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Our research activities fall into four main topics. All
experiments are done in our laboratories in Freiburg
at the VF and FMF. We benefit from collaboration with
groups in and outside Freiburg and are embedded in
German, European and international networks.
Superposition states of atoms in tailored laser fields
The non-classical nature of superposition of two
states is at the heart of modern methods of high resolution measurement. A specific class of superposition states are dark states when atoms are immune
to illumination but are strongly absorbing when they
are not dark. The phase of the amplitudes of the superposition is the critical parameter for darkness and
we have explored its significance in the preparation
of atoms and the survival of the state in presence or
absence of phase-controlled light fields. For this purpose we have studied the atomic dynamics in entering the dark state condition as well as the free induction decay which is observed when the coherent superposition is illuminated by nonresonant fields. This
led to the development of a phase-switching method
capable of measuring the quantum phase difference
of the states involved in the superposition [1, 2]. This
phase can be determined in a nearly nondestructive
manner provided a large sample of atoms is used.
This method recently permitted a concise investigation of Berry’s geometric phase which we can imprint
in an atomic superposition state by rotating a laboratory magnetic field [3]. We have also explored a
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Einstein condensation without evaporative cooling.
We have pursued this topic in experiments with laser
cooled trapped atoms in a far detuned optical dipole
trap and prepared our understanding of this tool by
numerical simulation of realistic environments [5, 6].
Nonadiabatic coupling in triatomic hydrogen
Triatomic hydrogen is a ubiquitous and frequently
the predominant molecular species in hydrogen plasmas and in interstellar clouds. In its most stable form
it is ionized, H+
3 . This ion controls the local electron
density as it recombines with slow electrons to form
H2 +H or H+H+H. The rate of recombination has
been studied in many laboratories with greatly diverging results and has been a controversial subject for
the past 30 years. Recombination involves the temporary formation of neutral triatomic hydrogen which
subsequently decays. We have developed means to
prepare by laser excitation these intermediate forms
of neutral triatomic hydrogen and have studied their
autoionization and predissociation as these represent the intimate paths involved in recombination.
Our latest studies deal with the breakup of stateselected H3 molecules into three slow hydrogen
atoms. This experiment is made possible by using
time- and position sensitive wire-detectors for neutral hydrogen atoms. With 30 ps time- and 50 µ m
spatial resolution we succeed in the coincident detection of the three slow H(1s)-atoms released by a
single molecule and measuring the momentum vectors of the three atoms. Nuclear symmetry plays a
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Figure 0.1: Observation of Berry’s geometric phase
which is imprinted in quantum superposition states of
Rb-atoms by rotating the laboratory magnetic field at
a cone angle θ [3].
classical analogue of the dark state in a metamaterial containing split-ring resonators [4].
Among the many applications of dark states in
metrology is their entanglement with translational degrees of freedom of the atoms. The controlled darkness of vibrational transitions of an atom in a trapping potential promises a method for reaching Bose-

Figure 0.2: A profound isotope effect in predissociation of Rydberg states in the vicinity of the ionization
thresholds of H3 and D3 [7].
decisive role in the selection of mechanical degrees
of freedom as shown by isotope effects between D3
and H3 [7]. When viewed in the laboratory frame,
the correlated momentum vector image is an analogue of the optical far-field of a diffracting object, in
our case the intermediate H3 molecule at the time of
breakup. As the lifetime of the molecule is typically
larger than the rotational and vibrational period, the
image of momentum correlation represents a view
of the available phase space in which nonadiabatic
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coupling opens a door for the molecule to enter the
continuum of three separating hydrogen atoms. This
is the first time that direct views of a many particle
wavefunction is obtained in an experiment. The results attest to the complex forms of nonadiabatic coupling in polyatomic molecules and provide stringent
tests for many-body quantum dynamics theory [8, 9].
Strong field physics

Normalized yield

At light intensities above 1 TW/cm2 the wavefunction and energy spectrum of atoms and molecules
can be greatly distorted from the nascent form. Our
pioneering development of photoelectron imaging
has lead to tools (now in use in over 40 laboratories world wide) to image the distorted electronic
wavefunction, as it is projected by a final photon into
the continuum of free electrons. Theory has kept
apace with simulating the light-field induced distortion of the atomic wavefunction using analytical models or numerical simulation of the time-dependent
Schrödinger equation, even for nearly exact atomic
structure, when exposed to strong light fields. By
comparison the understanding of molecular structure
and the structure of negative ions in strong fields is
far less developed.
Recent Freiburg experiments deal with molecular hydrogen and fluorine [10, 11, 12]. They show
that the commonly accepted ponderomotive shifting model can be greatly modified due to electronic
coupling in bound-bound transitions. In collaboration with the Univ. Goeteborg high resolution studies
of threshold photodetachment were undertaken [13,
14]. A latest highlight is the time-resolved study of
strong-field ionization of a superposition of fine struc0.15

Carbon

τ12

In a seemingly unrelated subject the Deutsche
Wetterdienst and a local company requested measurements of the sinking velocity of airborne pollen
for calibration of commercial pollen counters and simulation of pollen flight over Europe. We responded
by constructing Paul traps for holding and studying
single pollen over long periods of time in controlled
temperature-humidity environments. We discovered
that the sinking velocity controls the stability boundary of the Paul trap via the drag coefficient. The dependence of sinking velocity on the number of conglomerated pollen was determined [17].
THz radiation and applications
Our group has pioneered electro-optic detection
of electromagnetic radiation fields in the THz range
and has over the years concentrated on microscopic
structure related vibration and relaxation of biological molecules and ionic liquids [18, 19]. Our focus has recently moved to plasmonics and metamaterials. These artificial structures are build from
micro resonators and feature unusual optical properties. A latest highlight is the development of
a near field microscope capable of detecting the
electromagnetic field vector of an ac-field with subpicosecond time and 5 or 25 µ m spatial resolution [20, 21, 22]. This microscope has proven to
be a worldwide unique tool for characterizing the
near-field properties of micro resonators or surfaceplasmon polaritons and for sub-wavelength resolution imaging. We visualized surface-plasmon polaritons, focused to sub-wavelength spotsize, using
radially polarized light [23]. We demonstrated subdiffraction imaging and focussing using metamaterial
fibers fabricated at the Univ. Sidney [24]. The coupling between micro resonators has been studied in
the near- and far-field [4, 25, 26]. In cooperation with
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Figure 0.3: The time-resolved spatial oscillation of
electron density in the carbon atom ground state is
detected along a laboratory coordinate [15].
ture states of the neutral carbon atom ground state.
The neutral atom is formed in the gas phase by fspulse photodetachment of C− producing the neutral C(3 P) atom in a coherent superposition which
evolves with time manifested as oscillation of the spatial distribution of the electron density along an axis
chosen by the detachtment laser [15, 16].

Figure 0.4: Sub-wavelength sized, solid-core fibers
used for transport of electromagnetic radiation and
THz near-field images at the fiber exit. [25]
the universities Adelaide and Southampton [27, 28]
coaxial micro cavities for localized plasmons and a
switchable liquid crystal based metamaterial device
were developed and characterized.
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1. Single Ionization of Molecular Hydrogen in
Strong Laser Fields,
PhD thesis, Timo Wilbois 2011
2. Vibrational Cooling of a Trapped Atom: its
evolution to electromagnetically induced transparency, the development of the scattered radiation field and signatures of correlation and
entanglement,
PhD thesis, Maryam Roghani 2011
3. Dynamics and Structure of Negative Ions Photoinduced double detachment on nanoand femtosecond time scales,
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4. Transient Quantum Dynamics of Coherent
Population Trapping Resonances,
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