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Foreword by the AttoChem Chair 

 

The AttoChem action (https://attochem.qui.uam.es/) is an interdisciplinary network supported by 

COST (European Cooperation in Science and Technology, https://www.cost.eu/ 

actions/CA18222/), aiming to design new strategies for the control of charge migration in 

molecules by directly acting on the attosecond time scale. This ability can be used to selectively 

break and form chemical bonds, thus opening new avenues in chemistry. The AttoChem network 

coordinates experimental and theoretical efforts to exploit the large potential of attosecond 

techniques, born in physics, to investigate problems of chemical interest. It also acts as a liaison 

with the relevant stakeholders to bridge the gap with industrial applications. 

 

The 1st AttoChem meeting, initially planned as a regular in-person meeting to be held in Cluj-

Napoca (Romania) in March 2020, took place in an online format from 9 to 11 September 2020, 

and the 2nd Attochem meeting, also in online format, from 13 to 15 October 2021 under the 

auspices of DESY Hamburg (Germany). The 3rd AttoChem meeting to be held in Prague (Czech 

Republic) from 19 to 21 September 2022 is the first opportunity for AttoChem participants to meet 

in person after this long period of uncertainty due to the covid pandemic. The large number of 

registered participants, more than 120 as up to date, is a clear sign of the good health of the network 

and the interest in scientific discussions and exchange of ideas in the framework of this young 

scientific discipline. I therefore expect all registered participants to play an active role in the 

sessions and make use of the available AttoChem tools to reinforce or establish scientific 

collaborations in the future. 

 

Finally, I would like to acknowledge Zdenek Masin and Tomas Slanina for taking care of the local 

organisation of the workshop and all their efforts to make it a very successful one.  

 

 

Fernando Martín 

Chair of the AttoChem network 

Universidad Autónoma de Madrid and IMDEA Nanoscience 

28049 Madrid, Spain. 

 

https://attochem.qui.uam.es/
https://www.cost.eu/%20actions/CA18222/
https://www.cost.eu/%20actions/CA18222/
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Foreword by the Local Organisers 

 

It is our great pleasure and honour to welcome all participants to Prague for the first in-person 

meeting of the AttoChem network. The international program committee did its best to put 

together a program which reflects all basic branches of research carried out by the Action partners 

and beyond. We are very happy that a wide range of distinguished speakers have accepted the 

invitation, including our colleagues from overseas. 

 

Research into ultrafast physics and chemistry in the Czech Republic is still relatively small 

compared to the traditional leaders of the field. Still, it is very diverse, ranging from large-scale 

experimental facilities such as ELI Dolní Břežany to emerging and established world-class groups 

supported by ERC Grants. We hope this conference will help to firmly establish the Czech 

Republic on the map of ultrafast science and provide opportunities for creating new collaborations 

between all members of the network. 

 

This meeting would not have been possible without the active support of and advice from Prof. 

Fernando Martín and Dr. Beatriz Martín who have helped us navigate all aspects of the 

organisation. The conference website was based on the template kindly provided by the organisers 

of the first meeting in Romania: Prof. Ferenc Járai-Szabó and Prof. Ladislau Nagy. Last but not 

least, we would like to thank the Institute of Theoretical Physics (Faculty of Mathematics and 

Physics of Charles University) and the Institute of Organic Chemistry and Biochemistry for 

sponsoring the conference. 

 

Let us use this meeting as an opportunity to learn from each other in a friendly and open 

environment. We wish you a productive meeting, have a great time in Prague, and we hope to see 

you back someday! 

 

Tomáš Slanina                                                                                                 

AttoChem Management Committee Member 

Institute of Organic Chemistry and 

Biochemistry, Prague 

 

Zdeněk Mašín 

AttoChem Working Group 2 Member 

Institute of Theoretical Physics 

Faculty of Mathematics and Physics 

Charles University, Prague
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Plenary Talk PT1 
 

Control of attosecond entanglement and coherence 

Lisa-Marie Koll, Laura Maikowski, Lorenz Drescher, Tobias Witting, and Marc J. J. Vrakking 

Max-Born Institute (MBI), Berlin 

marc.vrakking@mbi-berlin.de 

 
Attosecond science is a branch of ultrafast laser physics that aims to investigate and possibly control 

electronic motion on its natural timescale by means of pump-probe experiments. Attosecond pulses 

formed by the process of high-harmonic generation have wavelengths in the extreme ultra- violet (XUV) 

to soft X-ray spectral range. Accordingly, attosecond pulses are ionizing radiation for any medium (solid, 

liquid or gaseous) that is placed in its path. 

Photoionization splits a quantum system under investigation into an ion and a photoelectron. The ion and 

photoelectron will commonly display quantum-mechanical entanglement, which influences the coherence 

that attosecond pump-probe experiments rely on. In my talk I will discuss experimental and numerical 

work demonstrating the role of ion-photoelectron entanglement in attosecond pump- probe experiments, 

by taking as an example the vibrational wavepacket dynamics that is induced in H2
+ cations upon ioniza-

tion of H2 by an attosecond laser pulse [1-3]. 

I will show how tailoring the properties of the attosecond pulses (i.e. forming a pair of these pulses, or 

chirping these pulses) can be used to control the degree of ion-photoelectron entanglement that occurs, as 

indicated by the degree of vibrational coherence that can be observed in the ion. In the calculations, the 

conclusions are furthermore supported by inspection of the reduced ionic density matrix and an evaluation 

of the purity of the ion + photoelectron wavefunction that results from the ionization process. 
 

Experimental setup for controlling of the entanglement of vibrational wavepackets in H2
+, based on pho-

toionization of neutral H2 by a pair of attosecond pulses with a variable delay (adapted from [2]). 

 

References 

[1] Vrakking, M.J.J., Control of Attosecond Entanglement and Coherence. Physical Review Letters, 2021. 

126(11): p. 113203. 

[2] Koll, L.-M., et al., Experimental Control of Quantum-Mechanical Entanglement in an Attosecond 

Pump-Probe Experiment. Physical Review Letters, 2022. 128(4): p. 043201. 

[3] Vrakking, M.J.J., Ion‐photoelectron entanglement in photoionization with chirped laser pulses. Jour-

nal of Physics B: Atomic, Molecular and Optical Physics, 2022 (accepted). 
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Plenary Talk PT2 
 

Tracking Electrons, Atoms and Quasiparticles in Real-Space 

and Real-Time 

Manish Garg 

Max Planck Institute for Solid State Research, Heisenbergstr. 1, 70569 Stuttgart, Germany 

mgarg@fkf.mpg.de 

Chemical transformations in molecules are a consequence of valence electron motion and its eventual cou-

pling to atomic motion, hence, tracking valence electron motion at the orbital level is the key to under-

standing and taming such transformations. Scanning tunnelling microscopy (STM) can passively and lo-

cally probe the valence electron density in molecules. Contemporary techniques in attosecond science1,2, 

on the other hand, can generate and track the temporal evolution of a coherent superposition of quantum 

states of valence electrons by using strong laser fields, which can be probed only non-locally. In absence 

of the capability to trigger and probe electron dynamics at the single-orbital level, electron motion could 

only be inferred by reconstruction. In the talk, I will show you how dynamics of coherent superposition of 

valence electron states generated by < 6 femtosecond long carrier-envelope-phase (CEP) stable laser pulses, 

can be locally probed with picometer spatial resolution and 300 attosecond temporal resolution simultane-

ously, at the single orbital-level with the help of an STM, defying the previously established fundamental 

space- time limit3,4. 

Even though, by integrating ultrashort laser pulses with an STM we are now able to trace electron dynamics 

directly in molecules, the information about vibrational dynamics and its coupling with electronic motion 

is still limited. In order to overcome this barrier, we have recently integrated time-resolved tip-enhanced 

Raman spectroscopy5 in conjunction with the experimental capability of tracking the electron dynamics. I 

will show the recent experimental results of tracking the phonon coherence and dephasing dynamics in a 

single graphene nanoribbon by the application of coherent anti-Stokes Raman spectroscopy (CARS) in an 

STM. We envisage that it will be soon possible to see a chemical bond formation/breaking dynamics 

through a transition state at the orbital level. 

 

References 
 
[1] Garg et al. Nature 359-363, 538 (2016). 

[2] Gutzler, Garg et al. Nature Reviews Physics 3, 441-453 (2021). 

[3] Garg et al., Nature Photonics, 16, 196-202 (2022). 

[4] Garg and Kern. Science 367 (6476), 411-415 (2020). 

[5] Luo et al. Nano Letters (2022) To appear. 
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Plenary Talk PT3 
 

Ultrafast dynamics probed by electron scattering 
 

Juraj Fedor1 
1J. Heyrovský Institute of Physical Chemistry, Czech Academy of Sciencies, Dolejškova 3, 18223 

Prague, Czech Republic 

juraj.fedor@jh-inst.cas.cz 

 
 

One of the central tasks in AMO physics is to specify how the atomic nuclei move, for example, upon a 

vertical excitation by an external trigger. In this talk I will focus on the excitation mediated by collisions 

of molecules with free electrons. The interaction time of an electron with the kinetic energy in the chemical 

range (units of eV) is, in the direct scattering regime, typically too short for any nuclear dynamics. The 

situation changes if quasi-bound states embedded in the continuum are formed in the collision. Such states 

– electronic resonances and virtual states – have often autodetachment lifetime comparable with the time-

scale of nuclear motion. Probing various decay channels of the continuum states thus provides information 

about the nuclear dynamics. 

 

The main experimental tools are a two-dimensional electron energy loss spectroscopy and a velocity-map-

imaging dissociative electron attachment spectroscopy. The first technique provides information about the 

initial states of nuclear motion via measuring the energies of detached electrons, prior to molecular disso-

ciation. The second technique provides information about the kinematics and dynamics of anionic frag-

ments and thus about the final stage of the nuclear motion. I will provide an overview of effects which are 

revealed by the combination of these two techniques. The examples include an extremely non-Born-Op-

penheimer dynamics of the vibronic coupling through continuum [1], vibrational autodetachment mediated 

by a presence of dipole-bound states [2], or distant-symmetry control of the bond cleavage [3]. 

 

References 

 
[1] J. Dvořák et al., Vibronic coupling through continuum e + CO2 system, Phys. Rev. Lett., in print 

(2022) 

[2] C. Anstöter et al., Mode-Specific Vibrational Autodetachment Following Excitation of Electronic 

Resonances by Electrons and Photons, Phys. Rev. Lett., 124 (2020) 203401 

[3] Ragesh Kumar T. P. et al., Distant Symmetry Control of Electron-Induced Bond Cleavage, under 

review 
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Plenary Talk PT4 
 

Sources and diagnostics for attosecond science 
 

 Cord L. Arnold1 
1Department of physics, Lund University, Lund, Sweden 

Cord.arnold@fysik.lth.se 

 
 

I want to take the chance to review our recent activities from a technology perspective. The field of atto-

second science has always been impacted by advances in laser technology and our community has moti-

vated and strongly contributed to such advances. This concerns for example developments in chirped pulse 

amplification (CPA) and optical parametric chirped pulse amplification (OPCPA), pulse post-compres-

sion techniques to the few- and single-cycle regime, pulse characterization, as well as detection and sta-

bilization of the carrier-to-envelope (CEP) phase. Our community has perfected these techniques in order 

to enable experiments that have advanced our understanding of processes happening on the fastest acces-

sible time scale, i.e. the attosecond regime. 

I want to in particular touch upon three different topics: First, for experiments with demanding require-

ments on statistics, such as coincidence spectroscopy, where several correlated reaction products must be 

recorded simultaneously as well as surface science applications, where space charge compromises the 

spatial and spectral resolution, we develop high-repetition rate, CEP- controlled, few-cycle laser sources 

in the near-infrared (NIR) and the short-wave infrared (SWIR) spectral ranges [1, 2]. Advanced pulse 

characterization [3, 4] paired with CEP manipulation allow to control the number of pulses in a short 

attosecond pulse train generated via high-order harmonic generation [1]. We demonstrate the first study 

of one-photon double-ionization in He with an attosecond light source, by recording the triple coinci-

dences between He2+ and the two correlated photoelectrons with full angular resolution [1]. 

Second, attosecond pump-probe photoelectron spectroscopy based on the reconstruction of attosecond 

beating by interference of two-photon transitions (RABBIT) is a key technique to experimentally access-

ing the attosecond time scale. The implementation of high spectral resolution photoelectron detectors has 

opened up for identifying and eliminating parasitic effects in the determination of photoionization time 

delays [5] as well as for extracting femtosecond dynamics of 

e.g. Fano resonances [6, 7]. We demonstrate a pump-probe interferometric setup that achieves extraordi-

nary temporal stability with novel capabilities of manipulating the pulses in the pump- and probe arms 

individually, opening up for accessing decoherence effects and quantum tomography protocols. 

Finally, I want to highlight a paradigm shift in laser technology that we are currently witnessing, where 

combinations of Ytterbium-based CPAs and clever post-compression schemes gradually replace well-

established Titanium:Sapphire femtosecond laser technology for a number of reasons. Central to this de-

velopment is the recent idea of post-compression in multi-pass cells (MPCs), which allow for unprece-

dented compression ratios in very compact foot print [8, 9]. 

 

References 

[1] S. Mikaelsson et al., Nanophotonics 10, (2021), 117-128. 

[2] I. Sytcevich et al., accepted for publication in Opt. Express (2022). 

[3] M. Miranda et al., Opt. Express 20, (2012), 688-697.  

[4] M. Miranda et al., Opt. Lett., 39, (2014), 5142-5145.  

[5] M. Isinger et al., Science, 358, (2017), 893-896. 

[6] V. Gruson et al., Science, 354, (2016), 734-738. 

[7] D. Busto et al., J. Phys. B: At. Mol. Opt. Phys., 51, (2018), 044002. 

[8] A.-L. Viotti et al., Optica, 9, (2022), 197-216. 

[9] A.-K. Raab et al., submitted. 
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Plenary Talk PT5 
 

Ultrafast dynamics of electronic ring currents  

and mixed-polarization states in a cavity 

Krishna R. Nandipati1, Oriol Vendrell1 
1Theoretische Chemie, Physikalisch-Chemisches Institut, Universität Heidelberg, Germany 

oriol.vendrell@uni-heidelberg.de 

 

Circularly polarized light generates electronic ring currents in ring-shaped molecules, potentially enabling 

the control of the flow of electrons in optoelectronic devices. Theoretical descriptions have previously not 

considered the inevitable dynamic Jahn-Teller (JT) distortions of the molecular geometry and focused on 

the electrons alone. These vibronic effects not only hinder the electronic ring currents, but, surprisingly, 

they can also reverse their direction with respect to the rotation of the external electromagnetic fields. Be-

cause the generation of reversed currents depends on the spectral region of the molecule resonant with the 

external fields, this results in the hitherto unrecognized effect that the frequency modulation of light with a 

specific circular polarization can determine the direction of the electronic ring current [1, 2]. 

Further, we extend these observations to optical cavities, where now the two circular polarizations of the 

quantized cavity modes can be mixed by the interaction with molecules of the required symmetry. For this, 

we consider the extended JT Hamiltonian including the cavity modes and examine the properties of this 

new cavity-JT system. Numerical quantum simulations show how long laser pulses targeting a narrow 

spectral region of the vibronic spectrum result in quasi-stationary ring currents and cavity polarizations. In 

contrast, short laser pulses yield highly oscillatory currents and polarizations. The observations made on 

cavity-JT systems are general and have consequences for laser-generated ring currents and mixed-polari-

zation states and their control in complex molecules at the crossroads of chemistry, optoelectronics, and 

ultrafast science. 

 
 

Figure 1: Spectrum of the extended Jahn-Teller Hamiltonian for vibronic coupling κ/ω = 8.8 and cavity-

electronic coupling γ/ωc = 0.1. ω is the vibrational frequency of the two degenerate E modes and ωc is the 

cavity frequency. The superimposed Gaussian functions represent the spectral distribution of various ex-

ternal pulses used to pump the system. 
 

References 

[1] K R Nandipati, O Vendrell, J. Chem. Phys. 153, 224308 (2020). 

[2] K R Nandipati, O Vendrell, Phys. Rev. Research 3, L042003 (2021). 
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Plenary Talk PT6 
 

Radiation Chemistry in the Attosecond Era 
 

Petr Slavíček1 
1University of Chemistry and Technology, Prague 

petr.slavicek@vscht.cz 

 
 

Radiation chemistry deals with the action of ionizing radiation on matter. The field flourished especially in 

the 1950s and 1960s yet the knowledge about the mechanism remained surprisingly humble. The emer-

gence of the femtosecond and attosecond technologies in the VUV and X-ray domain (X-ray free-electron 

lasers, HHG sources) as well as the wider availability of bright sources of high-energy photons opened 

novel opportunities. The progress would be unthinkable without the liquid microjet technologies and the 

parallel development of computational techniques. 

In my presentation, I will focus on the first few femtoseconds in radiation chemistry as it emerges from the 

evidence accumulated in the last few years. The talk will mostly cover the theoretical tools needed to in-

terpret the high-energy processes in the liquid phase. I will start with a discussion of the techniques of time-

resolved photoelectron spectroscopy where the HHG technology has recently allowed switching from time-

resolved photodynamics [1] to time-resolved radiation chemistry. We can thus directly observe the birth of 

solvated electrons [2]. Other techniques allow for the observation of the proton transfer following the water 

ionization [3]. 

At above 30 eV, non-local autoionization processes (e.g. intermolecular Coulombic decay) start to play 

role in the liquid phase [4]. These processes can be studied conveniently by various coincidence spectros-

copies. I will discuss some new results for water and ammonia systems. A whole plethora of coupled elec-

tronic-nuclear processes takes place upon core ionization [5-7]. The time information can be obtained e.g. 

by the core-hole clock approach. The dynamics of the electron wavepackets within the Auger-Meitner type 

processes will be discussed. 

Finally, the relevance of the recently accumulated knowledge to other fields such as astrochemistry, tech-

nology, or biophysics will be discussed. 

 

References 

 
[1] Ch. Wang, M. D. J. Water, P. Zhang, J. Suchan, V. Svoboda, T. T. Luu, C. Perry, Z. Yin, P. Slavíček, 
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pulses, Science Advances 6, (2020), eaaz0385 
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abatic ab initio dynamics simulations, Physical Chemistry Chemical Physics 15 (2013) 11531. 
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Slavíček, U. Hergenhahn, Competition between proton transfer and intermolecular Coulombic decay 

in water, Nature Communications, 9 (2018) 4988. 

[5] G. Gopakumar et al., Probing aqueous ions with non-local Auger relaxation, Physical Chemistry 
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↑ Back to Program 

mailto:petr.slavicek@vscht.cz


Annual Workshop  AttoChem COST Action 

 

Plenary Talk PT7 
 

XUV generation in microfluidic glass devices for ultrafast x- ray 

spectroscopy in materials 

A G Ciriolo1, R Martìnez Vàzquez1, G Crippa1,2, P. Barbato1,2, M Devetta1, D Faccialà1, E. Cin-

quanta1, F Frassetto3, L Poletto3, V. Tosa4, A. Frezzotti5, R Osellame1, S Stagira1,2, 

and C Vozzi1* 
1 Istituto di Fotonica e Nanotecnologie CNR-IFN, Milano, 20133, Italy 2 Dipartimento di Fisica, 

Politecnico di Milano, Milano, 20133, Italy 3 Istituto di Fotonica e Nanotecnologie CN-IFN, Pa-

dova, 35131, Italy 
4 National Institute for R&D of Isotopic and Molecular Technologies, Cluj-Napoca, Romania 

5 Dipartimento di Scienze & Tecnologie Aerospaziali, Politecnico di Milano, Milano 

*caterina.vozzi@cnr.it 

 

High-order harmonics are generated from the interaction of intense femtosecond laser pulses with noble 

gases. High-order Harmonic Generation (HHG) led to the realization of table-top sources of coherent Ex-

treme UltraViolet (EUV) and Soft-X Ray radiation. With these sources, ultrafast spectroscopy can be per-

formed with extreme temporal resolutions, down to the attosecond regime, and with the site and chemical 

selectivity. These features grant access to purely electronic dynamics in molecules and solids and funda-

mental processes of light-matter interaction. 

A very promising all-optical technique to perform these experiments is transient absorption in the XUV. 

However, the full exploitation of ultrafast spectroscopy in this spectral range is hindered by the technolog-

ical complexity of the required setups and the low generation efficiency of the HHG process at higher 

photon energies. 

We describe efficient XUV generation in a microfluidic device fabricated by femtosecond laser irradiation 

followed by chemical etching [1]. This approach allows the control and manipulation of the harmonic gen-

eration process in the gas on the micro-meter scale with high flexibility, enabling a high photon-flux and 

phasematching on broadband harmonics up to 200 eV. We also report on the realization of the new beam-

line for transient absorption/reflectivity measurements in molecules and solids recently developed at CNR-

IFN and equipped with a flexible XUV spectrometer for high- resolution and high dynamic range meas-

urement, with a polarimeter for the characterization of the HHG polarization. 

 

References 
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Plenary Talk PT8 
 

Ultrafast Dynamics in Molecules Initiated by Attosecond Pulses 
 

Mauro Nisoli1,2 
1Department of Physics, Politecnico di Milano, Piazza L. da Vinci 32, Milano (Italy) 

2IFN-CNR, Piazza Leonardo da Vinci 32, Milano (Italy) 

mauro.nisoli@polimi.it 

 
 

The investigation of ultrafast processes initiated in molecules by light absorption is of crucial im-

portance in various research areas, from molecular physics to material science, from chemistry to biology 

[1]. They are at the heart of emerging technological applications, where photo-induced electron transfer 

and charge transfer play a key role. The full comprehension of these dynamics requires real-time imaging 

of the electronic motion. In the last few years, the use of attosecond pulses in the extreme-ultraviolet spec-

tral region has demonstrated to be a very powerful tool for the investigation of physical processes evolving 

in molecules on time scales ranging from a few femtoseconds down to tens of attoseconds [2, 3]. The 

introduction of new attosecond spectroscopic techniques, together with the development of sophisticated 

theoretical methods for the interpretation of the experimental outcomes, allowed unraveling and investigat-

ing physical processes never observed before, such as the motion of electrons in molecules after prompt 

ionization, which precede any notable nuclear motion and many others [4]. The application of attosecond 

methods to molecular physics has opened new research frontiers. Experimental advances, in terms of new 

sources, devices and techniques, are still required, together with new theoretical tools and approaches, but 

attosecond molecular physics has firmly established as a mature research field. 

I will discuss how the use of attosecond techniques enables the study of a number of crucial processes 

in complex molecules, evolving on different time scales. I will mainly concentrate on the analysis of the 

ultrafast dynamics initiated by attosecond pulses in prototype donor/acceptor molecular systems, investi-

gated by time-resolved photo-ion spectroscopy. The complex ultrafast molecular dynamics have been re-

solved in the few-femtosecond time scale as a function of the length of the molecular structure, the position 

of the acceptor and/or the charge density in the donor. 

The application of attosecond technology to the investigation of electron dynamics in molecules relevant 

for optoelectronic applications represents a multidisciplinary work, which can open new research frontiers: 

those in which few-femtosecond and even sub-femtosecond electron processes are used to optimize light-

driven processes ultimately leading to the desired optoelectronic behavior. It can also open new perspec-

tives for the development of new technologies, for example, in molecular electronics, where electron pro-

cesses on an ultrafast temporal scale are essential to trigger and control the electron current on the scale of 

the molecule. 
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High order harmonics generation in guided configurations 
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Using attosecond pulses in the extreme ultraviolet and soft x-ray regimes is one of the most frequent 

methods to investigate various physical, chemical, and biological systems at their natural spatial and tem-

poral scales. High order harmonic generation (HHG) in gas media proved to be a convenient process to 

obtain attosecond pulses via interaction of infrared or mid-IR femtosecond pulses with atoms/molecules. 

The research in this field stimulated connecting studies of ionization and recollision processes and thus 

enhanced our knowledge on interaction between strong optical fields and atomic systems. 

In most cases static cells, gas jets or hollow core fibers are the configurations used to contain the gas. 

These configurations influence radically the regime of propagation of the driving field in the gas medium 

which in turn defines the parameters of the generated fields in their spatial/temporal/spectral characteris-

tics. This is why in building up a macroscopic modeling of these processes there are two main problems 

to be solved: femtosecond pulse propagation in the ionizing gas and the build-up of the generated attosec-

ond field in the near and far fields. 

The presentation will focus on HHG in guided configurations, either natural guiding during pulse propa-

gation in the gas medium or compelled guiding in fabricated dielectric structures such as hollow core 

fibers. We will show the physical mechanism behind the formation of these configurations and the con-

sequences on the temporal and spectral shape of the driving pulse. Special attention will be given to prop-

agation in fibers and ways to achieve phase-matching via fiber and gas density will be presented. 

The second part of the presentation will be dedicated to the formation of attosecond pulses (either isolated 

or multiple) in macroscopic conditions closely related to various experimental layouts found in different 

laboratories. The influence of the macroscopic conditions on the final characteristics of attosecond pulses 

will be outlined.  

 

Figure 1: Spatial configuration of the peak intensity for two guided configurations: a natural one formed 

during propagation (left) and a compelled one in a hollow core fiber (right). 
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Electrons in Liquid Ammonia and in Water: From Blue Elec-

trolytes to Golden Metals 
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It would be exciting to have water with metallic properties; however, attempts to convert pure water from 

a perfect insulator into a metal by pressurizing the system remain in the realm of science fiction. This is 

because the estimated required pressure of 48 Mbar is an order of magnitude higher than what is accessible 

in the laboratory nowadays and may only exist in cores of large planets or stars. In this talk, we show that 

a metallic aqueous solution can be prepared by massively doping water by electrons liberated from alkali 

metals. Note that metallic solutions of liquid ammonia have been known for decades. However, it is a 

textbook knowledge that dissolution of alkali metals in water leads to an explosive chemical reaction, thus 

only low (sub-metallic) electron concentrations have been prepared so far. We have now found a way 

around the explosive chemistry by adsorbing water vapor at a pressure of about 10-4 mbar onto a train of 

liquid sodium-potassium alloy drops ejected from a nozzle into a vacuum chamber. This leads to a for-

mation of a transient gold-colored layer of water doped with ~5×1021 electrons/cm3, the metallic character 

of which is demonstrated by a combination of optical reflection and synchrotron x-ray photoelectron spec-

troscopies. 
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Attosecond Signatures of spatial extension of the hole  

in a molecule 
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Electrons liberated into the continuum after XUV ionization scatter on their ionic parent potential just 

after photoionization. The resulting photoelectrons carry in their phases the signature of the potential land-

scape. According to Wigner theory, this scattering process can be interpreted as a time delay in photoion-

ization [1] down to the attosecond scale (1 as=10−18s). Attosecond metrology is hence a powerful tool to 

unravel the detail of the potential. This is of particular interest for many-atoms molecules. 

In this work, the RABBIT protocol [2] (Fig. 1a) is applied to C10Hx molecules with planar and almost 

spherical arrangements of their atoms (Fig. 1b). A time shift of few tens of attosecond is observed between 

the photoelectrons issue from the two molecules (Fig. 1c). Using scattering theory, we show that this 

global time shift can be associated to residual hole shape created in the molecule [3]. This interpretation 

is supported by Static-Exchange Density Functional Theory (SE-DFT) calculations. 
 

 

Figure 1: (a) RABBIT principle [2] representing the ionization interference of an XUV energy comb 

(dark blue) dressed by IR pulse (red) (b) Naphthalene (top) and adamantane (bottom) and (c) their cor- 

responding sideband oscillation. 
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Probing light-induced conical intersections  

by two-color laser pulses 
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The coupling strength between a laser field and a diatomic molecule varies with the angle between the field 

polarization and the molecular axis, thus providing the necessary dimension to the potential energy surfaces 

for the appearance of light-induced conical intersections (LICIs). The position of these degeneracy points 

may be changed by tuning the laser frequency, while the nonadiabatic coupling strength is controlled by 

the field intensity. The resulting nonadiabatic effects have a strong impact on the dynamical behaviour of 

the molecular systems. Through the example of the photodissociation of D2
+ we highlighted in our former 

studies [1, 2, 3] the effect of LICIs on the kinetic energy release spectra and the angular distribution of the 

photofragments. In the present work, we employ two-color laser pulses, and use the polarization of the 

pulse components to alter the potential energy landscape of the dissociating D2
+. This results in the appear-

ance of interference structures in the momentum distribution of the photofragments [4]. 
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Developing Electron Dynamics into a Tool  

for 21st Century Chemistry 
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Theory of electron dynamics solves the time-dependent Schrödinger equation and allows to predict the 

electronic motion in molecular structures and enables an understanding of the fundamentals to chemical 

reactivity. Due to the knowledge of the accurate time-dependent wave function it is possible to explain 

intricate experiments on laser control of the dynamics. But, unfortunately, the limitations are reached at an 

order of some ten electrons! At the same time, electron dynamics -- but also theoretical chemistry -- is 

challenged material-scientific problems relevant to modern society. 

This presentation addresses some of the major methodological and computational obstacles and ways 

to overcome them. A lack of fundamental knowledge and appreciation to electron dynamics by the non- 

specialized chemist can be overcome by offering visualization of dynamics and not only numbers [1]. Ig-

noring the environmental molecules surrounding the target structure is in modern calculations unaccepta-

ble, hence ansätze for the description of energy and charge transfer processes to electrons and nuclei in the 

neighborhood are being established. Moreover, different ways of modeling macromolecular or nanosized 

structures are considered [2,3]. Compute power is continuously increasing and so is the amount of com-

puted data. This gives rise to two distinct compute concepts: machine learning from the field of data science 

and quantum simulation from the field of quantum information technology [4]. Both may have some use 

in electron dynamics computations. 
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Attosecond interferometry: from coincidence spectroscopy  

in molecules to ultrafast metrology at free electron lasers 
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Attosecond photoelectron interferometry, in particular the reconstruction of attosecond beating by inter-

ference of two-photon transitions (RABBIT), is one of the pillars of attosecond science. This technique, 

which relies on two-photon ionization by an attosecond pulse train (APT) and an infrared pulse, has been 

extensively used for the temporal characterization of attosecond pulse trains and the investigation of pho-

toionization dynamics in atoms and molecules. Recently, several studies have investigated the impact of 

nuclear motion on the photoionization dynamics [1-3]. 

 

A recent theoretical study has shown that isotopic substitution of hydrogen with deuterium strongly affects 

electronic dynamics occurring in the methane cation following photoionization [4]. In our work, we com-

bine photoelectron interferometry with photoelectron-photoion coincidence spectroscopy to investigate 

the photoionization of CH4 and CD4 molecules. Using a gas mixture, RABBIT spectrograms are meas-

ured simultaneously for the two molecular species. The amplitude and phase retrieved from the spectro-

grams for different ionic fragments and different molecular orientations agree well with theoretical calcu-

lations and provide new insights into the role of isotopic effects in attosecond photoionization. 

 

The APT sources traditionally used in photoelectron interferometry are based on high-order harmonic 

generation (HHG). Recently, the generation of APTs has been demonstrated at free electron lasers (FELs) 

[5]. FELs complement HHG based sources thanks to their tunability and high pulse energy. An important 

challenge for the application of these sources for attosecond spectroscopy lies in the difficulty to precisely 

synchronize the generated APTs with additional laser pulses. We propose and demonstrate how, combin-

ing photoelectron interferometry with covariance and correlation approaches, it is possible to retrieve the 

relative delay between the FEL attosecond pulse train and the infrared probe pulse with a resolution of a 

few tens of attoseconds, opening new avenues for the investigation and control of ultrafast electronic 

dynamics in matter. 
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Measuring the timing of the photoelectric effect 
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The generation of single isolated attosecond pulses in the extreme ultraviolet (XUV) together with fully 

synchronized few-cycle infrared (IR) laser pulses allowed to trace electronic processes on the attosecond 

timescales. The attosecond streaking method [1] is the most established technique in attosecond science. 

Photoelectrons generated by laser based attosecond extreme ultraviolet pulses (XUV), are exposed to a 

dressing electric field from well synchronized laser pulses. The energy shift experienced by the photoe-

lectrons by the dressing field is dependent on the delay between the XUV pulse and the dressing field and 

makes it possible to measure the respective delay in photoemission between electrons of different type 

(e.g. core electrons vs. conduction band electrons). The information gained in such experiments on tung-

sten [2] triggered many theoretical activities leading to different explanations on the physical reason of 

the delay. Attosecond streaking experiments have been performed on different solids [3,4], leading to 

different delays – also depending on the excitation photon energy. This leads to a stepwise increase of the 

understanding of different physical effects contributing to the timing of photoemission. 

Here, we present the fundamental influence of an energetic band gap on the time delay of the photoelectric 

effect, i.e. the retardation of electron ejection from a solid after excitation via ultraviolet or x-ray radiation. 

We achieve this by being the first to investigate the photoemission time delay of a single-element layered 

system (Highly Ordered Pyrolytic Graphite, HOPG) by attosecond chronoscopy. The reported measure-

ments prove that the timescale of the photoelectric effect exhibits a significant energy dependence if the 

final energy of the photoelectrons lies in the bandgap region of the investigated solid (Fig 1). Thereby, we 

can unambiguously attribute the identified energy- dependent phase shifts to the scattering of the photoe-

lectrons at the periodic potential of the crystal, which we explain as the Eisenbud-Wigner-Smith (EWS) 

time delay. We thus disentangle an important contribution to the complex interplay between electronic 

structure and the attosecond dynamics of the fundamental light-matter interactions underlying the photo-

electric effect. In addition, our experiment opens up the use of attosecond streaking spectroscopy as an-

other technique to identify and characterize band gaps even in the difficult-to-access region of high ener-

gies above 80 eV. 

Fig. 1: Experimental data (dots/crosses with error bars) and simulation for the relative time delay be-

tween p-electrons and s-electrons of the HOPG valence band as a function of excitation energy 
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Stationary molecular R-matrix approach for above-threshold 

multi-photon ionization and the coupling delay in RABITT 
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In this contribution we describe an efficient approach for the calculation of molecular matrix elements for 

below- and above-threshold multi-photon ionization of an arbitrary order [1]. The method is based on R-

matrix division of space. The complicated close-range multi-electron contribution to the matrix element 

is evaluated with the help of quantities naturally provided by the R-matrix method while the infinite-range 

outer region part is evaluated combining numerical and asymptotic analytic techniques. As a result we 

obtain a highly efficient stationary method capable of routinely treating multi-channel problems, including 

hundreds of channels, on a dense grid of photon energies. 

We have applied our methodology to orientationally averaged RABITT delays in molecules (two- photon 

above-threshold ionization) [2]. The results are in excellent agreement with experimental data for N2 and 

CO2. Surprisingly, we find disagreement with measurements for H2O and N2O. 

Most importantly, the availability of full and accurate two-photon molecular matrix elements enables 

benchmarking of approximations currently used for the delays including the asymptotic approximation. 

We compare our R-matrix two-photon delays with the approximate ones and establish that the regions of 

validity of the approximations vary strongly depending on the molecule. We find that in some cases the 

asymptotic approximation remains severely inaccurate up to a few tens of eV above threshold. 

The case of strongly dipole-coupled channels B and C of CO2 near resonant with the commonly used laser 

frequencies demonstrates that the hitherto ignored laser-induced ionic coupling may generate a significant 

contribution to the RABITT delay. We derive an asymptotic approximation to this coupling delay based 

on the ionic transition dipole matrix element. 

 

 

Figure 1: RABITT delays for B and C channels of CO2: two-photon delays, approximate delays without 

and with inclusion of the coupling delay. 
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Electron–nuclear correlations in attosecond  

and strong-field dynamics 
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On the timescale of interest to attosecond science, electronic dynamics reign supreme. The heavier 

nuclei have hardly any time to move – yet, electrons and nuclei remain correlated, sometimes allowing the 

minute nuclear displacements to profoundly change the observed electron dynamics[1]. Auto- and cross-

correlation functions provide an impeccable summary of short-time nuclear dynamics[2], enabling a com-

pact, transparent description of nuclear effects in attosecond processes. I will discuss how these simple 

ideas apply to one-photon, broadband photoionization[1], high-harmonics spectroscopy[3], and RABBITT 

spectra [4]. I will further show how correlations to the centre-of-mass motion can be used to resolve the 

time of strong-field excitation[5]. 

 

 

Figure 1: Decay of coherent electron dynamics in glycine cation. Sudden removal of an electron from the 

14a′ Hartree-Fock MO of glycine forms a coherent superposition of the 32A′ and 42A′ states of the glycine 

cation (Dyson orbitals on the right), oscillating with the period of ~3.5 fs. Rapid decay of the nuclear cross-

correlation function (left) damps these oscillations within a few femtoseconds. 
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Recent advances in the first principle simulation of attosecond 

XUV pump - XUV probe ionization spectra 
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Recently, tunable sub-fs soft X-Ray (SXR) pulses became available at the LCLS X-Ray free electron laser 

(XFEL) at intensities that exceed those of current SXR high harmonic generation (HHG) sources by several 

orders of magnitude [1]. This achievement overcomes the current intensity related limitation of HHG-based 

attosecond XUV pump-probe experiments to using sub-fs XUV or SXR pulses as either the pump or the 

probe field. Thus, the realization of nonlinear X-Ray spectroscopic experiments employing sub-fs SXR 

pulses for driving and interrogating ultrafast dynamics in molecules at the attosecond timescale now lies 

within arms reach of the scientific community, offering unprecedented insights into the coupled electron-

nuclear dynamics at its natural, i.e., the electronic timescale. 

To decipher the measured traces of the intricate attosecond dynamics, high level theoretical modeling of 

the final observable is a formidable and highly demanded tool. However, accurate simulations of the indi-

vidual steps, i.e., (i) the ionization by the sub-fs SXR pump, (ii) the ensuing coupled electron-nuclear dy-

namics, and (iii) the interaction with the sub-fs SXR probe are extremely challenging undertakings in their 

own right already. Their combination in a single study limits the computationally tractable system size 

severely, in particular if the time resolved photoionization spectrum is sought after, which in principle 

requires ionization calculations of the transient molecular state. 

In this talk I present our progress in devising a protocol that aims to balance computational cost and accu-

racy to allow complete, (i)-(iii), simulations of sub-fs pump-probe photoionization spectra in the XUV to 

SXR photon energy range for small organic molecules. Therein, perturbatively corrected complete active 

space (CASPT2) wave functions are employed to describe the molecular bound states of the neutral and 

ionic species, while the continuum states of the outgoing electrons are obtained with the static exchange B-

spline DFT method. These are then further facilitated to evaluate the pump and probe ionization amplitudes 

with the Dyson orbital approach [2]. Finally, the coupled electron-nuclear dynamics between the pump and 

probe interactions is modeled with the fewest switches trajectory surface hopping method, where an en-

semble of trajectories represents the nuclear zero point energy spread [3]. 

The performance of the outlined protocol will be scrutinized for spectroscopic settings, where the dynamics 

induced by a pump valence ionization are interrogated by either another valence ionization, or a core ioni-

zation, respectively. Further, various simplifications of the outlined protocol will be discussed, such as 

neglecting the motion of the nuclei and disregarding the explicit modeling of the electronic continua for 

the probe ionization step, i.e., the sudden approximation. 
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Many molecules of biochemical interest present strong absorption bands in the ultraviolet (UV) range. In 

most cases UV excitation triggers photo-induced processes that typically evolve in time scales from few 

tens of femtoseconds down to hundreds of attoseconds, therefore requiring ultrashort UV pulses to inves-

tigate them [1]. In this talk, I will present our current progress towards the development of a UV-XUV 

beamline for ultrafast photoelectron spectroscopy. 

 
In a first scheme, broadband UV pulses are generated exploiting a scheme based on sum-frequency gener-

ation [2]. Sub-10 fs visible/IR pulses are frequency upconverted with narrowband pulses at 400 nm in a 20-

µm thick Type-I BBO crystal. The so-generated pulses have a tunable central wavelength from 260 to 280 

nm and energy per pulse of 1-µJ. Temporal characterization has been performed using cross frequency 

resolved optical gating (X-FROG), demonstrating sub-20 fs pulses. We demonstrate its application to UV 

pump - IR probe photoelectron spectroscopy of xenon. 

 
On the other hand, the extension of UV spectroscopy to the attosecond domain requires few-cycle UV 

pulses. Recently, the generation of tuneable, UV pulses with transform-limited pulse duration as short as 3 

fs and µJ-level pulse energy has been demonstrated via resonant dispersive wave emission in hollow-core 

capillaries [3]. We present their direct temporal characterization by means of an all-in-vacuum self-diffrac-

tion FROG, demonstrating pulses close to their transform limited duration. This source will be readily 

exploited for photolectron spectroscopy with unprecedented temporal resolution. 
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Electron motion is a key ingredient of all chemical reactions. The natural timescale for such electronic 

motion is typically in the range of tens to hundreds of attoseconds in small molecular systems. Conse-

quently, the study of ultrafast electronic phenomena requires light pulses that can access this extreme time-

scale. To date, strong-field driven high harmonic generation has been the primary technology in the field 

of attosecond science. Free Electron Lasers (FELs), such as the Linac Coherent Light Source (LCLS), are 

now able to compete in the attosecond domain [1], helping to elucidate the earliest processes involved in 

chemical change. 

I will present our initial results making use of isolated attosecond soft X-ray pulses from the FEL, to study 

attosecond scale electron motion. The high peak power pulses from an FEL opens the door for nonlinear 

spectroscopies such as pump/probe spectroscopy, and X-ray wave mixing. We demonstrated the prepara-

tion of a coherent electronic wavepacket by driving stimulated X-ray Raman scattering [2]. I will also show 

first results on attosecond pump/probe experiments of the charge dynamics following x-ray ionization 

probed via x-ray absorption spectroscopy, using resonant Auger-Meitner emission (shown in Fig. 1(c)). 

Combing attosecond X-ray pulses with an external laser field (Fig. 1(a)) we are able to time-resolve the 

photoemission dynamics of core-level electrons in molecules. We observe a quantum beat in Auger-Meit-

ner emission, indicative of the creation of a coherent superposition of core-excited states [3]. 
 

Figure 1: a Angular streaking setup. b Top: a revival in the instantaneous Auger-Meitner autoionization 

rate reveals a core-excited electron wavepacket. Different colored lines indicated different central photon 

energies of the exciting attosecond x-ray pulse. The experimentally measured photon energy dependence 

(left) agrees with simulated photon energy dependence (right). Bottom: comparison of experimental data 

with simulation. c Resonant Auger-Meitner map of ground-state para-aminophenol measured with attosec-

ond x-ray pulses. 
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Conical intersections (CoIns) are a fascinating nonadiabatic phenomena which dominate numerous photo-

chemical processes. Such CoIns open up ultrafast radiation less decay channels that are difficult to observe 

directly [1]. The evidence for their existence is based on ultrafast relaxation rates and other indirect signa-

tures. The rapidly varying energy gap in the vicinity of a CoIn poses a main obstacle for their direct detec-

tion. The required extreme combination of temporal and spectral resolution is not available in conventional 

optical femtosecond experiments. Attosecond laser pulses in the extreme ultraviolet and X-ray laser regime, 

as they are provided by free electron laser and high harmonic generation sources, fulfill the spectral and 

temporal requirements to resolve the coupled nuclear+electronic dynamics in the vicinity of CoIns. 

The TRUECARS technique [2] was one of the first spectroscopic measurements that was proposed to uti-

lize electronic coherences for the detection of CoIns. In this presentation we will present the latest results 

on X-ray Raman techniques and photo electron spectroscopy [3, 4]. We were able to demonstrate theoret-

ically, that attosecond pulse trains can be used together with either the TRUECARS technique or photoe-

lectron spectroscopy to detect the electronic coherences created by CoIns. 
 

 

Figure 1: Illustration of the photoelectron spectroscopy with an attosecond pulse train. (a) Potential energy 

surfaces for the ground state V0 (purple), the excited state V1 (orange), and the ionized state I1 (red). An 

attosecond pulse train can couple directly to the electronic superposition and create an oscillation pattern 

in the photoelectron signal. (b) CoIn between the valence states in the adiabatic representation. Figure 

source Ref. [3]. 
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Photoactivatable compounds, also called caged compounds, are those which, upon photoactivation, irre-

versibly release a species possessing desirable physical, chemical, or biological qualities. Short-wavelength 

UV radiation is not compatible with many biological and medical applications because it can induce ad-

verse side-reactions. Photorelease induced by red or NIR light is most desired, as the tissue absorption is 

limited by the absorption of hemoglobin below 600 nm and absorption of water over 900 nm. 

Only a few known photoactivatable (caged) molecules1,2 can be activated directly by visible/NIR light be-

cause the delivered excitation energy is in principle too low for a covalent bond cleavage. In the past years, 

we have introduced several new chromophores absorbing in the region of 600−1100 nm that can release 

biologically relevant species,3-5 for example, H2S or CO as gaseous signaling molecules. The design, pho-

toreaction mechanisms, spectroscopy and biological applications of these systems will be presented. 
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We studied the ultrafast dissociation dynamics of two prototypical molecular systems using Coulomb 

explosion imaging (CEI). First, we investigated the unimolecular dissociation reactions in the deuterated 

formaldehyde molecule (D2CO). Asides from the conventional –molecular and radical– dissociation chan-

nels, a third channel termed roaming was discovered in 2004 [1], which bypasses the transition state. Iden-

tified through spectroscopic footprints in high-resolution spectroscopy and found in a variety of molecules, 

roaming fragments had never been observed directly and in a time-resolved way due to the signal’s statis-

tical nature. We succeeded in doing so by using the highly sensitive CEI method in combination with high-

level first-principles simulations of all critical experimental steps [2,3]. Distinctive roaming signatures were 

identified in the experimental data (Fig. 1). These were rendered observable by extracting rare stochastic 

events out of an overwhelming background. We further explored how the overall dissociation depends on 

the employed UV pump wavelength [4]. 

Second, we investigated and controlled post-ionization dynamics in the asymmetric OCS molecule upon 

excitation with intense phase-locked asymmetric two-color laser fields. The fragment ejection direction of 

both break-up channels of the dication, OCS2+ →O+ + CS+ and OC+ + S+, reflects the anisotropy of the 

tunneling ionization rate, following a 2π-periodicity. Additionally, we see signatures of post-ionization 

dynamics. These observations, supported by state-of-the-art theoretical simulations, reveal the importance 

of post-ionization population dynamics in addition to tunneling ionization in the molecular fragmentation 

processes, even for heavy polar molecules. 

Figure 1. Snapshots of dissociating D2CO, showing the total kinetic energy release vs. the angle be-

tween both deuteron momentum vectors. Different molecular paths are indicated: gray, equilibrium; red–

yellow dash, roaming; blue, molecular dissociation; green, radical dissociation; figure from [3]. 
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The ultrafast dynamics of valence electrons play essential roles in the properties and reaction behaviors of 

atoms and molecules. Since the valence electron dynamics happens on the attosecond time scale, techniques 

with attosecond temporal resolution are required. Nowadays, ultrashort optical lasers and free electron la-

sers provide powerful tools to control and probe ultrafast valence electron dynamics in atoms and mole-

cules. In the case of molecules, molecular reactions, including dissociation (chemical bond breakage) and 

isomerization (chemical bond formation), may occur after the ionization or excitation of valence electrons. 

 

Here, I will focus on the laser-induced electron excitation in atoms and molecules. I will present our work 

on triggering, controlling, and probing electron excitation in atoms and molecules with ultrashort optical 

laser pulses. We experimentally studied electron excitation induced by a strong laser field through res-

cattering using coincidence spectrometry [1]. In the experiment, we detected electrons and ions in coinci-

dence and disentangled the ionization signals of excited states from those from strong field ionization. With 

this technique, we further demonstrated the control of the localization of electron excited wave packets 

with two-color laser fields [2]. In the case of molecules, using CO2 as an example, we investigated the 

laser-induced molecular dissociation following rescattering-induced electron excitation [3]. For laser-in-

duced molecular dissociation and isomerization, our work revealed that electron excitation through tunnel-

ing ionization of low-lying molecular orbitals is crucial and can be exploited to control molecular reactions 

induced by laser fields [4,5]. I will also present our recent theoretical work on probing electron excitation 

using attosecond XUV pulses. Through the probing of electron density near the nucleus, the information 

on laser-induced nonlinear polarization of an atom can be obtained [6] and the dynamics of laser-induced 

electron excitation can be inferred. Additionally, an recent experiment on controlling electron excitation of 

atoms with two-color laser fields will be discussed. 
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I will discuss time resolved experiments that can probe non-adiabatic excited state dynamics. A single 

broadband (~5 fs) laser pulse can be shaped [1] to generate a pump-probe pulse pair, with the “pump” pulse 

launching an excited state wave packet and the “probe” pulse ionizing the molecule, in a multiphoton driven 

version of time-resolved photoelectron spectroscopy (TRPES). The advantage of this approach is that one 

can use the high time resolution and control over pulse shape available from near IR and optical pulses. 

This allows for following non-adiabatic dynamics and probing phase coherence [2], by varying the ampli-

tude, delay and phase between pulses independently with very fine control. The experiments make use of 

velocity map imaging to determine the full momentum distribution of the electrons produced by the reso-

nance enhanced multiphoton ionization. I will discuss measurements on two different series of molecules 

(halogenated methanes and five membered heterocyclic aromatics), with an eye toward developing a com-

prehensive picture of non-adiabatic dynamics in small molecules. These measurements are interpreted with 

the help of electronic structure calculations. 
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High harmonic generation (HHG) in solids reveals information about the nonlinear dynamics of electrons 

in condensed media exposed to strong nonresonant light fields. There are two mechanisms, which are be-

lieved to be the main sources of solid-state HHG. The first source is interband polarization associated with 

the coherent electron-hole wavepackets excited by the strong driving field via quantum tunneling. The 

second source is related to anharmonic intraband dynamics of electrons and holes caused by nonparabolic-

ity of the energy bands. Both these mechanisms are strongly connected to the band structure of the studied 

material because the electron and hole are promoted to high energy bands by the oscillating field. The semi-

classical analysis of HHG shows, that under such conditions, the probability of emission of high energy 

photons can be enhanced by the presence of critical points in the band structure, in which the derivative of 

the difference between conduction and valence band energies with respect to quasimomentum is zero. In 

these points, the joint density of states has singular points (so-called Van Hove singularities), which 

strongly enhance the probability of emission via the interband process [1]. 

The efficiency of HHG via both the interband and intraband mechanisms depend on the mutual coherence 

between the ensembles of excited electrons and holes driven by the applied field. The coherence decays via 

several channels such as electron-phonon scattering, scattering at impurities or lattice defects or electron-

electron scattering. Once the coherence is lost, each electron contributes to the radiated field with different 

phase and no macroscopic wave is generated. The dephasing time of strongly driven electrons in solids has 

been studied recently by comparing the measured HHG spectra with the theory and numerical simulations 

[2]. From this comparison, the average scattering time seems to be shorter than one period of the electro-

magnetic field at mid-infrared frequencies, which is typically used to drive HHG. As recently shown in [3], 

the scattering time can be influenced by high density carriers injected to the conduction and valence bands 

of the exposed material, which increase the rate of electron-electron scattering and lead to suppression of 

HHG yield. 

In this contribution we experimentally study how the HHG process is influenced by the Van Hove singu-

larities by measuring the dependence of reflected HHG spectra in deep ultraviolet spectral region on the 

angle of linear polarization of the driving light with respect to high symmetry axes of silicon crystal. Further 

we study the dependence of HHG spectra on the carrier-envelope phase of few-cycle phase-stabilized 

pulses. In the second part we demonstrate that the yield of HHG in silicon and monolayer MoS2 is influ-

enced by high density carriers excited in the sample using a resonant pump pulse. The mechanism is based 

on ultrafast carrier-carrier scattering, which cause decoherence of electron-hole wavepackets during a sin-

gle cycle of the driving mid-infrared wave. 
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Ultrashort laser pulses currently available characterized by femtosecond to attosecond temporal duration 

has enabled the development of different sensitive tools for real-time observation of photo- induced chem-

ical reactions. Here, two different methodologies, ultrafast extreme ultraviolet (XUV) transient absorption 

spectroscopy and femtosecond velocity map imaging (VMI), are employed to unravel the dynamics in small 

polyatomic iodinated molecules. In the first case, the dynamics is induced by one- or two-photon absorption 

using either few-femtosecond visible pulses, ranging between 500 nm and 900 nm, or 20-fs UV pulses 

around 260-280 nm, and is then probed by XUV attosecond isolated pulses through iodine-4d core-to-

valence transitions. The motion of the wavepacket on the excited states is directly mapped, due to the strong 

shift of the XUV core-to- valence transitions with internuclear separation and the high sensitivity of the 

wave packet to the electronic configuration. In the second case, the dissociation dynamics induced by a UV 

200-nm pump pulse, of ~180 fs duration, is probed through the detection, by resonance enhanced multipho-

ton ionization, of iodine fragments produced in a selected quantum state. This allows to obtain detailed 

information on the energy sharing between the different degrees of freedom of the molecule along with the 

reaction times. The results presented will include first coherent nuclear motion in the B excited state of 

molecular iodine (I2) visualized with great detail [1] including the wave packet spreading and later recom-

pression, at the outer turning point and inner turning point, respectively. Second, structural effects on the 

photodissociation dynamics of alkyl iodides, especially related to the presence of a double bond, will be 

presented. The dynamics governed by coupled electronic and nuclear dynamics at conical intersections is 

experimentally revealed. 

 

Figure 1: Transient absorption map measured for I2 excitation by a visible pump pulse, as a function of 

the time delay and the XUV photon energy 
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Chemical dynamics in modern molecular physics are typically viewed within the Born-Oppenheimer ap-

proximation, which assumes that electronic and vibrational states of molecules can be treated inde-

pendently. However, the coupling of ultrafast electronic and nuclear motions at crossings between molec-

ular electronic states known as conical intersections renders this approximation invalid. Due to the ubiq-

uitous occurrence of conical intersections among excited electronic states, numerous photoinduced pro-

cesses extend beyond the Born-Oppenheimer framework. With excellent temporal resolution, electronic 

state, and molecular structure sensitivity, attosecond transient absorption spectroscopy (ATAS) represents 

an ideal tool for investigating such regimes. This talk will present on direct ATAS observations of conical 

intersection dynamics in a prototype class of molecular reactions, the UV dissociation of alkyl iodides.[1] 

To excite and probe the alkyl iodides, we integrate a source of resonant UV pump pulses (277 nm, ~20 

fs), into an ATAS setup based on attosecond XUV pulses (40-70 eV, ~200 as) with access to core-level 

iodine I(4d) absorption transitions. In a series of alkyl iodides, we observe a progressive enhancement in 

electronic state-switching at a conical intersection with increased structural complexity of the molecules. 

Additionally, the use of resonant UV pulses enables indirect sensitivity to vibrations near the conical 

intersection through resonant impulsive stimulated Raman scattering (RISRS), revealing multimode C- I 

stretch and CCI bend motions. These results demonstrate the potential of ATAS for elucidating the inter-

play of electronic and vibrational motions defining non-Born-Oppenheimer chemistry. 

 

Figure 1: Detection of electronic and vibrational dynamics in alkyl iodides by ATAS. 

References 

 [1] K.F. Chang, et al., J. Chem. Phys., 154(23), 234301 (2022). 
↑ Back to Program 

mailto:kristina.chang@nist.gov


Annual Workshop  AttoChem COST Action 

 

Progress Report Talk PRT21 
 

Multimode molecular vibrations observed with few-  

femtosecond X-ray transient absorption at the S L-edge and C 

K-edge 
L. Barreau1,2,3 *, A. D. Ross2,3, S. Blinov4, P. Kranov4, T. Noblet1, A. Texier1, V. Kimberg4,5, 

F. Gatti1, J. F. Stanton6, D. M. Neumark2,3, S. R. Leone2,3 
1Institut des Sciences Moléculaires d'Orsay (ISMO), UMR 8214, CNRS, Université Paris- Sac-

lay, Orsay, France 
2Department of Chemistry, University of California, Berkeley, CA, 94720, USA 

3Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, 

USA 
4International Research Center of Spectroscopy and Quantum Chemistry IRC SQC, Siberian 

Federal University, Krasnoyarsk, Russia 660041 
5Department of Theoretical Chemistry and Biology, KTH Royal Institute of Technology, 10691 

Stockholm, Sweden 
6The Quantum Theory Project, Department of Chemistry, The University of Florida, 

Gainesville, Florida 32611, USA 

lou.barreau@universite-paris-saclay.fr 

 
Due to the site- and chemical-sensitivity of X-ray absorption, time-resolved absorption spectroscopy at the 

sulfur L-edge and carbon K-edge holds the promise of revealing local structural and electronic information 

about ultrafast dynamics in organic molecules. To that end, recent experimental effort has focused on the 

development of table-top high-order harmonic generation sources producing few-femtosecond to attosec-

ond pulses extending into the soft X-ray domain [1]. Here, we demonstrate the use of such a source [2] to 

observe multimode coherent vibrational dynamics in sulfur hexafluoride and carbon dioxide. 

In SF6, the intensity of the few-cycle infrared pulse is used to control the shape of the vibrational wave-

packet produced in the ground electronic state by impulsive stimulated Raman excitation. After vibrational 

excitation, X-ray absorption to three different sulfur core-excited probes regions of the potential energy 

surfaces (PES) that are unreachable by standard X-ray absorption spectroscopy. This allows retrieving the 

PES gradients, in good agreement with TDDFT calculations.  

In CO2, coherent excitation of the Fermi resonance in the electronic ground state is probed with time-

resolved soft X-ray absorption to C core-excited states and shows a characteristic ~25 fs oscillation period. 

Ab initio calculations of the core-excited states reveal the strong pseudo-Jahn Teller coupling between the 

1s-1 2πu and 1s-1 3s states. The experimental results are in very good agreement with MCTDH calculations 

of the vibrational wavepacket dynamics and of the corresponding X-ray transient absorption.  

In both cases, the information about the core-excited PES revealed in the transient data is discussed. 
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The interaction between atoms or molecules with tailored ultrashort laser pulses allows for triggering and 

investigating ultrafast electron dynamics. Such dynamics can play an important role in the functionality of 

the target under study, as a promising tool for photo-controlling matter at extreme time scales [1]. 

 

Figure 1: Wigner (EWS) delay contribution exclusively originated from correlated electron excitation in 

C60, as a signature of the quantum dephasing of the XUV plasmon resonance. In the inset, the potential 

induced by the plasmon resonance is reported. 
 

In this progress report, an overview of recent experimental studies aiming at the above- mentioned goal 

will be presented. In particular, we will focus on a time-resolved XUV photo-ionisation experiment on the 

fullerene C60, in which the quantum ultrafast dephasing of the plasmon resonance was tracked in real-time 

[2] (see Fig. 1). We will also present a recent study in which we triggered an ultrafast chiroptical switch in 

chiral molecules [3]. An outlook with possible new directions in the field of ultrafast photoelectron science 

will be also discussed. 
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Strong-field valleytronics: towards petahertz valley switches 
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Synopsis We demonstrate a new, ultrafast regime for light manipulation of the valley degree of freedom in 2D semi-

conductors with which we are able to induce, manipulate and read-out valley polarization on shorter timescales than 

valley lifetime and decoherence, opening the way to petahertz valley switches. 

On-demand modification of quantum material properties is one of the holy grails of material science. Re-

cently, the demonstrated feasibility to apply intense light fields, controlled at the level of individual oscil-

lations [1], to 2D materials without optical damage [2,3], opened the opportunity to induce and control 

quantum properties that can be manipulated on the timescales of coherent electron motion. 

One of the most relevant quantum properties of 2D semiconductors is their ability to host two valleys in 

the band structure, at K and K’ crystal momenta, that can be selected via circularly-polarized light fields 

resonant with the excitonic band gap [4].  Yet, to be of practical use, such valley initialization must be 

accompanied by ultrafast valley manipulation and reading. The one-photon resonant fields that are currently 

used in valleytronics preclude ultrafast valley switching on timescales shorter than valley lifetime and deco-

herence (around 100 fs in the 10-50 K temperature range [5,6]), limiting their use for future technological 

applications. 

Here, using concepts from attosecond physics, we propose a new regime for valleytronics, epitomized by 

three schemes that are able to induce, coherently-control and read-out the valley degree of freedom faster 

than valley decoherence times. In the first of them, a strong, non-resonant field tailored to the symmetry of 

the lattice is able to controllably lift the valley degeneracy on few-cycle timescales [7]. In the second, a 

few-cycle, non-resonant linearly-polarized field can drive carrier-envelope-phase-controlled valley popu-

lation asymmetry [8].  In the third, a train of polarization- and time-controlled weak attosecond pulses is 

used to switch on and off the valley state in less than 100fs in transition metal dichalcogenides. The latter 

also allows measurement of excitonic decoherence timescales [9]. In all three schemes, the valley polari-

zation can then be read-out all-optically through even-order high harmonic generation, which we demon-

strate experimentally. Attosecond physics in solids holds the promise of petahertz electronics; here we give 

the necessary steps towards the practical implementation of ultrafast valley switches. 

Figure 1. Femtosecond valley switching in hexagonal boron nitride with a train of polarization-controlled attosecond 

pulses, between (a,b) K- valley polarization, (c,d) no valley polarization,  (e,f) K’-valley polarization. 
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Ultrafast excited-state dynamics are ubiquitous for various disciplines ranging from biology through 

chemistry to physics. These dynamics are also essential for developing and designing advanced technol-

ogies, such as solar energy conversion, photocatalysis, molecular data storage, etc. Herein, we demon-

strate the power of theory to explain excited-state mechanisms. The applied techniques include both quan-

tum wavepacket dynamics and semiclassical trajectory-based methods, as well as a synergistic methodol-

ogy [1] that exploits the complementary power of the two approaches. These theoretical investigations 

lead to invaluable mechanistic understanding of photochemical reactions such as ring opening [2] and N-

C bond dissociation [3], as well as interpretation of an ultrafast experiment to identify the debated 1Au 

(nπ*) dark state of pyrazine [4]. Furthermore, we access the entire singlet-triplet-quintet dynamics for 

Fe(II) low-spin → high-spin photoswitching [1,5]. 

Importantly, these results will guide and complement time-resolved experiments, leading to grand ad-

vances in energy materials research and ultrafast science. 
 

 

Figure 1: Schematic illustration of i) quantum wavepacket dynamics in the 1T1g  metal-centered state of 

the [Fe(NCH)6]2+ complex, a model for Fe(II) low-spin → high-spin photoswitching [5] (left), and ii) 

semiclassical dynamics (trajectory surface hopping) of the ring-opening reaction of dihydroazulene 

(DHA), a component of a photoswitch for solar energy conversion [2] (right). 
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The orange carotenoid protein (OCP) [1] shown in the figure 1 is a perfect system to study both ultrafast 

(fs) and slow (ns to ms) changes in cofactor structure during photoswitching of proteins by Raman tech-

niques. It hosts a single xanthophyll molecule and undergoes well-studied (but not yet fully understood) 

photocycle that is associated with the loss of vibrational structure in the absorption spectra. Femtosecond 

stimulated Raman spectroscopy is unique technique that allows recording vibration states of molecules at 

time scale at which the bonds are being formed or dissociated. 
 

 
Figure 1: The orange carotenoid protein consists of two subunits that get mutually loose after carotenoid 
excitation that switches it between the so-called “red” and “orange” states. In that form, it binds to other 
light-harvesting proteins while greatly increasing their non-radiative decay of excitons. Both the mecha-
nism of the OCP photoswitching and its subsequent role as a trigger of non-photochemical quenching is 
yet to be understood. We studied the wild type and two types of mutants (including utilization of non-
canonical amino acids) to understand the role of hydrogen bond formation in the photoswitching mecha-
nism by Stimulated Raman scattering. Intermediate states shorter than 100 fs are clearly identified in the 
spectra. (figure is with courtesy of Eugen Maksimov) 
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Polarization resolved high-order harmonic spectroscopy 
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High-order harmonic generation (HHG) has been successfully used as a spectroscopic tool in condensed 

matter, allowing all-optical band structure reconstruction [1] and berry phase retrieval [2], demonstrating 

the flexibility and the potentiality of this technique. In this framework, the polarization state of the har-

monic field can be used to access further information about the symmetry of the sample under investigation 

and the physics involved during the HHG process. 

In this work, we study the response of n-doped bulk germanium to an intense linearly polarised (p-pol) 

Mid-IR driving field centred at 3.2 μm. The sample is cut along the [100] direction and it has a donor 

concentration of 1.76 ∙ 1018 cm-1. The harmonics have been collected in reflection configuration with the 

beam having a 45 degrees angle of incidence. The polarization state of the harmonics has been character-

ized for the third, fifth and seventh harmonic as a function of the crystal angle. The results are shown  

in figure 1. 
 

Figure 1: Retrieved polarization ellipse parameters for the third, fifth and seventh harmonic as a function 

of the crystal orientation. The ellipticity (purple) is indicated with ϵ, β is the ellipse angle (red), the total 

intensity (blue) is labelled with J, and h is the helicity (green). 

 
We observed that it is possible to generate elliptically polarised harmonics starting from a linearly polarised 

driving field. The ellipticity, as well as the helicity, can be controlled by tuning the crystal angle. This 

indicates that during the HHG process, the electron dynamic is strongly influenced by the complex band 

structure explored, resulting in a non-trivial response as a function of the crystal orientation. The latter 

could be eventually used to characterize the non-linear response of the medium by extracting the high-

order terms in the susceptibility tensor. This investigation is currently underway. 
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Synthetic chiral light [1-8] enables ultrafast and highly enantio-sensitive imaging of molecular chirality. 

Unlike standard circularly polarized light, the handedness of synthetic chiral light does not rely on the 

helical structure that the wave creates in space. Instead, it is encoded locally, in the chiral trajectory that 

the tip of the electric-field vector draws in time. Being locally chiral makes it a highly efficient chiral 

photonic reagent. Such light allows us to enhance the nonlinear response of a selected molecular enanti-

omer while fully quench it in its mirror twin [1]. 

Synthetic chiral light can be created using a non-collinear laser configuration [1], with two laser beams 

that propagate at an angle. Each beam should carry a fundamental frequency, linearly polarized in the 

plane of propagation, and its second harmonic, polarized orthogonal to this plane. In the spatial region of 

overlap, the total electric-field vector becomes three-dimensional and chiral. By controlling the two-col-

our phase delays in the two beams, we can achieve full control over the local and global chirality proper-

ties of the field, and imprint it into different enantio-sensitive macroscopic observables [4]. 

Recent works [7,8] have demonstrated that it is possible to imprint the chirality of synthetic chiral light 

into atoms which are initially achiral, and that this imprinted handedness can be recovered by analyzing 

the angularly resolved photoelectron spectra. Here we present an alternative implementation that is all-

optical: we use light to imprint chirality in atoms, and show that the imprinted handedness is encoded in 

the light that the atoms emit at new harmonic frequencies. Our work creates new exciting opportunities 

for imprinting chirality in achiral matter of different levels of complexity, from atoms to fullerenes, and 

for imaging such achiral-to-chiral phase transitions using all-optical setups. 
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In our previous works [1, 2] we have studied the photoelectron hologram observed in the electron spec-

trum obtained during the ionization of atoms and diatomic molecules by intense ultrashort laser pulses. 

This phenomenon was also observed experimentally [3]. In our previous investigations we have studied 

the photoelectron hologram induced by few-cycle time-symmetric laser pulse with sin2 envelope. Due to 

the particular shape of those laser pulses, in the observed hologram the dominant component was at-

tributed to the spatial interference (wavepackets emitted at the same time moment but following different 

paths), while the component attributed to the temporal interference (wavepackets emitted at different time 

moments of the laser pulse) was barely visible. In the present study in order to observe the coherent 

superposition of the spatial and temporal interference patterns we perform calculations for few-cyle flat-

top laser pulses. The parameters of the driving laser field are chosen in such way, that the size of the 

continuum wave packets created by the different half-cycles of the driving field are similar. The formation 

of the spatial and temporal interference patterns is investigated using the wave-function splitting technique 

[1]. 
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When an atom is ionized with intense radiation, photoelectron peaks may be observed at multiple kinetic 

energies, separated by the photon energy ħω of ionizing field. This process is known as above-threshold 

ionization (ATI). If multiple ionization channels are present, as is the case in xenon where the spin–orbit  

interaction leads to a splitting of the ion into the 5p−1
3/2 and 5p−1

1/2 channels, multiple ATI progressions 

will result, each correlated with a state of the ion. By tracing out the photoelectron, we form the degree 

of coherence between 5p−1
3/2 and 5p−1

1/2: 

 
where ρab is the reduced coherence between ion states a and b, which will vanish unless the photoelectrons 

correlated with 5p−1
3/2 and 5p−1

1/2 have energetic and spatial overlap. This implies that the photoelectron 

in the different channels must have the same parity for a given final energy, since the ion states have the 

same parity. However, when ionizing using a photon energy ħω ∼ ∆Es–o, photoelectrons in 5p−1
1/2 need 

to absorb one more photon to reach the same kinetic energy as an photoelectron in 5p−1
3/2 [1]. Transitions 

between intermediately excited Rydberg states, forming an “atomic antenna” [2], with which the ionizing 

field is in resonance, efficiently transfers population between the ion channels, establishing the coherence 

(see Figure1). The spectra are calculated using an implementation of time-dependent configuration inter-

action singles (see e.g. [3]), including spin–orbit coupling using a relativistic pseudopotential [4]. 

 

 

Figure 1: a) Sketch of ATI from xenon. 5p−1
3/2 is dominant, so inelastic scattering mainly occurs 5p−1

3/2 

→ 5p−1
1/2. b) Calculated degree of coherence between the 5p−1

3/2 and 5p−1
1/2 ion cores of xenon as a 

function of the relative frequency between the driving IR field and the spin–orbit splitting. Inset: Typi-

cal channel-resolved ATI spectrum, along with the coherence between the ion states. 
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It is of great interest to generate spin-polarized photoelectrons in the strong-field setting [1–4]. When the 

initial state is not spin-polarized, as in the commonly used rare gases, net spin of the overall system post-

ionization is only possible if light with spin angular momentum (circularly polarized) is used to drive the 

process. 

It is however possible to generate spin-polarized from an initially spin-less system such as xenon, using 

linearly polarized light, if the photoelectrons are measured in coincidence with the state of the ion, i.e., 

channel-resolved.  The corresponding ionic states labelled 5p−1
3/2 MJ = ±1/2, ±3/2 and 5p−1

1/2 MJ = ±1/2, 

each consist of non-equal contributions from spin-up and spin-down, which means that each channel is 

spin-polarized. Furthermore, 5p−1
3/2 MJ = ±3/2 are spin-pure, which means we expect the photoelectron 

to be perfectly spin-up/-down respectively. When we ionize using a strong-field, the photoelectron may 

be driven back and scatter off the parent ion, where it may undergo exchange with one of the bound 

electrons. Depending on the timing between ionization/rescattering and the internal spin-clock of the ion 

[1], the scattered electron may have spin opposite to what it had prior to scattering. 

In Figure1, the angularly resolved spin-polarization of the photoelectron correlated with 5p−1
3/2 MJ = ±3/2 

is shown. In most directions and for most energies, the spin is indeed preferentially spin-up (blue colour), 

except for in the high- energetic (scattering) region, where instead we see substantial spin-down polari-

zation. 

The spectra are calculated using an implementation of time-dependent configuration interaction singles 

(see e.g. [5]), including spin–orbit coupling using a relativistic pseudopotential [6]. 

 
Figure 1: Spin polarization of the photoelectron correlated to 5p−

3 1   MJ = 3/2. Blue corresponds to ex-

cess of spin-up, red to excess of spin-down. 
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The U.K.’s Central Laser Facility (CLF) Artemis laboratory is a user facility offering access to ultrafast 

timescales for photoelectron spectroscopy (PES) and high harmonic spectroscopy (HHS). Using a range of 

end stations, pump probe spectroscopy can be performed on a variety of sample types, from solid samples 

through to gas-phase small molecules. Recently, the facility has been relocated and upgraded to increase 

the scope of experiments available to the user community. 

 

Figure 1: Layout of the new Artemis Facility 
 

The original components of the 1-kHz titanium-sapphire-based Artemis facility have been retained, with 

modifications made to increase the available laser energy from 12 mJ to 18 mJ. Modifications to the mon-

ochromatic beamline have allowed an increase in harmonic yield on target, while maintaining high tem-

poral and corresponding spectral resolution. A tunable pump is available from 235 nm – 20 μm, and the 

probe energy can be selected between 15 eV and 40 eV. A second, broadband beamline has seen a signif-

icant increase in length, to allow for the next generation of ptychography experiments as well as an im-

proved flatfield design for HHS. 

The major upgrade of the facility has been the installation of a second new laser system. This is a 100 kHz 

system, based on optical parametric chirped pulse amplification (OPCPA), from Fastlite. The new laser 

system has two outputs, at 1.7 um and 3 um. For high harmonic generation we will be using the 1.7 um, 50 

fs, 190 uJ output, and coupling that into a new beamline that is currently being commissioned for use with 

our material science end station. Our aim is to be able to offer time and energy resolution of around 50 fs 

and 100 meV, respectively, for probe energies of hν = 25 - 40 eV. We also expect to be able to achieve 

probe energies up to approximately hν = 100 eV—to enable, for example, pump-probe studies of shallow-

lying core-level states. Not only will the new laser system enable time-resolved ARPES measurements 

with excellent time and energy resolution, it will also offer favourable statistics and space charge conditions 

relative to lower-repetition-rate systems. 
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Increasing interest in the fields of ultrafast science using molecular targets demands understanding of the 

correlation driven charge migration dynamics. The pure charge migration dynamics typically last for a few 

femto-seconds [1, 2] and can affect the subsequent longer timescale dynamics. We will discuss the effect 

of various molecular system on the ultrafast charge migration dynamics. In this study we will discuss the 

effect of tautomerization, methylation of the system, keto-enol, enol-imino, cis-trans isomerization, etc. 

To study this we have used the large cc-pvdz basis set, correlation effects as implemented by the non-

Dyson ADC approach[3]. We also discuss the non-adiabatic charge dynamics using the vibronic coupling 

Hamiltonian (VCH). The coupling parameters used in construction of the VCH we use the least-square 

fitting method[4]. This study will helps in decoding the interstate population transfer in time domain 

between the states excited by the broadband of the incident laser field. 
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We report on the early time quantum dynamics of the pericyclic photoisomerization of norbornadiene 

(NBD) to quadricyclane (QC) induced by short 1-2 fs UV and IR pulses, Figure 1A. The dynamics have 

been carried out as described in Ref. [1] for 8 coupled electronic states and three nuclear coordinates de-

scribing the main features of the four-carbon ring-closure reaction (Figure 1B). The coupling to the exciting 

pulse is explicitly included. Using a short, linearly polarized, weak, realistic 5 eV deep-UV pulse as pub-

lished in Ref. [2], Figure 1C, we show that we can implement control of the populations in the lowest 

excited states via the direction of the linear polarization for oriented molecules. A X polarized pulse ac-

cesses selectively the S1 state while a Z polarized one accesses the S2 one (Figure 1D). In NBD, the onset 

of excitation is at ≈5.7 - 6 eV in the Franck-Condon region. The photoexcitation is via a one photon process, 

through the blue edge of the short pulse, wide energy bandwidth. The relative yield in QC at short times is 

larger for the Z polarized pulse than for the X polarized one (Figure 1E) as obtained in ref [1] with longer 

and stronger fs pulses. We will also discuss the selectivity obtained with CEP controlled short IR pulses, 

Figure 1F, and preliminary results from semiclassical surface hopping (SH) dynamics in full nuclear di-

mensionality and for longer (>200 fs) times. 

Figure 1: A. Scheme of the photoisomerization reaction of norbornadiene (NBD) to quadricyclane (QC). 

B. Grid of three nuclear coordinates and the 8 coupled excited states. C. Fs UV pulse used in D and E for 
the propagations, carrier frequency = 5 eV, duration of 1.5 fs (FWHM) and intensity of 1012 W/cm2.  

D. Population in the 7 excited electronic states integrated over the entire grid. E. Population on the ground 
state S0 integrated over the reaction region (blue) and the product region (orange), for X pulse (solid line) 

and Z pulse (dashed line). Left column in D and E: polarization along X. Right column: Polarization along 

Z. F. Population in the excited electronic states S2 and S7 for a 720 nm, 1.5 fs IR pulse with different CEP 

(S2 solid, S7 dashed line). 
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We present a theoretical study of vibrational excitation of the CO2 molecule by low-energy electrons (up 

to 5 eV). By generalizing the nonlocal vibronic coupling model of Estrada et al. [1], we constructed a 

model for the vibrational nuclear dynamics of the molecular anion CO2−. There are three electronic states 

of CO2
− included in the model: double-degenerate 2Πu shape resonance and 2Σg

+
 virtual state, in combi-

nation with all vibrational modes: symmetric and asymmetric stretching, and two-dimensional bending. 

As the molecule bends, the 2Πu doublet is split into 2A1 and 2B1 states due to the Renner-Teller effect and 

the 2A1 component mixes with the virtual state. As a result, the e + CO2 system, after the initial vertical 

attachment of the incoming electron to the ground vibrational state of CO2, evolves on three complex 

potential energy surfaces that are coupled not only directly but also indirectly through energy-dependent 

interaction with electron continuum represented by the s wave and all components of the p wave. Model 

parameters are obtained from ab initio R-matrix scattering calculations using the UKRmol+ suite of codes 

[2]. 

Our calculated two-dimensional electron energy-loss spectrum qualitatively agrees with a new high- res-

olution experimental 2D spectrum [3] and we provide an interpretation of puzzling observations especially 

in highly inelastic region [3, 4, 5]. We found out that this region of the spectrum is dominated by excitation 

of non-totally symmetric vibrational states which are excited because of the change of electron symmetry 

from an incoming p wave to outgoing s wave. This phenomenon is known to be important in polyatomic 

systems for a long time [6] but a proper multidimensional treatment of the nuclear dynamics of such 

systems is scarce. 
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The XCHEM [1] code considers the effect of electron correlation in the configuration interaction picture 

and takes into account the coupling between different continua. Thus it is especially convenient for the 

study of low energy ionization, when the electron still feels the ionic core and electron correlation plays 

an important role. The XCHEM methodology has been successfully applied to atomic and diatomic sys-

tems, such as neon [2], nitrogen [3], and carbon monoxide [4]. In this communication we present for the 

first time results for a triatomic system, the water molecule. 

 

The XCHEM methodology uses a hybrid Gaussian-Bspline basis (GABS) [5] composed of a set of mo-

nocentric gaussians (MC) located at the centre of mass of the molecule and a set of Bsplines that ranges 

from a selected distance to the centre of mass R0 to a sufficiently far distance R∞. Bsplines are highly 

oscillating functions that are better suited than Gaussians to represent the properties of the continuum. 

XCHEM couples this basis with the polycentric Gaussian basis (PC) that comes from a standard quantum 

chemistry calculation. The R0 distance is chosen so that the overlap between PC and Bsplines is negligible. 

The MC basis serves as a bridge that communicates Bsplines and PC. 

 

The XCHEM wavefunction is built by augmenting with a single electron in both the GABS basis and the 

PC Gaussians for each of the considered parent ions. Thus only a single electron is allowed to go into the 

continuum. 

 

In this communication we show the calculated photoionization cross sections and asymmetry parameter 

and their comparison to experimental results [6–8]. We will show also the resonance series that appear at 

low kinetic energies of the electron in the photoionization spectra and the effect these resonances have in 

the photoelectron angular distributions. 
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The manipulation of quantum interference effects plays a crucial role in coherent control, one that has 

been used in applications ranging from quantum-state preparation, photochemical reactions and quantum 

information [1]. As in most quantum effects, a seemingly necessary requirement for coherent control is 

the existence of two or more pathways that connect the initial state with the final target state. On these 

assumption we pose and test then the following question: Can the yield of a simple, direct, ultrafast pho-

todissociation reaction be enhanced by quantum effects? 

To ask the question we maximize the yield of photodissociation in the first absorption band of H2
+ starting 

from the ground state, using a semiclassical model based on the Ehrenfest approximation [2], by optimiz-

ing the parameters of a transformed-limited ultrashort pulse. The control mechanism is apparently simple: 

it maximizes the absorption in the Franck-Condon window. Qualitatively similar results are obtained us-

ing a full-quantum model. 

Can the yield of photodissociation be further improved? To do so we play with the set of initial conditions, 

using the geometrical optimization method [3] in the quantum case. We show how, while in the semiclas-

sical limit the yield of photodissociation relies on maximal use of the Franck-Condon window, the quan-

tum optimization apparently stems from quantum coherences injected in the initial wave packet, with no 

classical analog. 
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Fast intramolecular vibrational energy redistribution, IVR, in vibrationally selectively excited polya-
tomic molecules has been extensively discussed as a first step in enabling the Lindeman mechanism [1] of 
unimolecular dissociation. The representative sampling of the available vibrational phase space is taken to 
be established prior to the onset of dissociation [2]. Extensive theoretical analysis is available of the se-
quential time evolution including of the bottlenecks [3-4]. Here we discuss a fast intramolecular electronic 
energy redistribution, IER, in attopulse excited polyatomic molecules. The concrete example is N2 where 
there are three singlet 1Σu+ and three singlet 1Πu states directly optically excited the ground state. The high-
resolution spectroscopy of these states is very well studied, also theoretically. We computed the terms of 
the electronic Hamiltonian for 24 coupled electronic states, including the spin-orbit (SOC) and non-adia-

batic (NAC) couplings at the MRCI/CASSCF level of ab initio quantum chemistry calculations. 

We discuss the computed [5,6] sequential electronic state redistribution during the process of electronic 

pre-dissociation in N2 as induced by an XUV attosecond pulse with a Gaussian envelope centered at 

110,000 cm-1 and a width of σ = 3.2 fs. The results are shown in Figure 1 for electronic states of different 

multiplicities. There are two distinct coupling terms that induce the redistribution. The strong NAC inter-

action mixes excited states of the same symmetry. As can be seen in Figure 1 the singlet states are rapidly 

sampled. The much weaker SOC induces slow population exchange from the singlet to the triplet states 

and then further to the quintet manifold of states. Within the triplet and quintet manifolds the SOC can also 

mix states of the same multiplicity. 

 

Figure 1. Time dependence of the population of excited electronic states of different multiplicity involved 

in the dynamics upon an ultrafast excitation in N2; the scales of the ordinate are different for states of dif-

ferent multiplicity. 
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The invention of high-harmonic generation, based XUV sources has opened the door to the novel exper-

imental techniques such as attosecond spectroscopy and XUV-based time-resolved photo-electron spec-

troscopy (TRPES). The development of TPRES in a micro-liquid jet [1] made it possible to study molec-

ular systems in their natural environment. In particular, we developed an XUV-based TRPES technique 

that is applied to study molecular dynamics through conical intersections and the influence of different 

environments on these dynamics [2]. For example, synthetic motors or photo-switches, precisely designed 

to enhance isomerisation after interaction with light [3] are good candidates to understand the role of the 

environment, its interaction with the molecule, and if this interaction is revealed in the conical intersection 

created during the isomerisation process. The downside of the synthetic molecules is, how- ever, its low 

production quantities. Added to this, some of those molecular system have low solubilities. This makes it 

impossible to measure any time-resolved molecular excited state dynamics. In order to circumvent these 

problems, we have developed a recycling system capable of re-circulating small aqueous samples in a 

micro-liquid jet setup. Here we will present some of those experimental developments together with ap-

plications of the XUV TRPES to the already mentioned molecular systems. 

 

Figure 1: Micro-liquid jet setup. 
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The (t,tˊ) method, first put forth by Peskin and Moiseyev, [1] for solving the time-dependent Schrödinger 

equation with explicit time-dependent Hamiltonians incorporates the effects of the time-ordering opera- 

tor, but is very expensive in its implementation.  A novel method is suggested which drastically reduces 

the huge storage space required for the effective evolution operator and the large operation count for the 

propagation. The algorithm is based on the analytical block diagonalization of the Floquet Hamiltonian 

using the Chebyshev Polynomials of the second kind which is then combined with a split operator method 

of chosen order to approximate the full evolution operator. The number of operations are reduced to the 

order of a matrix vector multiplication over the number of Floquet Channels and the matrices required to 

store are of the order of the position basis functions.  This reduction in space allows the algorithm to incor-

porate multiple time scales using the (t,tˊ,t˝) method. Thus, the algorithm is enabled to propagate laser-

atom and laser-molecule systems with different symmetries of laser fields such as linear, circular, single 

frequency laser pulse with explicit envelope effects, bichromatic, orthogonal bichromatic, counter rotating 

circular polarized laser fields, etc. The algorithm is implemented over grid based methods [such as Fourier 

Grid Hamiltonian (FGH) and Discrete Variable Representation (DVR)] and atomic orbitals based on 

Gaussian basis sets. 

 

 
Figure 1: Phase dependent ionization of Borazine in x, y, z direction in presence of linear polarized light 

and a depiction of the algorithm. 

References 

[1] U. Peskin, and N. Moiseyev, The solution of the time-dependent Schrödinger equation by the (t,tˊ) 

method: Theory, computational algorithm and applications, J. Chem. Phys. 99, (1993), 4590–4596. 

[2] P. Raj, A. Gugalia, and P. Balanarayan, Quantum Dynamics with Explicitly Time-Dependent Hamil-

tonians in Multiple Time Scales: A New Algorithm for (t,tˊ) and (t, tˊ,t˝) Methods in Laser- Matter 

Interactions, J. Chem. Theory Comput. 16, (2020), 35–50. 

  ↑ Back to Program 

mailto:balanarayan@iisermohali.ac.in


Annual Workshop  AttoChem COST Action 

 

Poster P15 
 

Application of the saddle-point method and quantum-orbit the-

ory to ionization by a bichromatic elliptically polarized field 

Dino Habibović1 and Dejan B. Milošević1,2 
1University of Sarajevo-Faculty of Science, Zmaja od Bosne 33-35, 71000 Sarajevo, 

Bosnia and Herzegovina 
2Academy of Sciences and Arts of Bosnia and Herzegovina, Bistrik 7,71000 Sarajevo, 

Bosnia and Herzegovina 

dhfizika1@gmail.com 

In recent years, ionization by a bichromatic elliptically polarized field have attracted a lot of attention [1, 

2]. Some special cases such as bicircular or orthogonally polarized two-color field have been analyzed in 

detail. Using the strong-field approximation, which neglects the influence of the residual ion until eventual 

rescattering, the differential ionization rate can be presented through the T -matrix element which includes 

a five-dimensional integral. This integral can be calculated numerically or it can be solved using the five-

dimensional saddle-point method. In the later case, the stationarity conditions lead to the requirement that 

the liberated electron returns to its parent ion and to the system of equations for the ionization and res-

cattering times. The quantum orbits are defined as the solutions of the classical Newton equation of motion 

for the electron in the presence of the laser field, 𝐫̈(t) = –E(t), for the complex ionization time t0, while the 

electron trajectories are defined as the real part of r(t) for t > Re t0 [3]. 

In this contribution we investigate the saddle-point solutions for a general case of a bichromatic elliptically 

polarized field. In addition, the angle between the semi-major axes of two field-components can take an 

arbitrary value. For the electrons, which directly go to the detector without rescattering we analytically 

determine the number of solutions of the saddle-point equation. On the other hand, for the rescattered 

electrons we find the solutions which contribute dominantly to the photoelectron spectra. 
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A wide variety of photoinduced electronic coherences are shown to be robust with respect to dephasing 

in ensembles of quasi-homodimers assembled with sub-nm ligands from colloidal small, 2.5-3nm, CdSe 

quantum dots (QDs) with controlled size dispersion[1]. A theoretical model[2] of the dimer states, which 

includes size dispersion, interdot electronic coupling, spin orbit interactions and crystal field splitting, is 

used to characterize dimer ultrafast electronic coherences, with periods ranging from 40 to 300 fs, which 

are measured in liquid and solid phase samples by 2-dimensional electronic spectroscopy (2DES). The 

dimers are assembled by sub-nm ligands to ensure a strong interdot electronic coupling. We show that by 

controlling the mean diameter (2.5-3nm) and the size dispersion (5-10%), one can tune electronic delo-

calization and optical activity so as to maximize the number of electronic coherences observables in 

2DES. The measurement in size dispersed ensembles, in both the solid-state and in solution, of such a 

variety of coherences, together with their unambiguous characterizability and tunability, presents great 

opportunities for their exploitation in quantum technology applications. 
 

Figure 1: a) Schematic representation of QD dimer assembled by a S(CH3)2S ligand. b) 3 pulse sequence 
used in 2DES. c) Calculated polarization time map (real part of the rephasing signal) for a given value 
of T2. d) Calculated frequency map, produced by Fourier transforming 𝑇! ↔ 𝜔! and 𝑇" ↔ 𝜔". e) Trace 

along T2 at the point indicated on d) by a purple circle, compared to trace taken at equivalent address on 
the measured solid-state map. Three types of coherences are identified in e). 
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X-ray sources driven by femtosecond lasers with high peak power provide compact alternatives to large-

scale facilities such as synchrotrons and X-ray Free electron lasers. ELI Beamlines Centre is devoted to 

providing various beamlines of laser-driven X-rays and accelerated particles to the user community. While 

the X-ray sources driven by kHz lasers such as high-order harmonic beamline [1] and plasma X-ray sources 

[2] entered the operation phase with regular experiments performed with external users, the sources driven 

by PW-class L3 laser are yet to be commissioned. 

A beamline providing femtosecond pulses of coherent XUV radiation based on high-order harmonic gen-

eration (HHG) in noble gases was implemented in the E1 experimental hall employing a long focal length 

configuration and 1 kHz laser drivers. Following the experimentally verified scaling laws [3], we are ap-

proaching the multi-milliwatt powers of the XUV beam generated by the OPCPA laser driver. We will 

present several upgrades of the HHG Beamline with respect to the state reported in [1]: expanded possibil-

ities of generating medium and several driving laser field configurations, such as the 2-color laser field 

(fundamental and second harmonic of the laser) for generation of circularly polarized XUV, or pure 400-

nm driver for efficient tunable VUV harmonic generation. Together with the basic equipment of user end-

stations [4, 5], we will present the current range of experiments that are offered to the user community. 
 

Fig. 1. Schematics of the HHG Beamline operated at ELI Beamlines Centre. VC1- focusing, VC2- inter-

action, VC3- IR rejection, FB- filter box, VC4- XUV diagnostics. 
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Conical intersections (CIs) are believed to be ubiquitous in molecules and mediate various essential pro-

cesses such as photosynthesis, photoisomerization in the process of vision, etc. Ultrafast decay channels, 

which appear in the vicinity of CIs, funnel a molecule from one state to another. The population transfer 

near a CI creates a superposition of electronic states, thus giving rise to electronic coherence. Probing the 

electronic coherence can be considered a unique signature of the CI in a molecule. Time- resolved photo-

electron spectroscopy (TRPES) has been proposed to observe the occurrence of CIs in a molecule. The 

electronic coherence can be observed in the TRPES spectrum when ultrashort probe pulses with an ade-

quate temporal resolution are used. Features of the electronic coherence in the TR- PES spectrum fade 

away when the pulse width of the probe pulse is increased. Although, the enhanced spectral resolution 

due to the increase in the pulse width helps monitor the increasing energy separation between the elec-

tronic states after the passage through the CI. The restriction of observing one phenomenon over the other 

comes from the fact that the spectral and temporal widths of the isolated pulses are Fourier conjugates of 

each other. We propose to bypass the Fourier restriction by performing TRPES with an attosecond pulse 

train (APT) as a probe [1]. The TRPES spectrum with an APT as a probe contains electronic coherence 

features and hints of increasing energy separation between the electronic states. Therefore, it may be 

possible to partially lift restrictions on the temporal and spectral resolutions in TRPES with APTs. 
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ELI Beamlines is a large European laser facility housing state-of-the-art high-power lasers that drive sec-

ondary sources of photons and charged particles for user applications. The MAC end-station at ELI Beam-

lines is a Multipurpose station for AMO (atomic, molecular and optical sciences) and CDI (coherent dif-

fractive imaging) [1]. It is designed for investigations of ultrafast dynamics in low-density targets (atoms, 

molecules or nanostructures) employing fs-synchronized XUV and NIR/Vis beams. 

We present an overview of the recent scientific outcomes and ongoing projects at the MAC end- station. 

They include a detailed study of electron correlation dynamics in krypton [2, 3], investigations of photo-

electron angular distributions in the molecular frame [4] and following ultrafast processes in helium 

nanodroplets [5, 6]. 

 

Figure 1: Schematics of the high harmonic generation beamline and the MAC end-station at ELI Beam- 

lines. Figure from [1]. 
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We study the role of resonances in simple models of collisions of electrons and photons with atoms and 

molecules. To do this we have implemented a one-dimensional multi-channel R-matrix approach [1] based 

on B-splines to calculate all Siegert states (resonances, virtual and bound states) directly in the complex 

energy plane. Although only the real energy gives us physical observables, Siegert states (S-matrix poles) 

in the complex plane influence them and give rise to resonant features. 

We consider several model systems: scattering of a particle from a spherically symmetric potential, in 

absence of spherical symmetry and in case of inelastic scattering (channel-coupling) and compare to ana-

lytic results, where available. Additionally, we study the difference between a short-range and a long-range 

potential (e.g. dipole). For the latter we extend the analytic work of Estrada and Domcke [3] on the single-

channel model of dipolar scattering to include channel coupling. 

To study the effect of Siegert states (S-matrix poles, see Fig. 1) on observables directly we implement a 

method for their removal from the S-matrix. This approach will allow us to study the effect of Siegert states 

on observables such as scattering cross sections [4] and photoionization dipoles [2] using S-matrices com-

ing from sophisticated multi-electron calculations. 

 

Figure 1: Results for square well potential. Panel (a) poles in the complex energy plane, (b) cross section 

with (σ3) and without (σ3,B) the resonant pole included, (c) Feshbach resonance in two-channel case. 
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High-harmonic generation (HHG) in gases is the most versatile technique for frequency up- conversion 

in order to obtain coherent extreme-ultraviolet (XUV) pulses in the attosecond temporal domain. HHG in 

a macroscopic medium requires careful adjustment of the driving laser intensity (typically 1014 - 1015 

W/cm2) and gas medium parameters to enable good phase matching conditions [1]. 

In contrast with the conventional approach, we present a novel experimental scheme that shows self-

regulation of the driving laser intensity and may be defined as strongly overdriven regime. The setup is 

similar to a compact intense XUV beamline that was recently demonstrated [2]. Near-infrared (NIR) laser 

pulses are focused into a high-pressure atomic jet, leading to intensities of about 1016 W/cm2, which is 

much higher than the optimal intensity for HHG. During propagation in the high- density medium sub-

stantial spectral and spatial reshaping of the driving laser pulse occurred in each atomic species investi-

gated: Xe, Kr, Ar, Ne, He. 

The experimental results are corroborated by theoretical simulations, which indicate that ionization-in-

duced self-phase modulation and plasma defocusing self-regulate the driver laser intensity to a level that 

is appropriate for good phase matching. A ten-fold broadening of the NIR spectrum is observed, which 

results in the generation of continuous spectra from 18 to140 eV in spite of using 50- fs-long driving 

pulses. 

The presented scheme is a simple and versatile method for the generation of XUV and soft X-ray continua, 

which are ideally suited for transient absorption and reflection spectroscopy, allowing to access different 

spectral ranges without the need for tedious optimization procedures. 
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If the spin-orbit coupling is stronger than the coupling with the nuclear axis, then the adiabatic potential 

energy curves calculated using the Hund (a) case are rather insufficient. Instead, potential energy curves 

from the Hund’s case (c) (Fig. 1, the left panel) should be used. Nevertheless, for various reasons, for 

example, the lack of adequate potential energy curves for the case of Hund’s (c), the energy curves in the 

Hund’s case (a) are used to interpret the experimental data [1, 2]. 

Here we show the differences in the results of quantum dynamic computations using different sets of po-

tential energy curves [3, 4]. In the analysis, we use the lowest electronic states of the NaRb molecule 

calculated in both Hund’s cases, model the femtosecond electromagnetic pulse, and use the calculated 

elements of the transition matrix. In the beginning, these two approaches give different pictures of time 

evolution (Fig. 1, the right panel). The mean population differences disappear for a sufficiently long time 

but the detail behaviour is very different. We argue that the difference in these two images can be important 

for a proper understanding of quantum dynamic processes when time plays a key role. 

 

 

Figure 1: Left: The Hund’s (c) case electronic states of the NaRb molecule and transition dipole moment 

functions, with the photoassociation laser marked with an arrow; Right: The comparison of the total pop-

ulation between two Hund’s cases (top), population contribution of two excited states (21Σ+, 13Π) in the 

Hund (a) case (middle), population contribution of the excited states ((2)0+, (3)0+) in the Hund’s case (c) 

(bottom). 
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It is well known that when a very short pump pulse propagates through a gas of randomly oriented dia-

tomic molecules it induces periodic alignment and anti-alignment of the molecular ensemble in its wake. 

Given ambient conditions the temporal alignment takes the shape of localized oscillations around a com-

mon average, so-called rotational revivals. While the numerical description of these rotational revivals is 

rather straightforward, a simple analytical model of the process at ambient conditions, while highly de-

sired, is lacking. 

We develop such a model avoiding significant mathematical complexity associated with more sophisti-

cated solutions [1]. Our model is based on the behavior of the mathematically much simpler 2D rotor 

tweaked with a temporal evolution of 3D angular momentum states. The model mimics the dynamics of 

the exact solution very closely, especially with increasing temperature, see Fig.1(a) for a close up of the 

alignment revival. Armed with this simple model we consider the propagation of a short probe pulse, 

shown with blue curve in Fig.1(b), timed to the modulation of the refractive index in the rotating molecular 

medium. 

 
 

Figure 1: (a) Temporal alignment of diatomic nitrogen molecular gas at atmospheric pressure, 300 K 

temperature for a pump pulse of 100 fs duration and 5 1013 W cm−2 intensity. The probe pulse as a func-

tion of time in the co-moving frame (b) at the beginning of the propagation (blue line) and in the end of 

it (orange line) after passing 60 cm distance and (c) riding on the temporal revival experiencing com-

pression over entire propagation distance. 

 

The probe pulse is placed around the negative linear slope of the time-dependent refractive index, see 

panel (a). In this domain our calculations predict a rather simple picture in which the probe pulse riding 

the gradient of the refractive index gets slowed down in the front and sped up at the rear, overall the pulse 

is being uniformly compressed. The compression mechanism is only limited by the pulse being moved 

out of the linear region of the revival due to dispersive effects, see Fig.1(c). 
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The two-dimensional (2D) transition metal dichalcogenides (TMDCs) has shown tremendous potential in 

optoelectronic applications [1]. The majority of the time-resolved out of equilibrium studies for these 

semiconductors are based on optical spectroscopic methods. These techniques have major drawbacks like 

overlapping spectral signatures, incapable of tracking the dynamics across a material junction unambigu-

ously because of lack of atomic sensitivity and inherently limited temporal resolution. When these nano-

materials are scaled down from bulk to monolayer, the screening of electrons changes drastically affecting 

valence electronic structure. This leads to strong enhancement in excitonic transitions that can be studied 

using element-specific extreme ultraviolet (XUV) spectroscopic methods. In our work, we are interested 

in observing carrier dynamics on the electronic time scale and identify their structural couplings. These 

TMDCs will be pumped by few cycle near-infrared (NIR) pulses and probed by broadband attosecond 

XUV pulses. To generate few-cycle pulses, we have compressed a long NIR pulse from a commercial 

Titanium: Sapphire (Ti:Sa) femtosecond laser system using a gas filled hollow core fiber (HCF).Then the 

pulses are passed through dielectric chirped mirrors for dispersion compensation [2]. The best results so 

far, we obtained is ~ 3 fs at ~0.6 mJ pulse energy, which is well- suited for generating broadband and 

continuous XUV. We were also able to generate high harmonic spectrum using long Ti: Sa laser pulses 

of duration ~40fs. The observed harmonics could reach to 73eV as shown in Fig. 1[3]. 

 

Figure 1. High harmonic spectrum obtained. 
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Electronic dynamics of water molecule is studied beyond the electric dipole approximation in the presence 

of linearly polarised pulsed laser field. A general non-dipole length gauge Hamiltonian[1] is constructed 

in a basis set of Gaussian-type functions of water molecule. The time-independent part of the Hamiltonian 

is extracted from a standard electronic structure package, GAMESS-US within the Hartree- Fock level of 

theory. Within the mean field approximation, a time-dependent Hartree-Fock calculation[3] using (t,t’) 

method[2] is performed over the non-dipole Hamiltonian representing interaction between linearly polar-

ised laser and water molecule. Comparison between the dipole and the non-dipole electronic dynamics 

shows that in the laser parameters (intensities and frequencies) of the non-dipole regime, de- cay in norm 

of dipole and non-dipole electronic dynamics is different than that in dipole regime which indicates differ-

ence in behaviour of ionization rates in the dipole and non-dipole regime. 
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We present a beamline for pump–probe experiments with attosecond or few-femtosecond pulses in three 

spectral ranges and a spectrometer to distinguish molecular photoreaction paths by utilizing electron–ion 

covariance data. 

“Attochemistry” aims to bridge the gap between electronic processes (e.g. relaxation of inner- valence 

holes) and photochemistry (e.g. vibration, isomerization and dissociation). Many experiments combine an 

isolated attosecond pulse in the extreme ultraviolet (XUV) with a near-infrared (NIR) probe-pulse. The 

main novelty of our beamline is the ability to generate ultraviolet (UV) 4–6 eV pulses with record-breaking 

durations of only a few femtoseconds [1], through third-harmonic generation in an open gas cell to mini-

mize dispersion. By exciting in the ultraviolet we can study photochemically relevant relaxation dynamics 

in neutral states of many molecules with unprecedented time resolution, probed by either the 5 fs near-

infrared (1.7 eV) pulse or the approximately 300 as XUV (15–40 eV) pulse. 

High temporal resolution leads to broad spectra, many excited states and many open dissociation paths. It 

is therefore useful to record not just the average spectra but single-shot data and analyse the correlations 

between photoelectrons and fragment ions, conceptually filtering the electron spectrum based on the mass 

spectrum or vice versa. For this purpose, we have developed a covariance spectrometer[2] combining a 2D 

velocity map imaging electron spectrometer with a reflectron time- of-flight mass spectrometer. We present 

results where different parts of the electron spectrum correlate with different fragmentation outcomes, 

thereby providing additional information to identify the underlying mechanisms and transient states. Com-

bining high mass resolution with the information about energy and angle of the correlated electron opens 

many possibilities for studying more complex molecules with better-than-vibrational time-resolution. 
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Light displaying chirality in the dipole ap- proximation can be created by combining two or more beams 

with commensurate frequencies and suitable polarization in a non-collinear or tightly- focused setup, lead-

ing to highly-sensitive and controllable enantio-sensitive response in chiral media [1]. However, the con-

nection between synthetic chiral light, a spin angular momentum (SAM) based concept, with vortex beams, 

an orbital angular momentum (OAM) based one, has not been made yet. Here, we bridge this gap by 

showing how the interplay between the SAM and OAM degrees of freedom in tightly-focused vortex 

beams gives rise to the concept of a chiral vortex. 

In particular, we consider two bicircular Laguerre-Guassian beams with frequencies ω and 2ω and OAM 

ℓω and ℓ2ω in the tight focus regime. Due to the presence of a longitudinal component along the beams’ 

propagation axis, the polarization of the light at a given point draws a chiral Lissajous curve, whose hand-

edness is described by the chiral correlation function [1] 

 

We demonstrate that for particular combinations of OAM beams the spatial distribution of the light’s hand-

edness is arranged in a vortex fashion around the beam propagation axis, describable by a integer topolog-

ical charge 

 

where mrω and ℓrω are the SAM and OAM of the rω field. In this contribution we show using time-depend-

ent Schrödinger equation simulations that chiral vortices can be used to imprint chirality on a gas jet of 

achiral atoms [2]; moreover, we model High-Harmonic Generation using a DFT-based Strong-Field Ap-

proximation to show how chiral vortices can be used to shape the near- and far- field response of an en-

semble of chiral molecules. In conclusion, we describe a new type of light that displays chirality both 

locally, through its SAM, as well as globally, through its OAM, allowing one to control the enantio-sensi-

tive response microscopically as well as macroscopically by tuning the angular momentum of the two 

beams. 

 

Figure 1. Absolute value and phase of the chiral correlation function for combinations of OAM (ℓω, ℓ2ω) 

and counter-rotating SAM (mω, m2ω) = (1, −1). 
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The dissociation dynamics of a diatomic system in a mid-infrared laser pulse is numerically simulated. 

The reduced mass and the mass ratio may vary for different isotopologues, and as a result, the nuclear 

dynamics. The change in vibrational level structure due to the change in reduced mass hinders compre-

hensive comparative studies of any two isotopologues. In order to isolate the effect of mass asymmetry 

on the dissociation behaviour of the system, we fixed the resonance conditions by fixing the nuclear re-

duced mass and systematically varying the mass ratio using artificial nuclear masses. 

In the case of charged systems such as HeH+, on which our model system is based, the permanent dipole 

moment depends on the center of mass position, and a change in the mass ratio changes, in effect, the 

dipole moment (see Figure 1). 

We observe a distinct minimum in the dissociation yield at a certain mass ratio at the resonance wave-

length using our 1D TDSE, a method described in [1], and classical dynamics simulations. In the quantum 

dynamical scenario, the de- crease in the dissociation yield at these mass ratios is caused by the suppres-

sion of a few key vibrational transitions. The similar effect is seen in the classical case where the gradient 

of the permanent dipole moment goes to zero which nullifies the effective dipole interaction with the field, 

hence totally damping out the driving force. Our study provides a valuable insight into mass dependence 

in the strong field dissociation. 

 
Figure 1: (Left) Changes in the permanent dipole moment with respect to the mass ratio. (Right) The 

shift in the center of mass position "0" (origin of the co-ordinate system). 
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Light induced chemical reactions and energy dissipation processes play important roles in planetary 

atmospheres exposed to intense high energy photons in the 10-20 eV range. In many cases, these processes 

take place in a non-neutral electric environment resulting in significant perturbation due to the electric 

fields. The experimental setup for studying the impact of terahertz on the chemical reactions consists of 

two major parts: the experimental vacuum chamber where the photodissociation/reaction takes place at 

low pressure and two spectrometers to obtain information about the photodissociation process. The 

molecules are introduced into the vacuum chamber via adiabatic expansion (supersonic pulsed valve) to 

ensure that the molecules are cold and in their ground vibrational and rotational states at the beginning of 

the reaction. In the first preliminary experiments, the SYLOS laser beam (10 fs, 890 nm, 1 kHz, 760 

µJ/pulse) was focused with a spherical mirror under the piezo valve. The visible light from the 

photofragments are imaged onto a high-resolution Fourier transform spectrometer. The spectrometer is 

capable of resolving rotational and vibrational line spacing in the visible range with high temporal 

resolution. The temporal resolution (2.5 ns) is provided with the step scan capability of the spectrometer, 

which allows to obtain time-resolved spectra. This option of the setup allows to obtain the nascent 

vibrational and rotational energy distribution from the dissociation process without the impact of molecular 

collisions following the photodissociation. In the preliminary experiments, the formation of CHA radicals 

was studied using different small organic molecules (cyclohexane, ethanol, methane) and various group 

delay dispersion values of the pulses. 

We plan to investigate experimentally the impact of the intense quasi static electric fields (terahertz 

radiation) on Coulomb explosion processes of these molecules. Both the high intensity electric field 

(intense terahertz radiation) and the energy for breaking chemical bonds (attosecond XUV light pulses) 

will be produced by the lasers available at the ELI-ALPS. 

 

Figure 1: The scheme of the photodissociation setup, CHA emission signal evolution and high resolution 

spectra 
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The past decades have seen an enormous surge in the number of studies on sophisticated light-matter 

interactions, in particular of the high energy region of the photoelectron spectrum, comprising low in- 

tensity peaks [1]. This dictates high demands for reliable theoretical and computational methodologies, 

for their in-depth understanding. In principle, it is always possible to resort to a full quantum mechanics 

calculation, which would include the full complexity of the phenomenon, however, becomes computa-

tionally extremely expensive for moderate to large systems. 

The objective of my presentation is to give an overview of our development on theoretical models for the 

calculation of dynamical parameters for photoionization. This requires an accurate description of both 

initial and final bound states of the system, as well as of the outgoing electron. For this purpose, we use 

Dyson orbitals obtained from coupled cluster family of methods for describing the bound part of the 

system, in conjunction with multi-centric B-spline time-dependent density functional theory for the out-

going electron [2], [3], [4]. Examples of molecular photoionization will be presented to illustrate the cur-

rent capabilities and open challenges. 
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Attosecond physics aims to unravel the electron motion and coherence in atoms and molecules. Major 

contributions to this field are the real-time observations of the motion of electrons in ions and atoms 

through attosecond transient absorption spectroscopy (ATAS) [1, 2]. Although the importance of relativ-

istic effects was already demonstrated by the first ATAS experiment [1], all ATAS studies have so far 

been based on non-relativistic theory. Regarding the lack of a relativistic theory, our aim is to develop a 

general relativistic ATAS method for studying atoms [3]. Seeking a compromise between computational 

cost and accuracy, the relativistic time-dependent configuration interaction singles (RTDCIS) method is 

proposed [4]. To validate the RTDCIS method, photoionization cross sections were computed for krypton 

and xenon, and the results were compared to other relativistic calculations and experimental data (see 

Figure 1). This novel method opens up the possibility to describe the electron spin dynamics by means of 

spin-resolved ATAS experiments far beyond the perturbative regime. Similarly, it can be applied to other 

strong-field processes, such as high-order harmonic generation, above-threshold ionization, laser-assisted 

photoionization, hole alignment, and the study of complex Rabi dynamics. 

 

Figure 1: Xenon partial 4d photoionization cross section. Comparison of different relativistic calcula-

tions [4, 5] with experimental results from Refs. [6]. 
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The development of high-powered lasers in the 1960 opened a new area of research – Laser-Induced Break-

down (LIB). This phenomenon occurs due to the interaction of laser with a matter regardless of its physical 

state, being it solid, liquid or gas, involving different ways for plasma creation. The physical effects asso-

ciated with LIB are intensive heating and explosive expansion in the focal volume and the emission of 

shock waves that may cause severe damage. This limits the great potential of laser application in medicine 

[1, 2], industry [3,4]. To control the LIB process, the theoretical modeling of the underlying physical pic-

ture is required. The common approach starts with description of plasma formation, i.e., from the temporal 

evolution of free electron density, 𝜌(𝑡). To describe it the following expression can be used: 
𝜕𝜌(𝑡)

𝜕𝑡
=

∑ 𝑎𝑖𝜌𝑖
𝑛(𝑡) − ∑ 𝑏𝑗𝜌𝑗

𝑚(𝑡)𝑚
1

𝑛
1 . Here, the first sum denotes all contributing processes, while the second sum 

corresponds to the processes leading to the electron loss. Coefficients 𝑎i and 𝑏j are rates for given processes, 

while 𝜌n(𝑡) denotes the reciprocal degree of the electron density. In the present study, we report on how 

different laser parameters influence the electron density and LIB threshold. After a comprehensive analysis, 

we found that, for a given medium, the threshold laser intensity depends on the laser beam characteristics. 

In addition, based on the presented results, one can conclude that the usage of femtosecond pulses mini-

mizes energy deposition and, at the same time, mechanical and thermal effects that lead to collateral dam-

age. The presented findings can be highly valuable in the photoacoustic applications. 
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Chirality is the property of a shape that means it is non-superimposable on its mirror image [1]. This 

property is present throughout the natural world, from the large structures of proteins, the stereochemistry 

of bidentate ligands in transition metal catalysts to single organic molecules. 

The mirror image pair of chiral molecules are known as enantiomers, and they have identical physical and 

chemical properties except when interacting with another chiral object. Due to the persistence of chirality 

throughout biological systems the ‘handedness’ of a system governs the different interactions between 

the two ‘hands’ (enantiomers), this can render a molecule helpful, harmful, or inert to an organism. This 

potentially fatal difference in the way the two enantiomers can behave makes the ability to distinguish 

effectively and efficiently the two enantiomers critical across pharmaceuticals, specifically in the liquid 

phase. 

Chiral light has long served as a preferred tool for imaging the chirality of matter. However, circularly 

polarised light, the standard chiro-optical tool, is not efficient: the large disparity between the pitch of the 

light’s helix and the comparatively tiny size of the chiral molecule makes the response of left- and right-

handed molecules virtually identical, and thus chiral recognition, particularly on ultrafast time scales, 

extremely challenging. The key limitation stems from the fact that the chiral optical signal arises beyond 

the electric-dipole approximation, so therefore is weak. 

We aim to demonstrate experimentally the possibility of imaging molecular chirality in the liquid phase 

on ultrafast time scales via purely electric-dipole interactions. We have implemented a non-collinear op-

tical setup that creates light with “forward” ellipticity, which allows us to map the chiral dipole response 

predicted in [2] into the macroscopic far-field signal. This signal remained hidden in the original chiral 

HHG experiments, which used one single, elliptically polarized beam. 

The interaction of opposite enantiomers with our field leads to the emission of even harmonics, a process 

that is strictly forbidden in achiral matter. Furthermore, these even harmonics have opposite phase in 

opposite molecular enantiomers, and their intensity is correlated to the enantiomeric excess, enabling 

promising opportunities for accurate enantio-quantification. 

We will look at the production of these low order harmonics using a fundamental wavelength of 800 nm 

and liquid microjet carrying limonene molecules. Our work creates new opportunities for imaging molec-

ular chirality on ultrafast time scales in the liquid phase, the natural media of biological molecules. 
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Distinguishing between the two opposite versions (enantiomers) of a chiral molecule is vital in organic 

chemistry, materials science or biomedicine, but also challenging, as they behave identically unless they 

interact with another chiral object. Standard chiral light, i.e. circularly or elliptically polarized light, is a 

convenient chiro-optical tool [1], but it is highly inefficient: the enantio-sensitive response of the molecules 

arises beyond the electric-dipole approximation and is only a small fraction of the total optical response. 

Here we show that the longitudinal components that naturally arise upon tight focusing can turn elliptically 

polarized light into an extremely efficient chiro-optical tool [2]. When an elliptically polarized laser is 

tightly focused, the laser polarization plane tilts towards the propagation direction [3], as depicted in Fig. 

1a. This tilt is opposite at opposite sides of the beam axis and is locked to the propagation direction. In an 

ultrashort laser pulse, the combination of the tilted electric-field vector with the propagation direction cre-

ates a chiral structure that allows us to distinguish between opposite enantiomers via purely electric-dipole 

interactions. 

Figs. 1b,c show that the proposed optical configuration leads to enantio-sensitive bending [3] of the non-

linear optical response of randomly oriented chiral molecules: opposite molecular enantiomers emit har-

monic light in opposite directions, and thus the enantio-sensitive direction of bending records the molecular 

handedness with high efficiency. Interestingly, this strongly enantio-sensitive effect is driven by purely 

electric-dipole interactions, even though the optical field is not locally chiral, making this optical driving 

field fundamentally different from previous proposals [4,5] and, to our knowledge, from any other optical 

setup for chiral recognition. 

 

Figure 1. (a) Forward polarization tilt (blue) in an elliptically polarized gaussian beam (pink), tightly fo-

cused into a chiral medium (green). (b,c) Intensity of the z-polarized component (b) and total intensity (c) 

of the 6th harmonic emitted by the right- (dotted lines) and left-handed (solid lines) propylene oxide, and 

spatially-dependent chiral dichroism (green), CD = 2(IL-IR)/(IL+IR); TDDFT simulations, I = 6·1013 W·cm-

2, focal diameter 5 μm, λ = 780 nm, and pulse duration 7 fs (FWHM). 
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Linear off-resonant X-ray Raman techniques are capable of detecting the ultrafast electronic coherences 

generated when a photoexcited wave packet passes through a conical intersection. A hybrid femtosecond 

or attosecond probe pulse is usually employed to excite the system and stimulate the emission of the signal 

photon, where both fields are components of a hybrid pulse scheme. In this paper, we investigate how 

attosecond pulse trains, as provided by high-harmonic generation processes, perform as probe pulses in 

the framework of this spectroscopic technique, instead of single Gaussian pulses. We explore different 

combination schemes for the probe pulse, as well as the impact of parameters of the pulse trains on the 

signals. We use two different model systems, representing molecules of different symmetry, and quantum 

dynamics simulations to study the difference in the spectra. The results suggest that such pulse trains are 

well suited to capture the key features associated with the electronic coherence. 
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The power of trajectory surface hopping method in modeling photoinduced excited state spin- vibronic 

dynamics and predicting time-resolved experimental signals are demonstrated for two very different pro-

cesses of very different systems: Dissociative photoionization of dihalomethanes and photorelaxation in 

a functional iron-complex. In both cases the essential part of the dynamics takes place in less than 300 fs 

and spin-orbit-coupling (SOC) plays an important role in the dynamics: In case of dihalomethanes con-

taining iodine atom, the large SOC results in dissociation pathways of different kinetic energies, while in 

case of the iron-complex it is responsible for the relaxation from  the initially excited singlet metal-ligand-

charge-transfer (MLCT) state to the quintet metal-centered (MC) state. 
 

Figure 1: One dimensional cuts of the multidimensional potential energy surfaces along the dominant 

reaction coordinates: a) the breathing vibrational mode of the iron complex leading to the minimum of 

the high spin state and b) the C-I bond stretching leading to dissociation of the halomethanes studied. 
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The advent of attosecond laser pulses generated by high‐harmonic generation and X-ray free electron lasers 

has created unique opportunities for studying the very first few femtoseconds of the many-electron dynam-

ics triggered by photoionization in atoms, molecules, and condensed matter. 

Two interrelated, fundamental quantum-mechanical concepts characterize these many-electron dynamics: 

quantum coherence and quantum entanglement. For example, quantum electronic coherence in photoion-

ized molecules, arising at the attosecond and persisting at the femtosecond time scales, underpins the few-

femtosecond charge dynamics (hole migration) and therefore also the ensuing photochemical transfor-

mation of matter. 

Here I will present advanced ab initio simulations of a series of complete pump-probe experiments of 

ultrafast many-electron dynamics in molecular systems, capable of capturing attosecond to few- femtosec-

ond quantum electronic coherences. These include a fully ab initio time-resolved study of X- ray attosec-

ond transient absorption spectroscopy (ATAS) in a prototypical polyatomic molecule such as pyrazine, 

where I demonstrate the possibility of retrieving the many-electron quantum ionic coherences arising in 

attosecond molecular photoionization and pre-determining the subsequent charge-directed photochemical 

reactivity [1], as well as new results based on the simulation of attosecond time-resolved photoelectron 

spectra [2]. 

The first-principles simulations of many-electron ionization dynamics that I will present explicitly describe 

the interaction of the molecular many-electron system with both the pump and probe laser pulses. Here, I 

will show results of simulations performed in the context of two different pump probe setups, namely all 

X-ray and a hybrid XUV/X-ray one. 

The calculations are carried out by means of the recently-developed ab initio method for many- electron 

dynamics in polyatomic molecules, the time-dependent (TD) B-spline Restricted Correlation Space- Alge-

braic Diagrammatic Construction (RCS-ADC) [3]. The TD B-spline RCS-ADC method extends the ab 

initio ADC approach, originally developed to describe bound state dynamics, to the realm of ultrafast ion-

ization dynamics, combining the accurate description of electron correlation with the full account of the 

continuum dynamics of the photoelectron, and allowing one to accurately predict the mixed state of the 

ionized system prepared by attosecond ionization of a molecular system [4]. 

Complete theoretical characterization of the atto-ionized many-electron state and photo-induced attosecond 

charge dynamics is achieved by calculating the reduced ionic density matrix (R-IDM) of the bipartite ion–

photoelectron system, with full inclusion of the correlated shakeup states. I will show how the Schmidt 

decomposition of the R-IDM unravels the many-electron dynamics triggered by the pump, allowing for the 

identification of the key pure-state channels involved in the quantum coherent many- electron dynamics. 

Finally, I will present the theoretical X-ray attosecond transient absorption and time-resolved photoelectron 

spectra of the pump-ionized molecular cation and show how the results unveil the mapping of the pump-

probe measurements onto the quantum electronic coherences, and related non-zero R-IDM matrix ele-

ments, produced upon ionization of the neutral by the pump laser pulse. 
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Measurements of spin-polarized electron collisions with halogenated camphor molecules have shown in-

triguing trends in their dissociative electron attachment (DEA) chiral asymmetries [1]. A low-energy in-

cident electron beam (≤ 0.6 eV) could interact with halogenated camphor targets in the gas phase, pro-

ducing electron-induced dissociation. By measuring the yield of anion fragments as a function of the spin 

polarization of the incident electrons, the authors observed the preferential dissociation of optical isomers, 

but the interpretation of the data was puzzling. While the electron scattering asymmetries are usually 

understood [2] based on spin-orbit interactions, as well as on the target helicity density [3], the DEA 

asymmetries of 3-Bromocamphor, 3-Iodocamphor, and 10-Iodocamphor could not be understood from 

those mechanisms [1]. The expected Z² dependence on the atomic number Z of the halogen atoms was not 

fully consistent with data. The magnitude was significantly larger for 10-Iodocamphor than 3-Iodocam-

phor, even though the halogen atom lies closer to a chiral center in the latter isomer, which also has a 

larger helicity density. These properties would in principle be expected to produce larger asymmetries for 

3-Iodocamphor, in contrast with the data. Finally, the DEA asymmetry for 10-Iodocamphor is signifi-

cantly larger than typical scattering asymmetries, even for molecular targets with lanthanoid substituents 

[4]. We predicted the dissociation asymmetries for the halogenated camphor molecules, focusing on as-

pects of the collision dynamics, with the description of vibrationally inelastic scattering channels under 

influence of the Coulomb and the spin-orbit potentials. We show that the energy, the lifetime, and the 

occupied orbital character of the transient negative ion formation [5], as well as its potential energy surface 

topology are fundamental ingredients in the chiral sensitivity. 
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Recent advances in ultraviolet (UV) light generation made it possible to obtain few-cycle pulses [1], either 

by third harmonic generation of few-femtosecond (fs) infrared (IR) pulses or by the resonant dispersive 

wave approach in hollow capillaries. 

Our group has recently demonstrated the generation of sub-2 fs UV pulses by focusing 5 fs IR pulses in a 

high-pressure gas cell [2]. Here we present a new cell design, which incorporates the differential pumping 

system (Fig. 1a). This new design not only offers a more compact apparatus for UV generation but also 

results in better confinement of the gas distribution, therefore allowing for better phase matching and op-

timal vacuum conditions to be achieved. 

The temporal characterization of such broadband UV pulses is quite challenging and conventional tech-

niques such as FROG and 2D scans often introduce additional dispersion. Here we implement the fringe-

resolved interferometric autocorrelation (FRIAC) method based on using a reflective dual-comb mirror 

(Fig. 1b) [3]. By using this dispersive-free approach we retrieved a pulse duration of 3.4 fs (Fig. 1c). Both 

the compact UV cell and the FRIAC setup can be easily integrated into an all-vacuum beamline. 

 

 
 

Figure 1: (a) Design of the multichamber glass cell, (b) layout of the dual-comb mirror used for the pulse 
measurements, (c) experimental FRIAC trace 

 

References 

 
[1] V. Wanie et al., in Emerging Laser Technologies for High-Power and Ultrafast Science. IOP pub-

lishing (2021) 

[2] M. Galli et al., Generation of deep ultraviolet sub-2-fs pulses, Optics Letters 44, (2019), 1308- 1311 

[3] T. Gebert et al., Michelson-type all-reflective interferometric autocorrelation in the VUV regime, 

New Journal of Physics 16, (2014), 073047. 

  

b) a) 

↑ Back to Program 

mailto:sergey.ryabchuk@desy.de


Annual Workshop  AttoChem COST Action 

 

Poster P40 
 

Revisiting the Born approximation in the context  

of electron energy loss spectroscopy 
 

M. Sapunar1,2, P. Slavíček2, Z. Mašín1 
1Institute of Theoretical Physics, Charles University, Prague 8, 18000, Czech Republic  

 2Department of Physical Chemistry, University of Chemistry and Technology, Prague 6, 16628, 

Czech Republic 

marin.sapunar@gmail.com 

 
The energy imparted on a system through electron scattering can be measured through electron energy 

loss spectroscopy (EELS) with a signal analogous to photoelectron spectroscopy, but with an electron in-

stead of a photon initiating the process. This allows EELS to probe optically forbidden transitions such as 

singlet-triplet excitations due to relaxed selection rules. Simulating electron initiated processes is signifi-

cantly more difficult than photon initiated processes. In the latter the probability of exciting the system to 

a particular initial state can be reasonably approximated simply from its oscillator strength while the former 

requires an expensive scattering calculation. 

The aim of our work is to develop a cheap method for calculating electron impact cross sections which 

would bypass scattering calculations but would retain sufficient accuracy to represent well the ratios of the 

cross sections. These will be used as the initial condition for the follow-up calculations of nuclear dynam-

ics. With this goal in mind, a natural starting point is the Born approximation in which the scattering am-

plitude can be obtained directly as a matrix element of the potential between the target and the electron 

represented by a plane wave. 

This calculation removes the problem of modelling of the continuum making it applicable even to very 

large systems which are untractable by ab initio scattering codes. The required integrals have been imple-

mented in the UKRmol+ suite of programs [1] based on the formalism developed by Kuang and Lin [2]. 

The method is benchmarked by comparing simulated and experimental EEL spectra. 

 

Figure 1: EEL spectrum of C3F7CN (Novec 4710) at 0° and a residual energy of 10 eV simulated using 

the Born approximation and nuclear ensemble approach at the ADC(2)/aug-cc-pVDZ level (blue line) 

compared to the experimental spectrum (black line). 
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Hydrogen production through solar water splitting reaction is a clean solution to the actual energy de-

mand. It can be carried out in a photoelectrochemical cell where a photoelectrode absorbs sunlight pro-

ducing electron-hole pairs, then the charge carriers are collected separately to oxidize oxygen and reduce 

hydrogen from water. However, the development of this process is still a challenge due to its low effi-

ciency. With its high stability, abundance and strong absorption cross-section in the visible spectral range, 

hematite (α-Fe2O3) is considered a very promising material to serve as photoelectrode in photoelectro-

chemical cells [1]. However, the overall efficiency for the water splitting reaction based on hematite pho-

toelectrode has been limited. Recent studies have shown that the efficiency can increase substantially 

when hematite is doped with titanium but the mechanism responsible for the improved efficiency remains 

to be understood [2, 3]. Here, XUV absorption spectroscopy at the Fe and Ti M-edges is proposed to study 

the charge carrier dynamics of Ti-doped iron oxide. XUV absorption spectroscopy near the M-edge is 

particularly well-suited to the investigation of metal oxide materials since XUV radiation covers multiple 

absorption edges of metals, allowing to study core-to-conduction-band transitions [4]. The dynamics re-

sulting from the photoexcitation of Ti-doped iron oxide by a 400 nm pump laser pulse can be probed by 

XUV absorption spectroscopy using a time-delayed XUV pulse obtained by two-color (800 nm + 1300 

nm) high harmonic generation that allows to generate a continuous XUV spectrum from 20 eV to up to 

200 eV [5]. In this contribution, we will present first the static XUV absorption spectrum of Ti-doped iron 

oxide obtained using such source showing that the Fe and Ti M-edges can be associated with the conduc-

tion band of the material, which suggests that this technique is particularly well suited to study ultrafast 

charge carrier dynamics in metal oxide materials. 
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Quantum coherence between molecular electron states excited in the process of photoionization and the 

ensuing ultrafast charge migration is one of the current topics of attosecond physics, primarily due to its 

supposed role in photodissociation and impact on molecule reactivity. The available observations suggest 

that photoinization-induced electron coherence may survive for up to tens of femtoseconds, even in com-

plex molecules [1]. In contrast, some theoretical studies predict much faster decoherence caused by nuclear 

dynamics [2] or even the nuclear configuration uncertainty itself [3]. This contradiction may be related to 

the dependence of decoherence rate on the particular system and the fact that the study of these phenomena 

is at the edge of the available experimental and theoretical methods. We develop a simple few-dimensional 

model based on two harmonic wells representing the atoms which mutually interact via another harmonic 

potential simulating molecular vibrations. This model allows us to describe the electronic decoherence 

caused by coupling with the nuclear degrees of freedom while treating the electronic and nuclear motion 

at the same level. 
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We analyze the splitting of the resonant peak and associated modulations in the photoelectron energy 

spectrum which occur at sequential two-photon ionization of hydrogen atom whose ground (1s) and excited 

2p states are coupled resonantly by a short laser pulse. The spectra as well as the populations of atomic 

states for different laser peak intensities are determined by solving numerically the time-dependent Schrö-

dinger equation for the atom in the laser field. The results are further analyzed theoretically within   the 

three-level model (1s, 2p, continuum) [1]. It is shown that the splitting can be attributed to the existence of 

two dressed states whose quasi-energies repel each other by the field-induced coupling [2], while the mod-

ulations occur due to the interference of electron waves emitted at different times during the pulse. It   is 

explained why the number of peaks in the interference patterns coincides with the number of Rabi oscilla-

tions between the populations of 1s and 2p levels during the pulse. 
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We present calculations of photoelectron spectra of small water clusters. The work is motivated by 

recent size-resolved experiments of Hartweg et al. [1] which studied the transition of photoelectron angular 

distributions from cluster to liquid phase. Our goal is to build quantum models of an increasing complexity 

to provide understanding of the importance of the various contributing processes. 

Presented calculations are carried out on two different levels of complexity starting from the simplest, 

independent molecule model, in which the photoionization amplitude for the cluster is represented as a 

coherent superposition of photoionization amplitudes for the constituent monomers [2] to multiple scatter-

ing where interference of photoelectron waves from the monomers is considered. We find that the results 

of the simplest model are sensitive to conformation of the clusters [3] but, as expected, it is too simple to 

reproduce the trends observed in the experiment, see Fig. 1. Namely the reduction of the beta parameter 

towards an isotropic photoelectron angular distribution is not reproduced. It has been hypothesized [1] that 

the effects of multiple scattering (MS) play an important role. Therefore, we formulate a theory of pho-

toionization of water clusters based on the original multiple scattering theory of Dill and Dehmer [4, 5]. 

We present preliminary results from testing of our implementation of MS on simple models and outline 

the next steps required for development of a more realistic model. Ultimately, we aim to parametrize the 

multiple scattering theory of photoionization by data from accurate R-matrix calculations for the constitu-

ent monomers [6]. 
 

Figure 1: Selected results of the independent molecule model [2], some in comparison with the 
experimental results of Hartweg et al. [1] 
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Attosecond transient absorption spectroscopy (ATAS) is used to study electron dynamics with the aim of 

unravelling ultra-fast phenomena in atoms and molecules. There have been many investigations on ATAS 

between bound states [1, 2] , but few works has focused on the coupling of a prepared bound wave packet 

to both bound and continuum states [3]. A recent experimental investigation of the physical phenomena 

in this regime is presented in Ref. [4]. In order to disentangle the fundamental processes in this rich tran-

sient absorption regime, we have developed an analytical model which is able to account for the resonant 

(bound and continuum) and the off-resonant contribution. In the present work [5], we consider a hydrogen 

atom in an initial superposition state, comprised of two non-degenerate states, impinged upon by an atto-

second pulse. We study the absorption depending on the relative wave packet phase of the prepared su-

perposition. The analytical model, based on Coulomb functions, was compared with numerical simula-

tions, conducted by solving the time-dependent Schrödinger equation, showing agreement. The model 

allows us to fully disentangle the complex ATAS spectra of the two level wave packet in atoms into the 

contributions presented in Fig. 1. 
 

 

Figure 1: The schematic shows the transitions handled by the model for the prepared superpositions and 

the corresponding absorption profiles resolved over wave packet phase and photon energy. The right-

most figures show the contribution of the three absorption processes presented in the schematic, these 

are the resonant continuum (red lines), off-resonant (purple area) and resonant bound (blue lines) contri-

butions. 
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tiche, Università degli Studi di Trieste 

*brncat@dtu.dk 

 
Modeling processes involving electrons in the continuum are extremely challenging, since the asymptotic 

behavior of the continuum wave function is poorly described within correlated methods based on quadrat-

ically integrable finite basis sets (L2 basis sets), commonly used for bound states. Thus, besides an accurate 

bound state description, which nowadays can be obtained in many ways (Coupled-Cluster, ADC, MR-CI, 

RASPT2 etc.) one also need an accurate description of the electron in the continuum. 

A theoretical model to compute the accurate photoionization dynamical parameters (cross-sections, asym-

metry parameters and orbital, or cross-section, ratios) from Dyson orbitals obtained with the multi-state 

complete active space perturbation theory to the second order (MS-CASPT2) method, and the electronic 

continuum obtained with a multicentric B- spline basis at the DFT and TD-DFT levels is presented [1]. 

For the Auger spectra calculation, a projection technique based on the one center approximation (OCA) is 

implemented within OpenMolcas [2]. One of the advantages of our approach is that by projecting the in-

tensities on the atomic center bearing the core hole and using precalculated atomic radial two-electron 

integrals, the Auger decay rates can be easily obtained directly with OpenMolcas, avoiding the need to 

interface it with external programs to compute matrix elements with the photoelectron wave function [3]. 
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Despite numerous studies of the Auger-Meitner (AM) effect in atomic and molecular systems over the last 

100 years since its discovery, a direct measurement of the AM decay process in molecular sys- tems has 

proven difficult to realize. By utilizing a monochromatized table-top high-harmonic source, we performed 

near-infrared (NIR) time-resolved Auger-Meitner spectroscopy on CF3I using an XUV pump (H49 of 

800nm)-NIR probe (800nm) beam setup. In figure 1 a two-dimensional map of the time and frequency 

resolved measurement on CF3I is shown. The dominant features visible in the spectrum are photoelectron 

bands originating from the I 4d shell (at Ekin ≈ 15 − 20 eV) and the valence shells (at Ekin ≈ 50 − 70 eV), 

each of them associated with the laser-assisted photoelectron (LAPE) bands created through the absorption 

or stimulated emission of a NIR photon. The weak band around 30 eV corresponds to the AM electrons 

emitted following I 4d ionization. Its sidebands originating from the laser-assisted AM (LAAM) effect are 

also observed. The comparison of the temporal evolution of the LAPE and LAAM bands characterizes the 

time evolution of the AM effect. Specifically, the intensity of the LAPE bands is proportional to the cross-

correlation of the XUV and NIR pulses, defining ∆t = 0 and the cross-correlation time. The LAAM bands 

are both temporally broadened and slightly shifted towards positive time delays. Using an analytical ex-

pression derived from solving the time-dependant Schrödinger equation under the strong-field approxima-

tion[1], an upper bound to the lifetime of the I 4d AM channels was determined to be 4.26−0.80
+1.26 fs. To the 

best of our knowledge, this represents the first time-resolved Auger-Meitner decay measured in a molecular 

system. 

 

Figure 1: Time-resolved electron spectrum obtained following XUV-induced (76.0 eV) ionization of CF3I 

in the presence of an 800-nm NIR field. The figure shows both photoelectrons and Auger-Meitner elec-

trons, together with their laser-assisted sidebands (labelled “LAPE” and “LAAM”, respectively). 
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The High-order harmonic generation (HHG) is a workhorse tool of the whole attosecond science. Our 

intention is to have a comprehensive computational picture of HHG in a gas phase. Such a picture requires 

to couple two scales: 1) The macroscopic model of the driving pulse strongly affected by a non- linear 

propagation. 2) A single microscopic system – an atom or a molecule interacting with the pulse – described 

naturally by quantum physics. 

The primary goal is to provide an ab-initio fully-numerical solver of the process. The microscopic aspect 

is covered by solving the Time-dependent Schrödinger equation (TDSE) and the resulting harmonic field 

is computed by the means of the diffraction integral based on the Hankel transform. Finally, the non-linear 

propagation of the driving pulse is computed by the unidirectional solver [1]. 

Coupling these solvers already provided a detailed insight in generating mechanisms. We used the multi-

scale approach to model the control of the focusing properties of the generated field in thin targets [2] 

without a need of an XUV optics. Next, we modelled the optimisation of HHG in long media controlling 

the initial degree of the ionisation of the generating medium [3]. Both these schemes were investigated in 

close collaboration of experimentalists and theorists. The numerical model proved its indispensable role to 

extract key mechanisms and to sort complex interplays of microscopic and macroscopic effects within the 

process. The multi-scale approach reached a good quantitative agreement with experiments. 

Finally, the fully numerical model is computationally expensive. Our palette is then enriched by simpler 

tools (modelling both IR- and harmonic beams by Gaussian optics, using simplified models of the micro-

scopic response, etc.). A large parametric space may be searched by these simple models and promising 

configuration pivot refinements and detailed studies by the full model. 

 

Figure 1: (a): An example of the distortion of a Gaussian pulse (both in space and time) at 800 nm after the 

passage through a 15mm-long gas-cell filled by Krypton. (b): The harmonic spectrum from the whole 

interaction volume in the far-field (5 m). The conditions correspond to the generating scheme used in [3]. 
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We introduce an ultrafast and all-optical method for efficient chiral recognition based on chiral sum-frequency gen-

eration (SFG) spectroscopy. In chiral SFG, two non-collinear incident beams with frequencies ω1≠ω2 drive an optical 

response in a chiral medium at the sum-frequency ω1+ω2. In contrast to traditional SFG implementations, we can 

encode the medium’s handedness in the intensity of the SFG signal, rather than in its phase, without the need of 

adding a local oscillator, and enabling full control over the enantio-sensitive response. 

Oppositely “handed” versions of the same chiral molecule, or enantiomers, have identical properties, ex-
cept when interacting with another chiral entity. Since nearly all biological molecules are chiral, different 
enantiomers can be- have very differently in biochemical and pharmaceutical contexts, and so methods 
for quickly distinguishing enantiomers are of great interest. Sum-frequency generation (SFG) is a well-
established chiroptical method [1]. It uses two incident beams that propagate in different directions with 
different frequencies ω1 and ω2 and polarization vectors ê1 and ê2, which drive a non- linear response in 
the medium at frequency ω3=ω1+ω2, with polarization ê3=ê1×ê2. SFG is strictly forbidden in isotropic 
media, such as randomly oriented molecules, unless they are chiral. It is driven by purely electric-dipole 
interactions, and thus the induced signals can be strong if ω3 is close to an electronic resonance [2]. How-
ever, the intensity of SFG is not enantio-sensitive, it only depends on whether they are chiral or not. Their 
handedness remains hidden in the phase of the signal, which can be retrieved via heterodyne detection 
measurements. To measure the medium’s handedness, one can add an (achiral) reference signal to the 
setup using a local oscillator [3], i.e. a third beam with frequency ω3 and polarization ê3 that interferes 
with the SFG signal. Another option is to generate the achiral reference signal from the chiral sample, 
making the near-field response already enantio-sensitive, although so far this strategy has offered limited 
enantio-sensitivity and poor opportunities for control [4]. Here we introduce an ultrafast and all-optical 
method for efficient chiral discrimination that enables full control over the intensity of SFG in a medium 
of randomly oriented chiral molecules. The achiral reference signal is generated from the chiral sample 
with full control over its intensity and phase, but without the need of adding a third beam to the setup, 
making the near-field response highly enantio-sensitive. By tuning the relative frequencies of the incident 
laser beams, we can maximize SFG in one enantiomer while fully quenching it in the other, Fig. 1. Which 
enantiomer emits SFG light remains under our complete control. In contrast to our previous works [5-7], 
the proposed optical method relies on low-order multiphoton processes, and thus creates new opportuni-
ties for imaging molecular chirality and ultrafast chiral dynamics using laser beams with more gentle 
intensities. 

 

Figure 1. Intensity of SFG in the far field emitted from left- and right-handed randomly oriented propylene oxide 

driven by two incident laser beams with wavelengths 360 and 180nm, opening angle 10º, intensities 1013 Wcm-2 

and pulse durations 7 fs; preliminary TDDFT results. 
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With conventional semiconductors facing a shortage lately, the need for alternative resources grows 

stronger. One potential candidate is 3D perovskites whose interesting properties – e.g., low exciton bind-

ing energy [1], defect tolerance [2], large polarons [3] - constitutes them perfect candidates for light-

harvesting devices [4]. 

Ultrafast soft X-ray spectroscopy allows studying light-matter interaction with an unprecedented temporal 

and spatial resolution, with the further advantage of being element-selective and oxidation- and spin-state 

specific. As such, we plan to investigate charge transfer dynamics in 3D perovskites with time- resolved 

Near Edge X-ray Absorption Fine Structure (NEXAFS) at the few femtosecond time scale, to unveil the 

role of the samples’ constituents. Pump-probe spectroscopy is one of the most common experimental 

schemes for these types of measurements. In summary, a first pump pulse excites the sample, then the 

evolution is probed by a second time-delayed pulse. Hence, innovative experimental set-ups that focus on 

broadband detection, high dynamic range, and sensitivity have become a necessity in the field of ultrafast 

dynamics. 

High order harmonic generation of femtosecond laser pulses interacting with noble gases has become a 

popular table-top source of broadband coherent XUV radiation throughout the years. By implementing a 

microfluidic device instead of the trusted gas-jet configuration, we obtained an extended energy cut- off, 

and a higher generation yield [5]. Furthermore, an integrated solution for filtering IR radiation under 

vacuum has been investigated. High vacuum systems were also realized for the manipulation, detection, 

and characterization of the generated XUV light. 

However, all-optical techniques have huge untapped potential, given that conventional spectrometers are 

characterized by limited spectral ranges (either low or high-energy photons), and a lack of polarization 

characterization which excludes the studies of magnetic materials and biologically relevant molecules. 

Therefore, an innovative detection scheme was realized in our laboratory to surmount these limitations. 
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The ultrafast photoexcitation dynamics of NO2 at 400 nm is investigated by time-resolved soft X- ray (SXR) 

absorption spectroscopy using femtosecond SXR pulses obtained by high-order harmonic generation 

(HHG) and covering a photon energy range between 250 eV and 450 eV. Upon single photo-excitation at 

~395 nm, a nuclear wavepacket is launched into the first electronic 𝐴̃2B2 state of the molecule. The mole-

cules return, via internal conversion, to the 𝑋̃2A1 electronic ground state after several passages of the nu-

clear wavepacket through a conical intersection on a femtosecond timescale leading to the formation of 

vibrationally hot ground state molecules. At a photon energy above the photodissociation threshold, the 

molecules will eventually dissociate into NO+O fragments. In our measurement, the photo-excitation dy-

namics of NO2 at ~395 nm is directly mapped into the transient change of the SXR absorption spectrum 

near the N K-edge. The transient SXR spectrum is characterized by a strong bleach of the absorbance at 

around 403 eV, which corresponds to the N 1s → B1 transition in NO2, and a pronounce new rising ab-

sorption band centered at 399.8 eV which corresponds to the N 1s → X2Π transition in the NO fragments 

that are formed following molecular dissociation. In addition, two weak absorption bands appear in the 

transient SXR spectrum at a photon energy of 402 eV and 406 eV that we tentatively assign to transitions 

occurring in vibrationally hot ground state molecules after the wavepacket transferred back to the ground 

state. 

Figure 1: Steady-state SXR absorption spectrum 

of NO2 measured with our HHG source (black 

line) with synchrotron radiation taken from [2] 

(red line). 

Figure 2: Transient SXR absorption spectrum 

following the photoexcitation of NO2 with 400 

nm laser pulses with a peak intensity of 

2∙1012W/cm2.
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Directly comparing ultrafast excited-state dynamics in the gas and liquid phases is crucial to under- stand-

ing the solvation effects on ultrafast time scales. By combining a monochromatized table-top high- har-

monic source with an interchangeable sample delivery system consisting of a liquid micro-jet and a gas 

nozzle, we have performed extreme-ultraviolet (XUV) time-resolved photoelectron spectroscopy (TRPES) 

on both gaseous and liquid nitrobenzene under identical UV pump (266nm)-XUV probe (H13 of 800nm) 

experimental conditions. The decay profiles of the UV-induced excited states are shown in figure 1 and 

analyzed using a global-fitting procedure based on a biexponential sequential relaxation model. Interest-

ingly, we observe a faster relaxation process in liquid phase than in the gas phase, which shows that solv-

ation (or condensation) speeds up the ultrafast relaxation process. This finding is in inter- esting contrast to 

our recent observation that solvation can also slow down excited-state relaxation in the case of the pho-

toisomerization of stilbene [1]. The present results are interpreted through comparisons with multi-config-

urational ab-initio calculations that include the effects of solvation. 

 

Figure 1: Experimental time-resolved photoelectron spectra of gas phase (a) and liquid phase nitrobeneze 

(b). Decay of the UV-induced excited-state signals for gas phase (c) and liquid phase (d), respectively. 
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Ionisation of molecules by attosecond XUV pulses is accompanied by complex correlated dynamics, such 

as the creation of coherent electron wavepackets in the parent ion, their interplay with nuclear wavepack-

ets, and a correlated photoelectron moving in a multi-centered potential. Additionally, these processes are 

influenced by the dynamics prior and during the ionisation. To fully understand and subsequently control 

the ionisation process on different time scales, a profound understanding of electron and nuclear correla-

tion is needed. Here, we investigate the effect of nuclear- electron correlation in a correlated two-electron, 

one-nucleus quantum model system[1,2]. Solving the time-dependent Schrödinger equation allows to 

monitor the correlation impact pre, during and post XUV ionisation. We show how an initial nuclear wave 

packet displaced from equilibrium influences the post-ionisation dynamics by means of momentum con-

servation between the target and parent ion, whilst the attosecond electron population remains largely 

unaffected. We calculate time-resolved photoelectron spectra and their asymmetries and demonstrate how 

the coupled electron-nuclear dynamics are imprinted on top of electron-electron correlation on the photo-

electron properties. Finally, our findings give guidelines towards when correlation resulting effects have 

to be incorporated and in which instances the exact correlation treatment can be neglected. 
 
 

 

Figure 1: Extended Shin-Metiu model system[1]: Two electrons (x,y) and one nucleus (R) move in one 

dimension in the field of the two outer fixed (point charge) nuclei. The system interacts with a linearly 

polarised XUV pulse with polarisation aligned along the molecular axis of the model[2]. 

References 

 
[1] M. Erdmann, E.K.U. Gross, V. Engel, J. Chem. Phys. 121, 2004, 9666 

[2] F. Fröbel, K.M. Ziems, U. Peschel, et al., J. Phys. B 53, 2020, 144005 

↑ Back to Program 

mailto:karl-michael.ziems@uni-jena.de


Annual Workshop  AttoChem COST Action 

 

 

 

  



Annual Workshop  AttoChem COST Action 

 

 

Annunziata P1 

Arnold PT4 

Ayuso PRT17 

Bande PRT4 

Barreau PRT21 

Benda PRT7 

Binns P2 

Borbély P3 

Borrego PRT10 

Busto PRT5 

Carlström P4 

Carlström P5 

Cryan PRT11 

De Checchi P8 

Dvořák P9 

Fedor PT3 

Fernández-Milán P10 

Garcia P11 

Garg PT2 

Gelfand P12 

Granados P13 

Grell PRT9 

Gugalia P14 

Habibovic P15 

Hamilton P16 

Hort P17 

Chang PRT20 

Chapman P6 

Chordiya P7 

Ibrahim PRT14 

Jadoun P18 

Jimenez PRT23 

Jungwirth PRT1 

Kienberger PRT6 

Klán PRT13 

Klimešová P19 

Kloz PRT25 

Konvalinka P20 

Kovács P21 

Kowalewski PRT12 

Kozák PRT18 

Kozicki P22 

Löhr P23 

Loriot PRT2 

Mallick P24 

Mancheykhun P25 

Månsson P26 

Marggi PRT19 

Mayer P27 

Mhatre P28 

Mogyorosi P29 

 Moitra P30 

Nisoli PT8 

Pápai PRT24 

Papoulia P31 

Patchkovskii PRT8 

Petrović P32 

Picciuto P33 

Rego P34 

Restaino P35 

Rozgonyi P36 

Ruberti P37 

Ruivo P38 

Ryabchuk P39 

Sapunar P40 

Segovia Guzman P41 

Simonović P43 

Slavíček PT6 

Stenquist P45 

Šenk P42 

Šklíba P44 

Tenorio P46 

Tosa PT9 

Tóth PRT3 

Trabattoni PRT22 

Trester P47 

Vábek P48 

Vendrell PT5 

Vogwell P49 

Vovla P50 

Vozzi PT7 

Vrakking PT1 

Weinacht PRT16 

Xie PRT15 

Zhang, P. P52 

Zhang, Z.-Y. P51 

Ziems P53 
 

 
P = poster 
PT = plenary talk 
PR = progress report talk 

↑ Back to Program 


