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Convergent close-coupling approach to ion-atom collisions: 
recent progress 

 
Alisher Kadyrov 

Department of Physics and Astronomy, Curtin University, Perth, Australia 
a.kadyrov@curtin.edu.au 

 
Ion-atom collisions take place in various astrophysical and laboratory plasma environments. 

Therefore, an accurate knowledge of excitation, electron-capture and ionisation processes occurring in 
such collisions plays an important role for practical applications. A two-centre wave-packet 
convergent close-coupling (WP-CCC) approach developed in our group is capable of providing 
benchmark data on the integrated and differential cross sections for processes taking place in ion-atom 
collisions. The WP-CCC approach is based on expansion of the total scattering wave function using a 
two-centre pseudostate basis. This allows one to take into account all underlying processes, namely, 
direct scattering and ionisation, and electron capture into bound and continuum states of the projectile. 
The normalized wave packets constructed from the radial Coulomb wave functions are used to 
discretise the continuous spectrum of the target and projectile atoms. The generated orthonormal 
wave-packet bases are used in the two-centre expansion of the total scattering wave function. One of 
the favorable features of the WP-CCC method is its ability to generate target and projectile atom states 
with arbitrary energies and distribution. This, in addition to improving the accuracy of the 
calculations, also has a particular advantage in calculating differential ionisation cross sections where 
the energies of the pseudostates with different orbital quantum numbers are aligned. Discretisation of 
the continuum can be as dense as necessary. The utility of the method was demonstrated in our 
previous works on examples of proton and multiply-charged ion collisions with atomic hydrogen. The 
integrated, fully differential, as well as various doubly and singly differential cross sections for 
ionisation of hydrogen were calculated and a comprehensive set of highly accurate benchmark results 
obtained. Here we report on recent progress in applications of the method to collisions of fully 
stripped ions with atomic hydrogen and multielectron targets. 

Earlier the WP-CCC method was applied to calculate fully differential cross sections for single 
ionization of helium by energetic protons using a single-centre expansion [1]. The obtained results 
showed that the coupling between channels and multiple-scattering effects, combined with a more 
accurate treatment of the target structure, significantly improves the agreement between theory and 
experiment. We have now extended the method to intermediate energies where a two-centre expansion 
is required. We have calculated angular differential cross sections for direct scattering and electron 
capture, and singly differential cross section for ionisation [2]. The results agree well with available 
experimental data. We have also developed a computationally more efficient one-centre approach to 
two-centre rearrangement collisions involving multielectron targets [3] and applied to proton 
scattering on lithium. Recently, we have developed an effective single-electron treatment of ion 
collisions with multielectron targets that does not use the independent-event model [4] and applied it 
to calculate single-electron capture and single-ionization cross sections for proton collisions with 
alkalis. Obtained results are in very good agreement with experiment for electron capture, however, 
significant discrepancies between theory and experiment for single ionization of Na and K remains. 
We have used the WP-CCC approach to calculate the angular differential cross sections of elastic 
scattering, excitation, and electron capture, as well as the ionization cross sections differential in the 
ejected-electron angle, and in the ejected-electron energy [5]. We also report on calculations of the 
total and state-selective cross sections for bare beryllium ion collisions with hydrogen [6], where there 
have been discrepancies between different approaches for capture into excited states of the projectile. 
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Single and double electron capture in intermediate energy
N5+ + H2 collisions

J. W. Gao1, Y. W. Zhang2, Y. Wu3,2, J. G. Wang3, N. Sisourat4, and A. Dubois4

1Institute of Nuclear Science and Technology, Sichuan University, 610064, Chengdu, China
2Center for Applied Physics and Technology, HEDPS, Peking University, 100871, Beijing, China

3Institute of Applied Physics and Computational Mathematics, 100088, Beijing, China
4Sorbonne Université, CNRS, Laboratoire de Chimie Physique-Matière et Rayonnement,

75005, Paris, France
gaojunwen@scu.edu.cn

Over the past decades, electron capture processes induced by highly-charged ions colliding with H2
molecules have been studied extensively because of the great importance in various domains, such as
the understanding of x-ray emission from solar wind ions interacting with cometary neutral species [1]
and the modeling of fusion plasmas for diagnostic purposes [2]. For the system N5+-H2, a substantial
number of experimental investigations, e.g., [3-6], have been carried out for single electron capture (SEC)
processes. In contrast, only very scarce data are available for the double electron capture (DEC) process
[3]. From the theoretical point of view, investigating this collision system still remains challenging due
to the strong coupling between various channels, the multicenter features of the H2 molecular target as
well as the role of the electronic correlation.

In the conference, we shall present our latest work [7] on single and double electron capture in inter-
mediate energy N5+ + H2 collisions. Total and partial cross sections are calculated using a three-center,
two-active-electron, semiclassical nonperturbative approach. For SEC cross sections, the present results
show an excellent agreement below 10 keV/u where theoretical and experimental data are available and
discriminate between them when disagreement existed. In addition, it is shown that the cross sections
for DEC into autoionizing states are particularly significant and thus contribute substantially to the to-
tal single electron capture cross sections through post-collisional autoionization. The cross sections for
DEC into bound states of N3+ are also reported and show severe discrepancies with the rare available
data. Furthermore, the molecular orientation effects for electronic processes have also been investigated,
which leads to a discussion with respect to the mechanisms responsible for the corresponding electronic
processes.
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[1] T. E. Cravens, X-ray Emission from Comets, Science 296, (2002), 1042–1045.
[2] R. Janev, Atomic and Plasma-Material Interaction Data for Fusion (IAEA, Vienna, Austria, 2001).
[3] D. H. Crandall, M. L. Mallory, and D. C. Kocher, Charge exchange between multicharged ions of
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anisms involved in one-electron capture by slow N5+ ions in atomic and molecular hydrogen, J.
Phys. B 35, (2002), 4335.
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022814.
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Electronic interactions of swift ions and their
secondary electrons in biologically relevant materials

Pablo de Vera1, Andrea Pedrielli1, Paolo E. Trevisanutto1, Stefano Simonucci2,
Rafael Garcia-Molina3, Isabel Abril4, Simone Taioli1, and Maurizio Dapor1

1European Centre for Theoretical Studies in Nuclear Physics and Related Areas (ECT*)
and Trento Institute for Fundamental Physics and Applications (TIFPA), Trento, 38123, Italy

2School of Science and Technology, University of Camerino, 62032, Camerino,
and INFN, Sezione di Perugia, 06123, Perugia, Italy

3Departamento de Física, Centro de Investigación en Óptica y Nanofísica,
Universidad de Murcia, Murcia, 30100, Spain

4Departament de Física Aplicada, Universitat d’Alacant, Alacant, 03080, Spain
pdeveragomis@ectstar.eu

Among the many applications of energetic ion beams, their exploitation in medicine is attracting
much attention in recent years. Ions can be used for cancer treatment instead of the X-rays employed
in conventional radiotherapy, which brings many advantages [1]: their characteristic depth-dose curve
(known as the Bragg peak) allows the energy deposition within the tumour area sparing the surrounding
healthy tissues; additionally, ions present an increased cell killing probability for the same amount of
dose as compared to photons. The latter feature arises as a consequence of a chain of physico-chemical
events happening on different space, time and energy scales [2], which connect the initial macroscopic
propagation of the ions in the body to the final DNA damage in cells through the production, propagation
and effects of secondary species, mainly low energy secondary electrons and reactive chemical species.

In this contribution, a series of methods which have been developed during recent years for the
multiscale modelling of the physical processes underlying ion radiation biodamage will be reviewed.
These include the calculation of high-quality electronic excitation spectra of condensed-phase materials
by means of ab initio methods [3], the use of these spectra together with the dielectric formalism for
reliably obtaining electronic cross sections for ions and electrons [4], as well as the use of the resulting
cross sections in Monte Carlo simulations to estimate clustered DNA damage on the nanometre scale [3].

These methodologies are also very useful for getting physical insights into the processes behind
newly explored cancer treatment modalities, such as the use of metal and metal oxide [5] nanoparticles
as enhancers of ion beam cancer therapy.

References

[1] D. Schardt, T. Elsässer, D. Schulz-Ertner, Heavy-ion tumor therapy: Physical and radiobiological
benefits, Rev. Mod. Phys. 82, (2010) 383–425

[2] A. V. Solov’yov (ed.), Nanoscale Insights into Ion-Beam Cancer Therapy, Springer International
Publishing AG, Cham, Switzerland, (2017)
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tive role of the physical mechanisms on complex biodamage induced by carbon irradiation, J. Phys.
Chem. Lett. 12, (2021) 487–493

[4] P. de Vera, I. Abril, R. Garcia-Molina, Excitation and ionisation cross-sections in condensed-phase
biomaterials by electrons down to very low energy: application to liquid water and genetic building
blocks, Phys. Chem. Chem. Phys. 23, (2021) 5079–5095

[5] A. Pedrielli, P. de Vera, P. E. Trevisanutto, N. M. Pugno, R. Garcia-Molina, I. Abril, S. Taioli, M.
Dapor, Electronic excitation spectra of cerium oxides: from ab initio dielectric response functions
to Monte Carlo charge transport simulations (2021). arXiv:2104.12242 [cond-mat.mtrl-sci]
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Modelling electron capture in Be ion collisions with hydrogen
for charge-exchange spectroscopy

N. W. Antonio, C. T. Plowman, I. B. Abdurakhmanov, A. S. Kadyrov, I. Bray
Curtin Institute for Computation and Department of Physics and Astronomy,

Curtin University, GPO Box U1987, Perth, WA 6845, Australia
nicholas.antonio@student.curtin.edu.au

The two-centre wave-packet convergent close-coupling (WP-CCC) approach is applied to bare beryl-
lium ion collisions with atomic hydrogen to calculate electron-capture and ionisation cross sections rel-
evant for charge-exchange spectroscopy. Specifically, total, n- and n`-resolved electron-capture cross
sections (here, n and ` are the principal and angular momentum quantum numbers of the Be3+ ion, re-
spectively) are calculated. The WP-CCC method expands the scattering wave function in terms of both
target and projectile basis states. Through direct substitution of this constructed scattering wave func-
tion into the Schrödinger equation it is then possible to obtain a set of coupled differential equations
for the expansion coefficients. These equations are solved for the expansion coefficients. The resulting
coefficients then allow us to calculate the aforementioned cross sections.

Generally, the total, n- and n`-resolved cross sections obtained in this study display excellent agree-
ment with different theoretical models. We have also addressed discrepancies between two different
works in regards to the distribution of the n-resolved electron-capture cross sections at an incident en-
ergy of 100 keV/amu. Figure 1 displays the WP-CCC results for the n-resolved electron-capture cross
section as a function of the final state n against previous theoretical works.
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Figure 1: n-partial cross sections for electron-capture in Be4+-H(1s) collisions at the incident energy
of 100 keV/amu: The present WP-CCC results are compared to works by Igenbergs et al. [1] using an
atomic orbital close-coupling method and Jorge et al. [2] with a time-dependent grid-numerical approach
(I) and a classical trajectory Monte-Carlo approach (II).
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The role of charge transfer and complex formation  

in cation-induced fragmentation of pyridine 

Tomasz J. Wasowicz
1
 

1
Department of Physics of Electronic Phenomena, Gdańsk University of Technology,   

ul. G. Narutowicza 11/12, 80-233 Gdańsk, Poland 

tomasz.wasowicz1@pg.edu.pl 

 

 
The interaction of energetic photons or particles usually leads to the fragmentation of 

molecules. The collisions with photons or electrons typically cause the dissociative excitation 

or ionization of the target. In the heavy charged particles' impact, electrostatic interactions 

between reacting species preceding decomposition may additionally occur. Indeed, the charge 

transfer and the transient complexes formation are the processes in which the corresponding 

ion−molecule components remain bound by ion−dipole attraction. These reactions are of 

particular interest because they are involved in various chemical and biological phenomena, 

such as oxygenic photosynthesis or cellular respiration. Moreover, the cation beams are 

effectively used in hadrontherapy [1], and extensive studies have been recently performed to 

understand the mechanisms underlying the ion-induced fragmentation of biomolecules (see, 

e.g. [2], [3]). 

 Therefore this work is concentrated on unraveling these collisional processes leading to the 

fragmentation of pyridine molecules under the H
+
/H2

+
/He

+
 cations impact in the velocity range 

~20–440 km/s. Pyridine is a heteroaromatic building block of vitamins, pharmaceuticals, and 

agrochemicals. The experiments were performed at the University of Gdansk. We have utilized 

collision-induced emission spectroscopy [4] to explore the collisional excitation products and 

the spectral signatures of collisional mechanisms (see examples in Figures 1a and 1b). In 

particular, the conditions of the electron capture mechanism and the transient complexes 

formation will be discussed. 

 

 
Figure 1: a) The luminescence of helium atoms excited to the 1s4p 

3
P0 state. Since the helium 

atom is not a structural unit of pyridine, the corresponding emission points to the electron 

transfer reaction. b) The relative cross-sections of CH(A
2
). The prominent resonance-like 

maximum suggests the formation of the [H2−C5H5N]
+
 transient complex before decomposition. 
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Influence of surface defects in  
grazing-incidence fast atom diffraction 

 
L. Frisco1, M.S. Gravielle1 

1Instituto de Astronomía y Física del Espacio (UBA-CONICET), Buenos Aires, Argentina  
msilvia@iafe.uba.ar 

 
 

Grazing-incidence fast atom diffraction (GIFAD) is an exceptionally sensitive technique of surface 
analysis, which provides detailed information of the topmost atomic layer [1]. GIFAD patterns are 
produced by well-ordered crystal targets. But such a periodic ordering requirement is particularly 
crucial along the axial direction, since grazing projectiles probe long distances of the surface along the 
incidence channel. Therefore, surface preparation is an important issue in GIFAD experiments. 
However, even under extremely good cleanness conditions, real crystals present defects that might 
affect the interference structures [2].   

In this work we study the influence of defects on diffraction patterns for He atoms grazingly 
impinging on a LiF(001) surface, collision system that can be considered as a prototype for GIFAD.  
In particular, we analyze the presence of terraces on the LiF sample, which are assumed as placed 
parallel or perpendicular to the axial channel. For an ideal crystal, the GIFAD pattern is formed by 
sharp peaks laying on a circular annulus - the Laue circle - due to the energy conservation associated 
with the elastic scattering (Fig. 1 (a)). But the presence of an outward (inward) step, oriented 
perpendicular to the axial channel, introduces a broad background above (below) the Laue circle (Fig. 
1 (b)). This effect might be present in experimental GIFAD patterns, in addition to inelastic [3] and 
thermal [4] contributions, allowing us to study surface defects.  
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Figure 1: SIVR distributions for 1.25 keV 4He → <110> LiF(001) at the grazing angle θi = 1.1 
deg, considering: (a) perfect crystal and (b) surface with a perpendicular step  (height 0.1 a.u.). 
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Ion-atom collisions within helium clusters

Nicolas Sisourat1
1Sorbonne Université, CNRS, Laboratoire de Chimie Physique - Matière et Rayonnement

, F-75005 Paris, France nicolas.sisourat@sorbonne-universite.fr

Interatomic/Intermolecular Coulombic Decay (ICD) is an ultrafast non-radiative electronic decay
process wherein an excited atom or molecule transfers its excess energy to a neighboring species leading
to the ejection of an electron from the latter [1]. In a helium cluster, ICD can take place after simultaneous
ionization and excitation of one helium atom within the cluster [2]. After ICD, two helium ions are
created and the system undergoes Coulomb explosion. Following this ultrafast dissociation several ion-
atom collisions within the cluster may take place.

In this talk, we will report on the theoretical approach we have developed to describe the electronic
and nuclear processes taking place in this original type of ion-atom collisions [3]: our approach combines
a semiclassical method with a Diatomics-In-Molecule approach allowing us to consider helium clusters
containing thousands of atoms. Several examples will be presented and discussed [4], providing new
insights into ion-atom collisions in the condense phase.

  

Figure 1: ICD can take place after simultaneous ionization and excitation of one helium atom within a
helium cluster. The excited ion transfers its excess energy to another helium atom which is ionized as a
result. After the energy transfer, the two ions repel each other due to Coulomb repulsion. The ions thus
created may undergo ion-atom collisions within the cluster.
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independent-atom-model coupled-channel calculations

Tom Kirchner, Dyuman Bhattacharya
Department of Physics and Astronomy, York University, Toronto, Ontario M3J 1P3, Canada

tomk@yorku.ca

We consider few keV/amu ion collisions with Ne2 and present an analysis of the electron removal
processes which are associated with various dimer fragmentation channels, interatomic Coulomb decay
(ICD) being one of them. The ion-dimer system is described within the independent atom model and
the coupled-channel basis generator method is used to solve the underlying ion-atom problems. Relative
yields for the fragmentation channels of the dimer are obtained from an impact parameter by impact
parameter analysis of the electronic processes of interest for three mutually perpendicular orientations,
and are compared with recent experimental data and classical over-the-barrier model calculations for
triply-charged ion impact at E = 2.81 keV/amu [1]. We find fair agreement with the measurements for
O3+ impact; in particular, we can confirm that ICD is a significant reaction channel in this system. The
situation changes when the screened O3+ projectiles are replaced by bare Li3+ ions, i.e., the occurrence of
ICD depends on the electronic structure of the projectile and cannot be explained simply by its asymptotic
charge [2]. We will also show that using He2+ ions as projectiles would make ICD the dominant dimer
fragmentation channel in the few keV/amu impact energy regime.
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Atomic scattering research has played a crucial role in advancing our understanding of the few-

body problem in simple atomic systems. In perturbation theory, understanding the relative contribution 

of first vs higher-order mechanisms is essential in accurately describing the few-body dynamics. We 

have performed kinematically complete experiments on ionization of He and H2 by 75keV proton 

impact in the kinematic regime where a higher-order process known as post-collision interaction (PCI) 

is significant. In PCI, the projectile and the electron ejected in the primary interaction attract each 

other in a second interaction in the outgoing part of the collision. We measured all the momentum 

components of the scattered projectile and the recoiling ion produced in the interaction, in 

coincidence. Then the ejected electron momentum was deduced from momentum conservation. Fully 

differential cross sections (FDCS) were extracted for several electron energies ranging from well 

below to well above the projectile-electron velocity matching regime [PCI maximizes at the projectile-

electron velocity matching regime]. Moreover, for each electron energy, FDCS were obtained for 

several fixed projectile scattering angles. Pronounced post-collisional effects between the projectile 

and the ejected electron were observed in the projectile scattering angle dependence, the electron 

emission angle dependence, and the electron energy dependence of the FDCS. The data were 

compared to two different, but conceptually similar distorted wave calculations. Our results indicate 

the limitations of perturbative models in the kinematic regime where PCI is strong and thus the need 

for non-perturbative approaches to advance our understanding of the few-body dynamics in simple 

atomic systems. 
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Van der Waals (vdW) clusters are weakly bound atomic/molecular systems and are 

ubiquitous in nature. They are an important medium for understanding micro-environmental 
chemical phenomena in bio-systems. In hydrogen-bond clusters, the proton transfer process 
plays an important role as well, it involves mass and charge migration over large distances 
within the cluster and results in fragmentation of the latter. Nevertheless, this transfer process 
is limited to hydrogen-bond clusters. Since these processes are known to be of relevance in 
biophysics and radiation therapy, a question arises, whether a massive ion could be 
transferred in biochemical processes and lead to fragmentation? In a complex bio-
environment, does heavy ion transfer play a role? Van der Waals clusters may be an ideal 
candidate for these kinds of studies. In the present work, we use neutral vdW cluster ଶܰݎܣ as a 
target in collisions with 1 MeV Ne8+ ions to produce doubly charged cluster (N2Ar)2+. 
Surprisingly, an exotic heavy N+ ion transfer channel ሺ ଶܰݎܣሻଶା → ܰା ൅  ା(Fig. 1 indicatesݎܣܰ
(4) ) has been observed. This bound-bound state transition involving heavy ion transfer process 
and the consequent formation of NAr+ have never been reported so far. Our work demonstrates 
that this channel originates from the dissociation of parent doubly-charged cluster ଶܰ

ଶାݎܣ 
generated by the “N2-site” two-electron loss process. Theoretical calculations show that the 
polarization interactions between Ar and ଶܰ

ଶା lead firstly to an isomerization process of ଶܰ
ଶାݎܣ 

from its initial T-shape to linear-shape (N-N-Ar). Besides, the neighboring neutral Ar atom 
decreases the ଶܰ

ଶା  barrier height and width, resulting in significant shorter lifetimes of 
metastable molecular ion state ଶܰ

ଶା(ܺ	ଵΣ௚ା). Consequently, the breakup of the covalent N+-N+ 
bond, the tunneling out of the N+ ion from ଶܰ

ଶା potential well, as well as the formation of N-
Ar+ bound system take place almost simultaneously. Then the Coulomb explosion starts 
between ܰା and ܰݎܣା ion pairs. This mechanism might be general for molecular dimer ions 
in the presence of neighboring atom, and be of potential importance in understanding micro-
dynamics of biological systems [1]. Recently, we also observed this mechanism in Ar2+-N2Ar 
collisions at low energy of 40 keV.  
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Figure 1: The two-dimensional TOF correlation map shows the time-of-flights between the 
first and the second fragment ions arriving at the recoil detector.  
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In collision experiments like (𝑒,2𝑒) or (𝑝,𝑒), the Coulomb field of the charged projectiles always disturb
the initial and final states of the target. Using photons as projectiles removes this perturbation. However, the
only “collision”-like photon-atom interaction is Compton scattering, which has an extremely small cross
section (∼10−24 cm2), much smaller than those of classical collision experiments, making kinematically
complete coincidence measurements very challenging. Due to the rise of high-intensity synchrotron
light sources and the highly efficient COLTRIMS technique [1], we were able to perform a kinematically
complete measurement of Compton scattering on helium with a photon energy of ℎ𝜈 = 2.1 keV [2].
We measured the momenta of the electron and helium ion in coincidence, and, exploiting momentum
conservation, derived from these the photon momentum. The resulting electron momentum distributions
(Fig. 1) resemble the bimodal distributions known from (𝑒,2𝑒) or (𝑝,𝑒) contexts without any post-collision
effects of an outgoing projectile.
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Figure 1: Electron momentum distributions in the scattering plane for different magnitudes of the
momentum transfers ®𝑄 = ®𝑘𝛾 − ®𝑘 ′𝛾 .
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We present experiments demonstrating trajectory-dependent electronic excitations at low ion velocities
attributed to charge-exchange events. Experiments were performed with the time-of-flight medium en-
ergy ion scattering set-up at Uppsala University [1]. We employed pulsed beams of singly charged ions
with masses from 1 (H+) to 40 u (Ar+) and energies between 20 and 300 keV. Ions are transmitted
through self-supporting Si(100) nanomembranes and detected behind the sample. Fig. 1 demonstrates
our experimental approach, in which ion energy loss is measured together with angular distributions for
different beam-crystal alignments. We have analysed both trajectory-dependent electronic stopping and
electronic energy-loss straggling. Our results show higher electronic stopping for random than for chan-
nelled trajectories for all studied ions [2]. For ions heavier than protons, direct core-electron excitations
at employed ion velocities are inefficient. We, therefore, explain our observation by reionisation events
occurring in close collisions of ions with target atoms mainly accessible in random geometry [3]. These
events result in trajectory-dependent mean charge states, which heavily affects the energy loss. The elec-
tronic energy-loss straggling likewise exhibits a strong dependence on ion type, velocity and trajectory.
For all ions, straggling in random geometry is higher than in channelling orientation. While for He strag-
gling increases with ion velocity, for B travelling along random trajectories a minimum is observed in
the studied velocity range. We compare experimental results for these two ions with predictions by the
Chu model and transport cross section calculations (Penn-TCS model). We provide strong evidence that
electron-hole pair creation alone cannot explain electronic excitations by slow ions other than protons.
Especially for heavy ions, additional energy-loss processes such as charge exchange and autoionisation
including possible alterations of the scattering potential [4] have to be taken into account.

Figure 1: 150 keV Ne+ transmitted through a 53 nm silicon membrane turned by (2°,4°) out of channelling geom-
etry. The main plot shows energy-loss curves for different regions of interest on the detector. The inset shows the
spatial distribution of ions with ROIs from the main plot indicated by circles.
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The study of the DDCS for emitted electrons from water vapour by energetic proton impact gains
importance in radiobiology. To explore the science behind the radiobiology related to the hadron therapy
of cancer, and, in general for radiation damage by high energy particles, it is importannt to understand
the characteristics of the ionization process and the energy loss in water molecules [1]. The ions interact
with the water molecules to give rise to processes like ionization, electron capture or dissociation etc.
The prominent process is the emission of electrons with different energies in all directions which may
cause further damage [2, 3]. Emitted electrons are detected using hemispherical electrostatic analyzer
for emission angles within 30 to 160 degree. The highly collimated proton beam of energy 250 keV was
available from the 14.5 GHz ECR based ion-accelerator in the TIFR, Mumbai.
The absolute DDCS, d2σ/dεedΩe, as a function of the emission energy (εe) and emission angle (Ωe),
have been obtained and compared with the CDW-EIS and CTMC [4] calculations. The CTMC calcula-
tions show excellent agreement with the experimental DDCS data particularly in the backward angles. In
case of forward angles both the CDW-EIS and the CTMC provide reasonable agreement (Figure 1). The
TCS values as obtained from the experiment, however falls about 30% below the CTMC predictions. We
will also display the similar experimental data on water in higher energy (∼ MeV/u) collisions involving
C and O ions which are very well reproduced by the CTMC model. Energy scaling of cross section data
will also be presented.

Figure 1: e-DDCS of water induced by 250keV protons for mission angles (a) 30◦ and (b) 150◦ with
CDW-EIS (solid-blue line) and CTMC (dashed black line) predictions.
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From the first observation of molecular species in space (see [1] and refs. therein), much interest 

has been devoted to the formation and fates of interstellar molecules. To study the formation processes 

and reactivity of these molecules, we have to simulate the interstellar environment. Astrophysical ice 

analogues have been processed with Lyman-α, vacuum- or extreme- UV photons, electrons and ions 

[2] for a long time. Experiments have revealed much information on the chemical reactivity. However, 

systematicity, repeatability, and reproducibility have sometimes been difficult to achieve [3,4].  

Here we report a new facility for ion and electron irradiation studies relevant to experimental 

astrochemistry located at the Institute for Nuclear Research (Atomki) in Debrecen, Hungary. 

The Chamber for Astrophysics-Astrochemistry (ICA) is designed to carry out systematic studies 

wherein a selected number of parameters (e.g. ice thickness, morphology, temperature, projectile ion 

nature and energy, etc.) may be controlled and varied. The main advantage of the ICA set-up lies in its 

provision for four deposition substrates, allowing the creation of ice replicates under identical 

conditions. Thermal, ion and electron, processing are available, allowing for various combinations of 

them. Heavy ion beams in the mid-energy (0.2-18 MeV) range may be delivered to ices deposited on 

cold (20-300 K) ZnSe substrates. These substrates are vertically mounted on an OFHC copper holder 

connected to a closed cycle cryostat, a 360° rotation stage and a z-linear manipulator. The ions may 

cross the ice layer with relatively small energy losses, or may implant into the ice. Irradiation induced 

physico-chemical changes are monitored by FTIR spectroscopy. A temperature controller allows us to 

perform thermal annealing studies on both non-irradiated and irradiated ices. Sublimating volatiles, 

particles sputtered during irradiation and molecules desorbed during annealing are monitored by a 

quadrupole mass spectrometer (QMS). Ice layers are created through background deposition. The gas-

mixtures are prepared in a dosing-line and introduced into the main chamber by means of an all leak 

metal valve. The set-up is equipped with an electron gun which provides electron beams of a few µA 

in the 5 eV – 2 keV energy range. At the conference, we will present preliminary results of e-, H+ and 

S2+ impact on ice mixtures deposited at 20 K. 
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Astrophysical ices are the main surface material of many Solar system bodies, such as comets and
trans-Neptunian objects. On these surfaces, solar wind ions and cosmic rays induce chemical reactions
stimulating secondary ion emission to the gas phase. The effects of energetic processing of ices at low
temperature  have  been  analyzed  through  laboratory  investigation,  revealing  in  particular  the
production of molecules and free radicals of astrophysical importance. Since nitrous oxide (N2O) was
already observed in star-forming sites, this molecular species is expected to be present in ices covering
some minor bodies in the outer Solar system. In the current work, N2O ice is irradiated at 10 K by
energetic (MeV/u) multicharged heavy ions (e.g. 105Rh and 140Ba);  the sputtered positive and negative
secondary  ions  were  detected  and  analyzed  by  the  TOF-PDMS  technique  (time-of-flight  plasma
desorption  mass  spectrometry).  Several  ionic  species  were  identified,  indicating  strong  molecular
fragmentation: N+, N2

+, NO+, O+, and O-. The bombardment also induces the formation of ion cluster
series: (N2)nRm

+, (NO)nRm
+, (N2O)nRm

+, where R = N+, N2
+, NO+, N2O+, Om

+ (n up to ~ 10, m = 1−3). As
illustrated  in  Figure 1,  their  sputtering  yield  distributions  follow  the  sum  of  two  decreasing
exponentials one fast -F (kF) and another slow -S (kS), suggesting a two-regime formation. Almost all
of the yield distributions have the same exponential decay constants, with kF  1.4 and k∼ S  0.15 u∼ −1.
Based on these results, an emission description for aggregates is proposed; which may improve the
understanding of the processes by which, in space, neutral and ionized molecular species are delivery
to the gas phase. 
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Figure 1: Relative sputtering yield distribution of ion clusters emitted by N2O ice
bombarded by MeV projectiles. Data obtained by Time-of-Flight Mass Spectrometry
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The ionization and subsequent dissociation of ammonia and methane molecules in a gas phase 

was investigated experimentally by impact of protons in a wide range of energies from 125 to 2700 

keV [1,2]. Coincidence measurements, including electron-ion and electron ion-pairs, were performed 

and allowed us to extract clean discriminated single from multiple ionization cross sections and 

uncover the processes present in the dissociative single and multiple ionization. For the pure single 

ionization analysis, a semiempirical fragmentation matrix model based on the Born Approximation 

was used to obtain the contribution from the single hole vacancy (vertical transitions) and from the 

double-hole one particle (2h-1p) satellite states. The role of the charge sign of the projectile was 

analysed through a comprehensive comparison of the proton and the electron impact data, which 

despite extensively investigated, shows specially for ammonia a large dispersion among the absolute 

cross sections. Marked contrasts and similarities between both projectiles in the fragment ion 

production were observed for both molecules. This systematic investigation of the single and multiple 

ionization of ammonia and methane by protons is of interest to several physical chemical 

environments, across the interstellar medium, on the atmosphere and surface of planetary bodies and 

in the evolution of terrestrial life. 
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The substrate surface corrugation is a key feature in quasiepitaxy, driving the overlayer orientation
even for weakly interacting interfaces. In this invited talk we will address the corrugation of the KCl(001)
surface by means of grazing incidence fast atom diffraction (GIFAD) [1]. The unexpected∼ 85% corru-
gation increase below 100 meV we obtain for 4He→〈110〉KCl(001) suggests that KCl could outperform
the usual NaCl or LiF layers often used in organic electronic devices to improve charge injection.

Experimental GIFAD patterns were recorded for 4He→KCl(001) along 〈110〉 and 〈100〉 channels.
In Fig. 1 we show the corrugation ∆Z(E⊥) obtained from the processing of these patterns, together with
two sets of theoretical corrugations: ∆ZPES, calculated on three high-precision DFT-based He-KCl(001)
potential energy surfaces (PESs), two of which included van der Waals (vdW) interactions, and ∆ZSIV R

obtained from the processing of simulated GIFAD patterns, built by means of the surface initial value
representation (SIVR), a semiquantum approach to the scattering dynamics under a given PES.

From the analysis of the potential and the SIVR phase we conclude that: i) For 〈110〉, the increase in
∆Z for decreasing E⊥ is not vdW in origin; ii) The increase of ∆ZPES for 〈110〉 is due to the late fading of
the He-K+ interaction; iii) For both channels, the difference ∆ZSIV R−∆ZPES is due to dynamical effects,
traceable to a shallow attractive region, neither vdW nor polarization in origin; iv) Dynamical effects
take hold when E⊥ < 30 meV, yielding the slope sign change for 〈100〉 and the sharp increase for 〈110〉.
v) GIFAD provides satisfactory structural information for both channels in the E⊥ > 30 meV range.
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Figure 1: Corrugation for He-KCl(001) as a function of the normal energy E⊥
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Singly differential direct scattering and electron capture cross
sections of intermediate energy proton-helium collisions
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Synopsis We investigate the four-body proton-helium differential scattering problem using the two-center

wave-packet convergent close-coupling approach in the intermediate energy region. For comparison, a recently

developed method that reduces the target to an effective single-electron system is also used. The results of the

two methods exhibit a very good level of agreement with experiment. It is concluded that both versions provide

a realistic picture of they processes taking place in proton-helium collisions.

We present an investigation of the four-
body proton-helium differential scattering prob-
lem using the two-center wave-packet convergent
close-coupling (WP-CCC) approach. The ap-
proach uses fully-correlated two-electron wave
functions for the helium target. Here, we fo-
cus on the angular differential cross sections for
direct-scattering and electron-capture processes
in the intermediate energy (75–300 keV) region
where coupling between various channels is im-
portant.

A brief overview of the theoretical approaches
to the differential proton-helium scattering prob-
lem indicates that different approaches have only
been applied to isolated reaction channels. Some
found agreement in their chosen process, how-
ever, could not provide information on other con-
current channels. There has been no attempt
to calculate all the interconnected processes on
equal footing at the same time and in a sys-
tematic fashion. The aim is to test if the WP-
CCC approach is capable of providing a complete
differential picture of all the simultaneous inter-
related processes occurring during the collision
and, thereby, filling this gap.

For comparison, we also use a recently de-
veloped approach [?] that allows one to reduce
the two-electron helium atom to an effectively
single-electron system convenient for scattering
calculations.

We report results for angular differential cross
sections for elastic scattering, excitation into the

n = 2 states (where n is the principal quantum
number of the atom in the final state), and state-
selective electron capture obtained using both
methods. Results for the angular differential
cross sections of excitation and electron capture
agree well with experiment. For elastic scatter-
ing, significant disagreement between the experi-
ment at 100 keV and theory still remains, though
agreement in shape between the experiment and
the two-electron WP-CCC results is excellent.
We suggest that there could be a normalisation
error in the experiment. New experiments and
independent calculations would shed more light
on the situation. We also present results using
a recently developed effective single-electron de-
scription of the target. Results from this alterna-
tive, computationally more efficient, treatment of
the target structure exhibit generally good agree-
ment with the correlated two-electron WP-CCC
calculations.

It is concluded that both the fully-correlated
two-electron and less expensive effective single-
electron WP-CCC approaches are capable of pro-
viding a complete and reasonably accurate dif-
ferential picture of the binary processes taking
place in proton-helium collisions. We will next
turn our attention to proton-helium differential
ionisation where there is an abundance of exper-
imental data to compare with.
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On the quest for projectile coherence in C6+/He collisions 
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20 years ago, single ionization of Helium induced by 100 MeV/u C6+ projectiles was 
investigated in a kinematically complete experiment [1]. The experimentally obtained results, which 
were in strong contrast to state of the art theories at this time and even most recent calculations. While 
the electron momentum distribution should exhibit two well separates lobes, the so-called binary- and 
recoil-lobe, the node between them was mostly filled. This launched an avalanche of controversial 
discussions, which are still ongoing today. The most heavily debates explanations are a) experimental 
issues/limited resolution and b) transversal coherence of the projectile, a concept introduced in 2011 
by Schulz and coworkers [2]. 

 
In order to solve the “C6+-mystery”, we used a state-of-the-art COLTRIMS (COLd Target 

Recoil Ion Momentum Spectroscopy) Reaction-Microscope and redid the initial experiment in Cave 
D4 of GANIL. As insufficient momentum resolution might have been an issue in the original 
experiment, ion arm of the spectrometer was built in a time- and space-focusing geometry in order to 
reduce the diminishing influence of the extended target size. The electron arm was built in a time-
focusing Wiley-McLaren-Geometry. On both ends of the spectrometer, hexagonal delay-line-detectors 
were used, which have an overall non-linearity <100 µm. Also the gas jet was precooled to 80 K and 
for both, electrons and ions, separate calibrations, using an additional 25 keV ion source were used. 
With this, the ion momenta were calibrated, focusing on discrete structures in momentum space as a 
result of single electron capture (He2+ + He  He+ + He+ and He+ + He  He0 + He+). A momentum 
resolution of p<0.1 au for He+ recoiling ions was achieved. The electron arm of the spectrometer was 
calibrated via autoionizing states of a Neon target (He2+ + Ne  He+ + Ne2+ + e-), which create a 
dozen (below 15 eV) of energetically sharp isotropically emitted electrons. 

 
The experiment was performed in March 2021. Therefore the data are currently being 

analyzed and the results will be presented. 
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Binary ridges in the O+ + H2 → O + H+ + H process as a 
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Emission of low-energy fragment ions is a significant output channel following excitation and 

moderate ionization of the target molecules by singly charged ions. Its experimental investigation is 

difficult since slow ions are sensitive to disturbing electric fields. A time-of-flight setup was thus 

developed at Atomki for reliable measurement of absolute cross sections for emission of fragment ions 

with kinetic energies down to 0.1 eV. The emitted ions fly through a well-shielded field-free region 

before their detection on a 2D position sensitive detector which is rotatable around the center. 

We measured the velocity distribution of the H+ (or D+) fragments ejected from H2 (or D2) 

molecules bombarded with 10-keV O+ ions (see Fig. 1). The maximum at velocities close to 0.001 

a.u., is most likely due to dissociation of H2
+ (or D2

+) ions created by single electron capture.  The 

velocity distributions also show a ridge structure due to enhanced fragment emission in the transverse 

direction after binary knock out by the projectile. Compared to its expected position for a target at rest, 

this binary ridge is split and shifted towards two opposite directions. These shifts are due to the speed 

of the atoms in the rotating target molecule. As expected from their mass ratio, the shift is found to be 

twice as large for H2 as for D2. The shift towards a negative longitudinal velocity component is found 

to be more likely than that towards a positive component, showing that the active target atom is 

attracted by the incoming projectile. This result provides evidence for rotational excitation of the target 

molecule before dissociation. The velocity distributions were measured at different temperatures and 

positions of the target gas nozzle. We observed changes in the binary structures, which may be 

attributed to target coherence effects.  
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This work was supported by Hungarian NRDIO-OTKA Grants No. K109440 and K128621, the 

CNRS International Emerging Action (IEA-PICS-CNRS No. 7739 / NKM-115/2017), and by the 

Hungarian NIIF Institution. 

Figure 1: Velocity distribution of H+ ( panel a) and D+ (panel b) fragments stemming 

from 10-keV O+ + H2  or D2 collisions, respectively. The longitudinal velocity 

component is the component along the beam axis. 
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Electron emission from large biomolecules and radio-
sensitizing effect 
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. Heavy ion beams, such as, protons and carbon ions, with high (~GeV) energy obtained from large 
accelerator centers worldwide are typically used for the removal of cancerous tumor in human body. 
The hadron therapy combined with nanotechnology has been proposed to be an elegant alternative for 
cancer treatment. Internal amplification of low energy e-emission due to the inserted metal atoms causes 
the radio-biological effectiveness in nano-inserted biomolecules which is of prime importance for such 
treatment to reduce the incident dosage. The enhancement in the low energy electron emission due to 
the insertion of such atom has been measured here for a class of molecules namely halouracil. In 
particular the iodouracil (IUr) and bromouracil (BUr), obtained by replacing a H-atom in a RNA base 
molecule uracil, have been used for these measurements. We will discuss our recent results on the 
enhancement in the e-emission cross sections for IUr and BUr  under the influence of fast proton and  
carbon-ions. The e-emission from is found to be substantially enhanced over uracil and water. The 
enhancement is much larger then the CDW-EIS model prediction. The sensitizing factor at least for the 
IUr is explained in terms of atomic giant dipole resonance (GDR) of strongly correlated 4d-electrons 
for the iodine atom. Some of the recent references are added  [1-11] including two recent reviews [1,2]. 
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Coulomb-explosion imaging of carbon monoxide dimers
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Carbon monoxide dimers (CO)2 have been studied since the 1990s using infrared and millimeter-
wave spectroscopy. However, the interpretation of the measured rovibrational spectra has been puzzling
for many years because of the possible contribution of two distinct isomers of the dimer with very little
binding energy difference. The lowest in energy has been assigned to a planar C-bonded geometry in
which the carbon atoms of each CO molecule are located in the inner region of the dimer. In contrast,
the other isomer would correspond to a planar O-bonded configuration with two inner oxygen atoms.
Moreover, these two isomers have been found to have different equilibrium intermolecular distance Re.
The corresponding three-dimensional structures of the dimer can be described using four independent
parameters: the intermolecular bond length Re, the relative orientations θ1 and θ2 of each molecule with
respect to the dimer axis, and the torsional angle φ (see Fig. 1).
We report on experimental results obtained from collisions of slow highly charged Ar9+ ions with a
carbon monoxide dimer (CO)2 target [1]. A cold target recoil ion momentum spectroscopy setup and a
Coulomb explosion imaging approach are used to reconstruct the structure of the CO dimers. The three-
dimensional structure is deduced from the two-body and three-body dissociation channels from which
both the intermolecular bond length and the relative orientation of the two molecules are determined.
For the three-body channels, the experimental data are interpreted with the help of a classical model in
which the trajectories of the three emitted fragments are numerically integrated.

Figure 1: (a) Complete three-dimensional geometry (θ1, θ2, φ , Re). (b) Partial geometry accessible
through the two-body and three-body dissociation of the dimer (θ , Re).
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Formation of H̄+ via radiative and nonradiative
attachment of e+ to H̄
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Universitätsstr. 1, 40225 Düsseldorf, Germany

andreas.jacob@hhu.de

The formation of positive ions of antihydrogen H̄+ via radiative and nonradiative attachment of free
positrons (e+) to antihydrogen (H̄) is studied for positron energies ranging from sub-meV to eV. The H̄+

ion is of great interest as an intermediate particle in free fall experiments on the behavior of H̄ in the
gravitational field of the Earth (GBAR experiment, see e.g., [1]).

We consider the following radiative attachment mechanisms [2]: (I) Spontaneous radiative attach-
ment (SRA), in which an incident e+ is captured into the ground state of H̄+ via emission of a photon.
(II) Laser-induced radiative attachment (LIRA), in which H̄+ is formed due to photo emission induced
by a laser field. (III) Two-center dileptonic attachment (2CDA), where an incident e+ is captured by
H̄ moving in a gas of matter atoms B and capture proceeds via resonant transfer of energy excess to B
which becomes excited and then stabilizes via spontaneous radiative decay [3]. As an example of 2CDA,
we consider that positrons and a beam of slow H̄ move in a (dilute) gas of Cs atoms and positron capture
by H̄ involves the 62S1/2→ 62P3/2 dipole transition in Cs. We compare mechanisms (I)-(III) with each
other and show that LIRA and 2CDA can strongly dominate over SRA.

Besides, we discuss (nonradiative) three-body attachment with an assisting electron (3BAe), where
free positrons are incident on H̄ embedded in a gas of low-energy (∼ meV) electrons and a positron is
attached to H̄ whereas an electron carries away the energy excess [4]. It is by far the dominant attachment
mechanism at very low positron energies . 10−2 eV, which is considerably smaller than the range of
positron energies (' 1 eV) where the radiative attachment mechanisms are most efficient (see Figure 1).

Figure 1: H̄+ formation rate (per H̄) for SRA (dotted), 2CDA involving Cs (solid) and 3BAe (dashed).
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The observation of the magnetic resonance signals of rubidium atoms (85Rb and 87Rb isotopes) 

when using the indirect optical orientation in conditions of helium–rubidium gas discharge plasma is 

discussed. It has been demonstrated that optical pumping of alkali atoms in gas discharge results to a 

highly efficient indirect optical orientation of metastable He (23S1) atoms [1]. However, in an attempt 

to perform the inverse experiment the result was quite unexpected: the magnetic resonance signal of 

Rb atoms was very weak. The experimental results have been considered, and an explanation of the 

observed anomaly in the signals is done.  

At the optical orientation of metastable helium atoms in the Rb–He mixture and under conditions 

of a gas discharge, the polarization of rubidium atoms is possible as a result of two collisional 

processes. The first process is the inelastic process (it is the ionization of Rb atoms by metastable He 

atoms). The second process is the elastic process (so-called spin exchange process).   

The idea of the experiment was as follows. Direct optical orientation of metastable (in the 23S1 

state) 4Не atoms was implemented by circularly polarized light (with a wavelength λ = 1.08 μm) from 

a gas discharge helium lamp. As a result of collisions between spin-oriented metastable helium atoms 

and rubidium atoms, the rubidium atoms were polarized. The detection of rubidium atom polarization 

was implemented by the change in light absorption by helium atoms when the spin polarization of 

rubidium atoms was broken by exciting an magnetic resonance (MR).  

MR signals for the two rubidium isotopes little differ from each other in amplitude but are 

significantly (almost by two orders of magnitude) less in the amplitude than the MR signal for helium 

atoms. To explain the effect we used a theoretical approach used for the interpretation of the results in 

the case of the Cs–He pair [2]. The main factors determining the observed anomaly are the following: 

1. Effect of the nuclear spin magnitude: 
The redistribution of electronic angular momentum between the ensembles of metastable helium 

atoms and rubidium atoms in collisions of optically oriented He(23S1) with unpolarized Rb is a result 

of the ionization and the spin exchange proportionally to the electronic spins. Before the next collision 

with a He (23 S1) atom, the spin orientation of the Rb atom is redistributed between the electron and 

the nucleus. 

2. Effect of spin exchange between rubidium isotopes on magnitudes of observed signal:  

In the absorption chamber containing a mixture of rubidium isotopes, atoms of different rubidium 

isotopes can collide with each other.  

3. The role of various quenching processes in a gas discharge: 

Given the high probability of other relaxation processes in the gas discharge (spin exchange with 

nonoriented Rb atoms, relaxation in collisions with the electrons, metastable singlet and other excited 

He atoms, as well as in collisions with molecules, photons, the absorption cell walls, etc.).  

The contributions from each of these processes were calculated to explain the results. 
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Transfer ionization cross sections in A+q+He collisions
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We present a nonperturbative study of the total and differential cross-sections of the transfer ioniza-
tion (TI) process in collisions between helium atom and bare ions Aq+ (q = 1 - 3) from intermediate to
high impact energies (10 keV-1 MeV). We used the 4-body classical trajectory Monte Carlo (CTMC)
method.

Figure 1: Total cross sections for transfer ionization as a function of projectile impact energy using the
4-body CTMC method. Experimental data of Shah et al. [1, 2] H+: open-circles, He2+: open-squares
and Li3+: open-triangles. Present 4-body CTMC method H+: filled-circles, He2+: filled-squares and
Li3+: filled-triangles.

In Fig. 1 we show TI total cross sections obtained by using the CTMC method for collisions between
H+, He2+ and Li3+ and the ground state helium atom. According to Fig. 1, the total cross sections
of TI in case of H+ projectile show a remarkable discrepancy between our data and the experimental
observation which may improve it including correction term in the Hamiltonian taking into account the
Heisenberg principle via model potential [3]. At the same time the agreement between our data and
the experimental data is reasonable for He2+ and Li3+ ions. For deeper understanding of the collision
dynamics, we also present angular and energy differential cross sections.
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In the present work, multiple ionization cross sections of water molecules by proton and light ion 

impact are calculated in the framework of the Independent Electron Model (IEM). To keep the model 
as simple as possible, the impact parameter single-particle ionization probabilities, required by the 

IEM, are described by means of decreasing exponential functions. The parameters of these functions 

are obtained from total net ionization cross sections for each molecular orbital, calculated by applying 
the Continuum Distorted Wave-Eikonal Initial State approximation [1]. The contribution of Auger and 

Coster-Kronig electron emission to multiple ionization cross sections is included by using the Ne post-

collisional emission probabilities [2], considering that H2O and Ne are isoelectronic. This post-

collisional treatment offers a simple alternative to the much more complex evaluation of the molecular 
post-collisional relaxation. The results are in close agreement with experimental data for proton and 

other light ions, as shown in Figure 1. 
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Figure 1: Single and double ionization of water molecules by proton impact. Solid 

line: present work. Scatters: experimental values. 
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Multi-electron effects in collisions of swift ions and atoms 

A. Dubois1, S. Passalidis1, E. P. Benis2, T. J. M . Zouros3

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

2 Department of Physics, University of Ioannina, GR-45110 Ioannina, Greece 
3 Department of Physics, University of Crete, GR-70013 Heraklion, Greece 

Synopsis    State-to-state charge exchange cross sections are presented for ion-atom col-
lision systems involving several active electrons. Focused in the intermediate and high 
impact energy regions, the results stem from a semiclassical close-coupling treatment 
taking into account dynamically several electrons and are compared with monoelectron-
ic approximations. 

Semiclassical close-coupling approaches 
within the molecular and asymptotic rep-
resentations  have been widely used with 
great success for one- or quasi-one-active 
electron ion-atom collisions [1]. For mul-
tielectronic systems and for the intermedi-
ate energy  domain the situation is more 
complex and a majority of investigations 
have been performed using the independ-
ent electron, independent event approxi-
mations and/or frozen core approximation 
[2]. Much less non perturbative calcula-
tions taking into account the dynamics of 
several electrons have been done in the 
past due to the important computer re-
sources they require. They often presented 
a limited control of convergence with re-
spect to the number of states included in 
the basis sets employed. 

In the symposium a recently deve-
lopped approach based on a semiclassical 
multi-electron close coupling treatment 
will be presented. The solution of the time 
dependent Schrödinger equation is per-
formed within a full configuration interac-
tion (CI) approach by expanding the scat-
tering wavefunction on a basis of mu-
tielectronic states centred on target, pro-
jectile and both. These states are aug-
mented by electron translational factors to 
ensure Galilean invariance of the results 
and to remove spurious dipolar coupling 

terms in the final equations to be solved 
[1]. The states are obtained by using a set 
of Gaussian type orbitals and their pro-
ducts, keeping all possible spin states for 
the different (charged) species involved in 
the collision, for a given, conserved, total 
spin. 

We shall present cross sections from 
this approach, showing, its limits and also 
its advantages by comparison with results 
based on similar close coupling treatments 
but taking into account a single active 
electron and using independent electrons 
or frozen core approximations. 
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Underlying scaling rules for the ionization of molecules
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Modeling the ionization of molecules with biological interest by multicharged ions is a challeng-
ing task with critical implications. In the last decade, many comprehensible yet straightforward ab initio
models have been proposed to obtain reliable values for several DNA and RNA bases. In recent work [1],
we combined a continuum distorted wave (CDW) method with a simple molecular stoichiometric model
(SSM) to compute the ionization cross sections of over a hundred biologically relevant collisional sys-
tems. Further analysis of these results led us to propose three scaling rules [2]. First, we considered the
molecular description of the target by taking into account the number of active electrons per molecule,
ne. Then, we reduced the nature of the projectile by scaling the cross section with the ion charge, Zα , as
a function of the reduced impact energy E/Z2−α , with α = 1.2. Finally, we propose a two-folded rule by
combining the ne-scaling with the Zα -reduction of the cross section. Figure 1 shows the implementation
of this scaling on CDW-SSM calculations for five different charged ions in eighteen targets and on the
available experimental data. The generality of the scaling proposed is proved to be valid within 35% in
a wide energy range by considering a significant number of experimental data sets for other collisional
systems.
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Figure 1: Ionization cross section reduced with the ion charge Z and scaled with number of active
electrons per molecule ne with α = 1.2. Curves: CDW-SSM theoretical results from [1]. Symbols:
experimental data (see Refs. in [2])
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Hydrogen migration plays an important role in the chemistry of hydrocarbons which considerably 

influences their chemical functions. The migration of one or more hydrogen atoms occurring in 

hydrocarbon cations has an opportunity to produce the simplest polyatomic molecule, i.e. H3
+
 and 

isomerization channels. Here we present a combined experimental and theoretical study of hydrogen 

migration in those channels from small hydrocarbon dications [1, 2]. The experiments are performed 

by 300-eV electron and 3-keV/u Ar
8+

 collisions with hydrocarbons using the cold target recoil ion 

momentum spectroscopy (COLTRIMS). The kinetic energy releases (KERs) and relative yields of 

corresponding hydrogen migration channels are determined. On the theoretical side, quantum 

chemistry calculations including reaction path calculation and ab initio molecular dynamics simulation 

are carried out. Also, theoretical KERs are extracted and compared with experimental ones. 

Taking the dissociation of ethane dication for example, the calculations show that the H3
+
 

formation channel can be opened on the ground-state potential energy surface of ethane dication via 

transition state and roaming mechanisms. The ab initio molecular dynamics simulation shows that the 

H3
+
 can be generated in a wide time range from 70 to 500 fs. Qualitatively, the trajectories of the fast 

dissociation follow the intrinsic reaction coordinate predicted by the conventional transition state 

theory. The roaming mechanism, compared to the transition state, occurs within a much longer 

timescale accompanied by nuclear motion of larger amplitude. In addition, the hydrogen-migration-

induced isomerization is found responsible for both the symmetric and asymmetric C-C bond breakup 

channels. 
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The capture of a target electron into the projectile continuum (ECC) in collisions of 1.25-6.0 

MeV deuteron ions with multielectron gas targets is studied both experimentally and 

theoretically. The double differential cross sections (DDCS), d2σ/dΩdE, of the cusp shape 

electron peak for the gas targets of He, Ne and Ar were measured at zero degrees with respect 

to the ion beam, using the electron spectroscopy setup operating at the 5.5 MV Tandem Van 

der Graaff accelerator of NCSR “Demokritos” [1]. Theoretical DDCSs were obtained using 

continuum distorted wave-eikonal initial state (CDW-EIS) and CDW model calculations [2] 

and compared to the measurements. Multielectron targets provide stringent tests for theories 

exposing shell effects owed to the role of the inner shell electrons. Such an effect is the DDCS 

crossing for Ne and Ar targets observed around the energy of 0.8 MeV/u [3] as seen in Fig. 1. 

 

 
Figure 1: ECC cusp peak measurements for Ne and Ar targets showing the crossing in the DDCSs.  
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and the European Union (European Regional Development Fund). 
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First Observation of RDEC for F9,8+ Ions on Graphene†
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Radiative double electron capture (RDEC) is a fundamental atomic collision process wherein two

electrons are captured from a target to bound states in the projectile simultaneous with emission of a
single photon [1]. RDEC is considered the inverse of double photoionization for ion-atom collisions.
Preliminary RDEC results for 2.11 MeV/u (40 MeV) F9,8+ ions on single-layer graphene are presented.

This work was performed using the tandem Van de Graaff facility at Western Michigan University.
The incident beam was directed toward a ∼0.35 nm thick graphene sample mounted on a 200 nm thick
silicon nitride grid with ∼6400 holes of 2 µm diameter on a 200 µm thick silicon substrate (commercially
purchased, see Fig. 1 [2]). A Si(Li) x-ray detector at 90o to the beamline collected photons, with outgoing
charged-particles collected by individual silicon surface-barrier detectors following magnetic separation.
Event-mode acquisition assigned coincidences between x rays and charge-changed particles.

Fig. 2 shows preliminary x-ray gated particle spectra obtained for F9+ ions on the graphene target
(left side) compared with the same spectra for thin-foil carbon. Similarities and differences are seen,
with the data for the graphene showing up in all three outgoing charge states. Previous studies for 2.11
MeV/u F9+ on C [3] showed similar results due to multiple-collision effects with the q-2 and q-1 channels
being dominant, whereas the present results attributed to single collisions because of the thinness of the
graphene occur primarily in the q-1 channel. For F8+ the graphene counts were dominant in the q
channel by about a factor of four, in contrast to thin-foil carbon [3] where the counts were split about
equally between channels q-1 and q. Previous work for gas targets of N2 and Ne [4] showed all events to
occur as expected in the q-2 channel. †Supported in part by NSF Grant 1707467.

Fig. 1 Schematic of the graphene assembly used
as the target in the RDEC measurements.

Fig. 2 Doubly- (q-2), singly- (q), and no (q)
charge changed particle spectra associated with
RDEC events for 2.11 MeV/u F9++ graphene
(left panel, preliminary) and thin-foil C (right
panel). The numbers on the graphs are the to-
tals after background subtraction.
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The detection of amino acids in meteorites and comets [1,2] brought discussions about how they 

are produced in such inhospitable environments as the interstellar medium (ISM). As they are exposed 

to radiation on those locations, knowledge on their radioresistance is fundamental to predict their half-

lives, and they also might have an important role, combined with other extraterrestrial molecules, 

concerning studies about origins of life on early Earth. 

The radiolysis of L-valine by keV electron beams is analyzed in laboratory, at 10 and 300 K. The 

column density evolutions during the irradiation are measured via infrared spectroscopy and 

destruction cross sections are extracted [3]. Data show that, in general, destruction cross sections 

depend on projectile energy, sample thickness, temperature and fluence. Beside this, a model is 

proposed for describing the valine destruction as a function of sample depth and fluence; predictions 

are compared with experimental results. As shown in Figures 1 (a) and (b), for thin films (< 60 nm), a 

good agreement is found for the precursor column density evolution with fluence, with projectile 

energy and with sample thickness. For thick films, Fig. 1 (c), the model overestimates the sample 

degradation, suggesting that the sample was grown with a distinct amorphyzation. The model uses 

CASINO code [4] output to determine the deposited energy distribution in the sample. As 

astrophysical implications, the radiolysis of valine dissolved in H2O ice and shielded by a CO2 layer is 

predicted, as an attempt to analyze the degradation of realistic materials by keV electrons. 
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Figure 1: Column density evolutions with fluence for experimental results and the 

predictions of the CASINO-based model of (a) 16, (b) 60, and (c) 209 nm thick valine. 
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In this work we present a fully relativistic formulation for the energy loss of an external charged 

particle interacting with a 2D material.  

We model this material as a monolayer of atoms represented by harmonic oscillators, with isotropic 

or anisotropic electronic vibration modes. 

 

Adapting the oscillator model from [1] to a mono-atomic layer, we derive relativistic analytical 

expressions as a function of the relevant parameters of the process.  

We develop the model for a wide range of incident energies and considering both parallel and 

perpendicular trajectories. We obtain several useful analytical expressions for the energy loss 

considering isotropic and anisotropic in-plane oscillators, for parallel and perpendicular trajectories of 

the particle. 

The results shown for stopping power and energy loss are analyzed for generic materials by the use 

of adequate normalization factors, absorbing the dependencies on the specific properties of the 

material, namely the oscillator's areal density η and their resonant frequency ω. In the perpendicular 

case the total energy loss Eperpendicular depends on the value of the frequency ω due to the adiabatic 

behaviour at large distances. 

We notice that in an anisotropic 2D-oscillators system, the energy loss due to single oscillator (and 

therefore the integrated quantities as stopping power and total energy loss) presents a reduction with 

respect to the isotropic case, especially in the parallel trajectory. We ascribe this effect to the lower 

availability of oscillation modes, and hence to a reduction of the interaction channels.  

 

Finally, we remark that the present model stands out for its generality, and provides a direct 

evaluation of the energy loss processes in a generic 2D material.  
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Silicates are among the dominant materials in space; they occur in grains in the Interstellar 
Medium (ISM) and in several bodies in the Solar System (SS), like the moon, planets, asteroids and 
comets. Particularly, SiO2 has been detected in protoplanetary disks, in amorphous and crystalline 
states, in the Mars Gale crater and in Mercury. For instance, observations of Mercury’s surface 
indicate a heterogeneous surface composition with SiO2 content ranging from 39 to 57 wt% [1]. All 
those surfaces in the ISM and SS are exposed to radiation from galactic cosmic rays, solar wind and/or 
energetic coronal ions, inducing several processes, among them, sputtering. As a laboratory approach, 
sputtering yields of SiO2 were measured using the PDMS-TOF-MS technique (time-of-flight plasma 
desorption mass spectrometry), under high vacuum. Energetic (MeV/u) and highly charged ions, 
fission fragments produced by a 252Cf source, were used as projectiles to irradiate silicon targets. Mass 
spectra of positive and negative ions were obtained at two temperatures, 300 and 330 K. The mass 
spectra of positive ions are characterized by the hydrogen peaks (H+, H2

+ and H3
+) that obviously 

represent an unavoidable contamination and small peaks of Si+ and Si2
+. Higher yields of negative 

secondary ions are observed, mainly (SiO2)n
- (n=1-3), (SiO2)nO- and (SiO2)nOH- (n=1-5) clusters. This 

is unexpected, since due to the prompt secondary electron emission, anion emission is expected to be 
less intense and softer than cation emission, being therefore more informative on crystalline structures. 
The current results show, however, similar positive and negative ion yields: Yi,pos = 0.05 ions/impact 
and Yi,neg = 0.06 ions/impact. This is probably due to relatively low secondary electron emission and/or 
due to high electron capture by Si containing molecules. For low electronic stopping power (Se), the 
Total Ion Yield (Y) of different materials produced by heavy ions are expected to follow a power law 
as a function of Se: Y = ξ (Se)n, where n ~ 3 [2]. Assuming that this law also holds for high Se values 
(Se = 850 eV/Å for FF) and considering the experimental results for Y, the ξ value for SiO2 is 
determined as being 1.7E-10 (Å/eV)3. The ξ value for other silicates are also measured; anorthite: 
1.5E-10, jadeite: 2.0E-10 and nepheline: 2.2E-10 (Å/eV)3. Thus, ξ values for silicates are 
approximately the same; for comparison, the ξ value for H2O ice is 3.0E-8 (Å/eV)3, two orders of 
magnitude higher [2]. 
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We present recent theoretical calculations for the stopping power of protons in solid Hf, Ta, and
Pt. We compute the stopping power of these heavy post-lanthanide metals considering three different
methods. First, we use a non-perturbative description for the energy loss in the FEG [1] based on the
screening potential and the value of rS. The second model employs the dielectric formalism [2] for the
stopping of the FEG in the energy region where plasmon excitations are important. The third method
considers a detailed description of the electronic structure of the bound electrons –wave functions and
binding energies– using relativistic solutions of the Dirac equation. The stopping of bound electrons
(1s-4 f ) is calculated using these structure calculations and the shellwise local plasma approximation
(SLPA) [3, 4]. We modified the SLPA to include inter-shell screening (5p-4 f ) and a local Mermin
dielectric function [2]. Present results and the comparison with available experimental data and with
SRIM 2013 are displayed in Figure 1. The differences with SRIM predictions are noticeable.

Figure 1: Stopping power of protons in Hf, Ta and Pt. Curves and symbols detailed inside the figures.
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Deuterated molecules are used to infer the temperature, chemistry, and thermal history of cosmic
objects such as prestellar cores and protoplanetary disks [1]. In the very dense cold regions found in
prestellar cores and the outer mid-plane of protoplanetary disks, most molecules beside hydrogen freeze
onto dust grains, leaving HD as the primary deuterium reservoir in the gas phase. The HD can react
with H+

3 to form deuterated isotopologues of the ion. Subsequent ion-neutral reactions pass on the
deuteration to other gas-phase species. Of particular importance is the abundance ratio for N2D+ and
N2H+. Their formation occurs near the N2 snow line of prestellar cores and protoplanetary disks and they
are commonly used to trace the properties of these objects. However, to reliably interpret observations of
these ions, an accurate understanding of their formation process is needed. We will use our dual-source,
ion-neutral, merged-fast-beams apparatus [2, 3], shown in figure 1, to measure the integral cross sections
of the reaction of N2 with H+

3 and its isotopologues, to an accuracy of about 15%. From these results,
we will derive the thermal rate coefficients used in astrochemical models. In addition, our results will
help the astrophysics community to determine the validity of the commonly assumed scaling of available
kinetics data for H-bearing reactions to deuterated isotopologues and also of the assumed statistical
branching ratios used for the relative fractions of H-bearing and D-bearing daughter products.
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Figure 1: Schematic of the experimental setup with particle beam trajectories indicated. The initial N2
+

beam (dark orange) neutralizes in the gas cell and forms N2 (blue). In the interaction region, it reacts
with the superimposed H3

+ beam (light orange) and N2H+ is created (green). All initial and product
beams are collected in Faraday cups and particle detectors.
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Monte Carlo particle transport codes are important computational tools with the ability to simulate 

all the physical interactions involved by the projectile as it passes through biological matter, and all 

the secondaries generated. They are widely used in the field of radiation physics to study the energy 

deposition in different media. In this work, a new branch of the MDM Monte Carlo code, called 

MDM-Ion, is presented for ion projectiles in water. The original transport code MDM was developed 

to simulate electrons and photons trace, contemplating various heterogeneous domains (MDM for 

MeDiuM). Thus, it has been employed to study the influence of gold nanoparticles in water on nano 

dosimetry and chemical species production [1] and W-values for electron impact in water [2], among 

others topics. 

The aim of the MDM-Ion is to study some physical parameters of interest in reference dosimetry 

for ion radiation therapy (called protontherapy or hadrontherapy). These parameters are the stopping 

power ratio of liquid water to air and the W-values in air, defined as the average energy required to 

generate an ion-electron pair by the incident particle and all the secondary generated. The relevance in 

their study is because they are the ones that contribute the most to uncertainties in the dose 

determination [3]. 

We present a detailed description of the MDM-Ion code and results for proton and carbon ion 

projectiles in water. Due to the energy range covered in hadrontherapy (from 200 MeV/u to 450 

MeV/u approximately), relativistic approximations (RA) are included in the kinetic energy of the ion 

projectile. We also studied the contribution of post-collisional Auger electron emission to the 

calculation of W-values. The electronic stopping powers calculated with the MDM-Ion are in excellent 

agreement with the recommended data [4]. The W values are complex parameters, since all inelastic 

processes between the ion and the medium, including all secondary electrons (produced by ionization 

and post-collision Auger emission), must be taken into account. The results show the relevance of 

considering relativistic effects and multi-electronic emission. This parameter seems to be independent 

of the ion charge and energy, as it is assumed in reference dosimetry for hadrontherapy due to the lack 

of experimental data. Future work will extend the studies to other gaseous media of relevance in 

dosimetry, and other projectiles currently used in hadrontherapy. 
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Collisions between multiply charged ions and atomic hydrogen are important in determining the 

radiation losses and neutral beam heating efficiencies in tokamak plasmas [1]. In this work, a 4-body 

Classical Trajectory Monte Carlo (CTMC) and a 4-body Quasi-classical Monte Carlo (QCTMC-KW) 

model of the Kirschbaum and Wilets were used to calculate the cross sections in C5+ and H collisions. 

We present the ionization and capture cross sections in the projectile energy range between 20 keV 

and 10 MeV and compared them with previously obtained theoretical and experimental results. 
According to our knowledge, this is the first time to present cross section data using the QTMC-KW 

method for this collision system. Figure 1. shows the projectile capture cross sections in a collision 

between C5+ ion with H atom as a function of impact energy. According to the expectation, the 

QCTMC-KW method improved the cross section data compared with the results of the standard 

CTMC method. We found a reasonably good agreement between the experimental data and our results 

obtained by QCTMC-KW method. 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Electron Capture cross sections of the projectile as a function of impact energy in a collision 

between C5+ ion with H atom.  Red solid-circles: presents 4-body CTMC results, brown solid-

diamonds: presents 4-body QCTMC-KW results,  open circles: experimental data by Crandall et a1 

[3], blue solid line: 3-body CTMC calculation by R K Janev et al [2]. 
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The polycyclic aromatic hydrocarbons (PAH) have attracted a lot of attention in recent times owing 

to their presence in the interstellar medium (ISM) [1-2]. PAHs are in general planar molecule having 

delocalized π-electron cloud, which also provides the stability to these molecules in the harsh 

interstellar environment. The interstellar environment is largely ionized and it has highly charged ions. 

In order to understand the interaction with these radiations photo-ionization and photo-fragmentation 

study of PAHs have been studied extensively. However, ion impact studies are relatively scarce [3-4]. 

The collective excitation state resulting from the strong e-- e- correlations that is also known as giant 

dipole plasmon resonance (GDPR) is predicted for the PAHs. Hence, the studies on the PAH 

molecules are also important from fundamental molecular physics. In case of ion collisions, the 

collision dynamics are governed by the projectile charge state (qp) and velocity (vp) representing the 

perturbation strength. 
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Figure 1: (a) Typical time of flight spectrum, (b) DI to SI ratio for coronene, He and O2 

We have studied the ionization and fragmentation of the coronene (C24H12) molecules in collisions 

with swift C, O, and Si ions as a function projectile charge state and velocity. The ion beams are 

obtained from the 14 MV Pelletron accelerator at TIFR, Mumbai. The recoil ions produced upon 

interaction with the effusive jet of coronene are analyzed using the double field time-of-flight (TOF) 

spectrometer. The typical TOF spectrum is shown in Fig. 1 (a). The various fragmentation products 

are identified from the TOF spectrum. The ratio of double ionization (DI) to single ionization (SI) has 

been found to be quite large (~0.8-0.9) in case of coronene as compared to He (0.018-0.02) and O2  

(0.085-0.12) [see Fig 1(b)]. The apparently large ratios in case of coronene indicates the effect of 

strong e--e- correlation among the electrons and hence collective plasmon excitation in such PAH 

molecules. Similar studies on relatively smaller PAH molecules-fluorene, will also be presented.  
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The M-X-rays emitted from Rydberg (n30) hollow atoms (RHA) created in collisions of highly 

charged Xeq+ ions (q=23-36) with Be surface were measured and interpreted in terms of the MCDF 

calculations [1] as a cascade of nf-3d electric dipole X-ray transitions, including their M-shell 

hypersatellites. The measured X-ray spectra indicate the importance of two-electron processes, in 

particular the Internal Dielectronic Excitation (IDE) [2] and Two-Electron One-Photon (TEOP)  

transitions,  in relaxation of studied RHA. In fact, the observed M-X-rays for Xe26+ ions  (see Fig. 1), 

that have no initial vacancies in 3d subshell,  result from filling 3d vacancies formed exclusively by 

the IDE. We found a sharp cut-off for X-ray cascade at n10-20, which supports the idea that for 

higher n-states the relaxation proceeds via the Interatomic Coulombic Decay (ICD) [3]. Consequently, 

these observations explain why the relaxation of RHA can proceed in the ultrafast timescale. 
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Figure 1: Measured spectrum of X-rays for 208 keV Xe26+ ions colliding with Be foil. 
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Proton scattering on atomic hydrogen is a fundamental three-body Coulomb problem where all in-
teractions between the particles and the two-body bound-state wave functions in the reaction channels
are analytically known, making it an ideal testing ground for theoretical models. Many theoretical ap-
proaches to ion-atom collisions have been developed, but most have only been applied to calculate in-
tegrated cross sections. We used the wave-packet convergent close-coupling (WP-CCC) approach [1]
to calculate singly differential cross sections for all binary and breakup reaction channels in the p+H
collision system, including coupling between the channels.

Angular and energy differential cross sections for ionisation are shown in Fig. 1 in comparison with
experiment and other calculations, for an incident energy of 20 keV. The WP-CCC results display ex-
cellent agreement with experiment. The CTMC and CDW-EIS calculations by Kerby et al. [2] fail to
consistently replicate the experiment in both ejection angle (a) and ejection energy (b). The FHBS calcu-
lations by Reading et al. [3] overestimate experiment in angle (a) and become inaccurate with increasing
energy (b).

Our approach provides good agreement with experiment for direct scattering, electron capture, and
ionisation processes simultaneously, offering improvement over previous theoretical studies. For other
processes and incident energies see Ref. [1].
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Figure 1: Angular (a) and energy (b) differential cross sections for ionisation in p+H collisions at an
incident energy of 20 keV. Experiment data, CTMC (I) and CDW-EIS (II) calculations by Kerby et
al. [2]; FHBS calculations by Reading et al. [3].
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Synopsis The absolute electron capture cross sections for single and double charge exchanges between 
the highly charged ions 16O6+ and CO2, CH4, H2, N2, the dominant collision processes in the solar 
wind, have been measured in the energy from 2.63 keV/u to 19.5 keV/u. These measurements were 
carried out in the new experimental instrument set up at Fudan University. The measured data are 
useful for simulation of ion-neutral processes in astrophysical environments and contribute to advance 
the present theoretical model of fundamental atomic processes. 

Electron capture processes play a central role in understanding astro-physical plasma environments 
and treatment of thermonuclear fusion plasmas [1]. As X-ray emission from solar wind (SW) heavy 
ions interacting with cometary and planetary atmospheres, the observations and model analyses on the 
X-ray spectrum of comets, Jupiter and Jovian planets, and outer heliosphere, such as supernova 
remnants, starburst galaxies have been successively carried out, further confirming that the charge 
exchange (CE) process has an important influence on the cosmic X-ray. Due to the complex many-
body dynamics process involved, such reaction faces great challenges in theoretical description. The 
availability of atomic data for CE is usually insufficient, thus hindering the completeness and validity 
of present model, and more experimental data are necessary as a theoretical benchmark. 

As the most abundant heavy-ion constituents in the SW, oxygen in the form of O6+ ions, single and 
double electron capture (EC) cross sections from 2.63 keV/u to 19.5 keV/u for 16O6+ colliding with 
abundant cometary and planetary species CO2, CH4, H2, N2 are accurately measured. which will fill the 
gap in the data of EC cross sections for highly charged ions (HCIs) in the energy range of 10 keV/u-
100 keV/u. 

 

Acknowledgments: This work was supported by the National Natural Science Foundation of China 
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China under Grant No. 2017YFA0402300. 
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Figure 1: Single EC cross sections as a function of impact energy for O6+ colliding with H2. 
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R. Yanes-Rodríguez(a), R. Rodríguez-Segundo(a), P. Villareal(a) and R. Prosmiti(a)

(a) Institute of Fundamental Physics (IFF, CSIC), Madrid, Spain

The investigation of helium nanodroplets has received a great deal of attention during 

the last few years, being a challenge for both theoreticians and experimentalists. Such 

nanodroplets have emerged as a new and exciting medium for studying the isolation of 

otherwise hardly accessible molecules, allowing detailed study of a wide variety of 

molecular dopants, neutral or charged. In this context, alkali ions have attracted 

particular attention because of their strong binding to helium. 

The main focus of this work is to analyse thermal and nuclear quantum effects in various 

HeN-A2
+ clusters, with A=Li-Cs, as the size of the system changes, and their effect on 

the molecular ions' microsolvation process, related with slow mobility of such ions 

observed experimentally in ultra-cold He-droplets [1]. For this purpose, pure helium 

clusters containing up to 100 atoms and doped with an alkali dimer cation have been 

studied through thermostatted PIMD (Path Integral Molecular Dynamics) simulations in 

the NVT canonical ensemble, at a low temperature of 2K, using the open i-PI code [2]. 

The description of the total interaction between the A2
+ cation and the He atoms is based 

on a sum-of-potentials approach containing accurate three-body ab initio terms, plus 

two-body He-He interactions [3,4]. The most stable structures, as a function of the 

number of solvent He atoms, were determined by employing an evolutionary algorithm 

[3]. New insights into energetics, that control the stabilization of specific compact-

structure conformers from such quantum simulations will be discussed. 

Figure 1. Minimum energy clusters arrangement as a function of the number of He atoms. 
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Ion-atom collisions involving one- or two-electron targets can be dealt with in an ab initio manner
without significant approximations. However, as the number of target electrons increases it becomes
unavoidable to introduce approximations. Usually, processes involving the outer-shell and inner-shell
electrons are treated using an independent-event model. However, the independent-event model be-
comes impractical when the number of shells is more than two. We develop an effective single-electron
approach to ion collisions with multielectron atomic targets that overcomes this difficulty by treating all
the atomic electrons on an equal footing [1]. The ground state wave function for the target atom obtained
in the Hartree-Fock approximation is used to calculate the probability density for the whole atom. The
latter is then averaged over the spatial coordinates and spin variables of all of the target electrons except
for the position of one electron from the nucleus. The obtained single-electron probability density is then
used to derive a pseudopotential describing the interaction of one electron with an effective field pro-
duced by the target nucleus and the other electrons. The procedure reduces the many-body Schrödinger
equation effectively into a three-body one.

We have calculated the total cross section for single-electron capture and single ionisation in proton
collisions with alkali atoms of Li, Na and K. For single electron capture the results are in excellent agree-
ment with all the available measurements. For single ionization our results are also in good agreement
with the experimental measurements where available.
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We present theoretical studies of electron and positron interaction with protons aligned in one-

dimension line. The periodic proton line generated artificially where the individual protons are fixed in 

a certain position. The electron and positron trajectories passing through these periodic multiple 

scattering object are calculated using a Classical Trajectory Monte Carlo method [1]. The purpose of 

our present work is twofold. At first the results obtained from this model calculations will help us to 

go further studying more complicated systems such as two-dimensional materials like graphene. 

Secondly, these calculations also help us to mimic the interference effect even classically [2].  

In our CTMC approach, Newton's classical non-relativistic equations of motions for a many-body 

system are solved numerically for a large number of trajectories. We present results for three different 

systems: when the target consists of a) one proton, b) two protons and c) 10 protons. The protons were 

fixed and have separation of 3 au. The initial kinetic energies of the projectiles were 500 and 1000 eV.  

We found characteristic periodic peak structure after the proton line (see Fig. 1). We analyze and 

discuss this behavior as a function of the distance between the protons. 
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Figure 1: Electron (a), and positron (b) intensities at 40 au. from the proton line after they 

passed the proton line at 1000 eV primary energy. Red lines show the positions of the protons. 
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Atomic collisions involving polycyclic aromatic hydrocarbons (PAH) are subject of strong 

interest in contemporary research because of their technological as well as astrophysical 
importance. The studies involving the PAH molecules provide rich information regarding 
mechanisms of electron emission .  This will have implication in the study of the astrochemistry of 
the interstellar medium and planetary atmosphere in which the PAH molecules have substantial 
presence. The giant plasmon resonance is shown to be a strong source of e-emission for large PAH 
molecule such as coronene. It may be of interest to investigate such resonance lines in case of PAH 
molecules of smaller size, such as, acenapthene (C12H10).  

We present the measurement of energy and angular dependence of double differential 
electron emission cross section (DDCS) for acenapthene  under collisions with 94 MeV fast  Si

13+ 
 

ion.obtained from the Pelletron accelerator at  TIFR, Mumbai. An electrostatic hemispherical 
analyzer equipped with a CEM was used. Fig. 1 displays an example of the energy distribution of 
the  DDCS for the ejection angle θ= 45˚. New calculation based on the CDW-EIS  model has been 
applied for the PAH molecules for the first time, which provides a reasonable agreement for most 
of the angles. The C-KLL-Auger peak is observed at around 240 eV. This Auger electron emission 
cross section was used for absolute normalization. The forward backward angular asymmetry was 
deduced which indicates the existence of a plasmon peak at around 17 eV, as predicted.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
Figure 1: Energy distribution of absolute DDCS of acenapthene 
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In this work we analyze the interaction of hydrogen, nitrogen (and their isotopes) with tungsten. 

This material is candidate to form the divertor wall of fusion reactors (ITER, [1]), and these atoms 

have a very sensitive (desired and unwanted) interaction with it. For this purpose, we study the effects 

and electronic state densities of atomic hydrogen and nitrogen in pure tungsten, in order to analyze 

some important properties such as the density of states of the system. 

Focusing on this application, this work is a preliminary study of the behavior of atoms of hydrogen 

and nitrogen, on a surface of tungsten on the three sites of the cell: top, hollow and bridge. We use a 

program simulation based on the DFT (density functional theory) implemented in the Open-Source 

Code Quantum Espresso [2], in order to obtain the adsorption energy and the density of states of the 

systems. Considering Eads as the parameter to be stabilized, we take a slab of 10 atomic layers in the 

direction (001) with a lattice of 74 atoms. The same size is taken in the perpendicular directions (010), 

and (100), as shown in Fig. 1. In each of the three crystallographic directions of tungsten, we study 

different sites and angular dependence. We focus to determine the process of adsorption in order to 

explain the existence of NH3 in the divertor of the fusion reactor. This development began with the 

simulation of ion implantation experiments, validated against existing laboratory experimental results 

[3]. The findings and challenges of developing a 3-D predictive capability for ammonia transport in a 

Tungsten divertor wall are under way.  
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Figure 1:  Scheme of the considered system W-atom: (1) top interaction site, (2) 

bridge interaction site, (3) hollow interaction sites. 
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The two-photon transitions represent one of the fundamental processes in the atomic physics. The
two- photon transition is the dominant decay channel of the 2s state for light and middle Z one-electron
ions, where Z is the atomic number. The probabilities of one- and two-photon transitions become com-
parable for Z ∼ 40. For larger Z, the decay occurs mainly via one-photon emission.

In this study, the differential transition probability for two-photon 2s→ 1s decay with respect to the
polarization of the emitted photons was investigated. The angular distribution of the emitted photons is
determined by the dominant E1E1 transitions, which gives 1+ cos2 θ distribution, where θ is the angle
between the momenta of the emitted photons. The deviation from this distribution was investigated in
the nonrelativistic limit in [1].

We investigated the asymmetry of the angular distribution for both unpolarized and polarized emitted
photons for all one-electron ions including the superheavy elements. We found that the differential
transition probability can be approximated by two parameters: the total two-photon transition probability
and the asymmetry factor. The difference between our relativistic calculation of the asymmetry and the
calculation [1] reaches three times for the superheavy elements. In the case of light ions, the asymmetry
is small, but important for evaluating the nonresonant corrections [2].

Using this approximation we investigated the emission of photons with linear and circular polariza-
tions. We also investigated the transition probabilities for the polarized initial and final electron states.
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Fig. 1: The normalized differential transition probabilities as a function of the angle (θ) between the momenta
of the emitted photons (k1 and k2, respectively) for the photons with equal energies. In the left graph,the linear
polarization is concidered, the red solid line represents angular dependence of the differential transition probability
for the photon polarization vectors placed in the (k1,k2)-plane, the blue dashed line represents angular dependence
of the differential transition probability for the photon polarization vectors orthogonal to the (k1,k2)-plane. In
the right graph, the red solid line represents the equal circular polarizations of the photons, the blue dashed line
represents the different circular polarizations of the photons. The data are presented for uranium.
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Ion-molecule collisions occur in natural and technical processes. For instance, they are the 

fundamental reactions underlying cosmochemistry. They are highly relevant to understand the lesions 

induced in ion therapies and evaluate the risk of the exposure of astronauts to cosmic rays.  Ion-

molecule collisions participate in the etching and deposition processes prompted by focused ion 

beams. In ion-molecule interactions, the heterocyclic molecules are essential since many take part in 

the life processes and form mixtures exploited in industry.  

In this context, tetrahydrofuran (THF, C4H8O) is a prototypical heterocyclic molecule that is 

regarded as a simple analog to deoxyribose sugar and as a precursor to polymers. Therefore, 

interactions of the H3
+
 ions with the gas-phase tetrahydrofuran molecules have been investigated in the 

energy range of 20–1000 eV. The measurements have been carried out at the University of Gdańsk 

exploiting collision-induced emission spectroscopy [1]-[4]. Such ionic bombardment may lead to 

excitation, ionization, and fragmentation of THF. The charged dissociation products are easily probed 

using mass spectrometry (see, e.g. [5]). However, fragmentation into neutral fragments is more 

puzzling to detect experimentally. If the species are formed in the excited states, they decay by 

emission of characteristic light [1], [2]. Thus, we focus our attention on photon emission arising during 

THF fragmentation triggered by H3
+
 ion impact. Optical spectra display prominent fluorescence of the 

hydrogen Balmer series and weak bands of vibrationally and rotationally excited diatomic CH 

fragments (see Fig. 1a). The measured relative emission cross-sections of the excited fragments show 

the highest yields for the production of hydrogen atoms whose intensities rapidly decrease with an 

increasing principal quantum number. Depopulation factors of hydrogen excited states are determined 

at each impact energy from the H(n = 4–7) intensity ratios (Fig. 1b), and possible collisional 

mechanisms leading to enhanced production of the hydrogen atoms are suggested. 
 

 
Figure 1: a) Emission fragmentation spectrum of THF. b) Intensities of the lines of the Balmer series 

as a function of the principal quantum number n. The solid line shows the best fit to the points. 
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Beryllium, as the first wall of the fusion reactor, is one of the impurities in the reactor chamber. There-
fore the accurate knowledge of various cross sections when Be colliding with hydrogen atoms is es-
sential.  In this work, the state selective charge exchange cross sections are studied in the energy range 
between 1 keV/amu and 1000 keV/amu. We treat the collision dynamics classically using a four-
body classical trajectory Monte Carlo (CTMC) [1] and a four-body quasi classical trajectory 
Monte Carlo (QCTMC) model [2,3] when the Heisenberg correction term is added to the 
standard CTMC model via model potential. Figure 1 shows the projectile energy dependent charge 
exchange cross sections into Be3+(n = 3) state. Due to lacking the experimental data for Be+4+H colli-
sion system, we have compared our classical calculations with the previous results using quantum-
mechanical approaches. 
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Figure 1. Projectile energy dependent charge exchange cross sections into Be3+ (n = 3) state. 

 
We found that our QCTMC results are higher than the CTMC results, and they are in good agreement 
with the previously obtained quantum-mechanical results.  
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