-∆Ipt]
vs (imaginary) time for CO2 (black) N2 (red). Ionization
starts at t=13 a.u. (b) Laser-dressed correlation potentials VAXcorr(t) with (solid) and without (dashed) exponential suppression for CO2 oriented at 00 (black) and
N2 aligned at 900 (red). Reproduced with permission
from Z. Walters and O. Smirnova, Attosecond correlation dynamics during electron tunneling from molecules; J. Phys. B. 43 (2010) 161002, IOP Publishing.

In reading Fig. 4(a, b) note that tunneling starts at (imaginary) t=13 a.u. and the (imaginary) time decreases
reaching real time-axis at t=0, and hence the correlation
potential evolves from right to left. The “later” the transition from channel X to channel A occurs, the smaller is
the effect of exponential suppression, with the correlation potential at early times suppressed the most. The
non-scaled correlation potential (proportional to the Hartree-Fock dipole in long range) yields transition amplitude 0.5 for CO2 reflecting exceedingly high value of the
Hartree-Fock transition dipole. A similar artefact might
be responsible for strong laser-induced coupling between X and A channels in CO2 reported in Ref. [23].
The orbital nodal structure may strongly affect the temporal shape of the correlation potential. This effect may
be seen by rotating CO2 molecules 30 degrees away
from the laser polarization axis; thus allowing for ionization into the B channel. The correlation potential in
Fig. 5 (a) (black curve) changes sign as the electron
passes through a node in the B orbital. In contrast, there
is no nodal plain in the A orbital for the electron to pass
through. Thus, the sign of the correlation potential remains the same throughout (see Fig. 5(a), red curve).
The node in the field-free VBXcorr (t) ensures that the laserdressed VBXcorr(t) remains small in the initial moments after
ionization (Fig. 5(b), black solid curve). Since indirect ion-
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ization amplitude is controlled by the temporal structure
of the laser-dressed correlation potential, the effect of
the node is to inhibit the correlation-induced knock-up for
CO2, yielding relative transition amplitude of about 0.11.

Fig. 5:
(a) Field-free VAXcorr(t) (red), VBXcorr (t) (black) and (b)
laser dressed VAXcorr (t) (red), VBXcorr (t) (black) correlation potentials vs (imaginary) time for CO2 aligned at
300. Reproduced with permission from Z. Walters and
O. Smirnova, Attosecond correlation dynamics during electron tunneling from molecules; J. Phys. B. 43
(2010) 161002, IOP Publishing.

4. Conclusions
We are now in a position to address the questions asked
in the introduction. Regarding the addition of different
ionization pathways where the correlation acts at different times t’’ during tunneling, the exponential suppression is minimized if the correlation acts just before the
tunneling exit. Thus, diagrams with larger N1 approaching N0=Ip/ω will be favored. Note that all pathways are
included in the analytical expressions we have derived.
This insight also offers answers to the last question re-
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garding higher-order contributions of the electron-electron correlation. There are two distinct groups. The first
group includes even powers of electron-electron correlation, bringing the ion back to the same state it has
started from during tunneling. These diagrams describe
polarization of the ionic state by the outgoing electron.
They do not change the qualitative picture derived
above but may change the self-consistent field of the
ionic core experienced by the outgoing electron, and the
correlation-induced transition matrix elements between
these polarized states. The second group includes diagrams where the ion ends up in a different state than
it has started from. If the polarization of the different
ionic states is already accounted for, single correlationinduced transition between such states would dominate
the knock-up channels. Every other diagram is likely to
lead to additional exponential suppression due to the
electron spending more time under the thicker barrier.
This work offers an interesting insight into the problem
of defining and measuring the tunneling time. Conventionally, the electron dynamics during tunneling
is described semiclassically due to large action of the
electron subject to strong laser fields. Semiclassical approach has also been used in this work. In this approach
the electron tunnels along a particular trajectory. However, the sub-barrier region is classically forbidden, thus
the electron velocity along the trajectory is complex and
the trajectory evolves in complex time. Specifically, the
electron enters the barrier at imaginary time t. The imaginary time decreases as the electron approaches the
exit from the barrier. The electron becomes free, when
the imaginary time is equal to zero (see Figs. 4, 5). Note
that the real time does not change during tunneling. This
apparent controversy stimulated a lot of work aimed at
measuring the time it takes a particle to cross the tunneling barrier [28]. While it is unclear how to measure
the imaginary time, one can slightly twist the question: Is
there an observable sensitive to the electron dynamics
in imaginary time? To read out these dynamics one may
couple the electron to another system. The ion (a fewlevel system) may serve this goal. As we have shown,
the tunneling electron causes excitations in the ion.
We can look at these excitations as at the outcome of
the dynamics in complex time. It also turns out that the
electron-core interaction introduces a non-trivial phase
into the excitation amplitudes. Thus, the interaction of
the electron with the core during the tunneling may lead
to observable time delays associated with this phase.
This work provides first theoretical analysis of attosecond dynamics of electron correlation during tunnel
ionization. Calculations of indirect ionization amplitude
are essentially analytic, with the ratio of indirect to direct channel given by simple integral of the correlation
potential. This potential presents an effective field -attosecond correlation pulse - generated by the departing electron. Its shape and duration are controlled by
the energy separation between the ground and excited
state channels, their electronic structure and molecular
orientation. Since multichannel strong field ionization is
a key to recording ultrafast multielectron dynamics in
molecules [6, 9], its understanding will have broad impact on control and imaging of these dynamics on attosecond time scale. Understanding the excitation dynam-

ics of molecular ions during tunneling is also important
for applications such as mass spectrometry with femtosecond infrared pulses. Here fragmentation patterns are
determined by the excitations of the molecular ions.
We gratefully acknowledge stimulating discussions with
M. Yu. Ivanov and SAW grant of the Leibniz society.
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Time-resolved holography with photoelectrons
A. Rouzée, O. Smirnova, and M. J. J. Vrakking

Abstract
Ionization is the dominant response of atoms and molecules to intense laser fields and is at the basis of several
important techniques, such as the generation of attosecond pulses that allow to measure electron motion in real
time. We present experiments where metastable Xenon
atoms are ionized by intense 7 µm laser pulses from a
free electron laser. Holographic structures are observed
that record underlying electron dynamics on a sub-laser
cycle time scale, enabling photoelectron spectroscopy
with a time resolution almost two orders of magnitude
higher than the duration of the ionizing pulse.
After a strong laser field ionizes an atom or molecule,
the liberated electron is accelerated by the oscillatory
laser electric field and driven back towards the ion [1].
Electron-ion re-collision leads to the emission of XUV
radiation with a duration that approaches the atomic unit
of time (24.2 as) [2, 3], and encodes detailed structural
and dynamical information about the atomic or molecular medium used [4, 5, 6]. Alternatively, the returning
electron may elastically or inelastically scatter [7, 8].
These processes benefit from the 1011 A/cm2 electron
re-collision current incident on the target ion, exceeding current densities used in transmission electron microscopes [9]. The laser-driven electron motion is fully
coherent, allowing to put into practice the concept of
holography [10], and to extend it to electron-ion collisions involving laser-ionized and -driven photoelectrons
[8, 11, 12]. We demonstrate how under suitably chosen
experimental conditions a hologram can be recorded
that encodes temporal and spatial information both

A

about the ion (the “target”) and the re-collision electron
(the “source”), opening the way to a new type of ultrafast
photoelectron spectroscopy of electron and nuclear dynamics in molecules.
Key to holographic electron imaging is the observation
of an interference pattern between a reference wave,
which is emitted from the source and does not interact
with the target, and a signal wave, which scatters off
the target and encodes its structure. The encoded information is stored when the signal wave interferes with
the reference wave on a detector. A simple analysis
borrowed from ray optics (Fig. 1A), shows that due to
path length differences a phase difference ∆φ= (k-kz)z0
(where k is the total momentum, kz the momentum in the
z direction and z0 the distance to the scattering centre)
arises between the reference and scattered waves , resulting in the pattern shown in Fig. 1B.
To record a clear holographic picture it is desirable that
the reference wave is not influenced by the positively
charged target and, therefore, that the electron source is
located at some distance from the target, z0. A suitable
way to accomplish this is tunnel ionization in a strong
low-frequency laser field, where the electron tunnels
through a barrier created by the laser field and appears
at some distance from the ion.
In the presence of the laser field the electronic wave
function can be written as:

Ψ = Ψsignal + Ψref

(1)

B

Fig. 1:

(A) Diagram of Field Free Holography. Two interfering paths with the same final momentum k=(kz,kr) are indi-cated. Path I
is a reference wave, leaving the source with momentum k=(kz,kr). Path II is a signal wave, incident on the target with kr=0,
kz=k=|k| and scattering into k=(kz,kr). The phase difference Δφ=(k-kz)z0 that follows from the path length differences leads
to interference fringes ~ cos[(k-kz)z0] (B) Interference pattern generated by a Gaussian wave packet released at a distance
z0=50 a.u. from a scattering centre, with no laser field present. A hologram is created as a result of interference between a
scattering signal wave packet and a direct reference wave packet.
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Fig. 2:

Intensity dependence
of measured velocity
map images and the
extracted photoelectron kinetic energy
distributions.
(A) 7.1x1011 W/cm2;
(B) 5.5x1011 W/cm2;
(C) 4.5x1011 W/cm2;
(D) 3.2x1011 W/cm2;
(E) 2.5x1011 W/cm2 and
(F) 1.9x1011 W/cm2.
(G) Angle-integrated
photoelectron spectra.
Squares indicate the
energy that corresponds to the classical
2Up cut-off energy.

Fig. 3:

Comparison of an experimental 2D
photo-electron velocity map image with
calculations (CCSFA and TDSE) (A)
4-hour long measurement of the ionization of metastable Xenon under conditions similar to those used in the measurements shown in Fig. 2A. (B) TDSEcalculation for ioni-zation of Ar(5s)
(IP=0.14 a.u., 4-cycle flat-top 7 μm
pulse, peak field strength: 0.0045 a.u.).
(C) CCSFA-Calculation for ionization of
a model hydrogenic atom (IP=0.14 a.u.,
λlaser=7 μm, peak field strength: 0.0045
a.u.) Inset: CCSFA single half-cycle calculation, illustrating that the sidelobes
are due to an interference between two
trajectories that leave the atom within
the same half-cycle.

where Ψsingnal represents a signal wave packet that
oscillates in the laser field and scatters off the target, and Ψref represents a reference wave packet,
which only experiences the laser field and does not
interact with the target [13]. To calculate the interference pattern produced by these two terms, we
use an extension of the Strong Field Approximation
(SFA), which includes the laser field fully and the
electron-ion scattering in the first Born approximation [14, 15]. The result of the calculation [13] predicts that in a strong laser field the holographic fringes remain visible and that the phase difference between the signal and the reference wave packets is:
(2).
Here pr is the momentum perpendicular to the laser
polarization axis, tC the time when the signal wave
packet scatters off the ion, and t0ref the moment of birth
of the reference wave packet. Thus, the hologram
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can be viewed as a pump-probe experiment on the
fs to sub-fs timescale, which can encode changes in
the scattering potential between t0ref and tC, as well as
changes in the ionization rate between t0ref and t0signal,
the time-of-birth of the signal wave packet [13].
A crucial aspect in our holographic imaging approach
is the existence of a large electron oscillation amplitude
α>>1Å and a large average oscillation energy Up>>ћωlaser,
where ωlaser is the laser frequency. In experiments with
800nm radiation these requirements lead to high laser
intensities (I ~1014W/cm2), that can only be applied to
ground-state atoms and molecules with a large ionization
potential. To make re-collision based imaging possible
at lower intensities, the laser wavelength λlaser must be
increased, as both α and Up scale as λlaser2.
To demonstrate the strong field electron holography
experimentally, metastable (6s) Xenon atoms were ionized by 7µm mid-infrared (mid-IR) radiation from the
FELICE (Free Electron Laser for Intra-Cavity Experi-

ments) beamline at the FELIX facility [16]. The use of
a large λlaser in combination with a modest Ionization
Potential (IP=3.8 eV) allows the preparation of electron wave packets born at large z0 = P / F laser, with
Flaser the laser field strength, displaying a large excursion α0, without the need for a very high laser intensity
(7x1011W/cm2), and remaining in the tunneling regime

.
Angle-resolved photoelectron spectra were recorded
with a velocity map imaging spectrometer (VMI) [17]
integrated into the FELICE laser cavity. The metastable Xenon atoms were exposed to a train of 5000
mid-IR laser pulses separated by 1 ns.
Varying the position of the experimental apparatus along
the laser propagation axis allowed the peak intensity to
be tuned by approximately a factor 5. Fig. 2A-F show
a dominant electron emission along the laser polarization axis with a high-energy cut-off (Fig. 2G) that agrees
well with the classical expectation Ecut-off = Flaser2/2ωlaser2.
In Fig. 3A, side-lobes are observed that extend from
low to high momentum and run parallel to the laser
polarization axis for high momenta. These side-lobes
result from a holographic interference. Additionally, a
number of weaker transverse structures extend sideways approximately orthogonal to the laser polarization.
Neither of these structures should be confused with
the so-called ‘side-lobes’, ‘wings’ or ‘rings’ caused by
backscattered electrons that were observed in higherorder Above Threshold Ionization [18, 19].
The experimental observation of holographic interferences is confirmed by full Time-Dependent Schrödinger
Equation (TDSE) calculations, which show the same
fringe pattern (Fig. 3B) [20]. The fringe spacing agrees
with the experiment and is reduced compared to the
SFA-based calculation, where the long-range Coulomb
potential was neglected.
Insight into the role of the Coulomb potential is gained
by performing semi-classical calculations using the Coulomb-Corrected Strong-Field Approximation (CCSFA)
[21]. In these calculations, complex quantum trajectories
are calculated that, after tunneling, include the Coulomb
interaction of the electron in the classically allowed region. The spectrum is calculated by summing contributions from different trajectories including their phases
[13]. The results (Fig. 3C) quantitatively reproduce the
main features discussed above. Inspection of the trajectories responsible for the side-lobes shows that these
trajectories can indeed be considered as a reference and
scattered wave packet creating a hologram (Fig. 4A).
The efficiency of electron-ion re-collision drops dramatically with increasing λlaser, due to spreading of the wave
packet between ionization and re-collision. Still, a clear
hologram can be observed at 7 µm. Two effects make
this possible. First, the hologram results from a heterodyne experiment, where a weaker signal is mixed with
a stronger signal. Second, to create a clear reference a

Fig. 4:

(A) Two trajectories that lead to the formation of
electrons with a final momentum pr= -0.01 a.u.,
pz= -0.46 a.u. Red trajectory corresponds to an
electron that only weakly interacts with the ionic
core. Blue trajectory corresponds to an electron
that strongly interactions with ion and undergoes
Coulomb focusing. (B-D) Trajectories that are
pulled off the ion and driven back by the laser field.
Recollision can happen at the first (ring 1), second
(ring 3) or third (ring 2) time passing the ion.
The highest kinetic energy of electrons on ring1 is
1.289 a.u. (10.75 Up).

large impact parameter is needed to limit the interaction
with the Coulomb field. For large λlaser a small pr already
leads to large impact parameters due to the long excursion time between ionization and re-collision.
Inspection of the electron trajectories contributing to the
transverse structures (Fig. 3) reveals that they are due to
re-collision events where the scattering does not occur
on the first opportunity, but on the 2nd or 3rd one [19, 22,
23]. Typical examples of these trajectories are shown
in Fig. 4B-D. One, resp. two glancing electron-ion collisions can be observed before the real re-collision takes
place. Usually these rare events do not leave an imprint
on the photoelectron spectrum. However, the combination of a long laser wavelength and Coulomb focusing
[22] increases the probability, because a small deviation
introduced by the Coulomb potential can be sufficient to
focus the returning wave packet onto the ion.
In our model study on the ionization of metastable Xenon, we have experimentally shown the possibility to
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record holographic structures. Furthermore, our theoretical exploration shows that the hologram stores spatial
and temporal information about the core- and electron
dynamics. This offers exciting opportunities to extend
strong field holography to more complicated systems
and to use it to time-resolve electron-dynamics. As revealed in recent experiments [6, 24], electron-ion recollision phenomena encode hole dynamics that occurs
in ions left behind after strong field ionization, within the
first few femtoseconds after ionization. When properly
implemented with the use of a long wavelength driving
laser, photo-electron holography appears especially well
suited for studying this type of dynamics, in particular in
molecules with a low binding energy that cannot easily
be studied by other means.
This paper was published as: Y. Huismans, A. Rouzée,
A. Gijsbertsen, J. H. Jungmann, A. S. Smolkowska,
P. S. W. M. Logman, F. Lépine, C. Cauchy, S. Zamith,
T. Marchenko, J. M. Bakker, G. Berden, B. Redlich, A. F. G. van der Meer, H. G. Muller, W. Vermin,
K. J. Schafer, M. Spanner, M. Y. Ivanov, O. Smirnova, D. Bauer, S. V. Popruzhenko, and M. J. J. Vrakking; Time-Resolved Holography with Photoelectrons,
Science 331 (2011) 61 (online dec. 16th 2010).
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Ultrafast X-ray diffraction – Nuclear motions and transient charge
density maps
F. Zamponi, P. Rothhardt, B. Freyer, J. Stingl, M. Woerner, and T. Elsaesser

1. Introduction
X-ray diffraction is a basic method for determining the
atomic structure of matter. X-rays interact with electrons
most of which are bound to the atoms of the system
under study. As a result, atomic positions as well as interatomic distances or chemical bond lengths are readily
determined from diffraction patterns. The intensity of the
diffraction peaks is determined by the Fourier transform
of the 3-dimensional electron density. This fact allows
for deriving charge density maps, i.e., the distribution of
electronic charge in the material [1].
In the condensed phase, stationary structures of many
inorganic and organic crystalline materials of high structural complexity have been determined. Such equilibrium
structures are a necessary but insufficient prerequisite
to understand structure-changing processes that govern physical, chemical or biological function on a multitude of time scales. In crystal lattices, the intrinsic time
range of atomic motion is below 1 ps, as determined
by the multidimensional potential energy surfaces for
translational, rotational or vibrational motions. Mapping
such ultrafast structural dynamics in real-time requires
to record sequences of X-ray diffraction patterns with a
femtosecond time resolution. Such ‘snapshots’ allow for
deriving the momentary atomic positions and/or charge
distributions.
In this article, we discuss new results of MBI research
in elucidating ultrafast structural dynamics. Section 2
summarizes the state-of-the art in X-ray diffraction experiments with compact-laser-driven sources for femtosecond hard X-ray pulses. In section 3, we present the
recently implemented femtosecond powder diffraction
method. Results of powder diffraction experiments on
molecular materials, including the first measurements
of transient charge density maps, are discussed in
section 4, followed by conclusions in section 5.

2. Laser-driven plasma source for femtosecond hard X-ray pulses
X-ray diffraction experiments with a femtosecond time
resolution are based on a pump-probe scheme in which
the sample is excited with an ultrashort optical pulse
and the resulting structural change is mapped by diffracting a femtosecond hard X-ray pulse from the excited sample. This technique requires a femtosecond Xray source which is synchronized with the optical pump
pulses. Presently, there are essentially three different
approaches to generate femtosecond hard X-ray pulses,
(i) laser-driven plasma sources, (ii) laser-driven slicing
schemes in which ultrashort pulses are derived from the

50 to 100 ps long pulses of a synchrotron, and (iii) hard
X-ray free electron lasers such as LCLS in Stanford and
the future XFEL in Hamburg. MBI has pioneered highly
stable laser-driven plasma sources working at kilohertz
repetition rates. This technology is briefly discussed in
the following.
Irradiation of a metal target by a femtosecond laser
pulse of a peak intensity higher than 1016 W/cm2 generates a plasma that emits radiation in the hard X-ray
range. Free electrons in the plasma are accelerated into
the target by the very high electric field of the pulses and
generate characteristic radiation and Bremsstrahlung by
interacting with target atoms. The characteristic emission is due to the transition of an outer-shell electron into
the inner-shell (core) hole of a target atom with a lifetime
of the outer-shell state of a few femtoseconds, much
shorter than the driving laser pulses. The time structure
of the characteristic emission is determined by the laser
pulse duration defining the period over which the acceleration field is applied, and by the propagation time of
the electrons in the target. For a target thickness of 10
to 20 µm, the characteristic emission has a duration of
the order of 100 fs.
MBI together with the Institute for Scientific Instruments
GmbH, Berlin-Adlershof, developed a highly reliable
prototype plasma source which was awarded the Innovation Prize Berlin Brandenburg 2010. This source
is driven with commercial amplified Ti:Sapphire laser
systems which provide - at kilohertz repetition rates sub-50 fs pulses centered at 800 nm with an energy per
pulse of typically 5 mJ. A scheme of the X-ray source
is shown in Fig. 1. A fraction of up to 20 % of the laser
output serves as a pump pulse to excite the sample,
either at the fundamental laser wavelength of 800 nm
or after nonlinear optical frequency conversion (NLO).
The major fraction of the laser output (~80 %) drives
the plasma source contained in a vacuum chamber. A
parabolic mirror outside the vacuum chamber focuses
the laser pulses onto a 20 µm thick copper tape (spot
diameter less than 5 µm) to generate Cu Kα radiation
in forward direction. The Cu tape moves at a speed of
4 cm/s to expose a fresh surface for each laser pulse.
A moving plastic tape protects the entrance window of
the vacuum chamber against debris and a second plastic tape (thickness 35 µm) seals the output slit through
which the X-ray pulses leave the chamber. For radiation
safety, the source chamber is mounted in a movable
lead housing.
The X-rays pulses are focused onto the sample with a
multilayer optics collecting a solid angle of 10-3 of the incoming Kα radiation. The forward geometry of the X-ray
source allows for a convenient measurement of delay
zero when pump and probe interact simultaneously with
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the sample, by removing the metal target and recording
the cross-correlation of the 800 nm driving pulse with
the pump pulse. The main features of the X-ray source
are summarized in Table 1. The driving laser, the X-ray
source, the setup for generating pump pulses and the
diffraction experiment fit onto a conventional experimental table, similar to all-optical femtosecond experiments.

photons are diffracted into all diffraction rings fulfilling
the respective Bragg conditions, the signal on a single ring is smaller than for a Bragg peak from a single
crystal. To exploit the full potential of powder diffraction
by measuring many diffraction rings simultaneously,
highly sensitive large-area detectors with high quantum
efficiency and low noise are required.

Table 1: Femtosecond X-ray plasma source

In femtosecond powder diffraction, the photoinduced
structural changes are monitored by hard X-ray probe
pulses diffracted from the excited sample for different
pump-probe delays. The interaction length l in the sample is limited by elastic scattering of the pump light by
the powder. Typical values are l ≤ 50 µm for a pumping wavelength of 400 nm. The geometry of the powder
sample is shown in Fig. 1b. The powder sample of 1 mm
diameter and 250 µm thickness is contained in a metallic sample holder. The powder is sealed by a 20 µm
thick polycrystalline diamond front window and a 6 µm
thick mylar foil on the rear side. In general, heat conduction within the powder sample is rather low. Here,
the high thermal conductivity of the diamond window (≈
3000 W/(m K)) is favorable for transferring the thermal
excess energy originating from the laser excitation of the
powder close to the front window to the metallic sample
holder which serves as a heat sink. In the time-resolved
diffraction experiments, the sample temperature is
monitored with the help of a calibrated thermo-camera

Laser pulse energy

5 mJ

Repetition rate
Laser pulse duration
Laser intensity

1 kHz
35 fs
≤ 1018 W/cm2

Cu Kα photon energy

8.04 keV

X-ray photons emitted in 4π

4 x 1010 ph/s

Source dimension
X-ray pulse duration

10 +/- 2 μm
100-200 fs

X-ray photons on sample
X-ray spot dimension on
sample

≈ 106 ph/s
30-200 µm

3. Femtosecond X-ray diffraction:
Powder and rotation method
Debye and Scherrer [2] were the first who analyzed Xray scattering from randomly oriented crystallites. In a
powder sample of crystallites, a particular set of lattice
planes with the Miller indices (hkl) and the reciprocal lattice vector G(hkl) show all orientations in the full solid
angle 4π. In X-ray diffraction (Fig. 1), a subset of crystallite orientations is selected via the Bragg condition
for the wavevectors k of the incoming X-ray beam, k’
of the diffracted X-rays, and the reciprocal lattice vector G(hkl): G(hkl)= k’-k with |k| = |k’| for elastic scattering. This condition defines a cone of reciprocal lattice vectors G(hkl) contributing to the diffracted signal
and, thus, a diffraction cone defined by k and k’ with
an opening angle 2θ . Different sets of lattice planes
give rise to different diffraction cones. On a planar Xray detector such as an X-ray CCD, one detects diffraction rings with a diameter determined by the angle 2θ.
Compared to Bragg diffraction from single crystals,
the Debye-Scherrer method offers a number of advantages [3, 4]. Large crystals of with an atomic longrange order on a length scale up to millimeters are not
required. Instead, small crystallites of micrometer size
are sufficient, extending the range of accessible materials substantially. The alignment of the diffraction
set-up is greatly simplified due to the random orientations of crystallites in the sample. A large number of
reflections/diffraction rings is measured simultaneously
with the limited area of the detector being the main restricting factor. The method also offers a straightforward normalization method: single reflections can be
normalized to the total diffracted signal and, in this
way, the influence of fluctuations of the incident X-ray
flux on the diffracted intensities can be limited.
There are also drawbacks compared to Bragg diffraction from single crystals. Since the incoming X-ray
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Fig. 1:

(A) Schematic of the experimental set-up for femtosecond powder diffraction.
Explanation in the main
text. (B) Sample geometry
used in the femtosecond
experiments. (C) DebyeScherrer diffraction pattern
from an ammonium sulfate
powder sample recorded
with a large-area CCD detector. The exposure time
was 420 s.

.
(D) Rotation method pattern of AS.

In section 4, we present data for ammonium sulfate
[(NH4)2SO4, AS hereafter] at room temperature (T =
300 K). A sample was prepared by manually grinding
commercially available AS powder for about 10 min. The
sample was ground in a heated mortar to reduce contamination with air humidity and the resulting grain size
was 5 to 10 µm. In the femtosecond experiment, the AS
sample is electronically excited by a 50 fs pump pulse at
400 nm (pulse energy 75 μJ) to induce a non-equilibrium
structural change in the femtosecond time domain. The
penetration depth into the sample is determined by the
elastic scattering length of the pump light of approximately 40 µm, rather than the optical penetration depth of
200 µm. On the 40 µm interaction length, the group velocity mismatch between the optical pump and the hard
X-ray probe pulses is negligible compared to the X-ray
pulse duration of 100 fs. Sample heating by the pump
light resulted in a maximum temperature increase of 40 K.
The X-rays diffracted from the sample were detected
with a large-area CCD detector (quantum efficiency 0.8,
6 x 6 cm2 sensitive area, 2000 x 2000 pixels, 30 µm pixel dimension). Up to approximately 20 Debye-Scherrer
rings were recorded simultaneously as a function of the
time delay between pump and probe pulses. For each
delay time, the X-ray signals were integrated on the CCD
detector for a time interval of 300 to 600 s. The data sets
shown in the following consist of up to 10 delay scans.
In Fig. 1c, we present the Debye-Scherrer ring pattern
measured with an integration time of the CCD detector
of 420 s. In Fig. 3, the intensities integrated over each
ring are plotted as a function of the diffraction angle 2θ
(thick solid line). One easily distinguishes approximately
10 different rings with a good signal-to-noise ratio. The
absolute number of photon counts detected on the (200)
ring is typically 50000 for a 420 s integration time.

responds random orientation of the crystal around one
fixed axis. In Fig. 2(d), we show a diffraction pattern recorded with a rotating AS crystal. Similar to Laue diffraction, each individual reciprocal lattice vector occur as a
single spot allowing for spatial separation of two different reciprocal lattice vectors of the same amplitude.

4. Ultrafast nuclear motions and charge
relocation in molecular materials
The first femtosecond powder diffraction study was
performed with AS which has an ionic orthorhombic
structure with four (NH4)2SO4 entities per unit cell. Under thermal equilibrium conditions, this material undergoes a ferroelectric to paraelectric phase transition at
T = 220 K [5], connected with a symmetry change from
Pna21 to Pnam. A second phase transition in which the
crystal symmetry is preserved, occurs at T = 420 K [6].
In contrast to such phase transitions, the femtosecond
diffraction study addresses ultrafast structure changes
induced by femtosecond 3-photon excitation with pulses
centered at 400 nm.

Fig. 3:

X-ray powder diffraction pattern of ammonium sulfate
(AS). The intensity integrated over a particular diffraction ring is plotted as a function of diffraction angle. Black solid line: Powder pattern measured with a
420 s exposure time of the X-ray CCD. Red dashed
line: calculated powder pattern based on measurements reported in Ref. [6].

Fig. 2:

Diffraction geometry of the Debye-Scherrer method.
The powder of crystallites generates a ring-like diffraction pattern. A particular ring is defined by the Bragg
condition k-k’=G’ with k and k’ being the k-vectors of
the incoming and scattered X-ray wave and G being a
reciprocal lattice vector.

More recently, we started to investigate femtosecond
Bragg diffraction from rotating single crystals. The incoming X-ray beam is diffracted off a fast rotating (≈1
cps) single crystal of AS (dimensions: 0.3 x 0.3 1 mm3).
In contrast to powder diffraction the rotation method cor-

In Fig. 4, intensity changes of different diffraction rings
(cf. Fig. 3) are plotted as a function of pump-probe delay. The transients display a clear onset around time delay zero and a fast time evolution during the first couple
of picoseconds which is superimposed by oscillations
at later time delays. Such results give direct evidence
of the ultrafast nature of the induced structural changes. The oscillations with a period of Tosc=650 fs (νosc=
50 cm−1) match the low-frequency Ag-phonon of AS [7, 8]
involving librational motions of sulfate ions, an angular
reorientation of the ammonium units, and a concomitant
modulation of the distance between the oxygen atoms
1 and 2 of opposite sulfate groups. The onset of the
oscillations with femtosecond photoexcitation points to
an impulsive excitation of this lattice mode, resulting
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Fig. 4:

Changes in intensity (circles) of particular Debye–
Scherrer rings as a function of time de-lay between
the optical pump and X-ray probe. The solid lines are
guides to the eye. Bottom panel: transient bleach of the
bending mode ν4 of the ammonium ion NH4+. Please
note the logarithmic time scale after the break.

in a modulation of atomic positions in the lattice and,
thus, of diffracted X-ray intensity. The angular positions
of the different diffraction rings remain unchanged on
the time scale shown in Fig. 4, pointing to essentially
unchanged lattice vectors and, thus, a negligible expansion and/or volume change of the material.
To complement the X-ray experiments, transient vibrational spectra of photoexcited AS were measured with a
1 µm thick powder sample under similar excitation conditions. The time resolution of this optical pump – mid-infrared probe experiment was 100 fs [9]. In the femtosecond
experiments, we studied changes of the NH4+ ion bending absorption ν4 centered at 1420 cm−1. The strength of
this band is proportional to the number of NH4+ groups
in the initial crystal structure. Upon photo-excitation,
this band displays a pronounced absorption decrease.
The time evolution of the absorption decrease (bottom
panel of Fig. 4) with a maximum amplitude A/A0≈0.1
builds up within the 100 fs time resolution and decays
on a slow timescale within 1 ns. The strong absorption
decrease gives direct evidence for the reduction of the
NH4+ concentration due to the induced structure changes. Experiments with different energies E of the pump
pulses show that the absorption decrease scales with
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Fig. 6:

(a) Distance between the O1 and O2 atoms of adjacent
SO42- groups (arrow in the left in-set) as a function of delay time as derived from the X-ray data. Insets: Crystal
structure of AS before (left hand side) and after (right
hand side) the concerted electron and proton transfer
into the conducting channel along the z-direction. (b)
Transient change of electron density ρe(x,y,z,t) at the
initial proton position within the ammonium ion (open
symbols) and at the transitional channel position, i.e.,
x=a/2, y=b/2, z=c/2 (solid circles). (c) Time-dependent
change of total charge in the electron channel calculated by integrating over a cylindrical volume along the
z-axis with a Gaussian lateral envelope of 0.1 nm
width.

E3, in agreement with a three-photon excitation process.
The femtosecond X-ray diffraction data (solid circles in
Fig. 4) allow for deriving the spatially resolved electron
density in the photoexcited crystallites, i.e., transient
charge density maps with femtosecond time resolution.
This procedure which is described in detail in Ref. [10]
exploits the interference of X-rays diffracted from the
small fraction of excited (modified) unit cells and from
the majority of unexcited ones within a single crystallite.
To calculate The intensity pattern prior to photoexcitation were calculated with the atomic positions derived
from neutron diffraction data for AS at T=300 K [5].
Optical excitation of the material induces a change of
the spatial distribution of electron charge ρe(x,y,z,t) in
a fraction of unit cells. The transient difference maps
∆ρe(x,y,z,t) shown in Fig. 5 were gained by a Fourier
transform of the experimentally observed changes of the

Fig. 5:

Contour plots (right hand side) showing the electron density as a function of delay time, and the corresponding planes [(a)
upper row and (b) bottom row] through the unit cell of AS (left hand side) for easy visualization. (a) The blue dashed line
indicates a plane perpendicular to the Z direction, cutting the unit cell at z/c=0.25. (b) The blue dashed line marks a plane
parallel to the Z direction through the unit cell corresponding to the “zigzag” orientation of the oxygen atoms that be-long
to two different sulfate ions. An electron channel appears between these oxygens (last contour plot) along the position
marked in red.

structure factors ∆Fhkl(t). In Fig. 5, electron density maps
are shown for the x-y plane of the unit cell at z/c=0.25
(Fig. 5a) and for a plane containing the z-axis and the
oxygen atoms 1 and 2 of opposite sulfate groups (Fig.
5b). Transient charge density maps for other sectional
views and at additional delay times are shown in Refs.
[11,12]. We observe the strongest increase ∆ρe>0 at an
- initially unoccupied - spatial position (red spots in Fig.
5b) while the strongest decrease ∆ρe<0 occurs on the
sulfur atoms (blue spots in Fig. 5a). The sequence of
locations with ∆ρe>0 forms a charge ‘channel’ of a very
small diameter in the x-y plane of approximately 0.1 nm
(rightmost panel of Fig. 5b). This diameter corresponds
roughly to 2aB (aB=0.05 nm, Bohr radius), the diameter
of the hydrogen atom. Such strong charge localization
points to attractive Coulomb centers, i.e., nuclei which
have moved to such positions and to which the electron
charge is attached. The maps for a delay time of 260 fs
clearly exhibit a charge transfer from the sulfur atoms to
a well-separated position in the electron channel.
The X-ray results suggest the following scenario of
structural change (Fig. 6a): Photo-excitation induces a
shift of electronic charge predominantly from the SO42−
units and a concomitant translocation of a proton from
the adjacent NH4+(I) group into a position in-between

the oxygens 1 and 2 of opposite SO42− groups. From a
chemical point of view, the following process occurs:
NH4+ + SO42− → NH3 + SO4− + H.
The structural change mediates a hydrogen bond between the two oxygen atoms shown as green dashed
lines in Fig. 6a. In this way, hydrogen atoms along the
axes (0,0,z) and (0.5a,0.5b,z) stabilize the transferred
electronic charge in the channel region.
After its ultrafast creation, the spatial charge distribution
undergoes ultrafast changes. Fig. 6b shows the timedependent change of electron density ∆ρe(x,y,z,t) at r
= (0.5a, 0.5b, 0.5c) in the channel (solid circles) and at
the initial proton position on the NH4+(I) (open circles),
Fig. 6c the time-dependent total charge in the channel, given by the integral of ∆ρe(x,y,z,t) over a cylindrical volume of 0.1 nm diameter and the length c=0.599
nm of the unit cell. The electronic charge in the channel displays pronounced oscillations, i.e., charge flows
periodically into and out of the channel region. The
maximum charge in the channel is of the order of 2e,
twice the elementary electron charge e. The oscillation
period is close to that of the 50 cm−1 Ag phonon modulating the distance between the oxygen atoms 1 and
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2 (Fig. 6a). Maxima in the channel’s electronic charge
occur at maxima of the O1–O2 distance, a geometry in
which the proton stabilizing the charge position in the
channel can easily be accommodated.
The pathways of electron flow into and out of the channel region are derived from the data in Fig. 6b and from
integrals of electron density over particular volumes of
the crystal structure. Fig. 6b shows that minima in the
channel’s electron density correspond to maxima on the
original positions of the protons on the NH4+(I) groups.
We conclude that the oscillations are connected with a
concerted electron and proton transfer, i.e., the motion
of a H atom, between the channel and the newly formed
NH3 group, leaving the total electron density in the ZX
plane constant. The transfer rate is controlled by the period of the 50 cm−1 Ag phonon, modulating the angular
orientation of the NH3 groups and the oxygen-oxygen
distance between opposite SO4− groups.

charge are resolved with high accuracy. Our pumpprobe scheme with hard X-ray probe pulses from a laser-driven plasma source provides a spatial resolution
of 30 pm and a time resolution of 100 fs. In ammonium
sulfate, photoexcitation induces a concerted electron
and proton transfer. The quantitative measurement
of transient maps of electronic charge density reveals
transient positions of both the heavier atoms and of hydrogen atoms, the latter switching periodically between
their new and their original positions. Due to a systematic improvement of the powder diffraction experiment,
changes of diffracted intensity as small as ∆I/I=10-3 have
been measured recently. Such high sensitivity makes
our approach very promising for a broad range of future
applications of femtosecond powder diffraction, including inorganic, organic, and biomolecular materials.

Quantum chemical calculations give insight into the
reaction mechanism [10]. We focus on the potential energy along the reaction trajectory of the proton
NH4+ + SO42− ↔ NH3 + HSO4−. In the hydrogen sulfate
group, the proton is oriented along the connecting line
between the oxygens of two opposing sulfate ions (cf.
Fig. 6b). In Fig. 7, the potential energy is plotted along
the reaction trajectory for a free molecular ion pair
(dashed line) and the same reaction in the crystalline
environment (solid line). Both potential curves show an
almost barrierless trajectory between the two extremal
proton positions with reaction energies of E=1.0 and
0.67 eV, respectively. In the crystal the Madelung energy
modifies the free ion scenario in a way that the potential
minimum shifts from the NH3 + HSO4−− geometry to the
NH4+ + SO42− configuration, representing the ground state
of the crystal. The ground state of the NH3 + HSO4−− geometry lies E=0.67 eV higher.
Photo-excitation causes an extremely rapid deposition
of excess energy into vibrations involving proton motions
leading in turn to an ultrafast elongation of the reaction
coordinate and the formation of the NH3 + HSO4−− geometry with the hydrogen atom in the channel. During
this process, the moving proton pulls electron density
from the inner part of the sulfate group into its new position, resulting in the observed reduction of electron density on the sulfur atoms. In addition to the formation of
the channel geometry, a coherent wavepacket motion
of the 50 cm−1 Ag phonon of AS occurs after photoexcitation. This phonon motion modulates the distance
between the SO4 oxygen atoms being part of the newly
formed hydrogen bonds. The modulation of hydrogen
bond length leads to a modulation of the barrier between
the two potential minima in Fig. 7 and, thus, enables
the coherent motion of electron and proton between the
channel and the NH3 group as shown in Fig. 6b.

5. Conclusions
We have introduced ultrafast X-ray powder diffraction
to observe atomic rearrangements in molecular crystals in real-time and to derive transient charge density
maps. Relocations of a small fraction of an elementary
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Fig. 7:

Calculated electronic ground state energy along the reaction coordinate of the proton NH4+ + SO42− ↔ NH3 +
HSO4−. Solid line: transfer of one proton in the unit cell
of AS; dashed line: same curve for an ion pair in free
space.
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1. Overview
In 2010 a closer look at the noise characteristics of our
2009 invented carrier phase stabilization revealed an
unexpectedly low noise, well below the values that can
be associated with typical intensity noise of the pump
lasers.
Theoretical work performed in 2010 focused on a new
model for estimation of higher nonlinearities in noble
gases, soliton induced supercontinuum and VUV generation in kagome lattice hollow core photonic crystal
fibers. We also developed a new model to understand
and optimize the generation of powerful THz radiation
in gases and analyzed low-threshold high harmonic
generation by using metal nanostructures. A further application of metal nanoparticles, as saturable absorbers
down to wavelengths of 400 nm, was also suggested.
Low dispersion liquid crystal spatial light modulators
were used for spatial and temporal characterization of
few-cycle wave packets. Further experimental investigations have shown that the generation of sub-wavelength
ripples on semiconductor nanolayers and nanorods is
related to nonlinear excitation.
Sub-20 fs and tunable VUV pulses are the highlight of
subproject 2. For synthesis of such pulses, we developed a high power OPA system and a chirped pulse four
wave mixing scheme that allows for partial precompensation of material dispersion for the VUV pulses.
The importance of considering all linear and nonlinear
properties was demonstrated in mid- infrared pulse generation by optical parametric amplification. Despite the
lower effective nonlinearity, the ternary GaSSe crystal
ensured much better conversion efficiency than the
standard material GaSe, as a result the increased bandgap which helps to avoid two-photon absorption.

2. Subprojects and collaborations
The Project is organized in three subprojects:
UP1: Few-cycle pulse generation and nonlinear optical processes in hollow waveguides, photonic crystal
fibers and microstructured materials
UP2: High-energy vacuum UV femtosecond pulses (100180 nm) at 1 kHz repetition rate
UP3: Novel nonlinear materials and interaction schemes
for frequency conversion of ultrashort laser pulses.
Collaborations: P. Staudt and G. Stibenz (APE Berlin,
Germany), M. Piché (Laval University Quebec, Canada), S. Huferath von Luepke (BIAS Bremen, Germany), H.-J. Kühn (Berliner Glas, Germany), E. McGIynn

(DCU, Dublin, Ireland), C. Fischer (metrolux Göttingen,
Germany), HoloEye Berlin, J. Jahns and H. Knuppertz
(FernUniversität Hagen, Germany), F. Rotermund (Ajou
University, Korea), W. Seeber (FSU Jena, Germany),
A. Pfuch (INNOVENT, Jena, Germany), M. Guina, O.
Okhotnikov, and M. Pessa (ORC, Tampere Finland),
G. Genty and M. Kauranen (TUT, Tampere, Finland), L.
Bergé (CEA, Arpajon, France), S. Skupin (MPI, Dresden, Germany), S. Düsterer (DESY, Hamburg, Germany), J. S. Skibina (Saratov State University, Russia), V. l.
Beloglasov, (Nanostructured Glass Technology Comp.,
Saratov, Russia), M. Raschke (Washington State University, Seattle, WA, USA), S. Burger (Zuse-lnstitut, Berlin, Germany), A. Demircan (Weierstraß-lnstitut Berlin,
Germany), R. Wedell (IAP, 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), A. Maksimenko
(University Minsk, Belarus), M. Ebrahim-Zadeh (IFCO,
Barcelona, Spain), G. Cerullo, D. Brida and Ch. Manzoni (Milano, Italy), Yu Kivshar (Canberra, Australia), H.
Giessen (Uni. Stuttgart, Germany), F. Guëll (University
Barcelona, Spain); M. Eichhorn (ISL, France), V. Panyutin (Kuban University, Russia).
Funding:
• BMBF/DLR RUS 08/103
• FiDiPro
(Finland Distinguished Professor Programme)
• DFG Projects Gr 1782/7-1, 1782/12-1; He 2083 131/13-2 and 12-3; STE 762/5-1 and 762/7-1
• EU RII3-CT-2003-506350
• EU FP7-ICT-224042 (MIRSURG)
• DAAD (Bulgaria, France, UK, Northern Ireland)

3. Results in 2010
UP1: Few-cycle pulse generation and nonlinear
optical processes in hollow waveguides, photonic
crystal fibers and microstructured materials
Generation of few-cycle pulses with stabilized
carrier-envelope frequency
Sub-Poissonian noise signatures in a carrier-envelope
phase stabilized Ti:sapphire laser
Based on our recent work on carrier-envelope phase
(CEP) stabilization [KGF10] with unprecedented residual timing jitters between carrier and envelope, we
conducted a deeper analysis of the mechanisms limiting
further progress of CEP stabilization schemes toward
residual timing jitters in the single attosecond regime.
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As a small change of Ti:sapphire pump power affects
the carrier-envelope frequency (CEF) in a linear fashion,
CEF noise can be directly related to pump power noise,
and we measured a coupling factor of 30 MHz/W in our
laser. Consequently, we expect that stabilization of the
Ti:sapphire laser should be limited by a frequency noise
equivalent to shot noise on the pump laser.
However, converting measured phase noise densities
into frequency noise densities, we find that our stabilization widely outperforms the pump shot noise limitation by up to -17 dBq (decibels relative to the quantum
limit). In fact, the measured noise spectra lie below the
shot noise limitation for nearly the entire measurement
range in Fig. 1. We are currently investigating possible explanations for this remarkable phenomenon, surpassing the best observed squeezing by about 5 dB.
Universal approach for computing the nonlinear refractive index of gases and its saturation behavior
Dependable values for the nonlinear refractive index in
noble gases have always been a problematic issue. Experimental data often relies on measurement of second
harmonic generation in a strong static electric field. This
data shows a different spectral dispersion than the Kerr
coefficients, which are difficult to measure precisely in
a direct way. Based on a Kramers-Kronig transform of
multiphoton-ionization rates, we have recently developed a new and simple analytic way for a direct computation of the nonlinear refractive index. Fig. 2 shows
an example that was computed for argon and exhibits
excellent agreement with all available reference data.
Our model can also be adapted for the computation of
higher-order Kerr coefficients, i.e., n4, n6 etc. The established picture that these coefficients do not play a
practical role as plasma formation always precedes
their appearance has recently been challenged [Opt.
Express 17 (2009)13429]. The respective experimental results have been controversially discussed and are
seen as a paradigm change in high-intensity nonlinear
optics. As shown in Fig. 3, our model computations support an important role of higher-order Kerr coefficients,
which may lead in fact to a saturation of the Kerr effect
well below the classical clamping intensity caused by
plasma formation.

Fig. 1:

(a) Measured coupling factor between CEF and pump
power, as measured by modulating the pump power
at a frequency ranging from 1 Hz to 10 kHz. (b) Pump
power noise density deduced from CEP noise measurements of the stabilized Ti:sapphire oscillator.

Fig. 2:

Computation of the nonlinear refractive index of argon
via the Kramers-Kronig transform (solid line). Theoretical data from atomic orbital theory are indicated by
stars. Solid squares and triangles indicate measured
data. Interpolations according to the generalized Miller
rule from a theoretical model and experimental data
are shown as dashed and dotted lines.

Nonlinear optical processes in photonic crystal fibers and nanostructured materials: Theory
Soliton-induced supercontinuum, VUV pulse generation
and soliton delivery in kagome-lattice hollow core photonic crystal fibers
In 2010 we continued the study of nonlinear processes
in Kagome-latice hollow core photonic crystal fibers
(PCF). The guiding in these fibers is characterized by
small loss over a broad transmission range with a controlled (anomalous) dispersion in the visible. This allows
the occurrence of a new effect: the formation of a highorder soliton emitting supercontinua with a width of two
octaves and a power 105 times larger than in solid-core

36

Fig. 3:

Change of refractive index as a function of intensity in
argon. Solid line: Kramers-Kronig model. Dotted line:
experimental data [Opt. Express 17, 13429 (2009)].
Dashed line: Computed contribution of plasma and
lowest order Kerr effect n2 to nonlinear index change
(90 fs Gaussian pulses).

PCFs with a strong spectral band in the VUV. In particular we predicted that related to this phenomenon sub10 fs, 10 µJ VUV pulses at 150 nm can be generated by
50 µJ pump pulses at 800 nm [IHH10a]. Furthermore we
predicted soliton delivery of few-cycle pulses with gigawatt power over extended distances in the range of 1 m
[IHH10b] in such fibers.

For the example of a silver nanocone, in Fig. 6(b) the
spatial intensity distribution and in Fig. 6(a) the HHG
spectrum is shown for a 0.3 TW/cm2 pump
.
Saturable absorption and nonlinear optical properties of
composites containing metal nanoparticles
We studied the saturable absorption in the vicinity of the
plasmon resonance of metal nanoparticles of different
shape and size by using the Maxwell-Garnet formalism
and the discrete dipole formalism [KHH10b]. The results
for fused silica doped with silver nanoparticles show that
the saturation intensity is in the range of 10 MW/cm2.

Fig. 4:

Dependence of the THz spectrum on pressure.

THz generation in gases by ionizing two-color pulses
The basic mechanism of THz radiation in gases is still discussed controversially in the literature. In order to clarify
this problem we have made a combined theoretical and
experimental study [BKK10] of ultrafast spatiotemporal
propagation effects in THz generation. The observed
strong broadening of the THz spectra with increasing
gas pressure reveals the prominent role of spatiotemporal reshaping and of a plasma-induced blueshift of the
pump pulses in the generation process. Results obtained
from (3+1)-dimensional simulations (see Fig. 4) are in
good agreement with measured THz spectra in dependence on pressure and endorse a revised understanding
of the basic mechanism in which the step-wise modulation of electron density by two-color field ionization plays
the crucial role. Furthermore we studied recently THz
generation by non-harmonic two-color and three-color
fields and predicted the increase of the spectral width
and the efficiency by using these configurations. Another possibility for the improvement of the THz parameters
by ionizing two-color pulses is the increased interaction
length in metallic hollow waveguides filled with a gas.
We predicted an extension of the spectra up to 150 THz
and the possibility of the generation of near-single-cycle pulses at 4.5 µm with an efficiency of 1 % [BSH10].

Fig. 5:

HHG spectra of odd (solid curves) and even (symbols)
harmonics for low (red), moderate (green) and strong
(blue) field inhomogeneity in argon for the intensity of
200 W/cm2 in the hot spot.

Theory of low-threshold high-order harmonic generation
by using plasmonic enhancement of metal nanostructures
Recently Kim et al. [Nature 453 (2008) 757] have
shown that plasmonic field enhancement by metallic
bow-tie nanostructures enables high harmonic generation (HHG) by low-intensity fs pulses without an additional amplifier. We developed a semiclassical model for
plasmon-enhanced HHG in a noble gas in the vicinity of
metal nanostructures including the field inhomogeneity
in the „hot spots“ and the absorption metal surface [see
Fig. 5] which predicted a twofold extension of the cutoff
and appearance of the even harmonics.

Fig. 6:

Intensity distribution (a) and
the output HHG
spectrum for a
silver nanocone
illuminated with
0.3 TW/cm2
pump.
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As an example in Fig. 7 the absorption coefficient of
silica glass doped with silver nanorods for different intensities is shown. Our study enables the conclusion
that metal nanoparticle composites can be used for
modelocking of lasers in a broad spectral range down
to 400 nm, where attractive saturable absorbers are still
missing. In addition we studied the effective linear and
nonlinear optical parameters of nanoparticle composites
in dependence on their shape and size [KHH10a].The
results demonstrate the possibility to achieve large enhancements of the nonlinear parameters by tuning the
plasmon resonance to a desired frequency by changing
the size and the shape of the nanoparticles.

Fig. 8:

Ultrashort-pulsed, highly localized nondiffracting beams
with minimum radial oscillations obtained by programming different types of phase axicons via gray scale
maps (from above to below: conical axicon, Fresnel
axicon, torus axicon). Radial cuts of the generated
beams display a single maximum (needle beams, above
and center) or two maxima (dark hollow beam, below)
[BDG].

Fig. 7:

Absorption coefficient of a silver-nanoparticle composite for different intensities. Blue, green, red and cyan
curves correspond to the intensity I= 0, I= 0.5 GW/cm2,
I= 2 GW/cm2 and I= 4.5 GW/cm2.

Adaptive spatio-temporal shaping and diagnostics
of few-cycle pulses
Adaptive shaping of ultrashort laser pulses was studied
on the basis of low-dispersion liquid-crystal-on-silicon
spatial light modulators (LCoS-SLMs). In particular, new
techniques for characterizing few-cycle wavepackets in
space and time utilizing pseudo-nondiffracting waveslike pulsed needle beams and dark hollow beams (Fig.
8) were developed [GBo10, GBo10a, GBo10b, BDG].
In a DFG transfer project (together with metrolux
GmbH), the known principle of Shack-Hartmann wavefront sensor was further extended to the diagnostics
of extremely short pulses by working in reflection with
non-circular spot shapes, adaptive aberration correction (see Fig. 9), statistical autocorrelation and other
innovations (patent pending [P1]).
The concept of nondiffracting “flying images” which we
demonstrated recently with programmable arrays of few
femtosecond needle beams was generalized to more
complex patterns composed of elementary nondiffracting (highly localized) subbeams (Fig. 10).
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Fig. 9:

Aberration correction of a few-cycle pulsed nondiffracting dark hollow beam by adaptively programming
the phase map of an LCoS-SLM. The elliptical crosssection induced by working in reflective setup was
reshaped to a circular one (individual subbeam of a
beam matrix).

Fig. 10:

Complex ultrashort-pulsed nondiffracting pattern composed of highly localized circular and linear subbeams
(b) generated at a distance of 6 mm by programming the gray scale map (a) of an LCoS-SLM (laser:
Ti:sapphire oscillator, pulse duration 9fs, center wavelength 800 nm, incident angle 39°, minimum radius of
subbeams 35 µm).

Nonlinear excitation of surface plasmon-polaritons
as essential mechanism of femtosecond laser induced nanostructuring of semiconductor materials
Ultrashort laser pulses were used to study nonlinear excitation mechanisms of semiconductor nanolayers and nanorods [DBB10]. The dynamics of surface plasmon polariton (SPP) generation and the evolution of laser-induced
periodic surface structures (LIPSS) were investigated by
double pulse experiments with variable time delay. Additional information was derived from single photon PL
and Raman spectroscopy. Clear indication was given for
SHG-based excitation LIPSS formation in ZnO. Particular conditions for generating high or low spatial-frequency LIPSS (wavelength, subwavelength ripples) were
identified. The role of initial scattering zones for the very
beginning of ripple formation was emphasized [DRB].
Highly efficient generation of coherently linked nanoripples and sub-100 nm features with ultrashort
pulses

Fig. 11:

Extended area fs-laser-induced surface structuring of
TiO2 with coherently linked nanoripples: setup with line
focus and sample translation (schematically).

Extended area, high-speed formation of LIPSS was demonstrated for TiO2 by applying a linear focus on a moving
substrate under optimized conditions (number and energy of pulses) (Fig. 11) [DDR10a, DDR10b]. Low spatial frequency ripples (period about 340 nm, Fig. 12) and
high spatial frequency structures (minimum feature size
90 nm, Fig. 13) were generated with high efficiency.
UP2: High energy vacuum UV femtosecond pulses
(100–180 nm) at 1-kHz repetition rate
In 2010 we continued the work on phase-matched VUV
generation by noncollinear four-wave-mixing in noble
gas-filled cells.
A powerful third harmonic pulse of about 200 µJ and 100
fs generated by consecutive BBO crystals is mixed with
an idler pulse. In order to extend possible application
schemes, we exchanged the fundamental idler pulse
in the four-wave difference-frequency mixing scheme
(FWDFM) by the signal of a two-stage IR optical parametric amplifier based on BIBO crystals, all driven by a
3 mJ 40 fs Ti:sapphire laser amplifier system.

Fig. 12:

Low spatial frequency fs-laser induced wavelength
ripples in TiO2 (minimum feature size 340 nm).

With this setup we are able to tune the center wavelength of the VUV pulses between 145 and 151 nm
(8.55 - 8.2 eV) (Fig. 14). The achieved pulse duration
is below 40 fs in the whole tuning range with a pulse
energy in excess of 100 nJ.
We also employed nonlinear pulse compression to generate sub-20-fs pulses. A part of the fundamental pulse
is focused into an argon-filled gas cell and generates an
optical filament. Self-phase modulation (SPM) broadens
the spectrum to about 100 nm bandwidth and is compressed using chirped mirrors down to ~12 fs. To show
the principle of spectral phase transfer in the process
of FWM, a pair of fused silica wedges is introduced to
the beam path of the broadened fundamental and deliberately adds positive chirp to it (Fig. 15). This positive
chirp is reversed and so negatively chirped VUV pulses

Fig. 13:

High spatial frequency fs-laser induced sub-wavelength
ripples in TiO2 (minimum feature size 90 nm).
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UP3: Novel nonlinear materials and interaction
schemes for frequency conversion of ultrashort laser pulses
The main activity in this subproject was the generation of
powerful ultrashort pulses in the near and mid-infrared.
On one hand we further improved parametric amplifiers
based on BIBO in terms of shorter pulse duration and
larger energy [GNP10 and review PGK10].

Fig. 14:

Tuning range of the VUV generated by mixing THG
with signal of IR-OPA. The numbers show the shortest
VUV pulse duration measured by cross-correlation in
xenon.

are generated. These pulses are compressed by simple
material dispersion in a MgF2 plate, acting as a window
in our experimental setup. We are able to generate 16 fs
VUV pulses with about 500 nJ pulse energy at the position of the experiment without any dispersion compensation in the VUV beam path (see Fig. 16).

The second line of this development was devoted to a
reconsideration of some solid solution crystals already
known for a long time under the conditions of ps- or
even fs-pumping.
For the solid solution GaSSe it was found that although the nonlinearity of this crystal is somewhat lower
(d22(GaS0.4Se0.6)= 0.76 d22(GaSe)) its performance for
higher pump intensity at 1.064 nm was much better than
with GaSe. We explained this result as a consequence
of the lower two photon absorption in the solid solution
crystal, a phenomenon that is always present with psand fs-pump pulses. Fig. 17 shows the used setup and
Fig. 18 summarizes the comparison of the solid solution
crystal and the typically used GaSe.

Fig. 17:

Fig. 15:
Schematic of the setup for sub-20 fs VUV pulses.

Fig. 16:

VUV pulse duration dependence on additional glass
path in wedges introduced onto fundamental beam
path (black squares). Red solid line shows the simulation of pulse duration adding the phase of the wedges
and the MgF2 window to the VUV spectrum of the
shortest pulse.
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(Color online) Schematic of the experimental set-up
for OPA in GaSSe and GaSe. M1−M3: 0.532 µm HR
dichroic mirrors, M4: metallic mirror, M5: 1.15−1.4 µm
HR dichroic mirror, M6: 1.064-µm HR dichroic ZnSe
mirror, F: 2.5 µm cut-on filter, DL: delay line.

Fig. 18:

Idler energy at 6.45 µm versus pump intensity of the
GaSSe and GaSe OPAs. The peak on-axis pump intensity inside the crystal is calculated using the actual
value of the pump pulse duration of 76 ps (as a result
of SH depletion), the beam size inside the crystal and
correcting by the Fresnel reflection at the input surface.
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1-02: Short Pulse Laser Systems
U. Griebner, V. Petrov, M. Kalashnikov (project coordinators)
and A.Gitin, J.Hoedt, R. Jung, G. Klemz, P. Klopp, X. Mateos, K.Osvay, F. Rotermund, H. Schönnagel, H. Stiel,
J. Tümmler, I. Will, A. Yoshida

1. Overview
The main objective of this project is the development of
sophisticated short pulse laser sources. Laser concepts
based on Ti:Sapphire, rare-earth-doped crystals and
semiconductors for femtosecond and picosecond oscillator and amplifier systems are under investigation.
One main activity is devoted to compact diode-pumped
femtosecond laser systems. The potential of novel ytterbium-doped active materials mode-locked by semiconductor saturable absorber mirrors (SESAMs) or single-walled
carbon nanotube saturable absorbers (SWCNT-SAs) is
studied in the 1-µm spectral range. Optically-pumped
semiconductor disk lasers (SDLs) in combination with
SESAM offer an alternative, all-semiconductor approach
for the same spectral region with a particularly simple
mode-locked laser design. Among the Yb-doped laser
crystals, the interest is focused on broadband materials
compatible with efficient diode-pumping and supporting
pulse durations well below 100 fs. Besides our specialty,
the monoclinic double tungstates, the work has recently
focused on the cubic sesquioxides RE2O3 (RE = Sc, Y,
and Lu), known for their superior thermo-mechanical
properties, including such with compositional disorder,
e.g. LuScO3, in which an additional contribution of inhomogeneous spectral broadening exists, disordered
garnet crystals with multiple sites for the dopant ion, as
well as non-centrosymmetric borates, such as the monoclinic YCa4O(BO3)3 or YCOB, which are interesting not
only for self-frequency doubled femtosecond lasers but
are particularly promising for the generation of extremely
short pulses due to their very broad and smooth emission spectra. Of strategic interest for future interaction
with other projects, e.g. 1.01, will be the development
of compact mode-locked sources near 2 µm e.g. with
SWCNT-SAs employed as passive mode-locking elements (both as seed or pump sources for OPCPA in the
near and mid-infrared). Besides Tm-doped materials of
the same families as above, the interest focuses also on
Ho-lasers, which exhibit higher gain and operate in the
region slightly above 2 µm, free of water absorption.
Another important part of the project is focused on improvement of major parameters of the multi-terawatt
High Field Ti:Sapphire Laser (HFL, project 4-2) and development of diagnostics for its characterization. This
concerns the temporal contrast related to amplified
spontaneous emission and pre-pulses, improvement of
the pulse shape, recompression, increasing the energy
available for interaction experiments, increasing stability
of the HFL laser operation and other associated issues.
Part of the project is also the thin disk laser development.
We utilize the thin disk laser technology, which was already
established for high-power CW lasers and high-repetition-

rate, low-energy laser systems. We extend this technique
to set up a high-pulse-energy laser system with medium
repetition rate. The new system shall generate pulses of
>1 J energy with a repetition rate between 100 and 200 Hz.
The planned applications of this laser are:
• driver for an X-ray laser user station (Project 2-01),
• pump source for OPCPA systems (in cooperation
with division A).
During 2010, a multipass amplifier stage had been developed for an extracted pulse energy of about 0.5 J. The
same amplifier design is currently under investigation for
amplifying the laser pulse energy onto the Joule level.
Within this project, a new cooperation between the Institut de la Lumière Extrême (ILE) and the MBI has been
initiated. The MBI will set up a regenerative thin disk amplifier delivering pulses of 0.2 J energy with 100 Hz repetition rate for an OPCPA laser system in Paris.
Furthermore, the MBI in cooperation with TU Berlin takes
part on the Leibniz-Applikationslabor BliX (Berlin Laboratory for innovative X-ray Technologies), which had been
built up at the TU-Berlin last year. One of the BLiX-projects,
the development of a laser-plasma source for soft X-rays
(up to 1 keV), uses the thin disk laser technology to drive
this source. Here a commercial thin disk laser (TRUMPF)
has been modified in this way, that the original 10 ns output pulses were shortened to the required 1 ns pulses.

2. Subprojects and collaborations
At present the project is organized in three subprojects:
UP1: Compact, diode pumped laser systems and new
active materials
Partly supported by the DFG-project no. GR2115/1-1
and two DAAD bilateral programs:
• short pulse crystalline lasers based on ytterbium and
thulium/holmium for the 1- and 2-µm spectral ranges,
respectively,					
• single-walled carbon nanotube saturable absorber
mode-locking and characterization,		
• compact, all semiconductor-based femtosecond lasers (joint activity with project 3-03).
UP2: Short pulse amplification, high peak and average
power
Partly supported by Alexander von Humboldt Foundation and also partly carried out in cooperation with DESY (FLASH Hamburg and PITZ Zeuthen), Forschungszentrum Dresden and the Helm-
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holtz Zentrum Berlin für Materialien und Energie:
• diagnostics for the laser beam characterization, especially temporal contrast, intensity,
• development of a Ti:Sapphire laser with peak power
>200 TW and high temporal contrast (≥1010) related to
amplified spontaneous emission,
• development of novel photocathode lasers based on
Yb-doped active materials for operating the RF gun of
the FLASH linear accelerator at DESY Hamburg,
UP3: High repetition rate CPA thin disk laser system of
the Joule class:
• scaling of thin disk laser technology to high pulse
energy within a CPA laser system,
• development of an Yb:YAG thin disk multi-pass amplifier for > 1 J pulse energy,
• exploring the limits in thin disk technology.
Collaborations: F. Diaz (University Tarragona, Spain),
K. Petermann (University Hamburg, Germany), C. Zaldo
(ICMS Madrid, Spain), D. Rytz (FEE GmbH Idar Oberstein, Germany), H. Zhang (Shandong University, P. R.
China), F. Rotermund (Ajou University, Korea), M. Weyers, G. Erbert (FBH Berlin, Germany), A. Kovacs, K. Osvay (University of Szeged, Hungary), M. Romanovsky
(General Physics Institute, Russia), A. Savelev (Moscow
State University, Russia), J. P. Chambaret (ILE, France),
TRUMPF Lasers GmbH, G. Erbert (FBH Berlin, Germany),
B. Kanngießer (TU Berlin, Germany), S. Schreiber (DESY,
Germany), F. Stephan (PITZ Zeuthen, Germany), J.
Teichert (FZD, Germany), T. Quast (HZB, Germany).

3. Results in 2010
UP1: Compact, diode pumped laser systems and
new active materials
Mode-locked lasers in the 1-2 µm spectral range employing SWCNT-SAs
In recent years, carbon nanotubes have been successfully used as ultrafast saturable absorbers for modelocking of fiber and bulk solid-state lasers in different
spectral ranges. While the widespread SESAMs provide
spectrally narrowband coverage and require complex
manufacturing processes with additional post-treatment
to reduce response times, SWCNT-SAs exhibit broadband absorption with large third-order nonlinearities and

require relatively simple manufacturing processes. An
additional advantage of SWCNT-SAs is that their absorption band is controllable by varying the nanotube diameters and chiralities, and hence, the wavelength coverage can be engineered within a broad spectral range
between 1 and 2 μm. To date, most efforts on passive
mode-locking with SWCNT-SAs were restricted to fiber
lasers because their single-pass gain is much higher than
in bulk solid-state lasers and therefore can easily tolerate large non-saturable losses. However, output powers
of the mode-locked fiber lasers appear to be intrinsically
limited. For SWCNT-SAs applicable to bulk solid-state
laser mode-locking, it is mandatory to decrease the
losses to the lowest level possible. Most recently, single
mode-locking devices providing broad ultrafast saturable absorption and low non-saturable loss were reported
by carefully controlling SWCNT bundling and curl in an
optimized manufacturing process. This SWCNT-SA was
successfully employed for mode-locking of different bulk
lasers operating at wavelengths between 1.0 and 1.5 µm
[CYC10]. Further progress in the development of such
SWCNT-SAs was achieved by mixing two differently
grown SWCNTs which provides now octave-broad operation bandwidth (~1000 nm). Left-hand curves in Fig. 1
show the transmission spectra of SAs fabricated with Arcdischarge- and HiPCO-made SWCNTs, which were separately used for bulk laser mode-locking in previous experiments. The curve on the right-hand side shows typical
linear transmission of an octave spanning SWCNT-SA.
The nonlinear response of the SWCNT-SA was measured by pump-probe spectroscopy at different wavelengths in the 1-2 µm range and similar fast bi-exponential behaviour was observed, with the slow component
of < 2 ps, corresponding to the interband carrier recombination process in semiconducting SWCNTs. The nonlinear transmission experiments confirmed a low level of
non-saturable absorption of ~1.0% together with typical
modulation depths of < 0.5% and a saturation fluence of
< 10 µJ/cm2.
For mode-locking over a wide wavelength range based
on one and the same SWCNT-SA, we chose four bulk
solid-state lasers operating at wavelengths between
1 and 2 µm. Yb:KLuW, Cr:forsterite, Cr:YAG and
Tm:KLuW were used as the laser gain materials. We
did not observe any indication of damage or degradation of SWCNT-SA after several months of use at room
temperature. Fig. 2 shows the measured autocorrelation
traces of the mode-locked pulses from four bulk lasers.
The SWCNT-SA mode-locked Yb:KLuW, Cr:forsterite
and Cr:YAG lasers at 1.07, 1.25 and 1.49 µm, respec-

Fig. 1:

(left) Manufacturing procedure of
octave spanning ultrabroadband
SWCNT-SA for bulk lasers, and
(right) typical transmission spectrum of the fabricated saturable
absorber (SA).
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Fig. 2:

Autocorrelation traces and
the corresponding optical spectra (insets) of the
Yb:KLuW, Cr:forsterite,
Cr:YAG, and Tm:KLuW
lasers, mode-locked with
the same ultra-broadband
SWCNT-SA.

Fig. 3:

Autocorrelation trace of the harmonically mode-locked semiconductor
disk laser with high temporal resolution (top) and low resolution (bottom),
indicating the repetition rate of 92
GHz. The fit in the upper figure assuming a sech2 pulse shape results
in a pulse duration (FWHM) of 198 fs.

tively, generated nearly Fourier-limited pulses with
pulse durations of 84-118 fs (assumed sech2-shaped
pulses), whereas the Tm:KLuW laser delivered ~25 ps
long pulses at 1.94 µm without dispersion compensation. The corresponding laser spectra are depicted in the
insets of Fig. 2. In stable mode-locked operation, output
powers up to 62 mW were generated in Yb:KLuW with
1% output coupler (OC), 250 mW in Cr:forsterite with
7% OC, 85 mW in Cr:YAG with 2% OC and 167 mW
in Tm:KLuW with 1.5% OC. In all cases, the recorded
radio frequency spectra of the fundamental beat note
at the laser repetition frequency exhibited extinction
ratios with the noise level being >55 dB below carrier.
This is an evidence for stable continuous-wave (cw)
single-pulse mode-locking without Q-switching instabilities in the operation range between 1 and 2 µm.
Femtosecond Semiconductor Disk Laser
We studied passively mode-locked semiconductor disk
lasers (SDLs) with the aim of shortest pulse durations
in the fundamental and high pulse repetition rates in a
harmonic mode-locking regime. Two world’s firsts can
be reported for 2010 for a SDL based on an InGaAs/
AlGaAs quantum-well gain medium mode-locked by a
fast SESAM [KGZ]. The SDL gain section consisted of
three or four InGaAs quantum wells (QWs), surrounded
by AlxGa1-xAs spacer layers (barriers), with strain compensation by AlGaAsP layers. The pump radiation is
absorbed mainly in the barriers; the generated carriers
drift into the QWs. The Bragg mirror is composed of 25
AlAs/GaAs layer pairs. The structure is only ≈5 μm thin,
since the GaAs substrate has been etched off. Thus, efficient cooling is possible. The SESAM consisted of a
single InGaAs QW sandwiched between two GaAs layers and a Bragg mirror as above. The uppermost GaAs
layer was only 2 nm thin, such that the absorber recovery
time was shortened to ~1 ps (1/e-value) by recombina-

Fig. 4:

Autocorrelation trace of the semiconductor disk laser in the single-pulse
regime with spectrum as an inset (top)
and radio-frequency spectrum (bottom),
indicating stable single pulse regime at
a repetition rate of 5.136 GHz. A sech2
fit in the upper figure yields a pulse duration (FWHM) of 107 fs.

tion at surface states. Investigations were performed in
a V-shaped cavity consisting of only three elements: the
SDL gain structure, the SESAM, and the curved output
coupler (0.2% transmission). The laser was pumped by
a fiber coupled laser diode (50 μm core diameter) emitting at 808 nm. The temperatures of gain element and
SESAM were adjusted by Peltier elements.
By high-order harmonic mode-locking a 92-GHz pulse
train was obtained with a pulse duration <200 fs (Fig. 3)
at a wavelength of 1022 nm. This is the highest repetition rate ever achieved for such type of SDL. With a
spectral width of ~7 nm, these pulses are close to the
transform-limit for sech2 shape. The average output
power was 31 mW. To sustain fundamental modelocking, excessive saturation of the semiconductor
elements had to be avoided. In a single-pulse regime, practically chirp-free pulses shorter than 110 fs
were generated at a wavelength of 1030 nm (Fig. 4).
These pulses were also nearly bandwidth limited
(time bandwidth product of 0.31) and the average power amounted to 3 mW. The ultrashort pulses achieved represent a further step for the mode-locked
SDLs in becoming useful, compact and low-cost fspulse sources, e.g. for high-speed data communications.
UP2: Short pulse amplification, high peak and average power
Burst mode lasers as photinjector drive lasers for FLASH
(DESY Hamburg), PITZ (DESY Zeuthen) and the
European XFEL
The work on the burst-mode lasers was concentrated
on the improvement of the Yb:YAG laser system in operation at PITZ (DESY Zeuthen). This system generates
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trains of picosecond UV pulses which are focussed on
the photocathode of the photo injector at PITZ which
thus produces high-density electron bunches. These
bunches are needed for seeding the superconducting
linacs developed at DESY. Since we had integrated a
special multicrystal birefringent pulse shaper in the laser
at PITZ, this system can produce UV pulses of various
shapes (see annual report 2009). Tuning the shape of
these pulses appropriately (e.g. flattop) allows for an optimisation of the emittance of the RF photo injector of the
linac. The latter is required for extending the wavelength
of the FELs under development at DESY to shorter
wavelengths.
During 2010 we have insured stable operation of the laser at PITZ with various pulse shapes. This was a precondition for successful measurements at PITZ which
allowed for a further development of the photo injectors
for the FLASH FEL and the upcoming European XFEL
at DESY.
For the laser installed at PITZ we have developed a new
highly-stable femtosecond laser oscillator. The development of the new laser oscillator is a significant step forward, since similar oscillators can be applied at FLASH,
HZB, FZD and at various lasers at the MBI. The oscillator
(Fig. 5, left) is modelocked by a saturable absorber mirror, GVD (group velocity dispersion) in the resonator is
compensated by means of GTI mirrors (Layertec GmbH
Mellingen). These GTIs lead to a much more compact
and stable setup compared to the standard system consisting of two dispersive prisms.

tion of the laser oscillator to an electronic RF clock. Synchronisation of the oscillator is achieved by a feedback
loop that controls the resonator length appropriately in
dependence on the temporal position of the laser pulses
with regard to the RF of the linac.
The present synchronisation system achieves a high accuracy by means of the following two-step procedure:
First, the laser oscillator is synchronized to an RF signal
that has a frequency equal to the round trip frequency of
the oscillator (54.166 MHz). As soon as the system has
achieved stable synchronisation, the electronic control
system switches the reference frequency to 1300 MHz,
the 24-th harmonics of the round trip frequency of the
oscillator. This means that the oscillator is than synchronized to a 24 times higher frequency, leading to an appropriate enhancement of the synchronisation accuracy.
The described control of the laser oscillator and its synchronisation requires an appropriate control computer.
The control program running on this computer is based
on a so-called Hierarchical Finite State Mashine (HFSM)
in order to realize in software the various operational
states passed by the oscillator. The Fig. 5 (right) shows
the graphical user interface of the oscillator control system. In the left side of the GUI one can find the various
states of the HFSM, while the right side contains two displays presenting the beat signals of the phase detectors
of the laser with the two reference clock signals of 54.16
and 1300 MHz frequency.
At present, the accuracy of the synchronisation to an external RF clock amounts to ~30 fs jitter (rms), the longterm drift of the system is less than 1 ps.

Fig. 5:

Left: Scheme of the highly-stable laser oscillator and its synchronisation system; right: Graphical use interface (GUI) of
the developed oscillator and its synchronisation loop, displaying the status of the oscillator as well as the beat note of the
oscillator against the two reference frequencies.

Since the stability of the laser oscillator used in our photocathode lasers was previously decreased by noise of
the pump diodes, in the new setup we used highly-stable
pump diodes with an accuracy of the temperature control
of 0.02 K. Thus the oscillators of the new setup reach an
amplitude stability of 0.04% (rms), which was measured
with a high-resolution spectrum analyser. This high amplitude stability is a prerequisite for precise synchronisa-
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Based on the new scheme, we have built laser oscillators with various wavelengths using the laser materials
Yb:YAG (λ = 1030 nm), Yb:KGW (λ = 1030...1039 nm)
and Nd:Glass (λ = 1053 nm). Several oscillators of the
new type were built and installed in the photoinjector
drive lasers at PITZ and HZB (see project 4-1). In addition, this oscillator type is being used at two experimental
laser systems at the MBI. In future, we intend to use this

type of oscillator with its sophisticated synchronisation
scheme in the development of few-cycle OPCPA systems. They will allow for a precise and reliable synchronisation of the ultrashort-pulse seed oscillators with the
pump laser of the OPA amplifiers.
High Field Ti:Sapphire Laser
The high temporal contrast front end for the High Field
Ti:Sapphire laser (project 4-2), that was developed in
year 2009, was optimized to reach highly reliable operation and was installed in the HFL application laboratory
to seed the Ti:Sapphire amplifiers delivered by Amplitude Technologies.

ed by AOPDF in the multipass amplifier. The ASE contrast of the 25 fs compressed pulses is estimated to be
3×109, while the measured rms energy stability is 6%. The
pulses were then focused to the crystal of the temporal
filter with the mirror M6 (f=2.5m) again. The perpendicularly polarized beam after the XPW crystal is separated
in two steps. First, two broadband dielectric polarizers
remove the major part of the unconverted energy. This
allows reducing parasitic scattering in the material of the
second polarizer. After that the pulse passes the Glanlaser prism.Issues of XPW filter have been thoroughly
investigated. Besides various cuts of the commonly used
BaF2 crystal, we have also studied the least hygroscopic
CaF2 crystals. The comparative results shown in Fig. 7
can be summarized as follows. It was possible to exceed
the efficiency of 14 % with the use of both single crystals, but at different intensity levels. Though as a direct
consequence, the incident beam had slightly different
distributions for BaF2 and CaF2 crystals due to the different position of crystals with respect to the beam waist.
Under our experimental conditions we have found that
CaF2 is more suitable than BaF2, since the spatial mode
of the XPW beam is superior over that in BaF2. Aiming at
higher overall conversion efficiency, a temporal filter with
two crystals in tandem configuration was also studied.
The beam mode after XPW exhibits not only a core with
a Gaussian-like distribution but also a ring. The reason
of the latter is saturation of the nonlinear process neces-

Fig. 6:

Scheme of the high ASE contrast front end.

The scheme of the front end is presented in Fig. 6. The
commercial master oscillator of Femtolasers delivers 15
fs pulses at 82 MHz. They are stretched in a prism based
stretcher to 7ps, exhibiting minimum losses required for
low ASE level. Followed by a pulse picker at 10Hz, the
pulses are sent to the cavity of a home designed, astigmatically corrected multipass amplifier pumped by 9 mJ
pulses of a frequency doubled Nd:YAG laser (ULTRA).
The cavity has a double-confocal ring configuration (mirrors CM1-CM4) that allows for a large mode volume and
good output beam profile required for efficient temporal
filtering. After the first five passes the beam is ejected
out of the cavity and passes through an acousto-optical
programmable filter (AOPDF) and a Pockels cell. The
AOPDF allows for partial compensation of the gain narrowing via spectral shaping, and also for correction of
high order dispersion. The pulses are then injected again
into the cavity and experience four additional passes in
the cavity. At this point the intensity in the active medium
reaches the value sufficient to generate a substantial
nonlinear phase. In order to avoid this, before the last
pass the beam passes through the lens L1, allowing to
triple the beam size in the Ti:Sapphire crystal during the
last pass. The output energy of the exit pulses reaches
1.2 mJ while their bandwidth counts for 50 nm.
The pulse compression and temporal filtering takes place
in a vacuum chamber. The beam first passes through a
polarizer then it is expanded to 25 mm by a telescope
(M5, M6). A block of SF6 (optical path of 200 mm) and a
set of chirped mirrors in 16 bounces compress the pulse.
The residual high order dispersion terms are compensat-

Fig. 7:

Dependence of XPW output energy and efficiency on
incident intensity for BaF2 and CaF2 crystals.

sary to reach high conversion efficiency. With the use
of the second crystal the total efficiency increased, but
the most of the energy surplus deposited mostly in the
ring, rather than in the core. Thus, for our application this
scheme did not have any practical advantage.
The spectral intensity of the XPW signal, however,
benefits from saturation. Until the level of 5 % of efficiency,
the energy of the XPW signal increases around the
central wavelength of incident beam (800nm), giving
rise to broadening of the spectrum. For higher efficiency,
the spectral intensity grows mainly on the wings of the
spectrum, so that the pulse bandwidth can be easily
doubled (100 nm) experiencing a slight blue shift of the
spectrum.
It is worth noting that surfaces of both crystals degrade
in time. This degradation resembled us carbonization of
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the diffraction gratings in a vacuum compressor. Thus,
the crystals have been mounted on a three axis mount
allowing scanning the surface of the crystal. In addition,
a plasma discharge cleaning system was also installed
in the XPW vacuum chamber.
As a consequence of the study on crystal materials and
saturation processes, for the daily use of the installation
we have chosen a single CaF2 [011] crystal and limited
the XPW efficiency to 7 %. This provides a reasonable
beam mode, a bandwidth of 80 nm, a stability of 6% and
survival of the crystal. Because of a low energy of the
XPW signal the temporal contrast (estimated as >1013)
was measured after passing the power amplifiers and
recompression, at 100 TW power. The generated 70 µJ
XPW beam was split into two to seed the two arms of the
power amplifiers of the High Field Ti:Sapphire laser. The
temporal contrast was measured after the amplifier chain
supplied by Amplitude Technologies. The scheme of this
power amplifier implements a regenerative amplifier that
limits the ASE contrast. This is confirmed by the fact
that the ASE level at the output of the laser drops with
increasing the seed XPW energy. With our front end
we have reached the ASE temporal contrast of 5.1010,
recompressed pulse duration < 25 fs at the power level
of 100 TW.
UP3: High repetition rate CPA thin disk laser system
of the Joule class
An all diode pumped Yb:YAG CPA laser system based
on thin disk technology is under construction. The system consists of a front-end based on Yb:KGW and an
Yb:YAG thin disk amplifier chain. The oscillator pulses
are stretched from 150 fs to 2 ns and amplified to a pulse
energy of 1 mJ. As a requirement for pumping an X-ray
laser, the beam is split into two arms. Inside a regenerative amplifier the pulse energy is amplified up to 0.3 J.
For the amplification to high energy two multipass amplifiers are required. A pulse energy up to 1 J is expected.
All amplifier chains are based on the thin disk technology. Fig. 8 shows the setup of the laser system.
In the current state of development, the maximum pulse
energy of a regenerative amplifier exceeds 0.3 J at
150 Hz repetition rate. The following multipass amplifier
amplified the pulse to nearly 0.5 J. Fig. 9 shows the output pulse energy of the multipass amplifier versus the
seed delivered from the regenerative amplifier and the
output stability at an energy of more than 0.4 J (Fig. 10).

Fig. 8:

The key element of all amplifiers is the Yb:YAG thin disk
mounted on a cooling finger that guarantees efficient
cooling and a low thermal lens effect. At present, we
use cooling finger and Yb:YAG disks manufactured by
TRUMPF GmbH. However, larger disks are required in
order to increase the output energy above 0.5 J. Since
these disks are not commercially available at present,
the manufacturing of disks with a diameter of 25 mm is
currently under development at the MBI. Special attention has to be paid to a very good thermal contact to the
heat sink and a reproducable spherical shape of the disk,
since it is also used as one end mirror in the amplifier.

Fig. 9:

Multipass amplifier: Output pulse energy vs. seed
pulse energy. Nearly 0.5 J could be extracted.

The diodes for pumping the amplifier are manufactured
at the Ferdinand Braun Institute (FBH). Each diode stack
presently delivers 1 kW peak power from a fibre at 10%
duty cycle. A new generation of diodes with an duty cycle
to 20% and the output peak power of 1.9 kW is currently
under development. These new diodes will allows for a
repetition rate of 200 Hz and a simplified pump geometry, due to the larger output energy per diode stack.
In order to make the know how developed in this project
available to other partners, a new cooperation with the
Institut de la Lumière Extrême (ILE) has been started. In
the framework of this cooperation, the MBI will provide a
high-energy regenerative amplifier with an output pulse
energy of 0.2 J at 100 Hz repetition rate. This laser amplifier will be installed in the ILE labs in Paris. In contrast
to the present thin disk lasers at the MBI, the ILE laser is
not pumped by fiber-coupled diodes anymore. This disk
is pumped directly by diode stacks which are mounted
close to the thin disk. These diodes are integrated in an
optical setup especially designed for pumping disk laser
by Trumpf Laser GmbH.

Setup of the thin disk laser, consisting of front-end, thin-disk amplifier chain, and compressor.
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An additional part of the project was the modification
of a commercial thin disk laser amplifier produced by
TRUMPF GmbH. This regenerative amplifier was needed for driving a plasma based XUV source. The required
parameters were 1 ns pulse length and 0.2 J output energy at 100 Hz repetition rate. The TRUMPF system was
initially seeded by a laser diode producing 10 ns pulses.
With this pulse duration, the amplifier produced pulses
of up to 0.3 J energy. In order to reduce the pulse duration, we used an improved laser diode that provides
1ns output pulses. After integrating this new seed diode
in the TRUMPF set-up, the system produces pulses of
1.1 ns duration with up to 0.25 J energy at 100 Hz repetition rate. The energy stability amounts to 2%, measured
during a time period of one hour. The modified laser system (laser and plasma source) is now the primary laser
source of the Berlin Laboratory for innovative X-ray technologies (BliX). In September 2010, the complete system was transferred to the BLiX laboratories.
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2-01: Laser Plasma Dynamics
M. Schnürer and H. Stiel (project coordinators)
and F. Abicht, A. A. Andreev (also at Vavilov State Optical Institute, St. Petersburg, Russia) , J. Bränzel, P. V. Nickles
(part time until May 2010, now at APRI, Korea), C. Pratsch, S. Steinke, J. Tümmler

1. Overview
The project is concerned with highly ionized dense plasmas produced by intense, short pulse laser irradiation. It
has two major objectives which are pursued in separate
subprojects:
a) The part on relativistic plasma dynamics focuses on
the investigation of laser driven ion/proton acceleration. The primary goal is the detailed study of energy
transfer processes in relativistic plasmas which are accompanied by strong unidirectional forces. These forces
can account for laser acceleration of charged particles.
The main objective is the optimization and exploration
of different regimes of the laser acceleration process.
The method of “proton imaging” is a main diagnostic tool
for these investigations Herein a proton beam, generated by one laser, probes time resolved field structures
and dynamics in a plasma generated by a second laser.
Hence, laser acceleration of protons acts both as a tool
and a subject of investigation itself.
MBI is part of the national DFG TRANSREGIO TR18
collaboration, comprising the major German laboratories in the field of relativistic plasma dynamics. There, laser driven ion acceleration is being studied over a wide
range of laser parameters, with applications in plasma
physics, astrophysics, and nuclear physics.
Within the second period of TR 18 (started in July 2008)
a new 2 beam 100 / 30 TW Ti:Sapphire laser facility has been set up in 2010. This system will provide
the experimental base for novel particle acceleration
and short wavelength radiation experiments. First proton imaging probe experiments had been successfully
realized by synchronizing an TW-Nd:glass and a TWTi:Sapphire laser and later with splitted beams of the
30 TW laser. The new 2-beam laser facility operating at
10 Hz repetition rate will enable more complex pumpprobe experiments than before. The achievable higher
intensities of the order of 1020 W/cm2 allow to investigate
more in detail radiation pressure dominated processes.
New target systems, as e.g. mass-limited targets and
ultra-thin foil targets, come into the focus of ion acceleration research because of higher energy transfer efficiency. The production of quasi “mono-energetic” ion
beams already demonstrated at MBI is important for the
further advancement of the field. New results concerning quasi-monoenergetic proton acceleration could be
achieved with a spray-target. This system, developed
and patented at MBI, was and will be a specific topic
in Laserlab access campaigns. Major breakthrough has
been achieved with ultra-thin diamond like foils (DLC).
The combination of two key technologies – temporal
pulse cleaning (contrast improvement) with an improved
plasma mirror at MBI and production of only nanometer

thick DLC-targets at MPQ/LMU (our cooperation partner
in TR18) - has brought significant advance in ion beam
generation. During 2010 the complete experimental infrastructure (cf. 4-22) has been reconstructed and reorganized. First experiments with the 30 TW-laser started
in December 2010.
b) The second subproject is concerned with the development of a table-top “X-ray laser” as an user station,
operating in the EUV-region between 13 and 20 nm.
This system can be applied in user experiments in material sciences, imaging, spectroscopy and laser plasma
diagnostics. The main focus is currently directed on applications in coherent diffraction imaging (in cooperation
with TU Berlin).
With grazing-incidence pumping (GRIP) scheme, demonstrated at MBI in 2005, a major step forward to high
repetition rate table-top XRL was done. Using GRIP a
pump-energy level as low as 1 J was demonstrated for
a saturated XRL operation. The next step to be taken in
the development of table-top XRL´s in this wavelength
regime is to enhance the repetition rate and the stability. Up to now the repetition rate of an XRL in a GRIP
scheme is limited by the repetition rate of the Ti:Sa
pump laser. To overcome this situation a dedicated high
repetition rate XRL pumping laser has been developed
(cp. Project 1-02). This concept is based on a fully diode
pumped solid state laser (DPSSL) using thin Yb:YAG
disks as active material and efficient pulsed diode stacks
allowing repetition rates up to 100 Hz. According to the
GRIP arrangement the thin disk laser driver provides
two different amplifier chains allowing to optimize both
pulse duration and energy for the preheating (~ 200 ps
pulse duration and up to 200 mJ energy) and the heating pulse (~ 5 ps up to 700 mJ). For the XRL plasma a
water cooled tape target (Mo, Ag tapes) for high repetition rate operation has been developed and tested.

2. Subprojects and collaborations
UP1: Investigation of relativistic laser plasmas with
MeV-proton beam imaging
Collaborations: Univ. Düsseldorf, Univ. Jena, LMU
München, MPQ Garching: Joint projects within the
national TRANSREGIO TR 18, project supported
by the DFG;   Dr. T. Nakamura, ILE Osaka, Japan;
Prof. V. Tikhonchuk, CELIA, Université Bordeaux 1,
France,; Prof. H. Ruhl, LMU München, plasma theory;
Dr. S. Ter-Avetisyan, Queen’s University Belfast, UK,
experiment; Prof. P. V. Nickles, APRI, Gwangju/Korea.
In-house-collaborations with projects 1-02, 2-02, 3-04,
4-22.

51

UP2: Coherent XUV-radiation from laser plasmas (Xray lasers) and its optimization for applications
Collaborations: Prof. K. Janulewicz, APRI, Gwangju/
Korea, Coherent short pulse X-ray source for application experiments in nanotechnology; Prof. S. Eisebitt, TU Berlin, Coherent diffraction imaging; Dr. T.
Kawachi, X-ray Laser research group JAEA, Nara,
Japan, Coherence and polarization of X-ray lasers.
In-house-collaborations with projects 1-02, 3-04.

3. Results in 2010
Mass-limited targets (e.g. micro-droplets or ultra-thin
foils) are in the focus of relativistic plasma dynamics
experiments since several theoretical studies have predicted a very effective transfer of laser- to kinetic energy
of an ion bunch. At present ion bunches are accelerated
by lasers up to several percent of the speed of light.
Ultra-thin diamond-like carbon foils
A fascinating scenario in high field physics is given if
the whole electron ensemble of an object can interact
collectively with the electromagnetic field of the laser
pulse. Up to now this has been studied mainly for atomic
clusters. In case of foil targets a specific limitation is the
thickness. In order to approach the ultimate limit – a longitudinal foil extension of a few atom layers only – the
driving laser pulse must exhibit a steep rising edge in
its temporal pulse shape. This avoids disintegration of
the target foil prior to the interaction with the peak of the
pulse. In this scenario, the target interacts with the EMfield of the focussed laser pulse as an ensemble along
its whole depth (thickness). Since the interaction length
is determined by the collisionless skin depth of only a
few nanometers the target thickness has to be adapted.
Another prerequisite of such experiments are robust
and homogeneous targets. In joint experiments thin
diamond-like carbon (DLC) foils were used which have
been provided by our TR18 collaboration partners from
MPQ and LMU in Garching. In order to facilitate high
intensity laser pulses with a temporal contrast between
peak and ASE-level of about 12 orders of magnitude
combined with a steep rising edge the use of a double
plasma mirror is essential.
The conversion ratio (efficiency) of laser energy into the
kinetic energy of ions is not only a relevant parameter
for possible application experiments. It also shows that
it is possible to access different regimes of laser plasma
interaction when comparing to theoretically predicted
values of the conversion efficiency (CE). The CE-values
(cf. Fig. 1) were calculated by numerically convoluting
an energy dependent divergence of the accelerated ion
beam with the initially measured spectra. These values
(cf. inset in Fig. 1) were extracted from PIC simulation
and supported by experimentally obtained proton beam
profiles using a stack of radiochromic film (RCF) layers.
The dependence of the CE on the target thickness is
showing analogous characteristics as the maximum kinetic energies of the ions [cf. SHS10]. A sudden rise
is observed when the target thickness is below the col-
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Fig. 1:

Calculated conversion efficiency for protons and C6+
ions as a function of the target thickness, based on
energy dependent divergence angle of the ion beam.
The derived values from experimental data are in good
agreement with those obtained from PIC simulations.

lisionless skin depth of the laser radiation and hence,
the laser transparency regime is entered. At the optimum foil thickness of about 5 nm the CE reaches 10.5%
for C6+ and 1.6% for protons. The CE drops down to
below 1% when the target thickness reaches the Target Normal Sheath Acceleration (TNSA) regime. The
CE-values for the carbon ions manifest a new record
which is another strong indication that the whole part of
the irradiated foil takes part in the acceleration process.
Model of hybrid ion acceleration with ultrathin composite
foils
The results of our studies and other work have shown
that at relativistic laser intensities the radiation pressure of the incident laser pulse has a significant influence onto the ion acceleration. Also, high intensity
laser-matter interaction leads necessarily to ionization
and electron heating. This causes the acceleration of
a significant number of target ions by hot electrons and
therefore changes the ion distribution. Therefore a refined description of ion acceleration in the laser radiation-pressure regime has been elaborated (ASS10).
The combined effects of hot electron and light-pressure
phenomena are used to qualitatively and quantitatively
describe most recent experimental results in this regime. As stated previously we found that a change in
the laser – target interaction occurs if a thin target starts
to become transparent for the laser pulse. Therefore the
central part of the developed model is devoted to the
calculation of nonlinear laser light reflection and transmission properties, as well as to the spectral characterization of the laser light after interaction.
In the ion acceleration experiments the transmitted laser
pulse was registered with a 12-bit optical grating spectrometer, and the focus on the target was imaged to a
16-bit charge coupling device (CCD) camera using the
back-reflected laser pulse from the target. First of all this
monitors the interaction of the main laser pulse with an
intact targets, and secondly permits a measure of the
relative reflectivity as shown in Fig. 2.

Other schemes have been proposed that generate ions
at much higher efficiencies but target and laser parameter are very demanding. It is necessary to explore various approaches in order to test theoretical predictions
for quasimonoenergetic ion acceleration in different laser parameter ranges.
In experiments we could produce narrow band proton
bursts at energies of (1.6+/-0.08 MeV) when a water
spray consisting of 150 nm-diameter droplets was irradiated by an ultrashort laser pulse of about 45 fs duration
and at an intensity of 5 x 1019 W/cm2. Detected proton
emission is depicted in Fig. 3.
Fig. 2:

Relative reflectivity for different target thicknesses and
laser polarization compared to a developed analytical
model.

The results are explained by a Coulomb explosion of
sub-laser-wavelength droplets composed of two ion
species [RMB10]. The laser prepulse plays an important role. By pre-evaporation of the droplets, its diameter
is reduced so that the main pulse can interact with a
smaller droplet, and this remaining bulk can be ionized
to high states. In the case of water, the mixture of quite
differently charged ions establishes an “iso-Coulombpotential” during the droplet explosion such that protons
are accelerated to a peak energy with a narrow energy
spread. The model (dashed lines in Fig. 3 represent
calculations for different size parameter) explains this
crucial point, which differs critically from usual Coulomb explosion or ion sheath acceleration mechanisms.
Subproject X-ray laser

Fig. 3:

Proton energy spectra obtained by the experiment
(the solid circles are raw data and the solid curve
represents a spline-fit) A distinct peak at 1.6 MeV
has been observed. Dashed curves are simulations
for different droplet sizes.

The error bars represent the average fluctuation of all
shots. The reflectivity exhibits no dependence on the
target thickness for either linear or circular polarization,
as expected by the analytical model. The fraction of the
reflected laser pulse using circular polarization exceeds
the values for linear polarization by a factor of 2. In order
to proof the model especially for thicknesses below 5 nm
the statistic of the experiment has to be improved.

Within the subproject “X-ray laser” the work concentrated on commissioning of the XRL user (Fig. 5). In 2010
all hardware and diagnostics were installed and the first
test shots were taken. The tape target system has been
tested successfully. The main effort is to optimize the thin
disk laser output energy as the pump laser for the XRL
(cf. project 1-02). Currently this system delivers about
120 mJ in the long pulse (200 ps pulse duration) and
about 150 mJ in the short pulse (< 5 ps pulse duration)
not allowing a saturated operation regime. Depending
on the progress in thin disk laser development a saturated operation regime is expected during the year 2011.
The expected XRL output is in the order of few hundred
nJ in < 5 ps pulses according to a photon flux of > 1011
ph/s at 18.9 nm (Mo target) in a bandwidth < 10-4.

Quasimonoenergetic proton burst from a water spray
target
A narrow distribution of kinetic energies in ion beams is
a prerequisite of several applications. Different schemes
and techniques to produce quasimonoenergetic ion
beams have been reported so far. Still the overall results
are modest and robust solutions are hardly seen. Collimation and monochromatization of laser-accelerated
proton bursts with a broad energy spectrum have been
demonstrated but this has been generally achieved
at the cost of a reduced particle number in the beam.

Fig. 4:

XRL user station. The two laser pulses are delivered
from the 100 Hz Thin Disk laser system developed in
project 1-02.
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For application of the XRL user station in imaging and
spectroscopy experiments besides a stable output energy a well characterized beam is crucial. Mainly coherence and polarization of the XRL output are key issues in
coherent diffraction imaging experiments. To understand
and optimize the coherence and polarization behavior of
the XRL in a GRIP regime a collaboration with JAEA (Nara,
Japan) has been started and a collaboration with APRI
(Gwangju, South Korea) supported by a bilateral German Korean collaboration program is being continued.
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ASS10: A. A. Andreev et al.; Phys. Plasmas 17 (2010)
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2-02: Ionization Dynamics in Intense Laser Fields
W. Becker, U. Eichmann, H. Rottke (project coordinators)
and S. Eilzer, H. Geiseler, D. B. Milošević, T. Nubbemeyer, H. R. Reiss, A. von Veltheim, H. Zimmermann
O. Smirnova (project coordinator, junior theory group)
and I. Barth, A. Harvey, F. Morales Moreno, M. Richter, Z. Walters

1. Overview
The general objective of this project is to understand the
connection between electron-electron correlation and
dynamics in the interaction of strong laser fields with
isolated particles (ions, atoms, molecules). The prevailing experimental method is detailed fragment spectroscopy in order to explore the limits of existing theoretical models. Specifically, this includes the influence of
molecular structure on multi-electron dynamics, the yet
unexplored transition regime between multi-photon and
single photon double ionization, the electron dynamics
on the single- and sub-single-optical cycle time scale as
well as multiple ionization of atoms and ions at relativistic light intensities. Tools to realise these objectives are
few-cycle pulses with stabilized and adjustable carrierenvelope phase, ultra-short high-order harmonic light
pulses, relativistic laser intensities, and ionic trapped
targets. The experimental work is accompanied and
augmented by theory.
One of the main “house specialties” of the junior theory
group is the new spectroscopic method – high harmonic
spectroscopy of multielectron dynamics in molecules.
Both structural and dynamical information about a molecule are present in high harmonic spectra - disentangling them is one of the key challenges. We have made
substantial progress in this direction in 2010 by extending high harmonic spectroscopy to mid-infrared laser
drivers. Our joint theoretical and experimental work has
revealed and identified the interplay between structural
and dynamical interferences responsible for unusual
variations in the harmonic spectra. It has shown how
recording broad harmonic spectra across the full region
of structure-related minimum for a range of laser intensities provides the window into recording attosecond multielectron dynamics, while revealing the structural features.

In-house collaboration with project 2-01 and with the
HFL and femtosecond application laboratories, N. Zhavoronkov, G. Steinmeyer.		

3. Results in 2010
Validity of the strong-field approximation for abovethreshold ionization and detachment		
Above-threshold ionization (ATI) of an atom [or abovethreshold detachment (ATD) of a negative ion] by an intense laser field arguably is the most basic strong-field
process. In the laboratory, it can be studied under conditions that are equivalent to a single-atom experiment,
which makes it an ideal testing ground for a comparison
with theory. The most commonly used theory, aside from
numerical solution of the time-dependent Schrödinger
equation, is the so-called strong-field approximation
(SFA), which can be evaluated almost analytically, via
a simple quadrature. Its defining approximation is the
neglect of the action of the binding potential on the liberated electron. This is expected to be less consequential
for ATD of negative ions where this interaction is of short
range than for ATI of atoms where it is the Coulomb interaction.

2. Collaborations
Collaborations: G. G. Paulus (Friedrich Schiller
Univ., Jena), A. Huetz (Univ. Paris-Sud, France), D.
B. Milošević (University of Sarajevo, Bosnia-Herzegovina, Volkswagen Stiftung-supported project), C.
Faria (City College London, UK), D. F. Zaretsky, S.
V. Fomichev (Kurchatov Institute, Moscow, Russia,
DFG-supported project), S. P. Goreslavski, S. V. Popruzhenko (Moscow Engineering Physics Institute, Russia, DFG-supported project), A. Saenz (HU Berlin), V.
I. Usachenko (Institute of Applied Laser Physics Tashkent, Uzbekistan), 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).

Fig. 1:

Angle-resolved momentum distribution of photoelectrons detached from Br - by a laser field of 1300 nm
wavelength and 6.5 x 1013 Wcm-2 intensity. The upper
part (o°<q<270°) represents the experimental results
of the Freiburg group, the lower part (-270°<q<0°) the
theoretical simulation (from [GMB10]).

We have applied the SFA to the ionization of Br- and F[GMB10]. A recent experiment by Kiyan et al. (Freiburg)
was the first clearly to observe the rescattering plateau
in negative ions. The intensity applied was much higher
than the saturation intensity for Br-; hence the simulation
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had to take into account depletion of the negative-ion
target, in addition to focal averaging. Fig. 1 exhibits a
comparison of the experimental and theoretical angleresolved spectra. Agreement is excellent on the logarithmic scale, for the entire energy region. The same
holds true for F- (not shown).
Not surprisingly, a corresponding state-of-the-art comparison for ATI of the rare-gas atoms Xe, Ar, Kr, and Ne
came out less favorably [MBO10] (not shown). However, the so-called intensity-dependent enhancements
of groups of ATI peaks, which dominate the observed
spectrum both along and off the laser-polarization axis,
were well reproduced by the theory. The experimental data were from the group of K. Ueda (Sendai). The
theory included focal averaging, ground-state depletion,
and the so-called low-frequency approximation [MCF10]
for an improved description of the respective atom.
Foundations of strong-field physics
Most laboratory experience with strong-field nonperturbative phenomena relates to a wavelength domain in
the general vicinity of one micrometer. Within that domain, theoretical methods have largely been based on
the use of the so-called “length gauge”, where the basic
interaction Hamiltonian is of the form r×E(t), where E(t)
is the electric field of the laser expressed within the dipole approximation. That is, laser fields are represented
by a scalar potential, in contrast to the “velocity gauge”
where a vector potential is used to describe the laser
field. It has also been found useful to employ a single
scaling parameter γK, known as the Keldysh parameter.
Recent theoretical work [Rei09c, Rei10b] places much
of this conventional understanding in question.
In a general context, lasers produce transverse planewave fields that are fundamentally vector in nature. The
length gauge has been shown to be limited at high frequencies by failure of the dipole approximation, and at
low frequencies by the onset of magnetic field effects
that cannot be represented by a simple scalar potential [Rei08b, Rei09b]. Strong laser fields are beginning
to become available at a range of frequencies that are
now approaching the conditions where magnetic fields
are important. An immediate consequence of this approaching failure is the realization that a continuation of
length-gauge concepts towards a zero-frequency “tunneling limit” is not, in fact, possible to achieve with lasers
in view of the onset of magnetic field effects. The demonstration of this limit impacts on a number of programs
planned at other laboratories to use lasers to explore
this non-existent tunneling limit.
Another consequence of the exploration of the fundamentals of strong fields is the recent revelation that
the Keldysh parameter takes on a qualitatively different character outside the heretofore customary range
of its application [Rei10a]. The γK parameter loses all
of the meaning previously assigned to it as designating
a putative “tunneling domain” when γK < 1, and a socalled “multiphoton domain” where γK > 1. Outside the
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conventional range of frequencies and intensities, two
independent parameters are required for scaling, and
the concepts of tunneling and multiphoton domains vanish altogether.
Interference in the photoelectron spectra after strong
field ionization of noble gas dimers
Noble gas dimers are bound by weak polarization forces
at a substantially larger internuclear separation than ordinary molecules are. This gives rise to a localization
of the electrons at the two atomic centers. Photoionization of these species in a high intensity laser pulse is
expected to proceed in a different way than strong field
ionization of strongly bound molecules with delocalized
valence electrons. Through single ionization in a high intensity, ultra-short, infrared laser pulse an electron may
either be removed from one or the other atomic center
through electric field ionization. The indistinguishability
of these two ionization pathways is expected to give rise
to interference phenomena in the photoelectron momentum distribution, similar to two slit interference.
We systematically investigated strong field ionization
of the noble gas dimers Ne2, Ar2, Kr2, and Xe2 [Man10].
Their large internuclear separation between ~7 au and
~8 au allows the detection of two-center interference
phenomena in the photoelectron momentum distributions. Revealing interference structures is facilitated by
the possibility to directly compare dimer photoelectron
spectra with the monomer spectra. Both species have
practically the same ionization potentials. Therefore
electric field ionization of the individual atomic constituents of the dimer is expected to proceed in a similar way
as field ionization of the corresponding monomer. The
main difference in the photoelectron momentum distributions is thus expected to be due to interference phenomena in the dimer case.

Fig. 2:

Momentum distribution of the photoelectrons from
strong field ionization of Ar atoms (upper part) and Ar2
dimers (lower part) plotted in cylindrical coordinates.
The direction of polarization of the laser beam points
along the pz-axis. The light in-tensity used was 3.2 x
1014 W/cm2 (wavelength: 780 nm, pulse width: 20 fsec).

As an example Fig. 2 shows the photoelectron momentum distributions when we ionize Ar atoms (upper part)

and Ar2 dimers (lower part) with infrared laser pulses (λ
= 780 nm, pulse width: 20 fsec, linear polarization) at a
light intensity of 3.2 x 1014 W/cm2. The presentation of
the spectra in cylindrical coordinates (pr, pz) takes the
axial symmetry of the system with respect to the laser
beam’s direction of polarization into account. The possible effect of interference phenomena on the dimer
photoelectron momentum distribution is most easily revealed by pointwise division of the photoelectron yields
in both spectra
. A cut through this spectrum at pr = 0.1 au along the pz-axis is shown in Fig.
3. It opens a quantitative view on the difference of the
dimer and monomer photoelectron momentum distributions. If interference due to the possible emission of the
photoelectron from the two atomic centres of the dimer
causes a difference it is most pronounced close to zero
momentum since we are ionizing dimers with their internuclear axis aligned at random with respect to the direction of polarization of the laser beam. As can be seen
in Fig. 3 the ratio of the yield of photoelectrons actually
changes with pz in a pronounced way. A narrow maximum at pz = 0 appears superimposed on a more smooth
variation of the yield ratio with pz.

Fig. 3:

A cut through the electron yield ratio distribution
MAr2 ( p )/MAr ( p ), calculated from the Ar and Ar2 photoelectron momentum distributions in Fig. 3 along the
pz-axis for a transverse momentum pr = 0.1 au.

In the simplest case, if matter waves are emitted from
two centres separated by the vector , one would expect to observe as a signature of interference on the
particle (here electron) detector a yield that depends
on the particle momentum
via
, provided the
waves are emitted in phase. If is aligned at random
via cos(Rp)/Rp,
the yield would only depend on
i. e. a damped periodic dependence on p with a period
that is set by the separation R of the emission centres.
Provided this simplest case applies to our dimer ionization we would expect the yield ratio in Fig. 4 varies
according to cos(Rp)/Rp. Due to the internal structure of
the dimer ion formed, that is similar to all dimers investigated, the behaviour is actually more involved [Man10].
The full line in Fig. 3 is a fit to the experimental yield
ratio spectrum assuming only two-centre interference
is responsible for the difference of the Ar and Ar2 photoelectron momentum distributions, however, with the
dimer ion specific characteristics beyond the basic interference model, we outlined above, included. The

calculated curve shows that the model the fit is based
on is, in large parts, able to account for the observed
dependence of the yield ratio on the momentum component pz. The main deviation is located near pz = 0. The
narrow peak there, which is even more pronounced for
a cut through the electron yield ratio at pr = 0, cannot be
explained by an interference phenomenon.
The effect of interference is found to be present more or
less pronounced for all dimers we investigated. Similarly, also the narrow maximum in the yield ratio at p = 0 is
common to all dimers. The physics behind this yield ratio
maximum is still not finally understood and under further
investigation. Possible explanations are autoionization
of dimer Rydberg states that are populated by frustrated
tunnel ionization after the laser pulse is gone, or, laser
driven electron dynamics in the open shell dimer ion that
would modify preferentially the yield distribution for slow
photoelectrons in momentum space.
Extending high harmonic spectroscopy of molecular
structure and dynamics to mid-IR
High harmonic generation (HHG) spectroscopy is a new
tool for measuring molecular structure and dynamics, including sub-femtosecond rearrangements of nuclei and
electrons. This spectroscopy relies upon measuring the
broad spectrum of coherent radiation emitted by molecules aligned in space, when interacting with intense
laser fields. To fully exploit HHG spectroscopy, one has
to be able to: (1) extend the method of molecular HHG
spectroscopy to a wide range of molecules and harmonic photon energies, and (2) distinguish and characterize structural and dynamic effects in the measurement.
While the dominant features in the HHG spectrum are
often characteristic of ionization from the HOMO, the involvement of electrons from lower lying orbitals in HHG
process give rise to attosecond multi-electron dynamics
which are also manifested in the HHG spectra. Interference minima in the HOMO response therefore provide
a useful window for accentuating the contributions of
lower orbitals. In the work published in Refs. [TSB10a,
TSB10b] we show that recording all harmonics within
this window for a range of laser field intensities provides
a method for time-resolved measurement of attosecond
multi-electron dynamics and for disentangling structural
and dynamical contributions to the HHG spectra.
The key picture for understanding high harmonic generation is the three-step model consisting of: (i) tunnel
ionisation of a molecule, (ii) acceleration of the electron in the laser field, and (iii) recombination of the high
energy electrons with the parent ion. The well-defined
mapping of the time-delay between ionization and recombination onto the energy of the emitted harmonic
allows one to obtain dynamical information on ultrafast
structural rearrangements with ~100 attosecond temporal resolution. Photo-recombination between the returning electron and the hole (lack of the electron) left in
the parent ion records the instantaneous structure of the
hole wavepacket.
To record structural features arising from typical internuclear distances (in the 1 – 2 Å range), a harmonic spec-
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is very visible: the red curve is much higher
than the black one near 50-60 eV.
Fig. 4 compares spectra from aligned and
randomly oriented molecules. The minimum
is very visible: the red curve is much higher
than the black one near 50-60 eV.
Fig. 5 shows the motion of the minimum as a function
of the laser intensity (from [TSB10a]). As seen in Fig. 5,
the minimum first shifts to higher photon energies with
increasing intensity, but then jumps back to the lower
photon energies around I=1.6 x 1014 W/cm2. This clearly
indicates that the minimum cannot be associated solely
with the structure of the HOMO in CO2, in which case
it would not have moved over more than 10 eV, then
jumping back. The same effect is found in the theoretical calculations, shown with the red curve in Fig. 5
Fig. 5 shows the motion of the minimum
(second panel). The minimum shifts from lower photon
(from
as
a at
function
of the tolaser
energies
low intensities
high intensity
photon energies
at
. As 2seen
Fig.
5, the
minimum
[TSB10a]
, and in
then
jumps
back
to low harI=1.3
x 1014 )W/cm
firstenergies.
shifts toWhy
higher
photon
energies with
monic
is this
the case?
Fig. 5 shows
the
motion
of the minimum

increasing intensity, but then jumps back to
asthea lower
function
of theenergies
laser intensity
photon
around (from
I=1.6
). 2As
seenclearly
in Fig.indicates
5, the minimum
[TSB10a]
1014W/cm
. This
that the
first shifts to higher photon energies with
increasing intensity, but then jumps back to
the lower photon energies around I=1.6
1014W/cm2. This clearly indicates that the

minimum cannot be associated solely with
the structure of the HOMO in CO2, in which
case it would not have moved over more
than 10 eV, then jumping back. The same
minimum
cannotin be
solely with
effect is found
theassociated
theoretical calculations,
Fig.
5:
the
structure
of
the
HOMO
in
CO2,
which
shown with the red curve in Fig. 5in(second
Shift it
of the
minimum
inhave
high harmonic
generation
from
case
would
not
moved
over
panel). The minimum shifts from lowermore
phoCO2 10
witheV,
different
intensities
(from
[TSB10a]).
than
then
jumping
back.
The
same
ton energies at low intensities to high photon
14
2
effect
is found
the theoretical
energies
at in
I=1.3x10
W/cmcalculations,
, and then
shown
with
the
red
curve
in
Fig.
5 (second
jumps back to low harmonic energies.
Why
The
calculations
include the
contribution
of several
panel).
Thecase?
minimum
shifts
from lower
pho- ionic
is
this
the
states
– that is,atthey
thehigh
dynamics
ton energies
low incorporate
intensities to
photonof the
14
2
hole
betweenat ionization
recombination.
Quantum
energies
I=1.3x10and
W/cm
, and then
The calculations
include isthe
contribution
mechanically,
the
hole
dynamics
encoded
in
the relajumps back to low harmonic energies. Why
ofphases
severalbetween
ionic states – that is, they incorpotive
is this
the case? the different ionic states created
upon ionization. These phases also control the interference in the recombination of
4 the returning continuum
The calculations include the contribution
electron with the ion in the different states.

of several ionic states – that is, they incorpo4

Quantum mechanically, different ionic states give rise
to different recombination channels. Minima in the harmonic spectra correspond to the destructive interference of these recombination channels. For the same
harmonic energy, the interference depends on (i) the
electronic structure of the ionic states, which determine
the recombination dipoles for each channel and (ii) the
time-delay between ionization and the emission of the
particular harmonic, which controls the relative phases
between the recombination channels. The unusual motion of the minimum in the harmonic spectrum reflects
the relationship between the laser intensity and the ionization-recombination time-delay.
Minimum at Ω=48 eV at the lower intensity of
I=0.8 x 1014 W/cm2 occurs due to the destructive interference of the two important channels in HHG from CO2
aligned parallel to the laser polarization, X and B. The
first channel, X, is associated with the recombination of
the electron with the ion in the ground electronic state
X. The second channel, B, is associated with the recombination of the electron and the ion in the excited
B state. The relative phase between the two channels
is close to 5π at Ω=48eV for I=0.8 x 1014 W/cm2, leading
to their destructive interference and the minimum in the
emission spectrum. As intensity increases, so does the
energy of the returning electron. Therefore, the same
time-delay between ionization and recombination and
the same accumulated relative phase 5π corresponds to
higher energy of the emitted photon. Thus, the minimum
shifts up in energy with increasing intensity. Around
I=1.4 x 1014 W/cm2 the 5π relative phase is shifted to the
photon energies around 65-70 eV, where the recombination dipole for the X channel flips the sign. This sign
flip is due to the characteristic two-center structure of
the X-state. Thus, destructive interference changes into
constructive, and the minimum jumps back to lower energies. In the calculations, it now appears around 45 eV,
i.e. for those relatively low harmonics where the timedelay between ionization and recombination is shorter
and the phase accumulated between the X and the B
state is close to 3π, once again providing for the destructive interference.
Thus, our theoretical and experimental work has revealed and identified the interplay between structural
and dynamical interferences responsible for unusual
variations in the harmonic spectra. It has shown how
recording broad harmonic spectra across the full region of structure-related minimum for a range of laser
intensities provides the window into recording attosecond multi-electron dynamics.
Spin effects in strong field excitation of neutral atoms
Excitation and acceleration of neutral atoms in strong
laser fields in the tunnel regime have recently been
observed. It can be described by “frustrated tunneling
ionization”, a mechanism which can be derived from an
extended version of the well known three step model of
ionization. Spin processes in strong laser fields, which
are typically very weak, might be detectable using excited neutral atoms. Particularly in He, transitions from
the singlet into the triplet system can be exploited. Such

transitions are expected to take place when the spins of
the two electrons experience a gradient of the magnetic
component of the strong laser field. This process, however, is difficult to predict quantitatively.

Fig. 6:

Distribution of excited He atoms after passing a SternGerlach type filter. Deflection occurs along the y-axis.
The upper and lower pattern corresponds to the
MS=-1,+1 substates of the 1s2s 3S state, while the
undeflected middle one corresponds to the Ms=0 substates of the 1,3S metastable states. From the pattern
the singlet to triplet ratio can be determined.

To distinguish the different spin states we introduce a
spin sensitive detection scheme of the neutral excited
atoms. We recall that in our experiments a focused laser beam interacts with an effusive beam of neutral He
atoms which is directed towards a position sensitive
micro-channel plate detector. Long lived excited neutral
atoms (mainly metastable states) can be detected. We
have added a Stern-Gerlach type filter using a magnetic
field gradient along a section of the drift path of the excited neutral atoms. Fig. 6 shows the distribution of excited
He atoms after passing the inhomogeneous magnetic
field. We observe three separated distributions which
can be shown to originate from the metastable states
1s2s 1S (MS =0) and 1s2s 3S (MS =0, -1, +1). Ms is
the magnetic quantum number. The pattern in the middle shows the Ms=0 component which is unaffected by
the magnetic field, the upper and lower pattern is due to
the deflection of the MS =-1 and MS =1 substates in the
inhomogeneous magnetic field. Obviously, a transition
from the singlet to the triplet system takes place. However, a first analysis has revealed that radiative decay
processes of the initially excited atoms are responsible
for a large portion of atoms in the triplet system. To deduce direct spin-flip transitions from our experiments
we need to suppress the excitation to even low lying
Rydberg states. This can be achieved by applying high
static electric fields during the strong field excitation.
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2-03: Free Clusters and Molecules
T. Schultz, C. P. Schulz, (project coordinators)
and S. Birkner (since 08/10), F. Buchner, M. Eckstein (since (10/10), D. Kandula (since 08/10), O. Kornilov (since 08/10),
K. Kosma (until 01/10), H. T. Liu (until 06/10), A. Lübcke, J. P. Müller, C. Neidel, H.-H. Ritze, Y. Rulyk, C. Schröter,
I. Shchatsinin (until 05/10), P. Singh, N. Zhavoronkov

1. Overview

2. Subprojects and collaborations

Division A is currently moving towards the new research
direction of “Attosecond Physics”. In this context, project
2-03 has been terminated at the end of 2010. Therefore,
the experimental activities were scaled back in 2010,
while employment and scientific planning for the new
research direction were ramped up. Beginning in 2011,
the remaining activities will be folded into two new
projects with the names 2-05 “Attosecond Pump-Probe
Spectroscopy” and 3-05 “Attosecond Nano Photonics”.

UP1:
Photochemical elementary reactions in biologically relevant systems. The project is complementary
to MBI project 2-04 (Vibrational and Reaction Dynamics
in the Condensed Phase). The project was supported by
the DFG Collaborative Research Center 450: “Analysis
and control of ultrafast, photoinduced reactions”
(“Teilprojekt A4”), which has ended after 12 years in
June 2010. Ab initio calculations on the perturbation of
excited states in DNA base clusters are per-formed in
collaboration with D. Nachtigallova and P. Hobza (Prag).
Further ab initio support for isolated and microhydrated
bases stems from a collaboration with J. Gonzales and
L. Gonzales (Jena).

In this report we present the continued investigation of
photoinduced processes in molecules and molecular
clusters and the important scientific results achieved in
2010.
The study of isolated DNA bases and clusters provides insight into the energetics and dynamics of
photochemical processes. Through the combination of
experiment and high-level theory we aim for a detailed
and unambiguous assignment of photochemical and
photophysical reaction pathways. The structural complexity of biomolecular clusters, however, impedes our
ability to assign structure-specific processes. In 2010,
a new technology of correlated rotational alignment
spectroscopy (CRASY) was developed to overcome this
problem.
Pump-probe electron spectroscopy of liquid water and
solutes offers a novel approach for the very sensitive
investigation of photochemistry in the condensed state.
As compared to time-resolved absorption or emission
techniques, electron spectroscopy offers energetic data
against a well-defined energy reference (the free electron
in vacuum) and without the existence of dark states. First
experiments characterized solvated electrons formed by
charge-transfer to solvent processes for atomic ions.
In the strong field regime (up to 1016 W/cm2), electronic
and vibrational energy redistribution is investigated
within complex molecules, e.g., C60 and small model
peptides. At these intensities the electric field directly
alters the molecular potential surfaces and initiates
complex dynamics of many electrons which are
simultaneously excited. Subsequent processes lead
to multiple ionization, fragmentation and nuclear
rearrangement. By using intense laser pulses shaped
in time and phase, the photo-induced processes can
be steered towards a well defined reaction product.
This approach opens new avenues for the chemical
analyses of complex (bio)molecules. 		

UP2:
Finite systems in moderately strong laser
fields (up to 1016 W/cm2): Nonadiabatic multi-electron
dynamics and nuclear motion. Close collaboration
exists with project 2-02 (Ionization Dynamics in Intense
Laser Fields). This work was also a project of the DFG
Collaborative Research Center 450 (“Teilprojekt A2”)
until June 2010.
UP3: Electronic structure and dynamics of pure and
doped water: From clusters to liquid beams. The work
on doped and pure water clusters was also part of a
project of the DFG Collaborative Research Center
450 (“Teilprojekt A2”). For the liquid-jet time-resolved
photoelectron spectroscopy a funding proposal was
approved by the German Research Foundation
(project number LU 1638/1-1).

3. Results in 2010
UP1: Photochemical elementary reactions in biologically relevant systems
The photochemical behaviour of DNA bases in biological DNA may be due to inherent properties of the lightabsorbing chromophores (the bases), or may reflect the
effect of intermolecular interactions due to the hydrogen
bonding and π-stacking of bases.
We measured excited state dynamics and photoelectron
spectra for adenine, adenine dimer and adenine1-water
clusters using time-resolved mass spectroscopy and the
femtosecond electron-ion coincidence method (Fig. 1).
The electron spectra showed bands corresponding to
the first ionic state (π¹) at 2.37 eV and the second ionic
state (n¹) at 1.27 eV and were assigned to ππ* → π¹
and nπ* → n¹ ionization channels. The corresponding
excited state lifetimes were in the sub-picosecond to picosecond range. For adenine2-watern (n>=3) clusters, a
much longer excited state lifetime and two broad and
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diffuse photoelectron bands were observed. By comparison of the experimental spectra with ab initio theory,
the long-lived state could be assigned to excimer states
[SSR10].
The analysis of excited state properties in DNA base
clusters is greatly facilitated if the monomer properties
are well established. For isolated thymine and cytosine
this is not the case: three excited states with femtosecond, picosecond and nanosecond lifetimes are described in the literature, but theoretical models disagree
on the assignment of the states. With time-resolved
electron spectroscopy, we assigned a sequential 1ππ* →
1
nπ* → 3ππ* relaxation process for thymine (Fig. 2). This
supports our earlier predictions based on time-resolved
mass spectra (see report from year 2009).

Fig. 1:

Time-resolved mass and electron spectra of adenine
water clusters revealed distinct excited state structures
and dynamics for unsolvated and solvated base pairs.
For stacked adenine2-water3, we identified a longlived
excimer state with a characteristic electron spectrum.
This state is not observed inhydrogen-bound adenine
dimer and unhydrated or hydrated adenine monomer.

Fig. 3:
(right column): A rotational wavepacket in a cold beam
of CS2 molecules is generated via impulsive Raman
excitation of rotational states with a picosecond, 800
nm laser pulse (align pulse). The coherent wavepacket
is probed by two-photon reso-nant ionization with
a time-delayed, femtosecond 200 nm pulse (probe
pulse). Due to the transient alignment of molecular
transition dipoles, the signal intensity in mass and electron spectra is modu-lated with the time delay.

Fig. 2:
Time-resolved electron spectra of photoexcited thymine at pump-probe delays of ~0 ps, 0.5 ps and 50 ps
resolve bands due to 1ππ* → 2π, 1nπ* → 2n and 3ππ*
→ 2π ionization. The observation is in agreement with a
sequential 1ππ* → 1nπ* → 3ππ* relaxation process.
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The investigation of molecular clusters is complicated
by the presence of isotopes, tautomers and isomers.
To obtain structure-selective data, we developed correlated rotational alignment spectroscopy (CRASY),
a novel multipulse Fourier-transform spectroscopic
method. CRASY is based on the coherent excitation of
a rotational wave packet and the time-dependent probing thereof by optical excitation (Fig. 3). The rotational
coherence leads to a transient alignment of transition
dipoles for electronic pump-probe spectroscopy and
therefore modulates ionization signals with characteristic rotational frequencies. Fourier-transformation of the
time-dependent signal recovers the rotational spectrum
for every detected mass- or electron-channel and therefore delivers correlated mass-rotational and electronrotational spectra. For CS2 molecules, we demonstrated
sub-MHz resolution of rotational frequencies and a sufficient sensitivity to resolve spectra for rare isotopes with
abundances in the 10-5 range.

In collaboration with the group of Fischer (Würzburg
University), we analyzed the dynamics of the C 2A2
electronically excited state of the benzyl radical. At the
C-state origin, rapid biexponential decay of the excited
states with lifetimes of 400 fs and 4.5 ps was observed.
.

Fig. 4 shows a comparison between collision induced dissociation (CID) and fs-laser induced dissociation (fs-LID)
for a 16 amino acid peptide. One clearly recognises differences in the mass spectra. Especially, phosphate bonds
remain intact in fs-LID. The experimental data containing a wealth of information are currently being analysed.

UP2: Finite systems in moderately strong laser fields
(up to 1016 W/cm2): Nonadiabatic multi-electron dynamics and nuclear motion

UP3: Electronic structure and dynamics of pure and
doped water: From clusters to liquid beams

In 2010 the activities in this subproject concentrated
on the interaction of strong laser pulses with larger
peptides and real proteins. These experiments were
conducted in collaboration with the Linscheid group at
the chemistry department of the Humboldt University.
The collaboration gave us access to an electrospray
source connected to an ion cyclotron resonance (ICR)
mass spectrometer and therefore allows the investigation of fragmentation processes in large peptides and
proteins. After an exploratory study in 2009 with inconclusive results, an improved laser setup with better
beam steering and pointing stability led to successful fslaser induced fragmentation of large peptides in 2010.
The femtosecond laser fragmentation created unusual
fragments and allowed the observation of posttranslational modifications, such as weakly bound phosphate
groups. The fs fragmentation technique may therefore
be an attractive addition for the field of bottom-up sequencing of proteins.

Our research on water, an omnipresent but most puzzling liquid on earth, has been continued in 2010 with
the solvated electron remaining in the focus of our activities. Alkali doped water clusters are one way to study
the formation and dynamics of the solvated electron.
This research path has a long tradition in our group.
Lately, these clusters have been studied experimentally
by the two-colour pump-probe technique with sub 30 fs
pulses [LMZ10]. It was shown that the excited state lifetime strongly decreases with increasing cluster size. In
addition, the big difference in lifetime between normal
and deuterated clusters indicates that the symmetric
and/or asymmetric stretching vibration of water plays an
important role in the energy redistribution.
To follow the fast energy redistribution directly, we conducted a femtosecond electron-ion coincident experiment. Fig. 5 shows, as an example, electron spectra for
Na-(H2O)2 taken at two different delay times between

Fig. 4:
Mass spectra of an 16 amino acid peptide taken with an ICR spectrometer. The upper trace shows the parent molecule.
The two traces below give a CID mass spectrum and a fs- LID mass spectrum, respectively. While the CID induces
cleavage of the phosphate bond the LID process keeps this bond intact.
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Preparatory activities towards the new research direction “Attosecond physics”
Planning and construction work for the new attosecond
research program began in 2010 and is briefly summed
up here.

Fig. 5:
Electron-ion coincidence spectrum (uncalibrated raw
data) of Na-(H2O)2 for two different delay times between the pump and probe pulses (800 und 400 nm).

the 800 nm pump and the 400 nm probe pulse. We were
able to measure electron spectra for Na-(H2O)n clusters
up to n = 10. The data are presently being evaluated.
In 2010 we continued our work on fs-time resolved photoelectron spectroscopy of liquid samples. In particular,
we addressed the surprising observation of strongly
bound (“cold”) solvated electrons formed instantaneously after the excitation of anionic CTTS states in aqueous
salt solutions [LBH10, BLH10].
We performed experiments on aqueous iodide solutions with different counter ions and different concentrations and found a clear impact on the fraction of “cold”
solvated electrons to the entire initial solvated electron
population. In the case of surface active counter ions,
e.g. tetra-butyl-ammonium (TBA+), the “hot” solvated
electron population is completely suppressed and no
solvation dynamics is observed.
The initially “cold” solvated electrons have not been
observed by means of other experimental techniques,
i.e. transient absorption or time-resolved photoelectron
cluster studies. The influence of surface effects in our
results may offer an explanation for this disparity. The
escape depth of very low kinetic energy photoelectrons
(<5 eV) from liquid water is expected to be rather high,
but no experimental data exists for this energy range.
In particular, our data on TBAI points toward a rather
high surface sensitivity and we currently try to interpret
the “cold” solvated electrons in terms of surface bound
electrons. Those have been identified by the Abel group
in Leipzig with a binding energy of 1.6 eV, however different sample solutions may result in different binding
motifs.
In the end of 2010, we performed pump-probe liquidjet experiments using ultrashort 20 fs VUV pulses and
found very interesting time-dependent behaviour also
pointing towards dynamics at the liquid surface. These
results are currently being analyzed and will be prepared for publication.
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Experiments with attosecond sources will take place
in two new laboratories currently under construction in building A. The first laboratory for experiments
at kHz repetition rates will host a powerful dual-head
Ti:Sapphire laser system and will deliver 20 fs CEPstabilized laser pulses at 1 kHz and 10 kHz repetition
rates with 20 mJ and 2 mJ energies, respectively. The
experimental stations will include an attosecond pumpprobe velocity map imaging setup and a beam line with
time-compensated monochromator (spectral resolution
of 300 meV and pulse durations of 8 fs) for photoelectron experiments in liquid jets.
A second laboratory for experiments with MHz repetition
rates will host a home-built non-collinear OPCPA system capable of delivering 3 µJ pulses with sub-10 fs duration at a central wavelength of 750 nm. The repetition
rate of 0.4 MHz will allow coincidence experiments (simultaneous detection of photoelectrons and photoions)
in a reaction microscope setup.
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YPV10: T.-M. Yan et al.; Phys. Rev. Lett. 105
(2010) 253002/1-4

M. J. J. Vrakking; Conference on X-ray Science in the
21st Century (University of California, Santa Barbara,
CA, USA, 2010-08)

in press

M. J. J. Vrakking; Leibniz Marie Curie Workshop (Berlin,
Germany, 2010-09)

LMB: H. T. Liu et al.; J. Chem. Phys.

Invited Talks at International Conferences

M. J. J. Vrakking; Three years IMPRS-QD Symposium
(Max Planck Institute for Nuclear Physics, University of
Heidelberg, Germany, 2010-10)

I. V. Hertel; Gordon Research Conference on Multiphoton Processes (Tilton School, NH, USA, 2010-06)

M. J. J. Vrakking; 3rd Annual Workshop of the CM 0702
COST ACTION CUSPFEL, joint MC MEETING (Hersonissos, Crete, 2010-10)

(for full titles see appendix 2)

I. V. Hertel; Int. Symposium New Horizons of Cluster
Chemistry (Kobe University, Japan, 2010-10)
A. Lübcke together with F. Buchner, N. Heine, T. Schultz,
and I. V. Hertel; DPG-Frühjahrstagung (Hannover, Germany, 2010-03)

M. J. J. Vrakking; Soft X-Ray Science and Instrumentation at the European XFEL (ICTP, Trieste, Italy, 201012)

A. Lübcke together with F. Buchner, I. V. Hertel, and T.
Schultz; Isolated biomolecules and biomolecular interactions (Berlin, Germany, 2010-06)
T. Schultz; DPG-Frühjahrstagung (Hannover, Germany,
2010-03)
C. P. Schulz together with I. Shchatsinin, H.-H. Ritze,
and I. V. Hertel; Gordon Research Conference on Photoions, Photoionization & Photodetachement (Galveston, TX, USA, 2010-02)
M. J. J. Vrakking; FLASH II Preparatory Phase Kick-off
Meeting (Hamburg, Germany, 2010-01)
M. J. J. Vrakking; Gordon Research Conference on Photoions, Photoionization & Photodetachement (Galveston, TX, USA, 2010-02)
M. J. J. Vrakking; BMBF-Strategiekongress Photonics
2020; Workshop V: Emerging Technologies, Technologien für extreme Lichtzustände - Kurze Wellenlängen,
kürzeste Pulse, höchste Intensitäten (Berlin, Germany,
2010-03)
M. J. J. Vrakking; Ringberg Meeting on Science with
FELs; Int. Workshop on Science with FELs - From first
results to future perspectives (Ringberg Castle, Tegernsee, Germany, 2010-03)
M. J. J. Vrakking; SPIE Photonics Europe (Brussels,
Belgium, 2010-04)
M. J. J. Vrakking; Gordon Research Conference on Multiphoton Processes (Tilton, NH, USA, 2010-06)
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2-04: Molecular Vibrational and Reaction Dynamics
in the Condensed Phase
E. T. J. Nibbering (project coordinator)
and K. Adamczyk, R. Costard, J. Dreyer, H. Fidder, C. Greve, V. Kozich, M. Prémont-Schwarz, Ł. Szyc, P. M. Tolstoy,
W. Werncke, M. Yang

1. Overview

3. Results in 2010

The aim of the project is the real-time determination of
ultrafast structural dynamics and related processes in
molecular and biomolecular systems in the condensed
phase. The first target is the observation and analysis of
ultrafast processes in equilibrium-state structures while
they explore energy landscapes. Such energy landscapes are not static but fluctuate due to the dynamical
interactions with the surroundings (such as liquid solvent shells, including hydrogen bond networks, or the
protein backbone). The ultrafast nature of these fluctuations necessitates femtosecond time resolution for
the structure-resolving spectroscopic techniques. The
second target is the study of (bio)molecular structures
that undergo substantial geometric rearrangements induced by optically triggered chemical reactions (photochemistry). Chemical reactions studied include hydrogen and proton transfer, electron transfer, bond fission,
ring-opening/closure and trans/cis isomerizations. The
third main target is the determination of the vibrational
energy redistribution and cooling in (bio)molecular systems, as dictated by intra- and intermolecular vibrational
couplings. Vibrational energy flow pathways and time
scales are mapped out both in nonreactive systems and
for the exploration of chemical reaction dynamics.		

UP 1: Ultrafast vibrational dynamics of hydrogen
bonds (SFB 450-B2)

2. Subprojects and collaborations
Research in this project is structured into three major
subprojects:
UP1: Ultrafast vibrational dynamics of hydrogen bonds
UP2: Ultrafast chemical reaction dynamics
UP3: Vibrational energy flow.
There are connections with the following MBI projects:
UP2 & UP3: Project 2-03 (Schulz, Schultz et al.) for
comparison with chemical reaction dynamics of model
systems in gas/cluster phase.
External collaborations exist with:
UP1: J. T. Hynes (Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado,
USA); F. Temps (Christian-Albrechts-Universität zu
Kiel, Germany); H.-H Limbach (Freie Universität Berlin, Germany); B. Czarnik-Matusewicz (University of
Wrocław, Poland).
UP2: E. Pines (Ben Gurion University of the Negev,
Beer-Sheva, Israel) through GIF I-876-107.5; E. Vauthey (Université de Genève, Switzerland); H. N. Ghosh
(Bhabha Atomic Research Centre, Mumbai, India); Ph.
Wernet (Helmholtz Zentrum Berlin, Germany).

This project aims at understanding the coherent and incoherent dynamics of O-H and N-H stretching modes
and other vibrations in hydrogen bonds and to relate
them to structural fluctuations and energy dissipation
processes. Experiments are based on ultrafast twocolour infrared (IR) pump-probe and multi-dimensional
photon echo spectroscopies, complemented by computational methods such as density functional theory to
simulate linear and multidimensional spectra.
As a macromolecular model system with a well-defined
structure, we study deoxyribonucleic acid (DNA). Both
the vibrational couplings originating from nucleobase
pairing and the interaction of DNA with its hydrating water shell are investigated. With a bottom-up approach,
we start with the nucleobases themselves as molecular systems [YSR] or the model compound 2-pyridone
[SGY10, YSD10], to study the hydrogen bond complexation. Advantages are control of molecular design
of nucleobase derivatives, and choice of solvent that
does not necessarily have to be water. Disadvantages
include the possibility of multiple hydrogen-bonded
structures and possible keto-enol tautomerization. The
second, top-down approach implies the use of artificial
double-stranded DNA oligomers [SYN10a, SYN10b].
Advantages include a well defined Watson-Crick base
pairing within the double helix structure, including the
full interactions of the ribose-phosphate backbone, and
in the case of smaller DNA oligomer structures control of
nucleobase sequence. A disadvantage is that IR spectroscopy on DNA samples cannot be performed in H2O
solutions, due to spectral overlap of vibrational fingerprint modes of DNA and the solvent water. This can be
overcome by controlling the amount of water to about
one solvent shell in the case of hydrated films of DNA.
This approach in general can be exploited to study hydration phenomena of biomolecular systems [SYE10,
SYE].
2-Pyridone (PD), converting to 2-hydroxypyridine (HP)
through a lactam-lactim isomerization mechanism, can
form three different cyclic dimers by hydrogen bond formation: (PD)2, (PD-HP) and (HP)2. We have investigated
the complexation chemistry of pyridone in dichloromethane-d2 using a combined NMR, FT-IR and femtosecond
infrared pump-probe approach [SGY10, YSD10]. Temperature-dependent 1H NMR spectra indicate that at low
temperatures (< 200 K) pyridone in solution predominantly exists as cyclic (PD)2 dimer, in exchange with PD
monomers. At higher temperatures a proton exchange
mechanism sets in, leading to a collapse of the doublet
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of 15N labelled 2-pyridone. Linear FT-IR spectra indicate
the existence of several pyridone species, where, however, a straightforward interpretation is hampered by extensive spectral overlap of many vibrational transitions.
Two-dimensional linear IR correlation spectroscopy
applied on concentration dependent and temperature
dependent data sets reveal the existence of the (PD)2
cyclic dimer, of PD-CD2Cl2 solute-solvent complexes,
and of PD-PD chain-like dimers. Because of a lack of
specific marker modes, a contribution of the cyclic dimer
(HP)2 to the linear NH/OH stretching absorption between
2400 and 3300 cm-1 cannot be fully ruled out. With ultrafast infrared pump-probe experiments in the NH/OH
stretching region of a solution of 2-pyridone in CD2Cl2,
coherent low-frequency oscillations in the pump-probe
signals due to hydrogen bond modes were detected. An
analysis shows that the transient behavior is dominated
by a single hydrogen bonded species. We compare the
low-frequency wavepacket motions, observed with 99
and 150 cm-1 frequencies, with literature values as well
as our quantum chemical calculations, and conclude
that this single molecular species is cyclic (PD)2.

of νG(NH2)b, νG(NH) and νC(NH2)b modes associated
with N-H stretching motions of hydrogen-bonded NH
groups. The couplings and relaxation dynamics of the
N-H stretching excitations are studied with femtosecond mid-infrared two-dimensional (2D) and pump-probe
spectroscopy (Figure 1). The N-H stretching vibrations
of the free NH groups of G and C have an average population lifetime of 2.4 ps. Besides a vibrational population
lifetime shortening to subpicosecond values observed
for the hydrogen-bonded N-H stretching vibrations, the
2D spectra reveal vibrational excitation transfer from the
νG(NH2)b mode to the νG(NH) and/or νC(NH2)b modes.
The underlying intermode vibrational couplings are of
the order of 10 cm-1.
High frequency N-H and O-H stretching excitations were
studied in artificial DNA oligomers containing 23 A-T
pairs by femtosecond 2D photon echo spectroscopy.
This work extends earlier polarization-resolved two-color
pump-probe experiments on the same system [SYN10a,
SYN10b]. Such studies allowed for an assignment of
the NH stretching band to the different NH stretching
vibrations of adenine and thymine. The asymmetric NH2

Fig. 1:
Top panel: Steady-state IR spectrum of (G•C) base
pairs in CDCl3 solution, together with molecular structure and band assignments. Bottom panel: Femtosecond 2D photon echo spectrum of (G•C) base pairs
in CHCl3 solution for a population waiting time of T =
100 fs.

Fig. 2:
2D-IR spectra of DNA oligomers at 0 % relative humidity for (a) parallel linear polarizations of the 4 pulses
(||||), and (b) perpendicular polarization of pulses 3
and 4 (|| ). The absorptive 2D signal is plotted as a
function of the excitation frequency ν1 and the detection frequency ν3 for different population times T. The
positive signals (yellow-red part) are due to the v = 0 to
1 transitions of the different NH stretching oscillators,
and the negative signals (green-blue part) to the v =
1 to 2 transitions. Each spectrum is normalized to the
respective maximum positive signal and contour lines
correspond to 10% changes in amplitude. The thick
solid lines in (a) represent the center lines (CL) of the
different peaks.
TT

We studied N-H stretching vibrations of hydrogen-bonded guanosine-cytidine (G•C) base pairs in chloroform
solution with linear and ultrafast nonlinear infrared twodimensional (2D) photon echo spectroscopy [YSR]. Assignment of the IR-active bands in the linear spectrum is
made possible by combining structural information on the
hydrogen bonds in G•C base pairs with literature results
of density functional theory calculations, and empirical
relations connecting frequency shifts and intensity of the
IR-active vibrations. A local mode representation of N-H
stretching vibrations is adopted, consisting of νG(NH2)f
and νC(NH2)f modes for free NH groups of G and C, and
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stretching mode of A is located at 3350 cm-1 and both
the N-H stretching mode of T and the symmetric NH2
stretching mode of A give rise to a strong band centered
at 3200 cm-1. A pronounced coupling between the N-H
stretching mode of T and the symmetric NH2 stretching
mode of A has been derived from a 150 fs anisotropy
decay of the pump-probe signals to a constant residual
value. Until now, the time scales for spectral broadening of these individual N-H stretching transitions have
remained unanswered.

Fig. 3:
Normalized spectrally integrated intensity of the
(a) diagonal peaks P1 (ν3 = 3200 cm−1) and P2
(ν3 = 3350 cm−1) and (b) the cross peaks P3
(ν3 = 3200 cm−1) and P4 (ν3 = 3350 cm−1) as a function
of population T. The intensities were extracted from the
2D spectra recorded with the (||
) polarization scheme
as shown in Fig. 2. (c) Intensity ratio P3/P2 as a function
of population time T. The rise of the relative intensity
of P3 for T ≥ 75 fs gives evidence of vibrational energy
transfer (solid line is guide to the eye).

UP2: Ultrafast chemical reaction dynamics
(GIF 876/07 and EU User Facility funds
Photoinduced chemical transformations are studied by
measuring transient vibrational spectra after electronic
excitation. Site-specific molecular geometries and processes such as intramolecular vibrational redistribution
and vibrational cooling are revealed by the frequency
positions and the dynamical behaviour of specific vibrational marker modes. We have recently studied the reaction dynamics of bimolecular proton transfer in aqueous
solution using photoacids [APP] and bimolecular electron
transfer (ET) [ABV, GVN].
Femtosecond IR spectroscopy was used to address forward and backward electron transfer between coumarin
337 (C337) and the aromatic solvents aniline (AN), Nmethylaniline (MAN) and N,N-dimethylaniline (DMAN)
[GVN]. A transient marker mode located at 2166 cm-1
was assigned to the C≡N stretching mode of C337 radical anion formed after photo-induced forward electron
transfer. Because of the absence of an H/D isotope effect on the forward electron transfer reaction of C337
in AN, hydrogen bonds are understood to play a minor
role in mediating electron transfer (Fig. 4). Instead direct
p-orbital overlap between C337 and the aromatic amine
solvents causes the ultrafast forward electron transfer
dynamics. Backward electron transfer dynamics, in
contrast is solvent dependent. Standard Marcus theory
explains the observed backward electron transfer rates.

TT

The 2D spectra taken for population times of up to
T = 1 ps allow now for separating the N-H stretching mode
of T from the symmetric and asymmetric NH2 stretching
modes of A and to determine their individual line shapes
(Fig. 2). The spectra demonstrate an essentially homogeneous broadening of the N-H stretching band of T
whereas the NH2 stretching modes of A display a pronounced, time-independent inhomogeneous broadening,
pointing to disorder in the DNA structure. We observe a
(downhill) vibrational energy transfer from the asymmetric NH2 stretching vibration of A at 3350 cm−1 to the N-H
stretching mode of T at 3200 cm−1 on ~ 500 fs time scale
whereas the inverse (uphill) transfer is negligible (Fig. 3).

Fig. 4:
Transient population kinetics at 2166 cm-1 of C-337 in
AN (red filled dots), MAN (green filled triangles), and
in DMAN (open blue squares). (a) Early time population kinetics, showing the forward ET dynamics. (b)
Long time population kinetics, showing the solvent
dependent back ET dynamics. (c) Comparison of the
population kinetics in AN-h2 and AN-d2, showing the
absence of H/D isotope effects on the forward and
backward ET dynamics in aniline.
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UP3: Vibrational energy ﬂow (DFG WE 1489/6)

Own Publications 2010 ff

Vibrational relaxation and energy redistribution are the
main topics of this subproject. Recent effort has focussed on surface enhanced Raman scattering from
dye molecules [KWe10, WKo10].

KWe10: V. Kozich and W. Werncke; J. Phys. hem. C 114
(2010) 10484-10488

(for full titles and list of authors see appendix 1)

SGY10: Ł. Szyc et al.; J. Phys. Chem. A 114 (2010)
7749-7760
SYE10: Ł. Szyc et al.; J. Phys. Chem. B 114 (2010)
7951-7957
SYN10a: Ł. Szyc et al.; Angew. Chem. Int. Edit. 49
(2010) 3598-3611
SYN10b: Ł. Szyc et al.; Angewandte Chemie 122 (2010)
3680-3693
WKo10: W. Werncke and V. Kozich; AIP Conf. Proc.
1267 (2010) 71
YSD10: M. Yang et al.; J. Phys. Chem. A 114 (2010)
12195-12201
in press

Fig. 5:
Temporal evolution of the anti-Stokes to Stokes
intensity ratios IaS/IS for the modes at 1643 and
1510 cm−1 of Rhodamine 6G measured in a onecolour pump−probe scheme. Solid line:
Approximation by a three level model with a rise time
τ1 = 0.8 ps, decay time τ2 = 1.0 ps convoluted with the
cross correlation function of a width (FWHM) of 0.8 ps.

The origin of vibrational pumping in surface-enhanced
Raman scattering is investigated applying subpicosecond Raman spectroscopy on Rhodamine 6G in a silver colloidal solution. We observe selective excitation
of distinct fingerprint modes resulting in a pronounced
nonequilibrium population distribution followed by a decay with a common time constant for all vibrations of
about 1 ps. In particular, the Raman-active mode with
the highest frequency in the fingerprint region is strongly
excited. Vibrational excitation is delayed with respect to
the excitation pulses. The results clearly rule out Stokes
Raman scattering but point to electronic excitation as
the main source of vibrational pumping. After electronic
excitation, energy is transferred to the vibrations by fluorescence and ultrafast internal conversion within about
0.8 ps.

ABV: K. Adamczyk et al.; in Ultrafast Phenomena XVII,
M. Chergui, D. Jonas, E. Riedle, R. Schoenlein, and A.
Taylor eds. (Oxford University Press, Oxford)
APP: K. Adamczyk et al.; in Ultrafast Phenomena XVII,
M. Chergui, D. Jonas, E. Riedle, R. Schoenlein, and A.
Taylor eds. (Oxford University Press, Oxford)
GVN: H. N. Ghosh et al.; J. Phys. Chem. A
SYE: Ł. Szyc et al.; in Ultrafast Phenomena XVII, M.
Chergui, D. Jonas, E. Riedle, R. Schoenlein, and A. Taylor eds. (Oxford University Press, Oxford)
YSEa: M. Yang et al.; J. Phys. Chem. B
YSEb: M. Yang et al.; in Ultrafast Phenomena XVII, M.
Chergui, D. Jonas, E. Riedle, R. Schoenlein, and A. Taylor eds. (Oxford University Press, Oxford)
YSR: M. Yang et al.; J. Phys. Chem. B
submitted
Abr: H. Abramczyk; Acc. Chem. Res.
GAV: H. N. Ghosh et al.; J. Am. Chem. Soc.

Invited Talks at International Conferences

(for full titles see appendix 2)

T. Elsaesser; 5th Int. Conference
ent
Multidimensional
Spectroscopy
lis, USA, 2010-08)
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on Coher(Minneapo-

E. T. J. Nibbering; The 2010 Gentner Symposium on
Proton Mobility in Chemical and Biological Systems
(Maagan Holiday Village, Israel, 2010-02)
E. T. J. Nibbering; NWO-CW Meeting Chemistry Related
to Physics & Material Sciences, Study Group Spectroscopy and Theory (Veldhoven, The Netherlands, 201002)
E. T. J. Nibbering; 239th ACS National Meeting (San
Francisco, CA, USA, 2010-03)
W. Werncke together with V. Kozich, Ł. Szyc, E. T. J.
Nibbering, J. Dreyer, and T. Elsaesser; Int. Conference
on Perspectives in Vibrational Spectroscopy, ICOPVS2010 (Varanasi, India, 2010-02)
W. Werncke together with V. Kozich, J. Dreyer, Ł. Szyc,
E. T. J. Nibbering, and T. Elsaesser; Int. Conference on
Laser Applications in Life Sciences 2010, LALS-2010
(Oulu, Finland, 2010-06)
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3-01: Dynamics at Surfaces and Structuring
A. Rosenfeld and M. Weinelt (project coordinators)
and B. Andres, D. Brete, R. Carley, K. Doebrich, Ch. Eickhoff, W. Freyer, C. Gahl, A. Goris (until 03.2010), S. Höhm,
J. Kopprasch, Th. Kunze, C. Mauclair (until 03. 2010), A. Mermillod, R. Schmidt (until 03.2010), M. Teichmann,
M. Wietstruk (since 07.2010), K. Zielke

1. Overview
We use time-, spin-, energy-, and angle-resolved photoelectron spectroscopy to study the transient dynamics
at surfaces. In detail, our research projects cover energy- and charge-transfer processes at metal surfaces,
the dynamics of photo-excited carriers at semiconductor
surfaces, and spin-dependent electron scattering in thin
ferromagnetic films. Using synchrotron radiation we explore the geometric and electronic structure of molecular
switches at surfaces and study dynamical properties by
optical and autoionization spectroscopy.

microscopic understanding of the underlying processes is
essential for device optimization and tuning.
We used femtosecond X-ray magnetic circular dichroism to study the time-dependent magnetic moment
of 4f electrons in ferromagnetic films of Gadolinium
and Terbium (Fig. 1). Experiments were performed
at the BESSY femtoslicing facility as part of our longterm collaboration with the Helmholtz Zentrum Berlin.
Besides its technological relevance, magnetization dynamics driven by femtosecond laser pulses challenges
our microscopic understanding of magnetism.

In addition, our project comprises high quality material processing by temporally tailored femtosecond laser
pulses. We explore the physics of short-time excitations
and the material removal in bulk samples. These studies
aim at optimizing laser micro machining.

2. Subprojects and collaborations
UP1: Dynamics at surfaces studied with soft X-rays
(DFG WE2037/1-3, Pakt für Forschung und Innovation,
WGL), in collaboration with H. Dürr, A. Föhlisch, and Ph.
Wernet (Helmholtz-Zentrum Berlin für Materialien und
Energie GmbH) and U. Bovensiepen (Univ. DuisburgEssen).
UP2: Carrier dynamics at semiconductor surfaces, in
collaboration with Th. Fauster (Univ. Erlangen), K. Tanimura (Osaka Univ.), A. Knorr (TU Berlin).
UP3: Ultrafast vs. equilibrium magnetic phase transitions and their signature in the electronic system (DFG
WE2037/1-3), in collaboration with M. Donath and A. B.
Schmidt (Univ. Münster).
UP4: Carrier relaxation and switching efficiency of photochrome molecular ensembles at surfaces (Sfb 658
- Elementary Processes in Molecular Switches at Surfaces, projects B2 and Z), external collaboration with K.
Reuter (Fritz-Haber-Institut, Berlin, and TU München).
UP5: Material structuring with femtosecond technology
(SPP 1327, RO 2074/8-1), in collaboration with R. Stoian (Univ. Etienne, France), D. Ashkenasi (LMTB Berlin),
J. Bonse and J. Krüger (BAM Berlin).
UP1: Dynamics at surfaces studied with soft X-rays
and photoemission
Laser-induced magnetization dynamics has a high potential for ultrafast data-storage applications. Switching the
magnetic order by intense, ultra-short laser pulses explores
the speed limit of magnetic recording. In this respect the

Fig. 1:

Schematic of the femtoslicing experiment. The unoccupied 4f levels of Gd and Tb are probed by absorption of X-ray pulses with 100-200 fs duration.
Circularly polarized X-rays are used to map the
magnetic state and follow its temporal evolution
after excitation with an ultrashort infrared pulse.

The heavy lanthanides Gd (4f7) and Tb (4f8) are well
known for their magnetic properties as a function of occupation of the 4f orbital. While the spin quantum number
S decreases as the 4f shell is more than half filled (Gd S
= 7/2, Tb S = 6/2), the orbital quantum number increases
(Gd L = 0, Tb L = 3). From this non-spherical 4f distribution of Tb follows a pronounced coupling of the orientation
of the 4f magnetic moment to the neighbouring ion cores
and hence to the lattice vibrations. For the spherical distribution of the half filled Gd 4f shell this direct coupling
is absent.
In the X-ray magnetic circular dichroism experiment we
observe a two-step demagnetization with an ultrafast
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demagnetization time of 750 fs, which is identical for
both systems, and a slower time which differs sizeably
between Gd (40 ps) and Tb (8 ps). We conclude that
spin-lattice coupling in the electronically excited state,
i.e. in the presence of hot carriers, is enhanced up to 50
times compared to equilibrium.
In contrast the slower, picosecond, timescale is deter
mined by the equilibrium spin-lattice coupling following
the 4f occupation [WMS].
UP2: Carrier dynamics at the silicon(100) surface
The interference between different indistinguishable
excitation paths is a fundamental quantum mechanic
phenomenon. The coupling between discrete and continuum states can significantly modify its interaction with
light resulting in so-called Fano resonances. These interference phenomena have enabled the understanding
of many systems in atomic and nuclear physics and artificial structures have been built to explore the nature of
Fano resonances in the solid state.
As a model system we have studied transitions between
the dangling-bond and image-potential states at the
(100) surface of silicon, which are degenerate with the
bulk continuum of the valence and conduction bands.
Tuning the photon energy reveals Fano line-shapes in
both the initial- and intermediate-state signals. These
double state - double continuum interference phenomena allow us to deduce coupling strengths between
surface and bulk states in silicon, and to estimate the
lifetime of single hole excitations in an inhomogeneously
broadened system.

UP4: Charge transfer in self-assembled monolayers
The electrical conductivity of molecules is a fundamental
property controlling organic devices. On the microscopic
level carrier and energy transport depend on both intraand intermolecular couplings [SHB10, MBM10]. They
determine transfer rates and are thus decisive in applications where molecular function is achieved by photochromic compounds. Here each isomer shows specific absorption maxima essential to optically address or
read out individual molecules. The switching efficiency
will strongly depend on the time the molecule resides in
the photo- excited state, and thus on the coupling with
the substrate and the molecular environment.
With this respect self-assembled monolayers (SAMs) offer promising platforms to order and align photoswitches.
In particular alkanethiols are known to form well-ordered
SAMs on Au(111) surfaces stabilized by the directionality of the gold-sulphur bond and by the Van der Waals
forces among the aliphatic chains. As the chains align
in a preferentially upright geometry, charge transfertimes between the tail and head groups of the molecular
wire increase exponentially with chain length. Thus they
can be used as partially insulating spacers to hold up
functional groups and decouple aromatic chromophores
from the substrate. In a previous study we have shown
that alkane chains carrying azobenzene photoswitches
(S-(CH2)n-O-Azobenzene) form well-ordered SAMs
with an average upright orientation of the chromophore
(Fig. 3). Even though the chromophore is detached from
the substrate by the alkane chain of length n, the trans
to cis photoisomerization of azobenzene observed in
solution is strongly suppressed in the film.

UP3: Ultrafast magnon generation in an Fe film on
Cu(100)
In a combined experimental and theoretical study we elucidate spin-dependent relaxation processes in the electron system of an iron film on Cu(100) [WPS10,SPD10].
Spin-, time-, energy- and angle-resolved two-photon
photoemission shows a strong characteristic dependence of the lifetime of photo-excited electrons on their
spin and energy. We study the n=1 image-potential
state and its various inelastic decay channels (Fig. 2).
Ab initio calculations as well as a many-body treatment
corroborate that the observed properties are determined
by relaxation processes involving magnon emission.
Thereby we demonstrate that magnon emi sion by hot
electrons occurs on the femtosecond timescale and
thus provides a significant source of ultrafast spin flip
processes. Furthermore, engineering of the magnon
spectrum paves the way for tuning the dynamic properties of magnetic materials.
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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). Inelastic decay
processes of the image-potential-state
electron via electron-hole pair creation
are indicated:  decay to bulk states,
 inter- and  intraband decay.

waveguides with fs-laser pulses has been demonstrated
successfully in many different glasses. However, neither
the dynamics nor the processes leading to the local refractive-index changes are fully understood which prevents optimum control of the laser induced modification
process.

Fig. 3:

Geometric structure of the photoswitch azobenzene attached as endgroup in a hexanethiol
SAM. The orientation of the molecules in the
SAM follows the self-assembly principle of
aliphatic-aromatic SAMs. We observe strong
delocalization of the optical excitation in the
densely packed layer and vertical charge transfer to the substrate, which quench the optical
excitation on an ultrafast timescale.

In a recent study we related this to lateral excitonic
energy transfer among the chromophores [GSB10].
We have now investigated the vertical charge transfer between the chromophores and the substrate. To
this end we use autoionization spectroscopy and resonant photoemission following core-level excitation.
Varying the change length of the alkane chain from n
= 3, 6 to 10, we are able to identify charge delocalization on the femtosecond timescale seen both in an
increase of the spectator shift and a decrease of the
resonant photoemission with shorter chain length.
UP5: Material structuring with femtosecond
technology
The highly nonlinear interaction of femtosecond laser
pulses with transparent materials (glasses) allows the
deposition of optical energy into the bulk of dielectrics.
This provides the possibility to induce micrometer-sized
structural changes, which are associated with local
refractive index changes ∆n. For ∆n>0, the writing of

Time-resolved optical transmission microscopy (timeresolved OTM) provides very interesting results at short
timescales, when the pump probe delay τ<2 ps. In Fig.
4, we show a time-resolved OTM picture for τ = 1.5 ps.
At such short timescales, the absorption we observe
can be attributed to the laser-induced electron gas. The
blue-circled region corresponds to a region of high laser
energy deposition where the free carrier density (and
therefore the absorption) is higher than in the red region. We vary the pump probe delay from 0.4 ps up to
2 ps and plot the absorbance in the blue- and the redcircled regions. The resulting plot is shown on the left
side of Fig. 4.
Conversely, time-resolved phase contrast microscopy
(time-resolved PCM) pictures are easier to analyze
when the absorption vanishes, i.e. on a microsecond
timescale after the laser irradiation (Fig. 5). In Fig. 5 (a)
We observe that in OTM, the transient absorption totally disappears after 5 µs whereas transient phase objects are still visible in PCM. Surprisingly, it takes up to
50 µs before the material reaches a stable state. At such
timescales, the local refractive index increase is probably due to thermal mechanisms, and more specifically
heat dissipation is likely to play a significant role.
Another phenomena well visible in PCM is the emission
of a shockwave. In Fig. 5 (b) we show a time-resolved
PCM picture where a strong compression wave (of higher refractive index than the bulk) emerged from the focal
volume.
In conclusion, our time-resolved OTM apparatus offers
the possibility to observe the generation and relaxation
of the free carriers, and to gain insights into ultrafast
relaxation mechanisms. Time-resolved PCM pictures
provide direct information wherever and whenever
there is no absorption visible. For instance, we are able
to see the onset of a shockwave following energy relaxation (on the nanosecond time scale) and thermal
mechanisms (on the microsecond timescale).

Fig. 4:

Time-resolved picture in optical
transmission microscopy upon
irradiation of fused silica by an
ultrashort pulse for a pump-probe
delay of 1.5 ps (right) and the corresponding phase contrast microscopy picture of the same. The laser
pulse comes from the left side. The
laser energy is 4 µJ.
On the left side, we plot the dynamic
absorbance in the blue and the red
circled regions.
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Fig. 5:

Time-resolved phase contrast pictures of irradiated fused silica. The laser pulse comes from the left.
(a): 5, 10 and 50 µs after laser excitation. (b): 800 ps after laser excitation.
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3-02: Solids and Nanostructures
M. Woerner (project coordinator)
and P. Bowlan, M. Breusing, W. Kuehn, S. Kuehn, K. Reimann

1. Overview
In correlated condensed matter systems, electronelectron 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. In this project,
we study ultrafast charge transport dynamics, nonlinear optics of long-range ordered systems, and nanoscale optical properties to gain new insight into fundamental phenomena in this thriving field of research.

2. Subprojects and collaborations
UP1: Ultrafast nano-optics.
This subproject includes the Teilprojekt A4 of the Sfb 658
(FU Berlin, DFG).
UP2: Nonlinear terahertz and midinfrared spectroscopy.

3. Results in 2010
UP1: High-resolution near-field optical spectroscopy on organic semiconductor thin films
The motion of charge carriers in solids proceeds in distinct modes which are determined by the microscopic
structure and morphology and range from fast band
transport in well ordered single crystals to slow hopping transport in disordered regions. Organic semiconductors typically exhibit broad variations of molecular
order which depend on the type of constituent molecules and the conditions of preparation. An elucidation
of the link between electronic performance, chemical
structure and physical appearance is, thus, imperative to prudent design and control of (opto-)electronic
devices based on these materials. Heterogeneities in
the molecular ordering reach down to the nanometer
length scale. They are hard to quantify and investigate
by conventional methods of diffractional and spectroscopic microscopy without perturbing the original
structure of the thin film. To overcome this limitation,
we applied high-resolution near-field optical spectroscopy and polarimetry, backed up by methods such as
X-ray diffraction, transmission electron microscopy and
atomic force microscopy, to characterize the physical
and electronic properties of semiconductor thin films.
Here, we focus on oligomeric PQT-12, a short-chain
fraction of an alkyl substituted poly-quaterthiophene
with intriguing electronic properties. Oligo-PQT12
nearly recovers its long-chain mobility of 10-2 cm2/
Vs when shortened to the dimer. This behavior can
be linked to the semi-crystalline morphology of the

film which avoids the presence of disordered phases
and hard grain boundaries, the two major morphological defects impeding efficient charge transport.
The local molecular order simultaneously dictates the
electronic as well as the optical response as shown
in Fig. 1. Absorption spectra A and B in Fig. 1b) were
taken on the crystalline and amorphous phase of
oligo-PQT12, respectively. They represent spectroscopic fingerprints allowing for a quantification of the
two phases in a heterogeneous mixture such as spectrum C taken on an oligo-PQT12 thin film. In Fig. 1a),
a map of the crystalline order obtained in this manner
shows that the film is not composed of distinct regions
with unique phases, but rather a crystalline backbone
with distributed defects. In Fig. 1b), the polarization resolved absorption reveals the orientation and, thereby,
the extension of crystalline domains and grain boundaries. There exists an orientational flexibility throughout
crystalline domains which tends to avoid abrupt grain
boundaries and rather interconnects domains with different dominant orientation. As a result of the liquid like
morphology and the semi-crystalline structure trapping sites for charge carriers are scarce and shallow,
enabling a high carrier mobility along the film.
UP2(1): Ultrafast high-field transport of electrons in
semiconductors by terahertz spectroscopy
Two conflicting models exist for charge transport in a
solid: Ohm‘s law states that the current is proportional
to the voltage, which is equivalent to say that the carrier velocity is proportional to the electric field. On the
other hand, Newton’s law applied to freely movable
charges predicts an acceleration of the carriers proportional to the applied field (ballistic transport). Both
models can be reconciled by assuming ballistic transport only for very short times. Scattering processes
then make the carriers lose their velocity and drift-like
Ohmic transport sets in. For electrons in the semiconductor GaAs at room temperature, drift transport is
found on time scales of several hundreds of femtoseconds which are longer than the scattering time of electrons and optical phonons of approximately 200 fs.
According to this picture, it should be possible to observe ballistic transport for times less than the scattering time. However, theoretical calculations using
Boltzmann’s transport equation and Fermi’s Golden
Rule predict shorter scattering times for electrons with
high velocities. Experimental transport studies under
steady-state conditions demonstrate a decrease of the
carrier mobility with increasing field indeed, in agreement with these calculations. This theory is, however,
not applicable on the ultrashort time scales of individual
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Fig. 1:

Various properties of (A) ordered, (B) disordered, and (C) a mixed phase of oligo-PQT12. a) Map of the crystalline order parameter, b) Absorption spectra. c) The polarization resolved absorption reveals the orientation
of and extension of crystalline domains and grain boundaries.

scattering events. Here, a description of transient highfield transport requires a quantum-kinetic treatment.
We have studied high-field transport of electrons in
n-type GaAs using the high electric fields of strong
THz pulses. The applied electric field and the velocity of the moving carriers were measured directly
as a function of time by electrooptic sampling.
In Figs. 2(a), (b), we show the emitted electric field for
two amplitudes of the driving field. In Fig. 2(a), the zero
crossings of the driving field (triangles) coincide with
the extrema of the emitted field. Thus, the carrier velocity and the driving field are 90° out of phase. This phase
shift is clear evidence for ballistic transport. In contrast,
for drift transport the velocity would be in phase with
the driving field. This simple picture is only valid if the
transport of the electron is limited to a small region in
k space. For larger amplitudes in k space, one has to
consider the nonparabolicity of the electronic bandstructure. In the periodic potential of a crystal, ballistic transport implies that the time derivative of the wavevector
k is proportional to the applied field. Thus, the electron
follows the band dispersion E(k) with its velocity given
by v=(1/)dE/dk. In the GaAs bandstructure (Fig. 2(c)),
this leads first to an increase of the velocity, then to
a decrease, and finally even to negative velocities.
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One finds that for higher driving field amplitudes (Fig.
2(b)) the time dependence of the velocity gets more complicated. There are several extrema between two zero
crossings of the driving field. Although the electric field
has the same direction between two zero crossings, the
electron acceleration is sometimes positive and sometimes negative, corresponding to regions in the bandstructure (Fig. 2(c)) with positive and negative (hatched)
effective mass. The observed velocities (dots) agree
very well with the velocities (red lines) expected from
the bandstructure (Figs. 2(d), (e)). Thus, our measurements show that transport on these time scales and for
these electric field amplitudes is fully ballistild (red lines)
from an n-type layer of GaAs at room temperature for
driving fields (blue dotted lines) with amplitudes of (a)
50 kV/cm and (b) 300 kV/cm. The triangles in (a) mark
the zero crossings of the driving field. (c) Conduction
band in GaAs. The electron effective mass is.
The field emitted by the sample and the field expected
from the doping density and the velocity calculated from
the electronic band structure at room temperature agree
quantitatively, we found a ten times larger emitted field
at low temperature (80 K). This enhancement is due to
an increase of the carrier density. The additional carriers
in the conduction band are generated by field-induced
tunneling from the valence band. The probability for this

Fig. 2:

Emitted electric field (red lines) from an n-type layer of GaAs at room temperature for driving fields (blue dotted lines)
with amplitudes of (a) 50 kV/cm and (b) 300 kV/cm. The triangles in (a) mark the zero crossings of the driving field.
(c) Conduction band in GaAs. The electron effective mass is negative in the hatched regions. (d) and (e), Black dots:
Measured emitted field (left scale) and the corresponding carrier velocity (right scale) as a function of the position in k
space, obtained from the time integral of the driving field, for driving field amplitudes of (d) 50 kV/cm and (e) 300 kV/cm.
The red lines are the velocities from the conduction band.

interband tunneling depends on the decoherence time
between electrons and holes. At room temperature the
decoherence time is very short, leading to a suppression of tunneling. At low temperatures, the decoherence
time is longer which leads to a tunneling probability high
enough to explain the observed increase of the carrier
density.
UP2(2): Two-Dimensional terahertz correlation spectra of electronic excitations in semiconductor quantum wells
We extended the analysis of our recently developed
collinear scheme of 2D-THz-spectroscopy in order to
derive so called 2D correlation spectra. To this end different rephasing and nonrephasing contributions to the
third-order response are separated within the 2D frequency space exploiting different time orderings of the
pulses [KRW]. As a prototype application, we studied
2D correlation spectra of intersubband excitations of
electrons in semiconductor quantum wells. We found
an extremely strong correlation of electronic and lattice excitations in a system consisting of two coupled
quantum wells. Coulomb-mediated interactions between intersubband excitations of electrons in the wells
and longitudinal optical phonons are revealed for the

first time by a detailed analysis of the multitude of diagonal and off-diagonal peaks observed in the 2D correlation spectrum. The experiments give evidence of
strong polaronic signatures in the nonlinear response.
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3-03: Opto Electronic Devices
J. W. Tomm (project coordinator)
and R. Giri, M. Hempel, V. G. Talalaev, M. Ziegler

1. Overview
The research within this project is focused on semiconductor-based optoelectronic devices, such as high-power and high-brightness diode lasers. In terms of power
conversion this class of devices represents the most efficient man-made light sources ever assembled. They
convert up to three quarters of electric energy into light
and reach continuous wave kilowatt output powers from
a single semiconductor chip. Such operation is connected with very high internal power densities of 1010 W/cm3.
The power not converted into light causes a strong local
heating and device degradation, eventually limiting the
device lifetime. Among other damage phenomena, the
process of Catastrophic Optical Damage (COD) is studied. COD is a sudden degradation mechanism, taking
place at the outcoupling facet of diode lasers. Research
in this field also addresses defect creation processes in
nanostructure-based devices such as quantum dot (QD)
lasers. The main goals of our work are getting insight
into the physical mechanisms that are setting ultimate
limits of modern photonic devices and to develop strategies for the improvement of high-power and high brightness laser sources.
Another research topic of the group is carrier dynamics,
in particular carrier transfer in nanostructures such as
coupled QDs. This involves structures with novel active
materials for light amplification or specially processed
surfaces.
Laser-based analytical tools have been developed
and are being applied to study a broad range of
devices and device-related semiconductor structures. All types of test devices are provided by external partners either from academia or industry.
The following scientific topics have been addressed in
2010:
• kinetics of the COD-effect investigated with nanosecond time-resolution [ESZ10, ZHL10, ZTZ10].
• non-invasive monitoring of the degradation in cavities of diode lasers after the onset of COD [HTZ10,
HZT10, TZK10].
• properties of InGaAs QDs: Coupling within inhomogeneous assemblies vs. QDs being coupled via nanobridges. Excitation transfer and luminescence kinetics
[STN10, TSN10].
• extrinsic contributions to photocurrents from quantumwell devices [GST10].

• photoluminescence properties of lead salt QD
assemblies.

2. Subprojects and collaborations
In 2010, we successfully completed the work on the integrated project BRIGHTER, funded by the European
Commission (see http://www.ist-brighter.eu/). Within
this project we started the work on COD and served as a
workpackage leader. Three other external projects contribute to the funding of our research. Within the BMBF
projects HEMILAS, SPECTRALAS (see http://www.otinlas.de), and BMWi project ‘Breitbandige Lichtquelle
mit Quantendots dotiertem Glas - Weißlichtquelle’ we
act as a sub-contractor for OSRAM Opto Semiconductors Regensburg, JENOPTIK Laser, Jena, and Institute
for Scientific Instruments, Berlin, respectively.
There are close scientific links to research institutes such
as the Ferdinand-Braun-Institute (Berlin), Max Planck
Institute of Microstructure Physics (Halle/S.), the Fraunhofer Institute for Applied Solid-State Physics (Freiburg),
and the Ioffe Physical Technical Institute in St. Petersburg (Russia). University partners are the Universidad de
Valladolid (Spain), the Institute of Physics of the Technical University of Łódź (Poland), the Cardiff University
(UK), and the St. Petersburg State University (Russia).
There are additional collaborations with world-class
optoelectronic companies as well as with small and
medium-sized enterprises on the Adlershof campus.

3. Results in 2010
The COD process was investigated with a nanosecond
temporal resolution. In order to minimize any accumulation effects, we decided to artificially provoke the effect by single microsecond current pulses. This duration
has been chosen in order to get control on the power
deposition in the region close to the front facet. Fig. 1
shows current and spatially averaged power transients
(left panel) obtained in such single-pulse-experiments
while the right panel gives temporally averaged thermal
images. These images allow for an unambiguous detection of COD via a ‘thermal flash’ of Planck’s radiation.
Such data is compiled in Fig. 2. The time to COD is plotted versus the emission power directly before the onset
of the process. Full circles are used if a thermal flash
was observed.
Open circles represent experiments where no COD and
no thermal flash was detected. For this case, the ordinate gives the pulse length. Obviously, there is a borderline dividing the diagram (and hence the operation regimes) into two regions: one with and one without COD
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Fig. 1:

Current and emission power transients from 4 devices: diode laser current (black lines) and optical
output power (red lines) as a function of time. The
onset of COD (time toCOD) is marked by arrows.
The right panel shows the corresponding thermal
images recorded during the current pulse.
Estimated maximal temperatures of the thermal
flashes are included.
The devices are gain-guided 808 nm emitting
AlGaAs-based broad area quantum well lasers.
Emitter stripe width and cavity length are 50 and
1400 µm, respectively. The devices are specified
for operation with an output power of 0.5 W at
0.6 A and a threshold current of 0.2 A.

[ZHL10]. The blurred region in-between is explained by
the scattering of individual device properties within the
sample set. The dashed line shows the ‘square-root law’,
known from earlier literature. Thus, compliance with the
data obtained in pulsed operation with multiple pulses is
demonstrated. Such a diagram defines regimes in which
COD is avoided by the proper choice of operation parameters for a particular batch of devices. It is important
to note that the ‘time to COD’ scale is determined by the
accumulation time of excess energy which is absorbed
from the optical output and results eventually in a local
melting of the device. This has been proven by makingup the energy balance within the tiny heated front facet
volume [ZHL10]. Furthermore, this data demonstrates
the compression of the ‘time to COD’ to a few tens of
nanoseconds for sufficiently high operation currents as
well as the high temperatures at the facet during COD.

Such results potentially serve as a benchmark for future
modeling of fast COD dynamics.
The particular mechanism being responsible for the
heating is called ‘thermal runaway’ and involves the reabsorption of laser light at the facets and its conversion
into heat via non-radiative recombination. In a positive
feedback-loop this heat again increases the absorption.
At the final stage of COD, the device undergoes local
melting. Since modern diode lasers are asymmetrically
coated, the internal photon density is highest at the outcoupling facet, whereas the carrier concentration is larger at the rear. Since the thermal runaway is initiated by
heat provided by absorbed photons, COD is expected
and mostly found to take place at the outcoupling facet.

Fig. 2:

COD diagram showing the regions of COD (filled
circles) and no COD (open circles) occurrence.
The occurrence of COD was derived from an
analysis of thermo-images such as displayed in
Fig. 1 (right panel). The borderline (colored gray)
is blurred because of the randomness in filamentation and scatter in device properties.
The lasers are gain-guided broad area emitters
based on a AlGaAs/GaAs quantum well structure.
The chips have an emitter stripe of 1.4 mm length
and 50 µm width. The front facet has a standard
antireflective and the rear facet a high-reflective
dielectric coating.
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Imaging thermography allowed for the direct observation of defect propagation within diode laser cavities.
From side views of the laser resonator (Fig. 3a), defect propagation velocities are determined for different
types of devices and facets (front, rear, Fig. 3b). Obviously, the defect propagation along the laser stripe not
depends on the device structure or facet side, revealing the extrinsic nature of the dynamics. As shown in
Fig. 3 (c), even a complete reconstruction of the degradation path through a device is possible. Further analysis of basic COD mechanisms will focus on the initial
phases of the effect.
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Fig. 3:

(a) Thermal images from a diode laser during COD
with overlaid thermal flashes tracing the propagation of the damage front along the laser axis. The
19 images have been taken during 19 successive
pulses each 1 µs in duration. The grayscale image represents the emissivity contrast. On top a
scheme gives the device structure including bond
wiring. (b) Motion of the position (center of gravity)
of the heated area versus current for three different
devices. (c) Propagation of the hot spot of Planck’s
radiation within the emitter stripe (x-z plane, z=0
points to the front facet) as reconstructed from
thermal images taken simultaneously from front and
side. The shaded region indicates a likely path of
damage propagation.
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This scenario was now found to change in lasers which
were produced with improved facet technology and display a reduced surface recombination velocity. In this
case, the asymmetry of the carrier profile is enhanced
and the bulk temperature close to the rear facet notably
increases compared to the front section, the predominant mechanism being Auger recombination. Although
the thermal runaway remains the trigger of the COD, the
Auger heating of the bulk close to the rear facet substantially contributes to the total rear facet temperature
and, thus, causes COD there. This behavior was confirmed by comparing the COD behavior of several sets
of modern devices (supplier Alcatel-Thales III-V Lab)
with facets having different surface recombination velocities [HTZ10]. Thus, for high-quality devices, the rear
facet may become the bottleneck for the overall performance and therefore requires additional attention.
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3-04: Transient Structures and Imaging with X-Rays
M. Woerner, N. Zhavoronkov, H. Stiel (project coordinators)
and G. Blobel, B. Freyer, R. Jung, H. Legall, I. Mantouvalou, Ph. Rothhardt, J. Stingl, F. Zamponi

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 instrumentation such as X-ray optics and spectrometers.
The current applications focus on time-resolved X-ray
diffraction experiments on both single crystals (rotation method) and powdered samples (Debye Scherrer
method) using two high repetition rate laser produced
plasma (LPP) sources. The development of a highly brilliant LPP soft X-ray source for X-ray analytics as well as
the commissioning of a novel X-ray microscope for the
water window region (2.4 ... 4.4 nm) are subjects of collaboration with partners from Science and industry.

2. Subprojects and collaborations
UP1: Instrumentation, generation and application of Xrays from laser-based sources. Most of the work in this
subproject is done in the framework of the Berlin Laboratory for innovative X-ray Technologies (BLiX). BLiX,
www.blix.tu-berlin.de is jointly operated by the Institut für
Optik und Atomare Physik of the TU Berlin and the MaxBorn-Institut. BLiX is the „Leibniz-Applikationslabor“ of
MBI. It address scientific issues of importance to Science and industry in order to transfer research results in
prototypes. MBI contributes to BLiX among others with
the development of a novel thin disk laser system as
a driver laser for a plasma based highly brilliant XUV
source (see below). As a result of a BMBF joint research
project a laboratory based X-ray microscope has been
developed at MBI. It will be transferred from MBI to BLiX
for application experiments.
UP2: Investigation of phase transitions and structural
dynamics in solids, in close collaboration with project
3-02.

3. Results in 2010
UP1(1): Laboratory X-ray microscope for the water
window region
A Laboratory Transmission X-ray Microscope (LTXM)
setup based on a high repetition liquid-nitrogen laserplasma source has been completed at MBI in collaboration with BRUKER ASC. With the used high repetition
high power laser system (100 mJ, 1.3 kHz, 450 ps, FhGILT) the liquid-nitrogen laser plasma source emits >
5*1014 ph/(sr s) in the Ly-α line at 2.48 nm. Fig. 1 shows
the reflection image a novel multilayer condenser optics
(FhG-IOF), yielding a reflectivity of 0.4 % at 2.48 nm.
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Fig. 1:

Radiation collected from the plasma source and
reflected by the multilayer-condenser mirror at
2.48 nm. The X-ray image was taken behind the
focus of the multilayer mirror.

The X-ray microscope setup (Fig. 2) enables the detection of a high quality microscope image at 2.48 nm with a
magnification of x1000 in a data accumulation time less
than one minute. With the used micro zone plate a spatial
resolution of 30 nm can be achieved. The implemented
sample stage developed by Bruker ASC ensures 3D microscopy with high accuracy. A cryo sample holder, which
is part of the system, allows the performance of high
resolution cryo measurements with the present setup.
UP1(2): Highly brilliant X-ray soft X-ray source
for spectroscopy in the 100 ... 1200 eV range
A high average power, high spectral brightness laserproduced plasma-source (LPP) designed for spectroscopic purposes has been developed for BLiX in close
collaboration with IOAP/TU Berlin and MBI project 1-02.
The main application of the LPP is the investigation of
L-edges of transition metals, thus, enabling analysis of
technological samples with a depth resolution in the nmregime using X-ray emission as well as X-ray absorption
spectroscopy.
A high average power Yb:YAG thin disk laser system (TRUMPF AG) was equipped wit a seed diode
with variable pulse duration. The laser system delivers pulses with 200 mJ energy, about 1 ns pulse duration at a repetition rate of 100 Hz. The output beam
of the laser is focused to a solid state cylinder target.
The spectrum emitted by the source consists depend-

Fig. 2:

Scheme of the
laboratory X-ray
microscope at
MBI.

ing on the target material of discrete lines or a quasi
continuum. Using a copper target strong line emission
has been found in the water window as well as in the
region around 1000 eV making the source capable
for the envisaged X-ray spectroscopic purposes.
UP2: Activities of this subproject in 2010 are described
in detail in one of the feature articles of this annual report entitled: Ultrafast X-ray diffraction – Nuclear motions and transient charge density maps.
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4-1: Scientific Infrastructure Project:
Development and Implementation of Laser Systems and Measuring
Techniques
I. Will, N. Zhavoronkov, and M. Weinelt (project coordinators)
and R. Carley, K. Doebrich, B. Frietsch, M. Teichmann

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.

2. Subprojects and collaborations
The project is presently organized in three subprojects:
UP1: Development, installation and maintenance of lasers for particle accelerators. This work
is carried out in close cooperation with DESY,
the Forschungszentrum Dresden (Rossendorf)
and the Helmholtz-Zentrum Berlin für Materialien und Energie GmbH (formerly BESSY).
UP2: Development of high-power ultrashort-pulse
Ti:Sapphire laser systems for experiments at the MBI.
UP3: (Pakt für Forschung und Innovation, WGL), in
collaboration with Ph. Wernet, K. Gudehausen, and
O. Schwarzkopf (Helmholtz-Zentrum Berlin für Materialien und Energie GmbH) WE2037/4-1, Femtomagnetism probed by valence band and core-level photoelectron spectroscopy with higher harmonic radiation.

3. Results in 2010

byCAT facility at BESSY II. It will be used in the development of the photo injector for the Energy Recovery
Linacs at BESSY („BERLinPro“).
In the first step of this development, photocathodes will
be used that required UV light due to the work function
of this material. Since similar cathodes have been used
at DESY for many years, the setup of the photoinjector
drive laser for the HZB is close to the lasers the MBI has
already developed for DESY.
The laser developed for the HZB consists of the following main building blocks (Fig. 1):
• an Yb:YAG laser oscillator that generates pulses of
1.5 ps duration at 1030 nm wavelength.
• a RF synchronisation scheme for stable synchronisation of the laser oscillator with regard to the master
clock of the photo injector with a jitter of ~30fs (rms)
and a long-term drift of about 1 ps.
• a diode-pumped regenerative amplifier that boosts the
pulses from the oscillator by ~ 4 orders of magnitude.
The developed amplifier can operate at a programmable repetition rate between 100 Hz and 30 kHz.

UP1: Lasers for particle accelerators

• the wavelength conversion stage for conversion of the
infrared pulses of 1030 nm wavelength to UV pulses
of 258 nm wavelength (fourth harmonics).

In 2010, we have developed an Yb:YAG photoinjector
drive laser in cooperation with the Helmholtz-Zentrum
Berlin für Materialien und Energie GmbH (HZB). The
laser was installed in an experimental lab at the Hob-

The laser is equipped with an electronic RF system that
supplies the trigger signals for the regenerative amplifier
and highly-stable RF signals for synchronisation of the
laser oscillator to the master clock of the RF gun.

Fig. 1:

Scheme of the Yb:YAG photoinjector drive laser developed for the HZB.
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The main challenges for the development of this laser
were a large variability of the repetition rate of the laser (between 100 Hz and 30 kHz), a precise and reliable synchronisation the RF master clock of the photo
injector, and an easy-to-use remote control system.
Thus a Windows-based embedded computer was integrated into the whole laser system. It runs a program
written in C++ that allows to control remotely the pulse
parameters of the laser which are of significance for the
experiment.
UP2: Laser system with phase-tailored pulses
Presently a main focus of the sub-project is spectral and
temporal shaping of femtosecond pulses through filamentation in noble and molecular gases.
Filamentation arises when intense optical pulses propagate through transparent media and sustain a spatially
self-guiding regime. During this propagation, spectral
broadening takes place that allows for subsequent compression of the pulses down to a few cycles. Unlike other
shaping methods for femtosecond pulses the filamentation uses ionization to blueshift and phase modulate a
pulse with one of the aim to perform a pulse compression. As a consequence, a typical feature of filamentary
spectra is the strongly asymmetric spectral broadening with a centroid of spectrum shifted towards shorter
wavelengths. Because the filamentary mechanism can
operate at intensities that are significantly higher than in
other schemes, it may be scalable to much higher pulse
energies.

We used for experiments our phase tailored Ti:Sapphire
laser system able to generate 30-fs pulses centered at
800 nm with 3 mJ energy. The input beam was focused
by a concave mirror with radius of 3 m into a 1.5 m long
glass cell. The spatial profile of the laser output beam
was measured to be Gaussian with M2 close to 1. No
iris-diaphragm or other beam reshaping tools were
used for filament adjustment. The input and output faces of the cell were sealed by 0.2 mm thick fused silica
Brewster-windows. The gas cell was filled with SF6 or,
for comparison, with Ar at a variable pressure of 0.1-0.7
bar. Formation of the filament, as indicated by strong
gas fluorescence, was observed approximately 40 cm
behind the input window. After the start point of the filament the laser radiation was spatially confined to a filament, and propagated through the entire gas cell. The
diameter of the central, bright part of the beam was approximately 2 mm directly after the output window, compared to about 7 mm for non-filamentary propagation.
Spectra recorded directly after the gas cell are shown
in Fig. 2.
The spectrum from the filament in Ar has a typical shape
for noble gases, with the strongly expressed fundamental part around 800 nm. At optimal gas pressure and
adjustment, the spectral bandwidth measured at the 1%
level can be extended up to two octaves, but remains
below 100 nm at full-width-half-maximum (FWHM). The
filament in SF6 demonstrated a qualitatively different
spectral shape, with dramatic enhancement in frequency conversion out of the fundamental spectral range, especially towards higher-frequencies. The FWHM of the
detected spectrum reached almost an octave bandwidth
of 440 - 875 nm.

An extremely broad and uniform supercontinuum is essential for the generation of single-cycle pulses to drive
generation of isolated and well-collimated attosecond
XUV light pulses. However, the uniformity and the transformation efficiency over the whole octave-spanning
spectra have remained unattainable.

Fig. 2:
Filament spectra measured for SF6 and Ar at
different gas pressure: 300 mbar Ar (dark filled curve),
700 mbar Ar (white filled curve), 300 mbar SF6 (grey
curve).
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Fig. 3:
Spectra from the femtosecond laser filament: the input
laser spectrum (dark filled curve), the original filament
spectrum in SF6 (light filled curve), and parts of the
original spectrum isolated by double reflection from
dichroic mirrors around 550 nm and 800 nm (white
filled).

A 2 mm iris aperture was placed in the outgoing beam
to select the central filamentary part. The pulse energy
in the filament is dependent on the gas pressure and
amounts to 0.86 mJ for 300 mbar of SF6 Measurement

of the pulse duration and access to the pulse phase of
such a broadband source is challenging, even for the
most advanced measuring techniques. Therefore two
parts were separated from the output spectrum to study
the pulse properties (Fig. 3). The pulse energy for the
separated part of filament centred at 800 nm was as
high as 0.4 mJ. For the part centred at 550 nm, the
pulse energy was measured to be up to 0.1 mJ and a
conversion efficiency of 12% was obtained. Temporal
characterization of the output pulses was done using
a second-harmonic-generation FROG (frequency-resolved-optical-gating) setup in a lens-free configuration
with 10 μm thick BBO (beta-barium-borate) crystal for
800 nm pulses and 20 μm thick BBO crystal for 550 nm
pulses. Directly after the gas-cell, the pulses were positively chirped. Two different mirror-pairs providing nega-

Considering that the correcting dispersion has quite
different values across the filament spectrum, as was
found above for the spectral parts centred at 550 and
800 nm, it is not surprising that attempts to compress
the radiation including the entire spectrum using mirrors with almost homogeneous dispersion along the
spectrum were not really successful. Such compression
might be feasible in the future, as a result of advanced
developments in dielectric multilayer optics, dealing with
complex phase shapes.
In conclusion, the self-channelling of intense laser pulses in molecular SF6 gas enables the generation of a supercontinuum in the range of 300-1000 nm with unprecedented conversion efficiency into the blue spectral tail,
and the broadest spectrum measured at FWHM to date.
Successful compression of two different parts of the supercontinuum, one in vicinity of the original laser wavelengths and another from the completely newly generated blue spectral tail, support the prospect for the generation of powerful single cycle pulses with increased
temporal contrast direct from a single filament. Furthermore, the broadband supercontinuum based on filaments in SF6 could serve as an efficient source for tuneable short pulses in many spectroscopic applications.
UP3: Higher-harmonic beamline
We have constructed a high-order harmonics beamline
to generate frequency-tuneable femtosecond XUV pulses for time-resolved studies of solids, surfaces and gas
phase samples.
The output of a commercial three stage Ti:Sa amplifier
(Red Dragon, KMLabs, 50 fs, ≈ 1 mJ) running at 10 kHz
are focused into a gas cell containing argon to generate
high-order harmonics. The fundamental is separated
from the XUV radiation by a 150 nm thick aluminium filter. A grazing incidence toroidal mirror images the source
into the entrance slit of a toroidal grating monochromator for wavelength selection and resolution control. The
diffracted beam is imaged onto the monochromator’s
exit slit, from where it is imaged onto the experimental
sample by the second toroidal mirror.

Fig. 4:
Temporal profiles (solid) and phases (dashed) of
the compressed pulses centered at 580 nm (a) and
800 nm (b).

tive dispersion (NDM) of about -40 fs2 per bounce in the
spectral ranges of 720-880 nm and 490-600 nm were
used for correction of the spectral phase of the outgoing
pulses in the separated spectral domains. The shortest
pulses were measured for the 800 nm region after two
and for 550 nm after six reflections on NDM. The temporal profiles of the pulses compressed down to durations
of 9 fs and 11.5 fs for 800 nm and 580 nm respectively,
are shown in Fig. 4 together with the temporal phases.
Some irregularities on the short- and long- wavelength
sides of the spectra originating from the reflection edges
of the separating mirrors could lead to small phase distortion limiting the pulse compression.

A time-delayed fraction of the IR laser beam is also
brought to the sample via an independent path, allowing IR pump – XUV probe experiments. The measured
energy resolution of the XUV is typically 200 meV at a
photon energy of 35 eV with a flux of 109 – 1010 photons
/ second. The time resolution of the pump-probe experiment can be as fast as 100 fs.
We have completed a first set of experiments using the
apparatus for time-resolved photoelectron spectroscopy
studying ultrafast magnetization dynamics in Gadolinium and Terbium. The experiments were conducted
in a custom built ultra-high vacuum surface science
endstation. The endstation comprises two sections:
one for sample preparation and the other, fitted with
a view-type hemispherical electron analyser, for highresolution energy and angle resolved photoelectron
spectroscopy (ARPES) with the XUV and laser beams.
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Fig. 5:

ARPES data from a 100 Å thick Terbium layer 1 ps
before (left) and 1 ps after (right) demagnetization by
an intense IR pulse. Key spectroscopic features are
indicated. Parallel black lines mark the exchange splitting of the Δ2 band.

Fig. 5 shows typical ARPES data for Tb. At 100 K the
Δ2 valence band exhibits clear exchange splitting (indicated by the curved parallel lines). Following irradiation
by an intense infrared laser pulse, yielding a fluence of
around 0.5 mJ/cm2, the exchange splitting can be seen
to be quenched (right panel) within 1 ps. This time scale
indicates that the loss of magnetisation has an electronic origin since the electron and lattice temperatures
are just equilibrated, and spin-lattice coupling is known
to take longer [WMS]. Uniquely in this experiment, we
are able to observe, in addition to the valence band dynamics, those of the surface state (ss in the figure) and
the 4f electrons, all of which play important roles in the
magnetism of these metals.
Plans for 2011 include performing ARPES measurements
of Gd and Tb in magnetic linear dichroism, which will enable us to observe changes in the 4f electronic system
and gain further insight into the dynamics. We are also
planning a number of collaborations to study such materials as graphene, magnetite and vanadium dioxide.

Own Publications 2010 ff

(for full titles and list of authors see appendix 1)
All publications which have emerged from work in this
facility are listed under the relevant research projects.
submitted
WMS: M. Wietstruk et al.; Phys. Rev. Lett.
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4-21: Scientific Infrastructure Project:
Femtosecond Application Laboratories (FAL)
F. Noack, E. T. J. Nibbering (project coordinators)

1. Overview
Research at MBI requires interdisciplinarity in the scientific staff, flexibility in the definition and organisation of scientific projects, and a longer term scientific
infrastructure. MBI has chosen to concentrate some
of its main experimental re-sources in the application laboratories, providing flexible, versatile and costeffective access to expensive, state-of-the-art equipment for internal researchers. 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.

A highlight in 2010 was the first generation of sub-20 fs
pulses at 160 nm with several 100 nJ of energy and first
experiments with this unique source on a liquid jet in
vacuum. For details of the sub-20 fs VUV generation
please check project 1-01. The water jet is a part of project 2-03.

At present the MBI offers access to seven femtosecond
laboratories:
• VUV system
• MultiColor I
• Sub-50fs system
• High-Power Shaped system
• Clark system
• 80 MHz system
• MultiColor II.
Detailed descriptions of the systems and the existing
measuring technique are available on our webpages
under www.mbi-berlin.de/en/research/projects/4-21.
In 2010 the new working field of division A “Attosecond
physics” requested for reorganizing and relocation of
some applications laboratories. The 80 MHz system and
the Multicolor I system are moved to the second floor of
division A. In 2011 we will stop the operation of the quite
old Clark system. For the future it is expected that the new
dedicated Attosecond-Labs will be also available for internal and external users. The procedure for applying time at
the new systems will be developed and tested this year.

Fig. 2:

Liquid Microjet (10 µm diameter) in the vacuum chamber. Laser pulses initiate and probe photophysical and
photochemical reactions in the laminar flow region
(first 2-3 mm after the nozzle. In this region the jet is
invisible due to reduced optical scattering.

2. User statistics 2010
In 2010 the overall use of the FAL was more than 80 %
of the available access time. About 10 % were utilized
by visiting scientists mainly supported by DAAD (several programs), the Laserlab Europe programme and
the BMBF. The relatively low external user access
was a result of the reconstruction and relocation.

Fig. 1:

3D model of one new Attosecond-laboratory, right: laser system providing ultrashort light pulses for various
end stations in the next room (left side).

Last year we had 7 guest scientists (5 projects)
from Spain, Russia, Bulgaria and from Germany.

Publications
All publications which have emerged from work in this
facility are listed under the relevant research projects.
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4-22: Scientific Infrastructure Project:
High-Field Laser Application Laboratory (HFL)
M. Schnürer, G. Priebe (project coordinators)

1. Overview
The MBI High-Field Laser Application Laboratory (HFL)
applies and provides femtosecond Ti:Sa laser systems
operating at ultra-high intensities in excess of 1019 W/
cm2. Development of short-pulse, high-average-power
lasers for special applications, most importantly lasers
for accelerators, free electron lasers (FEL), X-ray lasers
and a new generation of pump-lasers is pursued in different other MBI projects (cf. 1-02).
A specific MBI contribution to the high field physics, especially relativistic plasma dynamics and laser particle
acceleration, will arise from the unique possibility of synchronized operation of two high-field Ti:Sa laser arms,
each of which has state-of-the-art single pulse characteristics. In 2010 a new 100 TW arm (purchased from
Amplitude Technologies) was installed. Together with
the available 30 TW arm and a XPW frontend (cf. 1-02)
a unique facility for pump-probe experiments at a relativistic laser intensity level will be available. Novel particle acceleration experiments will be possible in a specific lab area which is enclosed in a radiation shielded
area (Bunker). Preparation and comprehensive planning
begun in 2009, construction started in 2010 and was
completed in November 2010. A photo / picture of the
laser-area is depicted in Fig. 1.

erations. Its structure and equipment allows to perform
a variety of laser-matter interaction experiments such as
single atom ionization as well as complex laser-plasma
interaction studies. The latter include generation and acceleration of charged particles, with special emphasis on
protons and highly charged ions and their applications.
Laser operation was pursued until end of November
2009 and the whole experimental area (4 user stations)
had to be cleaned for reconstruction. In order to realize
the setup of the new 100 TW laser and to start the arrangement of one experimental station dust protection
walls have been set. With progress of the building work
the position of the walls could be adapted.
Therefore the development of the radiation shielded
area, the reconstruction of the 30 TW laser system and
the commissioning of the 100 TW laser was done in parallel. The final acceptance test of the 100 TW laser in
October was further more a successful demonstration of
the XPW performance (cf. 1-02). After the opening ceremony of the Bunker at the 1st of December relativistic
laser plasma experiments started in a neighbor room
next day with the 30 TW laser.
Lasers:

2. Description: Lasers and radiation
shielded area

• 30 TW Ti:Sa: 10 Hz CPA (~ 40 fs, ~ 1.2 J), capable of
delivering intensities of ~ 5 × 1019 W/cm2. Moreover
the beam parameters like energy, pulse-duration can
be varied.

The HFL is located in a separate building with restricted
access due to radiation safety and cleanliness consid-

• 100 TW Ti:Sa: 10 Hz CPA (~ 25 fs, 2.5 J), beam attenuation stage, first interaction experiments and
intensity determination will take place in 2011.

Fig. 1:

Photo of the new dual beam high intensity laser facility at the HFL: left – compressor and housed 100 TW Ti:Sa amplifier arm,
center (front) – housed power supplies, center (back) – XPW-frontend, right – compressor and housed 30 TW Ti:Sa laser.
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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 infrastructure are available in the High-Field Laser Application Laboratory:
• auto-correlators for pulse duration measurement of
Ti:Sa laser pulses.
• SPIDER for control of the duration of the Ti:Sa laser
pulse at full energy (10 fs resolution) and an averaging 3rd order correlator for the Ti:Sa laser with high
dynamics range.

Experiments aiming for production of ultra-short GeV
electron pulses can be initiated now and ion acceleration
with higher energy loads can be developed. Understanding of the basic processes is a major topic as well as the
development of strategies to utilize these novel radiation
sources comes into focus. A frontend in-house development allows synchronized operation of the two Ti:Sa laser
arms for pump-probe experiments, investigation of cascaded acceleration or photon – particle scattering at high
energy and ultra-short pulses. A diversity of new research
topics in relativistic plasma dynamics is now accessible.

• adaptive mirror-system with wavefront controlling
Hartmann sensor (30 TW laser), that resulted in a
improvement of the focus intensity, leading to an
intensity of about 1019 W/cm2.
• beam propagation system for five interaction chambers in separate laboratories, surounding the central
laser hall (redesigning in 2010, full construction will
be completed in 2011/12).
A principle step in direction towards a new ion acceleration scheme is the stable and efficient operation of a
double plasma mirror which is a key-technology for all
experiments with nm-thick ultrathin foils. In future experiments we will compare this technique with the recently
installed XPW-technique. Both methods are aiming to
increase the temporal contrast of the laser pulse by several orders. Interaction experiments with nm-thick foils
will be continued within the Transregio 18 – program
in collaboration with the LMU/MPQ Munich. Radiation
pressure acceleration is a most promising scheme (cf.
2-01) and needs further exploration. Also it is planned
to develop new experiments which make use of collective electron dynamics at ultra-high laser intensities.

Radiation shielded area – Bunker
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 experiments within a broad range of parameters and to make
complete use of the new 25 fs - 100 TW laser a special
lab (colloquial “bunker”) has been built in 2010 and was
dedicated on December, first. The walls consist of special concrete with ferric oxide which causes the characteristic red colour. A 60 tons heavy beam dump is put
downstream of the accelerated particles. The energetic
particles are slowed down inside the dump and secondary produced radiation is absorbed inside the bunker.
The total construction has a load of several 100 tons.
Dozens of pillars have been put into the ground to take
the load and to avoid that the whole building is not
doomed in Berlins sandy ground. The entrance to the
bunker is setup similar to a baffle. The central wall of the
baffle construction is a moveable gate. Such it is possible to transport a complete apparatus into and out of
the room.
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Fig. 2:

Photo inside the bunker: View in direction to the beamdump which consists of several thousand bricks made
of heavy concrete. (Photo: L. M. Peter)

3. User statistics 2010
Due to the complete laboratory reconstruction no user
access could be provided. In house project 2-01 started
in December 2010 and project members took part in laser frontend installation and contrast measurement.
According to the general mission of the MBI these facilities are not only used for the in-house research
(mainly projects 1-02, 2-01, 2-02 and 3-04), 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’s.
Data evaluation of a previous Laserlab access experiment has set a strong motivation to extend research
with a specific spray target system (MBI-patent). From
our partner at Queens University Belfast a new access proposal has been approved in January 2011.
The Laserlab campaign is planned for December 2011.
Background is the recently explored production of energetic negative ions which can extend possible application areas of laser based ion sources. The underlying processes are interesting for the basic understanding of various acceleration mechanisms of ions
and their propagation in the relativistic laser plasma.

Publications
All publications which have emerged from experiments
in HFL laboratory are listed under the relevant research
projects.
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D. Habs, and W. Sandner; Optimization of lasergenerated ion beams; Contributions to Plasma Physics
TZH: J. W. Tomm, M. Ziegler, M. Hempel, and T. Elsaesser; Mechanisms and fast kinetics of the catastrophic optical damage (COD) in diode lasers; Laser & Photon. Rev.
WKl: I. Will and G. Klemz; Drive lasers for photo injectors; Proceedings of ERL‘07
WMS: M. Wietstruk, A. Melnikov, C. Stamm, T. Kachel, N.
Pontius, M. Sultan, C. Gahl, M. Weinelt, H. A. Dürr, and
U. Bovensiepen; Hot electron driven enhancement of spin
-lattice coupling in 4f ferromagnets observed by femtosecond X-ray magnetic circular dichroism; Phys. Rev. Lett.
ZFP: S. Zherebtsov, T. Fennel, J. Plenge, E. Antonsson,
I. Znakovskaya, A. Wirth, O. Herrwerth, L. Süßmann,
C. Peltz, I. Ahmad, S. A. Trushin, V. Pervak, S. Karsch,
and M. J. J. Vrakking; Controlled near-field enhanced
electron acceleration from dielectric nanospheres
with intense few-cycle laser fields; Nature Physics

General publications and reports
Her10a: I. V. Hertel; Und sie bewegen sich doch - Zur
Kooperation von Universitäten und außeruniversitären
Forschungseinrichtungen im Exzellenzwettbewerb; in
Die Exzellenzinitiative, Stephan Leibfried ed. (Campus
Verlag, Frankfurt/M., New York, 2010) 139-159
HSc10b: I. V. Hertel and H. Schmitz; Laser, Solarzelle
und intelligente Software; polis - MAGAZIN FÜR URBAN DEVELOPMENT 17 (2010) 42-43
HWe10: I. V. Hertel and B. Weidner; Branchenstrategie „Lösungen aus Licht“; Die Bedeutung der optischen
Wissenschaften und der Mikrosystemtechnik in Berlin;
in Zukunftsreport Berlin 2030, W. Momper ed. (berliner
wirtschaftsgespräche e.V., 2010) 96-97

Master theses, Diploma- and PhD theses
Master theses
Buc10: F. Buchner; Zeitaufgelöste Photoelektronenspektroskopie an wässrigen Salzlösungen (Supervisors: E. Rühl and T. Schultz), Freie Universität Berlin,
2010-01

Hei10: N. Heine; Zeitaufgelöste Photoelektronenspektroskopie an wässrigen organischen Chromophoren (Supervisors: E. Rühl and T. Schultz), Humboldt-Universität
Berlin, 2010-02
Rot10: P. Rothhardt; Ultrafast X-ray powder diffraction on potassium dihydrogen phosphate (Supervisor:
T. Elsaesser), Humboldt-Universität Berlin, 2010-09
Diploma theses
And10: B. Andres; Spinauflösende Zwei-Photonen-Photoemission an der Gadolinium (0001)-Oberfläche (Supervisor: M. Weinelt), Freie Universität Berlin, 2010-12
Paa10: T. Paasch-Colberg; Laser driven ion acceleration using isolated mass limited targets (Supervisor: W.
Sandner), Technische Universität Berlin, 2010-05
Zie10: K. Zielke; Untersuchung der Germanium (100)Oberfläche mittels Zwei-Photonen-Photoemission (Supervisor: M. Weinelt), Freie Universität Berlin, 2010-12
PhD theses
Ada10: K. Adamczyk; Ultrafast charge transfer processes in solution (Supervisor: T. Elsaesser), HumboldtUniversität Berlin, 2010-04
Eic10: C. Eickhoff; Zeitaufgelöste Zwei-Photonen-Photoemissionspektroskopie der Ladungsträgerdynamik an
Halbleiteroberflächen (Supervisor: M. Weinelt), Freie
Universität Berlin, 2010-10
Gor10: A. Goris; Spinabhängige Lebensdauer heißer
Elektronen in 3d-Ferromagneten (Supervisor: M. Weinelt), Freie Universität Berlin, 2010-11
Gre10: C. Grebing; Neuartige Konzepte zur Detektion
und Kontrolle der Carrier-Envelope Phasendrift ultrakurzer Laserpulse (Supervisor: T. Elsaesser), HumboldtUniversität Berlin, 2010-03		
Han10: T. Hansel; Anwendung ultrakurzer Laserpulse
in der digital-holographischen Interferometrie (Supervisor: T. Elsaesser), Humboldt-Universität Berlin, 2010-08
Man10: B. Manschwetus; Photoionisation von zweiatomigen Molekülen in hochintensiven Laserpulsen (Supervisor: W. Sandner), Technische Universität Berlin, 2010-07
Mau10: C. Mauclair; Optimization of photonic structures
inside bulk transponent materials through ultrashort
photoionisation (Supervisor: I. V. Hertel), Freie Universität Berlin and Université de Saint Etienne, 2010-01
Nub10: T. Nubbemeyer; Anregung und Beschleunigung neutraler atomarer Systeme in starken Laserfeldern (Supervisor: W. Sandner), Technische
Universität Berlin, 2010-06
Ste10: S. Steinke; Ion acceleration in the laser transparency regime (Supervisor: W. Sandner), Technische
Universität Berlin, 2010-12
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Appendix 2
Invited Talks, Teaching

Invited lectures at conferences
A. A. Andreev; Int. Conference on Nuclear, Plasma and
Radiological Engineering, ICNPRE 2010 (Kapstadt,
South Africa, 2010-01): Laser excited gamma-source
with high spectral brightness
A. A. Andreev; SPIE Photonics Europe (Brussels, Belgium, 2010-04): Laser ion acceleration in mass-limited
targets
A. A. Andreev; SimLab Porting Workshop (Jülich, Germany, 2010-06): Laser ion acceleration in mass-limited
targets
A. A. Andreev together with K. Yu. Platonov; 4th Int.
Workshop and Summer School on Plasma Physics
(Kiten, Bulgaria, 2010-07): Laser ion acceleration in tailored mass-limited targets
A. A. Andreev; 2nd Int. Workshop on Laser-Matter Interaction (Porquerolles, France, 2010-09): Laser ion acceleration in shaped mass-limited target set
A. A. Andreev together with P. V. Nickles, M. Schnürer et al.; VI. Int. Conference „Basic Problems of Optics” (St. Petersburg, Russia, 2010-10): Generation and
manipulation of ion beams by high intensity ultra-short
laser pulses
W. Becker; Workshop „Quantum coherence effects“
(Universität Ulm, Germany, 2010-02): Interference in
laser-atom physics
W. Becker; Advances in Strong Field and Attosecond
Physics (London, UK, 2010-06): The SFA revisited
W. Becker; 4th International Conference „Frontiers of
Nonlinear Physics“ (Nizhny Novgorod, Russia, 201007): More surprises in above-threshold ionization
W. Becker; Spontaneous Energy Focusing Phenomena
and Multiscale Physics (Nanyang Technological University, Singapore, 2010-08): Atoms in strong laser fields
U. Eichmann; DPG-Frühjahrstagung (Hannover, Germany, 2010-03): Acceleration of neutral atoms in strong
short pulse laser fields
U. Eichmann; 41st Annual Meeting of the Division of
Atomic Molecular and Optical Physics, DAMOP 2010
(Houston, Texas, USA, 2010-05): Excitation and acceleration of neutral atoms in strong short pulse laser
fields
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U. Eichmann; keynote speaker at ICONO, Int. Conference on Coherent and Nonlinear Optics and LAT, Int.
Conference on Lasers, Applications, and Technologies
(Kazan, Russia, 2010-08): Acceleration of neutral atoms
in strong short pulse laser fields
T. Elsaesser; 450. Wilhelm und Else Heraeus-Seminar:
Mixed States of Light and Matter (Bad Honnef, Germany, 2010-02): Low-frequency excitations and charge
transport in semiconductors studied by nonlinear terahertz spectroscopy
T. Elsaesser; 1st Int. Conference on Ultrafast Structural
Dynamics (Lausanne, Switzerland, 2010-06): Real-time
structural dynamics of molecular materials studied by
femtosecond X-ray diffraction
T. Elsaesser; LASERION (Rottach-Egern, Germany,
2010-07): Ultrafast structural dynamics of crystalline
materials studied with laser-driven X-ray sources
T. Elsaesser; Gordon Conference on Electron Distribution and Chemical Bonding (South Hadley, USA, 201007): Femtosecond X-ray diffraction - Structural dynamics and transient charge density maps
T. Elsaesser; 5th Int. Conference on Coherent Multidimensional Spectroscopy (Minneapolis, USA, 2010-08):
Ultrafast two-dimensional infrared spectroscopy of hydrated DNA oligomers
T. Elsaesser; 2nd Int. Symposium on Graphene Devices: Technology, Physics, and Modeling (Sendai, Japan,
2010-11): Ultrafast carrier dynamics in graphene and
graphite studied by femtosecond optical spectroscopy
A. Gitin; 14th Int. Conference on Laser Optics (St. Petersburg, Russia, 2010-06): A first principle approach
to the grating dispersion delay lines (compressor and
stretcher)
U. Griebner; 14th Int. Conference on Laser Optics (St.
Petersburg, Russia, 2010-06): Boosting the nonlinear
optical response of carbon nanotubes for broadband
femtosecond mode-locking of bulk solid-state lasers
U. Griebner; European Workshop on Double Tungstate
Lasers (Hamburg, Germany, 2010-09): Recent progress
with Tm:KLuW lasers
R. Grunwald together with M. Bock; Photonics West
(San Francisco, CA, USA, 2010-01): Spatial control and
diagnostics of femtosecond pulses with programmable
micro-optics

R. Grunwald together with M. Bock; SPIE Photonics
Europe (Brussels, Belgium, 2010-04): Programmable
microoptics for ultrashort pulses
R. Grunwald; Sino-German Workshop for Laser Technologies and Applications (Huazhong University of Science and Technology (HUST), Wuhan, China, 2010-10):
Programmable nondiffracting ultrashort pulses
R. Grunwald together with M. Bock, and S. Das; National Laser Symposium, NLS-19 (Raja Ramanna Centre
for Advanced Technology, Indore, India, 2010-12): Light
bullets, light rings and flying images: Adaptive spatial
modulation of ultrashort laser pulses (Kiran, A Bulletin of
the Indian Laser Association, Vol. 21, Pgs. 21-23)
A. Harvey together with O. Smirnova; The Kavli Institute
program “X-Ray Frontiers“ (Santa Barbara, USA, 201008): Yet another minimum in high harmonic generation
J. Herrmann together with A. Husakou, and S.-J. Im; Int.
Conference on Metamaterials, Photonic Crystals and
Plasmonics, META‘10 (Cairo, Egypt, 2010-02): High-order harmonic generation by plasmon field enhancement
J. Herrmann together with S.-J. Im, and A. Husakou;
2nd Int. Workshop on Laser-Matter Interaction (Porquerolles, France, 2010-10): Generation of high-power
supercontinuum and tunable sub-10 fs VUV pulses in
hollow-core photonic crystal fibers
I. V. Hertel; Gordon Research Conference on Multiphoton Processes (Tilton School, NH, USA, 2010-06): Large
molecular systems in intense, short laser pulses
I. V. Hertel; Int. Symposium New Horizons of Cluster
Chemistry (Kobe University, Japan, 2010-10): Water
clusters (doped and undoped) photons and dynamics
L. Isaenko together with V. Petrov, A. Yelisseyev, and V.
Vedenyapin; 14th Int. Conference on Laser Optics (St.
Petersburg, Russia, 2010-06): Monocrystals for nonlinear frequency conversion to the mid-IR above 4 µm
(paper WEW1-17)
M. P. Kalashnikov together with A. A. Andreev, and H.
Schönnagel; 14th Int. Conference on Laser Optics (St.
Petersburg, Russia, 2010-06): Limits of the temporal
contrast for CPA lasers with beams of high aperture
M. P. Kalashnikov together with A. A. Andreev, and H.
Schönnagel; Int. Conference on Coherent and Nonlinear Optics and LAT, Int. Conference on Lasers, Applications, and Technologies (Kazan, Russia, 2010-08): Temporal contrast of CPA lasers: Approaching the limit
D. Kolker together with G. Marchev, A. Tyazhev, V. Vedenyapin, A. Yelisseyev, S. Lobanov, L. Isaenko, J.-J.
Zondy, and V. Petrov; 14th Int. Conference on Laser Optics (St. Petersburg, Russia, 2010-06): Tunable nanosecond OPO based on new nonlinear crystals (paper
ThR1-21)

R. Lebert together with H. Stiel et al.; 2010 Int. Workshop on Extreme Ultraviolet Sources (University College
Dublin, Ireland, 2010-11): The request for high-brilliant
XUV sources: A first principle approach
A. Lübcke together with F. Buchner, N. Heine, T. Schultz,
and I. V. Hertel; DPG-Frühjahrstagung (Hannover, Germany, 2010-03): The hydrated electron studied by fsphotoelectron spectroscopy
A. Lübcke together with F. Buchner, I. V. Hertel, and T.
Schultz; Isolated biomolecules and biomolecular interactions (Berlin, Germany, 2010-06): Towards fs timeresolved photoelectron spectroscopy of biomolecules in
aqueous solutions
E. T. J. Nibbering; The 2010 Gentner Symposium on
Proton Mobility in Chemical and Biological Systems
(Maagan Holiday Village, Israel, 2010-02): Ultrafast
aqueous proton transfer to small ions
E. T. J. Nibbering; NWO-CW Meeting Chemistry Related
to Physics & Material Sciences, Study Group Spectroscopy and Theory (Veldhoven, The Netherlands, 201002): Ultrafast dynamics in aqueous systems probed with
transient IR spectroscopy
E. T. J. Nibbering; 239th ACS National Meeting (San
Francisco, CA, USA, 2010-03): Transient generation of
carbonic acid in aqueous solution
V. Petrov; Int. Workshop on Solid State Lasers: “Solid
State Lasers. 50 years after“ (Tarragona, Spain, 201003): Parametric down-conversion devices: The coverage of the mid-infrared spectral range by solid-state
laser sources (Technical Digest)
H. R. Reiss; 19th Int. Laser Physics Workshop, LPHYS’
10 (Iguacu, Brazil, 2010-07): Laser-induced ionization is
not a tunneling process
F. Rotermund; 4th EPS-QEOD Europhoton Conference
on Solid-State, Fiber and Waveguide Light Sources, Europhoton 2010 (Hamburg, Germany, 2010-08): Singlewalled carbon nanotube universal saturable absorbers
for bulk solid-state laser mode-locking (Europhysics
Conference Abstract Volume 34C, TuC1)
W. Sandner; Symposium on Modern Trends in Basic
and Applied Laser Spectroscopy (Lund, Sweden, 201004): World record acceleration of neutral atoms - The
unexpected liaison between Rydberg states and ultrastrong laser fields
W. Sandner; German-Chinese Symposium on Next
Generation Lasers and Emerging Applications Nano photonics (Aachen, Germany, 2010-05): European projects for Extreme Light (ELI) and Laser Fusion (HiPER): Challenges and opportunities for basic laser research and applications
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W. Sandner; SPIE Optics and Optoelectronics (Prague,
Czech Republic, 2010-04): High power lasers
W. Sandner; SPIE Photonics Europe, invited plenary
lecture (Brussels, Belgium, 2010-04): Lasers in the 21st
century: A scientific community going global
W. Sandner; Workshop on the Generalization of
Newton´s Experimentum Crucis (Humboldt-Universität
Berlin, Germany, 2010-09): The spectral composition of
„darkness“ in space and time. . .
W. Sandner; 470. Wilhelm und Else Heraeus-Seminar,
Particle Accelerator and High Intensity Lasers (Bad
Honnef, Physikzentrum, Germany, 2010-12): Frontiers
and high power laser development
M. Schnürer et. al.; 14th Int. Conference on Laser Optics (St. Petersburg, Russia, 2010-06): The quest of
maximum energy transfer in laser driven ion acceleration with different target and interaction concepts
M. Schnürer; EMMI Workshop - Particle Dynamics
under Extreme Matter Conditions (Speyer, Germany,
2010-09): Controlling the electron dynamics as a key for
efficient ion acceleration with relativistic laser fields
T. Schultz; DPG-Frühjahrstagung (Hannover, Germany, 2010-03): CRASY: Correlation rotational alignment
spectroscopy fragmentation channels
C. P. Schulz together with I. Shchatsinin, H.-H. Ritze,
and I. V. Hertel; Gordon Research Conference on Photoions, Photoionization & Photodetachement (Galveston, TX, USA, 2010-01): Excitation and ionization by
elliptically polarized, intense, short laser pulses
O. Smirnova; Gordon Research Conference on Photoions, Photoionization & Photodetachemen (Galveston,
TX, USA, 2010-01): Attosecond dynamics of electron
rearrangement during strong field ionization
O. Smirnova; APS March Meeting (Portland, Oregon,
USA, 2010-03): Attosecond dynamics of multi-electron
re-arrangement during strong-field ionization
O. Smirnova; Advances in Strong Field and Attosecond
Physics (London, UK, 2010-06): Multichannel strong
field ionization: The physics and applications
O. Smirnova; 10th European Conference on Atoms Molecules and Photons, ECAMP10 (Salamanca, Spain,
2010-07): Attosecond dynamics of electron re-arrangement after strong field ionization
O. Smirnova; OSA 17th Int. Conference on Ultrafast
Phenomena (Snowmass, CO, USA, 2010-07): High
harmonic spectroscopy of small molecules: Waiting for
HODO
O. Smirnova; Int. Workshop on Atomic Physics (Dresden, Germany, 2010-11): Multichannel strong field ionization: Physics and applications
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S. Steinke together with A. Henig, M. Schnürer, T. Sokollik, R. Hörlein, D. Kiefer, X. Q. Yan, T. Tajima, P. V. Nickles, W. Sandner, and D. Habs; DPG-Frühjahrstagung
(Hannover, Germany, 2010-03): Efficient ion acceleration in the laser transparency regime
S. Steinke together with A. Henig, M. Schnürer, T. Sokollik, R. Hörlein, D. Kiefer, D. Jung, J. Schreiber, B. M.
Hegelich, X. Q. Yan, J. Meyer-ter-Vehn, T. Tajima, P. V.
Nickles, W. Sandner, and D. Habs; 8th Workshop on
Complex Systems of Charges Particles and their Interaction with Electromagnetic Radiation (Moscow, Russia,
2010-04): Laser-ion acceleration in the laser transparency regime
S. Steinke together with A. Henig, M. Schnürer, T. Sokollok, R. Hörlein, D. Kiefer, D. Jung, J. Schreiber, B. M.
Hegelich, X. Q. Yan, J. Meyer-ter-Vehn, T. Tajima, P. V.
Nickles, W. Sandner, and D. Habs; CLEO/QELS 2010
(San Jose, CA, USA, 2010-05): Laser-ion acceleration
in the laser transparency regime
G. Steinmeyer; Physics Days (Jyväskylä, Finland, 201003): Taming optical nonlinearities: From few-femtosecond beam delivery to filament self-compression
G. Steinmeyer; EOS Symposium on Trends in Optical
Technologies (Frankfurt/M., Germany, 2010-06): Standardizing ultrafast pulse terminology and methodology
G. Steinmeyer; 19th Annual Int. Laser Physics Workshop
(Foz do Iguaçu, Brazil, 2010-07): Double self-compression and the origin of negative dispersion contributions
during filamentary propagation
G. Steinmeyer; IEEE Summer Topicals on Nonlinear
Fiber Optics (Playa del Carmen, Mexico, 2010-07):
Chirped photonic crystal fibers break pulse-duration limits in femtosecond beam delivery
G. Steinmeyer; 2nd Int. Workshop on Laser-Matter Interaction (Porquerolles, France, 2010-09): Computation
of nonlinear refraction saturation via Keldysh theory
G. Steinmeyer; 18th Int. Conference on Advanced Laser Technologies (Egmond aan Zee, The Netherlands,
2010-09): Carrier envelope phase control with timing jitter below the atomic unit of time
J. W. Tomm; 69. Sitzung ‘Zuverlässigkeitstechnik’ EMPA
(Duebendorf, Switzerland, 2010-03): Analyse optoelektronischer Bauelemente mittels optischer Spektroskopie
J. W. Tomm together with M. Ziegler, and T. Elsaesser; Int. Symposium on Reliability of Optoelectronics
for Space (Cagliari, Italy, 2010-04): New techniques for
catastrophic optical damage (COD) characterization on
diode lasers
J. W. Tomm together with M. Ziegler; 14th Int. Conference on Laser Optics (St. Petersburg, Russia, 201006): Catastrophic optical damage in high-power diode
lasers

J. W. Tomm; Photonex 2010 Conference (Telford, UK,
2010-11): Catastrophic optical damage in high-power
diode lasers
M. J. J. Vrakking; FLASH II Preparatory Phase Kick-off
Meeting (Hamburg, Germany, 2010-01): Perspectives
for atomic and molecular physics using FLASH II
M. J. J. Vrakking; Gordon Research Conference on Photoions, Photoionization & Photodetachement (Galveston, TX, USA, 2010-02): Attosecond time-resolved electron dynamics
M. J. J. Vrakking; BMBF-Strategiekongress Photonics
2020; Workshop V: Emerging Technologies, Technologien
für extreme Lichtzustände - Kurze Wellenlängen, kürzeste
Pulse, höchste Intensitäten (Berlin, Germany, 2010-03):
Optische Technologien auf der Attosekunden-Skala
M. J. J. Vrakking; Ringberg Meeting on Science with
FELs; Int. Workshop on Science with FELs - From first
results to future perspectives (Ringberg Castle, Tegernsee, Germany, 2010-03): Pump-probe spectroscopy using XUV and X-ray free electron lasers

M. J. J. Vrakking; Soft X-Ray Science and Instrumentation at the European XFEL (ICTP, Trieste, Italy, 201012): Time-resolved molecular dynamics using the
FLASH FEL
Z. Walters together with O. Smirnova; The Kavli Institute
program “X-Ray Frontiers” (Santa Barbara, USA, 201008): Dynamics of strong field ionization in multi-electron
systems
M. Weinelt together with M. Teichmann, and Ch. Eickhoff; The 7th Int. Symposium on Ultrafast Surface Dynamics, USD7 (Brijuni Islands, Croatia, 2010-08): Fano
interference in two-photon photoemission
W. Werncke together with V. Kozich, Ł. Szyc, E. T. J.
Nibbering, J. Dreyer, and T. Elsaesser; Int. Conference
on Perspectives in Vibrational Spectroscopy, ICOPVS2010 (Varanasi, India, 2010-02): Ultrafast redistribution
of vibrational energy after excitation of NH-stretching
modes in hydrogen bonded dimers and DNA oligomers

M. J. J. Vrakking; SPIE Photonics Europe (Brussels,
Belgium, 2010-04): Attosecond time-resolved electron
dynamics in molecules

W. Werncke together with V. Kozich, J. Dreyer, Ł. Szyc,
E. T. J. Nibbering, and T. Elsaesser; Int. Conference on
Laser Applications in Life Sciences 2010, LALS-2010
(Oulu, Finland, 2010-06): Vibrational energy redistribution after NH-stretching excitation in hydrogen bonded
dimers and DNA oligomers

M. J. J. Vrakking; Gordon Research Conference on Multiphoton Processes (Tilton, NH, USA, 2010-06): Attosecond molecular electron dynamics in small molecules

I. Will; Int. Workshop of the ICFA/ICUIL Taskforce
(Darmstadt, Germany, 2010-04): Thin disk and slab lasers: Present and future

M. J. J. Vrakking; ELI Attosecond Facility, 1st Scientific
Workshop (Budapest, Hungary, 2010-07): Ultrafast dynamics using intense XUV / X-ray pulses

I. Will; German-Chinese Symposium, Next Generation
Lasers and Emerging Applications - Nano photonics
(Aachen, Germany, 2010-05): Picosecond solid-state
lasers of high average power and selected applications

M. J. J. Vrakking, 463rd Seminar on Ultra Fast Atomic
Physics - Towards the Zeptosecond Regime (Bad Honnef, Germany, 2010-08): Time-resolved electron dynamics in atomic and molecular physics
M. J. J. Vrakking; Conference on X-ray Science in the
21st Century (University of California, Santa Barbara,
CA, USA, 2010-08): Connecting harmonics-based and
FEL-based XUV / X-ray experiments
M. J. J. Vrakking; Leibniz Marie Curie Workshop (Berlin,
Germany, 2010-09): Erfahrungsbericht eines erfolgreichen ITN Antragstellers
M. J. J. Vrakking; Three years IMPRS-QD Symposium
(Max Planck Institute for Nuclear Physics, University of
Heidelberg, Germany, 2010-10): Novel probes of ultrafast molecular dynamics
M. J. J. Vrakking; 3rd Annual Workshop of the CM 0702
COST ACTION CUSPFEL, joint MC MEETING (Hersonissos, Crete, 2010-10): Studying ultrafast dynamics using harmonic-based and FEL-based XUV / X-ray light
sources

I. Will together with J. Tümmler, R. Jung, and W. Sandner; ICUIL 2010 (Watkins Glen, NY, USA, 2010-09):
High average power picosecond pump laser for OPCPA
systems based on Yb:YAG thin disk technology
M. Woerner; Photonics West (San Francisco, CA, USA,
2010-01): Nonlinear terahertz spectroscopy
M. Woerner; Banff Meeting on Structural Dynamics
(Banff, Canada, 2010-02): Femtosecond X-ray powder
diffraction
M. Woerner; Transient Chemical Structures in Dense
Media (Paris, France, 2010-11): Femtosecond X-ray
powder diffraction
M. Ziegler together with J. W. Tomm; Laser Optics Berlin
(Germany, 2010-03): Catastrophic optical mirror damage in high-power diode lasers
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Invited external talks at seminars and
colloquia
U. Eichmann, Bothe Kolloquium (MPI für Kernphysik,
Heidelberg, Germany, 2010-05): Excitation and acceleration of neutral atoms in strong short-pulse laser fields
U. Eichmann, Seminar (JILA, Group Seminar Kapteyn/
Murname, Boulder, CO, USA, 2010-06): Excitation and
acceleration of neutral atoms in strong short pulse laser
fields
U. Eichmann, Seminar (NIST, Group Seminar, Ion Storage Group, D. Wineland, Boulder, CO, USA, 2010-06):
Excitation and acceleration of neutral atoms in strong
short pulse laser fields
U. Eichmann, Atomic Physics Seminar (University of
Virginia, Charlottesville, USA, 2010-06): Excitation and
acceleration of neutral atoms in strong short pulse laser
fields
T. Elsaesser, Workshop der Gemeinsamen Verwaltung,
Forschungsverbund Berlin (Belzig, Germany, 2010-05):
Forschung in den physikalisch-mathematischen Instituten des Forschungsverbundes Berlin
T. Elsaesser, Wissenschaftstag Leibniz-Institut für Gewässerökologie und Binnenfischerei (Berlin, Germany,
2010-06): Wasser- und Biomoleküle - Lokale Wechselwirkungen und ultraschnelle Prozesse
T. Elsaesser, Scientific Colloquium: Laser Analysis and
Control of Complex Molecular Systems (Universität Düsseldorf, Germany (60th birthday of K. Kleinermanns),
2010-07): Ultrafast vibrational dynamics of hydrated
DNA
T. Elsaesser, Symposium: 50 Jahre Laser (Technische
Universität München, Germany, 2010-07): Structural dynamics of polar solids mapped by femtosecond X-ray
diffraction
T. Elsaesser, Kolloquium: Advanced Light Sources,
ALIS (Universität und TU Wien, Österreich, 2010-12):
Real-time probing of structural dynamics in solids by
femtosecond X-ray diffraction
T. Elsaesser, Kolloquium der Gesellschaft deutscher
Chemiker (Universität Bonn, Germany, 2010-12): Ultraschnelle Schwingungsdynamik und lokale Wechselwirkungen in hydratisierter DNA
R. Grunwald, Seminar (Physical Institute, University
of Tartu, Estonia, 2010-08): Programmable ultrashort
pulsed nondiffracting structured light fields
R. Grunwald, Seminar (Albert-Ludwigs-University,
Freiburg, Germany, 2010-10): Adaptive spatial shaping
of ultrashort laser pulses
R. Grunwald, Physics Colloquium (Government of India, Bhabha Atomic Research Centre, Mumbai, India,
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2010-11): Adaptive shaping of ultrashort pulses with low
dispersion
I. V. Hertel, Seminar (Institut für Optik und Quantenelektronik, Friedrich-Schiller-Universität Jena, Germany,
2010-07): Large, finite systems in intense, short laser
pulses: Controlling and understanding ionization and
fragmentation dynamics of large molecules
I. V. Hertel, Seminar (Department of Chemistry, Faculty of Science and Graduate School of Science, Tohoku
University, Sendai, Japan, 2010-10): Energetics, solvation and ultrafast dynamics of water clusters and the
water surface
I. V. Hertel, Seminar (Kansai Photon Science Institute,
Kyoto, Japan, 2010-10): Large, finite systems in intense,
short laser pulses: controlling and understanding ionization and fragmentation dynamics of large molecules
C. Mauclair, Seminar (Freie Universität Berlin, Fachbereich Physik, Germany, 2010-02): Ultrafast laser tailoring for transparent material bulk functionalization
E. T. J. Nibbering, Seminar (Institute of Chemical Sciences and Engineering, École Polytechnique Fédérale
de Lausanne, Switzerland, 2010-11): Ultrafast generation of aqueous carbonic acid
V. Petrov, Seminar (Spectra Physics Inc.; Santa Clara,
CA, USA, 2010-05): Materials and OPOs for direct nonlinear frequency conversion to the mid-IR above 4 µm
with near 1 µm pumping
H. R. Reiss, Kolloquium (ETH Zurich, Switzerland, 201003): Angular momentum considerations in ionization by
long-pulse circularly polarized light
H. R. Reiss, Special Laser Seminar (ETH Zurich, Switzerland, 2010-04): Relativistically strong fields at very low
frequencies, and applications to basic energy problems
H. R. Reiss, Joint Theory Colloquium (ETH Zurich and
University of Zurich, Switzerland, 2010-05): Limitations
of gauge invariance and consequences for laser-induced processes
H. R. Reiss, Kolloquium (Physics Department, Georgia
Institute of Technology, USA, 2010-07): Laser-induced
ionization is not a tunneling process
W. Sandner, Festvortrag, Verleihung der Physik-Studienpreise 2010 der Wilhelm und Else Heraeus-Stiftung
(Magnus Haus Berlin, Germany, 2010-07): 50 Jahre Laser: Zukunftschancen in Optik und Photonik
W. Sandner, Institutskolloquium (Institut für Angewandte
Physik, Johann Wolfgang Goethe-Universität Frankfurt
am Main, Germany, 2010-11): Kinematische Effekte des
Lichts: Laser-Teilchenbeschleunigung bei hohen und
höchsten Intensitäten

W. Sandner, Institutskolloquium (Max-Planck-Institut für
Plasmaphysik, Universität Greifswald, Germany, 201012): Laserteilchenbeschleunigung von Protonen, positiven und negativen Ionen und neutralen Atomen
M. Schnürer, Seminar (Laserlab user training workshop,
Salamanca, Spain, 2010-11): The new dual beam HighField Laser Laboratory at Max-Born-Institut and preconditions for experiments
M. Schnürer, Seminar (Laserlab user training workshop,
Salamanca, Spain, 2010-11): Ion acceleration by intense laser pulses using different target concepts: Droplets, spheres and ultra-thin foils
T. Schultz, Seminar (Institut de Quimica Computacional,
Universitat de Girona, Spain, 2010-02): Photochemistry
of DNA bases and base clusters
T. Schultz, Kolloquium (Technische Universität Kaiserslautern, Germany, 2010-12): Photochemistry of DNA
bases and base pairs
C. P. Schulz, Benoir Soep Day (Laboratoire Francis Perrin, CEA, Saclay, Orsay, France, 2010-02): Alkali doped
water clusters: Spectroscopy and dynamics
O. Smirnova, Kolloquium (University of Kassel, Germany, 2010-01): High harmonic spectroscopy of small
molecules
O. Smirnova, Kolloquium (CELIA Bordeaux, France,
2010-03): High harmonic spectroscopy of molecules:
Waiting for HODO
O. Smirnova, SFB-450 Kolloquium (Freie Universität
Berlin, Germany, 2010-05): High harmonic spectroscopy of molecules: Waiting for HODO
O. Smirnova, Kolloquium (Aarhus University, Denmark,
2010-09): The mysterious N2 molecule
G. Steinmeyer, Kolloquium (Friedrich-Schiller-Universität, Jena, Germany, 2010-11): Neues vom optischen
Kerr-Effekt: Von der Carrier-Envelope-Phasenstabilisierung über zerstörungsfreie Quantenmessungen bis zur
Sättigung
H. Stiel, (Kansai Photon Science Institute, JAEA, Japan,
2010-11): X-ray science at MBI
H. Stiel, Biophysikalisches Kolloquium (Universität
Saarbrücken, Germany, 2010-05): Erzeugung und Anwendung von kurzwelliger Strahlung aus laserbasierten
Quellen
J. W. Tomm, Seminar (Danish Technical University, DTU
Fotonik, Department of Photonics Engineering, Riso,
Denmark, 2010-03): Analysis of diode lasers by means
of optical spectroscopy

M. J. J. Vrakking, Kolloquium (University of Leiden, The
Netherlands, 2010-01): Attosecond time-resolved electron dynamics
M. J. J. Vrakking, Kolloquium (Institute for Theoretical
Atomic, Molecular and Optical Physics - ITAMP Harvard, Cambridge, MA, USA, 2010-01): Attosecond and
femtosecond chemistry at XUV & X-ray FELs
M. J. J. Vrakking, Kolloquium (CERN, Geneva, Switzerland, 2010-01): Ultrafast electron dynamics using attosecond lasers
M. J. J. Vrakking, Kolloquium (Universität Rostock, Germany, 2010-06): Attosecond and femtosecond chemistry at XUV & X-ray FELs
M. J. J. Vrakking, Seminar (University of Cambridge,
MA, USA, 2010-06): Connecting lab-based attosecond
science with FEL research
M. J. J. Vrakking, Kolloquium (Universität Kassel, Physikalisches Institut, Germany, 2010-11): Connecting labbased attosecond science with FEL research
M. J. J. Vrakking, Kolloquium - Antrittsvorlesung (Freie
Universität Berlin, Germany, 2010-11): Connecting labbased attosecond science with FEL research
M. Weinelt, Kolloquium (Faculty of Physics, TUM,
Garching, Germany, 2010-01): Ultrafast spin-dependent
carrier dynamics in ferromagnetic thin films
M. Weinelt, Graduiertenkolleg (Hamburg, Germany,
2010-02): Laser-driven phase transitions probed by UV/
VIS, VUV and X-ray radiation
M. Weinelt, Seminar (University of Austin, TX, USA,
2010-02): Carrier dynamics at surfaces
M. Weinelt, Seminar (Fritz-Haber-Institut der MaxPlanck-Gesellschaft, Berlin, Germany, 2010-05):
Si (100) - A benchmark of carrier dynamics at semiconductor surfaces
M. Weinelt, Seminar (Universität Göttingen, Germany,
2010-06): Si (100) - A benchmark of carrier dynamics at
semiconductor surfaces
M. Weinelt, Seminar (University Halle, Max Planck Institute of Microstructure Physics, Germany, 2010-09): Two
state-double continuum Fano resonance in two-photon
photoemission of Si (100)

General talks
(popular, science politics etc.)
T. Elsaesser, together with P. Fischer, M. Tola,
and R. Krauter; Deutschlandradio (Köln, Germany, 2010-08): Vom Todesstrahl zum Licht des Lebens - Eine Lange Nacht über 50 Jahre Laser
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Academic teaching
U. Eichmann, Vorlesung, 4 Semesterwochenstunden
(Technische Universität Berlin, Institut für Optik und Atomare Physik, WS 2010): Quantensysteme I
T. Elsaesser, Vorlesung, 2 Semesterwochenstunden
(Humboldt-Universität Berlin, WS 2009/10): Kurzzeitspektroskopie I
T. Elsaesser, Vorlesung, 2 Semesterwochenstunden
(Humboldt-Universität Berlin, SS 2010): Nichtlineare
Optik
T. Elsaesser, Vorlesung, 2 Semesterwochenstunden
(Humboldt-Universität Berlin, WS 2010/11): Kurzzeitspektroskopie II
R. Grunwald, Lecture PhotonicsBCN, Master in Photonics, 5 Doppelstunden (Institute of Photonic Sciences,
University of Barcelona, Spain, 2010-05): Advanced microoptics for spatio-temporal beam shaping
I. V. Hertel, Vorlesung, 6 Semesterwochenstunden
(Humboldt-Universität Berlin, SS 2010): Ringvorlesung
- Moderne Physik und Schule für Lehramtskandidaten
H. Rottke, Vorlesung, 4 Semesterwochenstunden
(Humboldt-Universität Berlin, WS 2010/11): Atom-/Molekülphysik
W. Sandner, Vorlesung / Integrierte Veranstaltung im
Rahmen des Masterstudiums Physik, Experimentelle
Methoden der Physik (BESSY, Berlin-Adlershof, 201006): Erzeugung und Anwendung ultra-intensiver Laserfelder
T. Schultz, Vorlesung, 2 Semesterwochenstunden (Freie
Universität Berlin, FB Chemie, SS 2010): Physikalische
Chemie III – Elektrochemie
O. Smirnova, 2 lectures tutorial, 2 hours (ETH Zurich,
Switzerland, 2010-12): PPT –Theory of strong field ionization
M. Weinelt, Vorlesung, 6 Semesterwochenstunden
(Freie Universität Berlin, Fachbereich Physik, SS 2010):
Advanced Solid State Physics; Fortgeschrittene Festkörperphysik
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Appendix 3
Ongoing Master theses, Diploma- and PhD theses, Habilitations

Master theses
H. Zimmermann; Study of atomic fluorescene in rare
gases following interaction with intense short laser pulses
(Supervisor: W. Sandner), Humboldt-Universität Berlin

S. Birkner; Untersuchung der Elektrodynamik in Molekülen mit ultrakurzen Laserpulsen und Koinzidenztechniken (Supervisor: M. J. J. Vrakking), Freie Universität
Berlin

Diploma theses

M. Bock; Raum-zeitliche Formung und Charakterisierung ultrakurzer Lichtimpulse (Supervisor: T. Elsaesser), Humboldt-Universität Berlin

T. Bido; Aufbau und Charakterisierung einer Laser-Plasma-Quelle im keV-Bereich (Supervisors: H. Stiel and B.
Kanngießer), Technische Universität Berlin

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

J. Bränzel; Entwicklung eines Spektrometers zur Untersuchung der Höheren Harmonischen eines relativistischen Plasmas bei Wechselwirkung von Femtosekunden-Laserpulsen (Supervisor: W. Sandner), Freie
Universität Berlin

C. Brée; Pulsformung und -kompression von Femtosekundenlaserpulsen über nichtlineare Prozesse in Edelgasen (Supervisor: T. Elsaesser), Humboldt-Universität
Berlin

S. Eilzer; Untersuchung der Anregung und Kinematik
neutraler Atome in starken Laserfeldern (Supervisor: W.
Sandner), Technische Universität Berlin

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

J. Frietsch; Charakterisierung eines Aufbaus zur Erzeugung hoher Harmonischer (Supervisor: M. Weinelt),
Freie Universität Berlin

M. Breusing; Nahfeldmikroskopie plasmonischer und
molekularer Nanostrukturen (Supervisor: T. Elsaesser),
Humboldt-Universität Berlin

C. Pratsch; Entwicklung und Anwendung schneller Algorithmen zur Rückgewinnung der Phaseninformation
in Experimenten zur kohärenten diffraktiven Bildgebung
(Supervisors: H. Stiel and F. Henneberger), HumboldtUniversität Berlin

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

M. Richter; Atomic systems in super-atomic fields (Supervisor: W. Sandner), Technische Universität Berlin
M. Rohloff; Erzeugung laserinduzierter periodischer
Oberflächenstrukturen mit Femtosekunden-Doppelpulsen (Supervisor: A. Rosenfeld), Fachhochschule Wildau
S. Wagner; Zwei-Photonen-Photoemission an molekularen Schichten (Supervisor: M. Weinelt), Freie Universität Berlin

Ph-D theses

B. Freyer; Femtosekunden-Röntgenbeugung zur Aufklärung reversibler Phasenübergänge in Festkörpern
(Supervisor: T. Elsaesser), Humboldt-Universität Berlin
H. Geiseler; Erzeugung und Charakterisierung von sub1fs XUV Laserpulsen und ihre Anwendung bei der Untersuchung von schnellen Prozessen in hochintensiven
Laserpulsen (Supervisor: W. Sandner), Technische Universität Berlin
K. Gorling; Untersuchungen zur Ionisationsdynamik isolierter Teilchen (Supervisor: W. Sandner), Technische
Universität Berlin

F. Abicht; Proton imaging of magnetic fields (Supervisor:
W. Sandner), Technische Universität Berlin

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

J. Bethge; Design und Charakterisierung neuartiger
photonischer Kristallfasern (Supervisor: T. Elsaesser),
Humboldt-Universität Berlin

M. Hempel; Spektroskopische Untersuchungen an optoelektronischen Halbleiternanostrukturen (Supervisor:
T. Elsaesser), Humboldt-Universität Berlin

M. Beutler; Erzeugung abstimmbarer fs-VUV-Impulse
für Untersuchungen der Dynamik molekularer Systeme
und Cluster (Supervisor: I. V. Hertel), Freie Universität
Berlin

S. Höhm; Dynamik der Erzeugung und Mechanismen
der Entstehung von periodischen Oberflächenstrukturen im Nanometerbereich durch die Bestrahlung von
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Festkörpern mit Femtosekunden-Laserpulsen (Supervisor: Prof. W. Sandner), Technische Universität Berlin
K.-H. Kim; Nichtlineare optische Prozesse von Femtosekundenimpulsen in Nanoteilchen-dotierten Medien
(Supervisor: T. Elsaesser), Humboldt-Universität Berlin
S. Koke; Untersuchung der Phasenabhängigkeit der
Multiphotonen-induzierten Photoemission von Metalloberflächen (Supervisor: T. Elsaesser), Humboldt-Universität Berlin
J. Kopprasch; Elektronendynamik von Ge(001) Oberflächenzuständen (Supervisor: M. Weinelt), Freie Universität Berlin
W. Kuehn; Nichtlineare Terahertz-Spektroskopie an
Halbleitern und Nanostrukturen (Supervisor: T. Elsaesser), Humboldt-Universität Berlin
T. Kunze; Dynamik elektronischer Strukturen an Nanostrukturierten Oberflächen (Supervisor: M. Weinelt),
Freie Universität Berlin
J.-P. Müller; Untersuchung des Anregungs- und Ionisationsprozesses von reinen und dotierten Wasserclustern
in moderaten sowie intensiven Laserfeldern (Supervisor: I. V. Hertel), Freie Universität Berlin  
C. Neidel; Femtosekundenlaserpulse für den Nachweis
von Makromolekülen (Supervisor: I. V. Hertel), Freie
Universität Berlin
M. Prémont-Schwarz; Ultraschnelle strukturelle Dynamik elementarer chemischer Reaktionen (Supervisor: T.
Elsaesser), Humboldt-Universität Berlin
Y. Rulyk; Photochemical processes in size- and structure-selected clusters (Supervisor: I. V. Hertel), Freie
Universität Berlin
A. Schmidt; Erzeugung ultrakurzer Laserpulse mit sättigbaren Carbon-Nanotube Absorbern im 2 µm Spektralbereich auf der Basis von Bulk-Festkörperlasern
(Supervisor: T. Elsaesser), Humboldt-Universität Berlin
R. Schmidt; Orientation, electronic structure, and efficiency of molecular switches at surfaces (Supervisor:
M. Weinelt), Freie Universität Berlin
C. Schröter; Femtosekundenspektroskopie an orientierten Molekülen (Supervisor: I. V. Hertel), Freie Universität Berlin
P. Singh; Dynamic imaging of electrons and ions in the
strong-field interaction of complex systems (Supervisor:
I. V. Hertel), Freie Universität Berlin
J. Stingl; Femtosekunden-Röntgenbeugung an korrelierten Festkörpern (Supervisor: T. Elsaesser), Humboldt-Universität Berlin
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Ł. Szyc; Ultrafast vibrational spectroscopy of hydrogen
bonds (Supervisor: T. Elsaesser), Humboldt-Universität
Berlin
M. Yang; Nonlinear mid- and far-infrared spectroscopy of hydrogen bonds in liquids (Supervisor: T. Elsaesser), Humboldt-Universität Berlin

Habilitations
T. Schultz; Photochemistry of DNA bases and base
pairs, Freie Universität Berlin

Appendix 4
Guest Lectures at the MBI

M. Abel, Department of Chemistry, University of California, Berkeley, USA; Seminar A: Attosekunden-Forschung, 2010-01-08: Generating attosecond pulses using ionization gating, and preliminary results on molecular dynamics
J. Bonse, BAM, Berlin; Seminar A, 2010-01-12: Structural, morphological and dynamical aspects of fs-laser
induced modification of crystalline silicon
H.-H. Limbach, Fachbereich Chemie, Freie Universität
Berlin; Institutskolloquium, 2010-01-12: NMR studies of
hydrogen transfer and bonding, acid base interactions
and hydration: From model systems and nano-particles
to proteins
S. Höfling, Optoelectronic Materials and Devices, Universität Würzburg; Seminar C: Nichtlineare Prozesse in
kondensierter Materie, 2010-01-21: Quantenpunkte auf
vorstrukturierten Substraten
H. J. Wörner, Steacie Institute for Molecular Sciences,
Ottawa, Canada; Seminar A, 2010-01-21: Following
chemical reactions using high-harmonic spectroscopy
S. Bedacht, University of Texas at Austin, USA; Seminar
B: Höchstfeldlaserseminar, 2010-01-27: Laser wakefield
acceleration at the Texas Petawatt Laser
S. V. Popruzhenko, Department of Theoretical Nuclear
Physics, Moscow Engineering Physics Institute, Russia;
Seminar B, 2010-01-27: Excitation of Rydberg levels by
short intense laser pulses
F. G. Vilà, Department of Electronics, University of
Barcelona, Spain; Seminar C, 2010-02-04: Synthesis,
structural characterization, and optical spectroscopy of
ZnO nanowires
H. Kono, Department of Chemistry, Tohoku University,
Sendai, South Korea; Seminar A, 2010-02-11: Molecular orbital picture of nonadiabatic electronic dynamics of
molecules in intense laser fields
O. Kornilov, Lawrence Berkeley National Laboratory,
University of California, Berkeley, USA; Seminar A,
2010-02-12: Femtosecond photoionization dynamics
4
He droplets
F. Furch, NSF ERC for Extreme Ultraviolet Science &
Technology, Colorado State University, Fort Collins,
USA; Seminar A, 2010-02-18: Low coherence interferometry and development of a compact high repetition
rate EUV laser

A. Yoshida, Institute of Laser Engineering, Osaka University, Japan; Seminar C, 2010-02-18: Recent progress
in high average power laser systems using cryogenically-cooled Yb-doped laser materials
F. Lépine, Laboratoire Spectrométrie Ionique et Moléculaire, Lyon, France; Seminar A, 2010-02-19: Velocity
map imaging of clusters and large molecules
T. Uphues, Quantum Optics & Laser Science, Imperial
College London, UK; Seminar A, 2010-02-22: Attosecond science: Applications and future prospects
M. Romanovsky, General Physics Institute, Moscow,
Russia; Seminar B, 2010-02-24: Electrodynamics of
electrons in a superintense laser field: New principles of
diagnostics of relativistic laser intensity
F. Carbone, École Polytechnique Fédérale de Lausanne, Institut des Sciences et Ingénierie Chimiques, Switzerland; Seminar C, 2010-03-01: Ultrafast electronic
and structural dynamics of graphite and graphene
J. H. Eberly, University of Rochester, NY, USA; Festkolloquium in honour of Howard R. Reiss, 2010-03-12:
Short-pulse atomic ionization with intense optical fields
and arbitrary polarization
P. Agostini, Ohio State University, USA; Festkolloquium
in honour of Howard R. Reiss, 2010-03-12: Effect of an
intense MIR electromagnetic field on an atom
A. Bercha, Institute of High Pressure Physics, UNIPRESS, Warsaw, Poland; Seminar C, 2010-03-18: Tuning and characterization of laser diodes using pressure
and temperature
A. Kornev, Vavilov State Optical Institute, St. Petersburg, Russia; Seminar B, 2010-03-23: High brightness
3J/100Hz Nd:YAG Q-switched MOPA laser
S. Patchkovskii, Steacie Institute for Molecular Sciences, National Research Council, Ottawa, Canada; Seminar B, 2010-03-26: Simulating strong-field processes in
real molecules
D. Kandula, Department of Physics and Astronomy, Faculty of Science, VU University Amsterdam, The Netherlands; Seminar A, 2010-03-30: A direct frequency comb
measurement of the 1s² - 1s5p transition in helium
G. Sansone, Politecnico di Milano, Italy; Institutskolloquium, 2010-04-12: Investigation of molecular dynamics
using attosecond and femtosecond XUV pulses
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I. Maron, Weizmann Institute, Tel Aviv, Israel; Seminar
B, 2010-04-16: Bilateral collaboration Israel - Germany:
Diagnostics and investigations of high-energy-density
plasmas
W. Nolting, Institut für Physik, Humboldt-Universität Berlin; Institutskolloquium, 2010-04-28: Ferromagnetism in
correlated particle systems
C. Koschitzki, Physikalisch-Technische Bundesanstalt,
Berlin; Seminar B, 2010-05-03: Aufbau einer optischen
Quellpunktdiagnostik an einem Niedrigenergie-Elektronenspeicherring
C. Flytzanis, Département de Physique, Laboratoire
Pierre Aigrain, École Normale Supérieure, Paris, France; Seminar C, 2010-05-05: Photogeneration of intense
ultrashort acoustic pulses merging nonlinear optics and
acoustics
S. Wall, Department of Physical Chemistry, Fritz Haber
Institute of the Max Planck Society, Berlin; Seminar A,
2010-05-06: Quantum interference between charge excitation paths in a solid state Mott insulator
K. Rossnagel, Universität Kiel; Seminar A, 2010-05-11:
Electron statics and dynamics in layered crystals
H. Kauffmann, Institut für Physikalische Chemie, Universität Wien, Österreich; Institutskolloquium, 2010-0512: Looking into the underpinnings of molecular optical
dynamics: The beauty of 2D-coherent electronic correlation spectroscopy
H. Petek, Department of Physics and Astronomy, University of Pittsburgh, Pennsylvania, USA; Institutskolloquium, 2010-05-20: Surface femtochemistry: Imaging
electron and nuclear dynamics in surface bond dissociation by time-resolved photoemission
A. R. Nilsson, Stanford Synchrotron Radiation Lightsource, Stanford University, California, USA; Seminar
A, 2010-05-26: X-ray studies of water: The liquid phase
and water on surfaces
R. Huber, Ludwig-Maximilians-Universität München;
Seminar C, 2010-05-27: Fourier Domain Mode Locking
(FDML): A new laser operating regime and applications
for biomedical imaging, profilometry, spectroscopy and
sensing
A. Gijsbertsen, FOM Institute for Atomic and Molecular
Physics, AMOLF, Amsterdam, The Netherlands; Seminar A, 2010-06-03: Multiple active electrons in strongfield ionization of polyatomic molecules
F. Schapper, Institute for Quantum Electronics, ETH
Zurich, Switzerland; Seminar A, 2010-06-04: Isolated
attosecond pulses with high-order harmonics and attosecond transient absorption in helium
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E. A. Solov’ev, Bogoliubov Laboratory of Theoretical
Physics, Joint Institute for Nuclear Research, Dubna,
Russia; Seminar B, 2010-06-16: Ionization of atomic
systems by an ultrastrong electric field for arbitrary
pulse duration
M. Shapiro, University of British Columbia, Vancouver,
Canada; Seminar B, 2010-06-21: Resolving the spectroscopic phase problem: Imaging excited wave packets and extracting excited state potentials from fluorescence data
M. Chergui, École Polytechnique Fédérale de Lausanne, Institut des Sciences et Ingénierie Chimiques,
Switzerland; Institutskolloquium, 2010-06-23: Ultrafast
optical and X-ray studies of intramolecular and solvation
dynamics
T. Schumm, Institute of Atomic and Subatomic Physics,
Vienna University of Technology, Austria; Seminar A,
2010-06-30: Nuclear physics with a laser: 229Thorium
S. Groha and F. Keidel, Bayerische Landessieger im
Wettbewerb ‘Jugend forscht’, Kategorie Physik; Sonderseminar, 2010-07-07: Präzise Messung des Erdmagnetfeldes mit einer selbstgebauten Messapparatur
S. Klimentov, General Physics Institute of RAS, Moscow, Russia; Seminar A, 2010-07-09: Minimization of
nonlinear scattering at focusing of ultrashort pulses in
gases
C. Arnold, Princeton University, New Jersey, USA; Seminar A, 2010-07-12: Bessel beams for advanced imaging and materials processing
F. G. Vilà, University of Barcelona, Spain; Seminar C,
2010-07-12: Wave-guiding effects observed in ZnO
nanowires by SNOM
X. Zhu, The University of Texas at Austin, USA; Seminar A, 2010-08-13: Hot excitons and hot electrons for
solar energy
R. P. Smith, JILA, University of Colorado, Boulder, USA;
Seminar C, 2010-08-20: Quantitative measurements of
many-body exciton dynamics in GaAs quantum-well
structures
D. Martz, Colorado State University, USA; Seminar A,
2010-08-26: Development of a high power table-top
pump laser system for the generation of coherent soft
X-ray radiation
C. P. J. Barty, National Ignition Facility (NIF), Lawrence
Livermore National Laboratory, CA, USA; Institutskolloquium, 2010-09-08: The National Ignition Facility: Past,
present and future
W. Braun, Paul-Drude-Institut, Berlin; Seminar C, 201009-16: Molecular beam epitaxy and synchrotron X-ray
diffraction of phase change materials

X. T. Nguyen, AG Cluster und Nanostrukturen, FB Physik, Universität Rostock; Seminar A, 2010-09-17: Optimal control: The strong-field ionization of clusters in
helium nanodroplets
E. Skantzakis, Institute of Electronic Structure and Laser, Foundation for Research and Technology - Hellas,
Greece; Seminar A, 2010-10-07: Towards energetic attosecond pulses
L. Poletto, CNR - Institute of Photonics and Nanotechnologies, Padua, Italy; Seminar A, 2010-11-17: Spectral
selection of ultrashort pulses in the extreme ultraviolet
S. Schorb, SLAC National Accelerator Laboratory, Menlo Park, CA, USA; Seminar A, 2010-11-19: Clusters in
intense X-ray pulses
M. Saeki, Institut für Radiochemie, Forschungszentrum
Dresden-Rossendorf; Seminar C, 2010-11-27: Structural studies on hydrogen-bonded aromatic cluster by
IR dip spectroscopy
M. Neeb, Helmholtz-Zentrum Berlin; Seminar A, 201012-10: Photoelectron spectroscopy of metallic clusters
with lasers and synchrotron radiation
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Appendix 5
Grants and Contracts 2010

3.500.000
3.250.000
3.000.000
2.750.000

Amount (Euro)

2.500.000
2.250.000
2.000.000
1.750.000
1.500.000
1.250.000
1.000.000
750.000
500.000
250.000
0
Federal
Stimulus
Foundation
EU
Products &
DFG
WGL SAW
				
Service			
				
(Industry)			
							

Source of income
Total amounts spent in 2010: 2.999.778 Euro

Others (EFRE,
contracts with
research
institutes etc.)

Total

Appendix 6
Activities in Scientific Organizations

W. Becker
Member, Advisory & Program Committee, Int. Laser
Physics Workshop, LPHYS’10 (Iguazu, Brazil)
Co-Chair, Seminar 2: Strong Field Attosecond Physics, Int. Laser Physics Workshop, LPHYS’10 (Iguazu,
Brazil)
Member, Nomination Committee, OSA Max Born Award
2010, Optical Society of America
Member, Program Sub-Committee, Co-Chair for program topic: High-Field Physics and High-Intensity Lasers, Int. Conference on Coherent and Nonlinear Optics, ICONO/LAT 2010 (Kazan, Russia)

Member, Advisory Board, Conference Series on TimeResolved Vibrational Spectroscopy
Member, Advisory Board, Int. Conference on Coherent
Multidimensional Spectroscopy
Divisional Associate Editor, Phys. Rev. Lett.
Member, Editorial Board, Chem. Phys.
Member, Editorial Board, Chem. Phys. Lett.
Member, Editorial Board, Applied Physics A
Member, Editorial Board, New J. Phys.

Member, Editorial Board, Laser Physics Letters
Member, Int. Committee, 12th Int. Conference on Multiphoton Processes, ICOMP12 (Hokkaido University,
Sapporo, Japan)

U. Griebner
Member, Int. Program Committee, Advanced SolidState Photonics, ASSP 2010 (San Diego, USA)

Reviewer, Evaluation of the Institute of Physics, Chinese
Academy of Sciences (Peking, China)
Organization together with W. Sandner: TR18 - Symposium ‘Acceleration Radiation and Radiation Damping‘ and ‘Festkolloquium in Honor of Howard R. Reiss‘
(Max-Born-Institut, Berlin, Germany)

R. Grunwald
Chair, Symposium: Ultrashort Pulse Propagation, Laser
Optics Berlin, LOB 2010 (Berlin, Germany)
Member, Program Committee, Complex Light and Optical Forces, Photonics West, SPIE

T. Elsaesser
Managing Director, Max-Born-Institut (Berlin, Germany)
Member, Berlin Brandenburg Academy of Science

Member, Editorial Advisory Board, The Open Optics
Journal, Bentham Open
Member, Sub-Committee: Information Optics, Optical
Storage and Displays, IQEC/CLEO Pacific Rim 2011

Member, IRIS Adlershof, Humboldt-Universität Berlin
Vertrauensdozent,
Volkes

Studienstiftung

des

deutschen

Chair, Kuratorium, Laserlabor Göttingen (Germany)
Chair, Scientific Advisory Board, Strahlungsquelle ELBE
(Forschungszentrum Rossendorf, Germany)
Member, Steering Committee, ESF Network DYNA: Ultrafast structural dynamics in physics, chemistry, biology
and materials science
Program Chair, Laser Optics Berlin, LOB 2010 (Berlin,
Germany)

I. V. Hertel
Member, Editorial Board, Journal of Chemical Physics
Chair, Kuratorium, Magnus-Haus, Berlin, Deutsche Physikalische Gesellschaft e.V.
Honorary Chair, Joint Initiative of Non-University Research Institutions in Adlershof, IGAFA (Berlin-Adlershof, Germany)
Member, Council, Berlin Brandenburg Academy of Sciences
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Member, Scientific
Brandenburger Tor

Advisory

Board,

Foundation

G. Priebe

Member, Selection Committee, Klung Wilhelmy Weberbank Prize (Freie Universität Berlin, Germany)

Member, Advisory Board, Basic Energy Sciences Workshop on Compact Light Sources, Scientific User Facilities Division, SUFD

External Advisor, The European Physical Journal D:
Atomic, Molecular, Optical and Plasma Physics (Paris,
Heidelberg), Edition Physique and Springer Verlag

W. Sandner

Member, Jury, Berlin Science Prize of the Governing
Major
Member, Kuratorium, Leibniz-Institut für Analytische
Wissenschaften - ISAS - e.V. (Dortmund, Germany)
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