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The time-dependent two-particle reduced density matrix
method

F. Lackner1, T. Sato2, K. L. Ishikawa2,3, J. Burgdörfer1, I. Březinová1

1Institute for Theoretical Physics, TU Wien, Vienna, Austria, EU
2Photon Science Center, The University of Tokyo, Tokyo, Japan

3Department of Nuclear Engineering and Management,
School of Engineering, The University of Tokyo, Tokyo, Japan

iva.brezinova@tuwien.ac.at

We present a new method that is able to describe the correlated electron dynamics of strongly driven
multi-electron atoms. The fundamental object propagated in time is the two-particle reduced density ma-
trix (2RDM) [1, 2]. Compared to wavefunction-based methods, a reduced object such as the 2RDM bears
the advantage that we avoid the exponential growth of configuration space with particle number, a prob-
lem that restricts highly accurate methods such as multi-configurational time-dependent Hartree-Fock
(MCTDHF) to systems with just a few particles [3]. As compared to other methods that use even more
reduced objects such as the particle-density within time-dependent density functional theory (TDDFT),
two-particle correlations are fully accounted for within our theory. We will present essential compo-
nents of the theory, show benchmark calculations for high-harmonic generation in multi-electron atoms,
and demonstrate the accuracy of the new method by comparing to fully converged MCTDHF results.
Marked differences between the fully correlated spectrum and the spectrum obtained from TDDFT and
time-dependent Hartree-Fock are found.
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Figure 1: The high harmonic spectrum of neon when driven by a two-cycle IR laser pulse with λ =
800 nm and I = 1015 W/cm2. Comparison between different theoretical approaches.
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From Low-Energy Nonadiabatic Dynamics to Attochemistry 

Loic Joubert-Doriol1 
1MSME, Univ Gustave Eiffel, CNRS UMR 8208, Univ Paris Est Creteil, F-77474 Marne-la-

Vallée, France 
Loic.joubert-doriol@univ-eiffel.fr 

 

 
The exponential scaling of quantum methods prevents the full quantum simulations of large 

molecular systems. A usual approach employs the adiabatic representation, in which the nuclear 

problem is solved on potential energy surfaces, but the exponential scaling severely limits this 

approach since adiabatic states must be evaluated numerically on large grids. Furthermore, the 

adiabatic representation presents singularities when electronic states intersect, which is commonly the 

case in ultra-fast photochemistry. It seems that we should depart from the adiabatic representation. 

However, we can do it in a way that we exploit all the developments associated to this representation. 

I will present the moving crude adiabatic (MCA) representation [1], which directly employs the 

adiabatic states while avoiding singularities. Combined with a basis of moving Gaussians for the 

nuclei, we can also replace the large dimensional grids by one-dimensional trajectories and use 

electron-nuclei Gaussian integration to remove the approximations usually associated with potential 

models [2]. 

Alleviated from the adiabatic representation, it is possible to abandon adiabatic states completely. 

This is especially useful in the context of attochemistry, where more than few electronic states 

interact, and employing electronic stationary states do not bring any advantage. I will show how it is 

possible to extend MCA for time-dependent electronic states by employing the MultiConfiguration 

Time-dependent Hartree (MCTDH) method for the electrons. 

 

References 
 

[1] L. Joubert-Doriol, J. Sivasubramanium, I. G. Ryabinkin, and A. F. Izmaylov, Topologically 

Correct Quantum Nonadiabatic Formalism for On-the-Fly Dynamics, J. Phys. Chem. Lett. 8, (2017), 

452  

[2] L. Joubert-Doriol and A. F. Izmaylov, Variational nonadiabatic dynamics in the moving crude 
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Fano meets Nuclei — How nuclear degrees of freedom
influence time-resolved spectroscopy of electronic decay

processes

Elke Fasshauer1

1Department of Physics and Astronomy, Aarhus University, Denmark
elke.fasshauer@gmail.com

Electronic decay processes like the Auger-Meitner process [1, 2] and the Interparticle Coulombic De-
cay (ICD) [3] are omnipresent and occur in areas like metallurgy, analysis of surfaces, semi-conductors,
water, solvents, noble gas clusters and even in the active centers of proteins. These processes are ini-
tated by removal or excitation of a sub-outervalence electron, which can be achieved by, e.g., light in the
XUV to x-ray range. These energies allow the creation of ultrashort laser pulses and hence time-resolved
measurements with high time resolutions.

So far, electronic decay processes were described by Fano’s theory [4]. However, this theory consid-
ers only the involved electronic states while neglecting the nuclear parts of the wavefunction. Especially
in the case of ICD, though, the nuclear dynamics are required for an accurate description. We therefore
present an analytical ansatz for the inclusion of the nuclear wavefunction within the Born-Oppenheimer
approximation into Fano theory and use the results for an analytical discussion of time-resolved kinetic
energy spectra of electronic decay processes. [5, 6]

We will show:

1. How the electronic width of the short pulse influences the spectra.

2. How several vibrational states influence the spectra.

3. Characteristic interference patterns created by simultaneously decaying vibrational states.

4. Explain, why theoretically simulated lifetimes, which are based on purely electronic wavefunctions
underestimate experimentally determined effective lifetimes.

Due to the general nature of the analytic ansatz, it can straightforwardly be extended to different
experimental techniques such as, e.g., RABBIT.

References

[1] L. Meitner, Über die Entstehung der β -Strahl-Spektren radioaktiver Substanzen, Z. Phys. 9, (1922),
131.

[2] P. Auger, Sur les rayons β secondaires produits dans un gaz par des rayons X, C. R. Acad. Sci. 177,
(1923), 169.

[3] L. S. Cederbaum, Giant Intermolecular Decay and Fragmentation of Clusters, Phys. Rev. Lett. 79,
(1997), 4778.

[4] U. Fano, Effects of Configuration Interaction on Intensities and Phase Shifts, Phys. Rev. 124,
(1961), 1866.

[5] E. Fasshauer, L. B. Madsen, Time-resolved Spectroscopy of Interparticle Coulombic Decay Pro-
cesses, Phys. Rev. A 101, (2020), 043414.

[6] E. Fasshauer, in preparation.
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Promises of Auxiliary DFT to investigate radiation chemistry 

problems 

Xiaojing Wu1, Karim Hasnaoui2, Karwan A Omar1, Aurélien de la Lande1 
1Institut de Chimie Physique, CNRS, Université Paris Saclay, France 

2IDRIS and Maison de la Simulation, CEA, CNRS, Université Paris-Sud, UVSQ, Université 

Paris-Saclay 

aurelien.de-la-lande@universite-paris-saclay.fr 

 
The transient collision of high-energy-transfer particles (e.g. MeV H+ or He2+ ions) with biological 

matter results in the ionization or the excitation of its constituent molecules. Huge amounts of energy 

are deposited locally, typically several tens of eV. These early physical events produce a myriad of 

reactive radical species that are at the source of cascades of chemical processes spanning several 

spatial and temporal scales. The physical-chemistry of these ultrafast processes is not well understood 

at the present time and computer simulations are prone to play a key role in this research field [1].  

We have devised a dedicated methodology relying on Real-Time Time-Dependent Density 

Functional Theory relying and Auxiliary DFT (RT-TD-ADFT) to deal with large and inhomogeneous 

molecular systems comprising hundreds of atoms[2]. RT-TD-ADFT affords promising computational 

performances on HPC architectures (scaling, memory demand), and still offering much room for 

future improvements (Figure 1). We combined RT-TD-ADFT to polarizable classical force fields to 

handle even larger systems. Our implementation includes time delays in electric field propagation 

between quantum and classical regions (retardation effects). The promises but also the current 

limitations of our methodology to embrace the physics at play in radiation chemistry will be discussed.  

I will finally show applications to current radiation chemistry problems. I will show for instance 

that deposition of energy into condensed phase is not an additive property and investigate the physical 

stage of irradiation of solvated DNA, with a particular focus on so-called secondary electrons[3].  

 
Figure 1: computational performances of RT-TD-ADFT as implemented in deMon2k on a 200 as 

electron dynamics simulation of a solvate peptide (top-right corner).  
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Implementation and validation of the relativistic attosecond
transient absorption theory within the dipole approximation

Felipe Zapata1, Jimmy Vinbladh1,2, Eva Lindroth2 and Jan Marcus Dahlström1

1Department of Physics, Lund University, 22100 Lund, Sweden
2Department of Physics, Stockholm University, 10691 Stockholm, Sweden

felipe.zapata@matfys.lth.se

Attosecond transient absorption spectroscopy (ATAS) is used to study electron coherence and motion
in atoms and molecules [1]. Typically, an intense laser field is used to prepare an electron wave packet
in the target system and a XUV pulse is used to probe the dynamics. All studies so far are based
on non-relativistic ATAS theory [2], althought the importance of spin-orbit coupling was demonstrated
already by the first ATAS experiment which targeted Krypton [3]. Numerical calculations including
spin-orbit effects have been done by few authors (i.e. Pabst et al [4] and Baggesen et al [5]) but without
a fully relaticistic approach. In the present work, a relativistic ATAS theory is derived, implemented
and validated within the dipole approximation based on the time-dependent Dirac equation. In the non-
relativistic limit, it is found that the absorption agrees with the well established non-relativistic theory
based on the time-dependent Schrödringer equation. Time-dependent simulations have been performed
using the Dirac equation and the Schrödinger equation for the Hydrogen atom in two different attosecond
transient absorption scenarios. These simulations validate our relativistic theory. The present work can
be seen as a first step in the development of a more general relativistic attosecond transient absorption
spectroscopy method for studying heavy atoms, but it also suggests the possibility of studying relativistic
effects, such as Zitterbewegung [6], in the time domain.

References

[1] A. R. Beck, D. M. Neumark and S. R. Leone, Probing ultrafast dynamics with attosecond transient
absorption, Chem. Phys. Lett. 624, (2015), 119.

[2] M. Wu, S. Chen, S. Camp, K. Schafer and M. Gaarde, Theory of strong-field attosecond transient
absorption, J. Phys. B: At. Mol. Opt. Phys. 49, (2016), 062003.

[3] Goulielmakis et al, Real-time observation of valence electron motion, Nature 466, (2010), 739.
[4] S. Pabst, A. Sytcheva, A. Moulet, A. Wirth, E. Goulielmakis and R. Santra, Theory of attosecond

transient-absorption spectroscopy of krypton for overlapping pump and probe pulses, Phys. Rev. A
86, (2012), 063411.

[5] J. C. Baggesen, E. Lindroth and L. B. Madsen, Theory of attosecond absorption spectroscopy in
krypton, Phys. Rev. A 85, (2012), 013415.
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Control of electron-nuclear dynamics with IR pulse: 
simulation with Quantum-Ehrenfest 

Thierry Tran1,2, Graham A. Worth1, Michael A. Robb2 

1Department of Chemistry, University College London, 20, Gordon St., WC1H 0AJ, London, 
United-Kingdom 

2Department of Chemistry, Molecular Sciences Research Hub, Imperial College London, 
White City Campus, 80 Wood Lane, W12 OBZ, London, United-Kingdom 

thierry.tran.18@ucl.ac.uk 
 
 

The advent of attosecond spectroscopy has opened the door to monitoring ultrafast phenomena 
occurring at the timescale of electronic motion. An ultrashort pulse has a photon in the energy range of 
the extreme ultraviolet which leads to formation of cationic species. The photoionization will excite 
the molecule onto multiple electronic states at the same time. Thus, the resulting dynamics involve 
motion of electrons and nuclei that are heavily coupled. Subsequent control of the dynamics can be 
achieved by the use of a short IR pulse.1 

To unravel the mechanism behind the coherent superposition of electronic states and the effect of 
the pulse on the electron and nuclear dynamics, the Quantum-Ehrenfest2 method was employed to 
simulate the time evolution of the molecular wavefunction within a full quantum approach. The effect 
of the pulse is included in the simulation by implementing it directly within the electronic structure 
method and an initial application of the algorithm is done on the allene cation.3 A more thorough 
investigation is performed on the ethylene cation by direct comparison with previous experimental 
results where an IR pulse was used to change the outcome of the photofragmentation.4 

 
References 

 
[1] Sussman et al., Dynamic Stark Control of Photochemical Processes, Science, 314, (2006), 278-

281 
[2] Jenkins et al., The Ehrenfest method with fully quantum nuclear motion (Qu-Eh): Application to 

charge migration in radical cations, J. Chem. Phys., 149, (2018), 094108 
[3] Tran et al., The quantum-Ehrenfest method with the inclusion of an IR pulse: Application to 
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[4] Lucchini et al., Ultrafast mapping of relaxation dynamics of ethylene cation, EPJ Web Conf., 
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Laser-field induced channel closings in molecular excitation

S. Meise1, H. Volkmann2, J. Förster2, A. Magaña2, A. Saenz2, U. Eichmann1

1Max-Born-Institut, 12489 Berlin
2AG Moderne Optik, Institut fur Physik, Humboldt-Universtät zu Berlin, 12489 Berlin

The experimental verification of frustrated-tunneling ionization has lead to increased interest on elec-
tronic excitation without ionization [1]. While the occurrence of neutral excited states of atoms and
molecules that survive within the adopted intense laser fields is surprising in itself, it was demonstrated
that in the case of atoms the excitation yield plotted as a function of the laser peak intensity shows very
pronounced steps due to channel closings, much more pronounced than is seen in the ionization yield [2].

In view of the results for atoms it is an interesting question whether the excitation yield of molecules
shows a comparable behaviour, as molecules possess vibrational degrees of freedom, which may lead to
a blurring of the effect or in the extreme case to the disappearance of the sharp channel-closing struc-
tures.
In this talk, the results from a combined experimental and theoretical investigation of the intensity-
dependent excitation yield for the diatomic hydrogen molecule will be presented.
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Figure: Averaged (black) and vibrationally-resolved (blue, red) excitation yields of H2 for 40
fs laser pulses with varying intensity. Solid lines indicate a full (six-dimensional) two-electron
calculation, while dash-dotted lines are retrieved by applying an effective single-electron po-
tential [3].
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Many-electron effects of strong-field ionization described in
an exact one-electron theory

Jakub Kocák, Axel Schild
ETH Zürich, Laboratorium für Physikalische Chemie, 8093 Zürich, Switzerland

axel.schild@phys.chem.ethz.ch

A central problem in the theoretical description of an ionization dynamics induced by an ultrashort
and ultrastrong laser pulse is to simulate the many-electron dynamics at the nuclei together with the
voyage of the ionized electron. It is challenging to treat these two parts both accurately, as in principle a
many-electron dynamics over a very large spatial region needs to be modeled.

In the single-active electron assumption, this problem is avoided by assuming that only the simulation
of one electron is necessary, but at the cost of neglecting relevant electron interaction effects. However,
if one-electron observables of a many-electron problem are of interest, those can in principle be obtained
exactly from a one-electron problem. If this one-electron problem would be known, the many-electron
problem would also be solved.

The formalism of the exact electron factorization (EEF) achieves the reduction of dimensionality
from a many-electron system to a one-electron system formally. In the EEF, the one-electron system is
determined by a time-dependent potential v(t) that can have a complicated structure. For numerically
solvable models of few-electron systems interacting with a laser field, we investigate the features of v(t)
relevant for attoscience and ionization dynamics, and we explain the origin of those features. We find that
a simple approximation can already describe the dynamics correctly for some parameter regimes of the
laser pulse. In general, however, we find that excitations of bound states of the ion need to be modeled
to obtain a useful v(t). Based on these results, we present a possible way for a simulation method based
on the EEF beyond the single-active electron assumption.

References

[1] Jakub Kocák, Axel Schild, Phys. Rev. Research 2, 043365 (2020)
https://doi.org/10.1103/PhysRevResearch.2.043365
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The XCHEM code: molecular-frame photoelectron angular
distributions.

V. J. Borrás 1*, P. Fernández-Milán1, L. Argenti2,3, J. González-Vázquez1, F. Martín1,4,5

1Departamento de Química, Módulo 13, Universidad Autónoma de Madrid, 28049 Madrid, Spain
2Department of Physics, University of Central Florida, Orlando, Florida 32186, USA

3CREOL, University of Central Florida, Orlando, Florida 32186, USA
4Instituto Madrileño de Estudios Avanzados en Nanociencia (IMDEA-Nano),

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

de Madrid, 28049 Madrid, Spain
*josep.borras@uam.es

Due to the high photon energy of attosecond light sources, the theoretical description of attosecond
experiments requires a proper representation of the ionization continuum. For polyelectronic molecules,
the description of the ionization process requires the use of electronically correlated wave functions for
the molecular bound states as well as the system’s ionization continuum. Despite the huge success of
state-of-the-art Quantum Chemistry Packages (QCP) for describing molecular bound sates, the combi-
nation with their ionization continuum at the same level of theory is still challenging.

The XCHEM code, recently developed in our group, overcomes these difficulties by using a hybrid
Gaussian-B-Spline (GABS) basis interfaced with existing QCPs via close-coupling scattering methods
[1, 2]. The XCHEM approach has produced excellent results in different atomic and molecular systems
[2, 3, 4, 5, 6, 7], encouraging us to go one step further.

The inherent anisotropy of molecules makes photoelectron angular distributions (PADs) an interest-
ing observable to study, especially in the presence of Feshbach resonances where PADs are expected to
change abruptly with the energy. The PADs, either in laboratory frame (beta asymmetry parameter) and
molecular frame (molecular-frame photoelectron angular distribution) have been just incorporated to the
XCHEM code, allowing us to study them in more complicated systems such as CO and pyrazine.

In this talk, we will introduce the XCHEM code. For that, we will explain the principles in which
it is based and show its performance. We will put especial emphasis on PADs for the CO and pyrazine
molecules in the region where molecular Feshbach resonances are expected to appear.

References

[1] C. Marante, L. Argenti, and F. Martín, Phys. Rev. A 90, 012506 (2014).
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[4] M. Klinker, C. Marante, L. Argenti, J. González-Vázquez, F. Martín, Phys. Rev. A,98, 033413
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[5] S. Poullain, M. Klinker, J. González-Vázquez, F. Martín, Phys. Chem. Chem. Phys.,21, 16497

(2019).
[6] M. Klinker, C. Marante, L. Argenti, J. González-Vázquez, and F. Martín, J. Phys. Chem. Lett. 9,

756 (2018).
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Quantum mechanical simulations of attosecond XUV ionisation 

dynamics using atomic and molecular model systems 
 

Karl Michael Ziems1,2, Alexander Schubert1, Stefanie Gräfe1,2,3 
1Institute of Physical Chemistry, Friedrich Schiller University Jena, Germany 

2Max Planck School of Photonics, Germany 
3Abbe Center of Photonics, Friedrich Schiller University Jena, Germany 

karl-michael.ziems@uni-jena.de 
 

 
Electron dynamics during strong field ionisation have been investigated for a plethora of atomic 

systems, however, few many-body systems and molecules have been examined. While originally the 

research focussed on the infrared regime, in recent year this was extended to the high frequency 

regime and attosecond pulses. Here, we want to provide a systematic in-depth study of the attosecond 

XUV induced single ionisation dynamics in atoms and molecules by means of solving the time-

dependent Schrödinger equation of quantum model systems numerically. Results are compared against 

various approximations, such as first-order perturbation theory, a (time-dependent) self-consistent 

field approach, and analytical plane wave approximations. 
It is well known that electron-electron and nuclear-electron correlation modifies the ionisation 

dynamics beyond the single active electron picture resulting in effects such as shake-up/down, knock 

up/down and non-adiabatic processes. By using a model system with differently bound electrons, a 

strongly and weakly bound electron, we mimic valence electrons of molecular systems. Time-resolved 

analysis of the emitted electron’s dynamics allows us to distinguish different pathways leading to 

ionisation. Subsequently, the different pathways are shown to also lead to differences in the electronic 

and nuclear postionisation dynamics within the parent ion [1]. 
Moreover, we analyse few-cycle XUV effects and laser induced asymmetries during the ionisation 

of atomic and molecular systems and their interplay with electron-electron correlation effects. 

 
Figure 1: We theoretically investigate electron-electron correlation effects during attosecond XUV 

ionization on the extended Shin-Metiu model system. The one-dimensional molecular system consists 

of two fixed outer nuclei, one movable central nucleus at R, and two mobile electrons at x and y. 
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A more detailed look into enhanced ionization in intense laser
fields

Bruno Schulz and Alejandro Saenz
Humboldt-Universität zu Berlin, Newtonstr. 15, 12489 Berlin, Germany

alejandro.saenz@physik.hu-berlin.de

Enhanced ionization, i. e. a strongly increased ionization probability found for specific internuclear
separations of a molecule exposed to an intense laser field, is one of the most paradigmatic molecu-
lar strong-field effects. This phenomenon has been investigated experimentally and theoretically for a
number of molecules, especially the hydrogen molecular ion and neutral hydrogen molecules. Recently,
strong experimental evidence was even found that enhanced ionization can even occur simultaneously,
i. e. more than one carbon-hydrogen bond may break in corresponding organic molecules. Besides this
plethora of studies, only few investigations have been devoted to heteronuclear systems. Motivated by
a combined experimental and theoretical study on HeH+ in ultrashort intense laser pulses, we have per-
formed fully correlated calculations of this molecule in intense laser pulses by solving the corresponding
time-dependent Schrödinger equation in full dimensionality for fixed, but varying internuclear separa-
tion. A pronounced influence of the carrier-envelope phase of the laser is found that can lead to a variation
of the products by a factor 50 or more! The detailed analysis reveals an interesting electron dynamics
that will be presented and discussed in this talk after a general introduction into enhanced ionization is
given.
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Multiphoton ionization of few-electron systems: amplitudes
and cross sections
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andrej.mihelic@ijs.si

Electronic dynamics in atoms and molecules often unfolds on the femtosecond or attosecond ti-
mescales. This is, for example, true of transient states, like autoionizing states, Auger resonances, or
dissociative molecular states. Studying the dynamics of these states calls for the use of sources of in-
tense, short light pulses, which can be used to both probe and control the evolution of the system under
investigation. When the pulse intensity is high, two or more photons can be absorbed before the atom
is ionized or the molecule is fragmented. Theoretical description of multiphoton ionization is especially
challenging in the case of the above threshold ionization (ATI), when the number of photons absorbed
exceeds the number of photons required to ionize the target, or when the continua involved are resonant
(structured). While directly solving the time-dependent Schrödinger equation is usually the preferred
way to tackle photoexcitation or photoionization processes, this may, in general, be neither desireable
nor achievable, for example, when the pulse duration exceeds ten or a few tens of femtoseconds.

We will summarize our recent work on the theoretical description of multiphoton ionization. We have
devised a method for the calculation of multiphoton ionization amplitudes and cross sections, which is
applicable to few-electron atoms and molecules [1, 2]. The method is based on an extraction of electron
partial wave amplitudes from a solution of a system of driven, time-independent Schrödinger equations.
More specifically, it relies on a description of the partial waves in terms of a small number of Coulomb
waves with fixed wave numbers. We have demonstrated the applicability of the method by calculating
two-, three-, and four-photon ionization amplitudes and cross sections of hydrogen and helium atoms
over a wide range of photon energies, both below and above the ionization threshold.

We will also discuss our implementation of the electron wave packet propagation scheme based on
exterior complex scaling (ECS) [3, 4], and present some of our recent results obtained by solving the
time-dependent Schrödinger equation describing atoms with two active electrons.
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Wave function splitting technique used for the study of
interference effects
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During the interaction of few-cycle laser pulses with atomic targets the interference between contin-
uum electronic wave packets occurs [1] and leads to a complex interference pattern in the momentum
distribution of the continuum electron. This pattern is composed of substructures, which can be attributed
to different interference scenarios: The temporal interference pattern is the result of the interference be-
tween electronic wave packets created during different half cycles of the driving laser field [2], while the
spatial interference pattern is formed as a superposition of electronic wave packets created at the same
time (i.e. during the same half cycle of the driving field), but which follow different spatial paths [3]. In
experiments and in ab initio calculations the coherent superposition of these substructures is observed,
and the physics behind their formation can be understood with the help of approximate analytical mod-
els [1]. In our ab initio calculations we have employed a wave function splitting technique [4], which
allowed us to study the formation of the spatial interference patterns in the continuum wave packets cre-
ated by each half cycle of the driving laser field. Moreover, with the coherent addition of these partial
wave packet we were able to investigate the formation of the temporal interference patterns too.
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Quantum dynamics in systems with weak and strong
couplings. The special case of Ag−2
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Referring to a recent experiment reported by Anderson et al. [1], we theoretically study the process of
two-channel decay of the diatomic silver anion (Ag−2 ), namely spontaneous electron ejection giving Ag2
+ e− and dissociation leading to Ag− + Ag. The ground state potential curves of the silver molecules
of diatomic neutral and negative ions were calculated using proper pseudo-potentials and atomic ba-
sis. We also estimated the non-adiabatic electronic coupling between the ground state of Ag−2 and the
ground state of Ag2. The relative energies of the rovibrational levels allow the description of the electron
emission process, while the description of rotational dissociation is treated with the quantum dynamics
method [2]. The results of our calculations are verified by comparison with experimental data. The
weakness of the Ag−2 → Ag2 + e− process was confirmed, for which the timescale of decay is given in
seconds. We also formulate some prospects to control such a process using strong couplings to decrease
significantly its timescale.
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Figure 1: (left panel) Potential energy curves for the Ag−2 and Ag2 ground states: (a) current work; (b)
current work with original basis set of Peterson and Puzzarini [3]; (c) Morse potentials generated by
experimental and theoretical parameters [1]. (right panel) A map of rovibrational levels of Ag−2 and Ag2:
(a) no decay possible; (b) spontaneous electron emission only; (c) fragmentation only; (d) both decay
modes possible; (e) rovibrational levels of Ag2.

References
[1] E.K. Anderson, A.F. Schmidt-May, P.K. Najeeb, G. Eklund, K.C. Chartkunchand, S. Rosén, Å.

Larson, K. Hansen, H. Cederquist, H. Zettergren and H.T. Schmidt, Phys. Rev. Lett. 124, (2020),
173001.

[2] P. Jasik, J. Kozicki, T. Kilich, J. E. Sienkiewicz and N.E. Henriksen, Phys. Chem. Chem. Phys. 20,
(2018), 18663.

[3] K.A. Peterson and C. Puzzarini, Theor. Chem. Acc. 114, (2005), 283.

THU-7

18 ↑ Conference Program



R-matrix approaches to molecular photoionization
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The R-matrix method is a powerful approach used to study atomic and molecular physics processes
for many years. A number of process-specific versions and computational implementations are available,
with several of those now forming part of a wider project supported by the UK-AMOR community. Two
of these suites are applied to the study of light-molecule interactions. All R-matrix approaches are based
on the division of space into an inner and outer regions in which the process is described differently.

The R-matrix with time dependence (RMT) [1] approach has been applied successfully to a variety of
processes in atoms subject to ultrashort laser pulses. Recent developments [2] allow the use of arbitrary
polarized light and the study of molecules. In the outer region, RMT solves the single-electron time-
dependent Schrödinger equation, with the electron subject to the long-range potential of the atom or
molecule and the laser field. In the inner region, on the other hand, it uses highly accurate multielectronic
wavefunctions to describe correlation.

For molecules, the inner region wavefunctions are generated by the UKRmol+ suite, originally devel-
oped for electron/positron - molecule scattering, and also based on the R-matrix approach. In addition
to providing the inner region information required by RMT, the UKRmol+ suite can determine (in a
time-independent framework) single and multi- photoionization cross sections, asymmetry parameters,
Dyson orbitals, etc. This suite has also undergone recent development [3] in order to, for example, use
B-splines in the representation of the continuum via the new GBTOlib integral library.

Application of the molecular RMT [4] to strong field ionization of water highlighted the importance
of using multielectron approaches to accurately describe these processes: when channel coupling is
included in the calculations, the photoelectron angular distributions resembles the HOMO orbital for all
final ionic states investigated. The use of both UKRmol+ and RMT to describe weak-field two-photon
ionization of H2 and one-photons will also be discussed in the talk.

The latest versions of all three suites, UKRmol+ (in and out) , RMT and GBTOlib, are open access
and can be freely downloaded. More recent results will also be presented at the meeting by some of the
co-authors of this presentation.
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Ultrafast non-adiabatic dynamics in molecules following
ionization

Alexander I. Kuleff
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Due to the electron correlation, the removal of an electron from a molecular orbital can trigger
ultrafast, pure electron dynamics [1]. The hole charge created by the ionization can migrate throughout
the molecule on a few-femtoseconds timescale even at frozen nuclei [2, 3]. The slower nuclear dynamics
is expected to dephase the pure electronic coherence at a later stage and trap the migrating charge. A
methodology for performing full-dimensional quantum calculations of the concerted electron-nuclear
dynamics following ionization of polyatomic molecules will be presented. Examples on non-adiabatic
dynamics initiated by outer- [4] and inner-valence [5] ionization will be shown, and the possibility to
trace these dynamics by attosecond transient-absorption spectroscopy [6] will be discussed.
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We present a 3D non-adiabatic model [1] and its implementation in a computer code designed to 

model: (a) the propagation of ultrashort laser pulses in ionizing gas medium; (b) the interaction at 

single-dipole level between the ultrashort laser pulse and atom; (c) the macroscopic build-up and 

propagation of the generated attosecond pulses in the gas medium. 

Several challenges are discussed and solutions are proposed. During propagation in noble gas 

medium the strong laser pulse suffers serious distortions both at optical cycle level (self-phase 

modulation) and in its spatial distribution (intensity decrease, self-guiding) [2]. These modifications of 

the driving pulse will be transferred to and amplified in the generated dipole radiation during the 

highly nonlinear laser-atom interaction [3]. The way how these successive attosecond emissions can 

build up constructively in order to yield strong and coherent XUV radiation at the exit of the 

interaction volume is a central question to be solved for all attosecond pulse generation beamlines [4]. 

Another challenge comes together with the increase of the available laser pulse intensity. The 

proper choice of one (or combination of more) ionization model(s) is crucial because the instantaneous 

free electron density in the interaction medium directly affects the refractive index “seen” by the 

driving pulse. As the laser intensity increases, multiple ionization of the noble gas atoms has to be 

included. We propose a sequential ionization model for this case [5]. 

It is highly recommended to combine the pulse propagation code with the calculation of the dipole 

response of the laser-atom interaction at reasonable accuracy and at affordable computational cost. 

Therefore, we use the strong-field approximation extended with the quantitative rescattering theory for 

the calculation of the single dipole response. 

The propagation of the driving field is described by the Maxwell wave equation at carrier wave 

level. This is solved in frequency domain in the reference frame moving together with the pulse; we 

assume cylindrical symmetry and use the paraxial approximation. The Crank-Nicolson method is used 

in a self-consistent iterative algorithm to obtain the solution. The propagation of the generated 

attosecond pulses is treated with a similar equation. 

The main quantities obtained as results of the calculations are: the driving field temporal and 

spatial profile at the beginning and at the end of the propagation; the power spectrum of the generated 

harmonics and the temporal profile of the generated attosecond pulses; the spatial build-up of selected 

harmonic orders together with the time-dependent phase-matching spatial maps. 

Examples for the simulation of existing experimental beamlines are presented. 
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“Molecular delay” is Wigner delay
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In this talk we present a detailed analytic and numerical theoretical study of time-delays in molecules,
largely based on the newly developed multi-photon molecular R-matrix method. We further show that
the first-order “molecular delays” introduced in [1] are identical to Wigner delays.

As the main core of this talk we present a general time-independent method for calculation of mul-
tiphoton ionization amplitudes of arbitrary (perturbative) order, for any number of photon absorptions
below and above threshold, as recently implemented and scheduled for next release of the UKRmol+
molecular scattering suite [2]. This method, applicable to both atomic and molecular targets, is based on
the molecular R-matrix approach, taking advantage of its splitting of the configuration space to inner re-
gion and outer region. In the inner region, the photoionization problem is solved in its full multi-electron
complexity, while in the outer (asymptotic) region, only the photoelectron is allowed and all necessary
contributions of this region—including the many-dimensional free-free dipole integrals—are treated ana-
lytically. We apply our method to calculation of multi-photon ionization cross sections for several atomic
and molecular targets (H, He, H2), for which reference results are available in the literature.

Finally, we use the time-independent photoionization amplitudes for interpretation of RABITT ex-
periments in H2 and N2; we also compare them to results from time-dependent calculations using the
“molecular R-matrix with time dependence” (MRMT) approach [3], directly demonstrating the separa-
bility into the first-order (Wigner) delay and the Coulomb laser coupling part. We classify the structures
in time delays into resonance and interference kinds and discuss their origin: relation to resonances and
to deep minima in differential cross sections.
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Figure 1: Left: Generalized cross section of two-photon ionization of He with Gaussian basis set. Right:
Attosecond (RABITT) delays for ionization of H2 in static exchange model.
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Localization of Siegert states in multi-electron molecular
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In this talk I will describe a recent implementation and application of a method to localize all S-matrix
poles (resonances, virtual states, bound states) in electron scattering and photoionization for a multi-
electron target molecule using the ab initio molecular R-matrix codes [1]. Knowledge of the positions
and properties of the S-matrix poles significantly improves physical interpretation of the results.

The method is based on direct solution of Schrödinger equation in the complex plane [2]. Positions
of the S-matrix poles coincide with complex energies where solutions obeying the Siegert outgoing-
wave boundary conditions at infinity exist. These solutions are exponentially increasing in the lower-half
complex momentum plane which makes them difficult to handle using common numerical methods.
These problems are avoided in the R-matrix approach which uses a division of space and treats the
asymptotic part of the wavefunction as a one-electron problem for which analytical methods can be
used.

We have applied our method to analysis of calculations of low-energy (< 10 eV) electron collisions
with the ring molecule pyrrole. We have found a large number of Siegert states deep inside the complex
plane in agreement with studies of simple model systems [3]. Our Siegert calculations have surprisingly
shown that the broad feature in the cross section at energies around 8 eV actually comprises of two broad
resonances, see Fig. 1. Additionally, we have clearly shown that this system does not possess a broad σ∗

resonance which has been assumed in some previous works to form in strongly dipolar systems and used
to explain the dissociative electron attachment process. Instead, we show how the resonant-like effect
arises as a consequence of formation of a virtual state.

Figure 1: Electron scattering cross section and S-matrix poles in pyrrole for a bent geometry.
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Probing strong-field two-photon transitions through dynamic
interference
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We demonstrate  how strong-field  multiphoton  transitions  between  dynamically  shifted  atomic
levels can be traced in the energy spectra of emitted photoelectrons [1]. Applying an ultrafast and
intense laser pulse, two-photon Rabi oscillations are induced between two bound states of an atom. A
third photon from the same pulse directly ionizes the atom, thus the emitted photoelectrons coherently
probe  the  underlying  dynamics.  As  the  instantaneous  energy  of  photoelectrons  follows  the  pulse
intensity envelope, modulated by the ac Stark shifts, electrons emitted with the same energy but at
different  times - at  the rising and falling edge of the pulse - will  interfere leading to pronounced
dynamic interference pattern in the spectra (Fig.1). 

We investigate this phenomenon both numerically and analitically by developing a minimal three-
state  model  that  incorporates  two-photon coupling and dynamically  shifted atomic levels.  On the
example of atomic lithium (2s →→ 4s → continuum) we show how the individual ac Stark shifts and
the two-photon Rabi  frequency are  reflected through the asymmetry,  shifting and splitting of  the
interference structure of the computed photopeaks [1].
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Figure 1: Photoelectron spectra of atomic Li after 2+1 photon resonance-enhanced
multiphoton ionization, induced by a single Gaussian laser pulse. Owing to the ato-

mic level Stark shifts, the spectrum is shifted from its nominal position and becomes
asymmetric. Furthermore, the splitted spectra exhibit pronounced dynamic inter-

ference pattern which carries important information about the underlying dynamics.
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Theoretical Description of Photoionization Observables
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The last couple of decades have witnessed a remarkable boost in the study of sophisticated light-
matter interactions, due to enormous advancements in synchrotron and laser facilities. This has lead to
high demands for reliable theoretical and computational methodologies [1]. The objective of my presen-
tation is to give an overview of our development on theoretical models for the calculation of dynami-
cal parameters for photoionization. This requires an accurate description of both initial and final bound
states of the system, as well as of the outgoing electron. Our studies show that using a linear combination
of atomic orbitals (LCAO) B-spline density functional (DFT) method to describe the ejected electron,
in combination with correlated equation-of-motion coupled cluster singles and double (EOM-CCSD)
Dyson orbitals, gives good agreement with experiment and outperforms other simpler approaches, like
plane wave (PW) and Coulomb waves (CW), used to describe the photoelectron [2, 3]. However, simple
DFT based approach fails to precisely capture more intricate phenomenon like Cooper minima. LCAO
B-spline time-dependent density functional (TD-DFT) method alleviates this problem.
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Figure 1: Partial cross-section for photoionization from 3s orbital of Argon. EOM-CCSD Dyson orbitals
are used to describe the bound state.
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