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Development of Ultrafast X-ray Free
Electron Laser Tools in (Bio)Chemical

Research

Simone Techert, Sreevidya Thekku Veedu and Sadia Bari

Abstract The chapter will focus on fundamental aspects and methodological chal-
lenges of X-ray free electron laser research and recent developments in the related
field of ultrafast X-ray science. Selected examples proving “molecular movie capa-
bilities” of Free-electron laser radiation investigating gas phase chemistry, chemistry
in liquids and transformations in the solid state will be introduced. They will be dis-
cussed in the context of ultrafast X-ray studies of complex biochemical research, and
time-resolved X-ray characterisation of energy storage materials and energy bionics.

17.1 Introduction

After a preparation phase of almost twenty years—from the first vision of a common
research effort in synchrotron radiation in Europe (1975) up to the first electron beam
entering the first high-brilliant, third generation X-ray synchrotron ring in 1992 (at
the European Synchrotron Radiation Facility)—synchrotron radiation has proven its
unique X-ray photons characteristics in brilliance, coherence, pulsed properties and
high-repetition frequencies—allowing for the development of various synchrotron-
typical experiments such as high-resolution X-ray crystallography and anomalous
X-ray scattering, the various types of X-ray spectroscopy techniques, X-ray time-
resolved methods and coherent and incoherent X-ray diffraction techniques (to name
some examples). The techniques have been adapted for and applied to material
research, chemistry, solid state and biophysics, earth and planetary research, astro-
physics etc.
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In the begin of the 2nd millennium, synchrotron researchers faced a similar situ-
ation as in begin of 1980s—again with a 20 years agenda from 2000 on—entering
their next research “quantum step” by extending the novel technique of the so-called
Free-Electron Laser (FEL) principle [1–6] from short arrangements of water-cooled
magnets to very long arrangements of water-cooled (and now even superconducting)
magnets [1–6]. Since in free-electron lasers high-speed electrons freely move in a
magnetic field [1, 2], being accelerated and decelerated in the field, and by thus gen-
erating radiation, changing the properties of the magnetic fields as explained allow
for moving from the FEL-generation of micro-waves [2, 4] to the ones of X-ray
radiation [4–6]. Free-electron lasers are therefore fully tunable and they have the
widest frequency range of any laser type.

By developing the FEL-principle to the hard X-ray regime [4–7]—a gap between
the “traditional” synchrotron radiation world and the FEL radiation world has been
closed—one of the reasons why FEL radiation is also sometimes called “synchrotrons
of the 4th generation” (at least from the perspective of synchrotron researchers).
As a consequence, the properties of the novel FEL sources and the properties of
the produced X-ray radiation have been amplified by many orders of magnitudes
compared to current synchrotron sources of the 3rd generation.

Milestones in the FEL development agenda were the first soft X-ray free-electron
laser in operation—2005 the Free-Electron LASer FLASH at DESY in Hamburg,
the first hard X-ray free-electron laser in operation—2009 the Linear Coherent Light

Source LCLS at SLAC in Stanford (which is a so-called 1st generation of FELs based
on a low-repetition frequency approach), and the first high-repetition frequency hard
X-ray FEL in operation—2017 the European X-ray Free Electron Laser European
XFEL at DESY and in Schenefeld. How these “quantum jumps” in X-ray properties
can be made used for novel approaches of research in chemistry will be topic of this
chapter.

In order to reflect milestones developments from 2006 on, the chapter reflects
recent research summaries [8–10] as well as novel developments.

If one reads about chemical reactions and the measurement of real-time responses
in chemical reactions, one very quickly ends up with the concept of the resolution of
measurements on ultrafast time scales, which are characteristic for the movement of
atoms in molecules, i.e. femtoseconds. A femtosecond is defined as the millionth of
a billionth of a second. Life-relevant motions, however, can be as slow as seconds or
even up to minutes’ or hours’ time scales. The origin of these time scale differences
is based on the complexity of the coordination space of a proceeding reaction [8–14].

In a classical kinetic scheme, following the explanatory approach, the gradients
on the potential energy hypersurface define the molecular dynamics. Statistically
population-weighted, they compose to the kinetics of a chemical reaction. The coor-
dinates describing the dynamics and kinetics of a chemical reaction are the reaction
coordinate and the energy. The reaction coordinate is defined as a one-dimensional
projection of the reactant’s and product’s normal coordinates, which span the poten-
tial energy hypersurface of reactant and product and the potential energy hypersur-
faces of their transitions (Fig. 17.1). The energy gradient along a reaction coordinate



17 Development of Ultrafast X-ray Free Electron Laser Tools … 459

Fig. 17.1 References [11–16]: Potential energy hyper-surface of a chemical reaction. The reaction
coordinate (abscissa) of a chemical reaction is defined as a one-dimensional projection of the normal
coordinates spanning the reactant’s potential energy hypersurface versus the normal coordinates
spanning the product’s potential energy hypersurface, and their corresponding transitions [11, 14].
The figure is adapted from the [8–10] and references therein

is defined as reaction dynamics, the energy gradient along the normal coordinates as
molecular dynamics.

Commonly, the potential energy is presented as the characteristic curve or hyper-
surface in the graph, and the ordinate axis presents the sum of the potential and
kinetic energy of the nuclei involved in the chemical reaction (Fig. 17.2). Poten-
tial and kinetic energy of molecules can be detangled through the projection of the
potential energy onto the total energy axis. The activated complex and transition state
(according to Eyring) includes an imaginary vibrational mode [11–14, 16].

From a chemical physicist’s point of view, one would like to understand which
elementary chemical processes happen at which time scales, and how these time
scales are inter-connected. To what extend do structural motifs “freeze in” time and
dynamics information of chemical reactions? Which type of apparatus needs to be
built and which kind of methods need to be developed for investigating the created
femtosecond “time stamps” in the structure of complex matter during a chemical or
biochemical reaction?

Ultrafast X-ray methods bear the potential of determining the complexity of
chemical reactions—during their reactions, in particular in the bulk, with tech-
niques which utilize the specific characteristics of X-ray/matter interaction: in well-
ordered systems, X-ray crystallography as a Thomson scattering process allows for
element-specific determinations such as electron densities (redox states) and high-
precision spatial resolution determination of atoms in lattices from which hydrogen
bonding, chemical bonding or van der Waals stacks can be derived. In less-ordered
and disordered systems, X-rays deliver element-specific information of the investi-
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Fig. 17.2 References [11–16]: Total energy of a chemical system as the sum of potential energy
(V) and kinetic energy (T) of the molecules (ordinate). Inside the graph, only the contribution of the
potential energy is plotted; its projection onto the ordinate allows determining the kinetic energy
[12, 16]. The figure is adapted from the [8–10] and references therein

gated molecules utilizing, for example, X-ray spectroscopy, X-ray absorption, photo-
induced electron cascades, or X-ray and electron emission properties. Site-specific
information is obtained by elastic and inelastic scattering processes such as multidi-
mensional X-ray spectroscopy, X-ray diffraction, or X-ray scattering. The chemical
consequences of X-ray/matter interactions leading to fragmentation can be charac-
terized by X-ray mass spectrometry.

Characteristic for the X-ray photons generated in synchrotrons and free-electron
lasers are their

1. energy tunability (allowing for excitation-energy-sensitive methods like X-ray
spectroscopy or advanced X-ray diffraction methods)

2. pulsed structure (allowing for in-situ and time-resolved X-ray methods)
3. defined polarization (allowing for advances in X-ray spectroscopy)
4. coherence (allowing for X-ray imaging or correlation spectroscopy methods)
5. high flux (allowing for high-resolution X-ray experiments in all experimental

domains)

Fourth generation accelerator-based light sources (free-electron lasers, FELs) in
the VUV or X-ray regime deliver ultra-brilliant coherent radiation in very short pulses
(1012 to 1013 photons/bunch/10–100 fs). In order to fully exploit their unique pho-
ton capabilities, novel instrumentation is required based on single-shot (collection)
schemes. Moreover, hundreds up to trillions of fragment particles, ions, electrons
or scattered photons can emerge when a single light flash impinges on matter with
intensities up to (predicted for the XFEL) 1022 W cm−2. In order to meet these chal-
lenges, in the starting time of FLASH (Free-Electron Laser in Hamburg [16a]) and
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the LCLS (Linac Coherent Light Source [16b]), various experimental chambers and
endstations have been designed. Further constructions, in particular for relevance for
this chapter have been developed and are under construction at the European XFEL
[16e], as shortly been explained in the following.

Starting from this introduction as a comprehensive summary of the basic princi-
ples, in the following, various FEL methods developed so far will be summarised,
including the concept of filming chemical reactions in real time utilizing ultrafast

high-flux X-ray sources [11–16], X-ray Diffraction and Crystallography for Con-

densed State Chemistry Studies—Crystallography with Ultrahigh Temporal and

Ultrahigh Spatial Resolution [14, 17–52] and Applications in organic electronics

and energy research [14, 53–59]; from From Local to Global: Ultrafast Multidimen-

sional Soft X-ray Spectroscopy and Ultrafast X-ray Diffraction Shake Their Hands

[60–76] and Applications in Bimolecular Reaction Studies and Photocatalysis [77–
80] to Applications in Unimolecular Liquid Phase Reaction Dynamics [81–89] and
Applications in Bioelectronics, Aqueous and Prebiotics Reaction Dynamics [90–108]
to Applications in Biophysics and Gas Phase Biomolecules [109–121]; from Ultra-

fast Imaging of Gas Phase Reactions [122–127] and Applications in Nanoscience

and Multiphoton-Ionisations [128–150] to Applications in Unimolecular Gas Phase

Dynamics [122, 151–163] and Outlook.

17.2 The Concept: Filming Chemical Reactions in Real

Time Utilizing Ultrafast High-Flux X-ray Sources

In a proof-of-principle experiment at the white beam beamline at the ESRF (The
European Synchrotron Research Facility) in 2001, it has been demonstrated that
high-flux, pulsed X-rays—as created with synchrotrons of the 3rd generation—can
act as the “photons of choice” for studying the dynamics and kinetics of small chem-
ical systems on their complex reaction landscape [1]. These studies have been used
to define various expectation values for time-resolved experiments at free-electron
lasers and saddling the ground for ultrafast X-ray experiments at these sources. Since
then, also the phrase of recording the molecular movie has been born (Fig. 17.3)
[2–6b].

Figure 17.3 summarizes the principles of such a “molecular movie” approach:
after the initialization of a chemical reaction with a short laser pulse, ultrafast
X-ray FEL snapshots take photographs of the X-ray spectroscopic or X-ray diffrac-
tion signal. By varying the time delay between laser pump and X-ray probe pulse,
information about the structural changes as a function of time are collected.

Time-wise, the criterion for “recording the molecular movie” is given when the
time resolution of the pump and probe sources meet the time scales of the structural

dynamics investigated. The resolution criterion for structural dynamics studies is
fulfilled in chemistry, when the refined structure allows for determining the electron



462 S. Techert et al.

Fig. 17.3 References [11–16]: Principle of the “molecular movie”. After the initialization of a
chemical reaction by a pulsed trigger laser, ultrafast X-ray snapshots and photographs of the X-ray
pulses are collected as a function of time (courtesy by DESY, MPIbpC and European XFEL)

density or the charge densities (which are equal in the redox state) around a moving
atom. High-resolution X-ray crystallography studies contains such precision [2, 8–
16, 21, 23, 25, 35, 44, 46, 51].

17.3 X-ray Diffraction and Crystallography for Condensed

State Chemistry Studies—Crystallography with

Ultrahigh Temporal and Ultrahigh Spatial Resolution

Crystallography with ultrahigh temporal and spatial resolution allows studying pho-
tochemical reactions beyond conventional quantum chemical approaches. Far beyond
any present laboratory technique, time-resolved synchrotron (picosecond time reso-
lution) and FEL (femtosecond time resolution) experiments emphasize the unique-
ness of the pulsed, ultrafast, high brilliant and coherent X-ray methods and metrology.
For chemical bond breaking and bond formation, the criterion for spatial resolution
is met in periodic systems (crystallography) when 0.01–0.001Å resolution diffrac-
tograms yield high precision structural information [8–16, 21–23, 25, 35, 44, 46,
51].

Figure 17.4 reflects the changes of X-ray synchrotron beam characteristics when
evolving from synchrotrons of the 2nd generation towards hard X-ray free elec-
tron lasers. The diffractograms have been collected on a molecular crystal of the
same species, the same crystal quality and the same orientation. Utilizing broadband
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Fig. 17.4 References [17–52]: Evolution of the average brilliance of synchrotron radiation light of
synchrotrons of the 2nd generation (DORIS) though the ESRF towards LCLS free-electron laser—
characterized at the high-resolution diffraction pattern of the same molecular crystal system with
same crystal quality (courtesy by DESY, ESRF and LCLS). The figure is adapted from the [8–10]
and references therein

wiggler radiation in 2nd generation synchrotrons (F1/DORIS) Laue diffraction pat-
tern have been collected. Taped undulator radiation of synchrotrons of the 3rd gen-
eration yields in quasi Pink-Laue diffractograms (ID09/ESRF).

Compared to the Pink Laue white beam at XPP as well as CXI beamline of LCLS,
the FEL radiation is about one to two orders of magnitude smaller in bandwidth,
allowing only the investigation of a statistical number of Bragg reflections for small
molecular crystals when the crystal is rotated.

Small molecular crystallography at free-electron lasers could be quantitatively
utilized for structure determination by the combination of traditional Laue crys-
tallography and FEL- specific serial crystallography techniques with rapid sample
exchange and based on a single shot data collection strategy analogous to the devel-
opments of time-resolved Laue diffraction at synchrotrons of the 3rd generation.

In contrast to conventional Laue crystallography, for normalization purposes dur-
ing FEL experiments, every diffractogram needs to be associated to an online col-
lected X-ray spectrum. Utilizing high X-ray energies well above 15 keV (use of the
third harmonic and smaller X-ray/atom cross section) with no monochromatization
in pink Laue modus reduces radiation damage so that with a monotonically running
spindle and randomly changing X-ray wavelength with known X-ray spectral charac-
teristics, various orientations under defined X-ray conditions can be collected. They
are sufficient for determining the orientation matrix of small molecules and hence
following the indexing of the collected diffractograms.
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Fig. 17.5 References [17–52]: Ultrafast time-resolved small molecule crystallography at LCLS,
XPP and CXI beamlines (interim set-up installed during the first in-house test phase of LCLS).
Left side, top: used three circle diffractometer. Right side, top: organic crystals exposed to 9 keV
X-ray radiation (single shot) inducing severe radiation damage and 18 keV radiation allowing for
the collection of various quasi Laue diffractograms with the Laue pink FEL beam under different
orientations. Bottom: small molecule crystals lined up for a three-shot-serial type of crystallography
experiment. The figure is adapted from the [8–10] and references therein

Since the studied materials are normally compounds of small amounts, in the
presented approach highest quality crystals are stacked behind each other in a cap-
illary (or other type of sample target holder) and high energy X-ray radiation is
utilized for collecting high resolution diffraction patterns and minimizing accumu-
lative radiation damage. Due to the monochromaticity of FEL X-ray beams even in
its pink Laue mode, quasi Pink Laue diffraction pattern will be recorded for various
orientations—allowing a precise determination of the orientation matrix of the small
molecule crystals. Additionally, on a single shot base, the Bragg peak intensities are
wavelength and X-ray intensity normalized (Fig. 17.5).

In the current example, unravelling the mechanisms of electron-transfer induced
structural changes (ET), and the interplay of charge-transfer (CT) and structural
reorganisations in complex molecular systems is of prime importance in both chem-
ical and biological processes and has gained considerable importance over decades.
ET/CT and the associated structural changes are pervasive, path to inevitably diverse
processes occurring in nature, including light harvesting systems like photosynthesis
to technological innovations such as solar energy converters and optical devices. It is
challenging to trap the fleeting excited species or transient species and gain insight
into the unprecedented dynamics which occurs in ultrafast time scale in the range
of as to ps. Emerging scientific innovations in many synchrotrons and FELs, with
high brilliance and extremely high photon flux have wide opened a new domain of
research in investigating many ultrafast processes. Information about what happens
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Fig. 17.6 References [17–52]: Optical laser pump/X-ray probe set-up for ultrafast X-ray crystal-
lography. By varying the time-delay between optical laser pump and X-ray probe beam for different
crystallographic orientations, X-ray diffraction snapshots as a function of time are collected. Adding
the diffraction signals for one time-delay into one Ewald sphere allows an analysis of structural
evolution as a function of time

immediately after the triggering of the reaction is satisfactory but to evaluate what
happens next is crucial. In order to tackle these questions, we must know how fast the
processes happen and what are the time scales of each processes we are interested
in.

By employing time-resolved X-ray diffraction (TR-XRD) technique, the CT/ET
reaction has been initiated by a laser pump pulse from the ground state to the excited
state or the CT/ET state. The photo-induced subsequent structural changes have been
monitored utilizing the pulsed structure of the X-ray beam by varying the time delay
between the optical laser pump and X-ray probe pulses (pump/X-ray probe scheme)
as been shown in Fig. 17.6.

In the following examples of structural dynamics of organic and metallo-organic
systems by trapping charge transfer states using high brilliance Pink Laue time-
resolved X-ray diffraction are presented. The photo-induced dynamics has been stud-
ied by looking from simple organic donor acceptor molecules (Fig. 17.7) to complex
inorganic single crystalline systems. In the former the structural changes are induced
by an ET/CT of an organic donor to an organic acceptor moiety, and in the later it
is a induced by a metal to ligand charge transfer (MLCT) (see following chapter).
Due to their high photo-conversion efficiencies and lifetimes, first are highly suited
for solar cell developments, and last are highly suited as photo-catalysts.

The experiments have been performed combining high resolution static sin-
gle crystal XRD studies utilizing a home-source (Bruker Apex II) system and
P11 beamline of PETRA III at DESY. To map out the details of the potential
landscapes, ultrafast, light-induced Laue diffraction studies of the pure organic
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Fig. 17.7 References [17–52]: Molecular movie of a non-conventional molecular diode which
cannot be described within the Born-Oppenheimer approximation. Within femtoseconds and nearly
immediately after optical photo-absorption the electrons are rearranged towards a conducting state
meanwhile the structure knocks into a tilted configuration. The figure is adapted from the [8–10]
and references therein

system as well as the metal-complex have been performed at BioCARS, 14-ID
beamline/Argonne (picosecond pink-Laue), ID09/ESRF (picosecond pink-Laue),
XPP/CXI/LCLS (femtosecond pink-Laue) and P11/PETRA-III (picosecond,
monochromatic). In the pure organic system within few hundreds of picoseconds
electron density migration occurs and the structural changes are clearly visible from
the photo difference map with prominent differences in the electron density maps at
the electron donor and electron acceptor system (Fig. 17.7). In the metal-complex, it
has been oberseved that upon photo-excitation the electron migration or the charge
migration is mostly on the proximal atoms of the organic ligands from the metal
center (not shown here).

Figure 17.7 depicts the refined result of such an experiment- the femtosecond
structural dynamics or “molecular movie” of a molecular crystal, which consist of
only light elements (carbon, nitrogen). The patented system has the most efficient
optical light/electron transfer rate possible (100%), by utilizing quantum effects such
as electron and structural dynamics pathways which cannot be described through the
conventional Born-Oppenheimer approximation.

17.4 Applications in Energy Research

Understanding this “beyond Born-Oppenheimer” behaviour and combining the prop-
erties of this type of system with smart semiconducting plastic types of compounds, it
is possible to build flexible, solid, plastic-type of solar cells and organic light emitting
diodes with very high efficiency (Fig. 17.8).

Both as a consequence of successive technical developments, and based on the
chemical rules and time laws derived during the various method development process,
it has become possible to optimize functional performances of solar cell organic
materials and devices (Fig. 17.8).
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Fig. 17.8 References [53–59]: Once structural relaxation processes are understood the derived
structural and dynamical properties can be utilized to improve functional dynamics performance
allowing developing new classes of organic solar cells (OSC) (see current-voltage (I–V)curve) or
organic light emitting diodes (OLED) based on plastic (see inset). The figure is adapted from the
[8–10] and references therein

By moving the fundamental method developments into the application regime
(again as a proof for the methods’ developments), the circle of promises closes that 3rd
and 4th generation X-ray sources may help to optimize strategies for modern material
performances. In order to test whether the structural dynamics laws derived through
the “molecular movie” approach can have direct consequences for applications of
the molecular system, electronic devices such as organic solar cells and organic light
emitting diodes have been built and Fig. 17.8 presents such efforts.

As can be seen on the current voltage (I–V) curve, when combining with semi-
conducting plastic material (which by itself is not photo active), efficient organic
solar cells with high mechanic flexibility and cheap in production can be designed.

Since the time-resolved X-ray methods allow for detangling “local-to-global”
and “global-to-local” structural responses, desired functional actions of a device
like energy storage can be distinguished from “energy-eating” processes based on
non-desired heating and energy quenching processes. Figure 17.7 presents the struc-
tural mechanisms underlying an optimized all-over organic solar cell. Small atomic
changes on the light-absorbing chromophore unit lead to a complete switching of its
functional dynamics—from light absorbing solar cell devices [53–59] to a light emit-
ting organic diode [54]. In another example the understanding of the crystallization
processes of organic material out of time-resolved X-ray diffraction (TR-XRD) stud-
ies has been influenced by the optimization of the recycling process of molten PET
bottles to ultra-hard polyethylene [56]. Such ultra-hard plastic material is currently
used in every 2nd wind craft machine produced world-wide.
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The current examples emphasize, however, that the real world, functional mate-
rials, pharmaceuticals, catalysts or energy converting materials are not always crys-
talline and far from being periodically ideally arranged as it could look like when
performing model type of investigations. If the intrinsic spatial resolution of the
system does not allow for such detailed investigations, a combination of ultrafast
X-ray spectroscopy and ultrafast X-ray diffraction or scattering as the “local to global
approach” deliver configuration and charge information of the molecules studied
[17–52, 60–76]. This approach will be described in the following chapter.

17.5 From Local to Global: Ultrafast Multidimensional

Soft X-ray Spectroscopy and Ultrafast X-ray

Diffraction Shake Their Hands

As ultrafast X-ray spectroscopy and X-ray diffraction can “shake their hands” in X-
ray Free-electron laser science, they open up new ways to study complex chemical
reactions.

X-ray diffraction [17–59] and X-ray spectroscopy [60–76] are complemen-
tary techniques. X-ray spectroscopy allows probing the electronic properties in an
element-, orbital- and site-specific way, for example bonding or oxidation state
changes [63]. Since one gets local information for the system under investigation
the method is referenced as the local approach. In X-ray diffraction the structural
changes of the whole bulk are probed which is termed as the global approach. With
these approaches it is possible to get the overall structural properties of the target
system. Furthermore, by applying both methods more complete information can
be obtained. However, to follow whole reaction pathways or reaction intermediates
between the start and end of a reaction, the experimental approaches have to be
extended using the time-resolved method, i.e. the pump-probe scheme, as described
in the previous section and shown in Fig. 17.9.

With the availability of the first X-ray FEL, FLASH at DESY in Hamburg,
Germany, it became possible to implement X-ray spectroscopy and diffraction for
investigating ultrafast chemical reaction processes. In the following, we present two
pioneering soft X-ray experiments performed at the FEL facilities FLASH and LCLS.

The first example is a time-resolved X-ray diffraction measurement on silver-
behenate [60–76] with an outlook towards combination of the liquid jet with X-ray
spectroscopy, the second example is a femtosecond time-resolved X-ray spectroscopy
experiment on iron-pentacarbonyl (Fe(CO)5) [78–81]. Figure 17.10a shows the appa-
ratus which has been developed for such experiments at FELs. The ultrafast X-ray
diffraction of a silver-containing redox system embedded in a supramolecular organic
structure has been studied (Fig. 17.10b). The experiment is a proof-of-principle, uti-
lizing FEL radiation for ultrafast X-ray diffraction of chemical systems in real-time.
By investigating the time-evolution of the Bragg reflections (Fig. 17.10c) complex
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Fig. 17.9 References [60–76]: Principle of various types of pump-probe experiments applied to
the optical region (left) and the corresponding type of experiments in the X-ray region (right). An
optical laser pump initiates a chemical reaction and an optical (left) or X-ray laser pulse (right)
probes the proceeding reaction pathways. Right: Both the X-ray spectroscopy and X-ray diffraction
signal can be recorded, yielding complementary information. The figure is adapted from the [8–10]
and references therein

Fig. 17.10 References [60–76]: a The X-ray photon endstation at the FEL, FLASH at The modular
built-up endstation has been used for the experiment presented in (b) and (c). b Bragg diffraction
peak (110) of silver-behenate studied by single-shot FEL pulses. c The time-dependent behavior of
the Bragg peak after photo-excitation. The figure is adapted from the [8–10] and references therein
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photo-induced transformation kinetics of partially photo-chemically induced and
heat-propagation-influenced reaction kinetics has been found.

The decay curve depicts the propagation of the ultrafast transformation throughout
the whole material. The black areas present the non-transformed material, the white
areas the island of transformed material.

17.6 Applications in Bimolecular Reaction Studies

and Photocatalysis

Another experiment in the field of soft X-ray spectroscopy has recently been worked
out for studying photocatalysis. For pioneering time-resolved X-ray spectroscopy
measurements the FLASH end station in Fig. 17.10 has been modified by adding a
soft X-ray spectrometer in Rowland circle geometry [63, 66, 77–80]. This so called
Liquid Jet (LJ) end station has then been successfully used in resonant inelastic X-ray
scattering (RIXS) experiments on Fe(CO)5 at the LCLS-FEL at SLAC in Stanford,
CA, USA. Similar end stations have been built to perform soft X-ray spectroscopy
experiments at high flux X-ray facilities at DESY/Hamburg [15] and HZB/Berlin.
In the above mentioned experiment [77–80], the dissociation of iron-pentacarbonyl
(Fe(CO)5) in ethanol has been studied in real-time. After optical excitation with 266
nm photons, Fig. 17.11a, Fe(CO)5 dissociates into iron-tetracarbonyl (Fe(CO)4) and
carbon monoxide (CO) under solvent-assistance. For every time-delay, the incident
monochromatic FEL photon energy has been scanned over the Fe 2p edge, and the
X-ray emission spectra have been recorded.

The time evolution was deduced from differences of the pumped (positive
time-delay) and the un-pumped (negative time-delay) Fe(CO)5 emission spectra.
Figure 17.11 summarizes the ethanol-assisted Fe(CO)5 photo-dissociation pathways
and simulations are compared to the experiment. The complexity of reaction increases
due to the formation and decay of a triplet state, where Fig. 17.11b–e summarises the
evolution of the valence-electronic structure of Fe(CO)4 in ethanol upon femtosecond
spin crossover and complex formation.

The involved orbitals are assigned according to the Fe 2p and 3d, or ligand 2p

characteristics, and according to the symmetry along the Fe–CO bonds. The star (*)
in Fig. 17.11b, marks the antibonding orbitals of the electron configuration of the
Fe(CO)5 ground state and the single-electron transitions of the laser pump—X-ray
probe processes. The dissociation of (Fe(CO)5 −→ Fe(CO)4 + CO) is initiated by
the optical dπ → 2π∗ excitation. The RIXS measurements at the Fe L3-absorption
edge to final valence-excited states involves the probing of the dπ → d∗

σ transition.
In Fig. 17.11(c, top), the difference RIXS spectra (RIXS intensity of incident photon
energy versus energy transfer in eV) of the summed pumped and un-pumped sample
is illustrated. Figure 17.11(c, bottom) displays the time structure in the regions (1–4)
in comparison to simulated populations of the excited (E) and triplet (T) states and
ligated complex (L). Figure 17.11d shows the measured RIXS spectra for Fe(CO)5
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Fig. 17.11 References [77–80]: a Fe(CO)5 photo-dissociation. b–e Evolution of the Fe(CO)4/EtOH
valence-electronic structure upon femtosecond spin crossover and complex formation. Term schema
of the laser pump—X-ray probe experiment (b), measured (c, d) and simulated (e) RIXS scattering
spectra, with and without included kinetic model on the excited state (E), triplet state (T) and
ligand complex (L), Fe(CO)4. d: The experimental Fe L3-RIXS intensities (encoded in color)
versus energy transfer and incident photon energy. (d, top) Fe(CO)5 ground state (negative delays,
probe before pump, scattering to d7

π d∗1
σ and d7

π 2π∗1 marked by circles). (d, middle and bottom)
Difference intensities for 0–700 fs and 0.7–3.5 ps time delays, respectively. e Calculated Fe L3-
RIXS intensities (color coded as in (d) and molecular-orbital diagrams of Fe(CO)5 (ground state
and hot), excited, triplet, and singlet Fe(CO)4 (all three non-complexed) and solvent complexed
singlet Fe(CO)4–EtOH. The figure is adapted from [8–10] and references therein

at negative time delays and the difference after delay intervals of 0–700 fs and 0.7–
3.5 ps respectively (color-encoded). By subtracting the negative time delay with a
weight of 0.9, the pumped contributions are isolated (top: Fe(CO)5, ground state
(negative delays, probe before pump, scattering to d7

πd∗1
σ and d7

π2π∗1 marked by
middle/bottom: difference intensities for 0–700 fs and 0.7–3.5 ps time delays). The
experimental data is compared to RIXS calculations displayed in Fig. 17.11e. Sim-
ulated Fe L3-RIXS intensities and molecular-orbital diagrams of Fe(CO)5 in the
ground and hot state and Fe(CO)4 in various valence excited states are depicted.

The 2p → LUMO resonance positions and dπ → d∗

σ RIXS transitions are marked
by arrows. The RIXS pattern at early time evolution can only be reproduced when a
complex between the Fe(CO)4 with the solvent is taken into account.
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17.7 Applications in Unimolecular Liquid Phase Reaction

Dynamics

In the hard X-ray regime [81–89], the “local to global” approach has also been estab-
lished by combining X-ray spectroscopy with X-ray scattering techniques. The ultra-
fast structural dynamics of various metal organic systems has been studied applying
these techniques [84, 88, 89].

17.8 Applications in Bioelectronics, Aqueous and

Prebiotics Reaction Dynamics

In bioelectronics, aqueous and prebiotics reaction dynamics and biophysics, the
ultrafast photon-in/photon-out developments utilizing high flux X-ray sources allow
investigating the properties of biorelevant solvents and proteins during their structural
reactions [90–108, 115, 116, 118, 121]. The literature-referenced examples include
various types of small up to macromolecular model systems studied with X-ray
radiation of ultrashort, high flux X-ray sources—X-ray scattering on quasi-periodic
systems (Fig. 17.12) [90, 94–103], X-ray scattering on macromolecules (Fig. 17.13)
and (Fig. 17.14) [90, 115, 116, 118, 121] and X-ray spectroscopy (Fig. 17.15)
[91–93, 104–108].

Two examples of dynamical studies of soft condensed matter via high-flux time-
resolved X-ray scattering will be given [90–108, 115, 116, 118, 121]: first, the
studies of the dynamics of a phase transition of a liquid crystal-to-microemulsion
system (Fig. 17.12) [95], and second, a real-time study of complex protein dynamics
(Fig. 17.13/Fig. 17.14) [115, 116] will be given.

In liquid crystal type of soft condensed matter systems (Fig. 17.12), a manifold of
phase-ordering transitions relevant to chemical and biological systems occur, ranging
from liquids to self-assembled soft solids (like membranes or liquid crystals). In the
present case the dynamics of the driving forces (activation energy and entropy) of a
liquid crystal-to-microemulsion phase transition has been studied (Fig. 17.12 (left)).
The purpose of this work was to clarify the influence of concentration effects of the
amphiphilic molecules on the nature of these self-assembly processes.

By photosensitization of the model system (polyalkylglycolether (C10E4), water,
decane, and cyclohexane) with laser dyes, the phase transition could effectively be
photo-induced and controlled through the absorption of optical photons (as a photo-
induced phase transition, PIPT). The photo transformation conditions were chosen
in such a way that the system was in thermal equilibrium as starting conditions.

By applying time-resolved photo small-angle X-ray scattering it has been found
that the conversion process depends on the surfactant concentration and the activation
energy, which is observable through the length of the induction time (Fig. 17.12
(right)). The phase-transition, though photo-triggered, is still diffusion controlled in
the rate-determining steps.
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Fig. 17.12 References [90–95, 95–108, 115, 116, 118, 121]: (Left) Phase diagram of the system
C10E4, water, n-decane, and cyclohexane at equal volume fractions of water and oil. Cyan represents
an area where two phases coexist, dark gray the ME phase, and white the LC phase. The dots
represent points of the phase boundaries. Arrows indicate the concentrations of the PIPT experiment.
Inset: schematical drawings of the corresponding phases with the assignment of characteristic
length scales like correlation length ξ (ME) and distance d between the lamellae (LC). (Right)
Photoinduced ME-LC phase transition investigated by TR-SAXS. The decrease of the ME and the
increase of lamellar phase resemble in a concomitant increase of the discovered Bragg peak. The
monoexponential nucleation and growth period is preceded by a concentration dependent induction
time. Inset: Traces of the LC scattering. The figure is adapted from [8–10] and references therein

In the second example, X-ray scattering techniques, comprising of small-angle/wide-
angle X-ray scattering (SAXS/WAXS) techniques are increasingly used to charac-
terize the structure and interactions of biological macromolecules and their com-
plexes in solution (Figs. 17.13 and 17.14) [90, 94–103, 115, 116, 118, 121]. It is
a method of choice to characterize flexible, partially folded and unfolded protein
systems. X-ray scattering is the last resort for proteins that cannot be investigated
by crystallography or NMR and acts as a complementary technique with different
biophysical techniques to answer challenging scientific questions. The marriage of
the X-ray scattering technique with the fourth dimension “time” yields structural
dynamics and kinetics information for protein motions in hierarchical timescales
from picoseconds to days (Fig. 17.13).

In the “fourth-dimension – time” of X-ray scattering technique (Fig. 17.13) the
timescales accessible range from hours down to femtoseconds, even for investigating
non-photoactive protein dynamics with different time-resolved X-ray scattering tech-
niques. Various time-resolved and in-situ X-ray scattering techniques listed are com-
plementary to the photon-triggered time-resolved X-ray scattering techniques and
can be adaped to structural dynamics investigations of ubiquitous non-photoactive
proteins.

Depending on the time scale of the system studied, it has been demonstrated
that it is furthermore possible to merge X-ray scattering techniques like diffuse
X-ray scattering with pressure jump, temperature jump, electric field modulations,
and structural freezing methods or, on the chemical modulation side, with, rapid
mixing or photo-switching methods.
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Fig. 17.13 References [90–108, 115, 116, 118, 121]: The “fourth-dimension – time” of X-ray
scattering technique. The timescales accessible to investigate non-photoactive protein dynamics
by using different time-resolved X-ray scattering techniques and the typical signal changes have
been presented with representative published literature. a Inherent, b pressure-jump, c electric-
field modulations, d electromagnetic field modulations, e structural freezing. f SAXS coupled with
size-exclusion chromatography (SEC) technique and g rapid-mixing with the help of microfluidic
devices. The figure is adapted from the [8–10] and references therein

Figure 17.13 summarises typical X-ray scattering signal changes—inherent (a),
as pressure-jump (b), in electric-field modulations (c), as electromagnetic field mod-
ulations (d), as structural freezing (e) and in small angle X-ray scattering experiments
coupled with size-exclusion chromatography (SEC) technique (f). Special attention
is given to rapid-mixing approaches with the help of microfluidic devices (g) and
(Fig. 17.14). Various techniques listed in the summary figure have independently been
developed in neighbor projects of the collaborative research center (see “references”
and references therein).

Figure 17.14 presents a scheme for a rapid-mixing time-resolved small angle
X-ray scattering experiments for the investigation of the ubiquitin unfolding process
as model system and model process. Figure 17.14a presents the 20-microchannel
continuous-flow microfluidic device and Fig. 17.14b the time-resolved small angle
X-ray scattering (SAXS) setup for the kinetic ubiquitin unfolding studies (prov-
ing the secondary structure unfolding on the millisecond time scale), followed by
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Fig. 17.14 References [91–93, 104–108]: Rapid-mixing TR-SAXS experiments to investigate the
ubiquitin unfolding process. a 20-microchannel continuous-flow microfluidic device. b TR-SAXS
setup for the kinetic ubiquitin unfolding studies (A: ubiquitin solution, B: 8 M guanidinium-HCl
solution, C: water, D: 20-microchannel microfluidics device, E: external glass capillary (X-ray
probing area), F: capillary holder, G: X-ray beam, H: detector). c The integrated rapid mixing
SAXS experimental setup at the cSAXS beamline, PSI Switzerland. The figure is adapted from
[8–10] and references therein

the integrated rapid mixing SAXS experimental setup at the cSAXS beamline, PSI
Switzerland.

The third example (of [91–93, 104–108]) concentrates on the use of multidimen-
sional X-ray spectroscopy for studying the dynamics in soft condensed matter, here
the dynamics of ions in aqueous solutions (Fig. 17.15). Hydration shells around ions
are crucial for many fundamental biological and chemical processes. Their local
physicochemical properties are quite different from those of bulk water and hard to
probe experimentally.

By combining high-resolution soft X-ray spectroscopy using liquid jet technology
as core hole clock spectroscopy method (Fig. 17.15 (left)) with molecular dynamics
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Fig. 17.15 References [90–108, 115, 116, 118, 121]: (Left) Principle of core-hole-clock spec-
troscopy/resonant inelastic X-ray scattering for investigating soft condensed matter reaction dynam-
ics. (Right) The difference spectrum between 4 M MgCl2 and pure water is displayed. The difference
represents the first hydration shell of water molecules around Mg2+ on the time scale of the oxygen
core-hole-clock (5 fs). The figure is adapted from [8–10] and references therein

simulations and ab initio electronic structure calculations, at the molecular level the
water-ion interaction in MgCl2 solution has been elucidated.

The results reveal that salt ions mainly affect the electronic properties of water
molecules in close vicinity. Furthermore, in the first solvation shell the oxygen
K-edge X-ray emission spectrum of water molecules differs significantly from that
of bulk water. Ion-specific effects are identified by fingerprint features in the water
X-ray emission spectra. While Mg2+ ions cause a bathochromic shift of the water
lone pair orbital, the 3p orbital of the Cl− ions causes an additional peak in the water
emission spectrum at around 528 eV (Fig. 17.15 (right)).

17.9 Applications in Biophysics and Gas Phase

Biomolecules

Prolongating from the already presented techniques of combining X-ray scattering
techniques like diffuse X-ray scattering with pressure jump, temperature jump, elec-
tric field modulations, and structural freezing methods or, on the chemical modulation
side, with, rapid mixing or photo-switching methods and their successful application
to biophysical questions [90, 94–103, 115, 116, 118, 121] or the application of core
hole clock and multidimensional X-ray spectroscopy techniques towards aqueous
and pre-biotics questions [91–93, 104–108] or novel liquid jet developments for
biophysical research [120], in X-ray spectroscopy various other coupling techniques
have been successfully proven.

The combination of synchrotrons or free-electron laser radiation with techniques,
such as electrospray ionization mass spectrometry, allows deriving entirely novel
experimental techniques for investigating macromolecules [109–121]. E.g. a mass
spectrometric study on gas-phase ubiquitin at FLASH has revealed a fast local struc-
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Fig. 17.16 References [109, 111–114, 119]: The mobile SMIS setup combines an electrospray
ionization source, radio frequency (RF) mass filters, an RF trap and a mass spectrometer, which as
a unity can be interfaced with different photon sources. The figure is adapted from [8–10, 114] and
references therein

tural response, leading to small fragments with yields increasing linearly with photon
intensity [109, 119].

Investigating the interaction of light with biologically relevant molecules has
gained interest for a wide variety of research fields including photochemical reac-
tions such as light harvesting as well as radiation damage in proteins and DNA related
to cutting-edge cancer treatment techniques. However, in the condensed phase, dis-
entangling direct and indirect radiation effects is often difficult [109–121].

In the beginning, studies on isolated polyatomic molecules in the gas phase were
limited to small molecules, which are stable against thermal decomposition. In order
to advance to more complex biomolecular systems, a novel apparatus has been
designed. This mobile setup combines an electrospray ionization source, radio fre-
quency (RF) mass filters, an RF trap and a mass spectrometer, which as a unity can
be interfaced with different photon sources (see Fig. 17.16). Electrospray ionization
introduces biomolecular ions from solution into the gas phase, allowing for studies
of molecular systems in a well-defined state [109, 111–114, 119].

The coupling of electrospray ionization sources with synchrotrons [109, 111–114]
and free-electron lasers [119] opens the way to the investigation of the electronic
structure of biomolecular systems and of a fine description of their relaxation mech-
anisms in the VUV and soft X-ray energy range. The wide-ranging photon energy
available at the synchrotrons enables systematic studies of ionization and dissocia-
tion as a function of the photon energy. Inner-shell excitations provide a localized
site of energy deposition.

The extremely high photon flux and fs pulse duration offered by free-electron
lasers allow studying the molecular properties in intense fields. Furthermore, using
the assets of free-electron lasers in a pump-probe scheme enables the study of the
dynamics of charge migration and charge transfer within gas-phase biomolecules.
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In the VUV to soft X-ray regime, strong indications have been found that photoab-
sorption within small peptides induces fast loss of aromatic amino acid side chains
through repulsive states, occurring before redistribution of the internal energy. The
very fast loss of side chains thus efficiently cools the residual peptide, and may enable
the survival of early functional peptide substructures under photon irradiation. This
dissociation is mainly caused by photoabsorption in the peptide backbone, which
seems to trigger ultrafast charge migration to the side chains, without leading to
fragmentation to the backbone itself [111–114, 119].

In the following, X-ray/peptide or X-ray/protein interactions have been studied
as a function of peptide size. Small peptides like leucine enkephalin [109, 112] (five
amino acid residues) dissociate into small immonium fragments, whereas bigger pro-
teins like cytochrome c (106 amino acids residues) undergo only multiple ionizations
and no fragmentation. The size dependency has been explained by considering that
the average excess energy left in the peptide is redistributed over the ro-vibrational
modes of the molecule and averaged over the various degrees of freedom. Therefore
the larger proteins can handle much more energy due to more degrees of freedom to
redistribute the energy.

First studies of a gas-phase protein (ubiquitin, 76 residues) at the free-electron
laser in Hamburg, FLASH, has revealed two different photoabsorption regimes: non-
dissociative ionization in the few-photon regime (pulse energy of 0.1 µJ), in contrast
to side-chain losses in the multi-photon regime (pulse energy of 2.3µJ) [119]. The
yields of these side-chain fragments increase linearly with the number of photons in
the pulses. No region has been found where intermediate fragments due to backbone
scission prevail. These effects suggest that in the XUV multiphoton regime, proteins
seem to react as an ensemble of small peptides losing the side chains in fast local
fragmentation processes.

Near edge X-ray absorption fine structure spectroscopy (NEXAFS) probes tran-
sitions between atomic core levels and orbitals of the molecular bonding states of
intra-molecular neighbours. Therefore, NEXAFS is a powerful structural tool that
provides information on the electronic structure. Data taken by near edge X-ray
absorption mass spectrometry (NEXAMS) of gas-phase oligonucleotides [114], pep-
tides [109, 112] (and references therein) and proteins [114c,118,119] show (π∗, σ ∗)
transitions and Rydberg states similar to conventional NEXAFS spectra of thin films
and liquids. Additional structural and dissociation dynamics within the molecules
can be extracted from the NEXAMS information of the different individual ioniza-
tion and dissociation products. Moreover, the gas-phase NEXAMS method can be
sensitive to the secondary structure of proteins as shown in the study of melittin [113].

In the photoexcitation case of the protein melittin, the molecules end up singly
ionized after excitation of the electron and singly Auger emission. The yields of
the singly ionized parent peak of different initial charge states of melittin against
the photon energy around the carbon 1s edge are shown in Fig. 17.17 (top). In the
photoionization case, the molecules end up doubly ionized after ionization of the
electron into the continuum and singly Auger electron emission. The yields of the
doubly ionized parent peak are shown in Fig. 17.17 (bottom).
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Fig. 17.17 References [109, 111–114, 119]: Yields/NEXAMS of different initial charge states of
melittin against the photon energy. (top) NEXAMS spectra of the singly ionized parent peak around
the carbon 1s edge. (bottom) NEXAMS spectra of doubly ionized melittin after ionizations of the
electron into the continuum and singly Auger electron emission

A decrease of the resonance (1s − π∗

CO) with increasing charge state is observed,
an opposite trend as in the photoexcitation case. The NEXAMS properties and pho-
toionisation behaviour are explained as additional ionization of the molecule by
secondary electrons and the probability of the molecules being hit by these electrons
depending on their geometries. Consequently, a helical and more compact structure
with the charge state 2+ the molecule has a higher probability to be hit again by an
escaping electron compared to linear structures with four charges.
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Fig. 17.18 References [122, 122–127, 127–163]: FLASH/CFEL-ASG MultiPurpose (CAMP)
endstation at the AMO beamline at the LCLS in 2012. Since 2014, CAMP is a permanent endsta-
tion at FLASH/BL1 at DESY in Hamburg. Various experimental techniques can be employed in
the instrument, including novel time-resolved X-ray studies of chemical reactions in the gas phase.
On the right side, CAMP’s double-sided velocity-map-imaging spectrometer is shown. The figure
is adapted from the [8–10] and references therein

17.10 Ultrafast Imaging of Unimolecular Gas-Phase

Reactions

The advent of X-ray free-electron lasers enabled not only novel studies in the con-
densed phase, as described in the first parts of this chapter, but also brought forward
unprecedented possibilities to study dynamical processes in the gas phase. The very
short and very intense X-ray pulses made it possible, for the first time, to probe ultra-
fast photo-induced molecular dynamics by electron or ion momentum spectroscopy
following multiple, element-specific inner-shell absorption.

These new 4th generation light sources also called for novel, dedicated instrumen-
tation (Fig. 17.18). To this end, different endstations have been developed, initially in
particular for the use at the atomic, molecular, and optical physics (AMO) beamline,
which was the first beamline to become operational at the LCLS [122, 122–163] in
2009. Several of the early, pioneering experiments from 2009 to 2012 have been per-
formed at the AMO beamline in the CFEL-ASG MultiPurpose (CAMP) endstation
[125, 127], see Fig. 17.18, which was developed within the Max-Planck Advanced
Study Group (ASG) at the Center for Free-Electron Laser Science (CFEL) in
Hamburg. Experiments in this instrument range from X-ray imaging of biomolecules,
nanocrystals, and clusters [122, 125, 127–150] to (time-resolved) ion and electron
spectroscopy on atoms and small gas-phase molecules [122, 122–127, 151–163].
Since 2014, CAMP is a permanent user endstation at FLASH/BL1 at DESY in Ham-
burg [124], and its successor, LAMP, has become operational at the AMO beamline
at the LCLS [16b].
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17.11 Applications in Nanoscience and

Multiphoton-Ionisation

Moreover, the high-field physics (HFP) instrument has been developed at the LCLS
[128–150], housing an ion momentum spectrometer and several electron time-of-
flight spectrometers mounted under different angles. It also offers a pulsed, super-
sonic molecular beam, delivering gas-phase molecules to the interaction region. The
examples given in the following, as well as multiple other pioneering gas-phase
studies have been conducted in the HFP instrument [122–150].

17.12 Applications in Unimolecular Gas Phase Dynamics

Gas-phase FEL experiments allow questioning fundamental definitions in chemistry,
for example the investigation of processes beyond the Born-Oppenheimer approx-
imation. As an example, a UV-pump, X-ray probe study of two complementary
halomethane molecules with different photochemistry is shown here [122, 122–124,
126, 151–163].

In Fig. 17.19, the schematic potential energy curves (PECs) of iodomethane
(CH3I) and fluoromethane (CH3F) are displayed, illustrating that the different halo-
gen species give rise to qualitatively different PECs [122, 152–155, 161, 163]. One
reason for this is the considerably different electronegativity of iodine and fluorine,
stabilizing the C–F bond in contrast to the C–I bond. Upon absorption of one 267 nm
UV photon, CH3I dissociates into two neutral fragments, CH3 + I, whereas in CH3F,
no PEC is resonantly accessible at 4.6 eV. In the latter case, absorption of at least
three UV photons in the same molecule populates several higher-lying ionic PECs,
also resulting in dissociation of the molecules.

After a tunable time delay, an intense X-ray pulse (727 eV, 1 mJ) probes the
dissociating system by ionizing predominantly the iodine (3d) or the fluorine (1s)
level, respectively, because of their large absorption cross section (3.3 Mb for I and
0.4 Mb for F, compared to 0.1 Mb for CH3), resulting in a localized positive charge
on the halogen [122, 152–155, 161, 163].

At these very high X-ray intensities, a single molecule can absorb many photons,
such that very highly charged ions up to I21+/F4+ and C4+ are created.

As the charge is initially created locally at the halogen atom though, the fact that
highly charged carbon ions are also detected already shows that the charge rearranges
within the molecule before or during the fragmentation.

In Fig. 17.20, the calculated electrostatic potentials of an I6+ + CH3 are plotted
for three different internuclear distances between the two fragments, together with
the binding energy of the highest occupied orbital. In the intact molecule (a), the
electrons are delocalized, but as the fragments move apart the potential barrier rises,
until at a certain critical distance (b), it reaches the electron binding energy.



482 S. Techert et al.

Fig. 17.19 References [122, 122–127, 151–163]: Schematic potential energy curves for
iodomethane (left) and fluoromethane (right). Absorption of one 267 nm photon in CH3I leads
to resonant population of a repulsive neutral state, whereas multi-photon UV absorption in CH3F
populates to several higher-lying ionic states. After a given time delay, these states are probed by
Coulomb explosion following inner-shell ionization of the respective halogen atom by one or sev-
eral X-ray photons, probing the transition from a molecule to isolated atoms. The figure is adapted
from the [8–10] and references therein

Therefore, for larger distances (c) the electrons can classically be regarded as
localized at one of the two fragments. It is this transition from a bound molecule to
isolated atoms that is probed by time-resolved ion spectroscopy [122, 152–155, 161,
163].

The delay-dependent time-of-flight peaks of selected ions of iodomethane and
fluoromethane are shown in Fig. 17.21. It is evident that the fragmentation patterns
of the two molecules are qualitatively different. For iodine charge states ≥I4+, the
appearance of low-energy ions at positive delays is clearly visible (channel 3 in
Fig. 17.21a).

Signatures of long-distance intramolecular electron transfer have been observed
for both, CH3I and CH3F, and the reconstructed critical distances (up to 15 Å for
I21+) are in good agreement with a classical over-the-barrier model.

These ions originate from the pump-probe process as indicated for iodomethane
in Fig. 17.21, and can be used to extract the critical internuclear distance, up to which
electron transfer from methyl to iodine is classically allowed for a given charge state
[122, 152–155, 161, 163].

Two other channels can be seen in Fig. 17.21 that correspond to Coulomb explo-
sion of intact molecules by only the FEL (1) and to ionic dissociation induced by
multi-photon UV absorption (2), as illustrated for fluoromethane in Fig. 17.21, which
also occurs with a lower probability in CH3I. The low-energy channel is absent in
the fluorine ions.
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Fig. 17.20 References [122, 122–127, 151–163]: Calculated Coulomb potentials for an I6+ atom
and a neutral methyl radical for a the equilibrium distance, b the cricital distance (see text) and c

for isolated atoms (in a classical picture). The dashed blue line indicates the energy of the electron
in the highest occupied orbital. The figure is adapted from the [8–10] and references therein

Fig. 17.21 References [122, 122–127, 151–163]: a–b Time-of-flight spectra as a function of the
pump-probe delay for selected fragments of iodomethane and fluoromethane. Different fragmen-
tation channels are indicated by 1, 2, 3 (see text). Additionally, in (c) and (d), calculated delay-
dependent time-of-flight curves are overlaid with the data, corresponding to an asymptotic kinetic
energy of 0.4 eV. Positive delays correspond to the UV pulse arriving before the X-ray pulse. The
figure is adapted from the [8–10] and references therein
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17.13 Outlook and Conclusion: First High-Repetition

Frequency, Ultrafast Hard and Soft X-ray Studies

of Chemical Reactions at the European X-ray Free

Electron Laser

The current chapter tried to give a comprehensive summary of the very first and
pioneering developments of chemical research tools utilizing soft and hard X-ray Free
Electron Laser radiation. The structural dynamics and “molecular movie” concept
has been introduced and confirmed in various states of matter and in different type
of chemical reactions: in the gas phase (unimolecular), in the liquid phase (uni- and
bimolecular) and in the solid state.

Novel experimental FEL concepts have been introduced which needed to be devel-
oped for the different chemical systems and reaction classes, and their pioneering
applications in the various fields of FEL chemistry studies—from molecular reac-
tion studies, through photocatalysis to energy research and biophysics—have been
demonstrated. All reported experiments were of pioneer type concerning its kind. It
has successfully been shown that it is possible to follow chemical reactions with FEL
radiation in real time in the gas phase, in the liquid phase, and in the solid phase.
Comparisons to other exiting techniques developed at free-electron laser sources
have been given.

As due to the coincidence between the time, where FELs in the soft and hard
X-ray regime came first into operational mode (2005–2018), and the start and running
time of the Collaborative Research Center SFB755 Nanoscale Photonic Imaging

(2007–2019), FEL milestones for chemical research have directly and right-on-time
been reported within the SFB755. From our side, therefore, the SFB covers the most
precious “life-time” of our experimental efforts so far, making it most important,
essential and special for us as intellectual exchange and scientific support platform,
and as a common effort of the Göttingen Campus. Every further development being
sketched in the last paragraph can be built on the scientific construction platform
supported by the SFB.

Since end 2017 the European X-ray Free-electron Laser as the first FEL of the
2nd generation is operationable. It unifies MHz repetition frequency capabilities
with highest brilliance, stable time-synchronisation (allowing for view femtosecond
time-resolved experiments), highest degree of coherence, tunability etc. allowing
for experiments in an evolution to pioneering experiments of 1st generation FELs
but also towards novel experimental strategies employing multidimensional X-ray
spectroscopy or ultrafast inelastic scattering techniques. In the “molecular movie”
field first feasibility and demonstration experiments have been performed and are
discussed in the context of existing X-ray FEL chemistry studies. In the next 10 years
novel superconducting LINAC technologies will come in operation (i.e. in LCLS-II)
allowing for expanding existing techniques and a shift of experimental paradigm
from proof-of-concept studies towards sample-curiosity driven X-ray experiments.
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