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Editorial

National Center of Competence in Research: Molecular
Ultrafast Science and Technology

Optical, atomic, and molecular sciences have always had a dramatic impact on fundamental science as well as
on our society. They enabled the development of the laser, they triggered the development of quantum mechan-
ics, they are at the heart of modern communication, they facilitate modern navigation systems, they help designing
new drugs, or they play a key role in understanding molecules which determine the function of all living creatures.
Research efforts in optical, atomic, and molecular sciences are still growing and are expected to have further im-
pact on fundamental sciences as well as our daily life. Francis Crick, the co-discoverer of the double-helix DNA
structure, once said “... If you want to understand function, study structure ...” To the present day, the best probes
of equilibrium atomic structure in matter are nuclear magnetic resonance, electron spin resonance, high-energy
electron scattering, X-ray scattering and X-ray absorption spectroscopy. Especially X-ray scattering has proven to
be extremely powerful in unraveling the structure of large molecules, and, unlike any other field, research related
to X-rays has been awarded with 19 Nobel prizes in chemistry, physics, and medicine. Time, however, is missing
in Francis Crick’s statement, but is fundamentally important for chemical reactions, isomerization, or structural
phase transitions where a sequence of events of structural and electronic modifications at the molecular level are
essential for the understanding of the process. In other words we should probe time-dependent structures and
redistribution of electronic charge. Thus, a full understanding of structural dynamic at the molecular level requires
a thorough description of the electronic dynamics as the underlying driving force. We have now reached a point
where not only do we have the time resolution to probe the motion of atoms within assemblies (molecules, solids,
liquids, proteins) but also that of the electrons, which are the main actors in the formation and breaking of bonds.
Over the past years, research along these lines has dramatically gained momentum in Switzerland with new re-
search groups being established, with the implementation of new theoretical concepts, with the development of
new sources of femto- and attosecond pulses in the soft and hard X-ray regimes, or with the implementation of
various schemes of multidimensional spectroscopy. The Paul Scherrer Institute (PSI) successfully operates the
FEMTO facility at the SLS providing hard X-ray pulses of approximately 100-fs duration and plans to further extend
its focus in ultrafast science with a new hard X-ray free electron laser (SwissFEL), foreseen to be commissioned by
2017. The aim of MUST is to further promote these developments and to use them in tackling various fundamen-
tal problems in molecular sciences by bringing together Swiss researchers active in the development and use of
structure-sensitive ultrafast probes. The scientific questions addressed within MUST are focused on increasing our
understanding of, and ultimately control of, matter at the level of atoms and electrons. Understanding matter on
the atomic scale will address important challenges facing humanity including development of alternative sources
of energy and improving health. To address these challenges we need to use and develop new tools that extend
into higher spatial, temporal, and energy resolution to visualize and control both atomic and electronic motion in
atomic compounds.

Visualization of atomic motion in atomic compounds: The time scale for atomic motion is in the range of femtosec-
onds to picoseconds and visualization relies on probing techniques which are even faster. Capturing in ‘real-time’
the motion of atoms, or groups of atoms, in molecules, liquids, solids, and proteins became possible with the ad-
vent of femtosecond lasers delivering ultrashort pulses in the ultra-violet, visible, or infrared part of the spectrum.
Recently, a major breakthrough has been the development of multi-dimensional spectroscopy in the infrared and,
even more recently, in the visible and UV. These optical multi-dimensional spectroscopy techniques are analogues
of NMR spectroscopy, with the major advantage that sub-ps temporal resolution is reached (NMR is limited to
microseconds at best). Furthermore, couplings between electric dipoles are orders of magnitudes larger than
those between magnetic dipoles in NMR, which implies a huge increase in sensitivity. In addition to the progress
in transferring NMR-like techniques to the ultrafast domain, X-ray and electron diffraction and X-ray absorption
spectroscopy are reaching the relevant time scales. Major breakthroughs in probing ultrafast structural dynamics
of chemical and biological systems as well as hano-systems and materials become accessible through ultrashort
X-ray and electron pulses. Within MUST, we want to push the development of ultrafast multi-dimensional spectros-
copy, of ultrafast X-ray and electron diffraction, and of X-ray absorption spectroscopy as highly sophisticated tools
to follow the temporal evolution of structural rearrangements within matter of various sizes and in different environ-
ments. Experimental efforts will be accompanied by theoretical work, and we expect that theoretical simulations
will help designing appropriate experiments.

Visualization of electronic motion: The time scale of electron motion on a molecular scale is that of attoseconds.
Attosecond pulses and novel streaking methods using carrier envelope offset phase-stabilized laser pulses of few
optical cycles are available in university-based table-top laboratories and are typically in the VUV to soft X-ray
range. They are starting to allow for measurements reaching attosecond resolution for probing electron dynamics in
atomic and molecular systems, such as the study of Auger processes, tunneling in atoms, or molecular tomography.
Control of atomic motion in atomic compounds: Control of molecular processes through catalysis on surfaces is
a well established method and is omnipresent in our daily life. Steady progress in surface- and nano-science will
create a better understanding of such processes and help to devise new ones. Coherent control through optical
pulse shaping techniques has been a major area of femtosecond spectroscopy since its birth and in a recent report
from the US Department of Energy (Physics Today, July 2008 issue) it was identified as one of the most promising
and attractive challenges for future research. MUST will increase its already strong efforts in optical pulse shap-
ing and control will also be an integral part of many of the experimental investigations envisaged, as it can help in
disentangling complicated measurements.

Already today we witness the benefits of ultrafast science and technology for society and they would not have been
possible without the efforts in fundamental research. For example femtosecond lasers are now commonly used in
ophthalmology or in confocal microscopy of biological systems; they enable higher accuracy for frequency metrol-
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ogy; they facilitate table-top hard X-ray sources that are being implemented in phase-contrast micro-imaging of
biological samples or in high contrast radiography and mammography; they are also used in the processing and
machining of solid materials and surfaces as well as in laser-assisted fabrication of new materials. In the future the
extension of NMR-like techniques to the infrared and visible spectral domain promises a tremendous leap forward
in applications similar to those of NMR, e.g. structural determination of molecular systems. Ultrafast spectroscopic
measurements will help to better understand the photo-generation of hydrogen, the catalyzed reduction of oxygen,
and the charge transfer reactions at the water-supercritical carbon dioxide interface, crucial steps in the upcoming
energy problem. Ultrafast spectroscopy will help to understand the dynamics of light-induced electron transfer pro-
cesses in supra-molecular systems and at interfaces; both being fundamental to the development of dye-sensitized
solar cells and resulting photovoltaic systems.

Through MUST we envision advance of knowledge in order to further improve the quality of daily life. New enabling
technological innovations will help to further maintain competitiveness and to create new jobs. A major goal of
MUST is to provide training and education of qualified personnel and to promote the scientific education of the
general public.
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