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European XFEL: Status and Research Applications 

Serguei Molodtsov 

European XFEL, Holzkoppel 4, 22869 Schenefeld, Germany  -  serguei.molodtsov@xfel.eu 

The European X-ray Free Electron Laser (XFEL) is a new international research installation 
that is currently under construction and in large part in operation in the Hamburg area in 
Germany. The facility will generate new knowledge in almost all the technical and scientific 
disciplines that are shaping our daily life - including nanotechnology, medicine, pharmaceutics, 
chemistry, materials science, power engineering and electronics. The ultra-high brilliance 
femtosecond X-ray flashes of coherent radiation are produced in a 3.4-kilometre long European 
XFEL facility. Most of it is housed in tunnels deep below ground. In its start-up configuration, 
the European XFEL will comprise 3 self-amplified spontaneous emission (SASE) light sources 
– undulators operating in energy ranges 3 - 25 keV (SASE 1 and SASE 2) and 0.25 - 3 keV
(SASE 3), respectively. The world-unique feature of this XFEL is the possibility to provide up 
to 27.000 ultra-short flashes (3 - 100 fs) that makes the facility unique and perfectly suitable for 
a large variety of research applications that are going to be reviewed in this presentation. 

. 



MHz X-Ray Experiments with SR and XFEL Sources 

Gawelda, W., Galler, A, and Bressler C. 

Femtosecond X-Ray Experiments Group, European XFEL, 22869 Schenefeld, Germany, 
Christian.bressler@xfel.eu 

Time-resolved x-ray experiments at synchrotrons at MHz repetition rates offers the 
possibility to record transient data with static signal quality [1]. A MHz laser system 
synchronized to the pulse structure of the storage ring permits to use the entire SR flux in a 
pump-probe experiment. 

We will show case examples, where previous experiments, limited to the kHz repetition 
rate of the standard amplified Ti:Sa laser system, are significantly boosted, when utilizing 
fibre-based amplified laser systems.  

Such experiments are also possible at European XFEL, whose pulse structure also includes 
MHz pulse repetition rates. Its superior average flux make it more useful for advanced x-
ray tools, and SR experiments exploiting XAS, XES, RIXS, and X-Ray Raman 
Spectroscopy will be presented. 
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[1] - A. Britz, T. Assefa, A. Galler, W. Gawelda, M. Diez, P. Zalden, D. Khakhulin, B. Fernandes, P. Gessler, 
H. Sotuodi, A. Beckmann, M. Harder, H. Yavas, C. Bressler 
J. Synchr. Rad. 23, 1409-1423 (2016). 



The ID09 beamline: history and vision for the future 

Levantino M., Kabanova V., Sander M. and Wulff, M. 

European Synchrotron, CS40220 38043, Grenoble, France 

Filming the structure of proteins at work, with atomic resolution and nanosecond time 
resolution, was the driving force for the first scientists on ID09 when the beamline opened 
for user experiments in September 1994. In a very fruitful collaboration with Prof Keith 
Moffat, University of Chicago, a mechanical chopper was built that allowed to isolate 
single X-ray pulses from the storage ring. The first experiment was a Laue diffraction 
study of the photo detachment of CO from the Fe binding site in myoglobin. The 
detachment of CO is reversible and it was possible to collect complete data with the W70 
wiggler from one crystal [1]. We observed how CO is captured, just after photo 
dissociation, in a cavity next to Fe for ten nanoseconds before it diffuses into solution. The 
time resolution of this first setup was 5 ns from the first nanosecond laser on the beamline. 

The installation of the high-speed chopper from Julich in 1998 was big step forward  since 
it allowed to select single pulses at 1 kHz from several filling modes of the storage ring. 
That greatly increased the time available for pump-probe experiments which was essential 
to gain more experience. A 1 kHz femtosecond laser followed in 1999 which pushed the 
time resolution of the setup to 100 ps. It marked the completion of the first picosecond 
pump-probe setup worldwide. The 1 kHz rep rate allowed new diffraction experiments 
with monochromatic beams to be done. The discovery of a photo driven phase transition in 
a molecular crystal was done with the 1 kHz setup [2].  

Another milestone was the pink beam from the U17 in-vacuum undulator in 2001. The 
U17 produced a very intense quasi monochromatic beam with up to 5 x 109 photon per 
pulse at 15-18 keV. The 250-fold gain intensity made it possible to study molecular 
reactions in solution at unprecedented spatial and temporal resolution [3]. We discovered 
that the signals from the change in structure of a molecul in solution is accompanied by 
hydrodynamic changes in the solvent, i.e. the change in temperature, pressure and density. 
The theoretical framework was developed by Savo Bratos and Rodolphe Vuilleumier at the 
Université Jussieu in Paris in collaboration with the beamline scientists [4-5].  

The optics and choppers on ID09 are prepared for the Extremely Bright Source (EBS) with 
a new micro focusing mirror and new choppers that will increase the pump-probe 
frequency to 3 kHz. The low emittance of the EBS will make the undulator peaks narrower 
and many more experiments will be done with the pink beam. The intensity on the sample 
will increase by factors of 5-10 and the beam will be focused to 20 µm.  

X-ray emission spectroscopy(XES) will greatly benefit from the increase in flux and 
pump-probe frequency. The prospect for increasing the pump-probe frequency to 20 kHz 
will be discussed.    

References 
[1] V. Srajer et al., Science, vol 274, 1726-1729, 1996. 
[2] E. Collet et al., Science, vol 300, 612-615, 2003. 
[3] H. Ihee et al., Science, 309, 1223-1227, 2005. 
[4] A. Plech, PRL, vol 92, 125505, 1-4, 2004.     
[5] M. Wulff et al., Journal of Chemical Physics, 124, 34501-34513, 2006. 



Time resolved diffraction and scattering studies of protein 
structural changes using XFEL and synchrotron radiation 

Richard Neutze1 

1Department of Chemistry & Molecular Biology, University of Gothenburg, Sweden. 
richard.neutze@gu.se 

Time-resolved X-ray scattering and X-ray diffraction has led to new insights into how 
protein structural changes are coupled to protein function across a number of fields. With 
the advent of time-resolved serial crystallography we expect that the field will grow to 
incorporate a broader domain of structural targets. I will provide a historical overview of 
the development of time-resolved Laue diffraction and time-resolved X-ray scattering from 
ID09 of the ESRF. I will then discuss the advantages of time-resolved serial 
crystallography which has been developed using XFEL radiation and is likely to also be 
applied using synchrotron radiation. Although I will try to illustrate points in a manner that 
reflects the contribution of many scientists within the field, my presentation will fall short 
of providing a comprehensive review. Where appropriate, I will emphasize our 
collaborative work on the light-driven proton pump bacteriorhodopsin to illustrate the sort 
of structural insights and new details that can emerge from these methods. In conclusion I 
will argue that I foresee a complementarity between XFEL and synchrotron radiation as 
the field develops into the future.    

References 
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[3] P. Nogly et al., Retinal isomerization in bacteriorhodopsin captured by a femtosecond x-ray laser. Science 
361, eaat0094 (2018). 



X-ray pulses for time-resolved experiments 
on photo-sensitive proteins 

 
Giorgio Schiro 

 
Institut de Biologie Structurale, Grenoble – France – email : giorgio.schiro@ibs.fr 
 
 
 
Biological macromolecules are characterized by specific structural and dynamic features 
that are at the basis of their biological activity. Understanding macromolecular activity 
thus requires studying structural changes over time and on various time-scales down to the 
femto-chemistry regime. Complementary use of time-resolved X-ray scattering and 
diffraction at synchrotrons and XFELs permit tracking conformational changes in photo-
sensitive proteins along a photo-induced reaction pathway from the sub-ps regime to the 
millisecond time scale. I will show results from recent studies of light-induced protein 
structural dynamics in fluorescent proteins, photoreceptors and photoactivated ligand-
enzyme complexes 



Time-resolved solution X-ray scattering of biomolecules 

Sebastian Westenhoff1 

1Department of Chemistry and Molecular Biology, University of Gothenburg, 
westenho@chem.gu.se 

Photoactive enzymes modulate their activity according to light conditions. We have 
studied a series of photosensitive proteins, with the goal to identify their structural 
changes when they are photoswitched. I will present these results. The structural 
changes range from refolding and quaternary rearrangements in phytochromes, a coiled-
coil transition in a light-gated histidine kinase, and redox-driven 
rearrangements in cryptochromes.  

In order to obtain structural information in solution, we have used time-resolved 
solution X-ray scattering. I provide an overview over the technique and discuss how it 
can be used to provide specific information on structural changes in solution. In 
particular, I will present how model-free structural parameters can be extracted, and 
how more detailed structural models can be generated and validated against the 
difference scattering data.  

A bottleneck of time-resolved X-ray scattering is the lack of structural specificity. This 
could be mitigated by fluctuation scattering approaches, which may become available at 
the European XFEL.  
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Structural dynamics of haemoproteins using  
synchrotron radiation 

and  
X-ray free electron lasers 

Majed Chergui 
 

Ecole Polytechnique Fédérale de Lausanne, Switzerland 
e-mail: majed.chergui@epfl.ch  

 

I will present X-ray spectroscopic studies at the Iron K-edge of myoglobin-NO and cytochrome 

c with 100 ps resolution at the Swiss Light Source (Silatani et al, PNAS 2015) and of 

myoglobin-NO and cytochrome c with 100 fs resolution at the Eu-XFEL (Hamburg), SACLA 

(Japan) and swissFEL (Villigen).  

  



Unpacking energetics and dynamics in photoexcited transition-
metal complexes with synchrotrons and XFELs 

 
Haldrup K.1, Nielsen M.M.1 et al. 

 
1Technical University of Denmark, Physics Department, NEXMAP Section, Molecular Movies 
Group, hald@fysik.dtu.dk / mmee@fysik.dtu.dk 
 
 
This talk will describe a series of recent investigations of how the photon energy is re-
distributed on internal and external degrees of freedom following photo-excitation of 
transition-metal centered complexes [1-8]. Special emphasis will be on how combining and 
extending established X-ray methodologies at synchrotron and XFEL beamlines can yield 
new insights on both electronic and structural dynamics, as well as information on the 
interplay between solute and solvent. 
 

 
 
Figure 1: Molecular structure, potential energy landscape, structural dynamics and solvent 

temperature change following photo-excitation of an Fe-centered compound.  
 
 
References 
[1] – K. Haldrup et al., Journal of Physical Chemistry A (2012) 
[2] – G. Vanko et al., Journal of Electron Spectroscopy and Related Phenomena (2013) 
[3] – S. Canton et al., Nature Communications (2015) 
[4] – T. van Driel et al., Nature Communications (2016) 
[5] – K. Haldrup et al., Journal of Physical Chemistry B (2016) 
[6] – E. Biasin et al., Physical Review letters (2016) 
[7] – D. Leschev et al., Chemical Science (2017) 
[8] – K. Kjær et al., Physical Chemistry Chemical Physics (2018) 
 
 

mailto:hald@fysik.dtu.dk


Photochemical reaction dynamics of Ru3(CO)12 studied by picosecond and 
femtosecond X-ray solution scattering at ESRF and LCLS 

 
Q.Y. Kong 

Synchrotron Soleil, L’Orme des Merisiers St. Aubin, F- 91192 Gif-sur-Yvette, France 
e-mail: kong@synchrotron-soleil.fr  

 
A more complete mechanism for the photofragmentation of Ru3(CO)12, a prototype for the 
photochemistry of transition metal carbonyls, following 400 nm excitation was obtained from 
a combination of ps and fs X-ray solution scattering at the synchrotron1 and XFEL2. 400 nm 
laser excitation selectively breaks a single Ru-Ru bond to form Ru3(CO)11(μ-CO). 
Ru3(CO)11(μ-CO) loses one CO forming Ru3(CO)8(μ-CO)3 with a characteristic timescale of 
1.5 ps, which in turn loses another CO and also reforms the Ru-Ru bond to yield Ru3(CO)10 
on a time scale of 10 ps. Ru3(CO)10 dominates from 10 ps to 100 ns1, and rebinds one CO to 
form Ru3(CO)10(μ-CO) 1,3, which eventually relaxes to the starting molecule by binding 
another CO. These results indicate that contrary to long standing hypotheses, metal–metal 
bond breakage is the only chemical reaction immediately following the photolysis of 
Ru3(CO)12 at 400 nm. 
 

 

Photoreaction pathways of Ru3(CO)12 in C6H12 following 400 nm excitation 

References 
1. Q. Y. Kong, et al. Angew. Chem. Int. Ed. 47, 5550 (2008). 
2. Q. Y. Kong, et al. Photochem. Photobiol. Sci. DOI: 10.1039/c8pp00420j 
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FXE instrument of the European XFEL:  

experimental capabilities and first results 
 

Khakhulin D.1, Alves Lima F.1, M. Biednov M.1, Galler A.1,  

Gawelda W.1,2, Kubicek K.1, Zalden P.1, Bressler C.1 

 
1 European XFEL, 22869, Schenefeld, Germany 
2 Adam Mickiewicz University, 61-614, Poznań, Poland 
 

Recent development of optical pump/X-ray probe techniques at large scale facilities 

such as synchrotrons and X-ray free-electron laser (XFEL) sources enabled direct 

visualization of various fundamental ultrafast phenomena in solution photochemistry and 

photophysics of solids. Due to intrinsically much shorter pulses, the temporal resolution of 

such experiments at XFELs is over three orders of magnitude higher compared to that at 

conventional synchrotron sources, reaching the sub-100 fs domain. On the other hand, 

great stability of the X-ray radiation, flexibility of standard setups and relatively good 

availability of beamtime for users makes synchrotron sources indispensable for 

establishing new experimental methodologies and performing extended systematic 

investigations of transient processes specifically on the timescales spanning the range from 

a hundred of picoseconds to milliseconds. Taking advantage of complementary 

synchrotron and XFELs experiments and combining structurally and electronically 

sensitive probes, namely time-resolved X-ray scattering/diffraction [1], X-ray emission [2] 

and absorption [3] spectroscopies in one study [4,5], it has become possible to accurately 

monitor intrinsically coupled electronic and structural transformations in photo-responsive 

materials and solvated molecular systems throughout the complete excitation/relaxation 

cycle. 

The design of the Femtosecond X-ray Experiments (FXE) instrument of the 

European XFEL, which came online only about 1.5 years ago, was to a large extent 

inspired by the synchrotron-developed methodologies of combining simultaneous 

structural and electronic observables at kHz and MHz repetition rates.  In this contribution 

we will present the progress of the FXE instrument commissioning over the past year, 

describe current capabilities of the setup as well as the first experimental results. 

Particularly, the important role of synchrotron experiments in understanding various 

ultrafast laser-driven phenomena will be demonstrated and emphasized. 
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Time-resolved structural studies at the ID09 beamline of the 
ESRF 

 
M. Levantino 

 
ESRF – The European Synchrotron, 71 Avenue des Martyrs, 38000 Grenoble, France. 

e-mail: matteo.levantino@esrf.fr 
 
 
The ID09 beamline of the ESRF is the most advanced synchrotron beamline for time-
resolved structural studies in Europe. The availability of an intense pink beam, single X-
ray pulse selection and the flexibility of its sample environment with different kind of laser 
excitation options are the key characteristics of the beamline. Experiments currently 
performed at ID09 range from ultrafast dynamics studies in solid state systems [1] to slow 
(up to hundreds of milliseconds) conformational changes in large biological molecules [2]. 
I will describe the current status of the beamline and present examples of recent research 
that highlight the complementarity between ID09 and pump-probe beamlines at X-ray free-
electron lasers. 
 
 

 
Figure 1: Schematic of ID09 setup for time-resolved X-ray scattering experiments on 

chemical reactions in solution (adapted from [3]). 
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Time-resolved nanoscience – 
 Between molecular kinetics and solid-state dynamics 

 
Plech, A.1*, Reich, S.1, Ibrahimkutty1, S., Newby, G.2,  

Ziehfuss, A.3, Rehbock, C.3, Barcikowski, S.3 
 

*anton.plech@kit.edu 
1Institute for Photon Science and Synchrotron Radiation (IPS), Karlsruhe Institute of 
Technology(KIT), Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany 
2European Synchrotron Radiation Facility, F-38043 Grenoble, France 
3Technical Chemistry I and Center for Nanointegration Duisburg-Essen (CENIDE), University of 
Duisburg-Essen, Universitätsstrasse 7, 45141 Essen, Germany 
 
 
Nanoscale excitation of mesoscale objects often displays unexpected dynamics and 
structural relaxations, which can be harnessed in photonic applications [1,2]. A more 
complete understanding may require both the ultrashort time scales [3] accessible at FEL 
sources as well as detailed mapping of excitation scales [4,5] on modern ring sources [7]. 
Often different length scales are involved, in particular in hybrid materials [8]. In this talk 
the different questions will be classified in terms of the path to address them by the 
respective experimental approaches. 
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Time-resolved synchrotron XRD of shock compressed matter: 
the case study of Bi 

Pépin C.1, Sollier A. 1, Marizy A. 1, Occelli F. 1, Sander M. 2, Torchio R. 2, Loubeyre P. 1 

1CEA, DAM, DIF, F-91297 Arpajon, France, 2ESRF, 6 Rue Jules Horowitz BP220, F-38043 
Grenoble Cedex, France 

 

The group V metal bismuth (Bi) is well-known for exhibiting a large number of 
polymorphic transitions within a low pressure and temperature region [1]. Within 3 GPa (1 
GPa = 10000 bar), it undergoes the I-II and the II-III transitions and the III-V transition 
above 7 GPa. At high temperature, between 2.5 and 6 GPa, phase II transforms into Bi-IV. 
This view of the Bi-phase diagram can be drastically altered by metastable effects in static 
compression experiments [2], with the appearance of phase V at pressures as low as 5 GPa 
for example. Moreover it was recently shown in a static study that hydrostaticity conditions 
have an important effect on the melting line of bismuth, which in turn is found to be much 
higher. 

Synchrotron ns time-resolved X-Ray Diffraction has been performed on this complex 
system under dynamical load along various compression and release paths, hence 
exploring the Bi phase diagram up to 8 GPa and 600 K. Marked departures from the 
equilibrium behaviour are observed. The sequence of structural changes is different upon 
compression and release. Bi-III, the complex host-guest structure is never observed. 
Instead Bi-V is observed over a large domain. Melting of Bi-V and crystallization of the 
fluid into Bi-I are clearly identified on stress release. These observations on a prototypical 
system underline the possible difficulties of disclosing equilibrium structural 
transformations at high pressure by using dynamic compression and highlight the need of 
XRD for such studies. 

After presenting our results on Bi, we will discuss about the complementarities between 
the synchrotron and the XFEL for the study of matter under dynamic compression. Finally 
some perspectives for the ESRF upgrade will be given. 
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Studying Complex Chemical Reactions  
at Pulsed High-flux X-ray Sources  
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Common for time-resolved X-ray experiments is the applied pump / probe scheme, often 
with an optical pump-laser initiating a chemical reaction whose structural time evolution is 
then investigated by X-ray probe pulses at various time delays (picoseconds for 
synchrotron X-ray sources, and femtosecond for X-ray Free Electron Lasers). X-ray 
photon-in / photon-out techniques are based on X-ray diffraction, X-ray scattering or x-ray 
spectroscopic techniques like near edge spectroscopy or X-ray emission spectroscopy. 
Meanwhile X-ray spectroscopic techniques probe the local environment around specific 
atoms in a molecule - such as orbitals, X-ray diffraction and x-ray scattering studies reveal 
the structure of the bulk of periodic or disordered systems.  
 
Two detailed examples of very recent synchrotron and FEL research will be given, where  
ultrafast optical spectroscopy and highly brilliant, ultrafast X-ray-pulse-based structural 
dynamics methods have been developed as complementary tools for studying the real time 
structure-function relationships in (i) complex chemical reactions and of (ii) bio-mimicking 
opto-electronic devices and energy materials. The findings will be discussed in the context 
of novel analysis approaches overcoming the classical description of uni- and bimolecular 
reactions in the traditional framework of chemistry. 
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Complemental use of synchrotron radiation (SR) and X-ray free electron laser (XFEL) sources is now 
essential for successful time-resolved X-ray studies. Here I show examples of tracking chemical reactions 
in solution by combined use of PF-AR (KEK) and SACLA (RIKEN/SPring-8). 
Bond formation is an essential process in chemistry, but it is challenging to keep track of detailed atomic 
movements associated with bond formation because of its bimolecular nature. Bond formation in solution 
phase has been especially elusive because it is difficult to initiate and follow such diffusion-limited 
bimolecular pro-cesses with ultrafast time resolution. In this regard, Au oligomer complex, [Au(CN)2

–]n, 
offers a good model system in which to study the dynamics of bond formation in solution [1,2]. Using 
femtosecond time-resolved X-ray scattering, we successfully visualized in real time the birth of a gold 
trimer complex, [Au(CN)2

–]3, that occurs via photo-induced formation of Au-Au covalent bonds [3]. 
 
The ground state of the trimer has Au atoms that are weakly bound to each other by aurophilic interaction 
and aligned in a bent geometry. Upon photoexcitation, the ground state rapidly converts into the first 
excited state where Au-Au covalent bonds are formed among Au atoms aligned in a linear geometry. 
Subsequently, the state transforms to a triplet state in 1.6 ps while accompanying further contraction of 
Au-Au bonds by 0.1 Å (studied at SACLA). Later, the triplet state of the trimer converts to a tetramer on 
nanosecond time scale (studied at PF-AR). This work showcases the possibility of tracking detailed 
structural changes in solution with sub-ps temporal and sub-angstrom spatial resolutions, thanks to the 
combined use of SR and XFEL. 
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Metal complexes, and not least the d8 systems, are important model systems for catalysis 
and energy applications as well as fascinating playgrounds for testing new methods for 
predicting and measuring structural dynamics and what goes on in the interface between 
molecules and their surroundings. 
 
I will draw a few lines from our work at synchrotron sources to recent hard X-ray pump-
probe experiments conducted at XFELs, using X-ray scattering to measure the structural 
response of solvated metal complexes to optical excitation. Coupling these experiments 
with model calculations, we were able to track the coupling between structural change of 
the solute and reorganization of solvent molecules, the formation and decay of excited state 
complexes, and even to track the ground state dynamics using off resonance excitation [1]. 
The data quality could be enhanced by exploiting the anisotropy induced by selectively 
exciting a subset of solute molecules with specific orientations of their transition dipole 
moments [2].   
 
 

 
Figure 1: (a) Structure of the PtPOP ([Pt2(P2O5H2)4]4-) metal complex in the ground state. 
(b) Structure of PtPOP molecule in the excited state. The formation of bond between the 

two Pt atoms leads to a contraction of about 0.24 Å. 
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I will discuss a beamline upgrade proposal that aims for realizing optical pump - x-ray probe 
experiments at repetition rates of up to 50 kHz. The upgrade exploits the improved beam 
properties of the new ESRF-EBS storage ring and increases the photon flux by two orders of 
magnitude. A key component is the installation of a new femtosecond high-frequency laser 
source. In addition, the proposal involves implementation of a short (i.e., sub 10 ps) x-ray pulse 
option by introducing a photoacoustic Bragg switch. After introducing specifications of the 
upgrade proposal I will also discuss examplary scientific cases for future time-resolved 
experiments at ID09.  
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X-ray emission spectroscopy is a second order process following core shell ionization. The 
technique does not require a monochromatic incident X-ray beam and is thus attractive for 
applications at free electron lasers and pink beam synchrotron radiation beamlines. The 
past decades have brought significant new insight into the theoretical understanding of X-
ray emission spectra which in turn considerably increased the value of the technique for 
time-resolved experiments.  
 
The strong Kα and Kβ emission lines have been used with great success to characterize the 
spin state of a 3d transition metal ion. The much weaker valence-to-core lines give direct 
access to the valence electron configuration and thus contain a wealth of chemical 
information. However, obtaining sufficient data quality for a detailed analysis is 
challenging and pump-and-probe experiments.  
 
The presentation will discuss some fundamental aspect of X-ray emission spectroscopy 
and address experimental challenges.  
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Organic Light Emitting Diodes (OLEDs) depict an economical and efficient technology for 
e.g. flexible displays and innovative area lighting. The main challenge in this regard is to 
develop efficient emitting materials, which do not contain rare transition metal ions as this 
has a significant impact on the cost-efficient production of OLED devices. We recently 
proposed a new multinuclear Cu complex as a new promising compound for such 
applications. For rational development of efficient OLED materials and understanding of 
non-radiative losses, experimental data about structural changes and charge movements 
between atoms of the complex in the excited state are needed. In particular, the following 
questions have to be addressed: i) are phosphorus-coordinated or carbon-coordinated Cu 
atoms are involved in the charge transfer ii) how the structure, in particular, Cu-Cu 
distances change in the excited state iii) are phosphorus atoms involved in the charge 
transfer forming the excited state.  I will show how we used the combination of pump-
probe WAXS (ID09, ESRF), pump-sequential-probes XAS (SuperXAS, SLS) and pump-
probe XES at P K-alpha line (Alvra, SwissFEL) to address these questions. Preliminary 
data on Cu K-beta XES and WAXS from the experiment at FXE of European XFEL will 
be also discussed. We will demonstrate how complementarity of pump-probe experiments 
at all these facilities allows to understand the excited states of the complex. 
 



Time-resolved X-ray Spectroscopy: 
From the nano to the femtosecond regimes

Thomas J. Penfold

Chemistry- School of Natural and Environmental Science, Newcastle University

Advances in experimental methodology aligned with technological developments, such as X-ray
Free Electron Lasers (X-FELs) and High Harmonic Generation (HHG), has led to a paradigm
shift in the capability of X-ray Spectroscopy to deliver simultaneously high temporal and spectral
resolution. However, given the availability of X-FELs, 3rd generation light sources, which have
a temporal resolution limited to the picosecond regime, remain the work horses of time-resolved
structural dynamics.
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Importantly, the complex nature and high information content of this class of techniques means
that detailed theoretical studies are often essential to provide a firm link between the spectroscopic
observables and the underlying molecular structure and dynamics. For X-FELs, the understanding
the femtosecond dynamics of molecules in electronically excited states requires simulations that
go beyond the single nuclear configuration regime and the Born-Oppenheimer approximation.

Herein I will present some recent work on simulating and understanding ultrafast X-ray spectra
using excited state simulations based upon quantum nuclear dynamics. This will include predic-
tion and experimental realisation of ultrafast time-resolved experimental signals of a Cu transition
metal complex (Figure 1) and new avenues, which exploit on-the-fly quantum dynamics simula-
tions to reduce the computational expense of these calculations. I will also present potential ex-
periments and opportunities to shed insight into dynamics which other techniques cannot achieve.

1. T. J. Penfold, E. Gindensperger, C. Daniel and C. M. Marian, Chem. Rev., 118:6975 (2018).
2. G. Capano, C.J. Milne M. Chergui, U. Rothlisberger, I.Tavernelli and T.J. Penfold J. Phys. B 48:214001

(2015).



Multiscale dynamics studied with Xrays: from molecular 
switching to material transformation     
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The general excitement born out of ability to access the ultrafast time scales has caused rush 
of new ideas, new materials, and new instruments. One feat in particular has been draining a 
lot of effort, namely the control of materials with an ultrashort laser pulse. There is ample 
evidence now that materials can be directed between different macroscopic states by using 
appropriate electronic, or structural, excitations. The switching with a laser pulse of such 
materials can severely change their macroscopic properties (electric conductivity, magnetism, 
colour, etc.), whereby emerging cooperativity and coherence of different degrees of freedom 
underpin the resulting phase transitions of various sorts. However, the pertinent time scales 
for photo-switching processes in materials have been rather difficult to scrutinise. The 
pioneering investigations dealt mainly with the electron/phonon dynamics immediately 
following the femtosecond excitation, or the kinetics of recovery to the thermally stable states. 
This situation is changing fast today. Time-resolved X-ray diffraction and ultrafast VIS-IR 
spectroscopy reveal that the degrees of freedom triggered by a femtosecond laser pulse in a 
material follow a sequence in the out-of-equilibrium dynamics. Those steps dissected in time, 
provided a mechanistic picture of a material transformation driven under different, non-
thermal and thermal, regimes.  



Experiences from the LCLS 
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X-ray free electron lasers have made the sub-ps timescales accessible for X-ray pump/laser probe 
experiments. Here I will present some of the experiences from the XPP and XCS beamlines at 
LCLS as well as some of the strengths, weaknesses and challenges that we face now and going 
forward. As FEL techniques and facilities mature, there are still a number of challenges to address 
and areas where synchrotron and FEL experiments differ. In order to exploit the synergies of 
Synchroton and XFEL experiments, some of these differences need to be highlighted, detailed and 
characterized, such that robust scientific conclusions can be more easily reached by the user 
community in general. 
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Spin- (SDW) and Charge-density wave (CDW) states are ubiquitous in solid state physics. 
They both correspond to a modulation of the spin or the charge density with twice the 
Fermi wave vector of the electron gas. As both states are gapped, they are sensitive to 
impulsive absorption of laser infrared pulses, which induces phase transformations. 
Interestingly enough, CDW are generally coupled to the lattice, which gives rise to satellite 
reflections easy to observe by X-ray diffraction. 
In this work, we compare the dynamical behavior of CDW after an infrared laser pulse in 
three different DW systems: Chromium [1], K0.3MoO3 (so-called blue bronze) [2], and 1T-
TaS2 [3,4]. We used pump-probe diffraction techniques to follow the incommensurate 
satellite reflections (position, width and intensity) as a function of the delay between the 
infrared pulse and the X-ray pulse. At the femtosecond time scale (100 fs), the CDW 
amplitude is strongly depressed after the pulse, which leads to the melting of the CDW 
state in a few ps [1,2].  This melting is driven by a coherent phonon mode corresponding to 
the CDW amplitude mode. At the picosecond (100 ps) timescale, other phenomena are 
observed depending on the sample. In the 1T-TaS2 case, another CDW phase is photo-
induced and develops by a fast sub-ns nucleation-growth-coarsening process never 
observed before [3,4]. At longer delays, the recovery of the initial CDW state follows 
different mechanisms which depend on the compound. In Chromium, a strange change in 
the satellite position suggests a physics governed by CDW dislocation gliding or climbing.   
All these examples show that CDW materials need to be studied at all time sales, ranging 
from fs, at XFEL, to ns, possibly at synchrotrons. 
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