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Phase measurements by attosecond interferometry 

A. L’Huillier1 

1Physics Department, Lund University 

E-mail: Anne.lhuillier@fysik.lth.se 

One of the prominent methods for the study of ultrafast electron dynamics using attosecond pulses is 

the reconstruction of attosecond beating by interference of two-photon transition (RABBIT) technique, 

combining an attosecond pulse train, a weak time-delayed infrared dressing field and photoelectron 

detection [1]. Originally applied to the characterization of the attosecond pulses, it has then been 

successfully used for the measurement of photoionization time delays in atomic and molecular 

photoionization [2], as well for the determination of the phase and amplitude of a resonant transition, 

allowing the temporal reconstruction of attosecond electron wavepackets [3].   

 

This presentation will describe two recent developments of the RABBIT technique, towards high 

spectral precision and multiple angular channels. 

 

High spectral precision is obtained by a narrow spectral bandwidth dressing field, combined with a 

high-resolution electron spectrometer. It is useful in the study of electron wavepackets created by 

resonant absorption of XUV radiation close to discrete resonances in He and Ar [4]. The obtained 

spectral precision allows us to determine the quantum coherence of the wavepackets.   

 

The determination of photoionization time delays by the RABBIT technique assumes that there is only 

one angular channel contributing to the photoionization, as in He, or that one channel is dominant. We 

will present a new method to extract the phase and amplitude of the angular channels involved in the 

photoionization of Ne in the 2p shell, in the 20-50 eV energy range. This method [5] is based on 

RABBIT experimental results obtained with angular resolution, as well as on theoretical knowledge of 

the influence of the continuum-continuum transitions.    

 
[1] P.M. Paul, E.S. Toma, P. Breger, G. Mullot, F. Augé, Ph. Balcou, H.G. Muller, and P. Agostini, “Observation of a train of 

attosecond pulses from high harmonic generation” Science, 292, 1689 (2001) 

[2] M. Isinger, R. J. Squibb, D. Busto, S. Zhong, A. Harth, D. Kroon, S. Nandi, C. L. Arnold, M. Miranda, J. M. Dahlström, E. 

Lindroth, R. Feifel, M. Gisselbrecht and A. L'Huillier, “Photoionization in the time and frequency domain” Science 358, 893 

(2017)  

[3] V. Gruson, L. Barreau, A. Jiménez-Galan, F. Risoud, J. Caillat, A. Maquet, B. Carré, F. Lepetit,  J.-F. Hergott, T. Ruchon, 

L. Argenti, R. Taïeb, F. Martín and P. Salières,  “Attosecond dynamics through a Fano resonance: Monitoring the birth of a   

photoelectron” Science 354, 734 (2016) 

[4] D. Busto, L. Barreau, M. Isinger, M. Turconi, C. Alexandridi, A. Harth, S. Zhong, R. J. Squibb, D. Kroon, S. Plogmaker, 

M. Miranda, A. Jimenez-Galan, L. Argenti, C. L. Arnold, R. Feifel, F. Martin, M. Gisselbrecht, A. L'Huillier, P. Salières, 

“Time-frequency representation of autoionization dynamics in helium” J. Phys. B 51, 044002 (2018), and to be published. 

[5] J. Peschel, D. Busto, M. Plach, M. Bertolino, M. Hoflund, S. Maclot, J.  Vinbladh, H. Wikmark, F. Zapata, E. Lindroth, M. 

Gisselbrecht, J. M. Dahlström, A. L’Huillier, and P. Eng-Johnsson, “Complete characterization of multi-channel single-photon 

ionization” https://arxiv.org/abs/2109.01581 
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Imaging resonant photoemission dynamics in real time 

A. Autuori1, D. Platzer1, M. Lejman1, G. Gallician1, L. Maëder1, A. Covolo1, L. Bosse1, M. 

Dalui1, D. Bresteau1, J.-F. Hergott1, O. Tcherbakoff1, H.J.B. Marroux1, V. Loriot2, F. Lépine2, 

L. Poisson1,3, R. Taïeb4, J. Caillat4, and P. Salières1 

1Université Paris-Saclay, CEA, CNRS, LIDYL, 91191 Gif-sur-Yvette, France 
2Université Claude Bernard Lyon 1, CNRS, Institut Lumière Matière, 69622 Villeurbanne, France 
3Université Paris-Saclay, CNRS, Institut des Sciences Moléculaires d’Orsay, 91405 Orsay, France 

4Sorbonne Université, CNRS, Laboratoire de Chimie Physique-Matière et Rayonnement, 75005 Paris, France 

E-mail: pascal.salieres@cea.fr 

Imaging in real time the complete dynamics of a process as fundamental as photoemission has long been 

out of reach due to the difficulty of combining attosecond temporal resolution with fine spectral and 

angular resolutions. It is only recently that orientation-resolved spectral phase measurements could  be 

performed, using cold target recoil ion momentum spectroscopy (COLTRIMS) [1-3], or velocity-map 

imaging spectroscopy (VMIS) [4-7]. 

In the present study, we combine Rainbow RABBIT attosecond spectral interferometry with VMI 

momentum spectroscopy to record the modulus and phase variations of the photoelectron quantum state 

with high spectral resolution and angular sensitivity. This is performed in the test case of two-photon 

XUV+IR photoionization of helium through the intermediate resonant states 1s3p and 1s4p. The 

resulting structured photoelectron wavepacket is fully characterized by measuring quasi-continuously 

the spectral and spatial variations of the final quantum state over a 0.8-eV spectral range (see Fig. 1). 

This allows reconstructing the attosecond photoemission dynamics strongly impacted by the sudden 

phase jumps of up to  rad measured in both dimensions [8]. 

  
Figure 1: Spectral and angular variations of the modulus (a) and phase (b) of the two-photon transition resulting 

from a Rainbow RABBIT analysis of the angularly-resolved spectrogram measured in the VMIS. 

[1] S. Heuser et al., Phys. Rev. A 94 (2016) 063409. 

[2] J. Joseph et al., J. Phys. B: At. Mol.Opt. Phys. 53 (2020) 184007. 

[3] J. Fuchs et al., Optica 7 (2020) 154–161. 

[4] S. A. Aseyev et al., Phys. Rev. Lett. 91 (2003) 223902. 

[5] S. Beaulieu et al., Science 358 (2017) 1288–1294. 

[6] D. M. Villeneuve et al., Science 356 (2017) 1150–1153. 

[7] D. Busto et al., Phys. Rev. Lett. 123 (2019) 133201. 

[8] A. Autuori et al., submitted (2021). 
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Opportunities for Few-Femtoseconds and Sub-Femtosecond AMO Science 

with a Temporally-Coherent Seeded FEL 

Carlo Callegari1 

1Elettra – Sincrotrone Trieste S.c.p.A., Strada Statale 14 km 163,5, 34149 Basovizza Trieste, Italy 

E-mail: carlo.callegari@elettra.eu 

Free-Electron-Lasers (FELs) in the EUV and XUV photon energy range have greatly expanded the 

feasibility range of experiments at the crossroad between tabletop lasers and synchrotrons. The FERMI 

facility in Trieste (Italy) is unique in the FELs landscape because it has been designed as a seeded source, 

resulting in superior performances in terms of control and reproducibility of its light pulses [1]. Of 

particular interest for spectroscopic applications are its broad tunability, wavelength purity (approaching 

the Fourier-transform limit, with sub-linewidth stability), short pulse duration and timing jitter. 

Transverse and temporal coherence are those characteristic of a true laser, and have been exploited in a 

series of pioneering AMO experiments [2].  

The duration of the pulses produced by FERMI is restricted by the finite-gain bandwidth of the FEL 

process, which at EUV wavelengths implies values above 10 fs, and I will present the ongoing efforts 

to approach or even beat that limit [3]. An elegant way of circumventing the pulse duration limit for a 

certain class of experiments is that of performing interferometric measurements, that is: use multicolor 

beams and monitor an observable as a function of their relative phase(s) [2,4].  

 
Figure 1: Artist’s view of an attosecond pulse train (rainbow) phase-locked to a reference infrared beam [4]. The 

two configurations correspond to two different settings of the relative phase of the harmonics in the train. 

As in laboratory High-Harmonic-Generation, FERMI harmonics are mutually coherent, but in 

contrast, they are produced with much higher pulse energy and independent control. At EUV 

wavelengths it is impossible to achieve the desired phase stability and control via conventional optical 

techniques, and at FERMI the goal is instead attained by imprinting the information into, and 

manipulating, the electron bunch that generates the light. RABBITT-type experiments with an external 

reference laser are also possible, in which case the phase reference is retrieved in post-processing via 

correlation techniques [4]. 

The results presented here originate from the joint effort of many international laboratories and 

of a large number of researchers, whose work is gratefully acknowledged. 

[1] E. Allaria et al., Nat. Photon. 6 (2012) 699–704; E. Allaria et al., Nat. Photon. 7 (2013) 913–918. 

[2] K. C. Prince et al., Nat. Photon. 10 (2016) 176–179; D. Iablonskyi et al., Phys. Rev. Lett. 119 (2017) 073203; M. Di Fraia 

et al., Phys. Rev. Lett. 123 (2019) 213904; A. Wituscheck et al., Nat. Commun. 11 (2020) 883; D. You et al., Phys. Rev. X 10 

(2020) 031070. 

[3] D. Gauthier et al., Nat. Commun. 7 (2016) 13688; N. S. Mirian et al., Nat. Photon. 15 (2021) 523–529. 

[4] P. K. Maroju et al., Nature (2020) 578 386–391; P. K. Maroju et al., New J. Phys. 23 (2021) 043046. 
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Shaping high-order harmonic combs through phased-necklace drivers 
Carlos Hernández-García 

Grupo de Investigación en Aplicaciones del Láser y Fotónica, Departamento de Física Aplicada, Universidad 
de Salamanca, Salamanca E-37008, Spain 

E-mail: carloshergar@usal.es 

Precise coherent control over the frequency and divergence properties of high-frequency combs is 
fundamental for applications of high-harmonic generation (HHG) sources, such as high harmonic 
spectroscopy or imaging. During the recent years, manipulation over the angular momentum of the 
infrared driving beam has enabled exquisite control over the HHG to for example shape the polarization 
or orbital angular momentum (OAM) properties of the high-harmonic attosecond sources [1-3]. Here, 
we show that by harnessing the OAM of the driving beam, we can generate a transverse necklace-shaped 
beam that offers unique opportunities to manipulate the HHG process. In particular, it allows to create 
a spatial phased array of harmonic emitters that allow us to tune the frequency line spacing and the 
divergence of the emitted harmonic combs [4] (see Fig. (1)). This kind of control provides a new degree 
of freedom for the design of harmonic combs—particularly in the soft X-ray regime, where very limited 
options are available.  

 
Figure 1: a) Generation scheme of necklace-structured HHG, where the driving field is composed of two 
collinear linearly polarized vortex beams with opposite—and different—OAM content (ℓ1, ℓ2) and same 

frequency (w0). Panels b) and c) show the tunability of the on-axis HHG spectra driven in He for 800 nm and 2 
µm drivers, respectively. Panel d) shows the divergence of the on-axis harmonic beams which is lower than that 

obtained with Gaussian driving fields, and it also decreases with frequency. 

[1] K. M. Dorney, et al. Controlling the polarization and vortex charge of attosecond high-harmonic beams via simultaneous 
spin-orbit momentum conservation. Nat. Photon. 13, 123-130 (2019). 

[2] L. Rego, et al., Generation of extreme-ultraviolet beams with time-varying orbital angular momentum. Science 364, 
eaaw9486 (2019).  

[3] L. Rego, et al. Trains of attosecond pulses structured with time-ordered polarization states, Opt. Lett. 45, 5636 (2020). 

[3] L. Rego, et al., Necklace-structured high harmonic generation for low-divergence, soft X-ray harmonic combs with tunable 
line spacing, arXiv:2107.12669 [physics.optics] (2021). 
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Space-time coupling in high-harmonic generation – two case studies 

K. Kovács1, V. Toșa1 

1Natl. Inst. R&D Isotopic and Molecular Technologies, 400293 – Cluj-Napoca, Romania 

E-mail: kkovacs@itim-cj.ro 

We give an overview of the macroscopic aspects of the high-order harmonic generation (HHG) 

process. A 3D non-adiabatic model is presented [1]: in the framework of this model the driving pulse 

propagation is calculated; the elementary dipole response of an atom in the presence of a strong laser 

pulse is calculated using the strong-field approximation, while the modifications of the driving pulse 

due to propagation effects are intrinsically taken into account. Finally, the generated harmonic 

radiation is propagated in the same medium. The spatial, temporal and spectral properties of the 

macroscopic harmonic field are analyzed. 

We give two examples of the space-time coupling in the macroscopic HHG: 

(1) The attosecond lighthouse [2]: we show an experimentally feasible configuration based on 

HHG with a mid-IR driver, where the attosecond lighthouse effect is produced due to the macroscopic 

propagation effects, without the need to insert a dispersive element in the setup. We study in detail the 

specific propagation conditions of the laser beam, and describe the exact mechanism of the sensitive 

space-time variation of the medium’s refractive index that lead to the dynamic wavefront rotation. 

This basic requirement for the lighthouse phenomenon is transmitted to the harmonic bursts, which are 

emitted with different divergence in successive optical half-cycles, thus can be detected in the far field 

at increasing distances from the optical axis. In this configuration, spectral filtering of the harmonics is 

not necessary, therefore the total harmonic pulse power might be used in further pump-probe 

experiments. 

(2) The spectral separation of successive attosecond pulses [3] is another example of the space-time 

coupling, where the spectral content of two successive attosecond pulses is naturally separated. We 

demonstrate that two different single attosecond pulses (SAP) can be obtained from naturally 

separated spectral domains formed during high-order harmonic generation and propagation in a gas 

medium. We propose a feasible experimental configuration in which one can obtain an SAP in a lower 

energy domain (<300 eV), or another SAP in a higher energy domain (>300 eV). Without filtering, a 

double attosecond pulse emission with fixed temporal separation is obtained. The gap between the two 

spectral domains is close to the onset of the water window. 

[1] V. Tosa et al., Phys. Rev. A 71, (2005), 063807, 063808. 

[2] K. Kovacs, M. Negro, C. Vozzi, S. Stagira, V. Tosa, J. Opt. 19 (2017) 104003. 

[3] K. Kovacs and V. Tosa, Sci. Rep. 10 (2020) 7392. 
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New Platforms for Generating and Characterizing 

Few-Cycle Optical Waveforms 

M. Chini1  

1Dept. of Physics and CREOL – the College of Optics and Photonics, University of Central Florida, Orlando FL 

USA 
2Address 2 

E-mail: Michael.Chini@ucf.edu 

Advances in attosecond science have been tied to advances in our ability to generate, characterize, and 

control the electric field waveforms of intense, few-cycle laser pulses [1]. Generating such pulses has 

relied upon state-of-the-art laser systems accessible in only a few laboratories worldwide, while 

characterization of their electric field waveforms has required complex pump-probe setups [2-4]. In this 

talk, I will discuss two simple platforms based on commercially-available technologies which have the 

potential to advance attosecond sources. I will discuss how the delayed rotational nonlinearity of 

molecular gases can be harnessed for extreme pulse compression of ytterbium-doped lasers, as well as 

for frequency conversion from the near-infrared to the short-wave infrared [5]. Using a single stretched 

hollow-core fiber filled with N2O gas and a chirped mirror compressor, pulse compression from 280 fs 

to below 6 fs can be achieved. In addition, I will present an “optical oscilloscope” capable of resolving 

the electric field waveform of few-cycle mid-infrared pulses in a single shot measurement [6]. 

[1] T. Brabec and F. Krausz, Review of Modern Physics 72 (2000) 545–591. 

[2] E. Goulielmakis, et al., Science 305 (2004) 1267–1269. 

[3] S. Keiber, et al., Nature Photonics 10 (2016) 159–162. 

[4] S. B. Park, et al., Optica 5 (2018) 402-408. 

[5] J. E. Beetar, et al. Science Advances 6 (2020) eabb5375. 

[6] Y. Liu, et al. arXiv preprint (2021) 2109.05609. 
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Chiral sensitivity of tunnel-ionization dynamics

E. Bloch1, S. Larroque1, S. Rozen2, S. Beaulieu1, A. Comby1, S. Beauvarlet1, 
D. Descamps1, B. Fabre1, S. Petit1, D. Rajak1, R. Taı̈eb3, A.J. Uzan2, 

V. Blanchet1, N. Dudovich2, B. Pons1, Y. Mairesse1

1CELIA, Université de Bordeaux – CNRS – CEA, Talence, France
2Weizmann Institute of Science, Rehovot, Israel

2LCPMR,  Sorbonne Université – CNRS, Paris, France

E-mail: yann.mairesse@u-bordeaux.fr

Photoelectron  circular  dichroism,  which  occurs  when  chiral  molecules  are  ionized  by  circularly
polarized  light,  is  one  of  the  most  sensitive  chiroptical  phenomena.  It  appears  as  a  strong
forward/backward asymmetry in the number of ejected electrons,  and occurs in all  regimes,  from
single-photon  to  multiphoton  and  strong-field  ionization  [1,2].  In  the  strong  field  regime,  the
ionization  process  can be  decomposed in  two steps.  An electron  wavepacket  tunnels  through the
potential barrier lowered by the laser field, before being accelerated in the continuum (Fig. 1 (a)). The
chiroptical  response  is  conventionally  seen  as  being  imprinted  during  this  second  step,  through
scattering  off  the  chiral  ionic  potential  in  the  continuum.  Could  the  first  step  also  imprint  a
chirosensitive response? 

We introduce two complementary approaches, using sub-cycle shaped ionizing laser fields. First, we
photoionize chiral molecules with a field composed of co-rotating circularly polarized fundamental
and second harmonics (Fig. 1(b)). The angular streaking by rotating field encodes information on the
ionization  dynamics.  Second  we  combine  a  linearly  polarized  fundamental  and  its  orthogonality
polarized second harmonic to manipulate the instantaneous chirality of the ionizing radiation [3] and
perform sub-cycle gated photoelectron interferometry (Fig. 1(c)). These two approaches enable us to
disentangle  the  two steps  in  strong-field  ionization.  They show that  tunnel-ionization  from chiral
molecules  in  a  rotating laser  field is  a  chirosensitive  process,  imprinting a  sub-barrier  phase  and
amplitude modulation of the electron wavepacket. 

Figure 1: (a) The two steps of strong -field ionization. (b) Angular streaking in a bicircular laser field. (c)
Photoelectron interferometry in a bilinear laser field.

[1] M.H.M. Janssen and I. Powis, Phys. Chem. Chem. Phys. 16 (2014) 11114.

[2] S Beaulieu, A Ferré, R Géneaux, R Canonge, D Descamps, B Fabre, N Fedorov, F Légaré, S Petit, T Ruchon, V Blanchet,
Y Mairesse  and B Pons, New J. Phys. 18 (2016) 102002

[3] S. Rozen, A. Comby, E. Bloch, S. Beauvarlet, D. Descamps, B. Fabre, S. Petit, V. Blanchet, B. Pons, N. Dudovich, and
Y. Mairesse, Phys. Rev. X 9 (2019) 031004.
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Probing ultrafast chiral dynamics in complex molecules 
with chemical sensitivity 

D. Faccialà  1   

1 Istituto di Fotonica e Nanotecnologie CNR-IFN, Milano, Italy

E-mail: davide.facciala@polimi.it

Chirality, or handedness, is the property of an object to be not superimposable to its mirror image. One
of  the  most  significant  manifestations  of  chirality  is  the  existence  of  pair  of  chiral  isomers  with
opposite handedness, called enantiomers or optical isomers. Despite having identical properties in an
achiral environment, most enantiomers exhibit very different chemical and physical properties when
interacting with other chiral objects, such as other chiral molecules or circularly polarized light. As a
result,  chirality governs  most  biochemical  interactions,  playing a fundamental  role in  science and
nature,  from drug development to  the formation of  life itself.  For  this  reason,  the  study of  time-
dependent dynamics in chiral molecules on the femtosecond and attosecond time scale represents one
of the key steps for unraveling and controlling the evolution of chirality during a chemical reaction. In
this perspective, time-dependent photo-electron circular dichroism (TR-PECD) constitutes one of the
most  promising  techniques  for  studying  these  dynamics  in  real-time.  In  conventional  PECD,  a
circularly polarized pulse ionizes a randomly oriented enantiomer, and the chirality emerges from a
strong forward-backward  asymmetry of  the  photoelectron  distribution  along the  laser  propagation
direction.  In  TR-PECD, the chiral  relaxation dynamics  initiated by a  femtosecond pump pulse  is
tracked with a time-delayed circularly polarized femtosecond probe pulse. 

Recently, TR-PECD from the electronically exited state of a molecule has been demonstrated
[1,2]. In this speech, I will show how it is possible to perform TR-PECD from the highly localized
core-levels of a molecule, with soft X-rays and extreme ultraviolet (XUV) circularly polarized Free
Electron Laser (FEL) radiation. This approach combines the chemical sensitivity of core excitation [3]
with the chiral sensitivity of circularly polarized light, allowing us to gain a better understanding of the
underlying processes. In particular, I will present an experiment where we probed, at the core level,
the femtosecond chiral dynamics occurring in a photo-excited randomly oriented sample of a selected
fenchone  enantiomer,  exploiting  the  circularly  polarized  XUV light  source  provided  by  the  FEL
FERMI.  These results represent one of the first observations of chiral femtosecond dynamics probed
with core-level excitation and pave the way towards the extension of this technique to more complex
molecular and electronic chiral dynamics, and to the study of these dynamics on the attosecond time
scale. 

[1] A. Comby et al., J. Phys. Chem. Lett. 7 (2016)  4514–4519. 

[2] S. Beaulieu et al., Faraday Discuss. 194 (2016) 325–248

[3] V. Ulrich et al., J. Phys. Chem. A 112 (2008) 3544-3549 
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spectrum and quantum dynamics of polyatomic molecules 

C. Fábri1, G. J. Halász2, Á. Vibók3,4 
1MTA-ELTE Complex Chemical Systems Research Group, Budapest, Hungary 

2Department of Information Technology, University of Debrecen, Debrecen, Hungary 
3Department of Theoretical Physics, University of Debrecen, Debrecen, Hungary 

4ELI-ALPS, ELI-HU Non-Profit Ltd, Szeged, Hungary 
E-mail: ficsaba@staff.elte.hu 

The interaction of a molecule with the quantized electromagnetic field of a nano-cavity gives rise to 
polaritonic (hybrid light-matter) states and light-induced conical intersections between polaritonic 
potential energy surfaces. Strong nonadiabatic effects associated with quantum-light-induced conical 
intersections have substantial impact on the absorption spectrum and quantum dynamics of the coupled 
molecule-cavity system. We choose the four-atomic formaldehyde molecule, lacking any natural 
nonadiabatic effects, as target of our examinations and consider the coupling between the molecule and 
a cavity mode which is in near resonance with the S0–S1 electronic transition of formaldehyde. 

In the first part of the lecture we investigate the validity of the Born–Oppenheimer approximation, 
neglecting nonadiabatic coupling between polaritonic surfaces, in relation to spectroscopy. We show 
that the Born–Oppenheimer approximation may fail even if one vibrational degree of freedom is treated 
and generally fails for two- or more-dimensional vibrational models due to conical intersections induced 
by the cavity [1]. In the second part, inspired by the idea presented in [2], we demonstrate that the time-
resolved ultrafast radiative emission of the cavity enables to follow both nuclear wavepacket dynamics 
on and nonadiabatic population transfer between polaritonic potential energy surfaces without applying 
a probe pulse. The latter provides an unambiguous (and in principle experimentally accessible) 
dynamical fingerprint of quantum-light-induced conical intersections [3]. 

[1] C., Fábri, G. J., Halász, L. S., Cederbaum, Á., Vibók, Chem. Sci. 12 (2021) 1251–1258. 

[2] R. E. F., Silva, J., Pino, F., García-Vidal, J., Feist, Nat. Commun. 11 (2020) 1423. 

[3] C., Fábri, G. J., Halász, Á., Vibók, https://arxiv.org/abs/2108.12886 (2021). 
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Time-resolved images of electron dynamics in atoms and molecules using 

the new capabilities of FEL and XFEL sources 
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Free electron lasers (FELs) and X-ray FELs facilities are nowadays capable to provide ultra-short pulses, 

as short as a few tens of attoseconds [1], and with unprecedented intensities (1020 W/cm2), over a large 

range of photon energies going from VUV to the hard X-ray domain. These light sources provide new 

avenues to explore non-linear response in atoms and molecules [2], such as direct two-photon ionization 

of atoms [3] or non-linear Raman and Compton scattering processes [4]. In the present talk, we discuss 

our most recent theoretical developments and simulations performed to investigate highly non-linear 

processes occurring in atoms and molecules when subject to these sources, physical phenomena that can 

only be access experimentally with the newest capabilities at FEL facilities. First, the high brilliance of 

these sources is employed to induce above threshold two-photon ionization in He atom in the XUV 

frequency region, allowing one to uncover distinct two-photon direct and sequential mechanisms in the 

electron emission depending on the specific energy region [5]. Secondly, a hardly explored scenario is 

investigated in the hydrogen molecule: stimulated Compton scattering (SCS) [6] using soft X-ray 

frequencies, ranging from 0.5 to 1.6 keV [7]. At these frequencies the commonly employed dipole 

approximation breaks down and non-dipole corrections are required to describe the SCS process. 

Interestingly, we found that as result of this mechanism an asymmetric electron emission is induced in 

the homonuclear molecule, favoring a specific direction of the electron emission depending on the 

relative orientation of the molecule with respect to the polarization and the propagation directions of the 

light (see Fig. 1). Finally, on-progress applications to extract time-resolved images of electron dynamics 

in small biomolecules exploiting the capabilities of FEL will be discussed. 

 

 

 

 

 

 

 

 

Figure 1: Stimulated Compton Scattering scheme. (Upper row) Photoelectron spectra including the 

contributions of the dipole (A.p) and non-dipole correction terms (A2). (Bottom row) Angular distributions. 

[1] E. Hemsing et. al., Rev. Mod. Phys. 86 (2014)  897  

[2] S. Huang et. al., PRL 119 (2017) 154801  

[3] G. Doumy et. al., PRL 106 (2011) 083002 

[4] M. Kircher et. al., Nat. Phys. 16 (2020) 756  

[5] D.I.R. Boll, O.A. Fojón, C. W. McCurdy and A. Palacios, Phys. Rev. A 99 (2019) 02341 

[6] H. Bachau et. al., Phys. Rev. Lett. 112 (2014)  073001  

[7] A. Sopena, A. Palacios, F. Catoire, H. Bachau and F. Martín, in press (2021) 
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On the preservation of coherence in the electronic wavepacket of a neutral 

and rigid polyatomic molecule 
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We present [1] a rigid model of five nuclear dimensions and three electronic states for the pyrazine 

molecule to investigate the time evolution of electronic coherences. By an ultrafast optical pump- ing in 

the ground state (11Ag), we prepare a coherent superposition of the 11B2u and 11B1u excited states 

and reveal the effect of the nuclear motion on the preservation of the created electronic co- herence. 

More specifically, two aspects are considered: the anharmonicity of the potential energy surfaces and 

the coordinate-dependence of the transition dipole moments (TDM). To this end, we define an ideal 

model by making three approximations: (i) only the five totally symmetric modes move, (ii) which 

correspond to uncoupled harmonic oscillators, and (iii) the TDMs from the ground electronic state to 

the two bright states are constant (Franck-Condon approximation). We then lift the second and third 

approximations by considering, first, the effect of anharmonicity, second, the effect of coordinate-

dependence of the TDMs (first-order Herzberg-Teller contribu- tion), third, both. Our detailed numerical 

study confirms long-term revivals of the electronic coherence even for the most realistic level of the 

presented model.  

 

[1] A. Csehi, P. Badankó, G. J. Halász, Á. Vibók, and B. Lasorne, J. Phys. B-At. Mol. Opt. Phys. 53 (2020) 184005. 
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pulses 
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The combination of ultrashort optical and X-ray pulses has and is still opening fascinating 

opportunities in the study of the dynamical behaviour of (bio)chemical systems. It is also bringing us to 

the core electron processes that trigger nuclear dynamics in these systems. In this presentation, I will 

dwell on some examples that point to the occurence of extremely fast electron and nuclear dynamics in 

the case of transition metal complexes and metallo proteins. I will then discuss some recent 

developments in the field of non-linear X-ray phenomena and elaborate on future developments in the 

study of chemical systems. 
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a Table-Top Femtosecond Soft X-Ray Source 
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Time-resolved X-ray absorption spectroscopy has become a method of choice to investigate the local 

electronic structure of molecules under non-equilibrium conditions. With recent developments of 

broadband table-top soft X-ray sources, the technique is no longer limited to large-scale facilities and 

can supply photon energies covering the K-absorption edges of the three biologically most abundant 

chemical elements (O, N, C). The method has successfully been applied by multiple groups to study 

molecular photochemical reactions in the gas phase [1-3], while the adaptation to the classical 

chemical reaction of a solute in the liquid phase has remained a challenge. In my talk I want to 

showcase our efforts in this direction using liquid flatjet technology [4] in synchrotron based 

experiments and present recent developments with our high-order harmonics setup [5,6]. 

The focus of our scientific work at large scale facilities has been on proton transfer reactions. 

Employing the local probe character of soft X-ray spectroscopy we investigate proton-donating 

molecules, so-called photoacids after UV excitation. The observed electronic structural changes allow 

conclusions to be drawn about the driving force for photoacidity i.e. for the increase in deprotonation 

rates upon photoexcitation. We were also able to follow the proton uptake of the proton-receiving 

reaction partner, paving the way for studies of the microscopic mechanism of proton transport through 

solutions. 

In the second part I will present the current status of our table-top high-order harmonics setup 

for soft X-ray spectroscopy on liquid jets. With the implementation of a reflective zone plate 

spectrometer a 12% efficiency at the nitrogen K-edge, with a resolving power E/E = 890, clearly 

better than what typically has been achieved with commercially available spectrometers based on 

variable line space gratings was reached [6]. Using the higher photon flux, we performed first transient 

soft X-ray absorption experiments investigating the strong field ionization dynamics of molecular 

nitrogen by intense near infrared 50 fs laser pulses. The initially created distribution of multiple ionic 

states of N2
+ and the subsequent fragmentation to neutral and single charged nitrogen atoms is directly 

mapped onto the transient N K-edge absorption spectrum. We rationalize the observed dynamics on a 

timescale of a few tens of picoseconds with dissociative excitation of N2
+ in the dense plasma formed 

in the focus of the laser pulse. Our study highlights the capability of high-order harmonics based 

setups to simultaneously probe multiple coexisting species in complex photoinduced reactions by 

means of a broadband X-ray probe pulse. 

[1] A. R. Attar, A. Bhattacherjee, C. D. Pemmaraju, K. Schnorr, K. D. Closser, D. Prendergast, S. R. Leone, Science, 356, 

(2017), 54-59. 

[2] Y. Pertot, C. Schmidt, M. Matthews, A. Chauvet, M. Huppert, V. Svoboda, A. von Conta, A. Tehlar, D. Baykusheva, J.-P. 

Wolf, H. J. Wörner, Science, 355, (2017), 264-267. 

[3] N. Saito, H. Sannohe, N. Ishii, T. Kanai, N. Kosugi, Y. Wu, A. Chew, S. Han, Z. Chang, J. Itatani, Optica, 6, (2019), 

1542-1546. 

[4] M. Ekimova, W. Quevedo, M. Faubel, P. Wernet, E.T.J. Nibbering, Struct. Dyn. 2 (2015) 054301/1-13. 

[5] C. Kleine, M. Ekimova, G. Goldsztejn, S. Raabe, C. Strüber, J. Ludwig, S. Yarlagadda, S. Eisebitt, M.J.J. Vrakking, T. 

Elsaesser, E.T.J. Nibbering, A. Rouzée, J. Phys. Chem. Lett. 10 (2019) 52-58. 

[6] C. Kleine, M. Ekimova, M.-O. Winghart, S. Eckert, O. Reichel, H. Löchel, J. Probst, C. Braig, C. Seifert, A. Erko, A. 

Sokolov, M.J.J. Vrakking, E.T.J. Nibbering, A. Rouzée, Struct. Dyn. 8 (2021) 034302/1-6. 
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The  theoretical study of chemical processes involving excited electronic states is a subject of 

fundamental and practical importance. This talk presents our strategies for modelling these processes. 

One usually starts with the theoretical assignment of electronic spectra. In complex molecules this  is a 

challenging problem which requires the determination of the diabatic character of a large number of 

electronic states. We will discuss a procedure for automatically determining the characters of electronic 

transitions and apply it for the assignment of UV absorption spectra of the five nucleobases in the gas 

phase and in aqueous solution. [1,2] 

In photochemical reactions, the time-dependent population probabilities of electronic states are the 

observables of interest. By comparing a range of methods for  solving the  time dependent Schrödinger 

equation we show that trajectory-based mixed quantum-classical methods which account for switching 

between electronic states, but otherwise neglect nuclear quantum effects, are well suited to deliver this 

information. The methodology is illustrated for photophysical and photochemical processes of recent 

interest.[3,4] 

We focus then on methods for monitoring  photochemical reactions and discuss  a theoretical framework 

for the simulation of femtosecond time resolved transient absorption and photoionization  spectra using 

trajectory-based methods.[5,6]  

 

[1] M. Sapunar, T. Piteša, D. Davidović, N. Došlić, JCTC, 15, (2019) 3461-3469  

[2] M. Sapunar, W. Domcke, N. Došlić, PCCP, 21, (2019) 22782-22793  

[3] T. Piteša et al. JACS, 142, (2020) 9718-9724 

[4] L. Grisanti, M. Sapunar, A. Hassanali, N. Došlić, JACS, 142, (2020) 18042-18049  

[5] M. F. Gelin et al. JCTC, 17, (2021)  2394-2408  

[6] T. Piteša et al. JCTC, 17, (2021) 5098-5109  
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 With coherent diffraction imaging (CDI), "snap-shot" images of individual isolated 

nanoscale specimen can be recorded [1]. In CDI, the intense pulses from short-wavelength free-

electron lasers (FELs) or high harmonic generation (HHG) sources scatter off a free-flying 

nanostructure and form an interference pattern on a large-area detector. With computer-based 

iterative phase-retrieval [2] or forward-fitting methods [3,4] the structure can be retrieved from 

the pattern. CDI has enabled the in-situ imaging of such fragile specimen as single viruses [5] or 

superfluid spinning helium nanodroplets [4,6].  

In the field of laser-cluster interaction studies, the possibility to image a single cluster in a 

single laser pulse and to measure at the same time the residuals from the interaction, i.e. ions, 

electrons or fluorescence light, opened up a new class of quantitative experiments [7,8,9]. The 

usual averaging over cluster sizes and laser intensities in experiments on ensembles is avoided. 

In post-processing, the single shot data can even be sorted for cluster size and X-ray intensity by 

the information gained from the CDI pattern.  

Light-induced structural dynamics such as melting of 

metal clusters (sketched in Fig. 1, Dold, von Issendorff et al., 

in preparation), can be studied in a time-resolved manner using 

pump-probe schemes: The cluster is brought to an excited state 

by pre-irradiation with an optical laser before imaging with an 

X-ray pulse. Furthermore, not only structural changes can be 

observed with CDI. Also electronic processes which occur 

during irradiation with a sufficiently intense laser pulse, such as 

ionization and the formation and evolution of a nanoplasma, change the diffraction response 

[10,11]. However, these processes happen so fast that they are not approachable with the typical 

100 fs pulses at FELs. In this context, the current leap of FELs and HHG sources towards intense 

attosecond pulses is a promising prospect for our research. 

 In my talk I will discuss recent results on the light-induced dynamics in single clusters on 

different time scales from sub-femto- to picoseconds. 

 

 

References: 

[1] Chapman, H. N. & Nugent, K. A. Coherent lensless x-ray imaging. Nature photonics 4, 833–839 (2010). 

[2] Fienup, J. R. Phase retrieval algorithms: a comparison. Applied optics 21, 2758–2769 (1982). 

[3] Barke, I. et al. The 3D-architecture of individual free silver nanoparticles captured by x-ray scattering, Nat. com. 6 (2015). 

[4] Langbehn, B. et al. Three-dimensional shapes of spinning helium nanodroplets. PRL 121, 255301 (2018). 
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[6] Gomez, L. F. et al. Shapes and vorticities of superfluid helium nanodroplets. Science 345, 906–909 (2014). 

[7] Bostedt, C. et al. Clusters in intense flash pulses: ultrafast ionization dynamics and electron emission studied with 
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Figure 1: Sketch of coherent 

diffraction images tracing laser-

induced melting of the facets of 

individual silver nanoparticles. 
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X-ray imaging at the nanoscale with attosecond time resolution 
Tais Gorkhover et al., CFEL/IExp, University of Hamburg 

E-mail:tais.gorkhover@desy.de 

Most of our high-resolution imaging methods 
compromise between temporal or spatial 
resolutions akin to a pinhole camera. This 
still limits our capabilities to observe fast 
processes at the nanoscale, especially as 
the required brightness often damages the 
sample. Examples of such processes 
include chemical and catalytic reactions, 
nucleation dynamics and growth of 
nanoparticles, as well as other 
fragile/intermediate states of matter. One 
idea to overcome this obstacle is to use Free 
Electron Lasers (FELs), which are capable of 
producing very bright bursts of coherent X-
rays within a few femtoseconds. X-ray FELs 
help to visualize transient processes in 
“frozen” time steps via single shot coherent 
X-ray diffractive imaging (CDI). Currently, 
the resolution of single CDI images is around 
ten of nanometers, which is limited by the 
brightness of the images [1-3]. Our recent 
study at LCLS suggests that transient ionic 
resonances (TR) above an absorption edge 
can enhance diffraction efficiency before 
significant structural damage can occur. This 
is surprising as TRs are usually regarded as a signature of increased X-ray absorption/damage and 
thus, detrimental to image quality [4-6]. We recorded a large data set of single exposure diffraction 
patterns with 200 fs, 5 fs and sub-fs FEL pulse durations from Xe nanoparticles by scanning the FEL 
energy in the vicinity of the 3d absorption edge. Our experimental results and a theoretical simulation 
suggest, that TRs  provide a pathway to increase the quality of CDI with soft and hard X-ray FELs. 
Particularly, newly available sub-fs FEL pulses will play a crucial role to outrun the structural damage. 
We demonstrate that intense FEL pulses can combine nanometer with attosecond resolutions at the 
single nanoparticle level which opens a novel route to study ultrafast non-equilibrium dynamics at the 
nanoscale. 
 
[1] Neutze, R., et al. Nature 406, 752–757 (2000) 
[2] Aquila, A., et al. Struct. Dyn. 2.4 (2015): 041701. 
[3] Gorkhover, T, et al. Nat. Phot. 12.3 (2018): 150. 
[4] Kanter, E. P., et al. Phys. Rev. Lett. 107.23 (2011): 233001. 
[5] Rudek, B, et al. Nat. Phot. 6.12 (2012): 858. 
[6] Bostedt, Ch, et al. Phys. Rev. Lett. 108.9 (2012): 093401. 
[6] Duris, Joseph, et al. Nat. Phot. 14.1 (2020): 30-36 
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We demonstrate an experimental method for monitoring the distribution and temporal evolution of the 

available electron states upon the excitation and decay of surface plasmon polaritons (SPP). Our method 

is based on the measurement of the dielectric function of the plasmonic system with ultrafast 

ellipsometry. Exploiting the correlation between the dielectric function and the electron distribution 

function, pump-probe ellipsometric approach with <100fs resolution enabled us to determine electron 

distributions belonging to different processes after SPP generation when energetic electrons are 

generated, scattered among each other and interact with the lattice.  

For the excitation of SPPs, we applied the Kretschmann-geometry involving a glass right angle 

prism coated with 45 nm gold by thermal evaporation. SPPs were excited from the backside of the film 

using the 35 fs pump pulses at 800 nm of an amplified Ti:sapphire laser (Coherent Astrella). 

Simultaneously, spectral fingerprints of SPP-related changes were monitored by spectroscopic 

ellipsometry, illuminating the sample from the top side with white light continuum probe pulses 

generated from a part of the fundamental beam under 55° angle of incidence.  

For the interpretation of the measured changes in the dielectric function, we exploited its 

proportionality with the joint density of electron states and electron occupancies [1]: 

 𝜀2(𝜔) = 𝜀2, 𝑖𝑛𝑡𝑟𝑎(𝜔) +
𝐴

(ℏ𝜔)2
∫ 𝐷(ℏ𝜔,  𝐸)(1 − 𝑓(𝐸))𝑑𝐸
𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛
 , where 2,intra is the contribution of the 

intraband electronic transitions, D(ħ,E) denotes the energy distribution of the joint density of states 

(EDJDOS), and f(E) describes the electron energy distribution. To determine 2,intra a Drude function 

was applied, while to calculate the EDJDOS parabolic band structures were assumed at the L and X 

points in the Brillouin zone according to [1]. 

To describe the changes of the measured dielectric functions, we assumed different electron 

distributions belonging to the different mechanisms following the SPP excitation. During the first 100fs, 

the photon absorption perturbs the Fermi-Dirac distribution at energies matching with the excitation 

energy. Later, a high temperature electron distribution develops. When the energetic electrons interact 

with the lattice, slight changes are expected near the Fermi energy level accounting for the phonon 

excitation, and finally the system reaches a thermalized state. By introducing these changes into the 

electron distribution function, we can compute the corresponding dielectric function using the equation 

above. Good agreement between the measured and simulated changes in the dielectric function supports 

the applicability of our method (Fig. 1).  

 
Figure 1: a) Simulated electron distributions belonging to different processes. b) Measured and c) simulated 

changes in the dielectric function of the plasmonic gold layer.   

 In summary, we could detect the different stages of the plasmonic system following the SPP 

excitation and the corresponding electron distributions. The signatures of these transient electronic states 

were revealed with the help of spectroscopic ellipsometry.  

[1] T., Heilpern, et al., Nat. Comm. 9 (2018) 1853. 
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Selective core excitation of molecules by X-ray resonantly-enhanced 
difference-frequency generation 

Carles Serrat 
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Using real-time time-dependent density functional theory simulations I show how an oxygen atom in a 
water gas molecule is excited at its K-edge by resonantly-enhanced difference-frequency generation (re-
DFG) involving intense ultrashort two-color coherent X-ray pulses [1]. The duration of the two-color 
pulses determine the spectral selectivity that can be achieved by the nonlinear re-DFG effect. 

 
Figure 1: Left: Spectral signal resulting from the interaction of two-color (3ω, 4ω) pulses with a water molecule, 
for three different values of the photon energies and 1012 W/cm2. The inset is a zoom of the spectra near the oxygen 
K-edge showing the enhancement of the DFG signal at resonance (the calculated oxygen K-edge is in this case 
ω0=543 eV). Center: DFG spectral signal integrated around the oxygen K-edge as a function of the incident photon 
energy (ℏω) of two-color (3ω, 4ω) pulses. Right: Snapshots of the density-difference 46 as after the exciting two-
color field is over, in the case of resonance (3ω0, 4ω0). The period of the calculated oxygen K-edge is 7.6 as. The 
illustration shows a complete cycle of the core oxygen excitation, the temporal resolution of the numerical 
integration is 0.48 as. 

Resonant excitation near a core atomic ionization edge in a molecule can follow a rapid 
redistribution of charge and the molecule might become unstable and dissociate. In this regard, 
considering that a spectral fingerprint of the particular state of a molecule can generally be obtained by 
its XANES/EXAFS linear absorption spectra, the selectivity of the re-DFG process that I outline could 
be further optimized using a combination of several synchronized two-color (ω1, ω2) pulses producing 
ω2 − ω1 signals resonant with several molecular core absorption lines. I therefore anticipate the potential 
of extending this technique to larger molecules and to higher photon energies following the rapid 
advances in FEL sources, by considering two-color hard X-ray pulses to core excite higher atomic 
number atoms by re-DFG. The essential in this hard X-ray approach is that the two-color (ω1, ω2) pulses 
can be highly penetrating in bulk, while the core resonant re-DFG signals ω2 − ω1 are not. In this 
perspective, it was recently reported that exposure to laser-produced hard X-rays pulses with relatively 
high peak intensities - such as the ones used in the present simulations, does not lead to increased harm 
to mammalian cells exposed in vitro compared with the harm induced from exposure to hard X-rays 
with the same dose from conventional medical sources, concluding that the use of high-power laser 
facilities for medical imaging is justified [2]. Extensions of the present results are hence in progress to 
study the optimal pulse parameters such as photon energies, peak intensities and durations to attain a 
harmless dose in different tissues and materials using coherent hard X-ray pulses producing sufficiently 
intense re-DFG signals to dissociate molecules. Extensive potential applications of the nonlinear X-ray 
re-DFG effect can be envisaged, which include, in general, the local and selective manipulation of atoms 
and molecules in bulk matter, and in particular in medicine, it might be significant for local and selective 
cancellation of the active center of biomolecules maybe combined with molecule labellings. 

 
[1] C. Serrat "Resonantly-Enhanced Difference-Frequency Generation in the Core X-ray Absorption of Molecules" 
(submitted). 

[2] C. Tillman, G. Grafström, A.-C. Jonsson, B.-A. Jönsson, I. Mercer, S. Mattsson, S.-E. Strand, S. Svanberg, Radiology 213 
(1999) 860-865. 
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Cis → Trans Photoisomerisation of Azobenzene [1] 

I. C. D. Merritt, D. Jacquemin, M. Vacher 

Laboratoire CEISAM – UMR 6230 – CNRS – Université de Nantes, Nantes, France 

E-mail: isabella.merritt@univ-nantes.fr; morgane.vacher@univ-nantes.fr 

The cis-to-trans photo-isomerisation mechanism of azobenzene, after excitation to the nπ* and ππ* states, 

is revisited using ab initio surface hopping mixed quantum-classical dynamics in combination with 

multi-reference CASSCF electronic structure calculations. A reduction of photoisomerisation quantum 

yield of 0.10 on exciting to the higher energy ππ* state compared to the lower energy nπ* state is 

obtained, in close agreement with the most recent experimental values [2] which re-examined larger 

changes in quantum yield found in prior literature. By direct comparison of both excitations, we have 

found that the explanation for the decrease in quantum yield is not the same as the one of the trans-to-

cis photoisomerisation. 

 

 

Figure 1:. Summary of the major pathways accessible to cis-AZB, and fraction of photochromes which follow 

each pathway, after both nπ * (yellow) and ππ* (green) excitation   

In contrast to trans-to-cis, decay from the S1 state does not occur at ‘earlier’ C−N=N−C angles 

along the central torsional coordinate after ππ* excitation: in the cis-to-trans case, the rotation about this 

coordinate occurs too rapidly. The wavelength dependency of the quantum yield is instead found to be 

due to a potential well on the S2 surface, from which either cis or trans-azobenzene can be formed. The 

combination of two factors results in the reduction of 0.10 of the quantum yield of photoisomerisation 

on ππ* excitation of cis-azobenzene, compared to nπ* excitation. Firstly, the potential well is more easily 

accessed after ππ* excitation - an additional 15-17% of photochromes, which under nπ* excitation would 

have exclusively formed trans-azobenzene, are trapped in this well after ππ* excitation. Secondly, the 

probability of forming cis-azobenzene when leaving this well is also higher after ππ* excitation, 

increasing from 9% to 35%.  

[1] I. C. D. Merritt, D. Jacquemin and M. Vacher, Phys. Chem. Chem. Phys., 2021, Advance Article, 10.1039/D1CP01873F 

[2] V. Ladányi, P. Dvořák, J. A. Anshori, Ľ. Vetráková, J. Wirz and D. Heger, Photochem. Photobiol. Sci., 2017, 16, 1757–

1761, 10.1039/C7PP00315C 
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Attosecond Coherent Electron Motion in Molecules Measured with 

Ultrashort X-ray Pulse Pairs 

Jordan T. O’Neal1,2, Taran Driver2,3 and the LR25, LV94 and LW88 collaborations 

1Department of Physics, Stanford University, Stanford, CA, USA 

2Stanford PULSE Institute, Menlo Park, CA, USA 
3SLAC National Accelerator Laboratory, Menlo Park, CA, USA 

E-mail: joneal2@stanford.edu, tdriver@stanford.edu 

Attosecond soft X-ray pulse pairs from a free-electron laser [1] offer the opportunity to probe valence 

electron dynamics in molecules, with elemental specificity, on the natural attosecond timescale of 

coherent valence electron motion. We present two recent measurements performed at the Linac Coherent 

Light Source employing ultrashort X-ray pulse pairs [1,2] to probe few- to sub-femtosecond coherent 

electron dynamics. 

A coherent superposition of electronic states is prepared in a molecule by impulsive valence 

ionization [3] by an ultrashort first (pump) X-ray pulse. The resulting valence electron dynamics are 

probed by a second (probe) ultrashort X-ray pulse, tuned to the manifold of O 1s → inner valence 

transitions in the molecule and arriving at a controlled time delay after the pump pulse. We measure the 

delay-dependence of the cross section for this resonant absorption process, which maps to the transient 

valence electron density in the proximity of the O atom. These measurements are performed by 

collecting the Auger-Meitner (AM) electrons emitted following decay of the O 1s → valence excitation. 

By scanning the X-ray photon energy, we spectrally resolve the time-dependence of different O 1s → 
inner valence transitions. This provides access to the varied dynamics triggered by coherent removal of 

different valence electrons.  

In the first experiment [4], we use few-fs pulse pairs [2] to make the first time-resolved measurement 

of frustrated Auger-Meitner decay in a photoionized molecule. By spectrally resolving the resonant X-

ray probe step, we experimentally observe the electron hole lifetimes associated with removal of an 

electron from different inner valence orbitals. In the second experiment we use attosecond pulse pairs 

[1] to interrogate the coherent electron dynamics of valence ionized para-aminophenol. We observe the 

pump pulse opening a new transient resonant absorption channel whose delay dependence provides 

access to the attosecond coherent electron dynamics in the molecule. We also perform time-resolved X-

ray photoelectron spectroscopy on the three atomic edges in the molecule. 

 

[1] J. Duris*, S. Li*, T. Driver et al., Tunable isolated attosecond X-ray pulses with gigawatt peak power from a free-electron 

laser, Nat. Phot. 14 (2020) 30–36. 

[2] A. A Lutman et al., Fresh-slice multicolour X-ray free-electron lasers, Nat. Phot. 10 (2016) 745–750. 

[3] L. Cederbaum, J. Zobeley, Ultrafast charge migration by electron correlation, Chem. Phys. Lett. 307 (1999) 205–210. 

[4] T. Barillot, O. Alexander, B. Cooper. T. Driver et al., Correlation-driven transient hole dynamics resolved in space and 

time in the isopropanol molecule, Phys. Rev. X 11 (2021) 031048. 

Figure 1. a & b time-resolved electron hole 

dynamics in isopropanol following ionization 

from the 7a (a) and 6a (b) orbitals. c) resonant 

Auger-Meitner (AM) absorption of para-

aminophenol measured with attosecond X-ray 

pulses. At the photon energy indicated by the 

horizontal dashed lines, a new resonant feature 

appears at very short delays when the molecule 

is pumped by an X-ray attosecond pulse. The 

associated kinetic energy spectrum of these 

AM electrons matches the normal (KLL) AM 

spectrum in the ground state molecule (d). 
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Probing the UV-induced photochemistry of the L-Cysteine disulfide in 

aqueous solution via femtosecond X-ray absorption spectroscopy 

Miguel Ochmann1, Jessica Harich1, Rory Ma2, Jae Hyuk Lee2, Daewoong Nam2, Sangsoo 

Kim2, Intae Eom2, Minseok Kim2, Yujin Kim3, Mahusudana Gopannagari3, Dae Hye Hong3, 

Tae Kyu Kim3 and Nils Huse1 

1Institute of Nanostructure and Solid State Physics, University of Hamburg and Center for Free-Electron Laser 

Science, 22761 Hamburg, Germany 
2Pohang Accelerator Laboratory, Pohang 37673, Republic of Korea 

3Department of Chemistry, Yonsei University, Seoul 03722, Republic of Korea 

E-mail: jharich@physnet.uni-hamburg.de 

The disulfide bond motif is an important structure-making moiety in proteins, whereby two spatially 

adjacent L-cysteinyl residues in an amino acid chain can react to form a covalent disulfide bond. These 

disulfide bonds stabilize the proteins tertiary structure and can act as a UV radiation shield and as radical 

scavengers. 

However, many of the underlying processes are still unknown. This is especially true for the 

earliest timescales where the initial disulfide bond breakage occur. Therefore, the UV photochemistry 

of sulfur-containing amino acids and in particular of the disulfide bond are of interest in the field of 

ultraviolet photochemistry in proteins. Such reactions have therefore been studied extensively with both 

conventional and time-resolved methods. We demonstrated that time-resolved X-ray absorption 

spectroscopy (TRXAS) at the sulfur K edge is a chemically sensitive tool to observe the UV 

photochemistry of simple organosulfur compounds in nonpolar solvent environments [1–2]. However, 

for a better understanding of the photochemistry under physiological conditions, these model systems 

need to be extended to the natural amino acid L-Cysteine in aqueous solution. 

Herein, we report the first results of the photodissociation dynamics of L-Cystine, the disulfide 

dimer of L-Cysteine, in aqueous solution upon UV irradiation with 267 nm light using TRXAS at the 

sulfur K-edge with femtosecond time resolution. We observe the emergence and subsequent decay of 

the photoproduct on timescales of hundreds of femtoseconds up to 800 ps [3]. 

Figure 1: Panel A shows possible reaction pathways of L-Cystine after UV-excitation. In panel B is the 

differential X-ray absorption spectrum of L-Cystine at 0.3 ps after 267 nm excitation is displayed. The negative 

absorbance change at 2471.8 eV signals the emergence of either excited state parent molecules or new sulfur-

containing species. The characteristic absorption lineshape of the sulfur radical at 2466.5 eV suggests ultrafast 

generation of thiyl radicals. 

[1] M., Ochmann, I., von Ahnen, A.A., Cordones, A., Hussain, J.H., Lee, K., Hong, K., Adamczyk, O., Vendrell, T.K., Kim, 

R.W., Schoenlein, N., Huse, J. Am. Chem. Soc. 139 (2017) 4797−4804. 

[2] M., Ochmann, A., Hussain, I., von Ahnen, A.A., Cordones, K., Hong, J.H., Lee, R., Ma, K., Adamczyk, T.K., Kim, 

R.W., Schoenlein, O., Vendrell N., Huse, J. Am. Chem. Soc. 140, (2018) 6554−6561. 

[3] M., Ochmann, J., Harich, R., Ma, A., Freibert, J.H., Lee, D., Nam, S., Kim, I., Eom, M., Kim, Y., Kim, M., Gopannagari, 

D.H., Hong, T.K., Kim, N., Huse, in preparation. 
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Attosecond Spectroscopy of Small Organic Molecules:
XUV pump-XUV probe Scheme in Glycine
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1Instituto Madrileño de Estudios Avanzados en Nanociencia, 28049 Madrid, Spain
2Departamento de Quı́mica, Módulo 13, Universidad Autónoma de Madrid, 28049 Madrid, Spain

3Dipartamento di Scienze Chimiche e Farmaceutiche, Universitá di Trieste, 34127 Trieste, Italy
4Institute for Advanced Research in Chemical Sciences (IAdChem), Universidad Autónoma de Madrid, 28049

Madrid, Spain
5 Condensed Matter Physics Center (IFIMAC), Universidad Autónoma de Madrid, 28049 Madrid, Spain

E-mail: jorge.delgado@imdea.org

The availability of coherent light sources with attosecond resolution (1 as=10−18 s) has opened the door
to resolve electron dynamics in excited and ionized complex molecules. The early electron dynamics
triggered in a biomolecule is at the heart of biological processes which are essential to life. Therefore,
understanding the ultrafast charge dynamics that steer these processes has become a hot topic in the
field of attosecond science. Attosecond time-resolve experiments allow us to retrieve images of this
charge dynamics in molecules. The first experiment retrieving a sub-femtosecond ultrafast dynamics in
a biomolecule was performed by using an as UV-pump/ fs IR-probe scheme in phenylananine [1]. The
sub-fs charge fluctuations where associated with electronic coherences initiated by the as pump pulse.
Theorical calculations to describe this experiment were initially performed considering that the nuclei of
the molecule remained fixed in space [1], [2]. How long these electronic coherences can survive when
nuclear motion comes into play is a question that has yet to be solved.

In the present study, we pursue to shed some light on this matter by theoretically describing the
outcome of an attosecond two-color XUV-pump/XUV- probe scheme in glycine. The broadband pump
pulse ionizes the molecule, creating a coherent superposition of cationic states, which evolve in time
coupled to the nuclear motion until it is probed by the second XUV pulse. An explicit evaluation of
the full-electron wave function in the continuum and the inclusion of non-adiabatic effects are carried
out [3]. Both aspects have been addressed in this work by combining a multi-reference static-exchange
method and a surface hopping approach, respectively. We have found that, in the absence of the probe
pulse, ionization can lead to fragmentation of the glycine cation through the C-C or the C-N bonds. The
lower electronic states of the cation are more likely to induce elongation of the C-C bond, while the
higher excited states favor elongation of the C-N bond, both of which can ultimately break. We have
found that by simply varying the central frequency of the pump pulse by a few eVs, one can alter the
cation dynamics favouring specific fragmentation pathways. We have also investigated the role of the
probe pulse in capturing the above dynamics, first by looking at the photoelectron spectra and then at the
fragmentation yields, both as a function of the pump-probe delay.

[1] F. Calegari, D. Ayuso, A. Trabattoni, L. Belshaw, S. De Camillis, S. Anumula, F. Frassetto, L. Poletto, A.
Palacios, P. Decleva, J. B. Greenwood, F. Martı́n, M. Nisoli, Science 346 (2014) 336-339
[2] I Kuleff and Lorenz S Cederbaum J. Phys. B: At. Mol. Opt. Phys. 47 (2014) 124002
[3] J. Delgado, M. Lara-Astiaso, J. González-Vázquez, P. Decleva, A. Palacios, F. Martı́n Faraday Discuss. 228
(2021) 349–377
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Spatial control of molecular dissociation on the surface of nanoparticles 

with tailored laser fields 
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1Department of Physics, Ludwig-Maximilians-Universität Munich, D-85748 Garching, Germany 
2Max Planck Institute of Quantum Optics, D-85748 Garching, Germany 

3State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200062, China 
4Department of Physics, American University of Sharjah, Sharjah, UAE 
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E-mail: Ritika.Dagar@physik.uni-muenchen.de 

The use of nanoparticles in catalysis to boost chemical reactions is expanding. The role of aerosolized 

silica nanoparticles to serve as catalysts in the formation of H3
+ via unconventional ways in intense-

femtosecond laser fields has recently been indicated [1] using the reaction nanoscopy (NanoTRIMS) 

[2,3]. The aforementioned technique is based on three-dimensional ion momentum spectroscopy and in 

the present work, with its assistance, we manifest the control of molecular adsorbate reactions on the 

surface of SiO2 nanoparticles with nano-meter resolution. We demonstrate spatial control of the reaction 

yield landscape on the nanoparticle surface, by tailoring the near-fields using waveform-controlled two-

color laser (1µm and 2µm) pulse. 

  First, we investigate the phase-dependent proton emission and field-induced propagation effects 

with relative phase delays between linearly polarized two-color pulses and using two differently sized 

(300 nm and 600 nm) silica nanospheres. For 300 nm 

particles, we observe a large asymmetry (~80%) in 

H+ emission from the nanoparticle surface. In 

addition to a high asymmetry (though comparatively 

smaller than 300 nm particles), the proton signal 

from larger particles also exhibits the signature of 

field-propagation effects. Then, using bicircularly 

polarized laser pulses, we observe a 3-lobed proton 

momentum distribution with counter-rotating two-

color pulses whereas a semi-lunar like proton 

momenta distribution is observed with co-rotating 

bicircular pulses. A relative phase-delay between the 

two-color pulses results as change in the angular 

distribution of the observed proton momenta 

distribution. The momentum distribution for both the 

cases is believed to change in accordance with the 

pointing direction of the electric-field vector as the 

field propagates and thus the generated near-field 

hotspots in real-time. Therefore, the liberty of shaping 

and controlling the near-field direction, translates into 

the control of the reaction sites on the nanoparticle 

surface. 

 

References: 

 

[1] M.S. Alghabra et al. Nat Commun 12, 3839 (2021) 

[2] P. Rupp et al. Nat. Commun. 10, 4655 (2019)          

[3] P. Rosenberger et al. ACS Photonics 2020 7 (7), 1885-1892  

Figure 1: Calculated near-field enhancement for 

bicircular counter-(a) and co-(b) rotating laser pulses 

and the corresponding proton momentum 

distribution (c) and (d) respectively. 
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The observation of electronic motion in real time has been a dream over the years, which opens un-
foreseen ways to track and manipulate matter. In the last decades, the first light pulses with durations
comparable to the time scale of electronic motion, i.e. a few attoseconds (1 as = 10−18 s), were gen-
erated [1-3]. Thus, it is nowadays possible to obtain real-time images of the formation and breaking
of chemical bonds or to quantify the electron dynamics upon excitation or ionization processes. In a
photoionization event, the electron is ejected from an atom or a molecule after the interaction with an
electromagnetic field. However, the emission is not instantaneous. How long does the electron wave
packet require to escape? This is defined as photoionization time delay. One of the most successful
experimental strategies to extract these photoionization time delays in atoms is the attosecond electron
streaking [4-6]. This technique uses a pump-probe scheme to characterize the electronic wave packet,
accessing the dynamical information. However, scarce works have been performed in molecules [7-10]
and a solid theoretical ground to define the concept of photoionization time delays when the electronic
dynamics is coupled to the nuclear degrees of freedom is still to be developed. This is the goal of the
current project. We employ as benchmark system the simplest molecule, the hydrogen molecular ion.
The dependencies with the nuclear degrees of freedom are investigated by performing, for the first time,
full dimensional simulations to extract molecular photoionization time delays.

[1] Pierre Agostini and Louis F. DiMauro, Reports on Progress in Physics 67 (2004) Page813–Page855.
[2] Paul Corkum and Ferenc Krausz, Nature Physics 3 (2004) Page381–Page387.
[3] Ferenc Krausz and Misha Ivanov, Rev. Mod. Phys. 81 (2009) Page163–Page234.
[4] Eric Constant, Vladimir D. Taranukhin, Albert Stolow and P. B. Corkum, Phys. Rev. A 56 (1997) Page3870–Page3878.
[5] J. Itatani, F. Quéré, G. L. Yudin, M. Yu. Ivanov, F. Krausz and P. B. Corkum, Phys. Rev. Lett. 88 (2002) 173903.
[6] E. Goulielmakis, M. Uiberacker, R. Kienberger, A. Baltuska, V. Yakovlev, A. Scrinzi, Th. Westerwalbesloh, U.
Kleineberg, U. Heinzmann, M. Drescher and F. Krausz, Science 305 (2004) Page1267–Page1269.
[7] Giuseppe Sansone, F Kelkensberg, Jhon Perez-Torres, F. Morales, Matthias Kling, W Siu, Omair Ghafur,
Per Johnsson, Marko Swoboda, Enrico Benedetti, F Ferrari, Franck lépine, J Sanz-Vicario, Sergey Zherebtsov, I
Znakovskaya, Anne L’Huillier, M Ivanov, M Nisoli, F Martı́n and Marc Vrakking, Nature 465 (2010) Page763–Page766.
[8] F. Calegari, D. Ayuso, A. Trabattoni, L. Belshaw, S. De Camillis, S. Anumula, F. Frassetto, L. Poletto, A. Pala-
cios, P. Decleva, J. B. Greenwood, F. Martı́n and M. Nisoli, Science 346 (2014) Page336–Page339.
[9] Denitsa Baykusheva and Hans Jakob Wörner, The Journal of Chemical Physics 146 (2017) 124306.
[10] S. Nandi, E. Plésiat, S. Zhong, A. Palacios, D. Busto, M. Isinger, L. Neoričić, C. L. Arnold, R. J. Squibb, R.
Feifel, P. Decleva, A. L’Huillier, F. Martı́n and M. Gisselbrecht, Science Advances 6 (2020) eaba7762.
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Ultrafast dissociation in a molecule and its isotopologue upon 

ionization by attosecond pulse trains 
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Following the pioneering works of A. H. Zewail, femto-chemistry experiments have provided many 

important insights about photo-induced dynamics in complex molecules. These experiments usually 

involve resonant excitation using ultraviolet or, visible laser pulses, allowing the study of relaxation 

processes in the neutral molecule. With the advent of high-order harmonic generation (HHG) based 

sources providing ultrashort coherent pulses in the extreme ultraviolet (XUV) domain, it is now posible 

to investigate similar dynamical processes in highly excited photo-ionized species. Pioneering examples 

include small diatomic molecules [1] as well as large polyatomic molecules [2,3].  

Here, we use an attosecond pulse train (APT), produced via HHG in Krypton, as a pump pulse to 

ionize and excite ethylene molecule (C2H4) and its deuterated counter-part (C2D4). The subsequent 

relaxation dynamics is probed using a near-infrared (NIR) pulse. The ionic fragments were collected as 

a function of the delay between the XUV-pump and NIR-probe pulses, using a velocity map imaging 

spectrometer operating in the time-of-flight mode. 

The H+ and D+ fragments collected in this manner show a fast decay of a few tens of femtoseconds 

in their delay-dependent ion-yields. However, the extracted time-constants () show that H
+ is faster by 

almost 72 fs compared D
+ [see Fig. 1(a)], independently of the NIR-probe intensity. Our findings are 

supported by advanced trajectory surface hopping based calculations which show that the number of H-

loss trajectories increases at a much faster rate compared to the number of D-loss trajectories [see Fig. 

1(b)]. This is because, the heavier D-atom takes longer time compared to the lighter H-atom to reach a 

sufficient enough distance where it can be considered fully dissociated. The use of XUV APT allowed 

us to study light-induced sturctural changes in molecules taking place within only a few femtoseconds 

[4].    

 

 

 

 

 

 

Figure 1: (a) Time-constants for H+ and D+ fragments at different probe intensities. (b) The number of 

trajectories for H-loss in C2H4 and D-loss in C2D4 following ionization by an ultrashort XUV pulse. 

[1] G. Sansone et al., Nature 465 (2010) 763–766. 

[2] F. Calegari et al., Science 346 (2014) 336–339. 

[3] M. Hervé et al., Nature Physics 17 (2021) 327–331. 

[4] M. Vacher et al., under preparation. 
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Fingerprints of Majorana fermions in high-harmonic spectroscopy
Adhip Pattanayak 1 , Sumiran Pujari 1 , Gopal Dixit 1
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Majorana fermions [1], due to the equivalent character of their particle and antiparticle, have
found applications in various scientific areas like solid state physics, nuclear and particle physics.
Till date, the presence of Majorana fermions in solid state systems is under vigorous debate. HHG
in solids became a method of choice to probe different aspects of solids such as examining the
dynamics of the defects in solids [2,3] and probe localisation-delocalisation phase transition [4] in
condensed matter systems. In this work, we provide an alternative method to see the signatures of
the  Majorana  fermions  without  ambiguity  using  ultrashort  laser  pulses  and  high-harmonic
spectroscopy. We show that the nonlinear optical response of a system is able to sense the presence
of  Majorana  fermions.  The  one-dimensional  superconducting  chain  originally  proposed  by  A.
Kitaev that hosts Majorana edge modes in its topological phase is considered as the model system.
We show non-resonant light fields probe topological–trivial superconducting phase transition in a
system with edges, i.e., open boundary conditions. The sensitivity of high-harmonic spectroscopy to
the  superconducting  phase  transition  to  trace  the  signature  of  Majorana  edge  modes  as  their
population  dynamics  are  different  than  other  modes  in  the  bulk.  Moreover,  the  high-harmonic
spectroscopy becomes insensitive to the phase transition with similar harmonic profiles in both
phases  for  systems with periodic boundary conditions  when Majorana-zero-modes  (MZMs) are
absent. Moreover, we show that the harmonic spectra obtained from Bogoliubov-de Gennes (BdG)
form of the Hamiltonian and from the many-body Kitaev superconducting Hamiltonian are same.

References:
[1] A. Kitaev, “Unpaired Majorana fermions in quantum wires”, Physics-Uspekhi, 44, 131 (2001).
[2] A. Pattanayak, M. S. Mrudul, G. Dixit, “Influence of vacancy defects in solid high-order harmonic 
generation”, Phys. Rev. A 101, 013404 (2020).
[3] M.S. Mrudul, Á. J. Galán, M. Ivanov, G. Dixit, “Light-Induced Valleytronics in Pristine Graphene”, 
arXiv:2011.04973 (2020).
[4] A. Pattanayak, Á. J. Galán, M. Ivanov
, Gopal Dixit, “High harmonic spectroscopy of disorder-induced Anderson localization”, arXiv:2101.08536 
(2021).
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Photoionization time delays result from the scattering of electrons in a quantum potential [1]. Protocols 

such as RABBIT allow to measure such photoionization time delays down to the attosecond timescale 

maintaining the spectral resolution [2]. Its principle is presented in Fig.1(a) an electronic state (orange 

line) is ionized by XUV photons (purple arrows), the excitation is coupled with infrared photons (red 

arrows) leading to the same final electron kinetic energy. This result in an interference where the yield 

oscillates with the time delay between the XUV and IR pulses. The phase of the oscillation carries the 

ionization time delay information [2,3]. This method has already successfully been applied to atoms, 

small molecules, clusters, solids and liquid systems unraveling a large diversity of physical mechanisms.  

 

 
Figure 1: (a) Sketch of the RABBIT protocol that is applied to (b) naphthalene and (c) adamantane. 

In this work, the RABBIT technique is used to compare the photoionization time delay as a function of 

the atomic arrangement in the molecular potential. Naphthalene (C10H8, Fig. 1b) and adamantane 

(C10H16, Fig. 1c) principally differs by their geometry (planar and diamantoid respectively). This poster 

presents the experimental results of RABBIT measurements performed on such molecules. Several tens 

of attosecond difference in photoionization time delay are observed out of resonances. This difference 

can be attributed to the geometrical arrangement of the atoms in the molecular potential [4].  

[1] R. Pazourek, S. Nagele, J. Burgdörfer, Rev. Mod. Phys. 87 (2015) 765. 

[2] M. Isinger, et al., Science 358 (2017) 893.  

[3] E. P. Wigner, Phys. Rev. 98, (1955) 145.  

[4] V. Loriot in preparation 
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Ever since the first models of organic solar cells were proposed more than 40 years ago, the search for
new materials with the ability to produce a charge separation, necessary for photovoltaic applications,
has kept drawing the scientific community’s attention.

Organic photovoltaic devices usually achieve charge photogeneration by using charge transfer
complexes, which act as an intermediate step between exciton dissociation and charge extraction.

In order to capture the real time evolution of such electronic process, which takes place in the
time range between tens of attoseconds to a few femtoseconds, a sub-femtosecond time-resolution is
required. Therefore, in this work we propose the use of a pump-probe scheme employing ultrafast laser
sources to track the charge transfer process using as target a typical donnor-acceptor molecule in the gas
phase. In particular, we investigate the ultrafast dynamics following the excitation of para-nitroaniline
(PNA), which has been extensively studied in a solvent, both theoretically [1] and experimentally [2],
while scarcer works have been performed in gas phase to date.

We thus propose the use of a pump-probe scheme, using a few-fs UV pulse to excite the target.
The ensuying electron-nuclear dynamics will be later probed by a time-delayed attosecond XUV pulse
which will ionize the molecule. The time-varying ionization yields are expected to capture the complex
dynamics triggered in the excited molecule.

In a first approach, using the fixed nuclei approximation, we retrieve the time evolution of the
excited wave packet by analyzing the electron density variation, computed through a transition density
matrix formalism. The imprint of these dynamics is later retrieved into the cation with the time-delayed
absorption of the probe pulse.

We later explored how these electron dynamics evolved when coupled with the nuclear degrees
of freedom, when non-adiabatic couplings come into play. The coupled electron-nuclear motion is de-
scribed by means of a surface-hopping method, i.e. within a semi-classical picture. In short, the time-
dependent wave function is retrieved at each time step, computing the electronic structure on-the-fly by
means of a quantum mechanical description, while the nuclear dynamics follows the classical equations
of motion.

Figure 1: Diagram of the pump-probe scheme.

[1] D., Kosenkov, et al., J. Phys. Chem. A 115 (2011) 392-401.
[2] S., Kovalenko, et al., Chem. Phys. Lett. 323 (2000) 312–322.
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Chiral light fields in the dipole approximation can be synthetized by crossing two beams with different 

frequency and suitable polarization properties. The interaction of this particular type of lightwave with 

a chiral sample leads to giant enantio-sensitive responses [1]. While atoms are usually thought as achiral, 

there exists chiral superpositions of atomic states whose handedness can be probed by standard 

Photoelectron Circular Dichroism methods [2]. Here, we explore the link between chiral light and chiral 

atomic superpositions and show via state-of-art TDSE simulations that it is possible to imprint chirality 

on an achiral atomic target using chiral bicircular, co- and counter-rotating fields both in the low- and 

strong-field regime. We demonstate the existence of time-dependent chiral wavepacket exhibiting time-

varying handedness as well as chiral Freeman resonances [3].  

 
Figure 1: Syntethic chiral light (left) and atomic chiral wavefunction (right). 

. 

[1] D. Ayuso et al., Nat. Phot., 13 (2019) 866-871. 

[2] A. F. Ordonez and O. Smirnova, Phys. Rev. A, 99, 4 (2019) 1-12. 

[3] R. R. Freeman and P. H. Bucksbaum, J. Phys. B: At. Mol. Opt. Phys., 24 (1991) 325-347. 
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Graphene,  the  first  monolayer  material,  has  achieved  significant  attraction  in  both  applied  and
fundamental sciences in the past decade [1]. The charge carriers in graphene, also known as Dirac
fermions, have peculiar properties from the linear dispersion and zero bandgap of the material.

One of the most exciting features of graphene and gapped graphene materials is the electron’s extra
degree of freedom, the valley pseudospin, associated with populating the local minima K and K’ in the
lowest conduction band of the Brillouin zone. This extra degree of freedom can encode, process and
store quantum information, opening the field of valleytronics [2]. In gapped graphene materials, valley
selectivity is achieved by a pump pulse resonant with the bandgap and with matching helicity to the
Berry curvature of the material [2]. The vanishing bandgap makes graphene unsuited for such resonant
valley-selective excitations - a disappointing conclusion given its exceptional transport properties.

In our recent work, we have illustrated how valley-selective excitation in graphene can be achieved in
an all-optical-means [3]. This non-resonant valley-polarization mechanism uses a combination of two
counter-rotating circularly polarized fields, the fundamental and it’s second harmonic. The tailored
field allows one to both break the symmetry between the adjacent carbon atoms and to exploit the
anisotropic regions in the valleys, taking advantage of the fact that the energy landscape of the valleys
are mirror images of each other. 

In the present work, we explore how different laser  parameters can be tuned to get optimum valley-
polarization.  We  observe  that  this  mechanism  of  valley-polarization  contributes  significantly  for
longer  wavelengths  and intense pulses.  Moreover,  the relative intensity of  the two fields   have a
significant  role  in  the  valley-polarization  mechanism.  Furthermore,  we  investigated  other  tailored
fields for which no significant valley-polarization could observe, showing the importance of inversion
symmetry breaking in order to observe valley-polarization in pristine graphene.

[1] A. K. Geim,  Science 324 (2009), 1530-1534.

[2] J.R. Schaibley  et al., Nature Reviews Materials 1 (2016), 1-15.  

[3] M. S. Mrudul, Alvaro Jimenez-Galan, Misha Ivanov, and Gopal Dixit, Optica 8 (2021), 422-427.
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Our studies show that enhanced ionisation in H2
+ stems from the interplay of at least two qualitatively different 

ionisation pathways, shown in Fig. 1 (a).  

 One of these pathways follows the field gradient and leads to tails along separatrices that 'spill' into the 

continuum, while the other does not obey field gradients or classical barriers in phase space. The former pathway 

may be associated with quasi-static tunnelling mechanisms [1, 2] as well as the semiclassical limit of Wigner 

quasi-probability distributions [3], with oscillatory tails around separatrices and equienergy curves. The latter 

pathway has been first identified in [4, 5] for oscillating driving fields. It consists of a cyclic motion performed by 

the Wigner function in phase space and the emergence of momentum gates, along which there is a direct 

quasiprobability flow from one well to the other. Therein, momentum gates were explained as resulting from 

strongly coupled states and the non-adiabatic response to the time-dependent field gradients.  

 We find, however, that this pathway occurs also for static fields, and even in the absence of driving fields 

altogether. On top of that, near quantum bridges the Wigner quasiprobability distribution exhibits non-classical 

evolution, shown in Fig. 2 (b), which we assess using the quantum Liouville equation:  

(
𝜕

𝜕𝑡
+

𝑝

𝑀

𝜕

𝜕𝑥
−
𝑑𝑉eff
𝑑𝑥

𝜕

𝜕𝑝
)𝑊(𝑥, 𝑝, 𝑡) = 𝑄(𝑥, 𝑝, 𝑡). 

 By employing different types of initial bound states for the electronic wave packet, we show that the primary 

cause of the momentum gates in [4,5] is quantum interference. We also shed light on the behaviour observed for 

time dependent fields. The frequency of the quantum bridge being higher than that of the laser field, the 

quasiprobability distribution will sometimes counter-intuitively flow in the direction opposed to the electric-field 

gradient. 

Figure 1: Comparison of (a) the Wigner quasi-probability distribution and (b) the quantum corrections Q(x, p, t), calculated 

for a model H2
+ molecule of inter-nuclear separation R = 6.8 a.u. at time t = 24 a.u. in a static laser field of strength E = 0.0534 

a.u. (intensity I = 1014 W cm−2) using a Gaussian initial wave packet centred around the upfield potential well. The thin white 

lines in the figure give the equienergy curves (including the separatrices). 

 The fact that enhanced ionisation is an optimisation problem suggests that these ionisation mechanisms can be 

controlled by appropriate coherent superpositions of states, targets and driving fields. This opens up a wide range 

of possibilities for studying quantum effects in enhanced ionisation. 

[1] Czirják A, Kopold R, Becker W, Kleber M and Schleich W Opt.Commun. 179 29–38 (2000) 

[2] Zagoya C, Wu J, Ronto M, Shalashilin D V and de Morisson Faria C F New J. Phys. 16 103040 (2014) 

[3] Balazs N and Voros A. Phys. 199 123–40 (1990) 

[4] Takemoto N and A Phys. Rev. A 84 023401 (2011) 

[5] He F, Becker A and Thumm U Phys. Rev. Lett. 101 213002 (2008) 
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 We study the dynamics of the excited state of the        molecule under a strong circularly polarized 

field. Our analytical results show that under certain approximations a circularly polarized field allow the 

stabilization of this molecule, thus overcoming the anti-alignment dynamics that makes the stabilization 

impossible with a linearly polarized field [1, 2]. However, it is unclear whether the analytical 

approximations hold or not, and in what degree. To check this point, we numerically simulate the 

quantum dynamics of both electron and nuclei, by solving the three coordinates of the electronic motion 

expanding in prolate spheroidal coordinates while propagating the nuclear wavepacket using a second-

order split-operator scheme over a square grid.  

 In Fig. 1(a), we show the average and standard deviation in R and θ under the circularly polarized 

field after radially perturbing the stabilized state by +0.5𝑎0. In agreement with our analytical 

calculations, we observe vibrations in the LIP with a 23 fs period during the 100 fs of simulation 

indicating a high degree of stability. Although the time scale of the field is much shorter than the one of 

the nuclei, it appears to be slow enough to induce an oscillatory dynamics in θ. At the same time, the 

wavepacket gradually spreads in θ, which agrees with the fact the pulse is symmetric respect orientation. 

 In Fig. 1(b), we present some snapshots from the wavepacket dynamics considered in Fig. 1(a). The 

snapshots illustrate the oscillation if the wavepacket in the light induced potential. However, we also 

spot a tiny amount of probability dissociating at t = 11.25 fs (see around θ = 0, R=6 𝑎0), which indicates 

a small degree of instability due to non-adiabatic couplings. Indeed, the vibrational motionleads to a 

slow decay in the continuum (a half-life of hundreds of fs), so that all eigenstates of the LIP are meta-

stable. 

 

(a)                              (b) 

 

 

 
 

 

Figure 1: (a) Expected value of the interatomic distance and molecule orientation as function of time for a 

Gaussian wavepacket in the stabilized excited electronic state displaced from the equilibrium by 0.5𝑎0. (b) 

Snapshots of the wavepacket dynamics at selected times. 

[1] B. Y. Chang, S. Shin, J. González-Vázquez, F. Martín, V. S. Malinovsky, & I. R. Sola, Phys Chem. Chem. Phys. 21 (2019), 

23620–23625. 

[2] S. Carrasco, J. Rogan, J. Valdivia, & I. R. Sola, Phys Chem. Chem. Phys. 23 (2021), 1936–1942. 
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 Ultraviolet (UV) light exposure provokes a variety of chemical reactions in biorelevant molecules 

[1]. The underlying mechanisms are based on electron rearrangements occurring on few femtoseconds 

(fs) or even attosecond time scales. Time-resolved spectroscopy methods utilizing ultrashort UV pulses 

can be applied for studying the involved electron dynamics with a possibility to open new perspectives 

for controlling photoinduced reactions. 

 Several groups have demonstrated the generation of few-fs UV pulses [2-4]. However, the temporal 

characterization of such pulses is not a trivial task. The main issue is associated with the ultra-broadband 

nature of the UV spectrum, over which any dispersion needs to be avoided. In this regard, 

characterization techniques should be implemented in dispersion-free schemes based on, e.g. reflective 

optics. One of the candidates fulfilling this requirement is the fringe-resolved interferometric 

autocorrelation (FRIAC) method as described in [5]. 

 Here, we present the successful implementation of a second-order FRIAC approach for the 

characterization of ultrashort UV pulses generated by tripling a 10 fs infrared field in a neon medium.  

Two copies of the incident pulses are created using a reflective beam splitter formed by two intertwined 

comb-like mirrors. Each of them acts like a grating producing a clearly resolved diffraction pattern. 

Overlapping the single patterns spatially and temporally, e.g. in the focal plane of focusing optics, allows 

for recording the autocorrelation signal with interferometric contrast. To do so, the zeroth diffraction 

order was selected by a gold wire, acting as the non-linear medium by creating a photocurrent by 2-

photon absorption (Au work function > 5.1 eV). By measuring the induced photocurrent as a function 

of the delay, second-order FRIAC traces were acquired. 

Figure 1: Schematic of the ultrashort UV pulses interacting with the double-comb mirror. By scanning the delay 

between the two combs, a phase shift is introduced between the superimposed diffraction patterns. On the right, 

the intensity distribution in the focal plane is depicted for exemplary phase shifts. DO means diffraction orders. 

[1] V. Wanie, L. Colaizzi, A. Cartella. A. Trabattoni, F. Calegari “Advances of ultraviolet light sources: towards femtosecond 

pulses in the few-cycle regime” in Emerging Laser Technologies for High-Power and Ultrafast Science (2021) 2053-2563. 

[2] F. Reiter, U. Graf, M. Schultze, W. Schweinberger, H. Schröder, N. Karpowicz, A. M. Azzeer, R. Kienberger, F. Krausz, 

and E. Goulielmakis, Opt. Lett. 35 (2010), 2248. 

[3] J. C. Travers, T. F. Grigorova, C. Brahms, and F. Belli, Nat. Photonics 13 (2019), 547. 

[4] M. Galli, V. Wanie, D. P. Lopes, E. P. Månsson, A. Trabattoni, L. Colaizzi, K. Saraswathula, A. Cartella, F. Frassetto, L. 

Poletto, F. Légaré, S. Stagira, M. Nisoli, R. Martínez Vázquez, R. Osellame, and F. Calegari, Opt. Lett. 44 (2019), 1308. 

[5] T. Gebert, D. Rompotis, M. Wieland, F. Karimi, A. Azima and M. Drescher, New Journal of Physics 16 (2014), 073047. 
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An intense laser coupling metastable resonances can give rise to a pair of autoionizing polaritons, 
whose lifetime can be extended as a result of interference between radiative and Auger decay channels 
[1]. We explain this phenomenon using an extension of the Jaynes-Cummings model to autoionizing 
states [2,3], showing how this stabilization depends on the parameters of the dressing field. We 
perform ab initio simulations of attosecond transient absorption in argon, where multiple avoided 
crossings in the calculated spectra are observed between the  autoionizing resonance and light-
induced states originating from other resonances. These avoided crossings, characteristic of the 
formation of a polaritonic multiplet, clearly show a stabilization of some of the polaritonic branches. 
These theoretical predictions are in excellent agreement with experiments conducted in parallel, and 
point to a novel method of controlling electronic structure in the continuum. 

 

Figure 1: (a) Diagram showing the formation of autoionizing polaritons from the mixing of a bright resonance 
and a light-induced state, predicted by the model (b) and observed in experiment (c). 

[1] P. Lambropolous and P. Zoller, Phys. Rev. A 24, 379 (1981). 

[2] N. Harkema et al, Phys. Rev. Lett. 127, 023202 (2021) 

[3] E. T. Jaynes and F. W. Cummings, Proc. IEEE 51, 89 (1963) 
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High Harmonic Generation (HHG) arising from the interaction of intense laser pulses with noble gases 
led to the realization of table-top sources of coherent XUV and soft-X radiation. This allowed ultrafast 

spectroscopy experiments to be performed with extreme temporal resolutions, down to the attosecond 

regime, and chemical sensitivity [1, 2]. However, the full exploitation of these sources is hindered, even 

today, by their technological complexity and their low generation efficiency when moving towards 

higher photon energies. 

 Here we present a new soft-X beamline to perform transient absorption spectroscopy experiments in 

solids that aims at overcoming these limitations. HHG is performed in a microfluidic device, that grants 
a dramatic increase of the generation efficiency and the possibility to finely control the gas density in 

the harmonic generation region [3]. We foresee novel possibilities for the engineering of the generation 

process and the implementation of different functionalities on the same microfluidic device, leading to 

the realization of Lab-On-a-Chip (LOC) approaches in attosecond science. 

         
Figure 1: a) Spectra generated in 100 mbar of Ar and 1 bar of He inside the microfluidic device with photon flux 

calibration. b) Sketch of the beamline with the flexible spectrometer highlighted with dashed lines. FM, 
Focusing Mirror; HHG, microfluidic device; MF, metallic filter; TM, Toroidal Mirror; IP, Interaction Point; SM, 

Spherical Mirror; PS, Polarimeter Stage; GSS, Grating Selection Stage; MCP, Micro Channel Plate; CCD, 

Charge-Coupled Device. 

The radiation is then focused on an interaction point where attosecond transient absorption 

spectroscopy in solids can be performed and analyzed by a flexible spectrometer. This can be remotely 
tuned, without any need to realign optical elements or to break the vacuum, to work in the 1-100 nm 

range both in stigmatic and astigmatic configuration. Moreover, an XUV polarimeter and a calibrated 

photodiode can be independently inserted, granting the full characterization of the radiation in terms of 
Stokes parameters down to 12 nm and absolute photon fluxes. We believe this flexible and user-friendly 

solution for the analysis of XUV radiation will facilitate the diffusion of HHG-based technologies and 

the realization of novel experimental schemes. 

[1] F., Krausz and M. Ivanov, Rev. Mod. Phys. 81 (2009) 163–234. 

[2] J. Biegert et al., J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 070201. 

[3] A. G. Ciriolo et al., J. Phys. Photonics 2 (2020) 024005. 
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Ultraviolet (UV) induced ultrafast processes in molecules are fundamental for their chemical and 

biological implications. In this context, they have been extensively studied on a time scale of hundreds 

of femtoseconds (fs) or longer, unravelling processes such as DNA photoreactivation [1] or 

isomerization process involved in vision [2]. However, the possibility of triggering and controlling 

electron dynamics with even shorter UV light pulses in molecules has been barely explored, mostly due 

to the technological challenge of producing few-fs pulses in this spectral region.  

Here, we present the first benchmark pump-probe experiments employing few-fs UV pulses on 

acetone and iodomethane: a 3-fs UV pump, generated in a high pressure micro-machined gas cell filled 

with Neon [3], is combined with a 5-fs VIS/NIR probe to ionize the target. Electron Velocity Map 

Imaging (VMI) images and Time-of-Flight Mass Spectra (TOFMS) are simultaneously recorded as a 

function of the delay between the two pulses using a double-sided spectrometer [4]. 

 
Figure 1: Angularly integrated photoelectron kinetic energy as a function of the IR delay obtained in acetone. 

Positive delay means NIR pulses come later.  75% of the first delay spectrum has been subtracted as background 

to enhance visualization. 

In acetone, we observe the kinetic energy of the emitted electrons undergoing a few-fs long energy shift 

towards higher energy, probably related to an ultrafast reshaping of the phase of the electron wave 

packet; the subsequent decay (~ 280 fs) appears modulated by a 25 fs oscillation which starts 

immediately after the excitation. In iodomethane, instead, the few-fs temporal resolution of the 

experiment allows us to resolve the appearance of the iodine ion yield after 25 fs from the time overlap. 

The interpretation of the above-mentioned results is still preliminary and advanced calculations to 

simulate the UV-induced photo-fragmentation are ongoing.  
 

[1] R.P. Sinha, D.P. Häder, Photochem. Photobiol. Sci. 1 (2002) 225–36. 

[2] R.W. Schoenlein, L.A. Peteanu, R.A. Mathies, C.V. Shank Science 254.5030 (1991) 412-415. 

[3] M. Galli, V. Wanie, D.P. Lopes, et al. Optics letters 44.6 (2019): 1308-1311. 

[4] E.P. Månsson, V. Wanie, M. Galli, et al.  EPJ Web of Conferences 205 (2018) 03007 
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We study three recent attosecond and free-electron laser interferometric experiments from Ref. [2-4], 

using ab initio simulations and derive a simple rule of thumb for interaction phases, which accumulate 

for each interaction [1]. We find that RABBIT sidebands are exceptional since they are not affected by 

interaction phases. On the other hand, experiments with an unbalanced number of interactions in each 

arm are affected. By introducing the concept of interaction phases, we find that interferometric above-

threshold ionization are shifted relative to RABBIT experiments and provide an explanation to why 

laser-assisted photoionization experiments with mixed parity express no RABBIT modulation. 

[1] M., Bertolino, J.M., Dahlström, Phys Rev Research 3 (2021) 013270. 

[2] G., Laurent, et al., Phys Rev Lett 109 (2012) 083001. 

[3] P.K., Maroju, et al., Nature 578 (2020) 386-391. 

[4] L.J., Zipp, A., Natan, P.H., Bucksbaum, Optica 1 (2014) 013270. 
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Recently, X-Ray free electron laser (XFEL) facilities have been demonstrated to be capable of produc- 
ing sub-fs soft X-Ray pulses, using the method of X-Ray laser-enhanced attosecond pulse generation 
(XLEAP) at the LCLS facility [1]. This makes it now possible to use tunable soft X-Ray pulses, carrying 

a much higher intensity than their respective high harmonic generation counterparts, enabling nonlinear 

spectroscopies to investigate attosecond electron dynamics in molecules. 
We here present theoretical results describing the ultrafast charge dynamics induced in the 4-

aminophenol molecule (OH - C6H4 - NH2) ionized with a sub-fs 260 eV pulse, i.e. below the carbon K- 
edge. The ionization calculations have been carried out using the static exchange B-spline DFT method 

that has been successfully applied in related previous studies at lower photon energies [2,3]. In particular 

we scrutinize the influence of the shot-to-shot variation in terms of envelope, phase, and intensity by 

considering a set of 100 different X-Ray pulses generated from start-to-end simulations of the XFEL. 

Moreover, we examine the ground state nuclear effects in the resulting charge fluctuations. To this end 

we take into account an ensemble of molecular geometries sampled from the equilibrium Wigner 

distribution. 
 
[1] J. Duris, S. Li, T. Driver, et al. Nat. Phot. 14 (2020) 30-36 

[2] F. Calegari, D. Ayuso, A. Trabbatoni, et al. Science 346 (2014) 336-339 

[2] M. Lara-Astiaso, M. Galli, A. Trabbatoni, et al. J. Phys. Chem. Lett. 9 (2018) 4570-4577 
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Transient absorption spectroscopy allows for studying primary relaxation processes in molecules. In 

particular, Soft X-ray absorption performed in the water window spectral range [1] offers the possibility 

of studying biologically relevant molecules in their physiological environment (liquid phase), with the 

advantage of site-selectivity. However, the real-time interrogation of the electronic dynamics in the 

valence and core molecular orbitals requires attosecond light pulses [2]. In the context of probing 

ultrafast molecular dynamics beyond the gas phase, liquid jets recently revealed to be exceptional 

sources to perform time-resolved spectroscopy in liquid phase. Indeed, key tools for interrogating 

aqueous systems, such as infrared and soft X-ray spectroscopy, cannot readily be applied in sub-fs 

spectroscopy because of strong absorption in water [3].  

In this work we report the development of an attosecond Soft X beamline which combines high  

harmonic generation (HHG) with a liquid jet molecular source for aqueous phase experiments. 

 

 
Figure 1: Design of our Soft X beamline. 

 

The HHG process requires a MID-IR wavelength driving laser and a carrier-envelope phase (CEP)- 

stable driving field. Therefore, the beamline is driven by a two-stages optical parametric (OPA) source 

[4], which produces few-optical-cycle multi-mJ CEP-stable 1.8 µm carrier wavelength pulses. 

Furthermore, we present the construction of a microjet source able to generate stable sub-micron  

liquid sheets, which are found to be tunable in thickness from over 1 µm down to less than 20 nm. The 

higher flexibility of our jet source with respect to traditional transmission cells allows aqueous sheets 

to transmit photons across the spectrum while containing pulse dispersion and sample damaging, paving 

the way to applications in infrared, X-ray and electron spectroscopies. 
 

[1] Spatiotemporal isolation of attosecond soft X-ray pulses in the water window, Francisco Silva et al., Nat Commun 6, 6611  

      (2015). 

[2] Ultrafast electron dynamics in phenylalanine initiated by attosecond pulses, F. Calegari, et al., Science 346, Issue 6207, pp.  

336-339 (2014). 

[3] Generation and characterization of ultrathin free-flowing liquid sheets, J.D. Koralek et al., Nat Commun 9, 1353 (2018). 

[4] Millijoule-level phase-stabilized few-optical-cycle infrared parametric source, C. Vozzi et al., Opt. Lett. 32, 2957-2959     

      (2007). 
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Chirality, which can be defined as the geometric property of a molecule being non-

superimposable on its mirror image, is a general property observed in nature. 

 

 

 

                                

Figure 1: R- and S-enantiomers of epoxypropane in the molecular fixed frame. 

 A linearly polarised pulse is used to induce the charge migration [1], which is imaged by time-

resolved x-ray diffraction. It is found that the total time-resolved diffraction signals are significantly 

different for both enantiomers as a function of pump-probe time delay [2]. 

 

 

Figure 2: Time-resolved diffraction patterns for (a) R- and, (b) S-enantiomers of epoxypropane. Here, time- 

dependent diffraction signal at pump-probe time delay, T = 0 fs is subtracted to the subsequent delay times. 

 Furthermore, a connection between time-resolved x-ray diffraction and electronic continuity 

equation has been discussed by analysing time-dependent diffraction signal and the time-derivative of 

the total electron density in the momentum space [2].  
 

[1] S. Giri, A. M. Dudzinski, J. C. Tremblay, and G. Dixit, Phys. Rev. A 102, 063103 (2020).  

[2] S. Giri, J. C. Tremblay, and G. Dixit, arXiv:2104.01760v2 (2021). 
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Coherent phase modulated spectroscopy is a powerful tool for the investigations of dynamics 

induced by the interaction with visible and near-infrared pulses [1]. In order to perform coherent 

nonlinear spectroscopy two major requirements has to be fulfilled. First, in order to observe coherences 

high temporal stability between excitation pulses is necessary. Second, high sensitivity is required to 

isolate very weak nonlinear contributions from overall signal. Several experimental techniques (mainly 

interferometric) have already achieved high sensitivity and stability in visible and IR light [2,3,4]. 

However, the extension of these techniques to the XUV spectral range is difficult due to severe material 

limitations. Here, we present our approach to achieve phase modulation of attosecond extreme ultra-

violet (XUV) pulses produced by high harmonic generation (HHG).   

Driving highly nonlinear processes like HHG requires high intensity few cycle infrared (IR) 

pulses. Here, we use a Ti:Sa laser with 1 kHz repetition rate delivering CEP stabilized 5 mJ pulses with 

35 fs pulse duration. Due to lack of the XUV interferometers one needs to use a new approach. In our 

case the XUV pulses are manipulated by phase modulating the driving IR field via two different 

interferometric setups. Thus, performing the phase-cycle on the fundamental wave of the driving laser 

collinear, phase-locked XUV pulse trains could be generated [5,6]. The goal of this project is to 

demonstrate novel and versatile experimental approach fostering nonlinear spectroscopy from HHG-

based sources. We plan to perform all-XUV quantum interference spectroscopy on gas-phase samples 

combined with different detection mechanisms. 

 

 

 

 

[1] M Reduzzi et al., J. Phys. B: At. Mol. Opt. Phys. 49 (2016), 065102 

[2] F. Schlaepfer, M. Volkov, U. Keller et al., Opt. Express 27(2019), 22385-22392 

[3] P. F. Tekavec, T. R. Dyke and A. H. Marcus, J. Chem. Phys. 125 (2006) 

[4] F.D.Fuller and J.P.Ogilvie, Annu.Rev.Phys. Chem. 66, 667 (2015) 

[5] L.Bruder, U. Bangert, and F. Stienkemeier, Opt. Express 25 (2017), 5302-5315  

[6] A. Wituschek, L. Bruder, E. Allaria et al., Nat. Commun. 11, 883 (2020) 
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To study interactions between electric fields of ultra-short laser pulses with atoms, molecules or solid 

state systems with attosecond resolution, a common approach is to use few-cycle laser pulses (FCP) 

for the generation of short trains or single pulses of attosecond duration [1]. For such FCP the shape of 

the electric field strongly depends on the relative position between the carrier wave and the pulse 

envelope which is described by the carrier-envelope phase (CEP). This parameter also strongly 

influences the generation of high order harmonic radiation and the interplay between a HHG pump 

and an FCP probe beam. The typically achievable temporal jitter between the electric field and the 

laser pulse maximum and thus the CEP also ranges well down on the attosecond time scale.  

Here we present an enhanced way of measuring and controlling the CEP of individual few-cycle 

laser pulses and tagging this information to detected laser-matter interaction events, for instance in a 

coincidence ion/electron spectrometer like CIEL [2]. To achieve this, we use the established Stereo 

Above Threshold Ioniziation technique based on the detection of rescattered electrons emerging after 

ionization of Xenon [3]. This Stereo-ATI is capable to measure the CEP and asymmetry, i.e. the pulse 

duration, of each and every laser shot. We show that we can stabilize and control the CEP of an 

OPCPA laser amplifier at the full repetition rate of 200 kHz. By implementing an in-line measurement 

of the individual pulses in the beam, we characterize the very same pulse that is then used to generate 

high harmonics and also to probe the attosecond process of interest. The in-line approach additionally 

allows working with merely 10 µJ of pulse energy at 800 nm. The information about the wave form of 

every laser shot is used to tag each and every laser-atom interaction event by sending it simultaneously 

into standard RoentDek coincidence particle detection electronics.  

     
Figure 1: Few-cycle pulses with different CEP        Figure 2: Stereo-ATI setup [3]      

[1] Corkum et al. Nat. Phys. 3 (2007) 381; Calegari et al. J. Phys. B 49 (2016) 062001 

[2] Gisselbrecht et al. Rev.Sci.Instrum.76 (2005) 013105 

[3] Wittmann et al. Nat. Phys. 5 (2009) 357; Johnson et al. Phys. Rev. A 83 (2011) 013412; Hoff et al. OL 43 (2018) 3850 
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Ultrafast dynamics in biomolecules induced by the absorption of light have major importance in nature. 

The understanding of these processes depends on the knowledge of the complex relaxation pathway 

following the excitation of the molecule. In this context, ultrafast technology offers tools to study in real 

time the dynamics involved in the relaxation steps [1]. Up to now, most of the studies have been 

performed on neutral molecules, unravelling significant processes such as DNA photoprotection for 

instance [2]. However, biomolecules usually exist either in deprotonated or protonated forms in 

biological condition and it has been shown that the charge state of molecules completely changes their 

electronic landscape, leading to a modification of their reactivity. 

In this work, we investigate the effect of the charge and micro-environment on the dynamics of 

molecular ions. The experimental set-up combines ultrafast pump-probe technology with an 

electrospray source, allowing to probe charge transfer induced by UV light in small peptides: sodiated 

tryptophan (Trp.Na+), protonated tryptophan (Trp.H+) and sodiated alanine tryptophan (AlaTrp.Na+). 

Our results show that the change of the charged adduct atom leads to a change of the timescale of the 

charge transfer by more than one order of magnitude (see Fig.1.). To understand this drastically change, 

we performed calculations to extract the potential energy surfaces of the studied molecules. The energies 

of the states involved in the charge transfer, 𝜋𝜋∗ and 𝜋𝜎∗, were found to evolve depending on the adduct 

atom. This change is explained by a Global-Local Stabilization Separation (GLoSS) model, in which 

the adduct atom has two main effects on the molecule: a global and a local contribution [3]. The global 

effect is defined by the global affinity between the adduct atom and the molecule and affects the energy 

of the 𝜋𝜋∗ state while the local effect corresponds to the long range Coulomb attraction between the 

adduct atom and the NH2 moiety and affects the energy of the 𝜋𝜎∗ state. The GLoSS model reproduces 

very well the shift in energy obtained in the calculation. These results bring new perspectives on the 

control of ultrafast dynamics such as charge transfer on the atomic length scale. 

 
Figure 1: a) Representation of the charge transfer occurring in tryptophan-based peptides with a charged adduct 

atom X+. b) Time-dependent signal recorded for Trp. Na+. c) Time-dependent signal recorded for Trp. H+.   

[1] A.H. Zewail, Angew. Chem. Int. Ed. 39 (2000) 2586–2631. 

[2] H. Satzger, D. Townsend, M.Z. Zgierski, S. Patchkovskii, S. Ullrich, A. Stolow, Proc. Natl. Acad. Sci. U.S.A. 103 (2006) 

10196-10201. 

[3] M. Hervé, A. Boyer, R. Brédy, I. Compagnon, A.R. Allouche, F. Lépine, Commun. Chem. 4 (2021) 124. 
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We will present intriguing observations of photoelectron spectroscopy on chiral camphor molecules 

embedded at sub-kelvin temperature (~ 0.4 K ) of He nanodroplets. We have used a velocity map 

imaging (VMI) spectrometer to detect photoelectrons in coincidence with photoions detected by a time 

of flight (ToF) spectrometer. Using this PEPICO technique we are able to measure kinetic energy and 

angular distributions of the emitted photoelectrons. When photoexcited at photon energy ℎ𝜈 =
21.43 𝑒𝑉, significant Penning ionization [1,2] occurs from the higher excited states of the dopant 

(Camphor) molecules leading to fragmentation of ions. We will discuss the details of these excited states 

of fragment ions and the photoelectron spectra associated with them. 
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Figure 1: Photoelectron energy spectra measured in coincidence with camphor monomer ([𝐶10𝐻16𝑂]+) ion at 

photon energy hν = 21.43 eV. Here red line corresponds for effusive camphor and the blue line corresponds for 

Penning ionization electron spectrum (background subtracted droplet correlated signal). The He expansion 

conditions are stagnation pressure 𝑃0 = 40 bar and nozzle temperature T0 = 14K. 

 
[1] D. Buchta et al. 2013 J. Phys. Chem. A, 117, 4394. 

[2] L. Ben Ltaief et al. 2021 J Low Temp Phys, 202, 444-455.  
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Similarly, to light holography, ultrafast photoelectron holography makes use of a probe and a 

reference wave to reconstruct a target using phase differences. This makes use of the fact that different 

pathways for an electron in a strong laser field may be associated with specific interference patterns.  

Typically, the reference is a direct pathway, and the probe is associated to a laser-induced rescattering 

process.  If traditional orbit-based approaches are employed, such as the strong-field approximation, 

for linearly polarised fields rescattering will occur near and on the polarisation axis. This will make it 

detrimental for probing targets whose geometry is oriented perpendicular to the field.  In the present 

contribution, we employ a novel approach which goes beyond that and considers the residual binding 

potential and the external laser field on equal footing: The Coulomb Quantum Orbit Strong-Field 

Approximation (CQSFA) [1,2].   

By studying a variety of atomic species prepared in excited states of different geometries, we show 

that, due to the presence of the Coulomb potential, rescattering will no longer be confined to this axis, 

which makes it possible to probe orbitals whose polarisation is perpendicular to that of the field.  We 

also identify the main types of orbits responsible for a non-vanishing photoelectron signal within the 

CQSFA and initial momentum distributions of the instances of tunnelling and re-scattering. We further 

probe the interplay between the driving field and the binding potential by modifying parameters such 

as the field intensity and the binding energy. By comparing with ab initio models (such a Qprop and 

ADC BSplines [3,4]), we can assess core dynamics through the description of resonances from multi-

electron effects, as well as provide a description of hybrid orbits through single electron effects from 

CQSFA [5]. 
 

[1] A. S. Maxwell, A. Al-Jawahiry, T. Das, and C. Figueira de Morisson Faria “Coulomb-corrected quantum interference in 

above-threshold ionization: Working towards multitrajectory electron holography”, Phys. Rev. A 96, 023420 (2017).  

[2] C. Figueira de Morisson Faria and A. S. Maxwell “It is all about phases: ultrafast holographic photoelectron imaging”, Rep. 

Prog. Phys. 83, 034401 (2020).  

[3] V. Tulsky, D. Bauer “Qprop with faster calculation of photoelectron spectra”, Computer Physics Communications, 251, 

107098 (2020).  

[4] M. Ruberti and V. Averbukh, “Chemistry and Molecular Physics on the Attosecond Timescale: Theoretical Approaches”, 

RSC Theoretical and Computational Chemistry series (2018). 

[5] A. C. Bray et al, “Polarization in Strong-Field Ionization of Excited Helium”, arXiv:2106.05668 (2021).  
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Attosecond pulses can ionize atoms in a coherent process. Since the emerging fragments are entangled, 

however, each preserves only a fraction of the initial coherence [1], thus limiting the chance of guiding 

the ion subsequent evolution. In this work, we use ab initio simulations of pump-probe ionization of 

helium above the 2s/2p threshold to demonstrate how this loss of coherence can be controlled [2]. A 

broadband XUV pump pulse in association with an IR probe pulse with controllable delay activate 

several multi-photon paths to the shake-up ionization of the helium atom, some of which proceed 

through intermediate 2lnl’ autoionizing states [3]. The Interference between direct and multi-photon 

ionization paths gives rise to a partial coherence between the 2s and 2p states of the ion, controllable via 

the pump-probe delay τ. The coherence between the ionic 2s and 2p states, which are degenerate in the 

non-relativistic limit, results in a stationary, delay-dependent electric dipole. From the picosecond real-

time beating of the dipole, caused by the fine-structure splitting of the N=2 manifold, it is possible to 

reconstruct all the original coherences between the ionic states. The coherence between antiparallel-spin 

states, in particular, is a sensitive probe of relativistic effects in attosecond photoemission. 

 
Figure 1: a) Multi-photon paths interact to give rise to 2s-2p coherence. c-e) Ion electron density at τ=0, 1, and 2 

fs exhibits asymmetry due to ionization in the presence of polarized IR field. b) Due to the  FS splitting of the 

N=2 He+ level, the ionic dipole fluctuates, thus mapping the attosecond dependence of initial ionic coherence. 

We simulate this process by solving the time-dependent Schrödinger equation for the atomic 

system in the presence of the external pulses [3,4]. The density matrix of the system is computed at the 

end of the pulse from the partial photoionization amplitudes [3], as a parametric function of the pump-

probe delay. The relativistic terms in the ionic Hamiltonian are considered for the subsequent evolution 

of the isolated ion. The slow fine-structure evolution, therefore, maps the attosecond modulation of the 

ionic density to a temporal domain three orders of magnitude larger. 

 

[1] S. Pabst et al. Phys. Rev. Lett. 106 (2011) 053003 

[2] S. Mehmood, E. Lindroth, L. Argenti Phys. Rev. Research 3 (2021) 023233  

[3] L Argenti, E Lindroth Phys. Rev. Lett. 105 (2010) 053002 

[4] L Argenti et. al. Phys. Rev. A 87 (2013) 053405 

Poster P30



2nd Annual Workshop  AttoChem COST Action 

 

Formation of neutral high-Rydberg fragments following the 

ultrafast recapture processes to Rydberg states in the inner-shell 

fragmentation of molecules 

Tomasz J. Wasowicz1, Antti Kivimäki2,3, Robert Richter4 

1Division of Complex Systems Spectroscopy, Gdansk University of Technology, 80-233 Gdansk, Poland 

2Nano and Molecular Systems Research Unit, University of Oulu, P.O. Box 3000, 90014 Oulu, Finland 

3MAX IV Laboratory, Lund University, P.O. Box 118, 22100 Lund, Lund Sweden 

4Elettra – Sincrotrone Trieste, Area Science Park Basovizza, 34149 Trieste, Italy 

E-mail: tomwasow1@pg.edu.pl 

The states with the electrons excited to the high principal quantum number orbitals (high-Rydberg 

(HR) orbitals) having the energies below the ionization potential can be classified as long-living 

metastable states characterized by very long lifetimes. The HR molecules may be more reactive and 

behave considerably different than molecules excited to the normal states. Before they dissociate into 

the atomic and molecular excited fragments, molecular isomerization and/or H atoms migration may 

occur, leading to unexpected fragmentation pathways. For example, the formation of the excited 

NH(A3Π) fragments was observed in the collisions of pyridine molecules with the low energy cations 

applying the collision-induced luminescence spectroscopy [1]. Since the pyridine molecules consist of 

five CH units and one N heteroatom and have not got any NH structural components at all, the 

occurrence of the luminescence from the excited NH(A3Π) free radicals is the straightforward 

indicator of a chemical bond rearrangement process associated with the migration of one of the 

hydrogen atoms prior to the cation-induced dissociation. Such unusual free radicals were also 

observed in the studies on the photodissociation into higher-lying superexcited states of pyridine [2] 

and isoxazole [3].  

In the present work, we investigate the production of neutral high-Rydberg fragments at the K 

edges of the molecules containing oxygen and nitrogen atoms, exploiting a combined soft x-ray 

excitation with pulsed-field ionization and ion time-of-flight (TOF) spectrometry. The experiments 

were performed at the Gas Phase beamline of the Elettra synchrotron radiation laboratory 

(Trieste, Italy) utilizing a TOF mass spectrometer modified for pulsed-field ionization 

measurements [4]. These measurements revealed the ultrafast photoelectron recapture process [4-6], 

where the photoelectron is pushed back to the HR orbital of the molecular ion. This reaction occurs via 

the population of val-2HR1 states, whose dissociation can then yield neutral fragments in HR states.  

 

[1] T.J. Wasowicz, B. Pranszke, J. Phys. Chem. A 120 (2016) 964–971. 

[2] T. J. Wasowicz, I. Dabkowska, A. Kivimäki, M. Coreno, M. Zubek, J. Phys. B: At. Mol. Opt. Phys. 50 (2017) 015101. 

[3] M. Zubek, T. J. Wasowicz, I. Dabkowska, A. Kivimäki, M. Coreno, J. Chem. Phys. 141 (2014) 064301. 

[4] A. Kivimäki, A. Sankari, J.A. Kettunen, C. Stråhlman, J. Álvarez Ruiz, R. Richter, J. Chem. Phys. 143 (2015) 114305. 

[5] A. Kivimäki, C. Stråhlman, T.J. Wasowicz, J.A. Kettunen, R. Richter, J. Phys. Chem. A 120 (2016) 4360–4367. 

[6] A. Kivimäki, T.J. Wasowicz, R. Richter, J. Phys. Chem. A 125 (2021) 713–720. 
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In addition to the process of tunneling ionization, one also finds a nonzero Rydberg state population, 

when an atom is subjected to an intense, low frequency laser pulse. This process is known as frustrated 

tunneling ionization, and has been explained with a classical model where the electron tunnels close to 

the peaks of the electric field, and is later captured by the atomic potential [1]. We have studied frustrated 

tunneling in Hydrogen with ultrashort pulses using a theory based on the strong field approximation 

(SFA) [2], and compared it to results obtained by solving the time-dependent Schrödinger equation 

(TDSE) [3]. We used pulses of 800 nm wavelength, 2-4 cycle pulse duration and intensities on the order 

of 10¹⁴ W/cm².  

  The SFA model that was used relies on a saddle point approximation that is supplemented with 

additional constraints to ensure that the trajectory associated to a solution of the saddle point equation 

will have an energy and angular momentum that corresponds to a particular Rydberg state. Since we are 

dealing with short laser pulses, the carrier-envelope phase (CEP) becomes important. The solutions to 

the modified SFA equations show an intricate dependence on CEP and angular momentum l. As the 

CEP is varied in our TDSE simulations, we see a modulation in the total population of states with 

different principal quantum numbers n, see Fig. 1, that the SFA theory can qualitatively reproduce for n 

greater than 4. However for n=2, 3 we do not see agreement between the TDSE and SFA results. 

Additionally, when we resolve the CEP variations in l, we do not find agreement between TDSE and 

SFA for any n. 

  In conclusion, we have showed that population transfer to Rydberg states in ultrashort, intense 

pulses can be interpreted by frustrated tunneling. To support this conclusion, we have also performed 

TDSE simulations where the continuum states are damped during propagation and find that  continuum 

dynamics are important for the Rydberg state population. 

 

 

 

 

 

 

Figure 1: CEP dependence of the Rydberg population with principal quantum number n, calculated with the 

TDSE. 

 

[1] T. Nubbermeyer et al, Phys. Rev. Lett. 101 (2008) 233001. 

[2] S. V. Popruzhenko, J. Phys. B: At. Mol. Opt. Phys. 51 (2017) 014002. 

[3] E. Olofsson, S. Carlström, J. M. Dahlström, J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 154002. 
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Lochfrass is a mechanism by which one can create a vibrational wavepacket in the electronic 

ground state of a molecule [1]. It requires an intense pump pulse, typically in the strong-field or 

multiphoton regime, but it provides a pathway by which one can initiate ground state dynamics. By 

combining this with high-energy, circularly polarised pulses, generated from a high-harmonic source, 

we demonstrate how coherent vibrational dynamics can be followed in time in the ground electronic 

state of methyl p-tolyl sulfoxide (MTSO). 

Using a circularly polarised femtosecond probe, and a velocity map imaging spectrometer, we 

extract information that shows the dynamic evolution of molecular chirality in the electronic ground 

state of MTSO. This signature of chirality we observe is photoelectron circular dichroism (PECD), and 

encoded in the intensity difference of the photoelectron emission seen in the forwards and backwards 

hemispheres of the Newton sphere, with respect to the direction of laser propagation [2]. This intensity 

difference arises from the outgoing photoelectron scattering off the effective chiral potential of the 

molecule. Because of this nature, PECD is quite sensitive to molecular structure, and can be used as a 

dynamic probe. 

 
Figure 1: Panel a) shows a scheme for Lochfrass excitation, where a portion of an electronic ground state 

vibrational wavefunction is depleted through ionisation. The chemical structure of MTSO is shown above. Panel 

b) shows the static PECD of MTSO by ionisation of a 133 nm photon. Panel c) is the fit of the forward/backward 

asymmetry, in order to obtain the chiral asymmetry parameter b1. The timeresolved photoelectron spectrum is 

shown in panel (d). 

In this contribution, we show both the remarkably strong PECD from MTSO (Fig. 1), and 

demonstrate a general scheme for preparing and following molecular dynamics in their electronic 

ground state. The implementation in this work reveals a vibrational coherence within a subset of 

vibrational modes of the molecule, which changes the PECD in time. 

[1] L., Fang, G. N., Gibson, Phys. Rev. Lett. 100 (2008) 103003-1-–103003-4. 

[2] N., Böwering et al., Phys. Rev. Lett. 81 (2001) 1187—1190. 
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The photodissociation of cyclopropanone was  modelled using  non-adiabatic molecular dynamics in
combination with the Kohn-Sham ΔSCF (delta self-consistent field) electronic structure method. [1-3]
Previous  studies  using  multi-reference  methods  found  two  photodecomposition  pathways  with
symmetric  and  asymmetric  geometries  at  the  conical  intersection.  [4–6]  These  results  were
successfully reproduced with the faster ΔSCF technique. Moreover, a reduced photodissociation and
significantly increased lifetime were observed in aqueous solution  using a periodic simulation box
with  25  solvent  molecules  in  order  to  model  the  liquid  state  in  a  sophisticated  way .  In  water,
cyclopropanone  is  in  equilibrium  with  the  1,1-dihydroxycyclopropane  adduct.  The  non-adiabatic
dynamics of cyclopropanone hydrate, an enzyme inhibitor [7], excited to the first singlet state revealed
a different decay mechanism and no ethylene formation. In addition, a new approach to calculate the
absorption spectrum [8]  with  ΔSCF was  shown to  well  reproduce the  experimental  spectrum for
cyclopropanone.

[1] E., Vandaele, M., Mališ, S., Luber, in preparation.

[2] M., Mališ, S., Luber, J. Chem. Theory Comput. 16 (2020) 4071–4086.

[3] M., Mališ, S., Luber, J. Chem. Theory Comput. 17 (2021) 1653–1661.

[4] G., Cui, Y., Ai, W. Fang, J. Phys. Chem. A 114 (2010) 730–734.

[5] G., Cui, W., Fang, J. Phys. Chem. A 115 (2011) 1547–1555.

[6] M., Filatov, S., Min, C., Choi, Phys. Chem. Chem. Phys. 21 (2019) 2489–2498.

[7] K., Schmid, A., Hittmair, H., Schmidhammer, B., Jasani, J. Histochem. Cytochem. 37 (1989) 473–477.

[8] M., Mališ, E., Vandaele, S., Luber, in preparation.
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High-order harmonic generation (HHG) from solids is an emerging technique that is becoming 

increasingly popular, both for the possibility to use it as a novel kind of compact coherent XUV source 

[1], and for probing the ultrafast dynamic of electrons in solids [2] as well as structural features of 

systems in the condensed matter phase. 

Several theoretical models have been developed for describing HHG in solids [3][4], highlighting the 

uniqueness of this process. The simplest model is known as the three-step model. A strong laser field 

promotes an electron in the conduction band, leaving a hole in the valence band. Subsequently, the laser 

field accelerates the electron and hole in their respective bands and finally, they recombine emitting the 

high harmonic field. Even with a so simple model, it is clear that the harmonics emission strongly 

depends on the laser field polarization direction, which selects a region of the band structure crossed by 

electrons and holes. 

In this work, we study the angular dependence of the HHG emission as a function of the laser field 

polarization direction. The source is an optical parametric amplifier, able to produce few cycles, linearly 

polarized Mid-IR pulses at 3.2μm wavelength. The sample under investigation is a 500μm-thick Zinc 

Telluride (ZnTe) crystal cut along the <110> plane. 

 

Figure 1: Angular dependence of the emitted even (a) and odd (c) harmonics. (b) 2D cut of ZnTe along the <110>plane. 

The angular dependence of the harmonics emission is reported in figure 1. We can see that a four-leaf 

pattern appears for the even harmonics, while for the odd ones, additional lobes appear along the 

bisectors. The harmonics emission is enhanced when the laser field polarization is aligned to a direction 

connecting two nearest neighbors. The presence of the additional peak for the odd harmonics can be 

explained by the presence of inversion symmetry when the laser field is polarized parallel to the direction 

connecting atoms of the same species, allowing odd harmonics generation, while the even harmonics 

are suppressed. This suggests that the harmonics emission is strongly dependent on the orientation of 

the sample under investigation and the capability to probe different band structure regions through 

angular scans. 

[1] V. E. Nefedova et al., Appl. Phys. Lett. 118, 201103 (2021) https://doi.org/10.1063/5.0047421. 

[2] M. Hohenleutner, et al., Nature, vol. 523, no. 7562, pp. 572–575, Jul 2015. 

[3] Ghimire, S. et al., Nat. Phys. 7, 138–141 (2011). 

[4] G. Vampa et al.,  Phys. Rev. Lett., vol. 113, p. 073901, Aug 2014. 
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We present a method for tracing the nuclear vibrational motion of diatomic molecules in the kinetic 

energy release (KER) spectra of the dissociating photofragments.  

To exemplify our procedure, we consider the widely studied sodium iodine (NaI) molecule, which 

features an ionic-covalent avoided crossing between its ground and first excited  electronic states [1]. 

Applying an IR control pulse, a nuclear wave packet of NaI is created in the ground electronic state as 

a coherent superposition of the vibrational eigen states. This nuclear motion is then probed by a series 

of few-femtosecond UV pump pulses that promote the system to the excited electronic state where it 

dissociates through the nonadiabatic avoided crossing on an ultrafast time scale [2]. 

The central frequency of the probe pulses are chosen such that the electronic states are coupled 

resonantly in the whole region of the nuclear motion, so a direct mapping of the nuclear wave packet 

into the continuum is achieved (see Fig.1). The presented procedure works the best for short multi-cycle 

probe pulses. Upon increasing the probe pulse duration, nuclear wave packet interference effects start 

to dominate the KER spectra which prevent the procedure to be applied for tracing purposes. The 

appearance of these interferences is also discussed [3]. The time-propagation of the nuclear wave 

packets has been carried out with the multi-configuration time-dependent Hartree (MCTDH) method. 

 
Figure 1: Simulated nuclear vibrational wave packet evolution of NaI (left panel), compared with that 

reconstructed from the KER spectra (right panel). Besides the amplitude, the phase of the wave packet is also well 

described by the applied tracing procedure. The probe pulse duration is 18 fs and the intensity is 3x10^11 W/cm^2. 

[1] A. Csehi, G.J. Halász, L.S. Cederbaum, Á. Vibók, J. Phys. Chem. Lett. 8 (2017.) 1624-1630. 

[2] L. Biró, Manipulating the photoexcitation and subsequent nonadiabatic decay of NaI molecules using terahertz pulses 

(Master thesis, in Hungarian, 2020.) . 

[3] L. Biró, A. Csehi, in preparation. 
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The ability to image electronic motion on its natural time and length scale will provide new 

insights into chemical and phase transfromations in atomic, molecular and condense matter systems. 

This task can be achieved by (sub-)femtosecond x-ray pulses employing different techniques.  

 

In my research group, we theoretically predict, how attosecond x-ray pulses can be applied for 

characterization of electronic motion on atomic length scale. In my poster, I will present several 

proposals for attosecond x-ray experiments based on three different techniques, time-resolved resonant 

[1,2] and nonresonant x-ray scattering [3,4], and time- and angle-resolved photoelectron spectroscopy 

[5]. 

[1] D. Popova-Gorelova, R. Santra, Phys. Rev. B, 91, 184303 (2015).  

[2] D. Popova-Gorelova, R. Santra, Phys. Rev. B, 92, 184304 (2015).  

[3] D. Popova-Gorelova, V Guskov, R Santra, arXiv:2009.07527 (2020).  

[4] D. Popova-Gorelova, Appl. Sci., 8(3), 318 (2018). 

[5] D. Popova-Gorelova, J. Küpper; R. Santra, Phys. Rev. A, 94, 013412 (2016). 
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