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PREFACE 

 
This special issue of the Publication of Astronomical Observatory 
in Belgrade (PubAOB) contains the contributed papers and 
abstracts of Plenary Lectures, Topical Invited Lectures and 
Progress Reports that will be presented at the 30th International 
Symposium on the Physics of Ionized Gases (SPIG2020) which 
will be held from 24 to 28 August, 2020, in Šabac, Serbia. This 
period will be known as a very hard time, since COVID-19 
pandemic affects all our activity, especially meetings. Therefore, 
the Organizing Committees of the SPIG2020 conference have 
carefully considered the current situation with the COVID-19 
pandemic, and have decided that the conference should be 
organized as initially planned, but taking into account all the 
necessary measures and recommendations in order to make the safe 
environment for the SPIG2020 participants. We have faced 
additional challenges due to travel restrictions, therefore we 
introduced the virtual attendance for both Invited lecturers and 
participants for those who could not participate regularly. We 
expect to have virtual and regular participants, who will present 13 
plenary invited talks, 17 topical invited 25 progress reports, 6 talks 
in honor of Ratko Janev and 60 posters. 

The SPIG reflects the progress in the plasma physics and 
related fields. The conference has a long tradition, first meeting 
was organized in Belgrade in 1962. under the title: ”1st Yugoslav 
Symposium on the Physics of Ionized Gases”(SPIG), and this 
SPIG2020 will start with the session dedicated to 30th jubilee of 
SPIG conferences. This issue of PubAOB presents new results in 
the fundamental and frontier theories and technology in the area of 
plasma physics. There are 58 abstracts of invited lectures and 63 
contributed papers from mainly four disciplines connected with 
physics of ionized gasses which have strong interactions in 
numerous applications: Atomic Collision Processes, Particle and 
Laser Beam Interactions with Solids, Low Temperature Plasmas 
and General Plasmas. Also, SPIG2020 Special Session: "Atomic 
Collisions in Plasmas" is organized in honor of Ratko Janev (1939-
2019), who gave a significant contribution to the series of SPIG 
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conferences in the past. The SPIG2020 is organized by the 
University of Belgrade – Faculty of Mathematics and Institute of 
Physics, with the support of the Astronomical Observatory in 
Belgrade.  

Editors would like to thank the members of the Scientific and 
Advisory Committees of SPIG 2020 for their efforts in proposing 
the invited lectures and review of the contributed papers, as well as 
to thank the authors for their contribution and support to this 
Publication. We are grateful to the Serbian Ministry of Education, 
Science and Technological Development for their continuing help.  
 
 

Editors: Luka Č. Popović, Duško Borka, 
Dragana Ilić and Vladimir Srećković 

 
Belgrade, August 2020. 
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THE MEASUREMENT OF ELECTRON AND ION SWARMS 
TRANSPORT AND REACTIVITY: CURRENT STATE AND FUTURE 

CHALLENGES 

J. de URQUIJO 

Instituto de Ciencias Físicas, Universidad Nacional Autónoma de México 
E-mail jdu@icf.unam.mx 

 

Abstract. There is an increasing need of electron and ion swarm data due to the multiple 
industrial and fundamental applications of low-temperature plasma physics, such as 
materials processing, plasma medicine, biomolecules, atmospheric and high voltage 
insulation. Plasma simulation plays nowadays a fundamental role in the design of reactors 
for semiconductor fabrication and many other applications in which knowledge of either 
electron and ion swarm transport parameters such as drift velocity, Casey et al. 2019, and 
diffusion, on the one hand, and reactive processes such as ionization (electron impact, 
Penning, positive ion impact on surfaces and photon ionization in the realm of the gas), 
electron attachment and detachment and, on the other hand, a large number of ion-molecule 
reactions which play a fundamental role in the development of the plasma. The 
measurement and calculation of electron/ion-molecule cross sections are also essential for 
the above purposes. The link between electron/ion swarm coefficients and cross sections 
will be discussed. New gases for industrial applications and biomolecules have recently 
appeared, de Urquijo et al. 2019, J, Casey M.J.E. et al: 2019, González-Magaña et al. 2018, 
demanding the measurement and calculation of the cross sections involved the evolution of 
the plasma.  

This talk reviews the present status of the experimental methods and analytical techniques 
to measure the above coefficients, their advantages and limitations, and also the collision 
cross sections derived from the measured swarm parameters. A particular emphasis will be 
placed in the discussion of the experimental limitations and suggest means to overcome 
some of them and expand the realms of measurement and accuracy of the above transport 
properties. 
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SYMPOSIUM ON PHYSICS OF IONIZED GASES: 60 YEARS OLD AND 
STILL GOING STRONG 

ZORAN LJ. PETROVIĆ1,2 

1Serbian Academy of Sciences and Arts, Kneza Mihaila 35, 11001 Belgrade,  
Serbia 

2School of Engineering, University of Ulster, CO Antrim BT37 0QB UK 
E-mail  zoran@ipb.ac.rs 

 
Abstract. A chance meeting of prof. B. Perović from the Vinča Institute and prof A von 
Engel has completely transformed national conference on Physics of Ionized Gases 
(Symposium on Physics of Ionized Gases-SPIG).  Von Engel has suggested and brought 
top level invited speakers from the leading laboratories. For its third installment SPIG has 
become a truly international conference.  Throughout its initial thirty years SPIG has 
quickly established certain principles and modus operandi. First it was a marriage of four 
distinct fields that may have been together in the past but were becoming separate.  Those 
were atomic and molecular collisions; Collisions with surfaces;   Low temperature plasmas 
and (high temperature) Plasma physics.  Top experts in some fields commented that they 
liked SPIG for providing them an opportunity to hear news from the fields that are not their 
specialization but are still highly relevant to them.  Originally there were mainly invited 
lectures (by foreign speakers) and progress reports by young scientists that recently 
defended their Ph.D.  That provided an opportunity for young scientists from former 
Yugoslavia to measure their performance against the top experts in their respective fields 
and also to gain experience in presenting their own results.  In addition, many young 
students were able to negotiate visits to the leading international laboratories thus gaining 
experience and bringing back topical science and techniques to their original laboratories.  
But both professional and personal connections were made at all levels and from all 
locations. Soon, upon the initiative from the leading foreign scientists leading scientists 
from Yugoslavia were offered invited lectures, while the institution of progress reports was 
extended to young scientists from many countries.  Number of participants from around the 
world increased rapidly even overtaking number of scientists from the former Yugoslavia.  
This may have been helped by the beautiful locations at the Adriatic coast that are no 
longer available to SPIG. Another important SPIG characteristic was that all invited 
speakers were asked to split their presentation into introductory and historical part (thus 
‘Summer school and…’ was often part of its moniker) and a more technical up to date 
section.  That was time when invited lectures were written up in extension and were 
amazing pedagogical texts.  The big blue books with invited lectures were sought after in 
many centers by young and experienced scientists alike.   SPIG has perhaps maintained the 
institution of the written up invited lectures much longer than the other conferences in the 
field but eventually it had to turn to special issues of technical papers in respected 
international journals such as European Physical Journal D. That development was not for 
the better but it was due to the necessity. SPIG has survived breakup of the former 
Yugoslavia and is now centered in Serbia, it has followed numerous changes in the fields 
that it represents and is now one of three or four conferences with the longest lasting 
tradition in the field of the physics of ionized gases. SPIG has shared the destiny of science 
in former Yugoslavia, Serbia and also followed the topical research in the world.  It is the 
main reason why fields related to SPIG are more developed and with a higher relative 
percentage of the overall science than elsewhere in the world.  
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ION PROCESSING OF ASTROPHYSICAL ICES  
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Abstract. Astrophysical ices, mainly composed of simple molecules such as H2O, CO, 
CO2, NH3 and others are ubiquitous in space: they are present in comets, satellites of 
planets (e.g Jovian moons) and on the grains of the dense molecular clouds in the 
interstellar medium. They are constantly exposed to complex and diverse radiation fields 
and interact with solar/stellar winds, magnetospheres or/and cosmic rays (UV, X-rays, 
electrons, H, He and heavier ions). This induces several physico-chemical processes such as 
radiolysis and subsequent formation of new molecules, release of molecules to the gas 
phase (sputtering, desorption) and structural ice modifications.  

Since several decades, laboratory studies are performed extensively to investigate energetic 
processing of astrophysical ice analogues. However, for a long time, those investigations 
were mainly focused to evaluate effects induced by weakly ionizing radiation such as UV 
photons and keV-MeV light ions (H, He). In the talk, I will present an overview of results 
obtained for swift heavy ion irradiation of ices containing small molecules as well as films 
of complex organic molecules (e.g. nucleobases) performed at large scale ion beam 
facilities such as GANIL (Caen, France) or GSI (Darmstadt, Germany) (e.g. recent reviews: 
Ada Bibang  et al. 2019, Rothard et al. 2018). Those experiments simulate interaction with 
swift heavy ions from Galactic Cosmic Rays in a new energetic window. Astrophysical 
application of obtained results will be also discussed.  
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ELECTRON COLLISIONS WITH DIELECTRIC GASES CONSIDERED 
AS SF6 REPLACEMENT 
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1J. Heyrovský Institute of Physical Chemistry, Czech Academy of Sciences, 
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E-mail *milos.rankovic@jh-inst.cas.cz 
 

 

Abstract. During the past decades, sulfur hexafluride (SF6) has been globally used as an 
insulating medium in high-voltage power distributing circuits such as switchgears. It has a 
very high dielectric strength and ability to recombine itself in reactions driven by electric 
discharge, but on the other hand, it also has an alarmingly high global warming potential 
(GWP of 23.5k). Given the rising ecological awareness, there are big efforts to find a 
suitable replacement gas which at the same time is environmentally friendly and has good 
dielectric properties, among other criteria. Several candidates have been suggested already, 
but so far, a little is known about their fundamental physical and chemical properties, 
namely electron collision processes which govern their behavior under electric discharge. 

We probe these insulating gas candidates with electrons in vacuum under single 
collision conditions, on three elementary channels: (i) electron attachment, (ii) electron 
impact ionization and (iii) elastic and inelastic electron scattering. By combining results 
from three electron-molecule collision setups, we are able to quantify all three channels and 
provide corresponding absolute cross sections for each process. In this talk, some of the 
experimental results will be presented with focus on the dynamics of atomic nuclei during 
the scattering, especially in the bond-breaking channels like dissociative ionization 
(Ranković et al. 2019), dissociative electron attachment and dissociation into neutral 
fragments (Ranković et al. 2020). 
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SEMICLASSICAL TWO-STEP MODEL FOR STRONG-FIELD 
IONIZATION: FURTHER DEVELOPMENTS AND APPLICATIONS 

N. I. SHVETSOV-SHILOVSKI  

Institut für Theoretische Physik, Leibniz Universität Hannover, D-30167, 
Hannover, Germany 

E-mail  nikolay.shvetsov@itp.uni-hannover.de 
 
Abstract. Trajectory-based semiclassical models are widely used in strong-field, ultrafast, 
and attosecond physics. The semiclassical models apply classical mechanics to describe the 
electron motion in the continuum. The semiclassical two-step model (SCTS) allows to 
describe interference effects in above-threshold ionization and accounts for the ionic 
potential beyond the semiclassical perturbation theory (Shvetsov-Shilovski et al. 2016). 

We discuss the application of the SCTS model to the new and promising method of 
time-resolved molecular imaging – strong-field holography with photoelectrons (Huismans 
et al. 2011, Walt et al. 2017, Shvetsov-Shilovski and Lein 2018). We modify the SCTS 
model to account for a multielectron polarization-induced dipole potential (Shvetsov-
Shilovski et al. 2018). Thus, we analyze the imprints of multielectron effects in the electron 
momentum distributions from ionization by a linearly polarized laser pulse. We predict 
narrowing of the distributions along the laser polarization direction due to electron focusing 
by the induced dipole potential. It is also found that the polarization of the core modifies the 
interference patterns in the photoelectron momentum distributions: The number of fanlike 
interference structures in the low-energy part of momentum distributions may change. 
Furthermore, we extend the SCTS model to strong-field ionization of the hydrogen 
molecule (Shvetsov-Shilovski et al. 2019).  

Finally, we present the further development of the SCTS model: semiclassical two-step 
model with quantum input (SCTSQI) (Shvetsov-Shilovski and Lein 2019). In the SCTSQI 
model the initial conditions for classical trajectories are governed by the exact quantum 
dynamics. As the result, the SCTSQI corrects the inaccuracies of the SCTS model and other 
trajectory-based models in description of the ionization step. For ionization of a one-
dimensional model atom the SCTSQI model yields quantitative agreement with the direct 
numerical solution of the time-dependent Schrödinger equation.  
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DIRAC-HARTREE-FOCK METHOD FOR ATOMIC

STRUCTURE CALCULATIONS FOR MULTIPLY

CHARGED IONS: THE EXAMPLE OF Ca XV

N. ALWADIE1,2, A. ALMODLEJ 1, N. BEN NESSIB 1,3 and M. S. DIMITRIJEVIĆ 4,5

1Department of Physics and Astronomy, College of
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Abstract. In this work, fully relativistic multi-configuration Dirac-Hartree-Fock (MCDHF)
approach (see Froese Fischer et al. 2019) for calculating atomic structure parameters
has been presented and compared to other approaches as Hartree-Fock pseudo-Relativistic
(HFR) method (see Kramida 2019). As an example of application, results of fully relativistic
calculations for the ion Ca XV have been obtained and compared to Hartree-Fock pseudo-
relativistic calculations (Alwadie et al. 2020) and to NIST database values (Kramida et al.
2019). This example is important for plasma diagnostic and astrophysical studies because
Ca XV atomic data of high accuracy are still very scarce.
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Abstract. The high-energy radiation is frequently applied to tailor specific properties of 
polymeric materials, achieve sterility of medical devices, preserve food or modify waste 
materials. In this process, the transfer of the radiation energy, from typical sources like 
particle accelerators (electrons and X-rays) or Co-60 (the gamma radiation) to absorbing 
materials is achieved through secondary electrons, while the revealed physical and 
biological effects are very similar for both types of radiation sources. 

Poly-L-lactide (PLLA) is a well-known biodegradable and biocompatible semi-crystalline 
polymer, used in a wide variety of applications, from implantable medical devices and drug 
release matrices to environmentally friendly packaging materials; diversity in the initial 
preparation, morphology and crystallinity plays a significant role in most of these 
applications. In this report, we will show the PLLA response to high-energy radiation and 
for that reason, two varieties of samples with substantial and in practice almost maximal 
reachable differences in microstructure and crystallinity are prepared and exposed to the 
gamma radiation to various absorbed doses (up to 300 kGy). Since the PLLA morphology 
is sensitive to preparation conditions and radiation, surface microstructures are analysed by 
scanning electronic microscopy (SEM). The chain scission degradation is followed using a 
gel permeation chromatography (GPC), while the additional characterization is conducted 
by differential scanning calorimetry (DSC), wide-angle X-ray diffraction (WAXD) method 
and IR spectroscopy (FTIR). The presence and evolution of free radicals are monitored 
using electron spin resonance (ESR) spectroscopy. The annealing treatment is also applied 
to part of the samples. Presented results show that depending on the initial preparation 
conditions, the radiation-induced changes in the structure and properties of PLLA, as well 
as the evolution of free radicals, can differ significantly. The low crystalline samples are 
found to be initially more susceptible to the gamma radiation than the high crystalline ones. 
On the other hand, due to the presence of long-lived free radicals the high crystalline 
samples are more prone to the post-irradiation degradation. Finally, the applied annealing 
treatment substantially reduces the concentration of long-lived radicals, but can also induce 
additional crystallisation.  

Acknowledgements: The research was funded by the Ministry of Education, Science and 
Technological Development of the Republic of Serbia  
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E–mail daniel.pelaez-ruiz@u-psud.fr

We aim at simulating full quantum mechanically the processes of adsorption and
photoreactivity of NO2 adsorbed on soot particles modeled as large Polycyclic Aro-
matic Hydrocarbons in atmospheric conditions. A detailed description of these pro-
cesses is necessary to understand the differential day-nighttime behavior of the pro-
duction of HONO (Guan et al). In particular, the specific mechanism of the soot-
mediated interconversion between NO2 and HONO is to date not fully understood.
The first stage in this study consisted in the determination of all transition states
and minima of the NO2-Pyrene system. To this end, we have used the van der Waals
Transition State Search Using Chemical Dynamics (vdW-TSSCDS) method (Kopec
et al). Starting from a single input geometry, vdW-TSSCDS permits the character-
ization of the topography of a intermolecular Potential Energy Surface (PES) in a
fully automated fashion. This topographical information is used to obtain a global
description of the interaction potential, necessary for the dynamical elucidation of
spectroscopic properties. For this, we have developed the Specific Reaction Param-
eter Multigrid POTFIT (SRP-MGPF) algorithm and associated software (Panadés
et al). This method computes chemically accurate PESs through reparametrization
of semiempirical methods which are subsequently tensor decomposed using MGPF.
This software has been interfaced with the Heidelberg version of the Multiconfigura-
tion Time-Dependent Hartree (MCTDH) package [8].
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Abstract. This work presents photodissociation studies of the diamondoid adamantane
using extreme ultraviolet (XUV) femtosecond pulses. Lately, diamondoids are attracting
increasing interest for use as an applied nanomaterial (Stauss et al.). Further, diamondoids
have been found to be the most abundant component of presolar grains in space, and due
to their high stability they are thus also expected to be abundant in the interstellar medium
(Anders et al., Henning et al.).

I will present a recent study (Maclot et al.), in which we demonstrate that the dissociation
dynamics of adamantane dications takes place in a two-step process: barrierless cage opening
followed by Coulomb repulsion-driven fragmentation. The experiment was carried out at the
Intense XUV beamline at the Lund Laser Centre, where high-flux high-order harmonics are
generated with photon energies up to 60 eV, pulse energies in the J regime and pulse durations
on the femto- and attosecond time scale (Manschwetus et al.). To get insight into the
dynamics, we use a theoretical approach combining potential energy surface determination,
statistical fragmentation methods and molecular dynamics simulations. We found that the
most stable structures of the dication exhibit an open-cage geometry at ∼4 eV below the
double ionization threshold, that can be reached in a few tens of femtoseconds after the
ionization. However, these structures are metastable and dissociate into several fragments
in a Coulomb repulsion process.
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Abstract.This work contains two parts. The first part deals with the study of the third-order 
transport coefficients. The components of the third-order transport tensor are required for 
the conversion of the hydrodynamic transport coefficients into transport data that is 
measured in the arrival time spectra and the steady-state Townsend experiments. In this 
work, we have determined the structure of the third-order transport tensor in all 
configurations of the electric and magnetic fields, by using the group projector method, see 
Simonović et al. 2020. Moreover, we have carefully analyzed the physical interpretation of 
the individual components of this tensor, by examining their contribution to the flux 
gradient relation and to the approximate solution of the generalized diffusion equation. We 
have also examined the dependence of the third-order transport coefficients on the 
elementary scattering processes in a wide range of model and real gases, by using Monte 
Carlo simulations and multi term theory for solving the Boltzmann equation.The second 
part of this work deals with the electron transport in liquid argon, liquid krypton, and liquid 
xenon (the high mobility liquids), as well as with the transition of an electron avalanche 
into a negative streamer in these liquids. These three liquids represent the simplest systems 
in which quasi-free electrons exist in the liquid-phase medium, and they are an excellent 
starting point for the modeling of charged particle transport and electrical discharges in 
liquids. In this work, the transport of electrons in the high mobility liquids is investigated 
by employing Monte Carlo simulations, see Simonović et al. 2019. Our existing Monte 
Carlo code has been modified in order to enable a good representation of the coherent 
scattering effects. A special emphasis has been placed on studying the structure induced 
negative differential conductivity in liquid xenon, by employing the spatially resolved 
swarm data. Another point of interest was the influence of various representations, of the 
inelastic scattering in the liquid phase, on the ionization rate coefficient. The transport 
properties of electrons in the high mobility liquids, that were obtained by employing Monte 
Carlo simulations, were used as an input data in the 1.5D implementation of the first order 
fluid model. This fluid model was used to investigate the formation and propagation of 
negative streamers in these liquids. Among several important points, we have investigated 
the influence of various representations of the inelastic collisions on the dynamics of the 
formation and propagation of negative streamers in these liquids. 
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Abstract. We present new analytical formula to calculate the output factor (OF). With the 
established formula we present OF for collimated radiation beams. Pinpoint ion chambers 
(radiation detectors) was utilized to measure the radiation output factor (OF) for different 
collimated beams extending from (10x10 cm2) down to (1x1 cm2) utilizing a medical linear 
accelerator (Elekta) motorized with 3D-water phantom. As a result, the OFs of multileaf 
collimator (MLC/Jaw) beams were accomplished and the deviation between the two values 
were expected due to MLC leakage which becomes more significant for the small fields. 
The OF for MLC/Jaw-shaped beam was deviated by 2% for field size larger than 4 cm2 and 
within 39% for ultra-small field size (<1.5 cm2).  
 
 

1. EXPERIMENT 
 

1.1. INTRODUCTION 
 

The output factor measurements were complicated by two concerns: 1) first one 
was the size of the ion chamber compare to the field size, 2) the lack of charge 
particle equilibrium (dis-CPE) (Laub and Wong 2003, Das, Ding et al. 2008, Zhu, 
Ahnesjö et al. 2009, Huq, Hwang et al. 2018). The distinctive ion chamber was 
used with various field sizes starting from 10x10 cm2 down to 1x1 cm2 at 10 cm 
depth in the water phantom for MLC/Jaw-shaped beams. 
       The International Atomic Energy Agency (IAEA) Technical Reports Series 
(TRS) no.483 provides extensive data for the small field dosimetry using a 
different kind of ion chambers and detectors (Palmans, Andreo et al. 2018). Several 
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studies had been discussed the small field dosimetry (Das, Ding et al. 2008, Zhu, 
Ahnesjö et al. 2009, Huq, Hwang et al. 2018), using different size detectors under 
charge particle dis-equilibrium conditions to provide the same conclusion; the 
smaller the detector the better (more accurate) the output factor readings are. But 
none of the previous studies were concerned to find an analytical formula to 
calculate the output factor for the small radiation beams. 
         Our recent study aims to find the analytical formula to calculate the output 
factor (OF) for multileaf collimator (MLC)-shaped small radiation beams under 
charge particle dis-equilibrium condition for Elekta (Synergy platform) medical 
linear accelerators.  

1.2. METHODOLOGY 

The Water phantom was placed in such way that the surface to source distance 
(SSD) was 100 cm from the radiation source (medical linear accelerator). The ion 
chamber is set up within the phantom such that its axis should always be parallel to 
the beam central axis (CAX), and the center of the ionization chamber assumed to 
be located at the depth of 10 cm (d=10 cm). This depth was kept constant while 
changing the field size of the photon beam for each measurement. Readings for the 
OF were taken for field sizes 10x10 cm2 down to 1x1 cm2 for both collimators 
shapes, the MLC-shaped fields with constant jaw-opening of 10x10 cm2 and Jaw-
shaped fields only. Readings were normalized to the reference field size of 10x10 
cm2. 

1.3. RESULTS 

The MLC device suffers from leakage radiation between the "leaves". So, it is 
expected that this extra leakage dose will affect the output factor readings as 
compared with the Jaw-shaped fields. Table 1 and Figure 1 show the OF readings 
as taken for 6 MV photon energy using Pinpoint ion chamber, 
 
Table 1: Output factors with for 6MV beam, measured with Pinpoint ion chamber 
at depth of 10 cm of SSD 100 cm. 
 

Pinpoint 

Field Size(cm2) 6MV (Jaws) 6MV (MLC) %Diff 

1x1 0.599 0.832 38.955 

2x2 0.835 0.868 3.88 

4x4 0.917 0.917 0 

6x6 0.947 0.947 0 

8x8 0.98 0.98 0 

10x10 1 1 0 
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Figure 1: The Output Factor (OF) versus field size (cm2) for MLC/Jaw beams, 
6MV beam energy using Pinpoint ion chamber. MLC (Red Cross-Red dash line), 
Jaw (Green Circle-Green Sold line).  
 
According to Tables 1 and Figure 1, the OFs at the large fields (>4 cm2) for both 
MLC and Jaw-shaped collimator data are similar with less than 2% due to the 
presence of charge particle equilibrium (CPE) at the point of measurement 
(Hrbacek, Lang et al. 2011). The field sizes being too large that the leakage 
through the MLC is far away from the point of measurement and the output factor 
readings were not affected. 
 
1.4. ANALYTICAL FORMULA OF OUTPUT FACTOR 

For analytical formula, all OFs were calculated based on OFs that measured 
utilizing the distinctive ion chamber through 3D-water phantom according to 
equation 1. 
 

Ω௙೎೗೔೙ொ೘ೞೝ

௙೎೗೔೙,௙೘ೞೝ ൌ 	
ௐ,ொ೎೗೔೙ܦ
௙೎೗೔೙

ௐ,ொ೘ೞೝܦ

௙೘ೞೝ
																																																					ሺ1ሻ 

 

where ܦௐ,ொ೎೗೔೙
௙೎೗೔೙ and ܦௐ,ொ೘ೞೝ

௙೘ೞೝ are the absorbed dose to water in the clinical field fclin 

with beam quality Qclin and absorbed dose to water in the machine specific 
reference field fmsr with beam quality Qmsr, respectively (Zhu, Ahnesjö et al. 2009, 
Huq, Hwang et al. 2018). Curves in figure 1 was fitted employing least-square fit 
"ideal" straight line for the large field sizes that could be represented by equation 2. 
 

ሺܱܨ|ா௡௘௥௚௬ ൌ ܽ଴ ൅ ܽଵ ∗  ሺ2ሻ															௖௛௔௠௕௘௥	ሻ௜௢௡	݁ݖ݅ݏ	݈݀݁݅ܨ
 
where a0 and a1 are fitting parameters, energy-dependent and ion chamber size 
independent. 
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1.5. EXPERIMENT VALIDIAION 
 

    Analytical Formula for the output factor was validated and compared with 
measured data for both MLC and Jaw-shaped beams (see table 2).   
 
Table 2: The Analytical Formula Readings vs Measured Readings for 6MV beam, 
measured with Pinpoint ion chamber at depth of 10 cm of SSD 100 cm. 
 

Pinpoint  
Field size 

(cm2) 
Measured 
OF MLC 

Measured 
OF Jaws 

Analytical
diff 

(MLC)
diff 

(Jaws) 
10 1 1 1 0 0 
8 0.98 0.98 0.98 0 0 
6 0.947 0.947 0.947 0 0 
4 0.917 0.917 0.917 0 0 
2 0.868 0.835 0.891 0.023 0.056 
1 0.832 0.599 0.862 0.03 0.263 

 
Table 2 show the "Analytical Formula Values" for the ideal straight lines based on 
the equation (2), the last two columns show the difference between linear value and 
the MLC/Jaw values. The deviation of the straight line indicates the amount of 
charge particle equilibrium losses. The OFs of the small filed size less than 1x1 
cm2 for the pinpoint ion chamber is deviated by 3.6% and 43.9% from analytical 
formula for MLC and Jaw-shaped beams respectively. 
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Abstract. Multiphoton ionization of sodium by femtosecond laser pulses of 800 nm wave-
length is studied in the range of laser peak intensities from 3.5 to 8.8TW/cm2. Photoelectron
probability distributions and the energy spectra are determined numerically by solving the
time dependent Schrödinger equation. The calculated spectra agree well with recent experi-
mental results. A partial wave analysis of the spectral peaks related to Freeman resonances
has shown that under specific conditions the resonantly enhanced multiphoton ionization
may be realized through a single energy level.

1. INTRODUCTION

A remarkable feature of the photoelectron energy spectra (PES) obtained at the
multiphoton ionization (MPI) of atoms using short (sub-picosecond) laser pulses is the
existence of the so-called Freeman resonances. The mechanism which is responsible
for occurrence of these spectral structures is the dynamic (or AC) Stark shift which
brings the atomic energy levels into resonance with an integer multiple of the photon
energy. Freeman et al. (1987) have shown that when atomic states during the laser
pulse transiently shift into resonance, the resonantly enhanced multiphoton ionization
(REMPI) takes place, increasing the photoelectron yield, and one observes peaks
at the corresponding values of photoelectron energy. Thus, the peaks in the PES
are related to the REMPI occurring via different intermediate states. A particular
challenge would be the selective ionization of the atom through a single energy level
which could produce a high ion yield. By increasing the laser intensity one increases
the yield, but also spreads the electron population over multiple energy levels and, in
turn, reduces the selectivity. Hart et al (2016) have shown that improved selectivity
and yield could be achieved by controlling the resonant dynamic Stark shift of sodium
states via intensity of the laser pulse of an appropriate wavelength.

Here we study the MPI of the sodium atom by the laser pulse of 800 nm wavelength
and 57 fs full width at half maximum (FWHM) with the peak intensities ranging from
3.5 to 8.8TW/cm2, which are the same values as used in the experiment by Hart et al.
Using the single-active-electron approximation we calculate the photoelectron proba-
bility distribution and the PES by solving numerically the time dependent Schrödinger
equation (TDSE). In order to make a deeper insight into the ionization process, we
perform, in addition, a partial-wave analysis of the photoelectron outgoing wave.
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2. THE MODEL, ENERGY SCHEME
AND PHOTOIONIZATION CHANNELS

Within the single-electron model the dynamics of the valence (active) electron of
sodium atom in an alternating electric field F (t) is described by Hamiltonian (in
atomic units)

H =
p2

2
+ Vcore(r)− F (t)z. (1)

The effective core potential Vcore(r) describes the interaction of the valence electron
with the atomic core (inner electrons + atomic nucleus). For this purpose we use
the Hellmann’s pseudopotential Vcore(r) = −1/r+Ae−ar/r. The parameters A = 21
and a = 2.54920 provide the correct value for the ionization potential of lithium
Ip = 5.1391 eV = 0.18886 a.u. and reproduce approximately the energies of singly-
excited states (see Fig. 1).
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Figure 1: The unperturbed energy levels (short black lines) corresponding to singly
excited states of sodium (Sansonetti, 2008) relative to its ground state (3s) and possi-
ble four-photon and five-photon absorption pathways (arrows) from the ground state
to continuum for the radiation of 800 nm wavelength (h̄ω ≈ 1.55 eV). The continuum
boundary is drown by the dash-dot line and ϵ0 is the excess energy of photoelectrons
produced in the nonresonat four-photon ionization.

We consider a linearly polarized laser pulse of the form

F (t) = Fpeak sin
2(πt/Tp) cos(ωt), 0 < t < Tp (2)

(otherwise F (t) = 0). Here ω, Fpeak and Tp are the frequency of laser field, the peak
value of its electric component and the pulse duration (2×FWHM), respectively. Due
to the axial symmetry of the system, the magnetic quantum number m of the valence
electron is a good quantum number and we set m = 0 (the ground state value).

The photoionization process is simulated by calculating the evolution of the wave
function of valence electron ψ(r, t), which is initially (t = 0) chosen to be the lowest
eigenstate of Hamiltonian (1) (then F = 0) that describes the sodium ground state.
The evolution is calculated by integrating the TDSE (see Bunjac et al., 2017).
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Fig. 1(a) shows the lowest energy levels corresponding to singly-excited states of
sodium and possible multiphoton absorption pathways during the interaction of the
atom with a laser radiation of 800 nm wavelength (h̄ω = 0.05695 a.u. ≈ 1.55 eV).
At this wavelenghth there are three dominant REMPI channels: (i) (3+1)-photon
ionization via excitation of 5p, 6p and 7p states, giving rise to photoelectrons with
s and d-symmetry; (ii) (3+1)-photon ionization via excitation of 4f, 5f and 6f states,
producing photoelectrons with d and g-symmetry; (iii) (3+1+1)-photon ionization via
nearly resonant two-photon transition 3s → 4s and subsequent excitation of P-states,
giving rise to photoelectrons with s and d-symmetry.

3. PARTIAL WAVE ANALYSIS

In order to determine the PES, the outgoing part of the active electron wave function
ψ(r, t) at a time t > Tp is transformed from the coordinate to momentum represen-
tation ψ̄(k, t) by the Fourier transform and expanded in terms of partial waves

ψ̄(k) =
∑
l

Φl(k)Yl0(ϑ), (3)

where Yl0(ϑ) are the spherical harmonics with m = 0 and Φl(k) =
∫
Y ∗
l0(ϑ) ψ̄(k) dΩ

are the corresponding radial functions. Using the representation of ψ̄ in cylindrical
coordinates, the radial functions can be calculated as

Φl(k) = 2π

∫ π

0

ψ̄(k sinϑ, k cosϑ)Yl0(ϑ) sinϑ dϑ. (4)

According to partial wave expansion (3), the radial probability density of photoelec-
trons in momentum space is the sum w(k) =

∑
l wl(k), where

wl(k) = |Φl(k)|2 k2 (5)

are the partial probability densities. These quantities for l = 0, . . . , 5, as functions
of the photoelectron excess energy ϵ = h̄2k2/2me, are shown in the left column of
Fig. 2 for three values of the laser peak intensity: 3.5, 4.9 and 8.8TW/cm2. The
corresponding total probability densities w represent the PES for these three values
of laser intensity. They are shown in the right column of Fig. 2 together with the
corresponding spectra obtained experimentally (Hart et al., 2016).

The spectra, both the calculated and experimental, exhibit a typical above thresh-
old ionization (ATI) structure with prominent peaks separated by the photon en-
ergy h̄ω ≈ 1.55 eV. Fig. 2 shows the peaks corresponding to lowest three orders
of ATI (MPI by 4 + s photons, s = 0, 1, 2) which are located approximately at
ϵ = 0.8 eV+sh̄ω. The partial wave analysis recovers the character of these peaks. We
see in Fig. 2 (left) that for the photoelectron energies around the main peak (s = 0,
ϵ ≈ 0.8 eV) and around the second-order ATI peak (s = 2, ϵ ≈ 3.9 eV) dominant
contributions in the total probability density come from the partial waves with even
l (s, d, g-waves). Thus, the photoelectrons with these energies are generated by ab-
sorbing an even number of photons (N = 4 and 6). Contrarily, in the vicinity of the
first-order ATI peak (s = 1, ϵ ≈ 2.35 eV) the partial waves with even l are suppressed
and those with odd l (p, f, h-waves) dominate. Therefore, in this case odd number of
photons is absorbed (here N = 5).
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Fig. 2 (left column) shows that at the laser peak intensity of 3.5TW/cm2 dominant
contribution in the main peak (around 0.8 eV) comes from d-electrons, while at the
intensity of 8.8TW/cm2 the electrons of g-symmetry dominate. In conclusion, by
changing the laser intensity, one selects the main ionization channel – in the first case
this is the 3+1 (or 2+1+1) REMPI via 5p state, while in the second case it is the
3+1 REMPI via 4f state.
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Figure 2: Partial probability densities wl for l = 0, . . . , 5 (left column) and the total
probability density w (right column, green line) as functions of the photoelectron
energy ϵ = h̄2k2/(2me) obtained at three values of the laser peak intensity: (a,b)
3.5TW/cm2, (c,d) 4.9TW/cm2, (e,f) 8.8TW/cm2. Experimental results (Hart et
al., 2016) are represented by full black lines (right column). The full vertical lines
mark the energies of two REMPI channels (via f and p states) of the threshold peak
as well as the position of 5p subpeak in the higher order ATI peaks.
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Abstract. Here we discuss the resonant electron scattering by a metastable nitrogen 
molecule in the A3u

+ state, in particular the resonant electron impact quenching. This 
process was studied to some extent in the past but it has mainly been ignored in the recent 
nitrogen plasma modelling. The intention of this contribution is to draw attention to its 
potential importance. A classical local complex potential was used to evaluate cross 
sections for the vibrational excitation/de-excitation within the A-state vibrational manifold 
and for the resonant quenching of the A3u

+ state to the X1g
+ ground state. 

 
 

1. INTRODUCTION 
 

The modelling of nitrogen plasma has advanced significantly in its complexity in 
recent times due to various modern needs and improvements of modelling tools as 
well as updated data bases (e.g. see Loureiro et al., 2011). Pure nitrogen plasma has 
its fundamental importance for in-depth understanding of complex multitude of 
individual radiative and collisional processes among ions and neutral atoms and 
molecules and therefore it is a key test object for modelling techniques. However, a 
plasma of various gas mixtures, containing nitrogen has a much broader practical 
importance for understanding many phenomena in different environments ranging 
from planetary atmospheres (e.g. Campbell et al., 2010) to plasma processing. 
Enhanced interest in studies of the hydrogen – nitrogen plasma is recently present 
due to the needs of modelling the edge plasma in tokamak fusion reactors 
(Touchard et al., 2019). Nitrogen is introduced to the hydrogen (mainly its isotope, 
deuterium) plasma into the tokamak divertor region in order to enhance radiative 
dissipation of energy in this region. Production of ammonia occurs under such a 
condition and a corresponding detailed plasma modelling was performed (Carrasco 
et al., 2011; Sode et al., 2015; Body et al., 2018).  

Among many of ionic, atomic and molecular electronic states of particles in a 
nitrogen containing plasma, the metastable A3Σu

+ state of N2 is often abundantly 
present. It plays a specific role due to the fact that it is the lowest triplet state and 
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thus it is also populated by radiative decay of higher triplet states. It has long life-
time, about 2s, and high excitation energy, 6.169 eV, between v=0 vibrational 
levels of A3Σu

+ and ground X1Σg
+ electronic states of N2. Various processes 

involving N2(A) are included in present time modelling and their relative relevance 
to the studied plasma depends on composition, pressure and temperature. 
Population of N2(A) in p~1 Torr nitrogen discharge is strongly dependent on the 
excitation transfer between neutral molecules N2(A), vibrationally excited ground 
state, N2(X,v) and N2(B

3Πg) (Loureiro et al., 2011). Nine different reactions in 
nitrogen involving N2(A) are included in the modelling of Body et al., 2018. Also, 
the role of N2(A) in the so-called breakdown memory effect in nitrogen was vividly 
discussed (e.g. Bošan et al., 1997, Petrović et al., 2001). Colonna and Capitelli, 
2001 have shown strong influence of metastable nitrogen on characteristics of the 
electron energy distribution in a study of nitrogen expansion flow. They considered 
both, the atomic and molecular electronic metastable states and showed, that under 
studied conditions, the atomic species have more important role than the molecular 
ones. The superelastic collision of an electron with N2(A) was shown to strongly 
influence the electron energy distribution during the post-discharge regime, 
Laporta, 2017.  

Here, we are interested in electron collisions with a neutral nitrogen molecule 
which involves molecules in the lowest triplet state, A3Σu

+. 
 

2. ELECTRON IMPACT EXCITATION OF A3Σu
+ STATE OF N2 

 
Electron collisions with a nitrogen molecule have been studied in detail since the 
very beginning of experimental and theoretical studies of atomic collision 
processes. A detailed overview of available data on e-N2 collisions was presented 
by Itikawa (Itikawa, 2006) who also provided sets of recommended cross sections. 
The most detailed experimental differential cross sections (DCS) for excitation of 
this state, together with seven other states of N2, were presented by the JPL group 
(Khakoo et al., 2005) for electron impact energies of 10, 12.5, 15, 17.5, 20, 30, 50, 
and 100 eV. The electron impact excitation of electronic states of nitrogen, 
including the A3Σu

+ state, was also studied by ab initio calculations using the R-
matrix technique by Gillan et al., 1996. 
 
2.1 RESONANT EXCITATION 

 
Resonances in electron molecule scattering are common phenomena when the 
incident electron is temporaly trapped to the target molecule and, on this way, 
allowing for increased energy exchange with molecule. The famous 2.3 eV 
resonance in nitrogen is the most studied prototype of shape resonances and it is 
produced by electron trapping to the ground electronic state of N2 (e.g. Laporta et 
al. 2014). Similar resonances, core excited shape resonances, also occur when 
incoming electron is temporarily trapped in the potential of an excited molecular 
state. Such resonances are usually less pronounced than resonances associated to 
the ground electronic state of molecule because in this case two-electron transition 
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is involved, trapping of the incoming electron and promoting a target electron to 
the excited orbital. Such core excited resonances associated to the A3Σu

+ and B3Πg 
state in nitrogen were first studied by Mazeau et al. 1973 and oscillatory structures 
in DCS were observed. Such structures are characteristic for resonance life-time 
being comparable to the vibrational period of the parent molecular state. The 
resonance in the excitation of A3Σu

+ state which was attributed to the first excited 
2Πu state of N2

- was later studied in more detail by Paris group (Huetz et al.,1980a, 
b, c, and Čadež et al., 1986). It was also observed and commented by M. Allan in a 
review on electron impact excitation of triplet states (Allan, 1989). Our old relative 
experimental DCS for excitation of v=6 vibrational level of N2(A) from Čadež et 
al., 1986, renormalized to the recent absolute DCS of Khakoo et al., 2005 at 
electron energy, Ee=10 eV are shown in Fig. 1. Absolute recommended total cross 
section (TCS) for excitation of N2(A) from Itikawa, 2006 is also shown.  

 

Figure 1: Renormalized DCS for excitation of the v=6 vibrational level of A3Σu
+ at 

the 30o, 60o, 90o and 120o scattering angles from Čadež et al., 1986. Recommended 
absolute TCS for excitation of N2(A) from Itikawa, 2006 is also shown. 

It is important to note that resonant enhancement of the CS, unambiguously 
detected experimentally in v=6 DCS, does not show up in the TCS which is 
possibly due to a relatively small probability for the needed two electron transition 
in the incident reaction channel as commented in Allan, 1989 and also possibly due 
to the weaker Franck-Condon overlap with other then the v=6 vibrational level of 
N2(A).  
 

3. RESONANT ELECTRON SCATTERING BY A3Σu
+ STATE 

 
Even though the ~9.5 eV resonance, attributed to the 2Πu state of N2

-, appears not to 
have an appreciable contribution to the excitation of N2(A) by electron impact, its 
existence has potentially strong importance to processes involving A3Σu

+ state in 
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the discharges. An electron colliding with N2(A) can be more easily trapped to the 
2Πu state of N2

- as the A3Σu
+ state is its parent state and, therefore, only one electron 

transition is involved, similarly to formation of the 2.3 eV 2Πg resonance in 
electron scattering by the ground state nitrogen. Besides this, the formation of a 
temporary 2Πu state of N2

-, can importantly increase the electron impact quenching 
of N2(A) thus increasing the population of higher energy electrons in the electron 
energy distribution by this resonant superelastic channel which was also recently 
stressed out in Laporta, 2017. Both these aspects of the 2Πu were earlier treated in 
connection with processes in ionosphere (Čadež, 1983) using a local complex 
potential model for the resonance similar to the one used in Huetz et al., 1980. We 
are now re-examining the model by taking into account more accurate available 
potentials and some later theoretical development (e.g. Gianturco and Schneider, 
1996). 
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Abstract. Here we exploit a large data set maintained in the Belgrade electron-atom/ 
molecule database (BEAMDB) to explore the possibilities how to determine extrapolated 
differential cross sections (DCS) obtained in experimental investigations by using machine 
learning algorithms. DCSs for different atomic and molecular species are represented by 
squared weighted sum of Legendre polynomials  
 
 

1. INTRODUCTION 
 

The importance of electron collisions with atomic particles (atoms, molecules, 
ions, radicals) is evident in the fields of plasma processes (Petrović et al. 2014), 
astrophysical plasmas (Jevremović et al. 2020), radiation damage (Mason 2008), 
etc. In low-temperature non-equilibrium molecular plasmas electron interactions 
are responsible for vibrational non-equilibrium and electron-driven ionization and 
dissociation that produces reactive species. The strength of electron interaction 
with atomic species is usually characterized by cross sections which can be state 
specific and angle and energy resolved. In classical experiments with electron 
spectrometers that are not equipped with the magnetic-angle-changing device (Cho 
et al. 2006) determination of electron differential cross sections, DCS(θ), is 
performed in the limited range of scattering angles. In order to obtain integral cross 
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sections, σi (1), or momentum transfer, σmt (2), one needs to extrapolate 
experimental data to zero and 180o angles and then to carry out the integrations:  
 
ሻߠ௜ሺߪ                                         ൌ ߨ2 ׬ ሻߠሺܵܥܦ sin ߠ ߠ݀

గ
଴                                     (1) 

 

ሻߠ௠௧ሺߪ               ൌ ߨ2 ׬ ሻߠሺܵܥܦ ൤1 െ ቀ1 െ
∆ா

ா೚
ቁ
ଵ/ଶ

cos ൨ߠ sin ߠ గߠ݀
଴                    (2) 

 
The question that arises is how to conduct the extrapolation procedure, either to use 
calculated values obtained by some theoretical approximation (see e.g. Bartschat et 
al. 2017) or to perform complex phaseshift analysis (Brunger et al. 1992). In this 
contribution we explore the possibility to use a large set of DCS(θ) data curated 
within BEAMDB database (http://servo.aob.rs/emol) to determine extrapolated 
values using machine learning techniques. 

 
2. BELGRADE ELECTRON-ATOM/MOLECULE (BEAM) 

DATABASE 
 

Belgrade Electron –Atom/Molecule (BEAM) database (Marinković et al. 2017) 
is a node of a common portal “Virtual Atomic and Molecular Data Centre”, 
VAMDC, (https://portal.vamdc.eu/vamdc_portal/home.seam) and it collects and 
maintains a series of data on electron interaction with atomic particles. It holds 
electron differential and integral cross sections for elastic scattering, electronic 
excitations and ionization as well as electron energy loss-spectra and threshold 
photoelectron spectra. Numerous atomic species (Ag, Ar, Bi, Ca, Cd, He, Hg, Kr, 
Mg, Na, Ne, Pb, Rb, Sb, Xe, Yb) are accompanied by 18 other molecular species. 
Differential cross sections are organized as four raw data (Eo, θ, DCS, error) where 
Eo is impact energy, θ is scattering angle, DCS is the value of differential cross 
section for Eo and at scattering angle θ, error is the value of the absolute 
uncertainty of DCS values. These data sets represent a pool for implementing 
machine learning technique. 

 
3. MACHINE LEARNING ALGORTIMS 

Machine learning (ML) techniques nowadays are becoming a “New tool in the 
box” for physics researchers (Zdeborová, 2017). ML is a new paradigm of 
performing research, like taking experiment, providing theoretical approximation 
or execute numerical simulation (ibid.). Mapping the relation and structure of 
scientific knowledge in physical disciplines could be efficiently obtained and then 
visualized by a ML approach (Chinazzi et al. 2019). Since early and classical 
textbook of Michel (1997), the learning to classify new astronomical structures has 
been recognized as one of the examples of usefulness of ML concepts. Recently, 
Stokes et al. (2019) utilized a deep neural networks for the solution of the inverse 
swarm problem of deriving cross sections from swarm transport data. 
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3.1. TASK, PERFORMANCE MEASURE, EXPERIENCE 

 
We define a task for our ML algorithm as determining the extrapolated 

differential cross sections from a given data of experimentally measured values at a 
limited range of scattering angles. The performance measure would be the value of 
χ2 defined as a goodness of fit by Pearson's chi-squared test. Training experience is 
provided as a database of calculated DCS(θ) values existing in the BEAMDB 
under all available theoretical approximations (distorted wave, optical potential, 
convergent close-coupling, B-spline R-matrix semi-relativistic or fully relativistic 
calculations). Additionally, the performance is measured in comparison of 
integrated cross sections (integral and momentum transfer) obtained with 
combination of experimental data and extrapolated data that resulted in such ML 
process with those already contained within the BEAM database or if existing, 
recommended set of data. 
 
3.2. LEARNING ALGORITHMS 

We performed inductive learning algorithm which at best guarantee that the 
output hypothesis fits the target concept over the training data (Mitchell, 1997). 
Our inductive bias assumption is that extrapolated DCS(θ) values can be 
represented by the scattering amplitudes f(θ,k), k being wave vector. Scattering 
amplitude consists of the sum of the phaseshifts δl and Legendre polynomials Pl 

(cos θ) as defined in (3). 

             DCSሺࣂሻ ൌ ,ࣂሺࢌ| ሻ|૛࢑ ൌ
૚

૛࢑
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૛
           (3) 

All data are divided in three subsets, validation, training and test sets (Maček, 
2019). Validation set accounts for less than one third of all data and is used to 
resolve overfitting problem while test set is used to provide an estimate of accuracy 
over new data sets. 

4. DISSCUSSION 

The first results of squared weighted sum of Legendre polynomials up to 60o are 
given in Fig.1. Although data sets in BEAMDB seemed to be large, it turns out that 
it is a limited number examples that could be used in ML process. This fact urges 
data curators to enlarge the coverage of data entries. Also, provided software 
within Service of VAMDC portal, like XSAMS Convertor or graphical tool used 
for data visualization (http://www.vamdc.org/activities/research/software/) 
need to be implemented within BEAMDB in its further developments.  
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Figure 1: Squared weighted sum of 4, 7 and 10 first Legendre polynomials. 
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Abstract. A high resolution electrostatic analyzer in combination with a non-
monochromatic electron beam has been used to investigate the Krypton M4,5NN Auger 
spectrum in the kinetic energy region from 24 to 64 eV at 505 eV incident electron energy 
and at 90° ejection angle. A large number of features produced by Auger and satellite 
transitions are observed due to the high experimental resolution. The energies and 
assignments of the observed features are compared with previous experiments and a good 
agreement is found. 
 
 

1. INTRODUCTION 
 

The krypton electronic configuration is [Ar]3d104s24p6. The energies of the M4,5 

edges of krypton 3d shell are M5 (
2D5/2) = 93.788 eV and M4 (

2D3/2) = 95.038 eV 
(King et al. 1977) leading to the energy separation between 3d5/2, 3/2 of 1.25 eV. The 
natural width of the 3d shell is (88 ± 4) meV. The ionization potentials of the Kr2+ 
(4p-2 3P2) is 38.358 eV and Kr3+ is 74.197 eV (Palaudoux et al. 2010). The binding 
energies of the 3s (M1), 3p1/2(M2) and 3p3/2(M3) are 292 eV, 222 eV and 214.6 eV, 
respectively (Mehlhorn, 1965). The spin-orbit splitting 3p3/2-3p1/2 is 7.6 eV. The 
widths of the 3p1/2 and 3p3/2 are 1.80 eV and 1.48 eV, respectively. 

Systematic studies by electron impact with high resolution of krypton M4,5NN 
Auger spectrum have been done by Mehlhorn (1965), Werme et al. (1972), Askela 
et al. (1984) (and ref’s there in). Kr2+ (4p4nl) satellite lines have been investigated 
by Hall et al. (1990), Jauhiainen et al. (1995), Kikas et al. (1996), Yoshii et al. 
(2007) (and ref’s there in) by photoelectron spectroscopy. In this work, we present 
high resolution Auger spectrum of krypton in the kinetic energy region 24 to 64 eV 
obtained at 505 eV of incident energy.  
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2. EXPERIMENT 
 
The apparatus used in the present measurements has been described previously 
Jureta et al. (2016). Shortly, it consists of a non-monochromatic electron gun (10-
2500 eV) and a high-resolution hemispherical analyzer (R0 = 125 mm) equipped by 
seven channeltrons to detect ejected electrons. A 20 mm long platinum-iridium 
non-biased needle with internal diameter of 0.5 mm has been used to produce an 
atomic beam in the perpendicular direction to the scattering plane. The cylindrical 
interaction region (50 mm in diameter) is made from the two cylinders of thin μ-
metal foils 10 mm apart the collisional plane in order to avoid collection of 
scattered electrons from metal surfaces. The pass energy of 1 eV was set and then 
the analyser was operated in the Constant Retarding Ratio (CRR) mode i.e. the 
ratio (K) of the kinetic energy (Ek) and the analyser pass energy (Ep) during the 
scan is held constant. (K≈Ek/Ep).  
     The background and working pressures with krypton gas in the vacuum 
chamber were 6x10-8 and 2x10-6 mbar respectively. With an electron current of 
about 10-6 A, the typical accumulation time for short interval of kinetic energies per 
spectrum was 30 min with energy step of 20 meV per channel. Each presented 
spectrum is the result from three measurements accumulated in the same 
experimental conditions. The transmission was not uniform in lower energy part 
and all spectra are presented with subtracted background without any further norm-
alization of the data. The calibration of the kinetic energy scale was achieved using 
the line at 11.72 eV from the Ar [3s3p63d(1D)] excited state (27.48 eV excitation 
energy) in Ar-Kr mixture at 300 eV. The scale of the incident energies was 
calibrated using the elastic channel. For higher energies until 2000 eV, the fit made 
below 200 eV was applied. The FWHM of the elastic peak was roughly 0.80 eV. 

 
3. RESULTS AND DISCUSSION 

 
The krypton M4,5NN Auger spectrum measured at 505 eV incident energy and 
ejection angle of 90o is shown in Fig.1. The present spectrum well compares with 
the one by Werme et al. (1972), although the different approach in calibration 
procedure leads to a systematic difference in energies of about 0.150-0.170 eV. 
Both Auger transitions and their satellites contribute to the observed spectrum 
making a difficulty in their identification. The Auger spectra produced by electrons 
are complex because they are composed from ejection of one or two electrons from 
3d shell, but also other transitions can contribute to the spectrum in form of 
satellites produced either by ionization of the outer valence or inner shells and 
shake-up and shake-off transitions. The first assignments of the features have been 
done in comparison of their energies with optical data and shake-up transitions. 
New data from optical spectroscopy and theoretical calculations helped to complete 
assignments of large number of measured features. Those are correlation satellites 
and shake-off transitions. The shake-up and shake-off processes occur when the 
inner shell is ionized and another electron in simultaneous excitation can either 
populate other unoccupied orbital (shake-up) or be promoted to the continuum 
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(shake-off). On the other side, the correlation satellites are typical for closely-
spaced states with the same total angular momentum and parity (Jauhiainen et al. 
1995). They occur in a process of creation of a hole in s subshells of the same shell. 
This hole is filled by a p electron from the same shell followed by the simultaneous 
excitation of another electron to an unoccupied d or s orbitals. 
 

 
 

Figure 1: The M4,5NN Auger spectrum of krypton obtained at 505 eV of electron 
incident energy and 900 of ejection angle. Only main lines are assigned. The 
spectrum is presented with subtracted background with energy step of 0.020 eV. 
Energies of the peaks (eV) are: (1) 24.14; (2) 25.39; (3) 31.04; (4) 32.28; (5) 37.86; 
(6) 39.10; (7) 40.64; (8) 42.31; (9) 51.32; (10) 52.57; (11) 53.60; (12) 54.86; (13) 
55.43 eV. The FWHM is approximately 110 meV. 

 
     Detailed analysis of all spectrum shows that the first kinetic energy region 24 – 
34 eV is composed from several pairs of features with energy separation close or 
equal to the spin orbit splitting of 3d shell (1.25 eV). Many features are recognized 
as satellites produced by either shake-up or shake–off transitions. The first two 
features (1, 2) are assigned as Auger lines M5,4N1N1(

1S0). The region 34 – 48 eV is 
composed from 4 pairs of features with energy separation close or equal to the spin 
orbit splitting of 3d shell. The last group of features in kinetic energy region 50 – 
58 eV is composed from well-known M5,4N2,3N2,3 Auger lines. 
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Abstract. The lowest state energy of positronium in an external electric field is calculated
in the range of field strengths belonging to the tunnelling and over-the-barrier ionization
regimes, using the wave-packet propagation method and the complex-rotation method. It
is found that the hyperfine splitting of this level in the tunnelling domain decreases by
increasing the field strength, but in the over-the-barrier domain the additional splitting
occurs for triplet states.

1. INTRODUCTION

The electron-positron (e−e+) bound system, known as positronium (Ps), is an unsta-
ble exotic atom due to a non-negligible probability for annihilation of its constituents
(see e.g. Rich et al. 1981). The lifetimes of the singlet (11S0) and triplet (13S1)
components of the ground-state of Ps, the so-called para-positronium (p-Ps) and orto-
positronium (o-Ps), are 125 ps and 142 ns, respectively. The ground state energy of
Ps is about half of that of hydrogen (E ≈ −6.8 eV), but its hyperfine splitting (HFS)
Eo-Ps −Ep-Ps = 0.845meV, when compared to that for hydrogen, is more than three
orders of magnitude larger. This splitting is a consequence of two spin-dependent in-
teractions: (i) the spin-spin coupling (the interaction of individual magnetic momenta
of e− and e+) and (ii) ”the annihilation force” (the possibility of virtual annihilation
and re-creation of the e−e+ pair, see Deutsch, 1952).

However, when positronium is placed in an electric field, another kind of instability
arises – the ionization of Ps by the field. In this case the Coulomb potential of e−e+

pair and the external electric field form a potential (Stark) barrier through which the
system can decay by tunnelling. The limiting case of this process when the barrier
is suppressed below the energy of the atomic state, which takes place at very strong
fields, is usually referred to as over-the-barrier ionization (OBI). The HFS of energy
levels of Ps, on the other hand, is not directly affected by the external electric field.
A weak dependence of HFS on electric field, however, occurs due to the change of
form of the lowest state wave function of positronium when the field increases. In
order to calculate this effect and the influence of electric filed generally, we apply
two different numerical methods: the wave-packet propagation (WP) method and the
complex-rotation (CR) method, used previously in the studies of ordinary atoms in
strong fields (see Bunjac et al., 2017; Milošević and Simonović, 2015).
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2. THE MODEL

2. 1. INTERACTION WITH ELECTRIC FIELD

The first step in the analysis of electric field effects on the positronium lowest levels
will be the calculation of energies and ionization rates without the HFS terms. The
corresponding unperturbed Hamiltonian describing the relative motion of the e−e+

pair, placed in the external electric field of strength F , reads (in atomic units)

H0 = − 1

2µ
∇2 − 1

r
− Fz, (1)

where r is the inter-particle distance, z is its component in the field direction and
µ is the reduced mass which for positronium takes the value 1/2. When F ̸= 0 the
Coulomb potential −1/r and the external field form the potential barrier with the
saddle point of hight Vsp = −2

√
F located at rsp = (0, 0, 1/

√
F ). Since the potential

energy outside the barrier asymptotically tends to −∞, the system can decay by
tunnelling at any energy E. Therefore, all bound states of the field-free atom become
resonant (autoionizing) states when F ̸= 0.

As it was already mentioned in Introduction, two ionization regimes can be dis-
tinguished: (i) the tunnel ionization (tunnelling) regime, when E < Vsp, and (ii)
over-the-barrier ionization (OBI) regime, when E > Vsp. Here we consider the lowest
resonant state which in the limit F → 0 approaches the ground state of the field-free
atom. The value of the field strength which separates the ionization regimes F ∗ is the
root of equation E(F ∗) = Vsp(F

∗) ≡ −2
√
F ∗. Using numerically determined values

for the lowest state energy, this equation gives F ∗ = 0.016 a.u. for Ps. Thus, the
tunnelling and OBI take place for: (i) F < F ∗ and (ii) F > F ∗, respectively.

2. 2. THE SPIN-SPIN COUPLING AND ANNIHILATION INTERACTION

The interactions which lead to the energy splitting between the o-Ps and p-Ps ground
states, the spin-spin coupling and the annihilation interaction, are described by two
additional terms in the Hamiltonian for relative motion (Berestetskii et al., 1982)

Vss =
α2

4

[
3(σ⃗1 · r)(σ⃗2 · r)

r5
− σ⃗1 · σ⃗2

r3
+

8π

3
σ⃗1 · σ⃗2 δ(r)

]
, (2)

Vann =
πα2

2
(3 + σ⃗1 · σ⃗2)δ(r). (3)

Here r = r1− r2 is the relative radius vector of e−e+ pair, σ⃗1,2 are the Pauli matrices
describing the spin of these two particles and α = 1/137.036 is the fine-structure
constant. In analogy with ordinary atoms, this energy splitting is called the hyperfine
splitting (HFS), although for Ps it is of the same order as the fine structure corrections.

Assuming that the interaction with electric field is fully described by the dipole
term −Fz, the Hamiltonian for positronium in electric field, which takes into account
the HFS, reads

H = H0 + Vss + Vann = H0 + Vhfs. (4)
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Using relations σ⃗1·σ⃗2 = 2S2−3 and (σ⃗1·r)(σ⃗2·r) = 2(S·r)2−r2, where S = (σ⃗1+σ⃗2)/2
is the total spin, and writing r = rer, the HFS term becomes

Vhfs =
α2

2r3
[
3(S · er)2 − S2

]
+ πα2

(
7

3
S2 − 2

)
δ(r). (5)

The matrix which represents operator (S · er)2 in the basis of singlet/triplet spin
states {|S,MS⟩ |S = 0, 1;MS = −S, . . . , S} has quasi-diagonal form

(S · er)2 =


0 0 0 0

0 1
4 (cos2ϑ+3) − sin2ϑeiφ

2
√
2

1
2 sin

2ϑe2iφ

0 − sin2ϑe−iφ

2
√
2

sin2ϑ sin2ϑeiφ

2
√
2

0 1
2 sin

2ϑe−2iφ sin2ϑe−iφ

2
√
2

1
4 (cos2ϑ+3)

 , (6)

while the corresponding matrix of operator S2 is diagonal

(S2)SMS ,S′M ′
S
= S(S + 1) δSS′δMSM ′

S
. (7)

Thus, the HFS terms do not couple singlet (S = 0) and triplet (S = 1) states, but
Vss couples the triplet states with different values of MS .

Since the first diagonal element (SMS = S′M ′
S = 00) of matrices (6) and (7) is

zero, in the singlet case the spin-dependent terms in Eq. (5) vanish and Vhfs reduces
to

V
(S=0)
hfs = −2πα2δ(r). (8)

For the triplet case the spin-dependent terms in Vhfs are different from zero. As-
suming, however, that their contribution is much smaller than the contribution of
the term with delta-function, we neglect the MS-coupling and characterize the lowest
state by a definite value of quantum number MS . In this approximation we keep in
the HFS term only diagonal matrix elements [(S · er)2]1MS ,1MS

and (S2)1MS ,1MS
= 2

and apply the expression

V
(S=1)
hfs =

α2

2r3
[
3[(S · er)2]1MS ,1MS

− 2
]
+

8

3
πα2δ(r). (9)

3. RESULTS

The lowest state energy of positronium, calculated using the model without the HFS
terms by the WP and CR methods, is shown in Fig. 1(a) in the range of the field
strengths from F = 0 to 0.25 a.u. (≈ 1.286 × 1011 V/m). A difference between
results obtained by these two methods, which becomes significant at very strong
fields (F ≫ F ∗), indicates that the resonance mean energy E obtained by the WP
method and the real part of complex energy obtained by the CR method do not have
the same meaning, particularly for very broad resonances (see Klaiman, 2010).

The lowest state Ps energy with the HFS, i.e. the p-Ps and o-Ps energies as
functions of the field strength, are calculated using the CR method. The calculations
show that the term in Eq. (9) which is proportional to 1/r3 gives much smaller
contribution to the HFS (for about two orders of magnitude) than the term with delta-
function. This fact is in agreement with the assumption from the previous section
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Figure 1: (a) Dependence of the lowest state energy E of positronium on the strength
of external electric field F obtained numerically using the wave-packet method (WP)
and the complex-rotation method (CR), respectively. For comparison the Stark shift
expansion up to the quadratic term is shown (dashed line). The vertical dotted line
marks the field strength F ∗ dividing the tunnelling and OBI domains. (b) Hyperfine
splitting of the lowest state energy of Ps in electric field. The p-Ps and o-Ps lowest
state energies relative to the unperturbed energy (∆Ep-Ps,o-Ps = Ep-Ps,o-Ps − E), as
functions of the field strength. The dashed lines represent the values for o-Ps which
are obtained using the complete expression (9) for MS = 0 and MS = ±1 separately,
whereas the full line is obtained using only the term with delta-function.

which validates Eq. (9) as a good approximation. The p-Ps and o-Ps energies (the
later with and without the term ∼ 1/r3), relative to the unperturbed energy shown
in Fig. 1(a), are presented in Fig. 1(b). It can be seen that in the tunnelling domain
and at the beginning of OBI domain the HFS decreases significantly by increasing
the field strength, but for F > 2F ∗ it changes slowly taking the values which are
20-25% smaller than the field-free value. This behaviour can be explained by the
change of form of the lowest state wave function of positronium when it is placed
in the field. The HFS in the range F < 2F ∗ can be estimated by applying the first
order perturbation theory, using Vhfs (without term ∼ 1/r3) as the perturbation. This
approach gives Ehfs(F ) ≈ 14

3 πα
2|ψ(0;F )|2, where ψ(0;F ) is the value of the lowest

state wave function of Ps in the field of strength F for r = 0. This relation indicates
that the observed decrease of HFS when F increases is a consequence of the decrease
of electron density at the positron position (|ψ(0;F )|2), which can be explained by
the shift of the density distribution in electric field towards the barrier.
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Abstract. Rate coefficients for electron impact excitation of the members of the Fermi 
resonance of CO2 in non-equilibrium conditions were calculated. Monte Carlo simulation 
of electron transport trough gas in the presence of radio frequency electric field was 
employed in order to determine proper electron energy distribution functions (EEDF) for 
the given parameters – 100 MHz field frequency and the reduced field magnitude of 100 
Td. 
 
 

1. INTRODUCTION 
 

CO2 gas is extensively used in various devices that generate plasma by radio 
frequency discharge (Spencer et al. 2011, Srivastava et al. 2010). Electron 
collisions with CO2 gas molecules occur frequently inside those devices and 
influence the further molecular dynamics. Vibrational excitation has great capacity 
to store energy which is later transferred between excited molecules. This is being 
used to achieve energy efficient dissociation, which is a key process in CO2 
conversion to ecologically friendly fuels. Rate coefficients are important input data 
in modeling conditions in discharge devices. 
   Fermi resonance was first recognized by Enrico Fermi in 1931 (Fermi 1931) as 
quasi degeneration of two vibrational levels, by which he explained one line in 
Raman spectra of CO2, instead of two as then existing theoretical models predicted. 
Fermi resonances play important role in vibrational energy transfer. CO2 molecule 
possesses two groups of nearly degenerate vibrational levels. The first one, called 
Fermi dyad, includes the lowest symmetrical stretch mode, (100), and the bending 
mode (020). The second one, named Fermi triad, consists of three modes – (200), 
(120) and (040). In the present work we are going to show time resolved rate 
coefficients for electron impact excitation of all these Fermi resonance members, 
which were obtained by means of a Monte Carlo simulation that treats electrons 
moving in gas filled space, under the action of a spatially uniform radio frequency 
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electric field. We chose the reduced electric field, ER/N (root mean square value), 
to have magnitude of 100 Td. At this ER/N value period averaged mean electron 
energy reaches 3.55 eV. 
 

 
2. MONTE CARLO SIMULATION 

 
The simulation follows up to 107 electrons, which are accelerated by the action 

of the radio-frequency electric field and subsequently decelerating upon collisions 
with CO2 gas molecules, distributed in an infinite space. Electrons are treated one 
by one and their motion is determined in small time steps by numerical solution of 
the differential equations of motion. As soon as the steady state is reached, electron 
energy distribution function is repeatedly sampled, along with other relevant 
transport parameters, inside one cycle of the electric field and then averaged to 
acquire better statistics.   

Data read from the input cross section database are used to calculate collision 
probabilities. A collision event is simulated by calling a random number generator. 

A significant part of the cross sections for vibrational excitation in our database 
makes data obtained by coauthors of this paper in the past (Poparić et al. 2010). 
Those are cross sections for excitation of symmetrical stretch modes (100), (200) 
and so on up to (800). As it was said in the introduction, Fermi resonance consists 
of nearly degenerate vibrational modes. Separate contributions of the modes (100) 
and (020) were obtained after comparing energy loss spectra measured by (Poparić 
et al. 2010) with spectra reported by (Johnstone et al. 1995) and (Kitajima et al. 
2001), whereby their peak deconvolution method and their angular distributions 
were applied. Cross sections for excitation of (120) and (040) are calculated values 
originating from (McCurdy et al. 2003). 

Since simulation performed for relatively low reduced electric field, superelastic 
deexcitation from (010) * level to the ground (000) state, which is occuring with 
non-negligible probability at room temperature (Kato et al. 2008), was taken into 
account. Cross sections for this process were calculated by using the Klein-
Rosseland formula.  

 
 

2. RESULTS 
 

The simulation shortly described in the previous section was prepared for the 
electric field parameters of 100 Td (1 Td = 10-21 Vm2) and 100 MHz. The gas 
pressure was set to 1 Torr (133.3 Pa). EEDFS obtained within one period of 
oscillation by the simulation were used to determine rate coefficients. Rate 
coefficients were calculated by applying the formula: 

 
ሺ൏ܭ	             ߝ ൐௧, ሻݐ ൌ ඥ2/݉׬ ሻߝሺߪ

∞

ఌ೟೓
ߝ√ ௘݂ሺ൏ ߝ ൐௧, ,ߝ  .ሺ1ሻ																															ߝሻ݀ݐ
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In the equation above ൏ ߝ ൐௧	and ௘݂ሺ൏ ߝ ൐௧, ,ߝ  ሻ represent the mean electronݐ
energy and the normalized EEDF, respectively, at the moment of time t, ε is the 
electron energy, ߪሺߝሻ is the cross section for excitation of the given vibrational 
mode, while the threshold energy is denoted by ߝ௧௛. 

Time resolved rate coefficients for excitation of (100) and (020) modes, 
belonging to Fermi dyad of CO2, are shown in figure 1. The results obtained for 
excitation of the members of Fermi triad, namely of the (200), (120) and (040) 
modes, are shown in figure 2.  

 
 

Figure 1: Rate coefficients for excitation of the Fermi dyad members. 

 
 

Figure 2: Rate coefficients for excitation of the Fermi triad members. 
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The obtained results indicate that rates for (100) and (020) are slightly shifted in 
phase, whereas all shown excitation rates for the members of Fermi triad are in 
phase. Another difference one may observe when comparing these two figures is 
that the amplitude of the members of Fermi dyad, shown in figure 1, is the same, 
but in case of Fermi triad (figure 2) amplitudes differ in magnitude for all three 
members. The intensity arrangement for these modes follows from the magnitudes 
of the corresponding cross sections. The time modulation of all these rates can be 
understood after performing detailed analysis of the position of the effective cross 
section function for the given mode with respect to the EEDF at the specific 
moment in time.  
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Abstract. Potential energy curves for pyridine (along C-H bond) and 2-bromopyrazine
(along C-Br bond) are reported, providing a rough description of a dissociative electron at-
tachment process studied with a simple density functional theory approach. Vertical electron
attachment energies for pyridine, pyrazine and their halo derivatives are also presented.

1. INTRODUCTION

Of the many possible electron-molecule interaction processes, dissociative electron
attachment (DEA) is one of the most interesting, albeit still not fully described and
understood. In this work, we examine the interaction of low-energy electrons with
pyridine, pyrazine, and their halo derivatives with a simple density functional theory
approach, as well as the applicability of this method to anions in comparison to
second order Moller-Plesset perturbation theory (MP2). Pyridine and pyrazine are
only briefly discussed in the literature in the context of cross sections for electron
scattering [Szmytkowski et al., 2019, Sanz et al., 2013], or temporary anions [Nenner &
Schultz 1975, Mathur & Hasted, 1976]. For 2- and 3-bromopyridine and halopyrazines
vertical electron attachment energies are reported for the first time.

1. 1. CALCULATIONAL APPROACH

Various parameters of neutral and anion ground states of studied targets in the gas
phase have been calculated using the DFT with B3LYP functional and MP2 methods
with 6-31G*, 6-31+G*, 6-311++G**, and aug-cc-pVTZ basis sets. Vertical electron
attachment energy (VEA) was obtained as the energy difference between neutral and
anion ground state, both in optimized neutral geometry. Enthalpies for the following
reactions are also evaluated and reported:

R H + e –
0 R– + H · (1)

for non-substituted hydrocarbons and

R X + e –
0 R · + X– (2)

59



NATALIA TAŃSKA

for X=Cl, Br, where e−0 stands for thermal electron ( 0 eV). Furthermore, the adiabatic
potential energy curves, from which the activation energy can be read, obtained in
6-31+G* basis set with B3LYP functional for dissociative processes are presented and
discussed. All calculations were performed with Gaussian 16 program suite.

2. RESULTS AND DISCUSSION

2. 1. VERTICAL ELECTRON ATTACHMENT ENERGIES

Calculated VEAs with various basis sets for pyridines compared with available exper-
imental data are shown in Figure 2. As readily seen, the MP2 method either consid-
erably underestimates the results or predicts the wrong anion state. Unfortunately,
the problem also arises for DFT with increasing basis set, with the pyridine molecule
apparently being the most sensitive for those changes. Moreover, this problem also
concerns to pyrazine and its derivatives (not shown). One can notice, that although
B3LYP/aug-cc-pVTZ gives the closest results to the experimental values, they are
only slightly improved compared to those obtained at 6-31+G* and 6-311++G**
level. This has also been confirmed for other molecules, as well as better performance
than MP2 if diffuse functions are included [Szarka et al. 1998]. Activation energy
values (E0) for pyridine derivatives show that the lowest anion state is almost repul-
sive along C-X bond, whereas for halo pyrazines they have a slightly higher values.
According to DFT calculations, the lowest state of pyrazine anion (2B3u) is bound
(with ZPE correction) and so are anions of its derivatives, in contrary to pyridine-like
molecules, however the VEA of pyrazie is confirmed to be negative. Values of VEA
and ∆H obtained at B3LYP/aug-cc-pVTZ level (and estimated as the best) are listed
in Table 1 and 2.

(1) 2-Cl(1) 2-Br(1) 3-Cl(1) 3-Br(1) 4-Cl(1) 4-Br(1)
VEA (eV) -0.85 -0.48 -0.42 -0.46 -0.4 -0.44 -0.36

VEAa (lit., eV) -0.72 -0.41 - -0.35 - -0.22 -0.19
E0 (kcal/mol) - 1.38 ≈ 0 1.18 ≈ 0 ≈ 0 ≈ 0

∆H(eV) 3.26-3.68b ≈ 0 -0.40 2.29 1.91 0.13 -0.26

Table 1: E0 calculated with B3LYP/6-31+G*, ∆H from Eq. (1-2) and VEA, both
calculated at B3LYP/aug-cc-pVTZ level for pyridine (1) and halo derivatives.
aExperimental results of Nenner & Schultz, 1975. bCalculated for 3-,4- and 5-

hydrogen position, from the lowest to highest value, respectively.

(2) 2-Cl(2) 2-Br(2)
VEA (eV) -0.22 0.14 0.2

VEA (lit., eV) -0.08c - -
E0 (kcal/mol) - 5.78 3.79

∆H(eV) 3.32 -0.03 -0.42

Table 2: Calculated and literature values for pyrazine (2) and halo derivatives, see
Table 1 for further explanation. cMathur & Hasted, 1976.

60



A DFT STUDY OF DISSOCIATIVE ELECTRON ATTACHMENT 

Figure 1: Example adiabatic potential energy curves along indicated bonds for
2-bromopyrazine (upper) and pyridine (lower).

2. 2. ADIABATIC POTENTIAL ENERGY CURVES

Potential energy curves (PECs) for 2-bromopyrazine and pyridine are shown in Fig-
ure 1. A similar analysis has been carried out earlier [e.g. Li, Sanche & Sevilla, 2002
and other works of these authors]. For each molecule, four different curves along
Cn-X bond are investigated, namely the one of the neutral molecule, relaxed anionic
curve (representing π∗/σ∗ mixed state), π∗ planar state, and pure σ∗ state. Further
analysis of Mulliken charges and spins suggests that the most energetically favored
process for pyridine and pyrazine is the one described with Eq. 1, while for sub-
stituted molecules with Eq. 2, with the anionic lowest (ground) state in both cases
passing from π∗- to σ∗-type SOMO (singly occupied molecular orbital). During such
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a process, the molecule must undergo a symmetry change [e.g. Modelli & Venuti,
2001], which reveals in a rapid change of dihedral angle containing X atom. This
reaction is recognized as the electron transfer process. Similar PECs were obtained
for the rest of molecules of interest. It should be noted that all pyridines with an
excess electron are not stable systems and they are bound artificially. Moreover, in
such studies time dependence of reaction dynamics is not taken into account.

V
E

A
 (

eV
)

0

Py

DFT/6-31G*
DFT/6-31+G*
DFT/6-311++G**
DFT/aug-cc-pVTZ
MP2/6-31G*
MP2/6-31+G*
MP2/6-311++G** (
MP2/aug-cc-pVTZ (
EXPERIMENT §

type: 

type:

Figure 2: § Nenner & Schultz 1975. The lowest in energy VEAs obtained at given
basis set, with an indication of which of them relate to σ∗ states. It should be noted

that all the results obtained with MP2/6-311++G** and aug-cc-pVTZ basis sets
concern σ∗ states.
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Abstract. This paper presents rate coefficients for excitation of the (001) mode of CO2, 
determined for microwave electric field crossed at right angle with static magnetic field. 
The rate coefficient data were obtained for the reduced electric field amplitude of 50 Td and 
frequency of 2.45 GHz. Both time dependent behavior and time averaged results are 
analyzed. Rate coefficients were calculated on the basis of electron energy distribution 
functions, provided by our Monte Carlo simulation. 
 
 

1. INTRODUCTION 
 

The ever increasing danger of the global warming calls for immediate actions to be 
taken in order to reduce carbon dioxide emission in the atmosphere. Scientists are 
faced to a great challenge to find the fastest and the most cost effective response. 
Carbon dioxide conversion to ecologically friendly fuels stands out among the 
most promising research directions. As CO2 splitting is crucial for the conversion 
process, different technologies are being developed in order to achieve energy 
efficient plasma assisted CO2 dissociation. It is already established that highest 
energy efficiency is achieved in non-thermal plasma produced in a microwave 
discharge device that usually operates at 2.45 GHz with the reduced electric field, 
ER/N (root mean square value of the electric field reduced to number density), 
having the magnitude of 50 Td (1 Td = 10-21 Vm2) (Britun and Silva 2018). The 
secret lies in low energy excitation of the first asymmetrical stretch level (001) of 
CO2.This process is followed by energy transfer between different vibrational 
levels (V-V transfer); higher vibrational states are being populated, which 
eventually leads to dissociation. The described dissociation mechanism requires 
less energy than it is required in electronic excitation (Bogaerts et al. 2016).   

Due to necessity of rate coefficient data for plasma modeling and the 
importance of (001) excitation for CO2 dissociation, it is mandatory to determine, 
as reliable as possible, (001) excitation rate coefficients. In our recent paper 
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(Vojnović et al. 2019), we published the results obtained for orthogonal DC electric 
and magnetic fields. The increase of rates with application of the magnetic field in 
a wide range of ER/N was observed and explained. Since microwave discharge is 
mostly used in CO2 conversion for the reasons already mentioned, we continue our 
study for the conditions of the presence of 2.45 GHz electric field and static 
magnetic field. In these conditions, electrons will move in elliptical path. This kind 
of motion is caused by the Lorenz force and it is done with cyclotron frequency, ௖݂, 
whereby:  

                                              2π ௖݂ ൌ eܤ/݉௘                                                   (1). 
 

In this equation e, ܤ and ݉௘ denote the electron charge, the magnetic induction 
and electron mass, respectively. Electrons will absorb energy from the alternating 
electric field. With increase of the magnetic field, more and more energy is 
absorbed up to a certain point, after which the absorbed energy begins to decline. 
This is the well known electron cyclotron resonance (ECR) effect with resonance 
condition that cyclotron frequency equals the field frequency, ݂. For 2.45 GHz this 
condition is fulfilled at 875 = ܤ G. In this study we will follow the rise of the (001) 
rates with increasing magnetic field, showing the time resolved data and the 
increase/decrease of the period averaged rates with the increase of the magnetic 
field.  
 
 

2. SIMULATION 
 

In the simulation electrons are traveling through a space uniformly filled with gas 
molecules under the influence of the forces of the present alternating electric and 
static magnetic fields. Numerical solving of the differential equation of motion 
provides the electron position and velocity in each small time step in the 
simulation. Random number generator is used to simulate the collision event and 
angular distribution of electrons after scattering. The probabilities of these events 
rely on the cross section database, which was successfully tested by comparison of 
the obtained transport parameters with data from different experimental groups 
(Vojnović et al. 2019). Since study is performed for low ER/N, superelastic 
collisions for the transition (010)* → (000) were added to the simulation database 
(population of the (010) level is non-negligible at room temperature (Kato et al. 
2008)). Cross sections for superelastic collisions were calculated by using the 
Klein-Rosseland relation.    

After steady state is reached, electron transport data start being sampled within 
a period of the field oscillation. The simulation procedure independent on the gas 
species was tested by comparing transport parameters with benchmark values for 
model gases (White et al. 1999, Nolan et al. 1997).  
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3. RESULTS AND DISCUSSION 
 

Rate coefficients were calculated by using the formula: 
 

ሺ൏ܭ	             ߝ ൐௧, ሻݐ ൌ ඥ2/݉׬ ሻߝሺߪ
∞

ఌ೟೓
ߝ√ ௘݂ሺ൏ ߝ ൐௧, ,ߝ  ,ሺ2ሻ																															ߝሻ݀ݐ

 
where ൏ ߝ ൐௧	and ௘݂ሺ൏ ߝ ൐௧, ,ߝ  ሻ are the mean electron energy and theݐ

normalized EEDF, respectively, at time t, ε is the electron energy, ߪሺߝሻ is the  cross 
section for excitation of the (001) mode and ߝ௧௛ is the threshold energy. 
Calculations were performed for the commonly used microwave field frequency of 
2.45 GHz and for the reduced electric field magnitude of 50 Td, since at this value 
of ER/N vibrational level excitations are shown to be the dominant process in 
plasma (Fridman 2008). The value of the reduced DC magnetic field, B/N, was 
varied from 0 up to 5000 Hx.  

Figure 1 shows the time-modulated rates for excitation of the first asymmetric 
stretch mode, (001), for different values of B/N in the range from 0 to 3000 Hx. 
The amplitude of oscillation is gradually growing with the rise of the magnetic 
field, until it is damped at 3000 Hx, which is the point very close to the B/N value 
corresponding to ECR conditions (2720 Hx). It is interesting to note that this 
behavior is contrary to the situation with the electron mean energy, for which 
oscillation amplitude is highest at the point of resonance, as expected.  
 

 
 

Figure 1: Time modulated (001) mode excitation rates for different B/N. 
 

The fast increase of the rates with increasing magnetic field is also noticeable. 
To illustrate how fast these rates are rising, we plotted the function of the period 
averaged rates vs. B/N in the interval from 0 to 5000 Hx (figure 2). In the inset of 
the figure 2, we also show the dependence of the period averaged mean energy on 
B/N. It comes as no surprise that the maximal value of the both functions is reached 
at 2720 Hx, which, for the number concentration N of 3.22 ∙ 10ଶଶ݉ିଷ, set in our 
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simulation, corresponds to B = 875 G. Interestingly, the maximal value of the 
averaged (001) rates that equals 4.52 ∙ 10ିଽܿ݉ଷିݏଵ is very close to the value we 
obtained for zero B field conditions in DC electric field at 50 Td (Vojnović et al. 
2019). The obtained data are nearly perfectly fitted by the Gaussian function. 

 

 
 

Figure 2: Period averaged rates vs. B/N – the simulation results (sphere), Gaussian 
function fit to data (full line), the position of ECR conditions (dash line); the inset: 

period averaged mean energy vs. B/N  
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Abstract. Cross sections for electron-impact ionization and for elastic electron scattering 
for rhodanine (C3H3NOS2) and cyanoacetic acid (C3H3NO2) have been calculated in wide 
impinging electron energy range.  
 
 

1. INTRODUCTION 
 
New accurate experimental data on electron interactions with matter, including 
collisional cross sections are still crucial and desired for understanding a wide 
variety of natural and technological processes occurring and carried on in complex 
environments (see e.g. Szmytkowski and Możejko 2020). Recent interest in 
electron interaction with rhodanine (C3H3NOS2), its derivatives and cyanoacetic 
acid (C3H3NO2) is connected with their potential use in solar cells. Especially, the 
process of electron attachment to dye-sensitized solar cell components have been 
studied by Modelli et al. 2010 and Modelli and Burrow 2011.  
 
In this contribution we report cross sections calculations for two different 
collisional processes i.e. elastic electron scattering (ECS) and electron-impact 
ionization (ICS). These cross sections have been computed for rhodanine 
(C3H3NOS2) and cyanoacetic acid (C3H3NO2) in a wide collisional energy range 
spanned between the ionization threshold and 4 keV. The geometrical structure of 
the studied molecules is shown in figure 1. Rhodanine is a 5-membered 
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heterocyclic organic compound possessing a thiazolidine core while cyanoacetic 
acid contains two functional groups, a nitrile NC and a carboxylic acid.                                     

 
Figure 1: Geometrical structure of the studied molecules. 

 

2. THEORETICAL METHODS 

The electron-impact ionization cross section of a given molecular orbital can be 
calculated using the binary-encounter-Bethe method (BEB) see e.g. Kim and Rudd 
1994 and Hwang et al. 1996:  
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where u=U/B, t=T/B, S=4a0
2NR2/B2, a0=0.5292 Å, R=13.61 eV, and T is the 

energy of the impinging electron. The total cross section for electron-impact 
ionization can be obtained as a sum of ionization cross sections calculated for all 
molecular orbitals: 


MOn

i

BEB
i

ION ,                                                  (2) 

where nMO is the number of the given molecular orbital. It is extremely important 
that in the BEB method there is no free parameter. All quantities have well defined 
physical meaning and can be quite precisely evaluated. The electron binding 
energy, B, kinetic energy of the given orbital, U, and orbital occupation number, N, 
have been calculated for the ground state of the geometrically optimized molecules 
with the Hartree-Fock method using quantum chemistry computer code 
GAUSSIAN (Frisch et al. 2003) and 6-31G+d Gaussian basis set.  Obtained that 
way, ionization energies are not precise enough and are usually higher, even more 
than 1 eV, from experimental ones. For this reason, to include into account the 
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effect of electron correlations within molecule, we have performed also outer 
valence Green function (OVGF) calculations of ionization potentials using the 
GAUSSIAN code see e.g. Zakrzewski and Niessen 1994. It is worth to notice that 
the BEB method usually provides ionization cross sections which are in quite good 
agreement (within ±15%) with experimental data see e.g. Karwasz et al. 2014. 
 
Elastic electron scattering from the studied molecules has been investigated on the 
static plus polarization level with well known, additivity rule (Raj 1991), in which 
the total elastic cross section can be calculated from cross sections for elastic 
electron scattering from constituent atoms of the target molecule. 

 

3. RESULTS AND DISCUSSION 

Figure 2 shows electron-impact ionization cross section for rhodanine molecule 
calculated for energies ranging from the ionization threshold at 8.59 eV up to 4 
keV. The cross section maximum of 12.98×10-20 m2 is located at 85 eV.  

 
Figure 2: Electron-impact ionization cross section (ICS) calculated for rhodanine. 

 

Figure 3 shows comparison of ICS and ECS cross sections calculated for 
cyanoacetic acid. The calculated ionization threshold for cyanoacetic acid is 11.464 
eV. ICS maximum for this target reaches maximum of 10.57×10-20 m2 at 90 eV. It 
can be easily seen that in the case of cyanoacetic acid contribution of elastic 
collisions and electron-impact ionization into overall electron scattering efficiency 
is almost equal for collisional energies higher than 1 keV.  

The sum of the computed ECS and ICS can be used as approximation of total 
electron scattering cross section (TCS) for cyanoacetic acid. Basing on our 
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previous works the agreement between evaluated in such way TCS and measured 
one is quite satisfactory (see e.g. Szmytkowski et al. 2005, Szmytkowski et al. 
2007, Szmytkowski et al. 2018). 

 

Figure 3: Cross section for elastic electron scattering (ECS) and electron-impact 
ionization cross section (ICS) calculated for cyanoacetic acid. 

Numerical calculations have been performed at the Academic Computer Center 
(TASK) in Gdańsk. 
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Abstract. Single-electron capture in collisions between fast protons p and helium ions

He+(1s) in the ground state is studied in the framework of the three-body boundary-
corrected first Born approximation (CB1-3B). State-summed total cross sections are cal-
culated by summing up the state-resolved total cross sections for principal quantum number
values n ≤ 4 according to the Oppenheimer scaling law. The obtained theoretical results
are found to be in satisfactory agreement with the available experimental data.

1. INTRODUCTION

Electron capture processes in collisions between fast ionic projectiles with atomic
targets have been a subject of non-diminished interest for decades. Computations
of their corresponding cross sections carry both a fundamental, as well as a practical
value. Electron capture cross sections play a crucial role in estimating the energy losses
of ions during their passage through matter of varying kinds. As such, these cross
sections databases find useful applications in both pure physics areas, such as plasma
physics, astrophysics and heavy ion transport physics, as well as interdisciplinary
areas, such as fusion energy research and medical physics.

In this work, we are interested in the process of single-electron capture in collisions
between fast protons p and helium ions He+(1s) in the ground state. This is a genuine
three-body process, and as such poses a critical test to the validity of three-body the-
ories. The cross sections are calculated in the framework of the boundary-corrected
first Born approximation, often abbreviated as CB1-3B, which was first developed in
the work of Belkić et al. 1979. The CB1-3B method represents the first order term in
the perturbation expansion of the exact eikonal transition amplitude. Note that since
the CB1-3B method employs the eikonal hypothesis, it is essentially a high energy
theory. This method was successfully applied to a plethora of electron capture pro-
cesses (Belkić et al. 1986, Belkić et al. 1987, Belkić et al. 1987b), as well as extended
to a four-body theory, with the development of the four-body boundary-corrected
first Born approximation, abbreviated as CB1-4B (Mačev et al. 2012). A system-
atic agreement with available measurements at intermediate and high energy values
was found. The CB1-3B and CB1-4B approximations are fully quantum-mechanical
approaches, which strictly preserve the correct boundary conditions in both the en-
trance and exit collision channels. In ion-atom collisions, boundary conditions should
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fully be taken into account, whenever the aggregates are charged in the asymptotic
channels (Belkić 2004, Belkić 2008). Charge exchange in p + He+(1s) collisions has
been investigated by means of various methods, such as the hidden crossing theory
within the framework of dynamical adiabatic approach (Grozdanov et al. 2018), the
wave-packet convergent close-coupling method (Faulkner et al. 2019), the continuum
distorted-wave approximation (Mukherjee et al. 1980), the boundary-corrected con-
tinuum intermediate state approximation (Samanta et al. 2010). Atomic units will
be used throughout unless otherwise stated.

2. THEORY

We consider single-electron capture in collisions between fast protons and helium ions
in the ground state according to process:

p+ He+(1s)→ H(Σ) + He2+, (1)

which can also be written in the following form:

ZP + (ZT , e)1s → (ZP , e)Σ + ZT , (2)

where ZP = 1 and ZT = 2 are the respective charges of the projectile P and target
T , while the symbol Σ denotes the capture into all final states of the projectile. In
order to actually calculate the state-summed total cross sections QΣ for process (2),
we will first need to calculate the state-resolved total cross sections Qnlm for capture
into arbitrary final states, with {n, l,m} being the usual triplet of quantum numbers.
We first consider the following process:

ZP + (ZT , e)1s → (ZP , e)nlm + ZT . (3)

The prior form of the transition amplitude in the CB1-3B approximation for pro-
cess (3) can be written in the following form:

Tif (~η) = ZP

∫ ∫
d~sd~Rϕ∗nlm(~s)

(
1

R
− 1

s

)
ϕi(~x)ei

~β·~R−i~v·~s(vR+ ~v · ~R )iξ, (4)

where ~β = −~η − βz~̂v is the momentum transfer (with βz = v/2 + ∆E/v), while
∆E = Ei − Ef is the difference between the initial (target and electron) and final
(projectile and electron) bound state energies, and ~v is the projectile velocity. The
transverse momentum transfer vector is denoted by ~η = (η cosφη, η sinφη, 0), and has
the property ~η · ~v = 0 for ~v along the z−axis. The position vectors of the electron
relative to the projectile and target are denoted by ~s and ~x, respectively, while ~R
denotes the relative position vector of the projectile to the target. One-electron wave
functions ϕi(~x) and ϕnlm(~s) are, respectively, the bound state wave functions of the
target system (ZT , e)1s before the collision (i.e. the He+ ground state wave function),
and the projectile system (ZP , e)nlm after the collision (i.e. the H arbitrary state
wave function). Finally, we also introduced the following symbol ξ = (ZP − ZT )/v.

The original six-dimensional integral for the transition amplitude matrix elements
Tif from Equation (4) can be reduced to a one-dimensional integral over a real variable
in the interval [0, 1]. The state-resolved total cross sections become:

Qnml ≡ Qif (a2
0) =

1

2πv2

∫ ∞
0

dηη|Tif (~η)|2. (5)

72



SINGLE-ELECTRON CAPTURE IN p - He+ COLLISIONS

Numerical integration of the two-dimensional integral in Equation (5) over the two
real variables is performed using Gauss-Legendre quadrature. Our general program
can calculate the state-resolved total cross sections for capture from the ground state
(1s) of the target into arbitrary final states (n, l,m) of the projectile. The state-
summed total cross sections for capture into all final states are then obtained by
applying the Oppenheimer n−3 scaling law (Oppenheimer 1928) as:

Q ≡ QΣ = Q1 +Q2 +Q3 + 2.561Q4, (6)

where the state-resolved total cross sections Qn and Qnl are, respectively, calculated
according to:

Qn =
n−1∑
l=0

Qnl, Qnl =
+l∑

m=−l

Qnlm. (7)

A preassigned convergence of at least two decimal places is achieved, with a total of
96 integration points along each of the two integration axes being used.

3. RESULTS AND DISCUSSION

The present theoretical results in the CB1-3B method, as well as the comparison
with the available experimental data, are given in Figure 1. Theoretical results are
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Figure 1: State-summed total cross sections as a function of impact energy E (keV)
in the laboratory frame of reference for single-electron capture into all final bound
states H(Σ) from the ground state of the helium ion He+(1s) by protons. The full
curve is present result in the CB1-3B method. Experimental data: 4 Peart et al.
1983, • Rinn et al. 1985, ◦ Watts et al. 1986.
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presented in the energy range from 30 to 1000 keV in the laboratory frame of refer-
ence, while the measurements were made for energies up to 176 keV. Note that all
experimental data sets Peart et al. 1983, Rinn et al. 1985, and Watts et al. 1986
are in good mutual accord. As can be seen in Figure 1, the present CB1-3B results
exhibit a very good agreement with all the available measurements. There is a slight
overestimation of the experimental data for energies below 40 keV, as well as a slight
underestimation for energies between 60 keV and 140 keV. These discrepancies are,
however, very slight, and for the highest energy data point of Watts et al. 1986 at
E = 176 keV, the theory approaches the experimental value within the measurement
error. Moreover, having in mind that CB1-3B is a high energy theory, and the avail-
able measurements are all in the intermediate energy range, some discrepancy was
indeed natural. The agreement is nevertheless good, and is expected to improve even
further for higher energy values.

4. CONCLUSION

The value of this work, besides providing us with useful total cross section values for
the process of single-electron capture in collisions between protons p and helium ions
He+, is that it also represents a further critical test of the validity of the CB1-3B
approximation. The CB1-3B method has provided very accurate reproductions of ex-
perimental results for many electron capture processes. After contrasting it with the
experimental data for this genuinely three-body single-electron capture process (1),
we can conclude that the agreement is indeed good, and the validity of the CB1-3B
method is now even more strongly confirmed.

Acknowledgements Authors thank the Ministry of Education, Science and Tech-
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451-03-68/2020-14/200124.
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Abstract. A new Guided Ion Beam instrument (NOVion) for measuring absolute integral 
cross sections for collisions between ions and neutrals (molecules and atoms) has been 
assembled and tested. This apparatus is operational since some time in Novi Sad. Our main 
goal is to use this instrument for studies to understand elementary processes occurring in 
any kind of technical or astrophysical low temperature plasmas. Some results are presented 
in this contribution. 
 
 

1. INTRODUCTION 
 

During the last decades, a lot of theoretical and experimental work has been 
performed to obtain information about elementary processes in plasmas or gas 
discharges. Among many other important parameters, knowing absolute cross 
sections (or reaction rate coefficients) for ion-neutral collisions is crucial. They are 
needed for understanding and modeling complex chemical system using 
sophisticated models. Many data used for modeling, have been measured only at 
one collision energy (or equivalent temperature) or extrapolated from high energy 
measurements. A lot of effort has been invested to understand these processes 

75



IGOR SAVIĆ, STEPHAN SCHLEMMER and DIETER GERLICH 

 

below room temperature or to understand state to state specific cross sections. At 
higher energies, many states are involved, and the situation is more complicated. 
Understanding plasmas is still far from being complete because of many competing 
processes. 

During last decades, many experimental techniques have been developed for 
studying ion chemistry, (stationary and afterglow, drift and selected ion tube, ion-
cyclotron resonance, radio frequency traps, a 2 K drift tube and the CRESU flow 
system (cinétique de réactions en écoulement supersonique uniforme)). In addition, 
the versatile, very sensitive and reliable Guided Ion Beam (GIB) technique has 
been established. In Novi Sad, a new GIB instrument with the name NOVion is 
available. According to the best of our knowledge, this instrument is one of the 5 
instruments of this type operational in the world. 

In this paper NOVion is shortly described and some preliminary results are 
presented. 

 
2. EXPERIMENTAL 

 
The first GIB instrument has been developed in Freiburg and was described in 
(Gerlich 1971) and later in (Teloy and Gerlich 1974). Improvements of this early 
instrument as well as detailed description of the universal GIB instrument can be 
found in (Gerlich 1992). 

NOVion is briefly described and schematically shown in (Savić et al. 2020). A 
publication with more technical details is in preparation. Here, only a short 
description of the basics of this instrument is given. 

Primary ions are produced in a storage ion source (SIS) by electron 
bombardment of neutral gas or a mixture of gases. In this way a wide variety of 
different ions can be produced and stored. The ions internal energy can be 
influenced by changing the storage time, the electron energy, or the number density 
of primary and buffer gas in the SIS.  

Ions produced in the SIS are mass selected using a first quadrupole (4P1) and 
transferred into the octopole (8P) ion guide. This octopole guides the ions (in 
inhomogeneous electric radio frequency fields) through the scattering cell (SC).  

Collisions between primary ions and neutral target gas occur in the SC. The 
collision energy can be changed by superimposing a DC potential to the rf voltage 
of the 8P. The collision energy is not exactly determined by the DC potential 
differences between SIS and 8P. Space charge effects in the SIS and differences in 
surface potentials can introduce some energy shift. To determine the laboratory 
energy of primary ions, two methods are available: retarding potential method 
described in (Teloy and Gerlich 1974) and time of flight (TOF) method described 
in (Gerlich 1992). For our energy calibrations both methods are in use in NOVion. 

From the 8P, after collisions, the primary and product ions are transferred to the 
second quadrupole (4P2), mass selected, detected by a Daly type ion detector and 
counted. 

For determining absolute integral cross sections, the absolute pressure in the SC 
is measured using a membrane manometer (Pfeiffer CMR 375). 
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Determination of absolute integral cross sections is thoroughly described in 
(Savić et al. 2020). Knowing absolute effective integral cross sections, it is trivial 
to convert them into effective reaction rate coefficients. 

 
3. FIRST RESULTS AND CONCLUSIONS 

 
We have measured absolute integral cross sections for the formation of H3

+ in 
collisions of H2

+ with H2. This reaction has been used as a first tests for the new 
instrument because many experimental and theoretical data already exist.  
The reaction  
 

                                          H2
+ + H2  H3

+ + H                                                 (1) 
 
is highly exothermic and it is of great importance for hydrogen plasmas. After 
testing the instrument, reaction (1) has been extensively studied in the collision 
energy range between 0.1 and 10 eV and the results have been published recently 
(Savić et al. 2020). Our results and a new analytical function recommended for the 
energy dependence of the cross section are shown on Figure 1. 
 

0.01 0.1 1 10
1

10

100

 Experiment
 New recommended values

  / Å
2

E
cm

 / eV

H+

2
 + H

2
  H+

3
 + H

 
 

Figure 1: Measured and recommended absolute integral cross sections for reaction 
H2

+ + H2  H3
+ + H as function on center of mass system collision energy Ecm. 

Previous experimental and theoretical results can be found in (Savić et al. 2020) 
 

Some preliminary results have been measured for the reaction 
 

                                          HeH+ + H2  H3
+ + He                                                 (2) 

 
at a nominal laboratory energy of E1 = 84 meV, corresponding (for this mass ratio) 
to an effective temperature of 300 K. For comparing our result with published data, 
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we converted the measured effective cross section into an effective reaction rate 
coefficient k. This value is presented in Table 1 together with those obtained with 
other techniques – see (Anicich 2003) and references therein. 
 

T (K) k (cm3s-1) Technique 

300 8.6  10-10 GIB (This work) 
298 1.83  10-9 ICR 
300 > 1  10-9 DT 
296 1.5  10-9 SIFT 

 
Table 1: Reaction rate coefficient for reaction HeH+ + H2  H3

+ + He. (ICR - Ion 
Cyclotron Resonance Mass Spectrometry, DT - Drift Tube, SIFT - Selected Ion 

Flow Tube) 
 
Our value measured with the GIB is almost 2 times lower than literature values and 
this stimulated us to explore this reaction over a wide range of collision energies. It 
is interesting to note that the literature data are reached at elevated collision 
energies, indicating non-thermal conditions, especially in the ICR instrument. The 
article on this topic is in preparation. 

Conclusion of this contribution is that a new versatile and sensitive GIB 
instrument is operational in Novi Sad and that will successfully contribute to 
understanding of plasmas. 
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Abstract.In this paper we present most probable reactions of Ar+ ion with Ar/BF3mixtures. 
Appropriate gas phase enthalpies of formation for the products were used to calculate 
scattering cross section as a function of kinetic energy. These data are needed for modeling 
in numerous applications of technologically important BF3discharges. Results for transport 
coefficients as a function of E/N (E -electric field; N-gas density), specially rate coefficients 
were obtained by using the Monte Carlo technique. 
 
 

1. INTRODUCTION 

 
Cold plasmas are frequently used in new technologies where they open up the 
possibilities of non-intrusive production or modification of various substances 
(Makabe et al. 2006.). These plasmas have a high electron temperature and low gas 
temperature so non-equilibrium behavior of a large number of species becomes 
important (Robson et al. 2005.). Current computer resources allow studies of 
complex global models (Murakami et al. 2013.) which describe the behavior of 
such plasmas by taking into account a very large number of particles. The 
knowledge of ion-neutral reactions is generally available (see 
https://nl.lxcat.net/data/set_type.php) although the effects of reactions on transport 
parameters of particular ions are much less studied due to non-detectability of 
rapidly vanishing ionic fluxes. This especially holds for ions whose transport is 
affected by fast reactions (Stojanović et al. 2014. andNikitović et al. 2016.).  
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In this paper we firstly selected the most probable reactions of Ar+ with BF3 
gases for thermodynamic threshold energies below about 15 eV. 
 
 

2. CROSS SECTION SETS 
 
Complete cross section sets for ion transport are scarce in spite of a broad range of 
specific methods relevant for quantification of particular cross sections. The main 
problem in heavy particle scattering, easily and precisely selecting the state of the 
projectile and target before the collision, is still very complicated for a range of 
conditions, so databases for ion scattering (Murakami et al. 2013. and 
https://nl.lxcat.net/data/set_type.php) are still devoid of such data. Phelps 
established the first worldwide accessible database with cross section sets (see 
https://nl.lxcat.net/cache/5b33772b61cf9/) tested for each particular case either for 
swarm conditions of spatially resolved measurements of emission or ion mobility 
values. In order to focus on effects of reactive processes introduced by BF3 we 
neglected all but these two components of the Ar+ + Ar cross section set. Complete 
cross section sets used in this work are shown in Figure 1.  

Appropriate gas phase enthalpies of formation for the products (Table 1) were 
used to calculate thermodynamic thresholds. 
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Figure 1:  Cross section sets for Ar+in BF3. 
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Table 1: Heats of formation ∆fH

0 at 298 K (kJ/mol). 
 
 

3. DISCUSSION AND RESULTS 
 

Monte Carlo Simulations (MCS) have many applications for analysis of the 
transport of charged particles in plasmas. MCS provide swarm data with the only 
the uncertainty due to statistical fluctuations and uncertainties in the cross sections. 
In addition, MCS is the basis of hybrid models of plasmas allowing easy and 
accurate representation of the end effects and of the non-local high energy groups 
of particles which are essential in production of plasmas and treatment of 
surfaces.The MC code used in our analysis is based on the null collisions method. 

In Figure 2 we show rate coefficients for reactions of Ar+ ions with Ar/BF3 
mixtures at T=300K, calculated by Monte Carlo simulations. Rate coefficients are 
important for applications of the global model to Ar/BF3 mixtures. We are 
presenting reaction products and thermodynamic thresholds for Ar+ + 
BF3(Nikitović et al. 2019.)formation a) total attachment and b) attachment for 
endothermic and exothermic reaction products.   

 
 

4. CONCLUSION 
 

In addition to presenting the data we show here the effects of non-conservative 
collisions to ion transport. Data for swarm parameters for ions are needed for 
hybrid and fluid codes and the current focus on liquids or liquids in the mixtures 
with rare gases dictates the need to produce data compatible with those models. 

 

  Ion/neutral  (ion) kJ/mol (room 
temperature) 

 

(neutral) kJ/mol 
(room temperature)  

Ar+/Ar  1520.57 0 
Ar2

+/ Ar2  1398.1 -1.01 
B+/B 1363.3 562.7 

BF+/BF   957 -115.8 
BF2

+/BF 2   314 -589.9 
BF3

+/BF 3   364.3 -1137.0 
F+/F   1760.2 79.4 

F2
+/F2  1514.5 0 
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Figure 2: Rate coefficients of Ar+ in Ar/BF3 mixtures. 
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Abstract. Among various materials processing, we focus on thin film fabrication for 
integrated circuits using low pressure plasma. Present issues of thin film fabrication in 
semiconductor industry include film deposition at lower temperatures, film stress 
management, and coverage improvement in trenches. Because of maturities in materials 
processing using low pressure plasma, there is little room  to meet the demands by 
optimizing processing conditions using conventional plasma reactors. Most conventional 
thin film fabrication for integrated circuits predominantly employs surface reactions. The 
elementary surface chemical reactions inherently are described by the Arrhenius equation, 
and hence lowering the surface temperature easily reduces surface reaction rates by a few 
orders of magnitude, leading to undesirable changes of compositions, structures, and 
properties of films. One possible approach to overcome this surface reaction limited 
bottleneck is to employ gas phase reactions in a sophisticated way. By using this approach, 
we have realized 1) SiNx films at 100 ºC, whose qualities are comparable to SiNx films at 
350 ºC deposited by conventional plasma CVD, 2) stress reduction of DLC films, and 3) 
coverage improvement of SiOx films in trenches. The results suggest that possible solutions 
should combined with development of new concept reactors in order to satisfy the 
aggressive demands in industry. Such challenges will open new era of semiconductor 
fabrication. 
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Abstract. Double differential spectra of electrons ejected in ion-atom or ion-solid collisions 
are in the focus of general interest for a long time. These spectra are relatively easy to 
measure, and they show many fine details relevant for the collisions dynamics. In the past 
decade special effort has been devoted to understand the high energy part of the electron 
spectra. Significantly enhanced emission of fast electrons far above the so-called binary 
encounter energy was observed in both ion-atom and ion-solid collisions. In some cases, 
fast electrons have been identified from double, triple and quadruple scattering by the 
projectile and target cores. The ejected electron gains energy in every encounter with the 
projectile in such processes [Sulik et al. 2002, Sulik and Tőkési 2007]. This mechanism is 
often referred to as Fermi-shuttle acceleration. After a brief history of the study of Fermi-
shuttle acceleration mechanisms in atomic collisions, we present classical trajectory Monte-
Carlo results of various projectile and target combination to analyze and identify the 
multiple scattering components of the ejected electron spectra.  

We also present a theoretical description of the spectra of electrons elastically scattered 
from various samples [Tőkési and Varga 2018]. The analysis is based on very large scale 
Monte Carlo simulations of the recoil and Doppler effects in reflection and transmission 
geometries. Besides the experimentally measurable energy distributions the simulations 
give many partial distributions separately, depending on the number of elastic scatterings 
(single, and multiple scatterings of different types). Furthermore, we present detailed 
analytical calculations for the main parameters of the single scattering, taking into account 
both the ideal scattering geometry, i.e. infinitesimally small angular range, and the effects 
of the real, finite angular range used in the measurements. The effect of the multiple 
scattering on intensity ratios, peak shifts and broadening, are shown. We show results for 
multicomponent and double layer samples. Our Monte Carlo simulations are compared 
with experimental data. We found that our results are in good agreement with the 
experimental observations. 
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Abstract. Fusion fuel (deuterium and tritium) trapping at the divertor of tokamaks is one 
major concern in fusion devices such as ITER or DEMO because of fuel recycling issues as 
well as nuclear safety regulation related to tritium radioactivity. We developed an approach 
that couples dedicated experimental studies with modeling at relevant scales, from 
microscopic elementary steps to macroscopic observables, in order to build reliable and 
predictive fusion reactor wall models. This integrated approach is applied to ITER divertor 
material (tungsten) and advances in the development of wall models are presented. 

The fundamental mechanisms behind deuterium trapping from pristine tungsten have been 
studied combining a multi-scale experimental and theoretical approach. Polycrystalline 
samples were implanted at 300 K with 500 eV D2

+ ions. The experimental sample 
characterization included bulk microstructure (FIB-SEM), deuterium bulk profile (NRA), 
deuterium release kinetics (TPD) and surface chemical composition (AES). These 
experimental results are complemented by Density Functional Theory (DFT) inputs to 
initialize a Macroscopic Rate Equations (MRE) wall model describing all elementary steps 
of experiments: implantation of fuel, fuel diffusion in the bulk, fuel trapping on defects and 
release of trapped fuel during temperature variation of samples. We show that the DFT-
based MRE model can account for all experimental observables only if two types of defects 
are taken into account, namely grain boundary sites and a defective tungsten oxide surface 
layer, see Hodille et al. 2017. These two type of defects can be highlighted thanks to their 
different fuel detrapping kinetics, as demonstrated by Laser Induced Desorption (LID) 
experiments using a high power infrared laser beam simulating transient thermal loads at 
power densities relevant for ITER. 
 

References 
 
Hodille, E.A., Ghiorghiu, F., Addab, Y., Založnik, A., Minissale, M., Piazza, Z., Martin, C., 

Angot, T., Gallais, L., Barthe, M.-F., Becquart, C.S., Markelj, S., Mougenot, J., 
Grisolia, C., Bisson, R.  : 2017, Nuclear Fusion, 57, 076019. 

87



 



Publ. Astron. Obs. Belgrade No. 99 (2020), 89 - 92 Contributed Paper

CHANNELING POTENTIAL THROUGH RADIAL

DEFORMED TRIPLE WALL CARBON NANOTUBES

D. BORKA and V. BORKA JOVANOVIĆ
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Abstract. In this study we presented a theoretical investigation of the channeling inter-
action potential between proton and the radial deformed (12, 0)@(8, 0)@(4, 0) triple-wall
carbon nanotubes (TWNTs). Multi-wall nanotubes (MWNTs) can be technically realised
with better channeling performance than the single-wall nanotubes (SWNTs) and that is
why we believe that these investigations can be useful for guiding of nanosized ion beams.
Obtained results show that the channeling potential is strongly influenced of level of radial
deformation of nanotube.

1. INTRODUCTION

After the discovery of the carbon nanotubes, a lot of theoretical groups started to
work on theoretical modeling and computer simulation of ion channeling through
carbon nanotubes, see Artru et al. 2005 and Borka et al. 2011 and references therein.
The experimental advancement in this area is still in the very beginning (Zhu et al.
2005, Chai et al. 2007). The both mentioned experiments are performed with the
well aligned MWNTs, and that is why we study MWNTs in this paper.

Carbon nanotube can be radially deformed if we apply external mechanical stress
(Hasegawa & Nishidate 2006, Imtani & Jindal 2007) or external electric field (Shtogun
& Woods 2009, Kan et al. 2010) or if we use atomic force microscope (Shtogun &
Woods 2009). The presence of deformations influence strongly on the nanotube’s
channeling properties (Abu-Assy & Soliman 2016). This work is continuation of our
previous investigation (Borka Jovanović et al. 2017, Borka & Borka Jovanović 2019,
Borka & Galijaš 2019). In this work we have presented a theoretical investigation of
the channeling potential with the radial deformed TWNTs(12, 0)@(8, 0)@(4, 0).

2. THEORY

In this work we assumed the continuum model approximation (Lindhard 1965, Gem-
mel 1974). We calculate the proton nanotube interaction potential U(x, y) as a
function of the proton-atom distance r. We used the Molière’s approximation of
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the Thomas-Fermi interaction potential (Molière 1947) V (r) in the following form:

U(x, y) =
∑J

k=1

1

d

∫∞
−∞ V

(√
ρ2k + z2

)
dz, where the k-th term in the sum represents

the continuum interaction potential of the proton and the k-th atomic string, with
the distance d between average centres of two adjacent carbon atoms along the row,
while the ρk is the distance between the proton and k-th string. The total number of
atomic strings in the nanotube is indicated by J and in our case it is 48 (see Figure
1).

3. RESULTS AND DISCUSSION
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Figure 1: The view along axes of short TWNTs(12, 0)@(8, 0)@(4, 0) under different
radial strains: (left top) η = 0 (perfect nanotube); (right top) η = 0.1; (left down) η
= 0.2; (right down) η = 0.3, respectively.

Here, we have analyzed from theoretical aspect the channeling interaction poten-
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tial of protons and the radial deformed TWNT(12, 0)@(8, 0)@(4, 0). We take into
account the effect of the radial deformation because majority of nanotubes are radi-
ally deformed. Radial deformation is characterized by the dimensionless parameter
η = (R − Ry)/R, where Ry is semi-minor axis and R is the radius of underfomed
nanotube (Shtogun & Woods 2009). Also, we can express the semi-axis as a function
of the radius R and the parameter η: Rx = R(1− η)−1 and Ry = R(1− η).

We study 4 different cases of short TWNT(12, 0)@(8, 0)@(4, 0): for perfect nan-
otube (η = 0) and under three different radial strains: η = 0.1, 0.2 and 0.3. From
Figure 1 we can see that the intersection of the nanotube with the transverse plane
gives an ellipse with semi-major axis Rx and semi-minor axis Ry. We can conclude
that the radial cross section of the nanotube can take different elliptical shapes de-
pending on the values of parameter η.
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Figure 2: Contour plot of the channeling interaction potential U(x, y) in the xy plane
between proton and TWNTs(12, 0)@(8, 0)@(4, 0) under different radial strains: (left
top) η = 0; (right top) η = 0.1; (left down) η = 0.2; (right down) η = 0.3, respectively.
Values for potential U(x,y) within nanotube are presented in atomic units.

The radius of carbon nanotube R is: R = l
√

3(2π)−1
(
n2 + nm+m2

)1/2
, where

the (n,m) represents chiral index and l represents interatomic length (the bond
length between carbon atoms ≈ 0.144 nm (Saito et al. 2001)). The position of
the carbon atom of the k-th atomic string in a plane perpendicular to the nan-

otube axis is determined by the angle: θk = arctan

(
Ry

Rx
tan (2π(k − 1)/N)

)
, rel-
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ative to the semi-major axis and the distance from the nanotube center: Rk =(
R−2x − sin2 θk

(
R−2x −R−2y

))−1/2
.

The interaction potential can be calculated using following equation: U(x, y) =
4Z1Z2e

2

d
×
∑N

k=1

∑3
j=1 ajK0

(
bj

√
x2 + y2 +R2

k − 2
√
x2 + y2Rk cos θk

)
, where Z1 =

1 and Z2 = 6 are the atomic numbers of the proton and carbon atom, respectively, e
is the elementary charge, a1 = 0.35, a2 = 0.55, a3 = 0.1, b1 = 0.3/atf , b2 = 1.2/atf ,
b3 = 6/atf , where atf = (9π2/(128Z2))1/3a0 is the screening Thomas-Fermi radius,
and a0 is Bohr radius.

We can notice that the TWNT(12, 0)@(8, 0)@(4, 0) consists of SWNT(12, 0),
SWNT(8, 0) and SWNT(4, 0). We can calculate the total interaction potential like:
U(x, y)TWNT = U(x, y)SWNT (12, 0) + U(x, y)SWNT (8, 0) + U(x, y)SWNT (4, 0).

Figure 2 shows contour plots of the channeling interaction potential U(x, y) in the
xy plane of proton and TWNT(12, 0)@(8, 0)@(4, 0) for perfect straight nanotube
(η = 0) and for nanotubes under three different radial strains. Values for potential
U(x,y) within nanotubes are presented in atomic units. The potential is changing
very quickly close to atomic rows and the changing of potential is very slowly near
the nanotube center where is the minimum value of potential. We can conclude that
the nanotube channeling potential depends strongly on the radial strain.
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Abstract. In this work we consider a more complex system with the point charge located
between the real metal covered with thin dielectric film and multiply charged ion. In many
cases, precise knowledge of the potential energy of a charge particle outside a real planar
surface is very important for deep understanding many transfer processes. For metal-vacuum
interface, the charge transfer play a significant role especially for photo and thermionic-
emission and also in a different ion beam processes. Furthermore in electron diffraction and
positron diffraction spectroscopy as well as in scanning tunneling microscopy, charge transfer
between a metal and the vacuum is also involved.

1. LIMITATIONS OF THE CLASSICAL
CHARGE-METAL SURFACE INTERACTION

The method of image charges is a basic problem-solving tool in electrostatics, see
Jennings et al. 1988. The name originates from the replacement of certain elements in
the original layout with imaginary charges, which replicates the boundary conditions
of the problem.

Let’s take a look at the potential energy of a point charge outside a planar sur-
face. By using the method of mirror charges, we get the following expression for the
potential energy of a charge q located at a distance d (d > 0) from the metal vacuum
interface:

V (d) = − q2

16πε0d
. (1)

There are several problems. From the above equation we will see that for d → 0,
classical image potential diverges to −∞. This has no physical meaning since the
potential energy inside a grounded metal is finite. That is obviously a huge problem
because the description becomes unrealistic in the region which is very important
for investigation of all surface processes. The use of appropriate models, like surface
barrier model, is one of the ways to overcome the limitation of the classical approach.

Here we point out, that there is a big difference between short range electron-metal
surface interaction and large ions-metal surface interaction, see Aumayr et al. 2011.
Namely, large ions slowly approaching the metal surface interface feel the potential
well because of the short range repulsion from the ion cores as the constituent elements
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of the crystal lattice. Also, from the standpoint of classical physics, the precise
determination of the metal surface position is not so important, but if we investigate
for instance the charge transfer processes, knowledge about the position of the image
plane relative to the layers of metal atoms, is of crucial importance. Moreover, we
do not take into account electron-electron interaction, which means that we consider
external electrons to be physically distinguishable from the electrons contained in
metal under consideration. So, the classical electrodynamics can not specify which of
the barrier models should be taken into account for appropriate interaction between
incoming or outgoing charge with electrons in the considered metal. In that way, we
need strict quantum mechanical calculations of interaction.

Figure 1: A point charged particle q at a distance d from the metal surface covered
with a thin oxidized film. The thickness a reaches several nanometers.

2. THE METAL SURFACE COVERED
WITH A THIN OXIDIZED FILM

Advantage of the image method is reflected in the fact that it can be applied not only
in the case when we have a charge particle outside a metal or dielectric surface but
also in the most realistic case of the interaction between a charged particles with real
(oxidized) surface (see Fig. 1) effectively using analogy with optics. In this approach,
after collision of the incident plane electromagnetic wave with real metal surface, the
amplitude of the transmission and reflection coefficients are discussed.

For a point charged particle q positioned at a normal distance d from the metal
covered by a very thin oxidized dielectric film with permittivity ε1 (see Lake et al.
2011.), the potential energy can be expressed in the following form

V (d) ≈ − q2

16πε0

1

d+ a
χ

, (2)

introducing dielectric constant of the thin oxidized film χ = ε1/ε0 (under the condition
a≪ d). The thickness a reaches several nanometers.

3. APPLICATION

As an illustrative example of the above analysis, we consider the population or par-
tial neutralization of the Rydberg states of multiply charged ions interacting with
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solid surfaces. That is, obviously, typical electron transfer process from solid struc-
ture to the ion. Considering the population of the Rydberg states (nA ≫ 1) of highly
charged ions (Z ≫ 1) interacting with solid surfaces, two aspects of the process can be
analyzed. The first one is devoted to the intermediate stages of the population dynam-
ics. These stages are characterized by the neutralization rates and the neutralization
distances RN

c , see Galijaš et al. 2019. The final population probabilities represent
another important aspect of the process. Namely, from the population distributions
one can recognize the Rydberg states | nA, lA,mA > with principal quantum num-
ber nA and angular momentum quantum number lA, that are dominantly populated.
The both aspects of the population process have been considered in the last twenty
years and still represent an open theoretical problem, see Nedeljković et al. 2012,
Nedeljković et al. 2014. In order to find appropriate neutralization distances for ex-
ample, or any other values which characterized the population process, we have to
estimate the potential energy function, i.e., to estimate the electron potential energy
at any point between real metal surfaces and approaching or outgoing ion subsystem
(in our case in normal direction related to the metal surface).

a) b)

Figure 2: The electron potential energy inside metal Co, inside dielectric Al2O3 and
between the dielectric surface and ion charge Q = 44 for a) D = 1000 a.u. and b)
D = 70 a.u.

The potential energy V for an active charge q located in the region between the
surface under consideration and the ion with charge Q is composed of three contri-
butions: attraction between the charge q and its own image VqS , direct interaction
between the charge q and the ion VqQ and interaction between the charge q and the
ions self-image because of the existence of the metal-dielectric VqIQ. If we restrict
our consideration to the ionic states with large eccentricities, i.e. with low values of
angular momentum quantum number, only a narrow cylindrical area around the ion
trajectory participate in electron exchange process from real metal to ion during the
neutralization process or in opposite way, during the reionization process. In that
case we get

V ≈ q2

16πε0

[
−η
d

+
(1− η2)

η

∞∑
k=1

(−η)k

d+ ka

]
+

1

4πε0

qQ

D − d
(3)

+
qQ

4πε0

[
−η
D + d

+
(1− η2)

η

∞∑
k=1

(−η)k

D + d+ ka

]
,

95



S. M. D. GALIJAŠ, G. B. POPARIĆ and V. MILOSAVLJEVIĆ

where η = (ε1 − ε0/ε1 + ε0) denotes the dielectric function while the ion with charge
Q is positioned at a normal distance D from the metal covered by dielectric film.

Inside the dielectric, the image potential Vin is screened by the dielectric media
as ε−1. Additionally, within the dielectric film, the reference energy becomes the
conduction band Ecbm instead of the vacuum level. Along these lines, the potential
energy of the point charge q inside the dielectric is given by

Vin = Ecbm − q2

16πε0ε(d+ a)
+

qQ

4πε0ε(D − d)
− qQ

4πε0ε(D + d+ 2a)
. (4)

The last two terms in Eq. (4) represent the additional contribution of the ion in our
system.

4. DISCUSSION

In Fig. 2 we present the potential for an electron when an ion (Q = 44) is far away
from dielectric surface at D = 1000 a.u. As an example we have considered Co, whose
Fermi level is 5 eV (≈ 0.18 a.u.) below the vacuum level, covered with Al2O3. The
dielectric layer has thickness a = 1.5 nm (≈ 28a.u.) with fixed band gap Eg = 9.9
eV (≈ 0.36a.u.) and dielectric permittivity ε1= 9 (η = 0.8). Electrons in the solid
are restricted from entering the vacuum region by the barrier ϕ from −a < x < 0,
and the work function W outside the dielectric. With Ecbm and Evbm we denote the
bottom of the conduction and the top of the valence band described through functions
Vcbm(x) and Vvbm(x), respectively. EF is Fermi level and Evac is the vacuum level.

In the case when the ion charge Q comes close to the dielectric surface (D =
70a.u.), the potential curve changes in a way presented in Fig. 2b. Figs. 2a and 2b
show the evolution of the barrier heights in the vacuum and in the dielectric regions
as the ion (Q = 44) approaches the surface.
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Abstract. We derive general expressions for the stopping and image forces on an external 
charged particle moving parallel to a sandwich-like structure consisting of two doped 
graphene sheets separated by a layer of Al2O3 (sapphire). 
 
 

1. INTRODUCTION 
 

In nanoscale devices graphene typically appears in stacks separated by insulating 
layers (Yan et al. 2012), which usually support strong Fuchs-Kliewer or optical 
surface phonon modes (Fischetti et al. 2001). Those phonon modes are active in the 
terahertz (THz) to mid-infrared (mid-IR) frequency range and can hybridize with 
the Dirac plasmon in doped graphene which operates in the same frequency range 
(Fei et al. 2011). As a prototype of layered heterostructures involving doped 
graphene sheets, in our previous publication (Despoja et al. 2017) we studied a 
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graphene-sapphire-graphene composite system. We derived an expression for its 
effective dielectric function using two complementary methods for graphene’s 
electronic response, based on the massless Dirac fermions method and the ab initio 
approach, and found that the structure supports a variety of interesting plasmon-
phonon hybrid modes in the THz to mid-IR frequency range. In our recent 
publication (Despoja et al. 2019) we derived an expression for the total potential in 
the plane of the upper graphene sheet (the wake potential) and studied the impact 
of plasmon-phonon hybridization on the wake effect in the interaction of moving 
external charge with the graphene-Al2O3-graphene composite. In this work we 
derive general expressions for the stopping and image forces on an external 
charged particle moving parallel to the graphene-Al2O3-graphene composite system 
in order to study the effects of plasmon-phonon hybridization on those forces. Note 
that we use Gaussian electrostatic units, set ԰ ൌ 1 and denote the charge of a 
proton by ݁ ൐ 0. 
 

2. BASIC THEORY 

 
We use a Cartesian coordinate system with coordinates ൛ ሬܴԦ, ൟ, where ሬܴԦݖ ൌ ሼݔ,  ሽݕ

is a two-dimensional (2D) position vector in the ݕݔ-plane and ݖ the distance from 
it, and assume that two graphene sheets are placed in the planes ݖ ൌ ܽ/2 and 
ݖ ൌ െܽ/2, as shown in Fig. 1, with the space between them being a layer of Al2O3 
(sapphire) of thickness ܽ. The sapphire layer is approximated by a homogeneous 
dielectric slab described by local dielectric function ߝ௦ሺ߱ሻ (Ong et al. 2012), 
whereas graphene sheets are described by 2D response functions, ߯ଵሺݍ, ߱ሻ and 
߯ଶሺݍ, ߱ሻ, for their non-interacting electrons. Furthermore, we assume that an 
incident particle with charge ܼ݁ moves at the velocity ݒ parallel to a graphene-
Al2O3-graphene composite at distance ܾ from the closest surface. 

In our previous publication (Despoja et al. 2017) we derived an expression for 
the screened Coulomb interaction ܹሺݍԦ, ߱, ,ݖ  ᇱሻ between the points in Fig. 1 withݖ

,ݖ ᇱݖ ൒ ܽ/2 as ܹሺݍԦ, ߱, ,ݖ ᇱሻݖ ൌ ሺ2ݍ/ߨሻ݁ି௤ห௭ି௭
ᇲห ൅ ௜ܹ௡ௗሺݍԦ, ߱, ,ݖ  ᇱሻ, whereݖ

 

௜ܹ௡ௗሺݍԦ, ߱, ,ݖ ᇱሻݖ ൌ
ଶగ

௤
ቂ ଵ

ఌሺ௤ሬԦ,ఠሻ
െ 1ቃ ݁ି௤൫௭ା௭

ᇲି௔൯                           (1) 

 
is the induced Coulomb interaction with ݍԦ ൌ ൛ݍ௫,  ௬ൟ being the momentum transferݍ

vector parallel to the ݕݔ-plane and ݍ ൌ ටݍ௫ଶ ൅  ௬ଶ, whereas the effective 2Dݍ

dielectric function ߝሺݍԦ, ߱ሻ may be written as: 
 

,ݍሺߝ ߱ሻ ൌ
ଵ

ଶ
ቂ1 ൅ ௦ሺ߱ሻߝ cothሺܽݍሻ ൅

ସగ௘మ

௤
߯ଶቃ െ

ଵ

ଶ

ఌೞమሺఠሻ௖௢௦௘௖௛మሺ௤௔ሻ

ଵାఌೞሺఠሻ cothሺ௤௔ሻା
రഏ೐మ

೜
ఞభ

        (2) 

 

98



INTERACTIONS OF IONS WITH GRAPHENE-SAPPHIRE-GRAPHENE COMPOSITE SYSTEM... 

 
 

Figure 1: Diagram of the stopping force ܨ௦ and the image force ܨ௜௠ that act on the 
point charge ܼ݁ moving parallel to the ݔ axis with constant speed ݒ at a fixed 

distance ܾ above the graphene-Al2O3-graphene composite system. 
 
 

3. RESULTS FOR STOPPING AND IMAGE FORCES 
 

For an external point charge ܼ݁ moving parallel to a graphene-Al2O3-graphene 
composite at a fixed distance ܾ above the top graphene layer placed in the ݖ ൌ ܽ/2 
plane with a constant velocity ݒԦ, so that its charge density may be written as 
௘௫௧൫ߩ ሬܴԦ, ,ݖ ൯ݐ ൌ ൫ߜܼ݁ ሬܴԦ െ ݖሾߜ൯ݐԦݒ െ ሺܽ 2⁄ ൅ ܾሻሿ, the induced potential in the region 
above the upper graphene sheet, ݖ ൒ ܽ/2, may be expressed as: 

 

Φ௜௡ௗ൫ ሬܴԦ, ,ݖ ൯ݐ ൌ
௓௘

ሺଶగሻమ
׬ ௜ܹ௡ௗሺݍԦ, Ԧݍ ⋅ ,Ԧݒ ,ݖ ܽ 2 ൅ ܾ⁄ ሻ ݁௜௤ሬԦ⋅൫ோሬԦି௩ሬԦ௧൯݀ଶݍԦ              (3) 

 
Substituting Eq. (1) into Eq. (3) and assuming that a point charge moves along 

the ݔ axis with the speed ݒ, one obtains an expression for the induced potential as: 
 

Φ௜௡ௗሺݔ, ,ݕ ,ݖ ሻݐ ൌ
௓௘

ଶగ
׬
௘ష೜ሺ೥షೌ మ⁄ శ್ሻ

௤
ቂ ଵ

ఌሺ௤,௤ೣ௩ሻ
െ 1ቃ ݁௜ൣ௤ೣሺ௫ି௩௧ሻା௤೤௬൧݀ݍ௫݀ݍ௬       (4) 

 
The stopping and the image forces on the moving charge ܼ݁ are defined in 

terms of the induced potential Φ௜௡ௗሺݔ, ,ݕ ,ݖ  ሻ, respectively, as follows (Marinkovićݐ
et al. 2015): 

 

99



A. KALINIĆ et al. 

F௦ ൌ െܼ݁
డ஍೔೙೏ሺ௫,௬,௭,௧ሻ

డ௫
ቚ
௫ୀ௩௧,௬ୀ଴,௭ୀ௔ ଶା௕⁄

                                (5) 

 

F௜௠ ൌ െܼ݁
డ஍೔೙೏ሺ௫,௬,௭,௧ሻ

డ௭
ቚ
௫ୀ௩௧,௬ୀ଴,௭ୀ௔ ଶା௕⁄

                               (6) 

 
By using these definitions along with Eq. (4), it is easy to obtain: 
 

F௦ ൌ
ଶሺ௓௘ሻమ

గ
׬ ׬

௤ೣ௘షమ೜್

௤
݉ܫ ቂ ଵ

ఌሺ௤,௤ೣ௩ሻ
ቃ ௬ݍ௫݀ݍ݀

ஶ
଴

ஶ
଴                            (7) 

 

F௜௠ ൌ
ଶሺ௓௘ሻమ

గ
׬ ׬ ݁ିଶ௤௕ܴ݁ ቂ

ଵ

ఌሺ௤,௤ೣ௩ሻ
െ 1ቃ ௬ݍ௫݀ݍ݀

ஶ
଴

ஶ
଴                         (8) 

 
where we used the symmetry properties of the real and imaginary parts of the 
dielectric function ߝሺݍ, ߱ሻ from Eq. (2). 

Note that the stopping force is the negative of the usual stopping power ܵ, 
F௦ ൌ െܵ, whereas the image force is related to the familiar image potential ௜ܸ௠ via 
௜௠ܨ ൌ െ݀ ௜ܸ௠ ܾ݀⁄ . 
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Abstract. We consider the role of the ionic velocity in the nanostructure creation during
the interaction of highly charged XeZ+ ions with solid surface.The quasi-resonant two-state
vector model and the micro staircase model are used for the analysis of the neutralization
process accompanied by the surface modification. For very low ionic velocity, the neutraliza-
tion energy gives the main contribution in the surface nanostructuring, while for large ionic
velocity the nanofeatures are created due to the kinetic energy loss (nuclear and electronic
stopping power). The existence of the critical velocity, which separates these two regions, is
discussed.

1. INTRODUCTION

In recent years, the highly charged ions (HCI) have been widely used as an effective
tool for surface modifications. Depending on the solid type, ionic charge and velocity,
different surface nanofeatures can be created, such as craters, hillocks or caldera like
structures etc., see Aumayr et al. 2011. For very low ionic velocities (v < 0.1a.u.) the
surface nanofeatures are created due to deposition of the ionic neutralization energy.
For moderate ionic velocities the energy necessary for the nanostructure creation,
consists both of the neutralization energy and the deposited kinetic energy (nuclear
and electronic stopping power), see Lake et al. 2011 and Majkić et al. 2019.

The aim of the present contribution is to present the role of the ionic velocity in
the surface modifications. For that purpose we extend our previous analysis of the
HCI neutralization in the interaction with solid surface, see Majkić et al. 2017. We
analyze the intermediate Rydberg state population by employing the quasi-resonant
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two-state vector model (TVM) and use the micro staircase model for the cascade
neutralization.

2. CRITICAL VELOCITY

We consider the HCI of initial charge Z ≫ 1 impinging upon a metal surface
(MV-system) perpendicularly at very low to moderate velocity v. The ionic Rydberg
states are populated by the quasi-resonant electron tunnelling through the potential
barrier formed between the ion and solid surface. The initial ionic charge Q = Z

Figure 1: Cascade neutralization of HCI with initial charge Z within the MV-system.

decreases in time, Q = Q(R), approaching the final value Q = Qfin at ion-surface
distance R = Rmin (see Fig. 1). This process is known as cascade neutralization:
Q = Z → Q = Z − 1 → ... → Qfin; by using the micro-staircase model, we take
into account the fine structure of the population process in each macro-cascade. The
neutralization process is accompanied by the release of the neutralization energy and
its deposition into the surface, which leads to the nanofeatures creation.

Within the framework of the TVM the state of the active electron is described
by two wave functions Ψ1(r⃗, t) and Ψ2(r⃗, t), evolving simultaneously in two opposite
directions in time: see Nedeljković et al 2007 and Majkić et al. 2019. These func-
tions can be considered as the space-time modifications of the eigenfunctions ΦMA,µM

and ΦAM,νA
of the in-Hamiltonian and out-Hamiltonian, respectively, where µM =

(γM , n1M ,mM ) and νA = (nA, lA,mA) are the metallic parabolic and atomic spher-
ical quantum numbers, respectively, see Fig. 1. The functions Ψ1(r⃗, t) and Ψ2(r⃗, t)
constitute the intermediate two-state of the active electron at the ion-surface distance
R, and the corresponding mixed flux IµM ,νA

(R). The transition probability density

is expressed via relation TµM ,νA(t) =
∣∣∫∞

R
IµM ,νA(R)dR

∣∣2 /v2; the intermediate Ry-
dberg state population probability is given by PνA

(R) =
∫ ∑

n1M ,mM
TµM ,νA

(t)dγM .
The micro-staircase model for the multielectron neutralization is based on the knowl-
edge of the probabilities PνA

(R) and the corresponding neutralization distances. By
employing this model we estimate the final ionic charge Q = Qfin, see Majkić et al.
2019. The charges Qfin increases with increasing of the ionic velocity v due to the
increasing of the population probabilities maxima.
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The ion with the initial charge Z (before the neutralization begins) is characterized
by the initial potential energy WZ,pot. After neutralization cascade, in front of the
solid surface at minimal ion-surface distance Rmin, within the MV-system, the ionic
potential energy is given by: WQMV

fin
,pot. The neutralization energy in the considered

MV-system is (see Majkić et al. 2019)

W (Z,MV ) =WZ,pot −WQMV
fin

,pot. (1)

The velocity-behaviour of the neutralization energy is the same as the behaviour of
the population probabilities.

For very low ionic velocity, the neutralization process is complete (Qfin ≈ 0)
and the neutralization energy W (Z,MV ) = WZ,pot is almost sufficient for the surface
nanostructuring. In the case of moderate ionic velocity, due to incompleteness of
the neutralization process (Qfin ̸= 0), both the deposited kinetic energy Ek,dep and
the neutralization energy W (Z,MV ) provide the energy necessary for the nanofeatures
formation. These facts indicate the existence of the area of the ionic velocities where
the neutralization energy gives the main contribution to the nanofeatures creation,
and the complementary one where the kinetic energy loss has to be taken into account.
The velocity for which the neutralization and the deposited kinetic energy equally
contribute to the nanostructure creation separates these two regions. We denote this
value as critical velocity vc:

W (Z,MV )(vc) = Ek,dep(vc) (2)

3. RESULTS

The results obtained in the MV-system we can apply in the analysis of the neu-
tralization process and surface modification in the metal-dielectric-vacuum system
(MDV-system) by employing the concept of the effective ionic charge Zeff . That
is, we use the expression W (Z,MDV ) = W (Zeff ,MV ), see Majkić et al. 2017. It is
important to note here that Zeff is a velocity independent quantity.

We analyse the process of the nanocrater formation by impact of slow highly
charged XeZ+ ions on the Co surface covered with a thin Al2O3 film, see Lake et al.
2011. The experimental values of the ionic velocities are in the region v ∈ [0.25, 0.33]
a.u., so that one expect that both the neutralization energy and the deposited kinetic
energy participate in the process of the surface modification. Considering the neu-
tralization cascade in the MDV-system, we take into account that the dielectric film
is strongly perturbed during the ionic motion and the process of the nanostructure
formation. For that reason we use the value for dielectric constant ϵ = 2 for Al2O3

film instead of its optical value ϵ = 8. The corresponding effective ionic charges are
calculated in Majkić et al. 2017, and presented in the Table 1.

The kinetic energy Ek,dep deposited in the thickness of the film s0 = 27 a.u.
are calculated by Lake et al., 2011 for the velocities used in experiment, i.e. for
Ek = 8.1 · Z keV. These values can be used to estimate the quantity Ek,dep for
other velocities assuming the simple proportionality Ek,dep = κEk. We get the value
κ = 0.03 for all considered ionic charges Z ∈ [25, 45]. In Fig. 1 we present the
neutralization energy and the deposited kinetic energy for the XeZ+ ions within the
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Z 25 30 35 40 45
Zeff 18.7 23 27.5 31.4 35

vc (a.u.) 0.18 0.21 0.23 0.25 0.26

Table 1: Effective core charges Zeff and critical velocities vc in the case of the crater
formation in the MDV-system (Co + Al2O3 film) by the impact of XeZ+ ions.

considered MDV-system. The critical velocities vc are obtained in the intersection of
these curves; the corresponding values are presented in Table 1. We note that the
calculated values for the critical velocities are in the region of the experimentally used
velocity values. This is in accordance with the prediction that the nanocraters are
formed by the participation of both the neutralization and the kinetic energy.

Figure 2: Neutralization energy W (Z,MDV ) and deposited kinetic energy Ek,dep for
XeZ+ ions within the MDV-system (Co + Al2O3 film) via ionic velocity v. By symbols
we denote the critical velocities vc for the craters formation.
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Nedeljković, N.N., Majkić, M. D.: 2007, Phys. Rev. A, 76, 042902.

104



Publ. Astron. Obs. Belgrade No. 99 (2020), 105 - 108               Contributed Paper 

STATE-SELECTIVE CHARGE EXCHANGE CROSS SECTIONS IN  
Be4++ H(1s) COLLISION 

I. ZIAEIAN and K. TŐKÉSI 

Institute for Nuclear Research (Atomki), 4026 Debrecen Bem tér 18/c, Hungary 

Abstract. Charge exchange nl partial cross sections have been calculated for collision of 
Be4+ with ground state hydrogen using the 3-body classical trajectory Monte Carlo method 
and quasiclassical trajectory Monte Carlo method of Kirschbaum and Wilets. The cross 
sections have been obtained for projectile n=1, 2, 3, 4 and 5 states and for corresponding 
allowed l quantum numbers. Calculations are carried out in the impact energy range between 
1 and 1000 keV/au. Our results are compared to existing previous results. We showed that 
the calculations by QTMC-KW model improve the calculated cross sections.  

1. INTRODUCTION 

Beryllium is typically considered as the armor material for Plasma Facing 
Components (PFCs) of fusion devices and it is the first wall of the International 
Thermonuclear Experimental Reactor (ITER) (see Pitts et al. 2011). The inelastic 
collision processes between Beq+ ions and H are particularly important when 
energetic neutral hydrogen is injected into the plasma for heating and diagnostic 
purposes (see Hackman et al. 1984). Therefore the accurate description and 
knowledge of these interactions are extremely important for fusion research. The 
state-selective cross sections for charge exchange in collision between Be and 
hydrogen atom has been studied in the past using different theoretical approaches 
such as; MOCC method (see Harel et al. 1998, 1997), AOCC method (see Fritsch et 
al. 1984), OEDM (see Errea et al. 1982, 1998) and GTDSE method (see Jorge et al. 
2016). The quasiclassical trajectory Monte Carlo method of Kirschbaum and Wilets 
(QTMC-KW) model (see Kirschbaun et al. 1980) is one step further for a better 
description of the classical atomic collisions. For atoms, a necessary condition for 
stability is that the electrons are not allowed to collapse to the symmetry point, i.e., 
to the nucleus. The effective potential enforcing this condition is motivated by the 
Heisenberg uncertainty principle ݌ݎ ൒  ு԰, where r and p are the distance andߦ
momentum of an electron with respect to a nucleus and ߦு is constant. For the H 
atom, this condition is equivalent to the de Broglie description of the hydrogen 
atom.  

In this work we present state selective charge exchange cross sections in 
collision between Be4+ and ground state hydrogen atom using the 3-body classical 
trajectory Monte Carlo method (CTMC) and quasiclassical trajectory Monte Carlo 
method of Kirschbaum and Wilets (QTMC-KW). Our results are compared to 
existing previous results. 
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2. THEORY 

In the present work, the CTMC simulations were made in the three-body 
approximation. The three particles (p; projectile, e; electron, T; target) are 
characterized by their masses and charges. For the description of the interaction 
among the particles, Coulomb potential is used. Figure 1 shows the relative 
position vectors of the three-body collision system. 

 

 
 

Figure 1: The relative position vectors of the particles involved in 3-body 
collisions.  ܣԦ ൌ Ԧ௘ݎ െ Ԧ்ݎ ሬԦܤ	, ൌ Ԧ்ݎ െ Ԧܥ Ԧ௣ andݎ ൌ Ԧ௣ݎ െ  Ԧ௘, in such way thatݎ

Ԧܣ ൅ ሬԦܤ ൅ Ԧܥ ൌ 0. Also, ݎԦTe is the position vector of the center-of-mass of 
the target system, and b is the impact parameter. 

 
For the more accurate classical simulation results, we must also consider the 

rule of Heisenberg and Pauli principles. This approach was proposed by 
Kirschbaum and Wilets (KW) as a fermion molecular dynamic model (FMD). 
According to this model the effective potential, VH motivated by the Heisenberg 
principles, is added to the pure Coulomb inter-particle potentials describing the 
classical atom. Thus 

 

ிெ஽ܪ                                         ൌ ଴ܪ ൅ ுܸ                                           (1)        

where H0 is the usual Hamiltonian containing the total kinetic energy of all bodies 
and Coulomb potential terms between all pairs of electrons and between the 
nucleus and electrons, respectively. The extra term is 
 

                                 ுܸ ൌ ∑ ∑ ݂൫ݎ௡௜ , ;௡௜݌ ுߦ , ு൯ߙ
ே
௜ୀଵ௡ୀ௔,௕  ,                                     (2)  

where a and b denote the nuclei and the i, j index the electrons. Also, ݎఈఉ ൌ ఉݎ െ
 :ఈ and relative momenta areݎ

ఈఉ݌                                            ൌ
௠ഀ௣ഁି௠ഁ௠ഀ

௠ഀା௠ഁ
                                               (3)  

The constraining potential can be written in the following form 
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൨ൠ                          (4) 

   In this work, ߙு=4 and ߦு= 0.9428 are used in Eq. 4 for the description of the 
Heisenberg constrain, respectively. 

 

3. RESULTS 

To study the collision between Be4+ and hydrogen atom we used both the 
standard 3-body classical trajectory Monte Carlo (CTMC) and quasiclassical 
trajectory Monte Carlo method of Kirschbaum and Wilets (QTMC-KW) methods. 
We performed a classical simulation with an ensemble of 1×106 primary 
trajectories for each energy. The calculations were carried out in the projectile 
energy range between 10 and 1000 keV/au, relevant to the interest of the fusion 
research when the target hydrogen atom is in the ground state. We estimate 
uncertainties in our calculation as 0.6% error. It is worth nothing that, this is the 
first time to present state–selective cross section data using the QTMC-KW method 
for Be4+ + H(1s) system.  

The accurate knowledge of the charge exchange cross sections in fusion plasma 
is very important. For example, the charge exchange recombination spectroscopy 
(CXRS) measurements using Be4+ provide a high quality determination of the 
plasma parameters. The quality of such concentration measurements relies on the 
accuracy of the charge exchange cross sections. We have calculated the state-
selective charge exchange cross section to the projectile bound state (see Eq. 5.) 
according to CTMC and QTMC-KW methods.   

 

                                      Be4+ + H(1s) → Be3+(nl)+ H+                                      (5) 

1 10 100 1000

1e-21

1e-20

1e-19

1e-18

1e-17

1e-16

1e-15

 

 

Figure 2 : State-selective charge exchange cross section into the 3s state 
of the projectile in Be4+ + H(1s) collision, as a function of the impact 
energy. CTMC (solid red line), QTMC-KW (solid blue line),  MOCC 
(Harel) (), AOCC (Fritsch) (), OEDM (Errea) (), BCCIS (Das) (×). 
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Figure 2 shows the state-selective charge exchange cross section into the 3s 
state of the projectile in Be4+ + H(1s) collision. According to Fig 2., we found 
improvement in the cross section using QTMC-KW method compared to the 
standard CTMC model. We also found excellent agreement between our QTMC-
KW results and the previous data. 
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Abstract. An experimental study of plasma enhanced chemical vapor deposition technique
is presented. Low-pressure radiofrequency inductive plasma discharges of argon, oxygen and
hexamethyldisiloxane are employed to deposit silicon oxycarbide thin films. The effect of
working gas mixture, total processing pressure and deposition time on film composition has
been investigated. The characterization of deposits is performed by means of Attenuated
Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR), Electron Param-
agnetic Resonance (EPR), Raman spectroscopy and Scanning Electron Microscopy (SEM).

1. INTRODUCTION

Silicon-based thin films and nanostructures hold great interest for applications as di-
verse as microelectronics, photonics, MEMS and catalysis (see Stabler et al. 2018).
The development of materials gifted with satisfactory characteristics, such as con-
trolled chemistry and morphology, can benefit a variety of applications. Plasma
sources are of great interest in industrial applications and processing technology; in
particular, inductively coupled plasma (ICP) discharges are one of the most efficient
yet cost effective way to produce dense plasma by low power input and are also able
to process both conducting and dielectric materials (see Conrads et al. 2000).
This paper wants to illustrate an instance for the deposition of carbon-containing sil-
icon thin films employing Plasma Enhanced Chemical Vapour Deposition (PECVD)
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and a comprehensive characterization of the deposited materials, for the purpose of
understanding how plasma parameters influence the growth processes.

2. EXPERIMENTAL SET-UP

The PECVD reactor configuration is displayed in Figure 1. The deposition chamber
is a cubic box with 40 cm per side and the vessel is connected to the main pumping
line, composed by a rotary and a turbomolecular pump in series. The plasma source
is placed inside a cap on the top of the chamber. It is an ICP commercial antenna by
CCR Technologies Gmbh, it is composed of a 65 x 2.5 mm strip electrode cylindrically
bent with a 17 cm diameter. The antenna is coupled to a RF 13.56 MHz power
generator (Dressler RF Generator, Cesar 1310) through a manual matching box with
two variable capacitors and equipped with a cooling water system. Approximately,
the RF voltage as well as the current are uniformly distributed all along the antenna
surface (see Weiler et al. 1998). A narrow injector inlets the gases for the plasma
discharge directly above the antenna.

Figure 1: Schematic diagram of the deposition system and the ICP plasma source.

The vacuum vessel and the sample holder, and consequently the substrates, are
grounded. In steady state operations, the RF generator supplies 300 W to the sys-
tem, which it is the maximum allowed by the antenna heat dissipation system. The
backward power is in the range of 10-15%, depending on the total pressure inside
the chamber. A sheath is formed between the plasma and the sample holder and
the sheath potential is 5-10 V lower than the plasma potential, while the electron
temperature is 1-2 eV (see Barni et al. 2007).
The gas carriers of the discharge are argon and oxygen, and the precursor is hex-
amethyldisiloxane (HMDSO, Fulka ≥98%), a volatile organosilicon compound which,
having a high vapour pressure (43 mbar at 20◦C), easily evaporates and can sus-
tain high flow rates under vacuum. The source gases are flowed through micrometer
valves into the plasma chamber and partial pressures are monitored using a capac-
itance pressure gauge and a full range vacuum gauge. The partial pressures of the
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ingoing gases determine the composition of the starting mixture for the deposition
process, HMDSO has been varied from 10 to 40% of the total treatment pressure
and the O2:Ar ratio from 3:1 to 0:1. The estimated hydrodynamic conditions assure
that the mixture is well-mixed in the flow direction. The depositions are performed
varying the starting gas mixture, the total processing pressure (3·10−2-3·10−1 mbar)
and deposition time (10-30 min). The substrate are Si(001) wafers, aluminium foils
and alumina slabs, they are placed directly within the diffuse plasma region.
Post deposition thermal treatments are performed in order to allow desorption of
interstitial species and induce crystallization of the amorphous layer. The films are
annealed for 1h at 1050◦C in controlled atmosphere, with a nitrogen flux of 8 L/min.

3. RESULT AND DISCUSSION

Operating parameters during deposition processes have been varied in order to evalu-
ate the films composition and morphology. The substrates have been partially masked
to measure the films thickness by means of a mechanical profilometer. The average
deposition rate was about 20 nm/min, with the maximum being 72 nm/min at the
highest pressure and precursor concentration considered.
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Figure 2: Normalized ATR-FTIR spectra in the 3050-700 cm−1 spectral region of the as-
deposited films (a panel) and Raman spectra of the respective annealed samples irradiated
at 514.5 nm (b panel).

ATR-FTIR spectroscopy in Figure 2(a) reveals several bonding arrangements in
the as-deposited SiCxOy giving insight in their chemical structures (see Wavhal et al.
2006). The characteristic peaks of carbosilane and carbidic groups are present at 800
cm−1. The strongest absorption band in the range 1000-1150 cm−1 is assigned to the
asymmetric stretching vibrational modes of SiOSi and SiOC functional groups. Due
to its broad structure, the deconvolution into Gaussian peaks of the absorption band
and a study of the second derivative spectra are performed, the frequency shift of spec-
tral components is attributed to changes in the SiOSi bonding angle. The (CH3)3Si-
group is easily recognized by a sharp band at 1260 cm−1. At higher wavenumbers,
the typical stretching bands of sp3 hydrogen coordinated carbon atoms in a linear
aliphatic compound appear centred at 2900 cm−1.
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Electron Paramagnetic Resonance spectroscopy has been carried out in an X band
(∼ 9.4 GHz) spectrometer equipped with a high Q-factor cylindrical cavity (Bruker
ER4122SHQ). The signal is unaffected upon sample rotation, it follows that the g-
factor is isotropic. The experimental data are consistent with a g = 2.0055±0.0002,
it is assigned to bulk silicon dangling bonds in •Si≡ Si configuration, called D center
(see Pantelides 1986). The presence of amorphous silicon suggests the oxides deposits
to have Si-rich domains. Annealing treatments are demonstrated to induce the phase
separation between Si and the amorphous films (see Yi et al. 2002) leading to the
segregation into silicon nanocrystals, whose size depends on the overabundance of Si
atoms in the deposit. Post-annealing EPR measurements have confirmed the satura-
tion of Si DBs, but still the optimal annealing conditions need to be met since further
investigations do not confirm the presence of nanocrystals.
Micro-Raman spectroscopy has been employed to study the structural properties of
SiCxOy annealed samples. In Figure 2(b) the spectra reveal a typical diamond-like-
carbon structure confirming that graphite crystallites are formed (see Bokobza et al.
2014). The spectra display the characteristic G peak at 1582 cm−1, corresponding to
the LO phonon at Γ, and the defect-activated D and D’ peaks at ∼1350 and ∼1620
cm−1. The second-order of D peak, at higher wavenumber, suggests a great degree
of disorder in the carbon structures. Data indicate that oxygen in the plasma mix-
ture brings no significant differences in samples composition. The low wavenumber
region of Raman spectra identifies silica or quartz components in the film, showing a
broad and asymmetric band at 450 cm−1 assigned to SiOSi bending vibrations and
its overtone at about 800 cm−1 (see Smit et al. 2003). The band deconvolution is not
final in discerning the exact structure. It is possible to appreciate that in the 20%
HMDSO+Ar+O2 sample these bands are not present.
SEM images show that films are composed of quasi-spherical nanoparticles with the
size in the range of 20 nm, determining a nodular surface which is a typical result of
ballistic aggregation. At high total treatment pressure, mushroom-shaped extrinsic
nodular defects begin to grow at the substrate interface.

4. CONCLUSION

The effect of working conditions on films composition has been investigated by means
of different and complementary diagnostic techniques. Future approaches will be
to develop electrical and optical plasma diagnostics to better understand the role
of plasma parameters in deposition processes and devise an ad hoc post-deposition
annealing to control crystallization. Additionally, new precursors will be tested.
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Abstract. A numerical analysis is performed to investigate the comparative contribution of 
the mechanisms responsible for electron gain and losses in laser-induced breakdown of the 
skin and underlying tissues. In this regard we adopted a simple theoretical formulation 
relying on the numerical solution of a rate equation that describes the growth of the electron 
density due to the joined effect of multiphoton, cascade and chromophore ionization 
processes. Here, the rate also includes the effect of electron loss due to diffusion and 
recombination processes. The analysis considered skin tissue irradiated by a Nd:YAG laser 
radiation in the	200	– 550	nm wavelength range with 6	ns pulse duration full-width half-
maximum (FWHM). 
 
 

1. INTRODUCTION 
 

Since its first discovery in the 1980s (Anderson et al. 1981, Nakagawa et al. 1985), 
laser-induced skin tissue breakdown has been extensively studied due to its 
potential and promising applications in different fields, such as molecular and 
cellular biophysics and bioengineering. As the pulsed laser technologies continued 
to advance, the fundamental knowledge of laser-skin interaction mechanisms has 
become of vital importance in the development of modern medicine. Parallel to the 
investigations related to medical progress in the field, laser-induced breakdown 
(LIB) phenomena has been extensively studied by several researchers to determine 
theoretically, as well as experimentally, breakdown thresholds and free electrons 
density distribution of the formed plasma. Although the breakdown of skin tissues 
induced by nanosecond laser pulses has attracted active attention, complete and 
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detailed modeling of the mechanism involved in this phenomenon is still an open 
question. 

In the present work, a modified model previously developed by Hoseinimotlag 
et al. 2014 based on the solution of the free electron density rate equation is 
proposed to numerically investigate laser-driven plasma formation in skin tissue 
induced by a Gaussian pulse with a full width at half the maximum (FWHM) of 
6	ns at wavelengths in the range 200	nm to 550	nm. The model takes into account 
the generation of free electrons due to the combined effect of multiphoton, cascade 
and chromophore ionization processes. These processes are opposed by the loss of 
electrons within the interaction region through diffusion out of the focal volume 
and recombination. Thus, in this work, the computations focus on studying the 
separate contribution of each of the gain and loss processes.  

 
2. THEORETICAL MODEL 

 
The skin tissue is a composite structure containing the inclusions of different 

type and dimension (blood vessels, nerve endings, sweat glands, and hair follicles), 
which essentially makes it difficult in the understanding of the processes that occur 
under the interaction of laser with skin. According to Rogov et al. 2014 the main 
constituent of the skin is water (~70	%) and that is why, in a first approximation, 
the human skin can be considered as water-like tissue media.  

Laser-induced breakdown in water-like tissue media has attracted wide attention 
for its significance in the fundamental research on laser-matter interaction and as a 
baseline model for studying ablation of skin tissues (Fanjul-Vélez et al. 2014). The 
prime mechanism of the optical ablation we are dealing with in the present study is 
plasma induced ablation, and hence the description of the process requires the 
consideration of multiphoton ionization and ionization by light absorption. All 
these effects can be included in the rate equation that describes the free electron 
density as a function of time (Hoseinimotlag et al. 2014): 

 
ௗఘ

ௗ௧
ൌ

ௗఘ

ௗ௧
ቚ
௠௣௜

൅
ௗఘ

ௗ௧
ቚ
௖௛
൅ 	 ௖ܹ௔௦௖	ߩ െ ௗܹ௜௙௙	ߩ െ ௥ܹ௘௖	ߩଶ,  (1) 

where the first three terms describe the evolution of the electron density generated 
by the combined effect of multiphoton, chromophore (the contribution through 
light absorption by chromophores in the skin tissue), and cascade ionization, 
respectively. The multiphoton rate, ሺ݀ݐ݀/ߩሻ|௠௣௜, is obtained by Eq. (29) of 
(Kennedy 1995), while for the cascade rate, 	 ௖ܹ௔௦௖, we used Eq. (16) of (Kennedy 
1995). The second	ሺ݀ݐ݀/ߩሻ|௖௛, i.e. the free-electron density due to chromophore 
ionization is estimated as in (Fang and Hu 2004). As indicated by the minus sign, 
the loss of high-energy electrons due to diffusion and recombination proceeds at 
the rates, ௗܹ௜௙௙ and ௥ܹ௘௖ . The values of loss rates can be found in (Kennedy 
1995). 

Assuming a Gaussian profile for the temporal distribution of the laser pulse, a 
Runge–Kutta method with adaptive step size is used to numerically solve Eq. 1 for 
the time-varying electron density. As suggested by (Fang and Hu, 2004) in our 
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analysis we assumed that pre-existing free electron density is negligible at the start 
of the laser pulse, ߩሺ0ሻ ൌ 0.  

 
3. RESULTS AND DISSCUSION 

 
To get a deeper insight into the exact contribution of the physical processes to 

the electron density growth rate, the free electron density equation (Eq. 1) is 
numerically solved for two laser wavelengths, particularly 355	nm and 532	nm 
with a focal spot diameter of 10.6	μm and laser pulse intensity of 0.5 ൈ
10ଵ଴	W/cmଶ. Accordingly, Figs. 1(a) and 1(b) represent the time evolution of 
electron density, when the laser pulses are centered at ݐ ൌ 20	ns. It should be noted 
that when electron density is greater than a critical value (Vogel et. al 2005): 
ሾcmିଷሿ	௖௥ߩ ≅ 1.1 ൈ 10ଶଵ/ߣଶሾ݉ߤሿ, the plasma become highly reflective, and the 
incoming laser light leads to growth of the plasma volume rather than the free 
electron number. Therefore, in our analysis, the critical free-electron density is 
calculated to be ~ܫ	8.7 ൈ 10ଶଵ	cmିଷ at 355	nm (Fig. 1(a)) and ~	3.8 ൈ 10ଶଵ	cmିଷ 
at 532	nm (Fig. 1(b)). 

 

         

Figure 1: Evolution of the free-electron density for different gain and loss 
processes at wavelength: (a) 355	nm and (b) 532	nm. The dashed curve is the 

critical electron density ߩ௖௥.  
 
For skin tissue ablation by nanosecond pulses, the characteristics of the LIB 

model need to be further elucidated. Acceptance of this model is far from 
ubiquitous, especially when tissue absorption becomes significant as the light 
wavelength approaches the ultraviolet region. Given this fact, the effect of the laser 
wavelength on the free electron density, numerically evaluated via Eq. 1, have been 
studied. The results are shown in Fig. 2. Calculations were performed for 
0.35	~ܫ ൈ 10ଵ଴	W/cmଶ in the wavelength range 200 െ 550	nm. The remaining 
parameters are the same as those of Fig. 1.  
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Figure 2: (a) wavelength dependence of electron density for electron creation and 
loss processes participating in the electron density equation, (b) contour 

representation of free electron density as a function of time and laser wavelength.  
 

4. CONCLUSION 
 
In summary, we analyzed the time evolution of the free electron density in the 

absence and presence of each gain and loss process included in the rate equation 
describing the time evolution of the free electron density in LIB. Beside standard 
multiphoton and cascade ionization rates, in this paper we incorporated 
chromophore ionization pathway to explain the skin tissue ablation by nanosecond 
laser pulses. The presented results verified that in the nanosecond regime, the 
losses of the free electrons via recombination and diffusion can be neglected 
(especially when the wavelength exceeds 532	nm) because of the relatively long 
lifetime and diffusion time of those electrons. Such statement is also confirmed by 
other researchers (Vogel et. al 2005). We also observed the wavelength 
dependence of the free electron density and analyzed contribution of each gain and 
loss mechanisms on this dependence. Our results indicated that shorter 
wavelengths lead to enhanced electron densities and, hence, the optical breakdown 
becomes possible at lower laser intensities. 
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Abstract. One of the ways to achieve rapid prototyping of printed circuit boards is by
using the laser ablation. The laser-induced breakdown spectroscopy (LIBS) is a convenient
method for monitoring the selective removal of thin layers by laser. In this paper the obtained
LIBS data are analyzed by using principal component analysis (PCA).

1. INTRODUCTION

Laser ablation has many applications. Main aim of our research presented in Rabaso-
vic et al. 2016. was rapid prototyping of printed circuit board. We have used the
laser-induced breakdown spectroscopy (LIBS) as a convenient method both for abla-
tion and for monitoring the selective removal of thin layers by laser. In Rabasovic et
al. 2016 the LIBS data were analyzed by using correlation coefficients. Nowadays,
availability of more and more fast computers, capable of machine learning, moves the
analysis algorithms from simple numerical calculation towards the more sophisticated
artificial intelligence methods. Interesting applications of machine learning algorithms
for analysis of LIBS data are presented in Boucher et al. 2015, Moros et al. 2013,
Serranoa et al. 2014. In this paper we study the spectral data obtained in Rabasovic
et al. 2016. by using the Principal Component Analysis (PCA).

2. PRINCIPAL COMPONENT ANALYSIS

One of the basic machine learning techniques is based on using the principal com-
ponent analysis. The method is proposed long ago, see Hoteling 1933, Karhunen
1947, Loeve 1948. However, because of their low computing efficiency, the PCA and
other, more sophisticated, machine learning algorithms become extensively used only
recently.

The data set of certain structure is used to ”train” the machine to learn some
specific characteristics of input data. Then, machine could be used to recognize and
identify these characteristics in newly presented data of similar structure and nature.

D. SEVIC1, M. S. RABASOVIC1, P. GREGORČIČ2, M. D. RABASOVIC1 and 
B. P. MARINKOVIC1
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If X is a data matrix with m rows and n columns, each variable being a column
and each sample a row, PCA decomposes X as the sum of r ti and pi, where r is the
rank of the matrix X:

X = t1p
T

1
+ t2p

T

2
+ ....+ tkp

T

k
+ ...+ trp

T

r
r ≤ min{m,n} (1)

In the PCA decomposition, the pi vectors are eigenvectors of the covariance matrix;
it holds:

cov(X) = λipi (2)

where λi is the eigenvalue associated with the eigenvector pi.
The ti, pi pairs are ordered by the amount of variance captured. The ti vectors

are known as scores and contain information on how the samples relate to each other.
The pi vectors are known as loadings and contain information on how the variables
relate to each other. Generally, the PCA model is truncated after k components.

3. EXPERIMENTAL SET-UP AND METHODS

Our experimental setup is and its applications for elemental analysis using LIBS,
including several ways of processing spectra, are described in detail in Rabasovic et
al. 2012, Rabasovic et al. 2014, Rabasovic et al. 2019, Sevic et al. 2011. The
data analyzed here were obtained by experimental setup described in Rabasovic et al.
2016; at that time we have calculated the correlation coefficients of measured spectra
to identify the moment of achieving the full removal of copper layer by laser ablation.
Here, we implement the PCA to achieve automatic recognition of the instant when
laser ablation of copper layer has been finished and the laser starts damaging the
composite substrate of printed circuit board. We use Solo software package (Version
8.8, Eigenvector Research Inc, USA) for computing the PCA.

4. RESULTS AND DISCUSSION

Streak images of plasma breakdown optical spectra of printed circuit board at the
start, when only copper is ablated; and when the substrate is fully exposed, are
shown in Fig. 1. Their differences could be seen by a naked eye.

Figure 1: Streak images of plasma breakdown optical spectra of (a) copper conductor
and (b) a printed circuit board substrate.
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The first two principal components of LIBS data are shown in Figure 2. The
plots justify our decision in Rabasovic et al. 2016. to calculate correlation coefficients
of spectra in the range between 370 nm and 500 nm. In that range, the principal
components look the least noisy.

Scores plot of first two principal components is shown in Fig 3. As expected,
the scores corresponding to spectra at start of ablation and at the end of ablation
are spaced widely apart, enabling automatic recognition of the moment when the
useful ablation ends. The spectra corresponding to partial ablation are somewhere in
between on PC1 axis, and widely apart on PC2 axis.

Figure 2: The first two principal components of LIBS data.

Figure 3: Scores plot of first two principal components.
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5. CONCLUSION

The laser ablation is one of the ways to achieve rapid prototyping of printed circuit
boards. We have analyzed the LIBS data of printed circuit board by using machine
learning algorithm. In our previous analyses we have used the correlation coefficients
to identify the moment when laser ablation reaches the composite substrate of printed
circuit board. Now, we have proved that it is possible to automatically detect the
instant when the copper layer is fully ablated by PCA.
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Abstract. In this work study of LIBS on BeO target in low pressure gas mixture of Ar (97 
%) and H2 (3%) using a nanosecond pulsed laser with 266 nm wavelength is presented. The 
appearance of forbidden component of Be II 436.1 nm was observed and presented in 
comparison with the previously acquired results for pulsed gas discharge plasma. 

1. INTRODUCTION 

The results of the experimental study of the singly charged beryllium spectral line 
436.1 nm, transition 3p2 Po- 4d2 D, and its forbidden component, transition 3p2 P- 
4f2 Fo, were previously reported, e.g.: see Stankov et al. 2018.a In this paper 
beryllium lines were recorded from gas discharge running in pulsed regime, after 
ablation of beryllium oxide (BeO) discharge tube. The plasma source was 
described in detail, e.g.: see Stankov et al. 2018.b. 

The reason for the necessity of devising another experiment, to examine Be II 
with forbidden line, is twofold: a) there were dust particles in the pulsed discharge 
plasma observed, e.g.: see Stankov et al. 2018.b.; b) published experimental results 
can not be used for  testing of the overall line shape modeling because the 
influence of the allowed line optical thickness and additional electric field has not 
been accounted for, e.g.: see Stankov et al. 2018.a. 

LIBS stands for Laser Induced Breakdown Spectroscopy technique that uses a 
short laser pulse to create plasma on the sample surface. Analysis of this plasma 
enables determination of material’s elemental composition, without sample 
preparation and with simple experimental setup. Difficulties that arise during 
analysis are mainly associated with the fast evolving plasma which demands well 
temporally and spatially resolved measurements.  

This paper explores the possibility of recording Be II line with forbidden 
component in LIBS plasma. As a comparative study, LIBS method was chosen 
because it is assumed there will be no dust particles production. Besides, 
experimental setup used for LIBS plasma creation gives the possibility for spatially 
resolved measurements and experimental testing of self-absorption, which could 
not be performed in gas discharge experiment.  Aim of this study is to check the 
possibility of spatially and temporally resolved measurements of Be line with 
forbidden component in dust free environment.  
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2. EXPERIMENT 

Experimental apparatus for pulsed gas discharge plasma recordings, e.g.: see 
Stankov et al. 2018.b, was set up as for the standard end-on linear discharge plasma 
observation. Axial image of the plasma source was projected onto the entrance slit 
of a spectrometer (Andor Technology, Shamrock 303), by the use of a focusing 
mirror and achromatic lens. For line shape recordings the imaging spectrometer 
was equipped with iCCD camera (Andor Technology, model DH734). Line shape 
recordings were performed with full vertical binning and gate width of 50 ns at 
various delay times.  

For the LIBS method, the fourth harmonic of Nd:YAG Q-switched laser 
(Quantel, Q-smart 450) at 266 nm, with repetition rate of 10 Hz, was used. The 
pulse energy at 266 nm was 70 mJ, on the average. The laser beam was focused 
perpendicular to the BeO target by the means of biconvex achromatic lens L1 ( f1 
= 100 mm), see Figure 1.  

 
Figure 1: LIBS setup 

 
Target made from BeO ceramics was glued to the carrier, which was rotated by 

the motor (M),  in the low pressure chamber. 1 : 1 image of the plasma plume was 
projected by optical mirrors M1 and M2 on the entrance slit (20 µm wide) of a 0.5 
m Ebert-type spectrometer (f/8.6 equipped with a grating of 1180 grooves per mm). 
The spectrometer was mounted with an iCCD camera (Andor Technology, model 
DH734I-18U-03, with 1024 x 1024 pixels, 13 x 13 μm size, 18 mm intensifier 
diameter). The iCCD camera was operated in the image mode and controlled using 
a pulse generator (DDG 535, Stanford Research Systems) triggered optically by the 
occurrence of plasma on the BeO target. Fast photodiode placed towards the target 
was used to convert the light signal. The shatter (S), placed between the laser and 
the lens L1, was changing open/close position for every 16 laser shots. Images of 
the plasma were accumulated over 16 laser shots and the final signal was the 
product of 10 such accumulations. Accumulation of the signal was performed to 
exclude the influence of the eventual shot-to-shot changes in the signal. The 
acquisition gate width was 100 ns. 
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3. RESULTS AND DISCUSION 

Diagnostics of plasma parameters, the electron number density, Ne, and electron 
temperature, Te, was used for characterization of two experimental methods. 

For optimal conditions in the pulsed discharge plasma electron number density, 
Ne, was determined from the peak separation Δλps of the Hβ line using formula (6) 
from e.g.: see Ivković et al. 2015. Te was estimated from the ratio of Be II 467.3 
nm/Be I 457.3 line intensities, using formula (1): 
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where 1ܧ
 .is ionization potential lowering ܧis ionization potential and Δ ݊݋݅

After several iterations Ne and Te were determined, and presented in Table 1, e.g.: 
see Stankov et al. 2018.a. Maximum values of Ne and Te are measured to be 
9.3·1022 m-3 and 16800 K.  

For LIBS method, the chamber was filled with 10 mbar of Ar (97%) and H2 (3%) 
mixture. The previously mentioned experimental conditions were chosen in order 
to achieve maximum Be and H line intensity.  
Experimental profile of the Hα line fitted with Voigt function was used for 
determination of Ne in LIBS plasma. Stark halfwidth, ݓௌ, is determined by 
assuming ݓௌ ൌ  .௅ and  introducing this result in Eq. (12), e.g.: see Konjević et alݓ
2012. Instrumental line profile was measured at several wavelengths using Oriel 
penlight calibration lamp. Te was estimated from the ratio of Be II 467.3 nm/Be I 
457.3 line intensities, equation (1). The electron density and plasma temperature 
are displayed in Figure 2a as functions of time. Temporal evolution of Be II nm 
with forbidden component is presented in Figure 2b. Forbidden component, 
transition 3p2 P- 4f2 Fo,  is easily seen on the blue wing of Be II, transition, 3p2 Po- 
4d2 D.  

 
Figure 2: a-Temporal evolution of Ne and Te for LIBS on BeO target, b-Temporal 

evolution of Be II with forbidden component for LIBS on BeO target 

The dependence of wavelength peaks separation s and peaks intensity ratio F/A 
upon Ne for Be II allowed and forbidden component is shown in Figure 3. 
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Figure 3: wavelength peaks separation s and peaks intensity ratio F/A 
dependence upon Ne for Be II Line with forbidden component for: a) pulsed discharge 

plasma b) LIBS plasma 
 

Slight discrepancy between s[nm] values for two experimental setups exists. More 
notable discrepancy is observed for F/A values. Reason for this may be presence of 
self-absorption and spatial inhomogenity in both experimental setups. The example 
of spatially resolved Be II 436.1 nm line is presented in Figure 4.  

 
 

Figure 4: Spatially resolved Be II 436.1 nm line in LIBS plasma 
 

In the next step of investigation, Ne and Te will be determined using spatially 
resolved measurements of Be and H lines. Since there were no dust particle 
observed, as assumed, results obtained from LIBS experiment may be used to 
evaluate the effect of dust particles on Be line parameters obtained from gas 
discharge. 
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Abstract. Steel (type 100Cr6) samples have been treated with plasma pulses, using helium 
with 5% of hydrogen as a working gas. Plasma is formed within electrode system of 
magnetoplasma compressor, a type of magnetoplasma accelerator which accelerates and 
compresses plasma. Every plasma shot deposits 9 J/cm2 of energy to the surface of the 
treated material. The surface modification was monitored by optical microscopy, hardness 
measurement, roughness measurement, and X-ray diagnostics. The experimental setup 
enables spectra recording at the position where plasma-material interaction is realized. 
Improvements in physical properties of samples were achieved after plasma treatments. 
 
 

1. INTRODUCTION 
 
Magnetoplasma compressor (MPC) is a type of magnetoplasma accelerator, it has 
semi-transparent electrode system, it operates in an ion current transfer regime and 
produce quasi-stationary compression plasma flows (CPF) [Puric et al. 2003.]. The 
lifetime of the compressed plasma flow is around 150 μs, plasma velocity is up to 
100 km/s, electron density and temperature are close to 1023 m-3 and 2 eV, 
respectively. 

The topic of the present paper is investigation of interaction between plasma 
formed within MPC and steel 100Cr6 samples. Steel 100Cr6 is mainly used for 
small and medium sized bearing components. It is also regularly used for other 
machine components that require high tensile strength and high hardness. 
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2. EXPERIMENTAL SETUP 
 
In the MPC, plasma is formed within the electrode system during the process of 
capacitor discharge. The presented research project has been realized in the 
residual gas regime, using helium with 5% of hydrogen. The position of the steel 
samples is fixed at z = 4.5 cm, where every plasma shot deposits 9 J/cm2 of energy 
to the surface of the treated samples (Trklja et al. 2019.).  Scheme of the 
experimental setup is shown in Fig.1 

 
Figure 1: Experimental setup: 1. Magnetoplasma compressor, 2. Compressed 

plasma flow, 3. Sample, 4. Vacuum chamber, 5. Surface (steel 100Cr6) treatment 
by CPF. 

 
Steel samples (1 cm x 1 cm) were mechanically cut, polished and prepared for 

treatment in MPC device. The general picture of the surface changes is obtained 
using optical microscope. Hardness and roughness of steel surfaces have been 
measured before and after plasma treatments using Zwick Mic 10 Hand Hardness 
Instrument and MarSurf XR 1 Surface Roughness Tester, respectively.  

The X-ray diffraction (XRPD) investigation was conducted on automated 
multipurpose Rigaku Smartlab X-ray Diffractometer in Θ – Θ geometry.  

Spectral investigation of the plasma-surface interaction area is realized using 
one meter spectrometer and PIMAX1 ICCD camera. 
 
 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
 

Values of electron density and temperature in the plasma layer next to the sample 
surface are 2.4⋅1022 m-3 and 0.5 eV, respectively. Electron density is calculated 
using distance between allowed and forbidden component of helium 447.1 nm line 
(Czernichowski et al., 1985.). The electron temperature is calculated using relative 
intensity ratio of Fe I and Fe II spectral lines. 

Optical microscope images of the treated samples indicate the formation of 
vortex structures. Fig. 2. represents the surface of one steel sample treated with five 
plasma shots (which is not positioned on the center of the CPF, but it is useful for 
the present description) obtained by an optical microscope. There are three areas on 
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this surface: the right part is the untreated region where the plasma hasn`t interact 
with the surface; the left part of this sample is the region where CPF hits the 
sample directly; the middle area represents the peripheral zone of plasma – sample 
interaction in which material from the central area of plasma - surface interaction is 
blown and smooth area is formed. 

 

 
 

Figure 2: Untreated and treated steel 100Cr6 samples (optical microscope) 
 

From the results of the roughness measurement it can be seen that after 
treatment with three and more plasma shots, the peripheral region of the treated 
surface becomes noticeably flat. The central area of the treated surface become 
significantly rough after several treatments because during each plasma-target 
interaction, the surface material is again melted and mixed. 

Plasma shots make steel target firmer after just one plasma treatment. Three 
plasma shots lead to a hardness value of 350 HV and after more than three plasma 
shots, it comes to saturation. 

 

 
 

Figure 3: Hardness of the steel 100Cr6 samples depending on the number of 
plasma treatments 

 
Result of x-ray analysis of the sample treated with ten plasma shots is 

represented in Fig.4. Starting sample (steel 100Cr6) is solely composed from α-Fe. 
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Treatments with plasma shots leads to partially transformation to γ-Fe of  thin 
surface layer of sample. 

 
 

Figure 4: Hardness of the steel 100Cr6 samples depending on the number of 
plasma treatments 

 
 

4. CONCLUSIONS 
 

Modifications of steel 100Cr6 samples treated by a plasma produced within MPC 
have been monitored depending on the number of plasma treatments. Significant 
improvement of hardness has been achieved. Presented type of experimental 
investigation is useful for industry application and it is of interest for fusion related 
experiments concentrated on material treatment within plasma accelerators and 
analysis of the surface modification under high thermal loads.                   
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Abstract. The effects of high intensity, 1015 W/cm2, laser radiation on tungsten (W) and 
oxide dispersion-strengthened (ODS) steel in ambiences of air and vacuum were studied. In 
both samples and mediums high intensity laser radiation induced morphological and 
chemical variations. Surface features and phenomena depend on the material characteristics 
and the ambience applied. Thus, crater depth was larger in vacuum then in air for ODS steel 
sample - ~55 µm vs. ~9 µm. Irradiation was accompanied with the appearance of plasma 
which can emit X-ray radiation. Chemical surface changes, particularly oxidation, were 
registered as well. 
 
     

1. INTRODUCTION 
 

The study of laser-material interaction is of particular interest in the last decade, 
primarily owing to modern applications, see Aliofkhazraei 2016. The use of intense 
ultrashort lasers, like femtosecond (fs) laser applied in this work, is essential due to 
creation of specific surface features. W and ODS steel considered here have 
extraordinary characteristics making them attractive for various applications, 
including nuclear complex (construction of fission and fusion reactors). In inertial 
fusion (IF) reactor both metals are serious candidates as the First Wall Materials 
(FWM), see Trtica 2018. FWMs are exposed to various fluxes like electromagnetic 
and thermal, thus the action of high intensity laser radiation can, in one 
approximation, simulate behavior of these materials inside the reactor, Montanari 
et al. 2017 and Trtica et al. 2020. The goal of this paper is to study the behavior of 
W and ODS steel under conditions of high laser intensity - 1015 W/cm2 in air and 
vacuum. Variations of morphological features and chemical surface content were 
the primary aim. 
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2. EXPERIMENTAL 
 
Tungsten sample (disc, diameter 25 mm, 3 mm thick) was produced by sintering 
process, with the grain size ~20-80 μm, using Ni/Cu and Ni/Fe binders. ODS steel 
(square, 10 mm × 10 mm, 0.4 mm thick) was synthesized by mechanical alloying 
and hot isostatic pressing in Ar, with composition (wt%) Cr(16):Al(3):W(1.5)-
Y2O3(0.35) and Fe (balance). Average sizes of Y2O3 and pre-alloyed powders were 
40 nm and 50 µm, respectively. Experimental setup is the same as in works Trtica 
2018 and Trtica et al. 2020 - laser beam with 15 mm diameter was focused through 
lens (f=150 mm) perpendicularly on the sample. The fs laser was Ti:sapphire 
(PULSAR, Amplitude Technologies), wavelength 804 nm; pulse 60 fs; pulse 
energy ≤12 mJ; TEM00 mode; linearly, vertically polarized beam. Irradiations were 
performed at 1013 and ~1×10-4 mbar pressure in air and vacuum, respectively. 
Characterization was done by optical microscope, scanning electron microscope 
(SEM) with energy dispersive analyzer, and optical interferometric profilometry. 
 
 

3. RESULTS AND DISCUSSION 
 

Material surface changes by laser depend on various irradiation parameters - laser 
parameters (wavelength, pulse length, pulse count, intensity, etc.), as well as 
material properties (e.g. absorptivity) and ambience. Experimental work was 
focused on morphological and chemical effects induced on W and ODS steel 
surface in air and vacuum by fs-laser after the action of 100 pulses. 
 
3. 1. IRRADIATION IN AIR AMBIENCE 

 
The effects of fs laser on W and ODS steel at the pulse energy of ~5.2 mJ and 
intensity ~1015 W/cm2 are shown in Fig. 1. Generally, complex effects were 
detected: (a) crater like features in both samples, more prominent in ODS steel 
(Fig.1 A1-3 and B1-3); (b), surface cracking in the central zone, with additional 
grain fusion in case of W; (c) cross section of the craters was conical in both targets 
with similar depth, ~9 µm; (d) at the peripheral region more intense lifting of the 
material detected in W. Only in case of ODS steel laser induced periodic surface 
structures (LIPSS) were recorded. Also, hydrodynamic (HD) effects were much 
more prominent in case of W (Fig. 1 A3). Fundamentally, the process of fs-laser-
metal interaction is complex and starts with free electrons absorbing the incident 
radiation, see Trtica et al. 2020. Further, the hot electrons cool down by diffusion 
and electron-phonon interaction leading to thermal equilibrium between lattice and 
electron subsystems. The dynamics of the system prior to this equilibrium can be 
described by two-temperature model. Finally, after several ps, laser-metal 
interaction can be considered a thermal process. If the initial laser intensity is 
sufficient, the ablation can take place on a time scale ≥100 ps. The ablated material 
cools rapidly in a space close to the target, and it can build up unique structures on 
the surface. Ablation mechanisms are diverse and they can comprise phase 
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explosion, fragmentation, etc. Creation of LIPSS recorded in this experiment is a 
complex process as well, and one explanation includes the interference of incident 
laser beam with the so-called surface waves, scattered off the imperfections on the 
material and running along its surface. 

At high laser intensities plasma was formed above the samples and it was 
expected to emit x-ray radiation. Chemical surface changes (central zone) were 
more prominent in case of ODS steel, i.e. [O] was 2.6% against 1.0% in W. 

 

 
 
Figure 1: SEM and 2D profilometric analysis of W and ODS steel after action of 
laser pulses in air and vacuum. Energy ~5.2 mJ, intensity ~1015 W/cm2. 

 
3.2. IRRADIATION IN VACUUM AMBIENCE 

 
In the main, modifications of both targets in vacuum are more pronounced than in 
air which is explained by better coupling of laser radiation with the surface. 
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Changes are as follows: (a) in the central zone, grain fusion is present in W - 
Fig. 1 C2, while violent structure was obtained in ODS steel (Fig. 1 D2). Crater 
depth was more prominent in steel, i.e. ~55 µm vs. ~33 µm in W; (b) lifting of the 
material on the periphery was more prominent in steel, while HD effects were 
dominantly observed in W. LIPSS are registered only on steel. Also, in vacuum 
ambience, at the intensity used, plasma was generated above both samples. 
Chemical analysis (central zone) showed that oxidation was absent in case of W 
while at ODS steel surface it was strong, in the interval from ~2 to ~36%, probably 
caused by redistribution of oxygen which is initially present in the sample. 

 
 

4. CONCLUSION 
 
Study of fs laser-target (W and ODS steel) interaction in air and vacuum was 
presented. It was shown that applied laser pulse energy of ~5.2 mJ, intensity 1015 
W/cm2, induced distinguishing surface features and phenomena. Generally, they 
are in strong correlation with sample type and ambience: (i) in both targets crater 
like damages were registered with crater depth larger in ODS steel, ~55 µm, vs. 
~33 µm for W in vacuum. Also, damages were always more prominent in vacuum. 
In the peripheral area specific changes were registered such as HD effects, LIPSS; 
(ii) irradiation was accompanied with the appearance of plasma which can emit x-
ray radiation; (iii) chemical surface changes, particularly oxidation, were registered 
in air as well as in vacuum but only in ODS steel. The results could contribute to 
better understanding of the behavior of nuclear reactor materials under high fluxes 
that can be simulated by laser intensities applied here. 
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Abstract. To date, one of the most successful approaches for the elucidation of molec-
ular ions is action spectroscopy, in which typically infrared radiation is applied to a mass
selected ensemble of trapped (or guided) ions. Its very high sensitivity derives from count-
ing ions as the spectroscopic signal, and not detecting light as in conventional methods.

For weakly bound ionic complexes such as H+(H2O)n , CH+
5 (H2)n or H+

3 (H2)n, the action
spectroscopic method called vibrational predissociation has been the standard technology
for decades (Okumura et al. 1985, Bieske and Dopfer 2000). More recently, there is also
increasing interest in weakly bound cation-helium complexes which can be conveniently in-
vestigated in modern cryogenic ion trap environments.

The research group in Köln set out to investigate the complexes HHe+n , H2He+n and H+
3 -Hen,

being very fundamental ions and consisting of the two most abundant elements in the uni-
verse. HHe+ has been detected in space recently by Güsten at al. 2019. On this conference,
new vibrational work on the fundamental complexes HHe+n , n = 2−6, is presented. As seen

in the Figure below, these complexes consist of the strongly bound chromophore He-H+-He
(n = 2), surrounded by more loosely bound He atoms. With a 1Σ ground state, this chro-
mophore has a simple vibrational spectrum consisting of the IR active asymmetric stretching
mode and the degenerate bending mode. The weakly bound He atoms in the complexes with
n = 3 − 6 allow to probe the chromophore by predissociation spectroscopy. Using various
IR sources, we have localized these vibrational features for the first time (Asvany et al.
2019). Very recently, also high-resolution information for the fundamental three-nucleus-
four-electron molecule He-H+-He has been obtained.
The final aim of this research project will be high-resolution rotational spectroscopy for those

species which possess a permanent dipole moment, as e.g. HHe+3 , H2He+ and potentially

H+
3 -He. This can be achieved via a double resonance, consisting of a rotational excitation

followed by a predissociating transition. The feasibility of such a double-resonance scheme

has already been demonstrated for CH+
3 -He (Töpfer et al. 2018).
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Abstract. Despite many decades of study, models of discharges in molecular gases still 
lack accurate data on many key collisional processes, even for such “simple” and 
ubiquitous gases as O2. Good data is lacking for near-threshold electron-impact 
dissociation, surface recombination, the role of metastables, of gas heating, of vibrational 
excitation, of energy transfer and surface thermal accommodation. Direct measurement of 
the rate constants of individual processes is a fastidious process, where it is even possible. 
As an alternative approach, we compare comprehensive measurements of internal plasma 
parameters to simulations for a plasma with relatively simple chemistry, namely a DC 
positive column discharge in pure O2. This well-characterized, stable and uniform discharge 
is optimal for experiment-model comparison. Although it has been studied for a very long 
time, new experimental methods, including synchrotron Vacuum ultraviolet absorption 
spectroscopy and laser cavity ringdown absorption spectroscopy (CRDS), allow the 
densities of all the major species (atomic, molecular, in ground and excited states), as well 
as the gas translational temperature to be measured, with much-improved absolute 
accuracy, and with time resolution.. Applied to (partially- and fully-) modulated discharges, 
these measurements provide unprecedented insight into the kinetic processes occurring (in 
the gas phase and at surfaces), and a profound test of the models. Whereas a model can be 
adjusted to fit a set of steady state measurements at one given set of operating conditions, 
trends with pressure and discharge current, and especially the temporal response to current 
modulation, are much harder to reconcile with an incorrect model. In practice, model 
failures often result from omission of key processes, or to neglect of their temperature-
dependence. With the relatively simple chemistry occurring in pure O2, with measurements 
of all principal species as well as the gas temperature, it is possible to identify the missing 
reactions, and even estimate their rates (and/or activation energies) by adjusting the model 
to fit the measurements.                                   
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Abstract.  The properties of plasma and its generated cocktail of physical and chemical 
compounds leads to significant microbial inactivation on various specimens and offers a 
wide range of possible applications for decontamination purposes. Actually e.g. caused by 
Covid-19, an increasing demand also for new and sufficient decontamination methods 
offers the chance for selected plasma based applications of surfaces. Further selected 
components of the plasma influence cell signalling, apoptosis and other cellular processes. 
Studies on the decontamination of surfaces, gases, liquids, on the treatment of seeds and 
plants as well as the experience and knowledge acquired in the new field plasma medicine 
are the starting point and basis of several new disciplines like "Plasma Agriculture", 
“Plasma Cosmetics”, “Plasma Pharmacy/Pharmacology”, “Plasma Oncology” just to 
mention the most actual research activities. Applications for healing of chronic wounds and 
cancer treatment become a more and more important and clinically relevant research field 
in plasma medicine (Metelmann et al. 2018, Schuster et al. 2016). The sophisticated 
biomedical applications of plasmas require atmospheric pressure plasma sources, which are 
now available in many different designs and configurations (von Woedtke et al. 2013). First 
devices especially for wound healing are certified as medical products class II. Because of 
other devices, which enter the market partly without clinical trials or with poor physical and 
biological characterization, there is clearly a need for standard parameters. With the help of 
standards, plasma sources can be perfectly adapted to dermatological and other medical 
applications and will achieve higher acceptance. Such a pre-selection criteria ensure the 
safety of investigators, patients and therapists. A well-known and applicable standard also 
guarantees the identification of devices that are not suitable as medical plasma sources, 
DIN 2014. One focus of the contribution – besides medicine - will be agriculture. The 
lecture also discusses different plasma sources and applications and shows selected results 
with regard to the current state of application.  
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Abstract. Plasma technology has potential to generate significant societal benefits through 
a range of biomedical applications. In terms of widespread use in real-word scenarios, 
plasma applications span the entire spectrum from early stage proof-of-concept (e.g. cancer 
therapy) to emerging clinical tools (e.g. chronic wound treatment) to proven, indispensable 
clinical interventions (e.g. electrosurgery). A common thread in all biomedical applications 
is the interaction between a complex plasma system, typically containing a range of 
biologically active components such as photons, reactive species, electric fields and 
currents, and a complex biological system. In such systems, optimization of application 
outcomes requires optimization of the plasma properties that drive the relevant biological 
effects. Given the wide variety of active components that may play a role, and the 
experimental difficulties in measuring these components, optimization through experiment 
alone is a significant challenge. A promising approach to overcome this challenge is the use 
of experimentally validated numerical simulation approaches for plasma and device 
optimization. Here, various simulation approaches are used to demonstrate the potential for 
simulation-based optimization of plasma sources for cancer therapy and disinfection of 
surfaces. In the context of cancer therapy, a combined approach utilizing experimentally 
validated plasma-chemical kinetics modelling (Schröter et al. 2018, Wijaikhum et al. 2017) 
and computational fluid dynamics is used to determine design parameters for the scaling of 
reactive oxygen species delivery via needle-like plasma sources at atmospheric pressure for 
prostate cancer therapy. In the context of plasma disinfection, 2D hybrid plasma 
simulations (Tian and Kushner 2015) are used to predict photon fluxes incident on different 
surfaces of an object placed inside a low-pressure plasma reactor to assess the optimum 
plasma operating conditions for the disinfection of complex structures. 
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Abstract. Nitrogen fixation in atmospheric air plasma discharges becomes an emerging
application due to great potential in agriculture. We are testing N-fixation by Transient
Spark (TS): a dc-driven self-pulsing discharge with a repetition frequency of 1-10 kHz. Gen-
erated sparks (Figure 1) are of very short duration (∼10 ns) and the energy delivered to
plasma is limited to ∼1 mJ per pulse, because the spark is formed only by discharging of
the internal circuit capacitance (20-30 pF). This makes TS an efficient plasma source for
nitrogen oxides (NOx) generation (Janda et al. 2016). The density of NOx increases with
increasing repetition rate, but the increase of frequency also leads to the transition to less
efficient high pressure glow discharge (GD) regime (Figure 1).

Large ballast resistor (R = 5-10 MΩ) is used to eliminate TS to GD transition. However,
this approach causes decreasing energy efficiency of TS at higher frequency due to the growing
losses on R. For this reason, we tested various driving circuit modifications using additional
coils and capacitors to keep discharge in spark regime even with R below 5 MΩ. We were
able to maintain the discharge in spark regime with R = 2.3 MΩ using additional capacitance
C = 70 pF. Moreover, we succeeded to increase the NOx generation efficiency approximately
by factor 2. There was no benefit from using even higher external capacitance (tested up
to C = 500 pF). The sparks during the active discharge phase were more intense, but the
charging of C during the relaxation phase (see Figure 1) was much longer, i.e. the repetition
frequency of current pulses decreased.

12

time [s]

Figure 1: TS current and voltage waveforms.
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Abstract. Cavity Ring-Down Spectroscopy (CRDS) is one of most sensitive absorption 
based technique for detection and diagnostics of elements in gaseous phase. It is based on 
measuring of photons lifetime in a resonator (decay time of oscillating photons traversing 
the optical cavity), not on light intensity, which allows very good stability of the system 
(low level of noise). When the wavelength of photons is tuned to some resonant transition 
of absorbing feature the photon lifetime decreases while by comparison with non-resonant 
lifetime one can get absorption coefficient (in cm-1) as a function of wavelength – it is 
optical absorption spectrum in absolute units. From such spectral line-profiles, CRDS 
technique allows calculation of species concentrations in particular quantum state. Data 
analysis and experimental features allow complete 3D + temporal monitoring of sample of 
interest including underlying physical or chemical processes (dissociation or association of 
molecules, de-excitation processes, ionization, collisions) (see Labazan et al. 2003, Labazan 
et al. 2006 and Krstulović et al. 2006). CRDS is sensitive, versatile and robust analytical 
technique to study species in gaseous or plasma phase. This work briefly describes the basic 
principles of CRDS and summarizes our achievements related to applications for studying 
of atmospheric pressure plasma jets (APPJ) (see Zaplotnik et al 2015) and single and 
double laser produced plasmas (LPP) (see Krstulović et al. 2008, Krstulović et al. 2009). 
Emphasis is given to the temporal resolution and pulsed character of the plasma sources.  
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Abstract. Europe is facing the fourth industrial revolution, referred to as Industry 4.0. 
Concepts of Industry 4.0 include smart automation, virtualization, advanced prediction with 
artificial intelligence and general robotization and automation. Many processes, as well as 
devices, are not ready for such a big leap in automation, one of them being plasma devices, 
which are, from a user perspective, regarded as “black boxes”. Typical plasma devices have 
measurable and adjustable discharge parameters (electrical voltage, current, frequency, gas 
inlet, pressure). On the other hand, plasma parameters, such as fluxes of reactive species on 
the plasma-treated products and temperature of reactive species, which are crucial 
information in precise and reliable plasma process control, are not monitored, let alone 
controlled. Complying with the Industry 4.0 standards, processes have to be monitored by 
numerous advanced sensors that are coupled to into a smart control system. We have made 
a first step in developing a laser-optic catalytic sensor that is capable of measuring neutral 
oxygen atom density in a low-pressure gaseous plasma with low ion-to-neutral-atom ratio. 
Next challenge is the development of smart industrial reactors that will be able to 
self-regulate plasma parameters sustaining homogeneous plasma throughout the whole 
production process. 
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CHEMISTRY IN CO2 PLASMAS 

 

T. SILVA and V. GUERRA 

Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, Universidade de 
Lisboa, Portugal  

E-mail tiago.p.silva@tecnico.ulisboa.pt 

Abstract. This contribution is devoted to the modelling of CO2-containing discharges. The 
presented work is supported by a zero-dimensional chemistry model coupled with the 
homogenous electron Boltzmann equation which has been validated by isolating different 
aspects of the complex kinetics, namely through the: (i) study of the time-resolved 
evolution of the lower vibrationally excited CO2 levels during the afterglow of CO2 
discharges (Silva 2018) (ii) investigation of the effect of electrons on the distribution of the 
lower vibrationally excited CO2 levels obtained in pulsed and continuous glow discharges 
(Grofulovic 2018), (iii) investigation of the influence of N2 on the CO2 vibrational 
distribution function and dissociation yield in pulsed glow discharges (Terraz 2020), (iv) 
validation of the electron-impact dissociation cross sections of CO2 (Morillo-Candas 2020) 
and (v) study of the gas heating in the afterglow of pulsed CO2 glow discharges (Silva 
2020). Herein we address different theories and scaling laws to describe the CO2 
decomposition and the vibrational excitation involving highly excited states. Special 
attention is devoted to the difference between state-to-state and single- or multi-temperature 
approximation methods. The influence of different reaction rate coefficients on important 
plasma parameters, namely the gas temperature, vibrational distribution functions and 
dissociation rates is analyzed in detail. In order to complement this study and validate our 
kinetic model, the simulation results are compared against experimental data obtained in 
pulsed DC glow discharges, with special interest on the understanding of the mechanisms 
leading to oxygen and CO production. 
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Abstract. Plasma jets are being intensively studied for biomedicine applications but their 
fine control remains challenging due to the mutual interactions between plasma and target.  
Even considering perhaps one of the simplest scenario in a research laboratory, using a 
plasma jet to treat a 2D culture of cells in a plastic multi-well plate, it is not known in detail 
how the physical environment of the micro-well may influence the nature of the plasma jet 
treatment. This study aims to shed light on this topic by investigating how electro fluid 
dynamic (EFD) flows influence the delivery of the bioactive plasma-generated RONS when 
a plasma jet is used to treat a biologically-relevant liquid (i.e. PBS) in a standard tissue 
culture grade 24-well plate. The results show how the formation of complex EFD flows in 
the liquid induce a non-uniform distribution of the RONS. Shortly after the ignition of the 
plasma jet an initial rapid liquid stream can reach the bottom of the well, whereas a stable 
vortex mixing is observed few seconds later. Electric charge accumulation on the liquid 
surface and plasma induced gas swirling could be the causes of the liquid motions. 
Furthermore, the liquid depth/volume and the voltage polarity are found to be critical 
parameters in controlling the delivery of the RONS to the bottom of the well. 
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Abstract. Argon based low-temperature plasmas are widely used both for fundamental 
process research and in technology applications. The long-lived Ar excited species act as 
energy reservoirs and have an influence on the discharge structure through the energy 
transfer to other species and surfaces. VUV photons from the Ar resonance states can 
substantially influence the properties of the processing materials, both in positive and 
negative ways. In this sense the simulation of plasma processing ICP (Kropotkin et al. 
2020) and CCP discharges should correctly predict the Ar excited states densities in the 
plasma using collision-radiative model (Kovalev et al. 2019). Material modification on the 
atomic layer scale requires precise control of the ion flux and ion energy distribution 
function at the electrode. The experimental research combined with numerical simulations 
could provide better diagnostics for RF discharges. Such approach was used to determine 
the plasma density from the ion current to the Langmuir probe: with the PIC MCC 
simulation for a cylindrical (Voloshin et al. 2015) and a flat (Voloshin et al. 2016) probes. 
The relation between the ion flux and plasma density in an RF CCP discharge was studied 
both experimentally and with the 2D PIC MCC simulation (Bogdanova et al. 2018). The 
ion composition and energy spectra was studied both experimentally and numerically with 
PIC MCC model in Ar-H2 plasma of RF CCP discharge: see Bogdanova et al. 2019. The 
results of fast model for IEDF calculation in pure gases: Ar, Xe and N2 are presented in 
comparison with experimental measurements. Results in a pulsed CCP plasma: 
measurements of metastable and resonance states in the afterglow and application of CRM 
for the afterglow phase are also shown.  
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Abstract. Recently, Cassini-Huygens mission brought interesting results concerning one of 
Saturn’s biggest satellites, Titan. In fact, it has been shown that this moon’s typical orange-
brownish haze layers could be due to the presence of aerosols which are essential for it’s 
climate, radiation balance and atmosphere chemistry. However, since it is mainly composed 
of nitrogen, methane and a small amount of more complex hydrocarbons, understanding the 
way such PAHs are formed is mandatory (see Zhao L. 2009 and Brown H.R. 2009). 
Collisions of low energy ions with loosely bound clusters of molecules are studied in the 
gas phase with the aim to analyze either fragmentation processes, which occur due to the 
transfer of energy and charge, or, at the opposite, growth processes leading to molecular 
growth and the formation of new of larger covalently bound molecules. It has been shown 
that this triggers reactivity, as observed in C60 clusters (see Delaunay R. 2018) or PAH 
ones (see Delaunay R. 2015). When several atoms are kicked out along the ion trajectory in 
the cluster large covalently bound systems can be formed. We present results on cluster 
systems containing linear chain molecules like butane and butadiene. We will discuss the 
possible formation of ring structures and the path to aromatic molecules. The irradiation of 
hydrocarbons clusters using different radiation sources (electrons and ions) allows to 
determine the balance between ionization induced reactivity and collision induced one.  
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Abstract. Among a variety of plasma sources, particular attention is focused on the 
development and application of plasma jets due to their ability of surface treatment outside 
of a closed discharge volume (see K.H. Schoenbach). The dc microdischarge is only one 
type of discharges used for plasma jet generation. This discharge is the main studied object 
in given report. The discharge parameters are following: the gas temperature is 1600–2000 
K, the typical electron density is ~ 1012–1013 cm- 3, and the average electron energy is 1 eV 
(see V.I. Arkhipenko). It is shown, that the basic results obtained for this discharge are 
applicable to microdischarges with ripple and pulsing voltages. 

Investigations of plasma jets are under consideration as well. It has been shown that 
ozone is the main bioactive component of jets in mixtures of helium with oxygen and argon 
with oxygen, and nitrogen-containing molecules (NO, NO2, N2O, HNO2) for air and 
nitrogen plasma jets. The plasma chemistry in both the discharge and jet is discussed. 
Concentrations of long-living bioactive molecules are determined. It is shown the ways to 
control the jets compositions using different current modes of discharge. 

An attention to the application of the obtained plasma structures for biomedical 
applications is paid. The effect of various bactericidal factors on samples contaminated with 
microbiological cells is under consideration. This observation allows to choose the most 
effective mode of microdischarge generation for applications. The inactivation of 
microbiota of various levels of organization is demonstrated. 
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Abstract. This work focuses on the spatial and temporal characteristics of a pulsed Grimm-
type glow discharge operated with 30 – 60 s power pulses in argon (Krstić et al. 2020) 
with frequency of 5 kHz and currents of 20, 40 and 60 mA. The emission characteristics of 
the discharge are studied to obtain insight into the excitation and recombination processes 
of atoms and ions of argon fill gas and copper sputtered material. Properties of 
representative line emissions during the discharge and the afterglow periods of the 
discharge pulse were analyzed. Two groups of lines can be differentiated according to the 
time development. Atomic lines with the low energy of the upper level have a strong initial 
peak at the beginning of the discharge pulse, and a small afterpeak, see Fig. 1. Lines from 
high energy levels show the opposite behavior: small initial peak and a strong afterpeak. 
For the more detailed investigations of the energy and charge transfer processes, hydrogen 
has been added to the argon with different percentages. 

 
Figure 1: Time dependent emission of representative Cu I lines.  
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Abstract. The study of non-equilibrium discharges in liquids and their vapors have become 
very popular due to a variety of possible applications, such as in nanoscience for the 
synthesis of nanographene layers and fast growth of carbon nanotubes (Hagino et al. 2012), 
for the treatment of materials and surfaces (Fumagalli et al. 2012), in biomedicine (Stalder 
et al, 2006), for polymerization processes and thin-film synthesis (Brunet et al. 2017), in 
fuel industry - sources of hydrogen (Petitpas et al. 2007), for purification and 
decontamination (Kitano et al. 2006), etc. However, emergence of new devices demands 
knowledge on elementary processes and their balance in discharge that can be obtained 
from studies of breakdown and electrical characteristics of discharges. Here we present 
results of the comprehensive experimental investigation of breakdown properties, spectra, 
spatial and spectrally resolved emission and V-A characteristics in low-pressure discharges 
in vapours of methanol, ethanol, isopropanol, n-butanol and water that provide sets of data 
for different operating regimes (Sivoš et al. 2015, 2019). Furthermore, we performed a 
detailed analysis of unusual behaviour of the discharge observed at the transition from 
normal to abnormal glow regime in methanol and ethanol vapour and the existence of 
double channels of the discharge observed in Townsend and normal glow regime in water 
vapour. Therefore, this paper aims to give an overview of breakdown data and data for 
Volt-Ampere (V-A) characteristics of discharges in vapours of studied liquids; and to 
emphasize some of the issues that can be important in the analysis and interpretation of 
results. 
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Abstract. The use of plasmas for CO2 utilization has been under investigation in recent 
years following a wave of environmental awareness. In this work we research this topic 
using a bottom-up strategy to study fundamental CO2 plasma processes. For this we rely on 
modelling and on dedicated experiments with which a reaction mechanism for vibrationally 
cold CO2 plasmas can be validated in a relatively large range of experimental conditions. 
The simulation tool we use, LoKI (see Tejero-del-Caz et al. 2019), couples a Boltzmann 
and a chemistry solver. The simulated results obtained with the mechanisms proposed are 
validated against CO2 glow discharge measurements at pressures lower than 5 Torr, reduced 
electric fields ranging from 50 to 100 Td and flowing at few sccm (see Morillo-Candás et 
al. 2019). The model can reproduce the measured values of product formation as well as 
discharge power and electric field. Although vibrational populations are low, we show them 
to have a significant effect on the electron properties. The shape of the EEDF is also 
significantly dependent on the dissociation degree. Moreover, we discuss the role of 
electronically excited states on CO2 dissociation, showing that the first electronic excited 
state of CO can have beneficial effect in further producing CO and O in the discharge. 

This work was partially funded by Portuguese FCT - Fundação para a Ciência e a 
Tecnologia, under projects UIDB/50010/2020 and UIDP/50010/2020, by NWO, in the 
framework of the CO2-to-products program, and by the french national funding agency 
under the project number ANR-16-CE06-0005.  
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Abstract. A boost in the investigation of CO2 plasmas has been recently motivated by a 
possible application to carbon capture and utilization. Numerical models describing the 
interplay between electron and heavy particles kinetics require accurate and fast 
computational approaches. In particular, in CO2, deviations from a two-term solution of the 
electron Boltzmann equation (EBE) are expected already at low/moderate reduced electric 
fields (E/N). Moreover, a common assumption is to avoid the accurate description of 
excited states or to neglect the velocity distribution of the background gas (or both). In this 
work, approximations that are usually employed in the study of electron kinetics in CO2 are 
analyzed, together with strategies to overcome them. 

Electron kinetics in CO2 is described by means of a fully native Monte Carlo Flux 
(MCF) code. The MCF method provides detailed calculations of the Electron Velocity 
Distribution Function through a highly efficient variance reduction technique. In this work, 
the MCF code takes into account the thermal velocity distribution function of gas 
molecules. This extension, together with an accurate description of rotational and 
vibrational excited states, provides a better agreement with measured transport coefficients 
at low E/N. At moderate E/N, MCF calculations are benchmarked against multi-term 
solutions of the EBE, showing excellent agreement and limitations of the two-term 
approximation. 
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Abstract. Laser-Induced Breakdown Spectroscopy (LIBS) has become a very popular 
analytical method given some of its unique features such as applicability to any type of 
sample, practically no sample preparation, stand-off sensing capability, speed of analysis, 
and a possibility to analysis even the light elements. In this paper, we present a unique 
laboratory LIBS setup developed in our research group. This system uses infrared TEA 
CO2 laser as the excitation source and time-integrated spatially resolved (TISR) signal 
detection. In our recent publications, we have demonstrated the potential of using the cost-
effective TEA CO2 based LIBS system not only for the fast elemental analysis but also for 
the simultaneous determination of hardness of materials. 

 
 

Figure 1: Graphical illustration of LIBS analysis 
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Abstract. A noninvasive diagnostic technique relying on optical emission spectroscopy is 
used for studying plasma confined in a purely toroidal magnetic field. Visible emission 
lines of molecular hydrogen were specifically targeted. Bi-dimensional structures and 
poloidal plasma profiles were reconstructed from the emissivity distribution of hydrogen 
Fulcher system using tomographic method. A few details concerning the methods 
employed to capture different emission viewlines, data reduction and tomographic 
reconstruction techniques are also addressed. 
 

1. INTRODUCTION 

The quest for finding new sources of energy have generated large interest in 
magnetized plasmas where plasma is confined in toroidal device such as tokamaks 
and stellarators aiming to produce energy through controlled thermonuclear fusion 
(see Wagner 2007). In particular, there is an ongoing effort aimed to better 
understand the effect of anomalous particle transport in reducing the confinement 
in magnetized plasma (see Wagner 2007). This phenomenon is quite general and 
related to the dynamical effects due to turbulence, which arise naturally in 
magnetized plasmas (see Tynan et al. 2009). In particular there is evidence of drift-
wave turbulence in magnetically confined plasmas and, associated to that, the 
appearance and build-up of large amplitude density fluctuations in the edge region 
of plasmas, strongly contributing to turbulent cross-field particle and energy fluxes 
(see Tynan et al. 2009). The turbulence measurements are generally more 
complicated in plasmas than in fluids due to the faster time scales and to the 
difficulties in measuring locally microscopic parameters such as the plasma density 
and temperature (see Dudok de Wit et al. 2013). Another approach is related to the 
use of the electromagnetic radiation emitted by the plasma state. This usually 
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escapes from the plasma and could be collected from outside, without a direct 
disturbance of the system. As a tool for the study of plasma turbulence, optical 
diagnostics could be demanding too (see Donne’ 2006). Since in plasma turbulence 
the associated autocorrelation times are in the range of a few microseconds to tens 
of microseconds, the diagnostics should be faster than these time scales. Optical 
emission spectroscopy (OES) is usually fast enough. For instance, in a hydrogen 
plasma, the lifetime of hydrogen n=3 state, emitting the Hα line, is about 10 ns. 
However, even in a simple hydrogen low temperature  plasma, OES reveals many 
features arising from the complex plasma gas phase. Although atomic hydrogen 
dominates emission, it is common to spot emission also  from the rich structure of 
excited levels of the H2 molecules (see Barni et al. 2018). Such features in the 
emission spectra are suitable to study particular phenomena happening in the 
plasma, be it those arising due to presence of minority ions, the recombination or 
the dynamical effects induced by the collisions with neutrals (see Pierre et al. 
2004). The continuous improvement in radiative collisional models also opens up 
the concrete possibility to relate spectroscopical data to constrain or even to 
measure more fundamental plasma parameters (see Capitelli et al. 2013). Here we 
present the application of an OES passive optical diagnostics to the study of 
emissivity in a simply magnetized toroidal (SMT) device using a low resolution 
visible spectrometer. In particular our aim will be to reconstruct the 2D pattern of 
emissivity of H2 molecular states of the so-called Fulcher-α band system, the 3pπ d 
3Πu [3c] → 2sσ a 3Σg

+ [2a] transitions (see Aguilar et al. 2008). 
 

2. EXPERIMENTAL SETUP 
 
Layout of the experimental setup is shown in figure 1. The Thorello device consists 
of four 90° curved and corrugated stainless steel sectors joined together to form a 
complete torus with a major radius of 40 cm and a minor radius of 8.75 cm. A set 
of 56 number of water-cooled circular coils surrounding the chamber enable us to 
apply a purely toroidal magnetic field (a simply magnetized torus, SMT 
configuration) of intensity up to 0.2 T using a 600 A DC stabilized current supply. 
Base pressure of less than 1x10-4 Pa is achieved using a couple of turbomolecular 
pumps backed by two rotary pumps. Experiments were normally performed by 
filling high purity hydrogen gas up to a pressure of a few 10-2 Pa. Plasma is 
produced by thermionic emission of three intertwined thoriated tungsten filaments 
bent in a 13 turns spiral shape (diameter 7 mm and length of 3 cm), placed with the 
axis aligned to the magnetic field about the center of the poloidal cross section. The 
filament is heated by passing a current of tens of ampere and discharge is struck 
between the hot filament (cathode) and the grounded vacuum vessel (anode) by 
applying a potential difference of about 150 V. More precisely a limiter, a hollow 
disk of 15 cm diameter, short-circuits the vertical electric field. Typical plasma 
parameters estimated using Langmuir probes at the radial center of the device are 
given by Te ~ 4 eV, Ti ~ 0.2 eV, Ne ~ 1011 cm-3 (see Barni et al. 2009). 
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Figure 1: Left: experimental layout of the Thorello device. Right: viewline system of 
measurement and relation with the 2D poloidal section map of the device. 

 
3. RESULTS AND DISCUSSION 

In order to demonstrate the capabilities of the proposed diagnostics we have 
performed a few measurement in our magnetized plasma device. We take 
advantage of the steady state stable conditions of the SMT plasma. To reduce 
statistical uncertainty we measure three times the full set of 19 viewlines, each set 
with a different random order, to mitigate effects due to plasma parameters drift. 
Spectrometer acquisition times were optimized to each viewline, and spectra were 
cleaned by subtracting the relevant dark spectra (see Barni et al. 2018). The 
average intensity of each viewline was then evaluated, together with a statistical 
error. The discharge OES spectra we are discussing about were taken from plasma 
driven by a 70 A filament current and a 150 V cathode bias, with a magnetic field 
of 70 mT, starting from a 0.1 Pa pure hydrogen gas. A typical spectrum measured 
is shown in Figure 2. Apart from the more prominent Balmer lines, it is possible to 
spot the lines corresponding to the Fulcher-α diagonal bands. They are the more 
bright ones, at 602.0, 612.3, 622.6 and 632.9 nm [ (n,n)-Q1 with n=0…3], 
corresponding to the transitions from subsequent excited vibrational levels of the 
3c state. The reconstruction of the 2D pattern of emissivity in the SMT poloidal 
cross-section is then undertaken from the 19 viewline average dataset, as we have 
discussed in our previous works (see Barni et al. 2018). In figure3 we report the 
results for the first of the Fulcher-α diagonal band lines, compared with the Balmer 
Hα. It could be noticed that, contrary to naive expectations, the molecular line 
pattern is more concentrated in the central region, around the filament magnetic 
shadow in the poloidal cross-section. 

 
 
 
 
 
 

 
Figure 2: A typical emission spectra of the plasma in THORELLO. 
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Figure 3: A reconstructed map of emissivity of the first H2 Fulcher-α diagonal bands, 
compared with the Balmer Hα from the plasma. 

 

 

 

 

Figure 4: Extraction of the excitation temperature of the H2 3c state in the cell 
corresponding to the brighter spot of the plasma column. 

Finally, from the reconstructed intensities of the diagonal bands, using the relevant 
lifetimes and branching ratios (see Fantz et al. 2006) it is possible to estimate the 
relative population of the first four vibrational levels of the excited H2 3c state. As 
it could be seen from figure 4, their distribution is roughly by a Boltzmann factor, 
from which it is possible to extract an effective excitation temperature or, as it 
sometimes referred to, a vibrational temperature, in this case Texc=0.67±0.11 eV.  It 
should be compared with a central electron temperature of 4.4 eV. 
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Abstract. This work presents initial results of studying a pulsed cold plasma jet with a fast 
voltage rise-time. The aim of the experiment is a spectroscopic investigation to the purpose 
of attaining the jet streamer space-time development and plasma parameters near the target. 
Results show a comparably fast streamer progression with strong electric field in the period 
of maximum current. 
 

1. INTRODUCTION 
 

In the last decade nonthermal; atmospheric pressure discharges have been adopted 
as the future of plasma application due to their many advantages, see for instance 
Fridman et al. 2008, Branderburg et al. 2019. A subtype of this type of plasma are 
low temperature plasma jets, usually obtained in the flow of inert gases Winter et 
al. 2015, Weltmann et al. 2017, Reuter et al. 2018. In a number of publications 
helium plasma jets are especially investigated as candidates for treatment of 
biomedical and other samples, see for instance Weltmann et al. 2017, Reuter et al. 
2018, Yan et al. 2017, Nastuta et al. 2011, Teschner et al. 2019. They have also 
been studied from the standpoint of plasma characterization, both through 
modeling and experiment, Boeuf et al. 2013, Sretenović 2014, Winter et al. 2015.  

One of such sources with and accompanying power supply has been developed 
at the Zhejiang University, Zheng et al. 2016, Deng et al. 2018. This cold plasma 
jet has so far been used for treatment of various bio-samples. It operates with a 
microsecond voltage pulse characterized with a fast rise-time. In this work, the 
primary aim was a spectroscopic investigation to the purpose of studying the jet 
streamer space-time development and plasma parameters near the target. Here we 
present only the initial results of a planned detailed study.  
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2. EXPERIMENT 
 

The pulsed power supply and a dielectric barrier discharge (DBD) jet reactor are 
combined into a single device, Deng et al. 2018. The grounded electrode is a metal 
nozzle with its inner surface covered by a quartz tube, 6 mm in diameter. Inside the 
nozzle, at its center axis, a smaller quartz tube is placed, 4 mm in diameter. The 
high-voltage wire electrode is inserted in the smaller quartz tube. In this way a 
barrier discharge is formed between the two quartz tubes having 0.5 mm thickens. 
The low-temperature plasma jet then protrudes form the nozzle width the diameter 
of ~4 mm and length of 1-7 cm depending on the voltage. In this experiment a 
copper plate was used as a grounded target to increase the jet stability. The target 
was placed at a distance of 13.5 mm from the jet nozzle. 

The electrodes are supplied by a pulsed power source with a pulse width of 
0.8 μs, voltage of 2.6 kV and a repetition rate of 21 kHz. The rise time of the 
voltage pulse is 400 ns. Helium flow of 99.996% purity was controlled by means of 
a mass flow controller at rate of 3 l/min. The voltage was measured using the 
Tektronix P6015A high voltage probe, and current is determined from voltage drop 
over 200 Ω non inductive resistor connected in series with the discharge. 

A quartz lens was used to project the jet image onto the entrance of the 
spectrometer. The overall time–space unresolved emission spectra in a wide range 
of 300–900 nm, was recorded using a low resolution spectrometer Ocean Optics 
USB4000. The spatiotemporally resolved measurements were done using the Solar 
MSDD 1000 spectrometer with the focal length of 1 m and the grating of 
1200 grooves/mm. At the exit of the monochromathor the light was detected using 
the ICCD camera (PI-MAX2, Princeton Instruments) with 1024×1024 pixels. The 
camera was triggered using a time-delayed pulse signal, initially generated by the 
rising slope of the discharge voltage pulse. The delay camera triggering system 
enabled precise setting of the gate width and the delay time for the recording. This 
spectrometer system has an instrumental width FWHM=0.04 nm. 
 

3. RESULTS 
 

Several spectroscopic methods, typical for examining atmospheric pressure 
discharges, were employed in this experiment. Namely, axial distribution of 
various species emissions was used to examine the jet spatial structure. Helium and 
oxygen atomic line emission was used to examine the discharge axial development 
in time. By measuring the transverse light intensity distribution and applying the 
Abel inversion, the radial distribution of light intensity was obtained. The N2

+ first 
negative system emission band was used to measure the molecule rotational 
temperature. Stark polarization spectroscopy of He I 492.2 nm line was used to 
estimate the electric field at the target. 

Figure 1 shows the time-space development of He I 706 nm line. Since this line 
is exited via electron impact, this graph can be taken as development of the jet 
streamer. As can be seen, the graph shows typical features of the positive guided 
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streamer, Gerling et al. 2011, Sretenović et al. 2014. Specifically, one can see the 
bullet-like progression towards the cathode till the time of 160 ns. The streamer 
travels from the nozzle to the cathode target during the current rise and reaches it at 
the moment of current maximum. After reaching the target, a weak back-streamer 
is formed towards the jet nozzle. During the strong current a long-lived 
atmospheric pressure glow discharge above the target is formed. 

 
Figure 1: Contour plot of He I 706.5 nm emission, gate width 25 ns. 

 
From the graph, the average velocity is estimated at 8.4·104 m/s which is much 

higher than typical jet bullet velocity, see for instance Sretenović et al. 2014, 
Gerling et al. 2012. This can be explained by the short rise-time of the voltage in 
our case. Namely, it was shown in Lu et al. 2014, that the short voltage rise-time 
crucially increases the streamer velocity. The velocity obtained here agrees with 
the trends given in the mentioned paper. 

Figure 2 shows the spatial distribution of different species in the time when the 
streamer has reached the target and a stable atmospheric pressure discharge lasts 
for several hundreds of nanoseconds. The light emissions of different species show 
similar patterns. Especially interesting is the formation of light and dark zones, 
similar to the glow discharge, in the vicinity of the target. The exception to the 
shape of the distribution is hydrogen Hβ line. It is well known that at atmospheric 
pressure the hydrogen Balmer lines have a delayed excitation due to the necessity 
of molecule dissociation and excitation from helium metastables, see Navratil et al. 
2006. 
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Figure 2: Axial distribution of emission from different species after t=200 ns. 
 
The jet gas temperature near the target, estimated form the rotational 

temperature of nitrogen molecule ion was T=340±30 K. Stark spectroscopy 
showed interesting the features of the spectral line profile near the target. 
Specifically, strong electric fields ~25 kV/cm were observed, with the field 
inhomogeneity in the observed region. 
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Abstract. Comparison of experimental and calculated data for Stark broadening parameters 
for the Ar II 4726.87 Å, 4879.86 Å and 4965.08 Å spectral lines from multiplet 
(3P) 4s 2P – (3P) 4p 2Do is presented in this work. 
 
 

1. COMPARISON OF THE EXPERIMENTAL AND 
THEORETICAL DATA 

 
During the testing new set of semi-classical theoretical results by Blagojević and 
Konjević 2017, 2020 for singly ionized non-hydrogenic atom lines, we have 
located set of experimental Stark shift data for Ar II multiplet 14, (the transition 
(3P)4s 2P - (3P)4p 2Do) with number of experimental shifts showing similar 
temperature trend, see Fig.1 (data for some multiplet lines are so close that they are 
irresolvable in this figure). The reported shifts in Fig.1 were measured by various 
groups of authors using different plasma sources and plasma diagnostic techniques. 
The measured experimental line shifts indicate different low electron temperature 
trend and much smaller absolute shift values, see Fig 1. As expected, two sets of 
semi-classical results Blagojević and Konjević 2017 and Jones et al. 1971 for line 
shift and widths, see Figs.1 and 2 and Table 1, agree very well, because present 
calculations (in figures and Table 1 denoted with Tw) are essentially identical with 
Jones et al. 1971. The exception is improved numerical procedure used by 
Blagojević and Konjević 2017, 2020 in comparison with Jones et al. 1971. Another 
difference between Blagojević and Konjević 2017, 2020 and Jones et al. 1971: the 
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energy level data are taken mainly from Moore 1971 while transition probabilities 
(TP) were calculated using Coulomb approximation Bates and Damgaard 1949 
method. For our calculations, Tw in Figs 1 and 2 and Table 1, both, the energy 
levels data and TP were taken from NIST data base using small program for 
automatic data acquisition. 
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Figure 1: Stark shifts at electron density Ne = 1017 cm-3  

versus electron temperature. 
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Figure 2: Stark full widths at half maximum (FWHM) at electron density  

Ne = 1017 cm-3 versus electron temperature. 
 
 

The results for Stark widths in Fig. 2 and Table 1 denoted by Hamdi et al. 2018 
are  calculated  by another   semi-classical approach  while  energy levels  and  TP  
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Ar II   Multiplet (3P) 4s 2P – (3P) 4p 2D
o
 

 Jones et al. 1971. This work Hamdi et al. 2018 
Mult. 4898 Å Mult. 4898.6811 Å Line 4879.86 Å 

T 
(K) 

Halfwidth 
(Å) 

Shift 
(Å) 

Halfwidth 
(Å) 

Shift 
(Å) 

Halfwidth 
we + wi   (Å) 

5000 0.644 - 0.243 0.645 - 0.271 0.891 
10000 0.502 - 0.188 0.506 - 0.204 0.677 
20000 0.416 - 0.148 0.423 - 0.1581 0.535 
30000     0.485 
40000 0.368 - 0.120 0.362 - 0.1231 0.464 
60000   0.310 - 0.1021 0.441 

 
Table 1: Theoretical Stark widths FWHM and shifts for electron density  

Ne = 1017 cm-3 and temperatures in the range (5000 – 60000) K. 
 
are calculated as well, see details in Hamdi et al. 2018. Further notes: the 
theoretical results in figures and table by Jones et al. 1971 and Tw are reported for 
the average wavelength of the multiplet 14 while results by Hamdi et al. 2018 are 
for the single line quoted in Table 1. The results for shifts and widths from Jones et 
al. 1971 and this work are electron impact values while Hamdi et al 2018 data are 
electron + ion impact Stark widths. 

Finally, on the basis of the comparison of experimental and theoretical data for 
Ar II multiplet 14 one can conclude that this is rather well documented Stark shift 
case, which offers interesting possibility for theoretical study of electron 
temperature dependence and magnitude of shift values. 
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Abstract. Stark line broadening within potassium-like emitters was investigated, using 
regularity approach. Available Stark data for ns-np, np-ns, np-nd, nd-np and nd-nf spectral 
series within potassium isoelectronic sequence present input data for regularity analysis. 
Formulas expressing Stark widths dependence on the value of the upper-level ionization 
potential and the rest core charge of the emitter, for analyzed spectral series have been 
established and can be used for calculation of Stark widths for transitions within spectral 
series of any potassium-like emitter.  
 
 

1. INTRODUCTION 
 

In the presented paper Stark widths of transitions within ns-np, np-ns, np-nd, nd-np 
and nd-nf  spectral series of potassium like emitters are investigated using regularity 
approach.  

Stark broadening data for emitters within potassium isoelectronic sequence are 
of great interest for astrophysics and fusion physics. For example, potassium lines 
are important for investigation of chemical evolution of stars; Ca II lines are used 
for opacity research of young stellar object; Sc III lines are present in the spectra of 
Am Fm stars. Ti IV and V V Stark widths data are of interest for first-wall problem 
in fusion physics. Data for Cr, Mn and Fe are of interest for fusion physics, too. 

The ground state of K I and Ca II has [Ar]4s electronic configuration, with term 
2S, while Sc III, Ti IV, V V, Cr VI, Mn VII, Fe VIII,… have [Ar]3d electronic 
configuration of ground state, with term 2D. Except this difference in configuration 
of ground states, all members of potassium isoelectronic sequence have similar 
excited states, so regularity behavior of atomic parameters within spectral series are 
expected. In the present research, just one-electron transition processes have been 
analyzed.  
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2. THEORETICAL BACKGROUND 
 

 
The regularity approach used in present investigation is based on equation (1) 

(Trklja et al. 2018).  
                                                 ߱∗ ൌ

ఠ

௓೐
೎ ൌ ܽ ∙ log ߯ି௕                                            (1) 

 
ω* is the reduced Stark width, χ is the electron binding energy on the upper level of 
analyzed transition, Ze is the rest core charge of the emitter; ܽ ൌ ݐݏ݊݋ܿ ∙ ௘ܰ ∙ ݂ሺ ௘ܶሻ, 
b is a fitting coefficient. Parameter c can be found by analyzing the quality of the 
fit which is determined by factor R2 (Dojčinović et al. 2019.).  

Temperature normalization is done according to equation (2) (Purić et al. 1999).  
                                                    ߱ ൌ ܣ ൅ ܤ ∙ ܶି஼                                                 (2) 

 
Normalization of electron density is done using the approximation of linear 

dependence of Stark widths on electron density which has been found as 
appropriate.                                                
 

3. RESULTS AND DISCUSSION 
 
Regularity analysis within potassium like emitters include 148 spectral lines: K I 
(46), Ca II (56), Sc III (10), Ti IV (10), V V (26). Stark width data used in the 
present study are taken from Stark B data base (Sachal-Brechot et al. 2018). And 
complemented with available experimental data of Stark widths. χ values are taken 
from NIST atomic database (Kramida et al. 2018). Data were complemented with 
available experimental data of Stark widths. 

Dependence of R2 on c for the potassium isoelectronic sequence is presented in 
Fig. 1. Parameter c is approximately equal to 2.8.  

 

 
Figure 1: Determination of parameter c 
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All Stark widths used in the present investigation are normalized at electron 
density Ne=1022 m-3 and temperature T=100000 K. Temperature normalization is 
done using parameters A, B and C (equation (2)) which are results of fitting 
process. Each transition has its own A, B and C parameters. As example of fitting 
procedure, dependence of Stark width on temperature has been presented for 4s-4p 
transition within K I (Fig. 2). 

 

 
 

Figure 2: Stark width dependence on temperature for 4s-4p transition within K I 
 

Fig. 3. represents dependence of the reduced Stark width on ionization potential 
of the upper level of transition, for np-nd spectral series of the potassium 
isoelectronic sequence, fitted according to equation (1). 

 

 
Figure 2: Dependence of ω* on χ for the np-nd transition within potassium 

isoelectronic sequence (Ne=1022 m-3, T=100000 K) 
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According to fitting parameters, Stark widths for any transition within ns-np, 
np-ns, np-nd, nd-np and nd-nf spectral series of potassium isoelectronic sequence 
can be calculated using formula (3): 

 

ߣ߂	                                   ൌ ݌ ∙ 10ିଶ଴ ∙
௓೐
మ.ఴே೐
ఞ೜

 ଶ                                     (3)ߣ

 
Values of parameters p and q are given in Table 1. In equation (3) λ and Δλ are 
expressed in [m], Ne is expressed in [m-3] and χ is expressed in [eV]. 

 
Spectral Series p q 

ns-np 2.00 2.39 
np-ns 1.87 2.39 
np-nd 4.11 2.45 
nd-np 3.87 2.34 
nd-nf 3.61 2.54 

 
Table 1: Values of parameters p and q in equation (3) for analyzed spectral series 

 
 

4. CONCLUSIONS 
 

Results of presented regularity analysis enable calculation of Stark widths for 
any transitions within ns-np, np-ns, np-nd, nd-np and nd-nf spectral series of the 
potassium isoelectronic sequence. Calculation of Stark widths of potassium-like 
ions is of interest for astrophysics and plasma physics. 
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Abstract. The novel atmospheric pressure gas discharge source is constructed. The source 
is driven by pulsed power generator in pure helium. The electron number density 
Ne=(0.55±0.11) × 1015 cm-3 is measured by means of He I 447.2 nm line fitting procedure. 
The similar Ne results are obtained from He I 492.2 nm line using the same diagnostics 
procedure. However, the Ne measured from the hydrogen Balmer Hβ line is three times 
lower, probably due to the H I emission from the outer discharge region. In case of plasma-
water drop interaction, analyzing the Hβ line, Ne=0.55 × 1015 cm-3 is obtained at the 
beginning of treatment. During the water drop treatment, the spectrum of Fe I lines as a 
consequence of oxides formation on the cathode surface, is recorded as well. 
 

1. INTRODUCTION 
 
The He I spectral lines originating from a matrix gas are previously used for Ne 
diagnostics purposes (Jovović and Šišović 2015, Jovović and Konjević 2014). Due 
to the presence of an electric field induced by quasistatic ions, the He I 447.1 nm 
and He I 492.2 nm lines are asymmetrically broadened in atmospheric pressure 
glow discharge source (Jovović and Šišović 2015). Near the cathode wall, the He I 
red wing asymmetry is even more pronounced, which is the consequence of a 
strong DC electric field. The diagnostics procedure based on fitting the He I lines 
(see Jovović and Šišović 2015), is applied here as well for the characterization of 
novel atmospheric pressure gas discharge source. Additionally, the fitting of the Hβ 
line is performed and the Ne results discussed.  

The novel gas discharge source operating in helium (99.999 %) comprises 
stainless steel cathode (C) and graphite anode (A), see Figure 1. The source is 
driven by homemade pulsed voltage generator (2-999 μs pulse width, 0.1 % - 100 
% duty cycle). The discharge gap and gas flow were 2 mm and 0.45 l/min, 
respectively. The optical emission spectroscopy (OES) is performed using Ebert 
type spectrometer (focal length 2 m, reflection grating 651 grooves/mm, dispersion 
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0.74 nm/mm) and TE cooled CCD camera (2048 × 506 pixels, pixel size 12 × 12 
µm). 

 
 

Figure 1: The cross-section of atmospheric pressure gas discharge source. The 
photos of discharge burning in pulsed (a) and DC regime (b) are given in the inset 
(C – cathode, A – anode). 

 
2. RESULTS AND DISCUSSION 

 
The 2D contour plots showing the spatial distribution of the Hβ line and He I 447.2 
nm line recorded by means of the CCD camera area scanning mode are shown in 
Figure 2. One may notice that in the pulsed regime, both near cathode region and 
plasma column exist. In the region near cathode, the broadening of both studied 
lines are evident, see the upper part of Figure 2. The best fit of the Hβ line and He I 
447.2 nm line, emitted from the plasma column, are presented in Figure 3. The 
experimental conditions are given in figure captions. The Ne values obtained as a 
result of the fitting procedure are the following: (0.16±0.03) × 1015 cm-3 (Hβ), 
(0.55±0.11) × 1015 cm-3 (He I 447.2 nm) and (0.48±0.1) × 1015 cm-3 (He I 492.2 
nm). The 3 times lower Ne is measured from the Hβ line probably due to the H I 
emission from the outer discharge region.  

In the frame of this study, we tested the possibility of using needle-to-cylinder 
plasma source for decomposition of small volume liquid samples. Hence, the 
distillated water drop (volume of 0.013 – 0.02 ml) placed on the top of anode was 
used. Interestingly, Ne =(0.55±0.11) × 1015 cm-3 is measured from the Hβ but 
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exclusively at the beginning of plasma-water treatment (0-35 s). It is a time period 
when the water vapor partial pressure is significant in the discharge gap P and H I 
lines emitted from the central plasma region. In the same time period, Fe I lines 
originating from the cathode material are present in the spectrum, see e.g Figure 4. 
At the end of plasma-water treatment, Ne ~ (0.16±0.03) × 1015 cm-3 is measured and 
Fe I lines vanish from the spectrum. Concerning the Ne determined after the 
analysis of He I lines, no significant change is detected.  

 

 
 

Figure 2: The Hβ line (a) and He I 447.2 nm line (b) recorded in the pulsed regime 
using the imaging mode of CCD camera. Experimental conditions: pulse width 800 
µs, duty cycle of 5 %, I=20 mA, U=435 V. 

 

 
 

Figure 3: The best fit of the Hβ line (a) and He I 447.2 nm line (b), both recorded in 
the second order of diffraction grating. Experimental conditions: pulse width 800 
µs, duty cycle of 5 %, gap 2 mm, I=20 mA, U=434 V. 
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Figure 4: The spectrum of Fe I lines in the range 371-377 nm (I=20 mA, pulse 
width 800 µs). The diffraction grating operated in the second diffraction order. 
 

The tentative explanation for the presence of Fe atoms in plasma is related to 
the formation of iron-oxide layers on the cathode surface during the plasma–water 
interaction. The potential application of the presented needle-to cylinder 
atmospheric pressure gas discharge source operating in pulsed regime is foreseen 
for the analytical study of conductive liquid samples. In addition, the spectra of 
cathode material may be used for plasma diagnostics purposes as well. The 
knowledge of plasma science, fluid dynamics, heat and mass transfer, photolysis, 
multiphase chemistry, etc., is required for the full understanding of plasma-liquid 
interaction (Vanraes and Bogaerts 2018). 
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Abstract. Carbon-based polymer materials such as fluoroplastic (Teflon) are commonly 
used as the inert substrate in laser-induced breakdown spectroscopy (LIBS) analysis of dry 
residues of liquid samples whether they are inorganic, organic or biological materials. 
Alongside the emission of analyte atoms, the induced plasma often involves the emission 
from the substrate material. Strong atomic and ionic carbon lines as well as C2 and CN 
molecular bands emitted from Teflon plasma are suitable for plasma diagnostics. In this 
work, optical emission spectroscopy of TEA CO2 laser-induced plasma on a Teflon target 
was applied for the estimation of plasma parameters, temperature, and electron number 
density. Estimated plasma parameters may be used to correct shot-to-shot variations of the 
measured intensities of analyte emission. 
 

1. INTRODUCTION 
 

Applications of LIBS for quantitative analysis of liquid solutions are still 
challenging and suffer from low sensitivity and poor repeatability of 
measurements. One of the available methods for improvement of analytical 
performance is to convert liquid to a solid matrix, for example by depositing micro-
drops of analyte solutions on a substrate and drying. Commonly, inert material is 
chosen as a substrate in order to reduce a portion of the laser energy that is spent on 
substrate vaporization, i.e. to ensure that the induced plasma mainly involves the 
deposited material. Carbon-based polymer materials such as Teflon are often used 

173



M. KUZMANOVIC et al. 

for this purpose: see De Giacomo et al. 2016. Teflon molecules contain only 
carbon and fluorine and because of the low excitation efficiency of fluorine, the 
spectral contribution from the substrate is practically limited to carbon. In case the 
LIBS analysis is carried out in the ambience air, along with carbon atomic and 
ionic lines molecular bands of diatomic species such as CN and C2 could be 
registered in the plasma. In this work, emission from the laser-induced Teflon 
plasma was utilized for diagnostics of plasma, i.e. estimation of plasma 
temperature and electron number density. Estimated plasma parameters may be 
used for correction of the measured intensities of analyte lines whose variations are 
caused by fluctuations of signal intensities (shot-to-shot variations). 

 
2. EXPERIMENTAL 

 
The experimental setup was based on the Transversely Excited Atmospheric 
pressure carbon dioxide (TEA CO2) laser. The laser simultaneously operates at two 
wavelengths, 10.5709 and 10.5909 μm, with pulse repetition rate up to 2 Hz, in a 
multimode regime. Laser pulse has initial peak (~100 ns) followed by a decaying 
tail (~2 μs), with approximately 35% of total pulse energy in the initial spike. The 
laser beam was focused by ZnSe lens on the target. In most measurements, the 
laser pulse energy of 150 mJ was used and the beam was focused 5 mm in front of 
the target. The corresponding fluence and intensity were 10 J/cm2 and 35 MW/cm2, 
respectively. Image of plasma was projected on the entrance slit of a Carl Zeiss 
PGS2 spectrograph by an achromatic quartz lens. Spatially resolved measurements 
were provided by moving the target along the laser beam direction. Spectral 
emission was time-integrated using a scientific grade deep cooled CCD camera, 
with high quantum efficiency in the UV and VIS spectral region. A Czerny Turner 
spectrograph was equipped with two plane reflective diffraction gratings with 650 
rules/mm blazed at 330 and 590 nm. Linear dispersion in the first spectral order 
was about 0.7 nm/mm, and the FWHM of the instrumental profile was 0.027 nm 
for the entrance slit of 25 µm. For the applied spectral dispersion, spectral region 
captured by a CCD was about 9 nm. 

 
3. RESULTS AND DISCUSSION 

 
When the TEA CO2 laser beam was focused on the Teflon target surface 
reproducible plasma could not be obtained even with the highest attainable laser 
pulse energy of 170 mJ. On the contrary, spectrochemically usable plasma was 
obtained by focusing the laser beam 5 mm in front of the target. In that case the 
threshold energy for plasma creation on the Teflon was 130 mJ. Teflon plasma 
emits strong atomic and ionic carbon lines and C2 and CN molecular bands, 
suitable for plasma diagnostics.  

The electron number density was determined from Stark width of carbon ionic 
C II 283.67 nm line. Figure 1a shows the profiles of C II spectral lines obtained 
using laser pulse energy of 150 mJ focused 5 mm in front of the Teflon target, 
emitted from a part of the plasma 1 mm from the target surface. The estimated 
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electron number density was in the range 1.9·1017 to 9.4·1017 cm-3, depending on 
the plasma observation zone (1 to 3 mm from the target). The carbon lines, C II 
250.91 nm and C I 247.86 nm (Figure 1b) were used for determination of the 
ionization temperature using the ion-to-atom spectral line integral intensities ratios. 
The estimated plasma temperature was in the range of 16500 K (0.9 mm) to 20500 
K (0.3 mm). 

 
Figure 1: (a) Profile of C II 283.67 nm line used for determination of ne; (b) Part 

of LIBS spectra recorded at 0.3 and 0.9 mm from target surface.  
 
The emission spectra of C2 and CN molecules were used for determination of 

the rotational (Trot) and vibrational (Tvib) temperatures, by comparing the 
experimentally obtained and synthetic molecular spectra. Because of high 
dissociation energy of these molecules, relatively low excitation energy of the first 
excited electronic state, and the favorable value of the transition probabilities their 
emission intensities are high and suitable for plasma diagnostics: see Kuzmanovic 
et al. 2019. The emission of the Swan system of C2 molecules could be obtained 
only from the plasma region close to the target surface, Figure 2.  

 
Figure 2: (a) Part of spectrum of sequence Δν=0 of C2 Swan system. The 

spectrum was recorded at a distance of 0.3 mm from the target; (b) the P and R 
components of the 0-0 band spectrum.  

 
On the contrary, the intensive emission of the Δν = 0 sequence of B-X violet 

system of CN molecule could be detected at distances up to 2 mm from the target 
surface, Figure 3. This is understandable as the CN molecule is formed by the 
reaction of carbon ablated from the target and nitrogen from the air. 

175



M. KUZMANOVIC et al. 

 
Figure 3: The spectrum of Δν=0 sequence of CN B-X violet system. Laser pulse 

energy 150 mJ, laser beam focused 5 mm in front of the target. The spectrum was 
recorded from a slice of plasma parallel to the target, at a distance of 0.3 mm from 
the target. 

From the C2 spectra, the best matching was obtained for Tvib = 3350 K, and the 
Trot = 5100 K, while from the CN bands, Trot = Tvib = 7150 K. The most intense 
band of the CN violet system showed strong self-absorption and led to 
overestimated temperature values. 

 
4. CONCLUSIONS 

 
Diagnostics of the TEA CO2 laser induced Teflon plasma was performed using the 
emission spectroscopy. The plasma parameters, electron density and temperature, 
were estimated using emission spectra of neutral and singly charged carbon atoms. 
Depending on the plasma observation zone, the electron number density and 
temperature were in the range 1.9·1017 to 9.4·1017 cm-3, and 16500 to 20500 K, 
respectively. Additional information was obtained from the rotational-vibrational 
structure of C2 and CN band intensities. The most intense bands of C2 emission 
spectra had more distinct band heads and a better resolved rotational structure than 
bands of CN violet system, thus, they were more convenient for determination of 
temperature.  
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Abstract. Radial distribution of plasma electron density and temperature of atmospheric 
argon plasma jet were measured by applying spectroscopic method. 
 

1. INTRODUCTION 
 

Various methods can be applied for plasma jets formation. One of them is based on 
electrical arc, see for example Snyder et al.1994. Such kinds of jets are used for 
welding, cutting and coating. They usually work in DC regime with high electrical 
current (up to 1000 A) and high gas flow (several tens of l/min). At the exit of such 
sources the plasma temperature can reach 20000 K while the electron density can 
be around 1023 m-3. In this work a DC wall stabilized electrical arc is used. High 
current pulses were added to the DC current that caused the formation of plasma jet 
at the exit of the arc column. In this paper results of measurements of plasma 
electron temperature and electron density along the plasma jet radius are presented. 
 

2. EXPERIMENTAL 
 
Wall stabilized arc working in DC regime is used in this experiment. Argon under 
atmospheric pressure was the working gas. The Ar gas flow was around 20 l/min. 
The operating DC current through the arc was 32 A. High current pulses were 
added to the DC current, so the maximal total current in pulses was 180 A and 
lasted 4 ms. The pulses were obtained by using civil network and a proper 
electronic circuit. The frequency of the pulses was 1 Hz. The detailed description 
of this arrangement can be found in Djurovic et al. 2012 and Gajo et al. 2013. 

During high current pulses the plasma jet appeared at the exit of the arc column 
on the side of the anode. The jet spread into free air through the hole in the anode. 
The jet was observed side-on close to the exit (about 1 mm from the anode). 
Radiation from the jet was focused on the entrance slit of 1m-monochromator with 
1200 g/mm diffraction grating. At the exit of the monchromator ICCD camera was 
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placed for spectral line recordings. Image of the plasma jet taken with ICCD is 
presented in Figure 1. Approximate dimension of the plasma jet is 20 mm in length 
and 5 mm in diameter close to the arc exit. Spectral recordings were made at the 
maximum of current pulses about 1 mm far from the arc anode. This is also 
illustrated in Figure 1. 
 

 
 

Figure 1: Plasma jet and position of recordings. 
 

The determination of plasma electron densities and temperatures along the 
radius of the plasma jet was done by applying spectroscopic methods. For plasma 
electron temperature the Boltzmann plot method was applied using Ar I 415.8, 
425.9, 427.2. 430.0, 470.2, 696.5 and 706.7 nm spectral lines. Plasma electron 
densities were determined from Stark widths of Ar I 430.0 nm spectral line based 
on theory Griem 1974 with application of correction given in Nikolić 1998. All 
spectral lines were recorded at 36 positions along the jet diameter. This enabled the 
application of the Abel inversion procedure. After this procedure these lines were 
used for plasma diagnostics. Boltzmann plot used for plasma electron temperature 
determination at the axis of the jet is presented in Figure 2. Example of the 
recorded profile of Ar I 430.0 nm line, after the Abel inversion procedure, is 
presented in Figure 3. Estimated errors for temperatures are below 20 %, while for 
plasma electron densities are below 15 %. 
 

 
 

Figure 2: Boltzmann plot using seven Ar I spectral lines. 
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. 
 

Figure 3: Example of Ar 430.0nm line. 
 
 

3. RESULTS 
 

Figures 4 and 5 show the distribution of plasma electron temperature and plasma 
electron density along the radius of the plasma jet at axial position 1 mm far from 
the exit of the anode.  

 

 
 

Figure 4: Radial distribution of plasma temperature. 
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Figure 5: Radial distribution of plasma electron density. 
 

As it can be expected, maximum values of plasma temperature and 
electron density are around the axis. The temperature profile at around 2 
mm from the axis is close to 10000 K. This fact shows that this plasma 
region, with high plasma temperature, can be used for various plasma 
applications, like melting materials, powders for coating, plasma reactions, 
etc. From the comparisons with the values of plasma electron densities and 
temperatures obtained in Snyder et al. 1994 it can be concluded that they are 
in reasonable accordance.  
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Abstract. We present the results of an experimental study of the DC Stark shift of 
the Ne I 556.277 nm line in the cathode sheath region of an abnormal glow discharge in 
neon with traces of hydrogen. The electric field (of up to 13.4 kV cm−1) is measured in the 
cathode sheath regionfrom the π-polarized profile of the hydrogen Balmer Hα line using the 
Stark polarization optical spectroscopy technique. The Ne I 556.277 nm line exhibits a 
quadratic Stark effect and the values of the coefficients, correlating its Stark shift and 
electric field strength, were determined. The results are in good agreement with the best-fit 
formula proposed by Jäger and Windholz indicating in this way that this spectral line can be 
used for the measurement of electric field strength in the cathode sheath region of an 
abnormal glow discharges with neon. 
 

1. INTRODUCTION 
 

Investigations of the DC Stark effect of neutral neon lines are numerous and a 
comprehensive review of relevant publications until 1976 were reported in Ryde 
(1976). Since then, several authors continued experimental (Jäger and Windholz  
1984, Windholz and Neureiter 1988, Jäger et al. 1989) and theoretical 
(Ziegelbecker and Schnizer 1987) studies of Ne I lines in visible and near UV 
spectral regions at different electric field strengths, E. Recently, Ne I Stark effect 
studies have been directed towards lower E values in experiments carried out in the 
cathode sheath (CS) region of the Grimm-type glow discharge (GD), using optical 
emission spectroscopy (OES) with a CCD for spectral lines recording (Majstorović 
et al. 2013, Šišović et al. 2014). The Stark shift of the studied Ne I line has to be 
precisely measured in discharge with the distribution of E measured by other 
means (e.g. here from the Stark shifts of the hydrogen Balmer Hα spectral line). In 
this work, the axial distribution of E in the CS is determined in an abnormal glow 
discharge operated in neon with a small admixture of hydrogen using OES and the 
Lo-Surdo technique (Ryde 1976, Majstorović et al. 2013) applied to the Ne I 
556.277 nm spectral line. The results are compared with those obtained using the 
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Ne I 520.390 nm spectral line, demonstrated in Ivanović et al. (2017) to be reliable 
for the measurement of electric field strength. 

2. EXPERIMENTAL 
 

In our study, a gas mixture of neon and 0.8% hydrogen is used as the working gas. 
A modified glow discharge source was laboratory-made after the Ferreira et al. 
design (Ferreira et al. 1980) described in detail elsewhere (Majstorović et al. 2013, 
Šišović et al. 2014, Kuraica et al. 1992). Hollow anode (30 mm long with 8 mm 
inner diameter) has a longitudinal slot (16 mm long and 1.5 mm wide) that serves 
for side-on observations along the discharge axis. The water-cooled cathode holder 
has a wolfram electrode (18 mm long and 7.40 mm in diameter) tightly screwed 
into its holder to ensure good cooling. 

Spectroscopic observations of the so-called Grimm GD were performed side-on 
through an anode slit in translation steps of approximately 1/16 mm. For the Hα 
experiments, the radiation from the discharge was polarized by a polarizer before 
entering the spectrometer. 

The radiation from the discharge is focused with an achromatic lens (focal 
length 75.8 mm with unity magnification) through the polarizer onto the 20 μm 
entrance slit (height restriction 2 mm) of the 2 m focal length Ebert-type 
spectrometer with 651 g mm−1 reflection grating blazed at 1050 nm. For the line 
shape measurements, the reciprocal dispersion of 0.37 nm mm−1 is used throughout 
this experiment. All spectral measurements were performed with an instrumental 
profile very close to a Gaussian with the measured full width at half maximum 
(FWHM) of 8.2 pm in the second diffraction order. Signals from the CCD detector 
(1 x 3648 pixels, 8 μm pixel width) are collected and processed by a PC. 
 

3. RESULTS 
 

The distribution of the electric field strength in CS region was determined from the 
π-polarized Hα line profiles by the method explained in (Ivanović et al. 2017). 

In Figure 1, we show the profile of the spectral line Ne I 556.277 nm observed 
at five different axial positions along the discharge axis. The spectral line shapes, 
recorded in CS region at four distances d from the cathode surface, are shown in 
panels a)–d), and the line shape recorded in the negative glow, panel e). 

On the blue and red wings of the examined spectral line, there are two spectral 
lines, Ne I 556.244 nm and Ne I 556.305 nm, which behave similarly to the Ne I 
556.277 nm line in the presence of the electric field. Their relative intensity is low 
and they have not been analyzed. 

The Stark shifts of the Ne I 556.277 nm line were measured relative to the 
unshifted peak of the W I 370.792 nm line whose profile from the third diffraction 
order appears in the recorded spectra near the profiles of the studied Ne lines from 
the second diffraction order, see Figure 1. In the fitting procedure of the 
experimental Ne I 556.277 nm spectral line profiles,we employed the model 
function: 
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    modI ( ; )  ; , , ; , ,Ne Ne Ne W W WG H c w G H c w b             (1) 

where   is the wavelength shift from the line center,  stands for the list 

 , , , , ,Ne Ne Ne W W WH c w H c w  of the model function fitting parameters, and b is the 

baseline level. The model function (1) is a sum of two Gaussians: 

 
2

( ; , , ) exp 2 ln 2  ,G H c w H
w


      
   

 (2) 

each specified by height H, center c, and FWHM w. In (1),* denotes the 
convolution with the instrumental profile  : 

 
2

inst inst

2 ln 2
exp 2 ln 2

w w




     
   

 (3) 

which is in our case the unit-area Gaussianof winst= 8.2 pm FWHM. 

 
Figure 1: Experimental profiles of the Ne I 556.277 nm spectral line (dots) and their  
best-fit (red) curves obtained by the model function (1). Hollow experimental points were 
discarded in the fitting process. 
 

The Stark shifts determined with the foregoing numerical procedure are 
presented in Figure 2. Our results, depicted by hollow points and red solid line, 
show reasonable agreement with Jäger and Windholz’s prediction for the  
Ne I 556.277 nm line. The red solid line was obtained by the equation (4) given in 
Jäger and Windholz (1984), which in the case of small electric fields reduces to 
Ivanović et al. (2017). 

 
2 2
0 ,CE     (4) 

183



N. V. NEDIĆ et al. 

where is λ0 = 556.277 nm and C = - 0.0021 kV-2cm. 
The Ne I 556.277 nm spectral line of neon was also observed in the cathode 

sheath region of an abnormal glow discharge with pure neon. Figure 3. shows the 
distributions of the CS electric field strength in the pure neon discharge obtained 
from observed profiles of the Ne I 556.277 nm and Ne I 520.390 nm spectral lines. 

 
Figure 2: Dependence of the electric field 
strength E on the Stark shift of the 
wavenumber Δσ for the Ne I 556.277 nm 
spectral line.  

Figure 3. Comparison of the distribution of 
electric field strength E obtained from 
observations of Ne I 520.390 nm and  
Ne I 556.277 nm spectral lines. 

 

4. CONCLUSION 
 
In this work, we showed that the Ne I 556.277 nm spectral line, so far not 
investigated in our laboratory, is a good candidate for spectroscopic determination 
of the electric field strength in the cathode sheath region of an abnormal glow 
discharges with neon. This research expanded the list of the studied Ne I spectral 
lines, which can be used for reliable electric field strength measurements. 
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Abstract. Optical emission spectroscopy investigation of plasma induced in air at 
atmospheric pressure by a transversely excited atmospheric carbon dioxide laser (TEA 
CO2) on a pressed graphite (with soil as impurity) target is presented. Despite the softness 
of the sample, bright and voluminous plasma was obtained, with intensive and well defined 
spectral emission of atomic and single charge ionic lines of elements contained in the target 
material. Strong molecular emission bands of CN and C2 were recorded as well. Good 
signal to noise ratio provided low values of limits of detection (LODs) for metal elements; 
in the range of 10 to 100 ppm. Plasma temperature was estimated using a Boltzmann plot 
method (Fe I and Fe II lines) and rotational structure of the 0-0 band of CN violet system. 
The obtained temperatures characterize the plasma zones where maximal emission of iron 
atomic and ionic lines (8200 and 13800 K, respectively), and CN molecular bands (6200 K) 
could be expected. 
 

1. INTRODUCTION 
 
Laser induced breakdown spectroscopy (LIBS) is a popular analytical technique for 
rapid and sensitive analysis of most elements, including the ones with low atomic 
number. Some of the advantages of LIBS are minimal destructiveness and sample 
preparation, possibility of surface and depth profiling of the chemical composition, 
remote analysis. A typical LIBS system uses a robust and compact nanosecond 
Nd:YAG laser, with pulse energy usually less than 200 mJ. However, CO2 gas 
lasers were also successfully applied for LIBS analysis of various sample types, 
with some advantages like eyesight safety and transparency in the air atmosphere. 
Graphite is very important material in modern technology and there is an interest 
for rapid and sensitive elemental analysis of its impurities that are usually in the 
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form of the soil aluminosilicate. In this work, applicability of the LIBS system 
based on TEA CO2 laser with low pulse energy, for elemental analysis of pelleted 
graphite samples was demonstrated.  

 
2. EXPERIMENTAL 

 
A compact, laboratory made IR gas laser was applied to create plasma on pressed 
graphite sample. The maximal pulse energy of laser was 160 mJ (in multimode), 
with a cross section of the focused beam of 0.015 cm2, providing maximal fluence 
and peak intensity of 10.7 J/cm2 and 37 MW/cm2, respectively. The initial peak of 
the laser pulse contains approximately 35% of total energy (full width at half 
maximum of 100 ns), followed by a 2 µs long tail. Samples for LIBS analysis were 
obtained as follows: spectrochemical pure graphite powder was carefully mixed 
with a powder sample of soil of known composition, and then pelleted under a 
pressure of 10 tons per cm2, for 30 min. 

Optimal condition to obtain the best signal to noise ratio for metal elements 
lines was: laser beam focused 5 mm behind the target and plasma observation zone 
of 1 mm from the target surface. Instead, commonly used time-gated detection, an 
alternative detection technique was applied; plasma image of the selected plasma 
slice was focused on the entrance slit of a Cherny-Turner spectrograph (2 m) and 
recorded in a time-integrated regime using back thinned CCD detector (Apogee 
Alta F1007).    

 
3. RESULTS AND DISCUSSION 

 
Graphite and coal samples have high absorption in mid-IR spectral range, thus, it 
was possible to obtain analytically usable plasma and spectral emission by focusing 
the laser behind the target. The recorded spectra consist of narrow lines with 
favorable signal to background ratio, without usually very broad O and N lines 
from air. LODs were estimated as the concentration of analyte that gives a signal 
that is equal to three times standard deviation of the background intensity. By 
taking into account known concentration of the elements in graphite pastille, we 
derived minimal detectable concentration for several elements: Fe II 9.2 ppm, Fe I 
67 ppm, Ti I 90 ppm, Ti II 70 ppm, Mn II 10.5 ppm, Mg II 4.5 ppm and Si I 22 
ppm. Additionally, improvement of detectability could be obtained by optimization 
of the experimental conditions and by selecting the optimal spectral line for each 
element. As an example of typical spectra, spectral intervals containing Fe I and Fe 
II lines are shown in Figure 1. 

Integral intensities of iron spectral lines (Figure 1) were used for Boltzmann 
plot method, i.e. for estimation of the excitation temperature. As shown in Figure 
2a, the estimated temperature was 8200 ± 400 K. Temperature derived from iron 
ionic lines (Figure 2b) was 13800 ± 500 K. Considering that time-integrated 
spectral intensities of a plasma slice parallel to the target surface were detected, it 
is clear that ionic and atomic lines were emitted from different plasma zones and at 
different time interval during plasma temporal evolution. However, knowledge of 
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these temperatures is important for estimating the excitation conditions for the 
observed element and its spectral line, as well as for comparing the line intensities 
of different elements. 

 

 
 

Figure 1: Example of LIBS spectra of pressed graphite with 5% soil. 
 

CN bands of violet system have strong emission even for lower carbon 
concentration in plasma, especially the 0-0 band. That’s why this band could be 
used for determination of low level carbon content in samples. In case of high 
carbon concentration in plasma, this band suffers from self-absorption that also 
reduces its applicability for rotation temperature determination (close to gas 
temperature). For moderate spectral resolution, rotational structure of 0-0 CN band 
is unresolved and cannot be used for rotational temperature estimation. In this 
work, temperature determination by using part of 0-0 band near 1-1 band head, 
obtained with higher spectral resolution (0.0052 nm FWHM of instrumental 
profile): as is shown in figure 2b) was demonstrated. The intensity ratios of 
adjacent components of P and R branches are very temperature sensitive. On the 
other hand, these rotational components have much lower intensities than band 
heads, and they are much less perturbed by self-absorption. Experimental and 
synthetic spectra are normalized with intensities of R components and then fitted to 
obtain best matching. Best fitting was obtained for Trot = 6200 K, and this result is 
independent on Tvib. The difference in the intensity of the 1-1 band head could be 
the consequence of two different effects: self-absorption of experimental spectrum 
and lower value of Tvib in comparison with Trot. 
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Figure 2: a) and b) Boltzmann plot of ionic and atomic iron lines; c) part of high 
resolution spectra of 0-0 and 1-1 bands of CN violet system. Grey curve represents 

a synthetic spectra for Trot = Tvib = 6200 K. Small graph in figure c) illustrates 
temperature sensitivity of rotational components of CN band. 

 
 

4. CONCLUSION 
 

Optical spectroscopy investigation of plasma induced by TEA CO2 laser on the 
graphite target was performed to check the applicability of the LIBS technique for 
elemental chemical analysis of graphite impurities. Low LOD values (in the range 
of 10 – 100 ppm) were obtained for metal elements from the soil. Plasma 
temperatures were estimated using a Boltzmann plot method and by analysing CN 
emission spectral bands. The obtained temperatures are related to the optimal 
emission zones of different species: 13800 and 8200 K for ionic and atomic 
emission of iron, and 6200 K for CN molecular emission. 
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Abstract. Energy levels and lifetimes are calculated for all levels of 1s2 and 1snl (n = 2−8)
configurations of He-like oxygen ion. Multiconfigurational-Dirac-Hartree-Fock (MCDHF)
method is adopted for calculating these spectroscopic data. Comparisons are made with
similar data obtained with FAC (Flexible Atomic Code) to assess the accuracy of the results.
Comparisons were made with the available data in the literature and good agreement was
found which confirms the reliability of our results.

1. INTRODUCTION

In the last few years, various theoretical and experimental research for providing
atomic data for He-like ions have been carried out. Some data are available at the
National Institute of Standards and Technology (NIST) database (see Kramida et
al. 2019). In this work, we treat the case of the ion He-like oxygen. This work is a
continuous work on the investigation of He-like ions (see Salhi et al., 2017ab, 2019ab).

For our calculations of energy levels and lifetimes, we have adopted the Multiconfigurational-

Dirac-Hartree-Fock (MCDHF) method (see Jönsson et al. 2013). Further relativistic
corrections arising from the Breit interaction and QED effects have also been included.
Additionally, in order to make a rigorous accuracy assessment of our results, we have
also performed calculations by the code Flexible Atomic Code (FAC) of Gu (2008).
This is also a fully relativistic code which can provide a variety of atomic parameters.

2. RESULTS AND DISCUSSIONS

2. 1. ENERGY LEVELS

The calculated energy levels of 1s2, 1s2l, 1s3l, 1s4l, 1s5l, 1s6l, 1s7l and 1s8l con-
figurations for the He-like oxygen generate up to 127 levels. These calculations are
performed by means of two codes GRASP2K and FAC. All the calculated energy
levels have been compared with the results found in the NIST database (see Kramida
et al. 2019). This agreement is shown in Fig. 1. The average difference between
the MCDHF/RCI values generated by the code GRASP2K and the NIST values is
0.03% for the states listed in the NIST database while the average difference between
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the calculated MBPT values generated by the code FAC and NIST database level
energies is 0.04%. Another comparisons were made with a theoretical work (GRASP,
FAC mentionned in the Fig. 1.) see Aggarwal et al. 2008, another one with the work
see Delahaye et al. 2002 (SS in the Fig. 1.) and the last one with the work of Savukov
see Savukov et al. 2003.
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Figure 1: Comparison of our calculated energy levels MCDHF and MBPT data with
data of other authors: GRASP and FAC (see Aggarwal et al. 2008), SS (see Delahaye
et al. 2002) and MBPT (see Savukov et al. 2003).

Since some of energy levels are not available on NIST, our energy levels of O V II
from our both methods should be adopted in modelling applications. We may state
that overall there is no discrepancy between our results and the other works.

2. 2. LIFETIMES

The lifetime τ for a level j is defined as follows

τj =
1∑
iAji

(1)

For brevity, we present in Table 1 the lifetimes of levels up to n = 4 calculated
by the GRASP2K and FAC codes, which include the contributions from four types
of transitions: E1, E2, M1 and M2. The two columns (MCDHF/RCI and MBPT)
show our work of the calculation for the lifetimes. Just a large difference is found
mainly in the level 1s 3s 3S1 with the value published in the NIST database ((6.5 ±
0.6) 10−11s−1). However, for the others values the difference is minor.

190



ACCURATE CALCULATIONS OF He-LIKE OXYGEN 

Index Configuration MCDHF/RCI MBPT NIST
1 1s2 1S0

2 1s 2s 3S1 1.000E-03
3 1s 2p 3P o

0 1.263E-08 1.205E-08
4 1s 2p 3P o

1 1.594E-09 1.928E-09
5 1s 2p 3P o

2 1.220E-08 1.164E-08
6 1s 2s 1S0 3.192E-01 2.231E-02
7 1s 2p 1P o

1 3.027E-13 2.926E-13
8 1s 3s 3S1 4.453E-11 4.640E-11 (6.5 ± 0.6)E-11
9 1s 3p 3P o

0 1.888E-11 1.914E-11 (1.92 ± 0.2)E-11
10 1s 3p 3P o

1 1.883E-11 1.909E-11 (1.92 ± 0.2)E-11
11 1s 3p 3P o

2 1.892E-11 1.919E-11 (1.92 ± 0.2)E-11
12 1s 3s 1S0 4.874E-11 4.820E-11
13 1s 3d 3D1 6.197E-12 6.180E-12 (7.0 ± 2.0)E-12
14 1s 3d 3D2 6.203E-12 6.183E-12 (7.0 ± 2.0)E-12
15 1s 3d 3D3 6.201E-12 6.183E-12 (7.0 ± 2.0)E-12
16 1s 3d 1D2 6.554E-12 6.550E-12 (8.0 ± 1.5)E-12
17 1s 3p 1P o

1 1.007E-12 9.561E-13
18 1s 4s 3S1 6.747E-11 7.411E-11
19 1s 4p 3P o

0 3.203E-11 3.325E-11 (3.12 ± 0.2)E-11
20 1s 4p 3P o

1 3.197E-11 3.316E-11 (3.12 ± 0.2)E-11
21 1s 4p 3P o

2 3.209E-11 3.331E-11 (3.12 ± 0.2)E-11
22 1s 4s 1S0 6.939E-11 6.656E-11
23 1s 4d 3D1 1.433E-11 1.435E-11 (1.6 ± 0.15)E-11
24 1s 4d 3D2 1.434E-11 1.436E-11 (1.6 ± 0.15)E-11
25 1s 4d 3D3 1.434E-11 1.436E-11 (1.6 ± 0.15)E-11
26 1s 4f 3F o

3 3.016E-11 3.015E-11
27 1s 4f 3F o

2 3.014E-11 3.013E-11
28 1s 4d 1D2 1.537E-11 1.528E-11 (1.62 ± 0.15)E-11
29 1s 4f 3F o

4 3.015E-11 3.014E-11
30 1s 4f 1F o

3 3.018E-11 3.018E-11
31 1s 4p 1P o

1 2.346E-12 2.208E-12

Table 1: Lifetimes (τ in s−1) for the lowest 31 levels arising from the 1s2 and 1snl with
n = 2 − 4 configurations of O VII. Two calculations are performed using GRASP2K
and FAC codes and compared with other results from the NIST database.

We hope that the present extended results will be useful for future comparisons
and may encourage experimentalists to measure their lifetimes.

3. CONCLUSION

In the present study, fine structure energy levels and lifetimes for He-like oxygen
are presented. We calculate also the weighted oscillator strengths and transition
probabilities but for brevity on the presentation of results, we restrict in this study
the presentation of results for energy levels and lifetimes and the other data will be
published elsewhere. The self-consistent field approximation and the Breit interaction

191



D. E. SALHI and H. JELASSI

Hamiltonian as well as QED effects have been included in the calculations to improve
the generated wave functions. The calculated energy levels and lifetimes show a good
agreement with other published results from the literature. The present data sets are
believed to be the most comprehensive and accurate ones to date for O V II. The
accuracy of the present calculations is high enough to facilitate identification of many
observed spectral lines. They are also useful for modeling and diagnosing a variety of
plasmas including astronomical and fusion plasma.
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Abstract. We present results obtained from the hybrid particle-LTE simulation developed
by Skocic and Bukvic, 2016. Simulation is conducted for pulsed nanosecond 532 nm Nd-
YAG laser for the copper target placed in vacuum. Initial number density of the plasma and
temperatures are set to np ≈ 1.3 ·1027 m−3, Te ≈ 70000 K, and Th ≈ 8000 K, respectively.

Presented results deal with initial moments of LIP temperature relaxation process, with
an emphasis on the first couple of nanoseconds. Results indicate that plasma is in thermal
equilibrium just after 1 ns for the given initial conditions. Thus, plasma temperature after 1
ns is about T ≈ 55000 K. After 40 ns number of copper ions and atoms is the same, while
after that moment neutral atoms are the most abundant species. Energy transfer to heavy
particle is intensive, especially in the first 40 ns.

1. Introduction

This paper considers energy transfers in plasma created with the interaction of high
power nanosecond laser with a metal target. When the target is illuminated by the
laser pulse free electrons in metal absorb electromagnetic radiation and immediately
transfer energy to the lattice, since the relaxation time for this process is only 10−13s.
Due to large amount of absorbed energy, metal melts and evaporates in the sur-
rounding space for the duration of the laser pulse. Temperature of the evaporated
material is sufficiently high and provides initial ionization of the vapor while inverse
bremsstrahlung ensures direct absorbtion of the laser energy during the remaining
time of the laser pulse (Bogaerts et al. 2003, Itina et al. 2002). Electrons lose energy
gained from the laser in the excitation and ionization processes as well as in elastic
collisions with ions and atoms. After the laser pulse is finished the main process is
cooling of the plasma due to fast expansion.

The aim of this paper is to study relaxation of electrons and heavy particles
temperature in the early time of plasma lifetime and effects of energy transfer from
ionization potential energy and electron kinetic energy on expansion velocity (center
of mass velocity) of Laser Induced Plasma (LIP) in later stages of plasma expansion.
All results are obtained from the modified simulation developed earlier by Skocic and
Bukvic, 2016.

1. INTRODUCTION
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2. Model

Our model is a hybrid two temperatures, particle-LTE model and it is intended to
describe expansion of LIP created on metal target in vacuum or low pressure ambient
gas. Within the simulation heavy particles (atoms and ions) and electrons are consid-
ered in a different way. Each heavy particle is represented by its mass, position and
velocity vector, at a given time. Movement and elastic collisions of heavy particles are
monitored in detail. However, details regarding the motion of electrons are ignored
completely, the free electrons are represented only by the local density and temper-
ature. Concentrations of the heavy particles are related to the electron density and
temperature via the Saha equation, supposing the existence of Local Thermodynamic
Equilibrium (LTE). In this way, all inelastic collisions are substituted by the Saha
equation. Elastic collisions of electrons with atoms and ions (e-a and e-i) are main-
tained separately. Physics of the LIP plasma expansion is described by the kinematics
of heavy particles, which is insensitive on details of the plasma state (whether plasma
is in LTE or not).

3. Relevant parameters at initial moment

The most important parameters that must be supplied to simulation at the beginning
are density of the heavy particles np, average energy per particle Eav and tempera-
ture of the heavy particles Th. The temperature of the heavy particles is estimated
assuming that metal target (copper) explodes when its temperature approaches crit-
ical point temperature. According to Autrique et al, 2013 this temperature is about
8000 K and does not depend on the laser irradiance. np is estimated knowing drilling
depth and initial volume of plasma, both quantities are available in experiment. Esti-
mation of Eav is based on calculated value for fraction of total laser energy absorbed
by plasma, see works Bogaerts et al, 2003, 2005. For I = 5 GW/cm2 the average
energy is Eav ∼ 29 eV, plasma number density np = 1.3 · 1027 m−3 and Th=8000 K.

4. Results and Discussion

Simulation is conducted for pulsed nanosecond 532 nm Nd-YAG laser for the cop-
per target placed in vacuum. In Fig. 1 we present the evolution of plasma parameters
in the first 120 ns from the laser pulse. On the left part of the Fig. 1 temperature
relaxation among the plasma species for entire plasma life time (120 ns) is given, and
on the inset, temperature relaxation in the first 1.0 ns. On the right part of Fig. 1
we present number density evolution of plasma species. Number density change is
directly related to plasma expansion and electron temperature decrease.

In the initial moment, estimated average energy is distributed to the potential
energy of ionization and to the kinetic energy of the plasma species. We obtained
values Te ≈ 70000 K, ne ≈ 1.8 · 1027 m−3, and Th ≈ 8000 K, np ≈ 1.3 · 1027 m−3

(nCuI ≈ 8.2 · 1025 m−3, nCuII ≈ 6.1 · 1026 m−3, nCuIII ≈ 5.8 · 1026 m−3). Observing
the ionization degree (xCuI

/np = 0.06, xCuII
/np = 0.48, and xCuIII

/np = 0.46)
one can see that considerable energy is used in ionization of copper. In the initial
moment, Te is more than 10 times larger than the temperature of the atoms/ions.
In the following 1 ns, Te is reducing while the temperatures of the heavy particles

2. MODEL

3. RELEVANT PARAMETERS AND INITIAL MOMENT

4. RESULTS AND DISCUSSION
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Figure 1: Average values for the plasma species temperatures (Left panel) and number
densities (right panel). Inset: Temperatures for the first 1.00 ns after the laser pulse.
We present values for Cu atoms (black), singly ionized Cu (red), doubly ionized Cu
(blue) and electrons (violet).

are increasing, leading to the common value of ≈ 55000 K. This relaxation process is
related to electron-atom and electron-ion elastic collisions (also, electrons loses energy
to radiation). It can be observed that in the first ns atoms temperature (TCuI) and
ions temperatures (TCuII , TCuIII) are not the same. This effect is due to different
electron-atom and electron-ion collision frequencies (νe−CuIII > νe−CuII > νe−CuI).
The species temperature difference occurs also at later times, and it will be discussed
in next paragraph.

After the initial relaxation (thermalisation) plasma starts to expand into the sur-
rounding space. This expansion results in rapid plasma cooling. Plasma temperature
evolution is shown on the left part of the Fig. 1. The temperature of the plasma
species is different in the entire process of plasma expansion. This could be due to
the different processes that influence temperature decrease. Heavy particles are dom-
inantly cooling due to expansion, while electrons are cooling due to collision with the
heavy particles and bremsstrahlung radiation. Ionization potential energy is available
to particle kinetic energy through the three body recombination process (electrons
gain energy in this process). Energy gained in recombination process is transferred to
heavy particles via e-i and e-a collisions. At first glance, it is strange that the temper-
ature of atom and ions are not the same. Since atoms and ions have the same mass,
the energy relaxation time is much faster than ion-electron or atom-electron relax-
ation times. The difference between the heavy particle temperatures is only because
we present average temperatures while ions and atoms are not evenly distributed in
the plasma volume. This is also evident for the temperature of Cu III species in the
region between 10 ns to 50 ns.

It is interesting to see how kinetic and potential energy are evolving in time, see
Fig. 2. In the initial moment all energy is stored in thermal energy of electrons (blue)
and heavy particles (red), and in the potential energy of ionization (violet). In the
first ∼ 40 ns, energy conversion to Ecm (black) is intensive, and heavy particles are
predominately accelerating. One can see that after the initial ∼ 40 ns, values for Ecm,
Epot, ETh, and ETe are almost constant. This evidently coincide with curves on Fig.
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Figure 2: Energy transfer process. Black: the energy stored in expansion velocity
(flux) of the heavy particles. Red: thermal energy of the heavy particles. Blue:
thermal energy of the electrons. Violet: potential energy of ionization.

1, where after ∼ 40 ns the dominant species in the plasma are neutral atoms.
There are several processes responsible for accelerating of the heavy particles.

Since plasma is expanding, thermal energy of the heavy particles is directly trans-
ferred to the center of mass energy (chaotic movement to directional movement). The
potential energy stored ionization energy is transferred to electrons via tree body re-
combination. Electrons transfer energy to heavy particles in elastic collisions; thus
heating/accelerating the heavy particles.

5. Conclusion

The presented results are obtained from the simulation conducted for pulsed nanosec-
ond 532 nm Nd-YAG laser for the copper target placed in the vacuum. Simulation
is based on hybrid particle-LTE simulation developed by Skocic and Bukvic, 2016.
Initial number density of the plasma and temperatures are np ≈ 1.3 · 1027 m−3,
Te ≈ 70000 K, and Th ≈ 8000 K, respectively. Initial volume is set to r20z0π = 100210π
μm3. Presented results deal with initial moments of LIP temperature relaxation pro-
cess, with an emphasis on the first couple of ns. Results indicate that plasma is in
thermal equilibrium just after 1 ns for given initial conditions. After the initial relax-
ation, plasma temperature is about T ∼ 55000 K. After 40 ns number of copper ions
and atoms is the same, while after that moment neutral atoms are the most abundant
species. Energy transfer to heavy particle is intensive, especially in the first 40 ns.
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Abstract. We report use of the spectral line shapes of the Lyman series of ionized helium 
for diagnostics of high temperature plasmas. As a light source the low pressure pulsed arc 
was used. Electron density was determined from width of the He II Pashen alfa line and 
parameters of the He I 447.1 nm line, while electron temperature was determined from 
Boltzmann plot of the He II lines. The use of the Inglis-Teller relation on merging of 
spectral lines along series and on condition for partial local thermodynamic equilibrium 
was tested as methods for electron density estimation. 
 

1. INTRODUCTION 
 

Vacuum ultra violet, VUV spectroscopy is very important since most intense spectral 
lines of various elements are in this wavelength region. Special attention was devoted 
to study of hydrogen and helium lines important for diagnostics of astrophysical and 
fusion plasmas. Among them, in high temperature plasmas the shape and width of 
ionized helium Lyman series lines are extensively studied both theoretically, (Kepple, 
1971) and experimentally (Wrubel, 2001) and (Mijović, 1989). Since lower members 
of a series are often highly self-absorbed, in this work methods for plasma diagnostics 
based on higher member of Lyman series are analyzed. 

 

2. EXPERIMENT 
 

Experimental setup is shown in Figure 1. Plasma source is low pressure pulsed arc, 
whose inner diameter is 10 mm and distance between electrodes 130 mm. Pressure in 
the source was set and controlled by needle valve, with the gas flow of 0.2 l/min. One 
side of plasma source is mounted on VUV spectrometer, and on the other end there is a 
quartz window. Light emission was obtained by discharging capacitor of Experimental 
setup is shown in Figure 1. Plasma source is low pressure pulsed arc, whose inner 
diameter is 10 mm and distance between electrodes 130 mm. Pressure in the source 
was set and controlled by needle valve, with the gas flow of 0.2 l/min. One side of 
plasma source is mounted on VUV spectrometer, and on the other end there is a quartz 
window. Light emission was obtained by discharging capacitor of 5 μF (previously 
charged using high voltage supply unit) with ignitron switch BK7703. The discharge 
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process is controlled via automatic trigger unit. Around the source, Rogowski coil was 
placed, in order to measure current shape and its value. The radiation from this source 
is projected 1:1 onto the slit of VIS spectrometer using optical mirrors M1 and M2. 
Mirror M1 is plane mirror, while M2 is focusing mirror (f = 2m). Visible spectrometer 
is McPherson 2061 Cherny-Turner type spectrometer, who has the slit widths of 15 
μm, focal length of 1 m and grating with 1200 grooves/mm. As light detector we used 

photomultiplier, PMT mounted on spectrometer exit slit. Wavelength scanning was 
performed by rotation of diffraction grating with stepper motor, controlled by PC.    

As we said above, the other end of plasma source is mounted on VUV spectrometer 
McPherson 247, which have concave grating of radius 2.2 m and 600 
grooves/mm.Wavelength scanning is performed by moving the exit slit around the 
Rowland circle with help of stepper motor controlled by the PC. Spectrometer is 
grazing incidence spectrometer (large incidence angle), so we can observe EUV 
wavelengths from 0 to around 125 nm.  
 

3. RESULTS AND DISCUSSION 
 

In order to compare results obtained by different methods for electron density 
determination, Ne was determined from spectral lines recorded in visible spectral range. 
The Ne in early times of plasma evaluation was determined from full width at half 
maximum, FWHM of He II Pashen alpha line using formula (Busher et al, 1996): 
 

                                    Ne[cm-3] = 3.58·1017 · FWHM [nm]1.204                                           (1) 

In plasma decay Ne was determined from separation between forbidden and allowed 
component of the He I using formula (Ivković et al, 2010): 
 

logଵ଴ሺ ௘ܰሻ ൌ 21.5 ൅ logଵ଴ ቆቀ
ݏ

0.1479
ቁ
௕ሺ ೐்ሻ

െ 1ቇ , 	ܾሺ ௘ܶሻ ൌ 1.46 ൅	
8380

௘ܶ
ଵ.ଶ 										ሺ2ሻ 

 

using Te = 32000 ± 4000 K determined from Boltzmann plot of He II Lyman lines, see 
Figure 2 and 5. The correction of self-absorption using additional mirror was not 
possible due to window-less opreration of the discharge tube, since neither air not 
MgF2 window are not transparent for radiation at 30 nm and below. 

Figure 1: Experimental setup 
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Shapes of the He II lines belonging to the Lyman series were recorded using VUV 
spectrometer. Recordings were performed at different He gas pressures and different 
voltages.  

It can be seen that He II Lyman alpha line at 30.2 nm is self-absorbed and becomes 
even self-reversed, see Figure 3.  

Therefore, additional methods based on the recordings of higher members of the He 
II Lyman series shape for Ne determination were tested. First method is based on 
relation, see (Inglis-Teller, 1939), between Ne and principal quantum number of  the 
upper level of the last resolved line in series nmax:   

 

																		logଵ଴ሺ ௜ܰ ൅ ௘ܰ	ሾܿ݉ିଷሿሻ ൌ 23.26 െ 7.5݊௠௔௫ ൅ 4.5 logଵ଴ ܼ																		ሺ3ሻ 
 

The second one is based on determination of n for which partial local thermo-dynamic 
equilibrium-PLTE criteria, see (Griem, 1963) was satisfied: 
 

Figure 2: Time dependence of the electron densities in He 
at 3 mbar and 7 kV 

Figure 3: Line shapes of the He II Lyman alpha line at He gas pressure of 3 mbar  
at discharge voltages V of : a) 7 kV and b) 6 kV 
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																																							 ௘ܰሺܿ݉ିଷሻ 	൒ 7.4 ⋅ 10ଵ଼
ܼ

݊
ଵ଻

ଶൗ
ඨ
݇஻ ௘ܶ

ுܧ
																																					ሺ4ሻ 

Here Z is the nuclear emitter charge, EH is the hydrogen atom ionization energy and Te 
is electron temperature. 

In order to estimate the range of application and accuracy of these methods Ne 
calculated by these two methods for Te = 32 000 K is presented in Table 1. It can be 
seen that both methods can be used only for Ne < 1016 cm-3. 

 
Table 1: Ne determined by relation (3) – IT and (4) – PLTE for Te = 32 000 K 

n 2 3 4 5 6 7 8 9 
Ne IT 

[cm-3] 
5.02 
E20 

2.4 
E19 

2.77 
E18 

5.2 
E17 

1.32 
E17 

4.17 
E16 

1.53 
E16 

6.34 
E15 

Ne PLTE 
[cm-3] 

2.94 
E17 

9.35
E15 

8.11 
E14 

1.22 
E14 

2.58 
E13 

6.97 
E12 

2.24 
E12 

8.23 
E11 

It should be stressed that for He gas pressure of 3 mbar, discharge voltage 7 kV the 
Ne determined from He II P line is 3.15, from IT relation between 1.53 and 4.17 and 
from PLTE criteria using n = 3.8, see (Konjević et al, 2009) is 0.13 times 1016 cm-3.  
Increasing accuracy of IT method by using envelopes i.e. curves through min and max 
of series lines proposed by (Vidal, 1966) is under development.  
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Figure 4. He II Lyman series lines at He gas pressure of 3 mbar at V = 7kV 
Spectra recorded (left) and Boltzmann plot (right) 
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Abstract. Regularity analysis of Stark line broadening within copper-like emitters was 
performed, using available Stark data for Cu I, Zn II, Ge III, Ga IV and Kr VIII. Algorithms 
for temperature and density normalization were developed. Results are presented for fixed 
values of electron density and temperature: Ne=1022 m-3 and T=100000 K. Obtained 
relations can be used for calculation of Stark widths for transitions within copper-like 
emitters with lack of Stark broadening data and for quality control of available data. 
 
 

1. INTRODUCTION 
 

Stark broadening data are significant for the investigation of astrophysical and 
laboratory plasmas. Years of investigation of the Stark effect phenomena leads to 
the conclusion of regularity existence within the spectral series of the same 
isoelectronic sequence. In the presented paper, Stark width regularities within the 
copper isoelectronic sequence are investigated, using available data for Cu I, Zn II, 
Ga III, Ge IV and Kr VIII.  

Copper is widely used in electrical industry as an electrode material, so Stark 
data of copper are important for industrial laboratories. Stark widths of zinc, 
gallium, germanium and krypton are of interest for astrophysics. Spectral lines of 
zinc are used for determination of metallicity and content of dust in cosmic objects. 
Gallium is present in hot white drafts, while germanium is found in stellar and 
interstellar atmosphere. Krypton is a product of s (neutron capture in slow time 
scale orderly evolution of stellar interiors) and r (neutron capture in fast time scale 
in type I supernovae) processes (Dimitrijevic et al. 2000). 

After regularity analysis using available data, predictions of Stark widths can be 
done for any transition within the copper isoelectronic sequence.  
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2. THEORETICAL BACKGROUND 
 

The ground state of neutral copper, as well as all members of copper isoelectronic 
sequence, has electron configuration of ground state: [Ar]3d104s, with term 2S, 
where 3d10 is energetic stable level. All members of the copper isoelectronic 
sequence have one uncoupled electron, so they can be treated as quasi-one electron 
systems and they all have similar excited states.  It is expected that atomic 
parameters within copper-like emitters show some regular behaviour. 

The regularity approach used in present investigation is based on the work of 
Puric et al. 1999. Equation (1) is used for regularity investigation.  
 
                                      log߱∗ ൌ log ఠ

௓೐
೎ ൌ log ܽ ൅ ܾ ∙ logሺ߯ିଵሻ                          (1) 

 
ω* is the reduced Stark width, χ is the electron binding energy on the upper level of 
analyzed transition, Ze is the rest core charge of the emitter; ܽ ൌ ݐݏ݊݋ܿ ∙ ௘ܰ ∙ ݂ሺ ௘ܶሻ, 
b is a fitting coefficient. Parameter c can be found by analyzing the quality of the 
fit which is determined by factor R2 (Tapalaga et al. 2018.).  

For each analyzed transition for which there are available Stark width data for 
different temperatures, the dependence of line width on temperature is fitted 
according to equation (2) (Purić et al. 1999).  
 
                                                    ߱ ൌ ܣ ൅ ܤ ∙ ܶି஼                                                 (2) 

 
For transitions analyzed in present investigation, the constancy of the ratio 

Δλ/Ne is confirmed and linear dependence of Stark widths on electron density has 
been found as good approximation.                    

                                               
 

3. RESULTS AND DISCUSSION 
 
Regularity analysis within copper like emitters include 54 spectral lines: Cu I (11), 
Zn II (11), Ga III (10), Ge IV (17), Kr VIII (5). Stark width data used in the present 
study are taken from Stark B data base (Sachal-Brechot et al. 2018). Data were 
complemented with available experimental data of Stark widths. χ values are taken 
from NIST atomic database (Kramida et al. 2018). Data were complemented with 
available experimental data of Stark widths. 

Fig. 1. represents dependence of R2 on parameter c for the copper isoelectronic 
sequence and it can be concluded that c is approximately equal to 4. Value of R2 

has the same value in the range c=3 to c=5. 
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Figure 1: Determination of parameter c 
 
 

Software for determination of A, B and C parameters has been developed and it 
enables temperature data normalization. As an example of fitting procedure results, 
in Table 1, parameters A, B and C are given for 4s-4p transition within analyzed 
emitters (there is no available Stark width data for 4s-4p transition within Ga III in 
the database).  
 

Emitter A B C 
Cu I 4.08E+07 1.28E+03 75E-02 
Zn II 1.08E+09 -9.76E+0.8 83E-04 
Ge IV 6.07E+09 6.07E+09 11E-04 

Kr VIII 5.31E+07 -8.06E+07 20E-03 
 

Table 1: Parameters A, B and C for 4s-4p transition used for temperature 
normalization  

 
In the present paper results are presented for Ne=1022 m-3 and T=100000 K. 

Fig. 2. represents dependence of the reduced Stark width on ionization potential 
of the upper level of transition, for all analyzed spectral lines of the copper 
isoelectronic sequence, fitted according to equation (1). 

According to fitting parameters from Fig. 2, there is an unique formula for Stark 
width calculation for any line within copper isoelectronic sequence: 

 

ߣ߂	                                   ൌ 1.49 ∙ 10ିଶ଴ ∙
௓೐రே೐
ఞమ.లమ

 ଶ                                     (3)ߣ

 
In equation (3) λ and Δλ are expressed in [m], Ne is expressed in [m-3] and χ is 
expressed in [eV]. 
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Figure 2: Dependence of ω* on χ for the copper isoelectronic sequence  
(Ne=1022 m-3, T=100000 K) 

 
 

4. CONCLUSIONS 
 

Results of presented regularity analysis enable calculation of Stark widths for 
transitions within copper isoelectronic sequence for which there is no available 
data in the literature. Also, our results are used as a quality test for experimentally 
measured Stark broadening values, and for Stark widths calculated using other 
theoretical methods. 
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Abstract. Optical emission spectroscopy (OES) technique is used to measure electric field 
strength, rotational and gas temperature along the axis of an abnormal glow discharge 
parallel to the plane copper cathode surface (side-on) operating in hydrogen at low 
pressure. The rotational temperature of the excited state of H2 was determined from the 
rotational structure of the Q branch of Fulcher-α diagonal bands using the Boltzmann plot 
technique while the obtained ground state temperature is assumed to be equal to the gas 
temperature. The population of excited energy levels, determined from relative line 
intensities, was used to derive rotational and gas temperature distributions in the cathode 
sheat region as well as relative population densities of rotational levels of the d3Πu

-. 

1. INTRODUCTION 
 

Glow discharges are extensively used for a wide variety of applications like e.g. as 
an excitation source for analytical spectroscopy of metal and alloy samples or 
depth profiling. Most of glow discharge (GD) source applications are based on 
original Grimm design, described in Grimm 1968., with direct current (DC) and 
more recently with radio frequency (RF) excitation. 

The cathode sheath (CS) region is the most important part of an abnormal GD, 
therefore it’s importance can’t be neglected when describing or modeling GD. In 
this region, a lot of relevant processes for the operation and application of GD 
occur. All these processes are important in various fields of spectroscopic analysis, 
for thin film deposition, plasma etching, and depth profiling. 

The understanding of plasma fundamentals, phenomena, and plasma 
applications requires the knowledge of discharge parameters, like the electric field 
strength distribution, gas, and vibrational temperature of molecules and radicals in 
the cathode sheath region. Among other plasma parameters, gas (translational) 
temperature of molecules plays an important role since it determines the rate of 
chemical reactions. 

In this study, an estimation of the rotational and gas temperature, within the CS 
region will be shown. To evaluate the boundary between the CS and the negative 
glow (NG) region we used Stark polarization spectroscopy of hydrogen Balmer 
alpha line. For the gas temperature mapping Fulcher- diagonal bands are recorded 
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and analysed in the CS region of the Grimm GDS operating in hydrogen at low 
pressure by means of OES. 

 
2. EXPERIMENTAL 

 
A detailed description of a modified Grimm GDS source and the experimental 
setup is given in Majstorović et al, 2013 and Vasiljević et al. 2017. The experiment 
was realized in hydrogen (purity 99.999%). The axial intensity distribution of 
radiation has been observed side-on through the anode slot. The discharge tube was 
translated in approximately 0.125 mm steps. All spectral measurements were 
performed with an instrumental profile very close to the Gaussian form with 
measured full width at half maximum (FWHM) of 8.2 pm in the second diffraction 
order. 

For the H experiments the radiation from discharge was polarized by a plastic 
polarizer. The selection of the π - polarized profile was experimentally carried out 
by orienting the polarizer axis parallel to the discharge axis, whereas the d3u

-,' 
a3g

+, " ('="=0,1,2) band lines were observed without the polarizer. 
 

3. RESULTS AND DISCUSSION 
 
The electric field strength distribution in the CS region of the Grimm type GD is 
determined by fitting the model function (8) fully described in Ivanović et al.  
2017, for the experimental profiles of π-polarised H line.  

The temperature obtained from the Q branch of Fulcher- band may be 
considered as the most reliable for the temperature estimation, see Majstorović et 
al. 2007. Now, we investigate the possibility of using Q branches of the  
d3u

-,'=0,1,2  a3g
+, =0,1,2 molecular system for temperature measurement 

in hydrogen Grimm GD. 
The Q branch lines of the electronic transition d3u

-,' a3g
+, " 

('="=0,1,2) are well resolved and have a high signal/noise ratio in the 601-630 
nm wavelength region, see Crosswhite, H. M. 1972. 

The relative population densities of the rotational levels for d3u
- ('=0,1,2) 

state, see Fig. 2(a), are in accordance with the Boltzmann function. So, the 
Boltzmann plot technique, see Majstorović et al. 2007, is used for evaluation of the 
rotational temperature Trot (n',ν') of the excited state. In low-pressure discharges, the 
number of collisions is not sufficient to redistribute the rotational population. The 
degree of relation between the rotational population density distribution in n',ν' 
state, and the population of ground electronic state should be proven within the 
framework of excitation-deactivation balance equations, see Röpcke et al. 1998. 
According to the model discussed in Astashkevich et al. 1996., the temperature 
recalculated for the ground vibrational state X1Σ+

g, = 0 can be considered as a 
valid estimation of the ground state rotational temperature i.e. H2 gas temperature. 
Thus, values of the Q branch population of H2 Fulcher- band ( = =0,1,2) were 
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used to determine the rotational temperature of the ground vibrational state T0 
(n,), see Fig. 2(b). 

In our case, the temperature recalculated for the ground vibrational state  
X1Σ+

g, = 0 is two times larger than the rotational temperature of excited states in 
accordance with the relationship of the rotational constants for the upper d3u and 
ground X1Σ+

g ( =0) states, see in Table 1 of Astashkevich et all. 1996. and in 
Herzberg 1950. 
 

State 
eT (cm-1) eB (cm−1) e (cm-1) 

d3u
– 112753 30.364 0.5520 

a3g
+ 95980 17.109 0.606 

X1g
+ 0 60.853 1.0492 

 
Table 1: Molecular constants for hydrogen ground state

 
and Fulcher-α electronic 

states. 
 

 
 

Figure 1: (a) Measured (points) and calculated (lines) values of the rotational 
population distribution of H2(d

3u
-) levels. Lines represent the function  

exp(-BνJ(J+1)hc/kT) for the corresponding rotational temperatures.  
(b) Semilogarithmic plot of rotational population densities of d3u

- versus 
rotational energy of the molecular hydrogen ground states. Experimental 

conditions: copper cathode; Grimm GD in H2 at the pressure p = 4.5 mbar; 
discharge current I = 11 mA; and discharge voltage U = 880V. 

 
The technique mentioned above suggests that the thickness of the CS doesn’t 

exceed 2.25 mm, see F 2(a). The results obtained for the temperature distribution 
along the CF region, presented in Fig. 2(b), show that both temperatures, Trot (Q-
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branch;  = 0,1,2) and the rotational temperature of ground vibrational state T0, 
change along the cathode fall region Grimm GDS. 

 

 
 

Figure 2: The dependence upon the distance from cathode d of: (a) Electric field 
strength F  and (b) Rotational (Trot) and gas (T0) temperature distribution of the 

excited state H2(d
3u

-). Experimental conditions: cooper cathode Grim GD in H2 at  
p = 4.5mbar, I = 11mA, and U = 880V. 
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Abstract. We report preliminary results of an innovative approach based on nanomaterials 
deposition on the sample surface for the improvement of the limit of the detection of Laser-
Induced Breakdown Spectroscopy (LIBS) analysis of trace elements in aluminum alloys. 
For this purpose, Ag-TiO2 bimetallic nanoparticles were synthesized and used to enhance 
the emission signal of laser-induced plasma.  

1.  INTRODUCTION 

Laser-Induced Breakdown Spectroscopy (LIBS) technique has been recognized as 
a modern, fast, and direct method for multielement material analysis for more than 
20 years. Specific advantages of LIBS include a very small amount of the sample 
required for the analysis with little or no sample preparation and no consumable or 
waste products. Despite the intrinsic benefits of the LIBS method with respect to 
other standard analytical techniques (ICP-OES, XRF, AAS), some fundamental 
limitation in sensitivity and reproducibility of the analytical results has limited the 
establishment of this method (Zivkovic et al. 2017). Recently, one of the signal 
enhancement methods has emerged as a possible solution. This promising variant 
of the LIBS technique, namely Nanoparticle - Enhanced LIBS (NELIBS) is based 
on the use of metallic nanoparticles which can be determinant in controlling the 
laser-matter interaction, by directly affecting the coupling of incoming laser 
electromagnetic field with the irradiated material (Dell’Aglio et al. 2018).  

In this work, silver-titanium dioxide bimetallic nanoparticles (NPs) were 
prepared and used to perform preliminary NELIBS analysis of aluminum alloy 
samples. Preliminary results have shown that enhancement of the LIBS signal can 
be achieved using this kind of NPs. 
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2. EXPERIMENTAL 

With the Pulsed Laser Deposition (PLD) method thin film is prepared by the 
simultaneous ablation of two targets: silver and titanium dioxide. As the thin film 
substrate pure silica is used. PLD was performed in vacuum using 5 ns Nd:YAG 
laser operating at 1064 nm, 300 mJ of output energy and repetition rate of 5 Hz. 
Laser pulses were focused onto the target yielding laser fluence of about 30 
mJ/cm2. PLD setup is shown in (Meljanac et al. 2016). Uniformity of the prepared 
thin layer was tested by LIBS analysis. 

Silver-titanium dioxide bimetallic (Ag-TiO2) nanoparticles were produced by 
the laser ablation method. A thin layer film obtained by PLD was placed in a glass 
and covered with 10 ml of bidistilled water. Laser applied was the picosecond 
Nd:YAG system, operating at 1064 nm with a 150-ps pulse length, pulse energy 
40mJ pulse energy, and irradiation time of 30 minutes. The size distribution of the 
obtained colloid solution of nanoparticles was analyzed by dynamic light scattering 
(DLS) technique using a Zetasizer Nano ZS90 (Malvern, UK) with 633-nm He-Ne 
laser and 90° detection optics. The zeta potential was measured at pH 5 at 25 ± 0.1 
°C in a disposable zeta cell (DTS 1070) of a Nano ZS90 device.  

LIBS measurements were conducted using a unique developed LIBS system 
based on pulsed gas TEA CO2 laser and time-integrated spatially resolved 
spectroscopy (TISR). All aluminum alloy samples were mechanically treated with 
corundum abrasive paper to increase the absorptivity of applied TEA CO2 laser 
wavelength. After the samples were clean from the residue of mechanical 
treatment, samples were coated with a thin layer of nanomaterial dispersion 
droplets and then were dried. The schematic diagram of the experimental 
arrangement is shown in Figure 1.  

 
Figure 1: Experimental setup for TEA CO2 laser-based LIBS 
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The plasma was generated by focusing a pulsed TEA CO2 laser that emits at 
10.6 μm on the aluminum target with Ag-TiO2 NPs on the surface at atmospheric 
pressure. All measurements were taken at the focal point. Applied laser energy was 
200 mJ with a repetition rate of 1 Hz and the shot to shot fluctuation of its energy 
was about 5%. Optical emission from the induced plasma was collected on the 
entrance slit of a Carl Zeiss PGS2 monochromator by using an achromatic lens 
with magnification 1:1. LIBS analysis was conducted in time-integrated mode 
during 10 s using CCD Apogee Alta F1007 camera as a detector. The TISR 
measurements were performed at the atmospheric pressure in the air. Production of 
stable and reproducible plasma required fresh area at the target surface which was 
achieved by target rotation using a continual motor. All measurements were carried 
out in triplicate and obtained spectra present average values of line intensities from 
10 different parts of the sample surface. 

3. RESULTS AND DISCUSSION 

Uniformity of the PLD thin film was confirmed by the LIBS method. Average 
spectra consist of several Ti I and Ti II lines and Ag I emission line, Figure 2. 

 
Figure 2: LIBS analysis of Ag:TiO2 thin film 

 
Figure 3: a) Size distribution of NPs; b) Front of NPs dispersion layer applied on a sample 

surface 

The size distribution of synthesized NPs is shown in Figure 3a.   
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The LIBS spectra segments of the analyzed sample with a focus on the copper line 
are shown in Figure 4a. Each spectrum represents an averaged spectrum from 10 laser 
pulses. Considering that TISR method utilizes the fact that intense continuum emission 
is mostly emitted from a region close to the sample surface, the best signal to 
background (SBR) value was achieved by changing the viewing position of plasma 
along its expanding direction of toward the laser beam. Distance between the focusing 
lens and a target was constant and optimal SBR ratios were obtained at 1 mm in front 
of the target.  For determination limits of detection (LOD) of applied technique, the 
standard calibration method was chosen. The linear dependency of measured LIBS 
intensity towards the concentration of Cu in samples was obtained for both LIBS and 
NELIBS, Figure 4b. The main difference between calibration plots is the incensement 
of a slope which corresponds to the incensement of method sensitivity. Using a 
formula LOD = 3σB/b, where σB is the standard deviation of background surrounding 
the selected emission line, and b is the sensitivity defined as the slope of the calibration 
curve, we estimated that NELIBSLOD is 2.5 times less than LIBSLOD. 

 
co 

Figure 4: a) Segments of LIBS spectra with focus on Cu I 324.754 line; b) Calibration plots 
for two applied techniques 

We believe that some methods could additionally lower the LOD: (1) optimized 
conditions to obtain thin film by PLD (2) the LIBS spectral characteristics will be 
improved by optimization dimensions of bimetallic nanoparticles. We will further 
study the above methods and present the results in our future publications. 

Acknowledgments: This research was supported by the Ministry of Education, Science 
and Technological Development of Republic Serbia, Croatian Science Foundation (under 
projects HrZZ-PZS-2019-02-5276 and HrZZ-IP-2019-04-6418) and bilateral project 
between Serbia and Croatia (Project ID 337-00-205/2019-09/15)  

References 
 

Dell’Aglio, M.,Alrifai R., De Giacomo A. : 2018, Spectrochim Acta B 148, 105–112.  
Meljanac D., et al..: 2016 J. Vac. Sci. Technol. A 34 021514. 
Zivkovic S, et al.: 2017, J Alloys Compd. 700, 175-184. 

212



Publ. Astron. Obs. Belgrade No. 99 (2020), 213 – 216              Contributed Paper 

 

A NEW LOOK AT SURFACE-WAVE SUSTAINED PLASMA: MAGNETIC 

CURRENT MODEL TREATED BY A FIXED-POINT METHOD 

 

MILAN S. KOVAČEVIĆ1,MARKO M. MILOŠEVIĆ1,  

LJUBICA KUZMANOVIĆ1 and ALEXANDAR DJORDJEVICH2 

 

1Faculty of Science, University of Kragujevac, Serbia 
 

2City University of Hong Kong, Hong Kong 

 
Abstract.An analytical description and numerical investigation of the cylindrical plasma 

columns produced and sustained by а weakly damped surface-wave is presented. This paper 

suggests using a simple magnetic current model in order to obtain a general expression for 

normalized power of surface-wave. This expression can be deduced theoretically from the 

full-wave theory already used for such plasmas. The diagrams of normalized power are 

computed by an iterative procedure known as the fixed-point method. The fixed-point 

method appears as the natural choice for the numerical treatment of formulae that could 

arise in a broad class of physical problems usually recognized as guided surface plasma 

waves. 

 

1. INTRODUCTION 

 

The problem of the propagation of surface-waves along plasma columns had been 

known for years and has been treated by many authors [Trivelpiece 1967, 1959, 

Moisan et al 1977, 1979]. Electron waves on a plasma guide attracted the attention 

of investigators for a long time. A comprehensive review on this topic can be found 

in [Babovic1999]. We have developed software packets which avoid any starting 

approximations and successfully calculate expressions in its full-electromagnetic 

formulations. In this connection, the fixed-point method was completely tested in 

this paper throughout the calculation of the normalized power of surface-wave in 

the plasma column.  

 

2. STRUCTURE OF THE LINE 

 

We consider the propagation of an azimuthally symmetric ( 0=m  mode) surface-

wave along cylindrical structure (Figure 1) consisting of a plasma column 

surrounded by air. Figure 1 shows a sketch of the adopted model. The central part 

of the line consists of a glass tube of radius b , whose interior is filled with a 

homogeneous plasma of radius a . Of course, one could imagine plasma is 

suspended in a glass tube, and we treat the glass wall as a very thin one. The glass 

tube is a dielectric characterized with permittivity  g  (in air 1 r ).  
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                     (a)                                                                       (b) 

 

Figure 1: (a) Geometric characteristic and applied cylindrical system, (b) plasma created by 

the magnetic current. 

 

3. MAGNETIC CURRENT MODEL: FEATURES OF THE FIELD 

The mathematical treatment we begin writing Maxwell's equations in a form 

adapted to our case 

 0 /H E t  =   , (1) 

 0 / = −   − mE H t J . (2) 

where mJ  is the magnetic current density which in the cylindrical coordinate 

system has only azimuthal component and in the form of Dirac delta function is 

given as 

 ( ) ( )mJ U R z   = − . (3) 

The components of the electric field E  are ( , , )zE E E   and magnetic field H

( , , )zH H H  . The so-called H (or TE) field is composed of the group E , H , 

zH  and the E (or TM) field has the components H , E , zE . The typical method 

for finding the solution of wave equation connected to the mentioned problem of 

electromagnetic wave propagation along the plasma waveguide; (first, fairly 

general case wave equation is formed, and, secondly, the wave equation is solved 

in plasma, glass and air respectively; at the end, the boundary conditions were 

applied which is the working framework in [Kovačević 2000]and will be here 

omitted).  

 

4. RESULTS 

We begin with well-known expression for Q  [Aliev 1994] which will be the object 

of our attention: 

 
21

2
S

Q E dS

⊥

⊥=   (4) 
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where 
22 2

zE E E= +  is the amplitude of the electric field of axial symmetric 

surface-wave, and 0 i  = − ( i  is the imaginary part of complex plasma 

permittivity). The integration would be over the cross-section which is 

perpendicular to the wave propagation direction. Since we observe two mediums 

(plasma and the dielectric surrounding plasma), we can write 1 2Q Q Q= +  where 

the marks 1 and 2 denote the plasma and glass tube respectively (the assumption of 

infinitely thick dielectric was made). In accordance with the cylindrical system, we 

have 

 ( )22 21
1 1 1 1 1

0 0

2
2

aa

zQ E d E E d


    = = +

  (5) 

 ( )22 22
1 2 2 2 22

2
z

a a

Q E d E E d


    



= = +
  (6) 

where 
2

1 0 0 ( / ) ( / )i p       = − =  and 2 0 0i gtg     = − = − . Here   is 

the collision frequency in the electron-neutral collision, and /i gtg  =  is tangent 

of loss. The equations (5) and (6) can be written in the form 1 1 1zQ Q Q = +  and 

2 2 2zQ Q Q = + . Substituting the function 1zE , E , 2 zE  and 2E  [Kovačević 2000] 

the following expressions are obtained 

 

2 4 2
2 21 1 1
0 1 1 12 2 2

0

( )
( ) ( )

pz

p

Q u a
I u a I u a

Q

 

  


 = − 

, (7) 

 
( )

22 2 2
1 1 21

1 1 0 1 2 12 2 2

0

( )
( ) ( ) ( )

p

p

Q a u a
I u a I u a I u a

Q

  

  


 = − 

,  (8) 

 
4 2

2 22 2 2
0 2 1 22

0

( )
( ) ( )z

g

Q u a
tg K u a K u a

Q





 = − + 

,  (9) 

 
2 2 2

2 22 2
1 2 0 2 2 22

0

( ) ( )
( ) ( ) ( )

g

Q a u a
tg K u a K u a K u a

Q

 





 = − + 

 , (10) 

where ( )( )4 2

0 0(1 / ) / 8 1/Q a J  = , / ( )d d a =  .To make the reading of the 

text easier, the meaning of individual abbreviations is: 

1 1 1 2 1 2

2 2

1 0 1 2 0 2

( ) ( )

( ) ( ) ( ) ( )g p

u aI u a u aK u a

u a I u a u a K u a 
 =

−
 , 

1 1 1 2 1 2

2 21

1 0 1 2 0 2

( ) ( )

( ) ( ) ( ) ( )g p

u aK u a u aK u a

u a K u a u a K u a 
 =

− −
, 

1 1 1 1 1 1

2 22

1 0 1 1 0 1

( ) ( )

( ) ( ) ( ) ( )g g

u aI u a u aK u a

u a I u a u a K u a 
 =

−
, 2 2

1 0 pu k = −  , 2 2

2 0 gu k = − . 

The total normalized power is  
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 1 2 1 1 2 2z zQ Q Q Q Q Q Q = + = + + + ,  (11) 

The equation (11) was treated by the fixed-point method using the first 

approximation 
1Y  of the dispersion relation [Babović 2002].  

 

 

Figure 2: Normalized power Q  versus normalized wavenumber X a= . 

 

5. CONCLUSION 

An analytical model, known as a magnetic current model, for the axialstructure of 

weakly collisional surface-wave sustained plasma was developed. In order to 

demonstrate the effectiveness of the fixed-point method, the normalized power vs. 

normalized wavenumber was calculated. The normalized power per unit length 

versus normalized phase coefficient for three values of tangent loss was presented. 

We notice that the absorbance of the power has a clearly expressed maximum 

around the point 3X for the given parameters; the magnitude of the maximum 

depends of dielectric losses such that Q  in generally increases as tg increases. 

This characteristic is very important for analyzing surfatron plasma as well as for 

calculation of the attenuation coefficient .  
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Abstract. Plasma modification of textiles has a great potential to replace conventional wet 
chemical methods and becomes one of the leading processes in textile finishing. Plasma 
devices opposite to the wet treatments have many advantages, i.e. small energy and no 
chemical consumption, reduced duration of the treatment, and ease of implementation into 
existing facilities. In this work, atmospheric pressure dielectric barrier discharge (DBD) 
was used for modification of hemp (lignocellulosic) fibers with different chemical 
composition. Raw hemp (containing cellulose, lignin and hemicelluloses), hemp fibers with 
low content of lignin and with low content of hemicelluloses were used as experimental 
material. Wettability of each type of fibers increased significantly due to the changes in 
fibers morphology analyzed by SEM. The highest wettability improvement (estimated by 
measurement of capillary rise) was recorded for samples with lower content of 
hemicelluloses, followed by raw hemp fibers. Having in mind that wettability of hemp is 
conventionally improved by chemical treatments, this work shows that plasma processing 
can be successfully used for lignocellulosic fibers modification. 
 

1. INTRODUCTION 
 

Lignocellulosic materials, such are hemp, flax and jute, represent very unique type 
of fibers. They have heterogenic structure, main constituent being cellulose, with 
significant amount (15-20 %) of noncellulosic components such are pectin, waxes, 
lignin and hemicelluloses (Lazić et al. 2018). Hemp fibers (lat. Cannabis Sativa) 
can have various applications, e.g. as textile material for clothing and tehnical 
textile production, as composite material reinforcement, as biosorbent for 
wastewater treatment and removal of heavy metal ions etc. (Wang et al., 2003). In 
order to be used as textile material, lignocellulosic fibers must be subjected to 
various chemical treatments to remove non cellulosic components without 
cellulose damage (Wang et al., 2003). Removal of these components influences 
hydrophylicity of lignocelluloses fibers, by changing their sorption properties. 
Different conventional chemical treatments are being used to remove noncellulosic 
components. However, using plasma treatment instead chemical procedures is a 
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challenge with outstanding potential, due to the possibility to reduce environmental 
impact of chemical processing. The main advantage of plasma treatment of textiles 
is that it is a surface treatment while bulk of material is preserved. Furthermore, 
plasma treatment is a dry method, does not require use of water or any chemicals 
except gas (Shishoo, 2007). However, there are only few reports about plasma 
treatment of lignocellulose fibers. In the paper by Ibrahim et al. (2010) air DBD 
was used to improve wettability, increase functional groups and surface roughness 
of flax fibers. Li et al. (2014) used the DBD in helium after pretreatment of ramie 
fibers in ethanol and plasma treatment to improve interfacial adhesion between 
ramie fibers and poly(butylene succinate) PBS, a thermoplastic polymer. Ventura 
et al. (2016) studied the effect of plasma treatment on the flax nonwoven intended 
to be used as a composite reinforcement and they studied several types of plasma, 
both atmospheric pressure plasma (APP) and low pressure plasma. Hydrophilicity 
of flax material was significantly increased when APP in air was used. 

In this work, atmospheric pressure DBD in air was used for modification of 
hemp fibers. Hemp fibers with different contents of hemicelluloses and lignin were 
used in order to determine the sensitivity of hemp constituents to the plasma 
treatment and to compare effects of chemical processing and plasma on wettability 
of hemp fibers.  

 

2. EXPERIMENTAL MATERIALS AND METHODS 

1.1. EXPERIMENTAL MATERIAL  

Raw hemp fibers from Backi Brestovac (Serbia) were used as experimental 
material. To obtain different precursors for DBD treatments, hemp fibers were 
modified with 17.5 % sodium hydroxide for 5 and 45 min (to remove 
hemicelluloses) and 0.7 % sodium chlorite for 5 and 60 min (to remove lignin), as 
described in literature by Pejic et al. (2020). 

1.2. PLASMA TREATMENT 

Hemp fibers were treated with DBD plasma device described by Pejic et al. (2020) 
following regime of discharge 80 W, 10 kV, 300 Hz, 60 Jcm−2, and treatment time 
of 2 min.  

1.3. MORPHOLOGY STUDIES (SEM)  

Investigation of surface morphology was carried out with scanning electron 
microscopy (SEM), using a JEOL 840A instrument, on samples previously coated 
with gold using a JFC 1100 ion sputter. 

1.4. WETTABILITY MEASUREMENT AND SORPTION PROPERTIES  

Wettability of samples was characterized by capillary rise method according to the 
procedure described by Pejic et al. (2020). Water retention power (WRP) was 
measured by standardized centrifuge method according to ASTM D 2402 – 01 
(2001) in triplicate for each sample. 
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3. RESULTS AND DISCUSSION 

In this work DBD in air was used for hemp fibers modification. The starting 
materials were fibers with various quantities of hemicelluloses and lignin (Fig 1), 
in order to study the effect of plasma on different components (cellulose, 
hemicellulose and lignin). 
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After plasma treatment, wettability, i.e. equilibrium height during capillary rise, 

was the highest for hemp fibers with lower content of hemicelluloses (H5 and H45) 
(Fig 2a) while wettability of raw hemp fibers (C) and fibers with lower content of 
lignin (L5 and L60) increased about 5 and 2 times, respectively. The significant 
change of surface morphology contributed to these results of improved sorption 
(Fig 2b). Compared to the raw hemp fibers and hemp with lower content of 
hemicelluloses (C and H5), plasma treated samples (C300 and H5/300) have more 
pronounced surface roughness which promotes better wettability. This confirms the 
surface targeted treatment of used DBD.  
 

 
Figure 2: The effect of DBD in air on a) wettability and b) morphology of raw 
hemp (C) and hemp fibers with lower content of hemicelluloses (H5 and H45) and 
with lower content of lignin (L5 and L60) (Pejic et al. 2020) 
 

Water retention power is sorption property related to the entire sample not just 
the surface of material. WRP represents the total water holding capacity of all 

Figure 1: Composition of hemp 
fibers precursors used for DBD 
treatments 
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voids and pores in the fiber structure (Lazić et al. 2018). Therefore, we have 
examined the influence of plasma treatment on WRP, and found that it is almost 
unchanged by plasma treatment (Fig 3). It can be concluded that even though 
plasma influences capillarity and morphology of samples, plasma effect is limited 
to the surface, while bulk of material and properties related to the bulk such is 
WRP underwent almost no changes after plasma treatment. Initial increase of WRP 
of precursor hemp fibers L5 and L60 (with lower content of lignin) remained the 
same after plasma treatment and exhibited the highest WRP of all samples. 

 
CONCLUSION 

 

In this work, DBD treatment was applied on hemp fibers with different content of 
hemicelluloses and lignin. Plasma treatment of raw hemp fibers led to a significant 
improvement of wettability (5 times) estimated through capillary rise. The 
maximum equilibrium height was obtained by DBD treatment of hemp fibers with 
lower content of hemicelluloses (H5 and H45). Improved wettability is mainly the 
consequence of change in fibers morphology while the bulk of material is 
preserved which was corroborated by no changes in water retention power, i.e. 
property related to the bulk of material. Overall, this investigation showed that 
plasma has a potential to substitute the chemical treatments for some applications 
of hemp, which require improved wettability or increased surface roughness.  
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Abstract. Formative time delay distributions for multielectron initiation and Townsend 
breakdown mechanism in neon are derived. The derived theoretical distributions for the 
formative time delay are compared to the experimental distributions measured in neon and 
a good agreement was found. 
 
 

1. INTRODUCTION 
 

Study of electron avalanche multiplication is important for the electrical 
breakdown of gases (Raether 1964, Meek 1978), as well as for the operation of 
radiation and particle detectors (Sauli 2014, Titov 2012). By studying the 
fluctuation phenomena in the passage of electrons through lead and gases, Furry 
1937 and Wijsman 1949 derived the electron number distributions of avalanches 
initiated by one particle, which for a large number of electrons are approximated by 
the exponential distributions. As for our studies in the field of avalanche statistics, 
the statistical analyses and Monte Carlo simulation of the size distribution of 
electron avalanches were carried out in Jovanović et al. 2019, Stamenković et al. 
2018, 2020, and Marković et al. 2019. In Jovanović et al. 2019, the experimental 
results for the single electron initiation from, were modeled using the Monte Carlo 
simulation, and the shape of the distribution under different conditions was 
discussed. A generalization of the primary electron avalanche statistics for 
multielectron initiation based on the negative binomial distribution (NBD) and the 
continual Gaussian approximation was proposed in Stamenković et al. 2018. 
Besides that, when the emission of initiating electrons is a homogeneous 
(stationary) and an inhomogeneous (non-stationary) Poisson process, the weighted 
mixtures of NBDs for electron avalanche statistics are applied in Marković et al. 
2019. In Stamenković et al. 2020, the statistics of secondary electron avalanches 
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with ion-induced electron emission in air was based on NBD and its mixtures, as 
well as on their Gaussian continual approximations. 

On the other hand, it is well known from early breakdown studies that there is a 
time interval between the moment of voltage application to the spark gap and the 
electrical breakdown. This time interval is referred as the breakdown time delay ݐௗ 
and consists of the statistical time delay ݐ௦ and the formative time delay ݐ௙ (Meek 
1978). The time which elapses between the application of a voltage greater than the 
static breakdown voltage ௦ܷ and the appearance of a free electron initiating 
breakdown is the statistical time delay and from this moment to the collapse of the 
applied voltage and occurrence of a self-sustained current is the formative time 
delay (Meek 1978). By measuring the statistical time memory curve ݐ௦ሺ߬ሻ, the 
formative time memory curve ݐ௙ሺ߬ሻ and the dynamic breakdown voltage memory 
curve ܷ௕ሺ߬ሻ, (߬ is the afterglow period or relaxation time), the transition regimes of 
gas discharges have been studied (Marković et al. 2009, 2005a, 2005b). The 
memory effect in nitrogen and nitrogen mixtures was observed with different 
voltage pulses (DC, RF, linearly rising or ramp voltage pulses and others) (Huo et 
al. 2014, Dyatko et al. 2018, Marković et al. 2018), as well as in RPC and Compass 
RICH (Fonte et al. 2008). 

In this paper, we compared the experimental formative time distributions with 
theoretical distributions for multielectron initiation and Townsend breakdown 
mechanisms in neon. The paper is organized as follows. In Section 2, the 
experimental details for the breakdown time delay measurements are shortly 
quoted, while in Section 3, the experimental formative time distributions in neon 
are compared with derived theoretical distributions. 
 

2. EXPERIMENTAL DETAILS 
 
The breakdown time delay measurements were carried out on a gas tube made of 
borosilicate glass (8245, Shott technical glass) with volume of ܸ ൎ 300	ܿ݉ଷ and 
gold-plated copper cathode, with the diameter ܦ ൌ 0.6	ܿ݉ and the gap distance 
݀ ൌ 0.6	ܿ݉. The tube was filled with research purity neon at the pressure of 
(Matheson Co. with a nitrogen impurity below 1	݉݌݌. Prior to measurements, the 
cathode surface was conditioned by running a glow discharge and several 
thousands breakdowns. The static breakdown voltage was ௦ܷ ൌ 271	ܸ DC. The 
time delay measurements were carried out by applying step pulses, at glow current 
௚ܫ ൌ ௚ݐ glow time ,ܣ݉	0.1 ൌ working voltage ܷ௪ ,ݏ	1 ൌ 320	ܸ and at different 
afterglow periods ߬. The personal computer with interface was used to control the 
value of afterglow period and other basic parameters of the experiment, as well as 
for collection and analysis of data, achieving the voltage rise time and resolution 
limit below 0.2	 microseconds. During the measurements the tube was protected 
from external light. More details about the experimental procedure, measuring 
system and tube preparation can be found in Marković et al. 2009, 2005a, 2005b. 
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3. THE FORMATIVE TIME DELAY DISTRIBUTIONS FOR 
MULTIELECTRON INITIATION IN NEON 

 
According to I, the formative time delay distribution for streamer breakdown 
mechanism as a function of number of initiating electrons ݇ is given by: 

௙൯ݐ௦௧௥൫்ߩ                            ൌ
ఈ௪೐

௰ሺ௞ሻ
൤ ௞௡೎
ୣ୶୮	ሺఈ௪೐௧೑ሻ

൨
௞
exp ൬െ

௞௡೎
ୣ୶୮	ሺఈ௪೐௧೑ሻ

൰,                   (1) 

where ߙ is the Townsend first electron ionization coefficient, ݓ௘ is the electron 
drift velocity and ݊௖ ൎ 10଼ is the critical number of electrons. For Townsend 
breakdown mechanism, the formative time delay distribution when the number of 
initiating electrons ݇ is high, is given by similar relation: 

்ߩ                        
்௢௪௡൫ݐ௙൯ ൌ

ఈఊ௪೔

௰ሺ௞ሻ
൤ ௞௡೅
ୣ୶୮	ሺఈఊ௪೔௧೑ሻ

൨
௞
exp ൬െ

௞௡೅
ୣ୶୮	ሺఈఊ௪೔௧೑ሻ

൰                  (2) 

where ߛ is the secondary ionization coefficient, ݓ௜ is the ion drift velocity and ்݊ 
is the critical number of electrons for Townsend breakdown, before the fast super-
exponential current rise (Marković et al. 2007, 2008). 
 

 
 

Figure 1: The formative time delay distributions for the Townsend breakdown 
mechanism in neon fitted by the theoretical distributions (2) with different number 

of initiating electrons ݇. 
 

The memory effect in atomic and molecular gases was studied by measurements 
of the statistical time memory curves, the formative time memory curves, as well 
as the breakdown voltage memory curves (Marković et al. 2009, 2005a, 2005b, 
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2018, Huo et al. 2014, Dyatko et al. 2018). While studying the memory effect in 
neon (Marković et al. 2009), the statistical and formative time delay distributions 
were measured at different preionization levels (afterglow periods). The derived 
theoretical distributions (2) are compared to the experimental distributions 
measured in neon, taking into account that ݐ௙̅ ൌ ln	ሺ்݊/݇ሻ/ሺݓߛߙ௜ሻ (Marković et 
al. 2008), and a good agreement was found with ߛ ൌ 2.2 ൈ 10ିଶ, ݓ௜ ൌ
1.62 ൈ 10ହ	ܿ݉/ݏ and ்݊ ൌ 1.53 ൈ 10ହ (Figure 1). 
 
Acknowledgments: The authors are grateful to the Ministry of Education, Science, and 
Technological Development of the Republic of Serbia for partial financial support (contract 
number 451-03-68/2020-14/200124) 
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Abstract. The paper demonstrates that it is possible to control a guided streamer traveling 
along a helium dielectric-barrier discharge plasma jet by means of varying the output 
transformer capacitance. It has realized with the additional output capacitance for the 
stepwise propagation of the streamer in the numeric simulation. 
 

1. INTRODUCTION 
 

Non-equilibrium atmospheric plasmas are currently used in a wide range of new 
technologies. Novel approaches to apply such plasmas and unexpected ways to 
develop them are constantly appearing (Adamovich et al. 2017; Nikiforov et al. 
2019). Here, the challenge to use atmospheric plasmas, including plasma jets based 
on dielectric-barrier discharge (DBD) in biomedicine is one of the powerful driving 
tasks (Metelmann et al. 2018; Bekeschus et al. 2019; Brandenburg et al. 2017). 

The type of the applied voltage determines the characteristics of plasma jets 
significantly: their parameters are different for ns- and µs- pulsed voltage and 
sinusoidal voltage (Walsh et al. 2006; Xiong et al. 2010; Zhang et al. 2014, Florez 
et al. 2019). The development of the power supplies for such a gas-discharge 
system can be considered as a separate research topic (Bonnin et al. 2013; 
Dragonas et al. 2015, Moshkunov et al. 2018). And to fit the applied voltage mode 
to the load, a set of issues should be figured out (Bonnin et al. 2013; Dragonas et 
al. 2015, D’iez et al. 2007). 

Previously, we recorded a stepwise mode of the guided streamer propagation 
(Pinchuk et al. 2019, 2020; Stepanova et al. 2020) along a helium plasma jet fed by 
voltage of a special waveform consisting of a superposition of bipolar rectangular 
pulses and oscillating sinusoidal signals shifted relatively ground potential. 
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This paper considers the possibility of controlling guided streamer stepwise 
propagation by varying the output capacitance of the power supply transformer 
(Martin-Ramos et al. 2008; Rueda et al. 2019) owing to the addition of a filtering 
capacitance. 

 
2. APPLIED VOLTAGE WAVEFORM AND GUIDED STREAMER 

PROPAGATION 
 
The studied discharge system was the same as in (Pinchuk et al. 2019, 2020; 
Stepanova et al. 2020). It was designed to generate the atmospheric pressure 
plasma jet (APPJ) based on a DBD in a helium flow in an axisymmetric electrode 
system “inner electrode (central rod) – gas gap – dielectric barrier (quartz tub) – 
outer electrode (outer ring)”. A diameter of inner electrode is 1.5 mm; the inner 
diameter and thickness of the quartz tube are 4.6 and 1 mm, correspondingly. A 
ring grounded electrode 5 mm wide is located 5 mm from the edge of the discharge 
tube. The experimental setup is described in more detail in Stepanova et al. 2017. 

To simulate the propagation of the plasma jet, we used an equivalent circuit of 
APPJ made up of RC-circuits cascades (see Figure 1) (Slutsker et al. 2017). The 
developed numerical model (Pinchuk et al. 2018a, 2018b) was implemented in 
XCOS/Scilab. It adequately describes the experimental data on slowing down a 
guided streamer at adding air admixture into the helium plasma jet and the stepwise 
propagation of the streamer (Pinchuk et al. 2015, 2019).  

In XCOS, a cascade of ten RC-circuits simulating a space with a length of 1 cm 
is put in one block. Then, the series of blocks are equivalent to the space of a 
definite extension. A section of the equivalent circuit (see Figure 1) with Rg, Cg 
and Cd elements substitutes DBD inside the discharge cell, whereas the circuit 
section of RN-CN is of APPJ propagation space.  

The calculations were done with taking account the following assumptions: 
(i) the distance of 5 cm along the jet's axis was divided into 50 elements; 
(ii) each element of the jet length was substituted by the corresponding capacity 
and resistance (Pinchuk et al. 2019, 2018a). 

The schematics of the power supply is presented in Figure 2. The power supply 
is built according to the half-bridge circuit with a step-up transformer. Adding the 
capacity C0 decreases the frequency of the self-oscillations of an output circuit with 
the plasma jet. The experimentally measured applied voltage for the helium APPJ 
with the gas rate of 5 l/min is shown in Figure 3. At C0 = 20 pF the changing of the 
frequency is about 35 kHz. 

 

 
 

Figure 1: Equivalent circuit of APPJ. 
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The dynamics of the jet’s propagation has been considered. To simplify the 
analysis, the oscillating part of the applied voltage was simulated without damping. 
We obtained (see Figure 4) that the additional capacity makes the streamer stop a 
little further with a little longer period of slowing down at the same jet’s length. 

 

 
 

Figure 2: Power supply for APPJ generation. 
 

 
 

Figure 3: Applied voltage signal for helium APPJ without capacitance C0 (a) and 
with additional capacitance C0 (b). 

 

 
 

Figure 4: Calculated profiles of the electric field along the APPJ without 
capacitance C0 (a) and with additional capacitance C0 (b). 
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3. CONCLUSION 
 
The streamer propagation variation at tailoring applied voltage was calculated by 
means of numerical modeling. The way of flexible plasma jet control has been 
demonstrated. It is realized by changing the capacitance of the power supply 
transformer.  

The study was financially supported by the Russian Science Foundation 
(project 18-79-10048). 
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Abstract. Transition from number distributions of electron avalanches to formative time 
delay distributions for streamer breakdown mechanism and multielectron initiation is 
derived. When the number of initiating electrons ݇ is small, the formative time delay 
distributions are asymmetric with pronounced right tail, while for ݇ ൐ 10 the formative 
time delay distributions are Gaussians. 
 
 

1. INTRODUCTION 
 

By studying the fluctuation phenomena in electron avalanches initiated by one 
particle, Furry 1937 and Wijsman 1949 derived the electron number distribution of 
an avalanche, which for a large number of electrons can be approximated by the 
exponential distribution. Numerous experimental distributions of carrier numbers 
of electron avalanches have been reported by Raether 1964 and coworkers. 
However, some experimental distributions (Raether 1964) show a deviation from 
the Furry and Wijsman distribution at higher values of the reduced electric field. 
The Polya distribution function was therefore introduced (Byrne 1962, Lansiart et 
al. 1962, Cookson et al. 1966a, Genz 1973) to describe this deviation. The 
calculation of the carrier number distribution function was presented in Legler 
1964 and Cookson et al. 1966b, where the influence of the secondary ionization 
coefficient was taken into account. A review of avalanche models can be found in 
Alkazov 1970. 

In Jovanović et al. 2019, the experimental results for the single electron 
initiation were modeled using the Monte Carlo simulation, and the shape of the 
distribution under different conditions was discussed. A generalization of the 
electron avalanche statistics for multielectron initiation with fixed and Poisson-
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distributed number of initiating electrons was proposed in Stamenković et al. 2018, 
Marković et al. 2019. In Stamenković et al. 2020, the statistics of secondary 
electron avalanches with ion-induced electron emission in air was based on NBD 
and its mixtures, as well as on their Gaussian continual approximations. 

In Devismes et al. 2002, a search for an optimum time response function of 
spark counters was undertaken, changing voltage, content of noble and quencher 
gases, pressure and energy-loss. The time response function of a spark counter was 
then calculated considering that the time delay and its fluctuations originate from 
the avalanche growth (Mangiarotti et al. 2002). Analytic expressions for the shape 
of the time response function were derived for the single cluster avalanche without 
the space charge effect, as well as for the multicluster environment with the effects 
of space charge. It was found that a peak and a tail of the time response probability 
density correlate with an increase of the overall time delay (Mangiarotti et al. 
2002). Afterwards, in Gobbi et al. 2003, the fluctuation theory developed in 
Mangiarotti et al. 2002 was applied to measurements of spark counters Devismes et 
al. 2002 and extended to other counters. In this paper (designated as I), the number 
distributions of electron avalanches and formative time delay distributions for 
streamer breakdown mechanism are studied, while in Marković et al. 2020 
(designated as II) the formative time delay distributions for Townsend breakdown 
mechanism are studied. 
 

2. TRANSITION FROM THE ELECTRON AVALANCHE NUMBER 
DISTRIBUTIONS TO THE FORMATIVE TIME DELAY 

DISTRIBUTIONS FOR STREAMER BREAKDOWN MECHANISMS 
AND MULTIELECTRON INITIATION 

 
According to Raether 1949, the formative time delay ݐ௙ is approximately equal to 
the time the avalanche takes to build up to the certain magnitude ݊ (usually to the 
critical number of electrons ݊௖ ൎ 10଼). Therefore, the fluctuation in avalanche 
growth can be described as a fluctuation in avalanche length instead of final 
number of electrons. For mathematical derivation of probability density form, the 
multiplication ܰ at fixed length ݀ is transformed into the length ܮ at fixed ݊௖. 
During the derivation, the replacement of random variables was carried out and 
probability ேܲሺ݊ሻ ൌ ேߩ׬ ሺ݊ሻ݀݊ that the multiplication ܰ is less than ݊ is replaced 
by the probability ௅ܲሺ݈ሻ ൌ ௅ߩ׬ ሺ݈ሻ݈݀ that avalanche length is less than ݈: 
 
                                                   ேܲሺ݊ሻ݀݊ ൌ ௅ܲሺ݈ሻ݈݀                                             (1) 
 
The form of ߩ௅ሺ݈ሻ is obtained by taking into account probability ܲሺܮ ൐ ݈ሻ that the 
avalanche will grow longer than a length ݈, which is equal to the probability that 
over a length ݈ it has not yet reached the critical number of electrons ݊௖, ܲሺܰ ൏
݊௖, ݀ ൌ ݈ሻ: 
 
                                                 ௅ܲሺ݈ሻ ൌ 1 െ ܲሺܮ ൐ ݈ሻ                                            (2) 
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Assuming the probability density ߩேሺ݊ሻ dependence on avalanche length ݀ into the 
form: 
 

ேሺ݊ሻߩ                                          ≡ ,ேሺ݊ߩ ݀ሻ ൌ
ଵ

௡തሺௗሻ
݂ ቀ

௡

௡തሺௗሻ
ቁ,                                (3) 

 
and introducing the new variable ݔ ൌ ݊/ ത݊, as well as ത݊ሺ݈ሻ ൌ exp	ሺ݈ߙሻ, ߩ௅ሺ݈ሻ 
follows 
 

௅ሺ݈ሻߩ                                        ൌ α	ݔሺ݈ሻ݂ሾݔሺ݈ሻሿ ൌ
ఈ௡೎
௡തሺ௟ሻ

݂ ቀ
௡೎
௡തሺ௟ሻ

ቁ,                             (4) 

 
In the case of Polya probability density distribution for the electron number in the 
avalanche at fixed distance ݀: 
 

ேሺ݊ሻߩ                             ≡ ,ேሺ݊ߩ ݀ሻ ൌ
௞

௰ሺ௞ሻ௡തሺௗሻ
ቂ ௞௡
௡തሺௗሻ

ቃ
௞
exp ቀെ

௞௡

௡തሺௗሻ
ቁ,                   (5) 

 
probability density ߩ௅ሺ݈ሻ takes the form: 
 

௅ሺ݈ሻߩ                                         ൌ
ఈ௞௡೎

௰ሺ௞ሻ௡തሺ௟ሻ
ቂ௞௡೎
௡തሺ௟ሻ

ቃ
௞
exp ቀെ

௞௡೎
௡തሺ௟ሻ

ቁ,                               (6) 

 
The previous relation is further transformed into the formative time delay 
probability density ்ߩ൫ݐ௙൯ by using ത݊ሺ݈ሻ ൌ expሺ݈ߙሻ ൌ exp	ሺݓߙ௘ݐ௙ሻ: 
 

௙൯ݐ൫்ߩ                              ൌ
ఈ௪೐

௰ሺ௞ሻ
൤ ௞௡೎
ୣ୶୮	ሺఈ௪೐௧೑ሻ

൨
௞
exp ൬െ

௞௡೎
ୣ୶୮	ሺఈ௪೐௧೑ሻ

൰,                      (7) 

 
where ߙ is the Townsend first electron ionization coefficient, ݓ௘ is the electron 
drift velocity and ݇ is the number of initiating electrons. According to Genz 1973, 
the formative time distributions for streamer breakdown mechanism at different 
number of initiating electrons ݇ are presented in Figure 1. When the number of 
initiating electrons ݇ is small, the formative time delay distributions are 
asymmetric with pronounced right tail. With increasing ݇, the formative time 
distributions shift to the shorter formative times and become narrower and higher, 
more symmetric and Gauss-like. As statistical tests show, for ݇ ൐ 10 the 
hypothesis that the formative time distributions are Gaussians cannot be rejected 
(Fig. 1). 
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Figure 1: The formative time distributions for streamer breakdown mechanism at 
different number of initiating electrons ݇. 
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Abstract. Optical emission spectroscopy was used to characterize the gas-phase in a 
gliding arc tornado reactor used for plasma applications. Results concerning the transition 
between spark and fully developed arc regimes are presented.  
 

1. INTRODUCTION 
 

The Gliding Arc Tornado (GAT) was proposed long ago to improve properties of 
gliding arcs reactors, in particular a better insulation of the device walls from the 
discharge, with a higher level of non-equilibrium and much larger residence times 
(see Kalra et al. 2005). These devices were mostly used for industrial applications 
including fuel conversion, carbon dioxide conversion and waste treatment (see Liu 
et al. 2016, Bublievsky et al. 2015). Their name refers to the formation of a reverse 
vortex flow configuration, a tornado, usually achieved by tangential gas injection 
near the walls in a cylindrical chamber. We have developed and used a kind of 
these devices for the treatment of lignin by plasmas (see Zanini et al. 2008). Milled 
lignin can be easily in a sustained gas fluxes and advected in the hydrodynamical 
flow. So optimal interaction with the discharge gas phase could be achieved. Here 
we will present some results concerning the characterization of the process and its 
optimization, based on optical diagnostics. Optical Emission Spectroscopy (OES) 
is a suitable technique to investigate the plasma gas-phase, since it is passive and 
non-perturbing, and takes advantage of the rich emission pattern in/near visible   
range of such systems. Besides gathering information about the discharge, it is 
possible to get insight on the interactions of lignin particles with plasma and the 
mechanism of the treatment. 
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2. EXPERIMENTAL SETUP 
 
The discharge was ignited and supplied by means of a high-voltage dc generator 
(SHV9000 by Alintel). Its performances cannot exceed 5 kV and 2 A at most. It 
also provided integrated measurements of the total charge effectively delivered and 
the mean applied high voltage, which could be used to estimate the actual power 
absorbed by the device. Besides the HV setting, the generator was controlled with a 
tunable mean current regulation. It also provided integrated measurements such as 
the total charge effectively delivered before being switched off and the mean 
applied high voltage. The actual electrical characteristics of the discharge are 
controlled by the supply, by setting a fixed mean current intensity value. The 
supply was connected to the anode electrode through an electrical circuit (a set of 
16 high voltage, high power resistances, with a global resistance of 4 kΩ), which 
helps to control the electrical characteristics of the discharges. HV sensors were 
inserted in the circuit also to measure the instantaneous values of the voltages on a 
digital scope. Due to the limitation in the output current provided by the generator 
and the external circuit impedance, the discharge assumed an intermittent spark 
character at low current settings (see Barni et al. 2008). It develops to a full arcing 
above a certain threshold of the current set, slightly depending on the inlet flow 
pressure and gas mixture composition. A three turns molybdenum electrode acts as 
the arc anode, figure 1. HV sensors measure the instantaneous voltage at the ends 
of the resistors set and thus of the discharge current, as it is shown in Figure 2. It 
could be grasped as the system shows intense current bursts with a limited 
duration, separated by dead times, corresponding to a sequence of spark discharges. 
Although not exactly constant, the shape, the amplitude, the duration, and the 
repetition rate of bursts were comparable and fairly cyclic. These parameters were 
measured and averaged using long time series (10 MSamples) with a digital scope 
and their statistical properties were studied.  
 

 
 

Figure 1: Experimental layout of the GAT device. 
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Figure 2: Electrical characteristics of the GAT device in sparking mode.   

 
 

3. RESULTS AND DISCUSSION 
 
While the pattern of the single discharge is somewhat fuzzy, it appears that most of 
the flow cross section is affected by the discharge and emits light. OES of the 
discharge is used to gain insight in the excited species produced. Measurements of 
the emission spectra are obtained with a wide band, low resolution spectrometer. 
The spectrometer (PS2000 by Ocean Optics) has a resolution of about 0.4 nm and a 
spectral band extending from 180 to 860 nm. It is equipped with a 10 μm slit, a 
holographic grating (600 lines/mm, blazed at 400 nm), and a coated quartz lens to 
increase sensitivity in UV (see Barni et al. 2008). Emission line intensity was 
measured and atoms and molecules have been identified (see Pearse et al. 1976). 
The light emitted from the plasma sheet was collected by means of a UV enhanced 
optical fibre placed just in front of the exit 10 cm apart, to not perturb the 
outflowing gas jet. The view-field of the optical fibre was large enough to cover 
the whole light-emitting region and to smear possible discharge disuniformities. A 
typical spectrum is shown in Figure 3. 
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Figure 3: A typical emission spectra of the plasma in an air GAT. 
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Spectra of the light emitted from the discharge show a broad continuum peaking 
at about 500-550 nm, with superimposed a rich structure of lines, some quite 
narrow, comparable to the spectrometer resolution and other that appears larger, 
clearly emitted by molecular states and appearing together due to their unresolved 
rotational substructure. As the mean current setting is increased the continuum 
contribution increases at expenses of the lines, until transition to arcing is achieved 
and the spectra approaches a structureless shape. The reported trend is displayed in 
Figure 4, where the transition could be clearly appreciated. 
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Figure 4: Intensity of a few emission lines and of the continuous as a function of 

the total current drawn by the GAT. 
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Abstract. New generation of atmospheric plasma generator was designed to create 
atmospheric plasma discharge between 2 electrodes with gap which is useable in food 
industry for plasma treatment of food or for any low conductive material in industry. 
Design was leaded to reach parameters of plasma which are unique on the market to 
simplify application of plasma treatment in real industry. System allow to create plasma 
discharge in gap from 5 to 60 mm in space of hundreds of cm2. The plasma source is based 
on a pulse resonance circuit which allow create high voltage pulses with ability to control 
and reduce a current of the plasma discharge. This ability allows to keep a temperature of 
the treated sample’s (organic or inorganic) material at the room temperature. 
  

1. INTRODUCTION 
 
New plasma system was designed to fulfil needs of researchers from academic area 
with ability to transfer plasma treatment from academic laboratory to industry area. 
In last several decades, in many papers, impact of the plasma technologies to a 
surface structure and functionality are studied (Park et al. 2000, Abourayana et al. 
2016). In most cases the plasma systems were operated at a low pressure (i.e. 
vacuum) and they are used for treatment of inorganic materials (Milosavljević and  
Cullen 2015). There are also available plasma systems which are able to create 
plasma discharge in atmospheric pressure known as plasma jet or microwave 
plasma (Cullen and Milosavljević 2015). The main disadvantage of all those 
systems is, they are able to create only small (local) atmospheric plasma discharge. 
Therefore, unavailability of such plasma systems to generate atmospheric plasma 
discharge in volume of thousands cm3 with possibility to control energy of 
discharge to keep temperature of treated material low, makes a big obstacle for 
those systems to be used in food industry.     

New pulse resonance atmospheric plasma systems were designed and 
manufactured to increase possibility of study of plasma treatment impact on 
sensitive organic and inorganic materials.  
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2. EXPERIMENTAL SETUP 

The plasma system is based on tuned pulse resonance circuit which allows reaching 
high voltage on electrodes and reducing current via plasma to keep temperature of 
treated material low. A special new design of pulsing plasma power generator 
allows setting parameters of plasma which help to tune requested plasma treatment 
applying to different materials. Our plasma system allows to increase the surface-
plasma interaction selectivity and to reduce plasma induced damages to the surface.  

 

 

 

 

Figure 1: Pulse resonance pulses. 

All parameters showed on Fig.1 can be changed. Namely, resonance frequency 
(Freq.(Reson.)) can be set from 30 kHz to 120 kHz and depend on configuration of 
the HV transformer and plasma electrodes. Currently used HV transformers are 
used with frequency about 55kHz. Correct setting of resonance frequency increase 
output voltage of HV transformer. Pulse frequency (Freq.(Pulses)) can be set from 
100 Hz to 3000 Hz, and increasing this frequency would lead to increase the power 
of plasma discharge. Duty cycle influences current-power of each discharge. Input 
voltage is set following dielectric barrier between electrodes. Output power of 
system depends on the configuration of all mentioned parameters and can be set 
from 30W to 700W.  Maximum power is limited also by dimension of electrodes. 
Maximum power for tested electrode with dimension about 12cm x 17cm is up to 
400W.  

Figure 2: Plasma power supply unit. 

 

238



NEXT GENERATION OF UNIVERSAL PULSE RESONANCE ATMOSPHERIC PLASMA SYSTEMS 

The plasma generator (Fig.2) is designed to operate with the customize pin 
electrode such serves as a HV electrode, and ambient air such serves as a dielectric 
barrier. No additional dielectric material is required. This pin electrode is used 
together with flat electrode which is connected to ground. This configuration of 
electrodes allows to reach gap up to 65 mm between the flat electrode and the pins. 
Output voltage can go up to 80kVpp (depends on the air gap). On Fig.3 the parallel 
plate electrodes configuration is presented.  

Figure 3: Pin electrodes 
  

In Fig.4 is shown plasma discharge between electrodes. This plasma generator 
is used to study influence of plasma treatment on organic materials and to find the 
optimum plasma parameters which would give the best performance of those 
biological samples at the minimal plasma power (W/cm2). With increasing the 
plasma power over a threshold point for the bio-surface activation, the plasma 
effectiveness stagnate or decrease.   

 

 
 

Figure 4: HV Transformer and electrodes with plasma discharge 
 

3. RESULTS AND DISCUSSION 

Measured dependence minimum output voltage (peak to peak) in kV to start 
discharge and number of pins used in top electrode with air gap from 1cm to 6cm 
between pin and flat electrode is showed on Fig 5.  Fig.6 shows max Voltage (peak 
to peak) in kV before local discharge. 
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 Figure 5:  Min. voltage to discharge        Figure 6:  Max. voltage to discharge 

4. CONCLUSIONS 

The new pulse resonance plasma system, with pins electrode, allows much greater 
gap between electrodes, and give a possibility to be applied in food industry. 
Moreover, dielectric material necessary for today’s DBD technology, is not 
required for this system. Therefore there are not issues with sterilization or 
decontamination of our plasma tool, on the contrary to systems which have 
thermally and chemical unusable dielectric (e.g. DBD). 
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Abstract. In recent years, there have been extensive spectroscopic studies, both experimen-
tal and theoretical, of helium isoelectronic sequence. Such an analysis requires information
for a wide range of atomic parameters, including energy levels and wavelengths. Our target
is to extend the calculation and present a complete and accurate data for helium-like ions.
We expect that our extensive calculations will be useful to experimentalists for identifying
the fine-structure levels.

1. Theoretical method

FAC is a fully relativistic code created by Ming Feng Gu which higher efficiency en-
ables user to carry out large-scale computations and allows finding various atomic
parameters (Gu., 2008). We employed FAC code to perform the whole three differ-
ent calculations: FAC, Relativistic Configuration Interaction (RCI) and Many Body
Perturbation Theory (MBPT).
The configuration-interaction (CI) method which is based on the variational principle
represents one of the approaches for treating many-electron systems. Non-relativistic
CI techniques have been used extensively in atomic and molecular systems calcu-
lations. However, the generalization to relativistic configuration-interaction (RCI)
calculations also presents theoretical as well as technical challenges. While, the
MBPT approach starts from the Rayleigh-Schrödinger perturbation theory of a multi-
configurational model space. The self-consistent-field approximation and the Breit
interaction Hamiltonian as well as QED effects have been included in the calculations
to improve the generated wave functions: Manai et al. 2019.
We review the theoretical background used by the FAC code. Then, the computa-
tional details of the calculation of the 1s2, 1s2l, 1s3l, 1s4l, 1s5l and 1s6l configurations
of He-like lithium which give rise to the lowest 71 fine structure levels. The number of
levels of the fine structure which we considered is larger than that in Aggarwal et al.
2010 and Kramida et al. 2018. Then, the transition energy [cm−1] and wavelengths
λ[Å] are presented.
Accurate energy levels calculations among the lowest 71 levels arising of 1s2 and
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1snl (n ≤ 6, l ≤ (n − 1)) configurations of He-like lithium have been carried out
through the relativistic configuration interaction (RCI) approach, the second-order
many body perturbation theory (MBPT ). We provide accurate calculations of en-
ergy levels and wavelengths of types of transitions (E1, E2, M1 and M2) for He-like
lithium.
Finally, a discussion of our results and a comparison with available theoretical and
experimental data are presented.

1. 1. RESULTS

In table.1, the use of the MBPT approach significantly improves the value of the
energy levels. The maximum difference relative to the NIST data: Kramida et al.
2018 becomes 651 cm−1 while the majority of values of energy levels of RCI method
are decreased by approximately 5000 cm−1.
From figure.1, the average relative deviation of wavelengths don’t exceed 5% for
the three methods compared to the results from NIST: Kramida et al. 2018. For
the MBPT calculations we have −0.47 ± 0.90%, for the RCI calculations we have
2.62 ± 1.70% and for the FAC calculations we have 3.13 ± 1.60%.
The present results are in good agreement with already published data in the litera-
ture, theoretical: Aggarwal et all. 2010 and experimental data: Kramida et al. 2018.
Several new energy levels were found out where no other theoretical or experimental
results are available. We expect that our extensive calculations will be useful to ex-
perimentalists for identifying the fine structure levels: Cantu et al. 1977.
We present the average relative deviation between our different methods and the
experimental data as by the following equation:

[(Etheory − ENIST )/ENIST ] × 100 (1)
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Table 1: Restriction of values of energy levels in (cm−1) of He-like lithium chosen
arbitrarily, calculated by different methods: FAC, RCI and MBPT . Experimental
data from the NIST database are also represented.

Figure 1: The average relative deviation of wavelengths calculated by different meth-
ods (FAC, RCI and MBPT) compared to NIST wavelengths.
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Abstract. Low temperature plasma is one of the most frequently used   treatment for 
surface modifications of textile fibers. Application of plasma has many advantages for the 
textile processing relative to other chemical wet processes in terms of cost saving, water 
saving and eco friendliness. In the present work, we have examined modification of 
acoustical properties of fabrics made from natural cellulose fibers (cotton, hemp) by plasma 
treatment in radio frequency (RF) N2-Ar gas mixtures plasma. It has been observed that the 
noise absorption coefficient is increased at medium and higher frequency due to the plasma 
treatment at certain values of reduced electric field.  

 
 

1. INTRODUCTION 
 
Plasma is a mixture of electrons, positive and negative ions, free radicals and 
excited molecules. In general, all of these species can interact with the surface of 
textiles samples (Arefi-Khonsari et al. 2008). Plasma treatment can change the 
surface properties of materials with no impact on the bulk properties. The depth of 
surface treatment is less than 100 nm. Plasma treatment affects the mechanical, 
chemical and microstructural properties of fiber surface, causing the changes in 
various physical properties of textiles, such as sound absorption coefficient, which 
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has been already observed for the polyester and jute fabrics (Youngjoo et al. 
2010). In previous work we already estimated that there is an increase of SAC of 
the treated cellulose fiber materials (cotton, hemp) almost in the whole frequency 
range due to the argon plasma treatment (Pavlović et. al 2019). 

2. EXPERIMENTAL SETUP 

The cotton/hemp knitted fabrics was treated in the RF capacitively coupled plasma 
(CCP) reactor filled by the N2 – Ar gas mixture. The plasma reactor, which was 
described previously in detail (Pavlović et al. 2018, Pavlović et al. 2019) is 
presented here only shortly. The reactor was placed in the cylindrical 304 stainless 
steel chamber. In the center of the cylinder a copper electrode was placed. In order 
to control gas or gas mixture purity, a vacuum system equipped with gas mass flow 
controllers was used. The high voltage RF generator at standard 13.56 MHz 
frequency was applied for RF discharges. The argon gas was fed through mass 
flow controller at gas flow of 2 sccm and nitrogen gas flow was changed from 10 
to 60 sccm. The pressure of the argon gas in the chamber was about 0.7 Torr, 1.1 
Torr and 1,6 Torr, respectively, and the maximal voltage was 1200 V peak to peak. 
The power used during plasma discharges was in the range from 60W to 100 W. 
The treated samples of materials were placed in the plasma reactor by using 
specially designed feedthrough connector and the treatments lasted for 20 minutes 
(this was an estimated optimum). In order to measure and control plasma 
conditions, the optical emission spectroscopy (OES) was employed. The 
measurements of the sound absorption coefficient (SAC) of the examined materials 
were performed before and after plasma treatments. We used a standard two-
microphone impedance tube which has been designed as per the ISO 10534-2:1998 
standard (Acoustics-Determination of sound absorption coefficient and impedance 
in impedance tubes-Part 2: Transfer-function method). The diameter of the tube (29 
mm) was set up for measuring SAC in the high frequency range (up to 5200 Hz). 
  

3. RESULT AND DISCUSION 

The SAC spectra for both untreated and the plasma treated sample, in the 
frequency range from 0 Hz to 5200 Hz, are presented in Fig 1. SAC spectra for 
treated sample in pure argon plasma is presented, too.  As can be seen from Fig 1, 
as in the case of samples treated by Ar gas plasma, there is an increase of SAC of 
the samples treated in N2-Ar plasma almost in the whole frequency range, but it is 
the highest in the medium and high frequency values, in the range from 3000 Hz to 
4500 Hz. The increase in SAC of the samples treated in N2-Ar gas mixture plasma 
at high frequencies is even much more pronounced as compared to the samples 
treated in pure argon gas plasma. We have found that the maximal  increase of 
SAC can be obtained for medium values of nitrogen gas concentration in the gas 
mixture (at gas flows of 30-40 sccm) or reduced electric field  E/N, which was in 
the range from 200 to 700 Td. It is also noticed that at the highest values of the 
observed range of the nitrogen gas concentration (at gas flows of 50 sccm, 60 
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sccm) in the gas mixture plasma, there are almost no any effect on the SAC values 
of the treated samples. 

 
 

Figure 1: Sound absorption coefficients of the representative sample of treated 
materials. 

 
In order to investigate and closely explain such behavior of  SAC values of the 
samples treated under different applied values of nitrogen concentration in plasma 
gas mixtures, we performed an OES diagnostics of RF plasma discharge. The 
optical measurements were performed in the spectral range from 300 nm to 795 
nm. The intensities of spectral lines obtained from relaxation of excited states of 
neutral argon atoms and of excited argon ions was obtained. The relative intensity 
of the argon spectral lines for different flow ratios with nitrogen are given in table 
1. From table 1. it can be concluded that the argon spectral lines are the most 
intense in the case when the percentage of nitrogen in the gas mixtures is the 
lowest. When the participation of nitrogen is greater, relative intensities of the 
spectral lines decrease as the reduced electric field E/N decreases.  
 In our previous paper regard to the argon plasma modification of cellulose fabrics, 
we concluded that such treatments cause the bond-breakage in the fiber polymer 
macromolecules producing the free radical parts in polymer chains (Pavlović et. al 
2018). Free electrons in the argon plasma can perform such bond-breakage, 
especially at higher energies, due to an increase of cross sections for the processes 
which can break carbon-hydrogen, carbon-oxygen and carbon-carbon bonds.  

When the participation of nitrogen is greater, it increases the number of excited 
and energetic plasma species which leads to increase the number of bond-breaking 
processes on the fiber surface. Consequently, the SAC value of the fabrics 
increases. Also, when the participation of nitrogen more increases, the reduced 
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electric field E/N decreases which leads to decrease the number of bond-breaking 
processes on the fiber surface. We can conclude that there is an optimal value of 
the concentration of the nitrogen gas in the mixture providing the enough number 
of excited atoms, molecules, ions and free electrons in the plasma chamber which 
take place in reaction processes with polymer surface, which causes bond breaking 
in the fiber polymer macromolecules, increasing the fibers elasticity. This optimum 
is obtained experimentally for medium values of nitrogen gas concentration in the gas 
mixture. 
 

 
 
 
 
 
 
 
 

 
Table 1: Relative intensity of argon atom spectral lines for different flow ratios in 

the mixtures with nitrogen 
 

4. CONCLUSIONS 
 

The aim of this work was an investigation of modifications of the acoustical 
properties of fabrics made from natural cellulose fibers (cotton, hemp) by N2-Ar 
gas mixtures plasma treatment. According to the  obtained experimental  results 
and previously published results, it can be concluded that modification of cellulose 
fabrics in the RF N2-Ar gas mixtures plasma at optimal nitrogen concentration in 
the gas mixture can cause the greater increase in SAC values, especially at high 
frequencies, comparing with fabric samples treated in pure argon plasma. The main 
reason for such distinction is the increase of the number of excited and energetic 
plasma species which leads to increase the number of bond-breaking processes on 
the fiber surface. 
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750.38 1 0.3173 0.3601 
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772.42 0.2356 0.0479 0.0633 
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CECILIA PIFERI1, RUGGERO BARNI1 and CLAUDIA RICCARDI1

1Dipartimento di Fisica G.Occhialini, Università degli
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Abstract. Dielectric barrier discharge and surface dielectric barrier discharge plasma are a
developing field of research. We are interested in knowing the species produced during these
plasma discharges. We developed a MATLAB code which simulates the plasma discharge and
calculates the produced species according to the reaction rates and the electron temperature.
In order to do that, we selected different series of chemical species interesting in and the
reaction rates involved between them. We are using this code to simulate atmospheric
pressure plasma generated in air with a percentage of pentane.

1. INTRODUCTION

Surface Dielectric Barrier Discharges (SDBD) are a particular configuration of elec-
trodes that could be used for atmospheric pressure non-equilibrium plasma treat-
ments. The presence of an insulating material between the electrodes prevents the
transition of the electrical discharge towards arcing, with the formation of a non-
thermal plasma at, or near, the atmospheric pressure. The flat geometry implied by
SDBD increases the contact area between the discharge region and the device active
parts, which is beneficial for the exposure of materials to the plasma. We developed
our MATLAB simulation starting from a plasma device composed by an exposed
metal electrode glued onto a dielectric surface. Such a configuration allows the for-
mation of a thin plasma layer above the insulating surface. Any material placed there
will be in contact with the plasma gas phase and it will receive a large flow of acti-
vated and reactive species. This could be used to apply plasma processes to materials
at atmospheric pressure without a damaging heat load, because plasma is generated
near the room temperature. Besides surface treatments, SDBD were developed and
applied also to aerodynamics, by using asymmetrical electrode layouts. Our simula-
tion investigates the SDBD discharge made in air with a small percentage of pentane
(C5H12). We will outline how the code works, the approximations we have done, some
results and future implementations.
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2. MODEL

The program simulates a single microdischarge of atmospheric plasma produced in air
with a less then 1% of pentane. We can set the duration of the microdischarge and the
repetition time of the same. The microdischarge shape is a semi-cylinder laying on a
surface. We can divide the simulation process in three different parts. The first one,
that is of the order of ns, represents a ionization wave during the plasma formation;
the second one, of the order of µs, dominates by the chemical kinetic occurring at
room temperature since there are no more energetic electrons are involved; the last
one describes the diffusion of the molecules between the nearly regions close to the
plasma region. In order to model the microdischarge we simulate the ionization wave
triggered by an increased of the electronic temperature. For the whole duration of the
microdischarge we consider the electrons having a Maxwellian distribution function.

2. 1. APPROXIMATIONS

To develop the code we need to choose the discharge parameters and the species and
the reactions involved in the simulation.

The discharge parameters are: the flow temperature and pressure; the electron
temperature; the plasma density; the pentane concentration; the microdischarge di-
mensions; the repetition frequency of the microdischage, also called as HV frequency.

This is a preliminary work so we are using a little number of involved species and
reaction. The first species involved is the electron one. We negletted the nitrogen dy-
namics and we named as Air the species that involes the molecular oxygen dynamics.
We are interested in the pentane decomposition, so we concentrated on the hydro-
carbons species, that we divided in class as CHx, C2Hx, C3Hx, C4Hx, C5Hx, C6Hx.
However, we consider the pentane as a specific species and not in the class C5Hx. The
other species involved are the atomic oxygen (O), the atomic hydrogen (H) and the
molecular hydrogen (H2).

In our code we considered only two body reaction that can produce one or more
products. The reaction involved are selected from the NIST Chemical Kinetics
Database, GAPHYOR Database and Kinema Database. The reaction rate are eval-
uated from the Arrhenius experimental formula

K = A T b exp

(
−Ea

T

)
(1)

where all the parameters are obtained from the same databases. The reaction we con-
sidered are the ionization and neutralizaion of the electrons, the dissociation reaction
due to the interaction of a species with an electron, the oxidation reaction and the
reaction between species. The latter is composed by hydrogen switch, extraction or
acquisition of one or more atomic or molecular hydrogen, and acquisition of CnHx. For
example we can have H+CnHx→CnHx+H2, H+CnHx→CnHx or H2+CnHx→CnHx+H.
After that we also considered the wall reaction and the diffusion of the species form
the outside to the inside and the opposite. We do not consider the ionic dynamics.

The whole simulation is based on the resolution of the continuity density differen-
tial equations
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dnk
dt

=
N∑
i≤j

Ki+j→kninj −
N∑

i,j=1

Ki+k→jnink −
Dk

Λ2
k

nk (2)

since we assumed only two body reaction and we are interested in study density of
species (nk), and where N is the number of the considered species. The first term in
the right side of (2) is the sum of all the two body reaction that contribute to the
formation of the k-th species of the sistem. The second term is the sum of all the
reaction that involes the k-th species in the reagents. The last term is the diffusive
one, where we assumed that −D∇2n ∼ − D

Λ2n; the Λ2 are parameters that depends
on the system geometry and are discussed by P.J. Chantry. We assumed that the
diffusion to the outside can happen through the lateral surface of the semi-cylinder
and to the dielectric surface.

2. 2. CODE

The code needs to resolve the differential equation for all the N species involved in the
simulation. To do that we used the ode (ordinary differential equation) solver ode23s
MATLAB function. ode23s is based on a modified Rosenbrock formula of order 2. It
is a single-step solver, it is efficient at solving problems that permit crude tolerances
or problems with solutions that change rapidly, as can happens in our system. The
ode23s solver evaluates the Jacobian during each step of the integration, so supplying
it with the Jacobian matrix is critical to its reliability and efficiency.

We run the simulation in two different stages: in the first one we simulate the
plasma discharges, with energetic electrons of the order on the eV, and in the other,
due to the chemical kinetic and the diffusion, setting the electron temperature as
room temperature. We can outline the code as follows: 1. The simulation starts with
a microdischarge. The initial conditions are the starting density (nk,0) of the Air,
C5H12 and electrons, while the other density are placed to zero. The ode solver returns
the density shape of the species for the entire microdischarge duration. 2. Starting
from the final density of the previous step, we repeat the ode solver call assuming the
room temperature for the electrons. This part of the simulation ends after an HV
period. We repeat steps 1 and 2 for the desired number of times, taking care that
when we repeat the discharge (point 1) the starting density are the final density of
the previous step, except for the electrons that is set as ne,0.

3. SIMULATION

We show now the density profile inside the discharge volume of the C5H12, the elec-
trons and the CHx (Fig.1). We chose to report this four species in order to show
the different trends. The simulation parameters are: repetition frequency 33 kHz;
microdischarge duration 2 ns; energetic electron temperature 5 eV; starting electron
density 2x106 cm−3; starting air (molecular oxygen) density 2.5x1019 cm−3; starting
C5H12 density 8.3x1016 cm−3; room temperature 25 meV; microdischarge radius 100
µm; microdischarge length 0.5 cm; number of repetition 500. In Fig.1 we plot the
density in log-log scale. We can see that the C5H12 decreases quickly during the dis-
charge and then, due to the diffusion to the outside it increases. On the opposite
the CHx increases during the discharge and then decreases for the kinetical reactions
and the diffusion. The electron density, instead, grows during the discharge, slowly
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decreases during the diffusion and then, due to a code setting, returns to 2x106 cm−3.
Plotting the density using the relative time (Fig.2), that is t=0 when the microdis-
charge starts, we can see that all the density inside of the microdischarge reach a
plateau after some repetition, that is important for the next implementation of the
code when we will investigate the behavior of the outflow.
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Figure 1: Pentane (left), electrons (center) and CHx (right) density profile.
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Figure 2: Pentane (left), electrons (center) and CHx (right) density profile using
relative time.

4. FUTURE IMPLEMENTATIONS

This code needs some implementation in order to improve the simulations output.
First of all it is important to set good starting parameters (duration of microdischarge,
electron density, etc.). It is also important to include other species like nitrogen and
ozone. After that we would like to use the code to compare the simulation with
the laboratory device output. When we will reach a good accordance between the
simulation and the experiment we could use the simulation to have a preview of the
outcome saving time and money discarding the worst configurations.
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THE SHOCK IGNITION APPROACH TO INERTIAL CONFINEMENT 
FUSION: BASIC CONCEPTS AND PROGRESS 
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Abstract. On behalf of the EUROFusion Enabling Research Project ENR-IFE19.CEA-01 
“Study of Direct Drive and Shock Ignition for IFE: Theory, Simulations, Experiments, 
Diagnostics development ” and in particular J.Trela, G.Boutoux, A.Casner, X.Ribeyre, 
V.Tikhonchuk, E.Le Bel, Ph.Nicolai, D.Raffestin, A.Colaitis, L.Antonelli, N.Woolsey, 
G.Cristoforetti, L.Gizzi, R.Scott, K.Glize, S.Pikuz, J.Honrubia, R.Florido, S.Atzeni, 
T.Pisarczyk, S.Guskov, D.Mancelli, A.Tentori, O.Renner, J.Dostal, R.Dudzak, M.Krus, 
F.Baffigi, E.Filippov, Y.J.Gu, O.Klimo, S.Malko, A.Martynenko, S.Pikuz, T.Chodukowski, 
Z.Kalinowska, M.Rosinski, …  

Direct-drive “Shock Ignition” is an interesting alternative to the classical approach to 
ICF investigated on NIF and could relax the problems met on the pathway to ignition, in 
particular due to hydrodynamic instabilities (Rayleigh-Taylor).  In the conventional 
approach to ICF, hot electrons (HE) are dangerous because they induce target preheating 
making compression more difficult. In SI, however, HE generated by the final laser spike at 
the end of compression, when the accumulated target <�r> is large enough, may increase 
laser-target coupling and strengthen the shock with a positive impact. Hence, their 
characterization is crucial for assessing SI feasibility. Within our Enabling Research 
EUROfusion Project on Shock Ignition, we are conducting experiments in Europe and the 
US to contribute answering these open questions. 

In the talk, I will review the basic concepts of shock ignition and ten I will present the 
results from two series of experiments. 

At the PALS laboratory in Prague we characterized HE produced by high-energy laser 

pulses of 300 ps at 1
st
 and 3

rd
 harmonics of the iodine laser (wavelength λ = 1315/438 nm, 

focused to intensities 9×10
15 / 2×10

16
 W/cm

2
). We studied the correlation of HE and 

Stimulated Raman Scattering (SRS) and assessed the impact of HE on target preheating and 
on shock dynamics. Results were  compared to advanced hydro simulations done with the 
code CHIC that takes into account parametric instabilities and HE in a self-consistent way.  

At the Omega facility in Rochester, we characterized HE with K-a spectroscopy and 
bremsstrahlung cannons. We performed experiments to assess the effect of HE on the 
performance of spherical implosions with a pulse shaping typical of IS. We also performed 
a plane experiment on the Omega EP system to characterize HE and evaluate their impact 
on preheating and shock dynamics which was diagnosed by time-resolved X-ray 
radiography.  

This work contributed to our understanding of SI physics but also to consolidate a 
European research network on SI, serving as preparation for future experiments to be done 
on the LMJ/PETAL laser facility at the relevant energy scale. 
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Abstract. The European Roadmap to the Realisation of Fusion Energy1 breaks the quest for 
fusion energy into eight missions: 
1.  Plasma regimes of operation: Demonstrate plasma scenarios (based on the tokamak 

configuration) that increase the success margin of ITER and satisfy the requirements of 
DEMO. 

2.  Heat-exhaust systems: Demonstrate an integrated approach that can handle the large 
power leaving ITER and DEMO plasmas. 

3.  Neutron tolerant materials: Develop materials that withstand the large 14MeV neutron 
flux for long periods while retaining adequate physical properties. 

4.  Tritium self-sufficiency: Find an effective technological solution for the breeding 
blanket that also drives the generators. 

5.  Implementation of the intrinsic safety features of fusion: Ensure safety is integral to the 
design of DEMO using the experience gained with ITER. 

6.  Integrated DEMO design and system development: Bring together the plasma and all 
the systems coherently, resolving issues by targeted R&D activities 

7.  Competitive cost of electricity: Ensure the economic potential of fusion by minimising 
the DEMO capital and lifetime costs and developing long-term technologies to further 
reduce power plant costs. 

8.  Stellarator: Bring the stellarator line to maturity to determine the feasibility of a 
stellarator power plant. 

Now we are approaching the end of the 8th European Framework Programme (2014-
2020), it is a good moment to look back at the achievements since the establishment of 
EUROfusion in 2014, while at the same time have a peek into the future, to see which 
challenges lay ahead of us as well as the strategy to tackle them. 

EUROfusion has seized the unique opportunity to develop an integrated scientific 
programme including experiments and modelling on tokamaks with different sizes, i.e., on 
medium-size tokamaks and on JET to provide a step-ladder approach for extrapolations to 
JT-60SA, ITER and DEMO. The main development in plasma scenarios (mission 1) has 
been the move to tokamak operation with metallic walls like ITER and DEMO (previously 
carbon was the normal plasma-facing material, which proved unsuitable for ITER and 
DEMO). This has led, as hoped, to strongly reduced tritium retention and much lower 
levels of dust production. The introduction of metallic walls initially had an adverse effect 
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on the plasma performance for standard plasma scenarios but various remedies and 
modified scenarios have been developed to assist rapid progress when ITER starts to 
operate. 

In the challenging area of plasma exhaust (mission 2), there has been good progress in 
understanding the likely exhaust loads in ITER and DEMO. As a response, a 
comprehensive high-level strategy was developed, including a range of facility 
enhancements. Additionally, the Italian government has recently decided to proceed with 
the funding for the construction a new divertor test tokamak (referred to as DTT) focused 
on exhaust issues. 

In the field of materials (mission 3), beside numerous scientific advances, a preliminary 
engineering design of IFMIF-DONES has been completed, and a potential European site 
has been identified.  

Fundamental to the European DEMO design development strategy (missions 4-7) has 
been the establishment of a baseline architecture that integrates all the major DEMO sub-
systems into a coherent plant concept. This provides a framework to find holistic designs 
that are consistent with the DEMO stakeholder requirements and thus reveal the extent to 
which current plasma, materials, component and systems performance are adequate. The 
implementation of a philosophy of integrated design and a ‘systems orientated’ approach 
represents a significant advance over anything achieved previously. It has brought much 
greater clarity to a number of critical design issues, and the overall integration challenge. 
This includes: (i) identification of critical interface issues, project risks and innovation 
opportunities, (ii) establishment of an ‘integration culture’, and (iii) system optimisation 
studies. 

A major highlight of mission 8 has been the completion of the superconducting 
Wendelstein 7-X stellarator. Its commissioning and first years of operation exceeded 
expectations, demonstrating a strong base for future scientific exploitation and development 
of the stellarator. 

 
1  European Research Roadmap to the Realisation of Fusion Energy, ISBN 978-3-00-
061152-0 (November 2018) 
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Abstract. Nuclear fusion could contribute to the energy mix in the second half of this 
century. For a fusion reactor, matter has to be heated up to extremely high temperatures: 
more than 100 million degrees - about a factor of 10 hotter than the sun's core. At these 
temperatures, the material is fully ionized. The charged particles can be confined by 
magnetic fields, which are also able to provide the required efficient heat insulation. After 
more than 50 years of research, fusion has advanced to the decisive step on the way to a 
power plant: the international tokamak experiment ITER is designed to demonstrate the 
feasibility of net energy production from nuclear fusion reactions. In a joint enterprise by 7 
partners (the EU, Japan, Russia, USA, China, the Korean Republic and India) - ITER is 
currently been built in Cadarache, France. With the Joint European Torus (JET) and the 
joint exploitation of the medium size tokamaks, the European fusion programme is well 
equipped to provide essential contributions to the preparation of ITER operation. The 
tokamak concept as realized in ITER is by far the most advanced confinement 
configuration. It however requires the continuous flow of an electric current in a donut-
shaped plasma. In present devices, this plasma current is driven by a transformer and can 
therefore be maintained only over a certain time, which – in a reactor – could amount to 
several hours. A thermal storage would provide for continuity of the electric power 
production during the short time interval needed to recharge the transformer. 

Figure: Sketch of the Wendelstein 7-X geometry. 
 

An alternative to the tokamak is the stellarator, which needs a considerably more complex 
magnetic field configuration, but is intrinsically stationary without any need of external 
current drive. The complex magnetic field of a stellarator requires however careful 
optimization to ensure sufficiently good confinement properties. The first optimized 
stellarator of sufficient size to proof that the stellarator concept has the potential for a power 
plant, Wendelstein 7-X, has recently started operation in Greifswald, Germany. 
Wendelstein 7-X is a superconducting device with 50 non-planar coils, providing the 
magnetic confinement. In addition, 20 planar coils provide some flexibility of the magnetic 
field geometry (see figure). 
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GASES THAT DOMINATE THE UNIVERSE

DRAGAN HUTERER1
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Abstract. Over the past century, scientists have developed an excellent understanding of
the history of the universe from a fraction of a second after the Big Bang when the universe
was small, hot and nearly uniformly filled with matter, until the present time when it is
filled with galaxies surrounded by empty space. I will discuss the three principal findings
that serve as the ”pillars” of modern cosmology, establishing the standard Big Bang model of
the early universe. These pillars are: the expansion of the universe; the agreement between
theory and prediction of primordial abundances of lightest elements produced in the early
universe; and the remnant radiation from the early epoch (the cosmic microwave background
radiation). I will then discuss two famous modern-day puzzles in the field of cosmology. The
first of them is dark matter, which contributes five times more mass/energy as the usual
baryonic matter (i.e. particle made of quarks) and for which there is excellent evidence
from many observational probes, but whose particle-physics properties have not yet been
identified. The second great modern-day mystery is that of dark energy, which makes the
universe expand faster and faster, but whose physical origin has not yet been established.
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FOLLOWING SUPERMASSIVE BLACK HOLES OVER COSMIC TIME 
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Abstract. The first black holes were seeded in pre-born galaxies in the early Universe, at 
redshift 10 or even higher. Their growth, in parallel to star formation and the growth of 
their host galaxies is, perhaps, the leading factor that determines the size and mass of the 
most massive galaxies of today. The mass of the largest black holes of today exceed 10 
billion solar mass but, surprisingly, such supermassive black holes are observed also in 
galaxies whose age is less than a billion years indicating super-fast growth which is not yet 
fully understood. Active black holes are the lamp-posts of the Universe. Every 50-100 
million years they light up for a short period of time, enabling a glimpse of their parent 
galaxies and their environment. I will present the black hole history of the Universe using 
recent observations. To each black hole I will assign a measured mass – one of the greatest 
achievements of modern astronomy – and present evidence that black hole activity is 
related to mergers of galaxies, and to the clearing of star-forming gas.  Such processes 
shape galaxy evolution and morphology and lead to what astronomers call “red and dead” 
galaxies.  
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PLASMA-WALL INTERACTION IN W7-X  
OPERATING WITH GRAPHITE DIVERTOR  
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Abstract The world largest stellarator W7-X finished successfully its first phase in island 
divertor configuration. Plasma-facing components (PFCs) made of fine grain graphite 
(carbon C) were used to exhaust the plasma particle and power load the toroidal device with 
five-fold symmetry. No significant damage occurred to the 10 divertor modules in the 
executed 3.6h of integral plasma operation in hydrogen (H) and helium (He). The 
adiabatically cooled divertor with an area of 25m2, received peak heat loads up to 10MWm-

2 in ECRH-heated plasma discharges with maximum duration of 100s in attached 
conditions. With the aid of improved wall conditioning (boronisation), W7-X superseded 
the expected plasma performance combining high central density (n> 1.5x1020m-3) 
operation with stable, detached divertor conditions (Pdiv<1MWm-2) for 30s in H with 5MW 
input power. Peak particle fluxes up to few 1023ions s-1m-2 to the divertor and 1x1022ions s-

1m-2 to the first wall - consisting of graphite heat shields, baffles, and stainless steel panels - 
resulted in a manifold of plasma-surface interaction (PSI) in the 3D geometry. Important 
with this respect is (i) the C balance, namely the identification of erosion and deposition 
areas as well as the material transport paths between those in W7-X; (ii) the balance of fuel 
in W7-X, namely the balance of injection, retention, release, and recycling. In view of 
upcoming long-pulse operation, these PSI processes will determine the lifetime of divertor 
PFCs, the fuel cycle and plasma control, as well as the dust production.  
Access to these processes is given by the combination of in-situ analysis via spectroscopy, 
IR thermography, residual gas composition, etc. during plasma operation and ex-situ 
analysis of PFCs after extraction from the vessel by a variety of techniques including 
nuclear-reaction analysis, scanning electron microscopy, laser-induced break-down 
spectroscopy etc. The post-mortem analysis revealed the main C migration paths in W7-X 
for dedicated plasma configurations, the peak C erosion rates of more than 5nm/s, as well 
as the net C erosion source of about ~50g in the ~2500s long operational phase prior to 
boronisation. The peak erosion rates dropped substantially after application of the 
boronisation confirming the dominant role of oxygen (O) in the PSI in the first phase of 
W7-X operation with Zeff of ~3.5 and the excellent O gettering with boron (B) associated 
with a reduction of Zeff to ~1.5 in H plasmas with residual C radiation. Dedicated PSI 
modelling with the 3D codes ERO2.0 and WallDYN-3D are applied to describe the PSI 
processes for the standard configuration where both codes are able to describe the main C 
erosion, transport, and deposition areas. A final benchmark of the codes is presently done 
using a 13CH4 injection through one single divertor module in more than 330s accumulated 
plasma seconds to mimic the material migration for one single plasma condition. The 
corresponding PFCs for 13C surface analysis have been extracted after the experiment that 
no mixture with other plasma conditions perturb the interpretation.  
These PSI processes in the full-C W7-X device will be discussed in detail and predictions 
towards single steady-state plasmas of up to 1800s will be made with the aid of 
experimental data and PSI modelling. Consequences for operation and the need to control. 
PSI processes in the novel and actively cooled carbon-fibre composite divertor in W7-X by 
adapting the divertor plasma solution with enhanced input power capability will be drawn. 
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Abstract. Emission lines from multiple charged ions of heavy elements are useful for 
diagnostics of laboratory and astronomical plasmas, such as magnetically confined fusion 
plasmas, solar corona. However, available spectroscopic data are still scarce. Electron beam 
ion trap (EBIT) can produce and trap multiple charged ions in extreme high vacuum for 
precise spectroscopic measurements of emission lines. In EBIT, ions produced by a mono-
energetic electron beam have a narrow charge state distribution, and primary charge states 
can be tuned by electron beam energy under suppressed recombination with residual neutral 
gas. This enables charge state identification of spectra reliable, and direct comparison with 
spectral modeling becomes much facilitated. In this lecture, a compact EBIT (CoBIT), e.g.: 
see Nakamura et al. 2008, which is developed for measurements of multiple charged ions 
formed by electron energies of 0.1 - 1 keV, will be introduced. These energies are relevant 
to electron temperatures in the solar corona and edge regions of ITER plasmas. A typical 
electron density of CoBIT is 1010 cm-3 which lies in between densities of the solar corona 
and fusion plasmas. Our recent studies on emission line spectra of multiple charged ions 
with the CoBIT will be reviewed, e.g.: see Kobayashi et al. 2015, Kato et al. 2017, Sakaue 
et al. 2019. 
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QUARK GLUON PLASMA IN AN EARLY PHASE
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Mike Petrovića Alasa 12-14, Vinca 11351, Belgrade, Serbia

E–mail Jovan.Milosevic@cern.ch

Abstract. A few microseconds after the birth of the Universe (Big Bang), the Universe
was filled with the matter consisting of colored quarks and gluons (particles which constitute
hadrons), called quark gluon plasma (QGP) (Shuryak 2017). That primordial QGP lasts for
about a few µs until the Universe cooled down and expanded enough that colored quarks
had to confine within the colorless new formed hadrons. In high-energy nuclear collisions,
where a high baryon density, or a high temperature could be achieved, small pieces of the
QGP can be recreated. Such created QGP undergoes an explosion, called the Little Bang.
In spite of its small size (about 1000fm3) and short duration (a few fm/c, where c is
the speed of light), the QGP is well described by relativistic hydrodynamics. Even more,
small perturbations on top of the explosion could be also well described by relativistic hy-
drodynamics. In high-energy nucleus-nucleus collisions which have been performed at the
Relativistic Heavy Ion Collider (RHIC) and at the Large Hadron Collider (LHC), the QGP
was artificially created with extremely high temperature and the baryon density close to
zero (Chatrchyan et al. 2014, Khachatryan et al. 2015, Sirunyan et al. 2017). On the other
side, at future experiments as NICA (Dubna), J-PARC HI (Tokai) and CBM (Darmstadt)
will explore the region of temperature vs baryo-chemical potential (T −µB) phase diagram
at smaller temeperatures and high baryon densities. This will enable to investigate a new
domain of quantum-chromodynamic matter created in such collisions. We briefly discuss
about some aspects of the QGP formation and its properties.

References

Shuryak, E.: 2017, Universe, 3, 75.
Chatrchyan, S.,... , Milosevic J., et al., CMS Collaboration, 2014, Journal of High Energy

Physics 1402, 088.
Khachatryan V., ... , Milosevic J., et al., CMS Collaboration, 2015, Phys. Rev. C 92,

034911.
Sirunyan A.M., ... , Milosevic J., et al., CMS Collaboration, 2017, Phys. Rev. C 96, 064902.

263



Publ. Astron. Obs. Belgrade No. 99 (2020), 264 Topical Invited Lecture 

TURBULENCE SIMLATIONS FOR STELLARATOR PLASMA 
TRANSPORT 

Masanori Nunami1, Motoki Nakata2, Shinichiro Toda3 and Hideo Sugama4 

National Institute for Fusion Science / National Institutes of Natural Sciences, 
Toki, Gifu 509-5292, Japan 

1E-mail  nunami.masanori@nifs.ac.jp 
2E-mail  nakata.motoki@nifs.ac.jp 

3E-mail  toda@nifs.ac.jp 
4E-mail  sugama@nifs.ac.jp 

Abstract. In magnetic fusion researches, it is one of the critical issues to understand the 
physics in the plasma turbulent transport which influences the confinement performances of 
the plasmas. In recent years, due to the rapid progress of the high-performance computers, 
the plasma transport phenomena can be accurately predicted by the first-principle simulations 
based on the gyrokinetics. In the stellarator systems such as Large Helical Device (LHD) 
[Takeiri et al.2017], which is a promising device for the long-time plasma discharges, the 
gyrokinetic simulations demand extremely heavy computational cost compared with the 
tokamak cases. In order to establish the predictable turbulence simulations in the stellarator 
plasma transport, the local flux-tube gyrokinetic code GKV [Watanabe et al. 2006] has been 
developed and extended. Using the code, the turbulent transport in the stellarators for the 
hydrogen isotope plasmas [Nakata et al. 2017] and the multi-species plasmas [Nunami et al. 
2020] have been studied. Furthermore, based on the simulation results, we have developed a 
reduced model for the turbulent transport of the stellarator plasmas [Toda et al. 2019]. 

Figure 1: The potential fluctuation obtained by GKV simulation for the LHD plasma. 
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Abstract. In this work, we report on a selection of issues present in the elaboration of 
spectroscopic models for magnetized plasma diagnostic. A focus is put on tokamak edge 
and white dwarf atmosphere plasma conditions. In both cases, the spectrum exhibits clean 
lines, either in absorption or in emission, denoting the presence of neutral species (atoms). 
An analysis of the line shape and intensity yields information on the plasma parameters 
provided a suitable physical model is used. We examine the broadening of the spectral lines 
due to the plasma microfield (Stark effect) and due to collisions with the atoms (resonant 
and van der Waals broadening). A computer simulation method accounting for the 
microfield dynamics during the radiation time of interest is applied to the calculation of the 
first lines in the Balmer series. Comparisons to observed spectra are performed. We also 
address the Zeeman line splitting due to the presence of magnetic fields. While the normal 
linear Zeeman effect formula can safely be applied to hydrogen in tokamak plasma 
conditions (B has a value of the order of several teslas), it is strongly inaccurate for white 
dwarfs that are subject to an extremely strong magnetic field. Observations have indicated 
that B attains values up to 10 kT in several white dwarfs; at such conditions, the Zeeman 
splitting becomes comparable to the atomic energy level separation and can no longer be 
treated as a linear perturbation. This issue is examined in details through dedicated 
calculations. 
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Abstract. In this work, the modified semi-empirical (MSE) Stark broadening method of
calculations is presented. The method is compared to the semi-empirical (SE), semiclassical
perturbation (SCP) and fully relativistic methods and with more simplest calculation for-
mula. As an example of calculation, we calculate the widths of some alkali like ions as Sr II,
Y III and Zr IV.
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V SPECTRAL LINES IN THE SPECTRUM OF THE O-STAR HD 149757  

(ζ OPH) 

A. ANTONIOU1, E.DANEZIS1, D. STATHOPOULOS1,2, E. LYRATZI1,2 and   
D. TZIMEAS1 

1National and Kapodistrian University of Athens, Faculty of Physics, 
Panepistimiopolis, Zographos 157 84, Athens, Greece 

E-mail  ananton@phs.uoa.gr, edanezis@phys.uoa.gr, dtzimeas@phys.uoa.gr  
2Eugenides Foundation, 387 Syngrou Av., 175 64, Athens, Greece 

E-mail  elyratzi@phys.uoa.gr, dstatho@phys.uoa.gr  

Abstract. In this context, our research group developed GR model and A.S.T.A. software, 
which can analyse the complex DAC/BAL profiles to individual components. By applying 
a series of strict fitting criteria, we analyse each DAC/BAL to the uniquely determined 
number of components they consist of and guarantee the uniqueness of the best fit. For 
every absorption component we calculate the radial (Vrad) and rotational (Vrot) velocity, the 
FWHM, the optical depth at line centre (τ0), the EW and the column density (N). By 
utilizing different epoch spectra, we probe the time variability of each individual 
component.  

The column density is a crucial parameter because it allows the investigation of the 
internal structure of clouds that produce the DAC/BAL components.  Column density is a 
measure of the amount of intervening matter between an observer and the object being 
observed and is representative of the projected density of the clouds that produce 
DACs/BALs along a specific line of sight. Thus, the time scale-variations of the 
components’ column densities can provide useful insights on the relative number of 
absorbers of each absorbing cloud in the line of sight.  

In this paper, in the context of GR model, we present a new method for calculating the 
column density. We use GR model in order to analyse the broad absorption troughs of C 
IV, N IV and N V, in different epoch spectra, of the O-star HD149754 (ζ Oph), to the 
uniquely determined number of components they consist of and we study the variability of 
the components’ column densities in a time interval of 13 years. in multicomponent fitting 
of the above-mentioned spectral profiles is performed using A.S.T.A. software developed 
by the Astrophysical Spectroscopy Team of the National and Kapodistrian University of 
Athens.  
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Abstract. Studying cosmic rays, their acceleration and interactions is of fundamental 
importance for understanding physics of the highest energies. Cosmic rays interact with 
magnetic fields, so their direct detection is not possible, but their presence can be measured 
by detecting different products of their interactions with the interstellar medium through 
which they propagate. Accretion of gas on the largest scales (around galaxy clusters) has 
been thought to give rise to shocks that can accelerate cosmic rays. Multi-messenger studies 
of particular galaxy clusters, as well as the possible contribution of distant unresolved 
galaxy clusters to the observed background radiation at different wavelengths, can be used 
to study particle acceleration in accretion shocks. Interactions of cosmic rays will, among 
other things, produce gamma rays, neutrinos and radio waves. Here we investigate how 
unresolved galaxy clusters and their accretion shocks contribute to extragalactic gamma-ray 
background observed by Fermi-LAT (Ackermann et al. 2015). We also study these objects 
using high-energy isotropic neutrino flux from the IceCube detector (Aartsen et al. 2014) 
and the cosmic radio background (Fixen et al. 2011). We show that the possible 
contribution of unresolved galaxy clusters to these backgrounds is not large. For example, 
even if all detected extragalactic IceCube neutrinos are entirely produced by cosmic rays 
accelerated in accretion shocks, they can make at best ∼20% of the extragalactic gamma-
ray background (Dobardžić et al. 2015).  
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Mike Petrovića Alasa 12-14, Vinca 11351, Belgrade, Serbia

E–mail ddevetak@gmail.com

Abstract. Modern heavy-ion experiments reach collision energies that span the QCD
phase diagram in the region of a partonic plasma state called quark-gluon plasma (QGP).
The quark-gluon plasma is a strongly-coupled hot medium that lasts only a few fm/c. Being
such a ephemeral state of matter the only effective information about QGP is contained in
the final particle shower collected by the experiment. Using such high precision experimental
data, various observables can be computed for theoretical model comparison. Phenomenolog-
ically, the QGP can be treated as a relativistic fluid assuming quick and local thermalization.
Plethora of measurements show that the QGP behaves almost a perfect liquid but still con-
tains some dissipative effects to fit the data. In order to study such effects one requires a full
theoretical framework of the QGP, which comprises of initial medium conditions, fluid ex-
pansion and particle shower (hadronization) phase. Each of these phases affect the predictive
power of the model and put a direct quantitative constrain on dissipative contributions when
compared to data, see Devetak et al. 2015 and Devetak et al. 2020. In this talk such data
to model comparisons are presented, using recent heavy-ion experimental measurements and
methods.

References

Devetak D., et al., CMS Collaboration, 2015, Phys. Rev. C 92 034911.
Devetak D., et al., 2020, JHEP 06 044.

269



Publ. Astron. Obs. Belgrade No. 99 (2020), 270 Progress Report

RISE OF LSST - DETECTION OF OSCILLATIONS IN AGN

EMISSION LIGHT CURVES AT

DIFFERENT COSMOLOGICAL SCALES

1Department of Astronomy, Faculty of Mathematics,
University of Belgrade, Studentski trg 16, 11000 Belgrade, Serbia

E–mail andjelka@matf.bg.ac.rs
E–mail dilic@matf.bg.ac.rs

2Astronomical Observatory Belgrade, Volgina 7, 11060, Belgrade, Serbia
E–mail lpopovic@aob.rs

Abstract. We present the first stage in the construction of a publicly available tool for
modeling of active galactic nuclei (AGN) emission light curves, and for detection of oscilla-
tions in them (see Kovačević et al. 2018, 2019, 2020). This method is a result of our previous
research of the time lags and oscillatory characteristics of optical light curves, which are ob-
tained within our long-term monitoring program (up to 3 decades, see Shapovalova et al.
2001, 2004, 2008, 2010, 2012, 2013, 2017, 2019, Ilić et al. 2020).
Moreover, we introduce this tool in the context of the photometric reverberation mapping
with the the Rubin Observatory Legacy Survey of Space and Time (LSST). As the dawn of
the LSST is approaching, we expect the largest database of AGN light curves, covering a
significant portion of the AGN population up to redshift ∼ 7.0. Perhaps this large and sys-
tematic dataset should enable us to constraint properties of oscillations in AGN light curves
at different cosmological scales and thereby probe the properties of the emitting sources.
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Abstract. Simple estimates and approximations play important role in Stark broadening 
theory, especially in the use for astrophysical purpose. According to the statistical analysis 
of Stark widths obtained with modified semiempirical approach, the dependence of Stark 
widths on temperature is determined. New expression describing the dependence of 
temperature is tested on calculation of Stark widths using simplified modified 
semiempirical formula, in order to extend this formula toward higher temperatures above 
the lower treshold limit, which are significant in research of stellar plasma. Results 
obtained with extended form of simplified modified semiempirical formula are compared 
with corresponding Stark width values previously calculated with modified semiempirical 
approach in order to determine the accuracy of new method.(Dimitrijević and Konjević 
1981, Dimitrijević and Konjević 1987, Majlinger et al. 2015, Majlinger et al. 2017) 
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Abstract. Remote sensing of the lower ionospheric plasma has scientific and practical 
applications. Namely, this atmospheric layer is continuously exposed to numerous 
astronomical and terrestrial events, and analyses of variations in its plasma parameters are 
important for detection of these events as well as modeling of influences of perturbed 
ionospheric plasma on the propagation of electromagnetic waves within it. Here, we present 
the recent research related to the lower ionospheric disturbances around the periods of 
natural disasters, and changes in propagation of satellite signals during D-region 
perturbations induced by solar X-ray flares. In the first part, attention is focused on research 
of possible ionospheric earthquake precursor visualized as reduction of the noise of the 
amplitude of a very low frequency radio signal used for monitoring the lower ionosphere 
(Nina at al. 2020). Analysis of importance of the perturbed D-region for satellite signal 
delay is subject of the second part of this study (Nina et al. 2019). 
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Abstract. Using the results and assumptions given in the papers (see Maslowski et al. 2006 
and Tausanovic et al. 2010) detailed and efficient numerical algorithms have been 
developed for application in the study of the lightning channel evolution. Different 
engineering models were used in the calculation of the axial electric field along the channel 
axis – the TL, the MTLE, the MTLP, the MTLL and the GTCS model. Obtained results for 
electric field as well as the point form of Ohm’s law have been used to calculate the profile 
of longitudinal electrical conductivity on the lightning channel. The comparison with the 
experimental results was performed. It has been shown that the mean values of the 
mentioned physical quantities are in accordance with the experimental results Cen et al 
2015. After a detailed analysis of all engineering models, it was decided to use the GTCS 
model to investigate the lightning channel dynamics. For this purpose, it is necessary to 
precisely calculate the channel discharge function from Volterra integral equation of the 
first kind. This equation is solved analytically by Laplace transformation, as well as 
numerically by the modified composite trapezoidal formula method (MCTF method). The 
results show excellent agreement between analytical and numerical methods. Obtained 
channel discharge function is used in the calculations of other physical parameters along 
radial and axial directions of the channel. 
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Abstract. Some of the most exciting cosmic phenomena are though to occur in massive 
binary systems. For example, gamma-ray bursts (GRBs) are associated with collapsars -
rapidly rotating massive stars (Petrovic et al. 2005a). Also, sources of gravitational waves, 
recently observed by the LIGO and Virgo telescopes, are binary systems containing 
compact objects, relics of massive stars - black holes and neutron stars (Abbott et al. 2019). 
Stellar interiors in such systems are evolving  different compared to the single stars due to 
the process of mass transfer between the components, accretion and mixing processes 
(Petrovic et al. 2005b).  In this contribution, evolution of stellar components in close 
massive binary systems, calculated with the MESA numerical code (Paxton et al. 2015), is 
presented. 
 
 

References 
 

Abbot, B. P., Abbott, R. Abbott, T. D. et al. : 2019, Phys. Rev. X, vol. 9, 3, 031040  
Paxton, B., Marchant, P., Schwab, J., Bauer, E. B., Bildsten, L., Cantiello, M., Dessart, L., 

Farmer, R., Hu, H. Langer, N., Townsend, R. H. D., Dean, M., Timmes, F. X. : 2015,  
Astrophys. J. Suppl. Series, 22, 15. 

Petrovic, J., Langer, N., Yoon, S.-C., Heger, A. : 2005,  Astron. Astrophys., 435, 247. 
Petrovic, J., Langer, N.., van der Hucht, K. A. : 2005,  Astron. Astrophys., 435, 1013. 

 
 

 
 

274



Publ. Astron. Obs. Belgrade No. 99 (2020), 275 Progress Report

MODELING BROAD LINE POLARIZATION

IN ACTIVE GALACTIC NUCLEI

-D. SAVIĆ1, L. Č. POPOVIĆ1, R. GOOSMANN2, F. MARIN2 and V. L. AFANASIEV3

1Astronomical Observatory Belgrade, Volgina 7, 11060 Belgrade, Serbia
E–mail djsavic@aob.rs
E–mail lpopovic@aob.rs

2Observatoire Astronomique de Strasbourg, Université de Strasbourg,
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Abstract.
Spectropolarimetry of broad emission lines is a powerful tool for probing the geometry

and dynamics of the active galactic nuclei (AGNs) central engine (Smith et al. 2005, Goos-
mann & Gaskell 2007). It provides two additional observables: the degree of polarization
and the polarization plane position angle. The latter can be used for supermassive black
hole mass (SMBHs) mass measurements assuming that the equatorial scattering is a domi-
nant polarization mechanism (Afanasiev & Popović 2015, Savić et al. 2018), but also, it can
indicate the possible presence of binary SMBHs (Savić et al. 2019).

In this work we use 3D Monte Carlo radiative transfer code stokes (Goosmann &
Gaskell 2007) for modeling scattering induced polarization in AGNs, covering broad spectral
range around Hα line. We assume a disk-like geometry and a dominant Keplerian-like
motion, however, additional complex motions such as outflows and inflows, as well as binary
SMBH scenarios are also considered.
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Abstract. Galactic cosmic rays (GCRs) entering the heliosphere are disturbed by solar 
wind and Sun’s magnetic field, see Potgieter 2013 Coronal mass ejections (CMEs) structure 
and shockwave can additionally modulate GCRs, which could results in a transient decrease 
followed by a gradual recovery in the observed galactic cosmic ray intensity, known as 
Forbush decrease (FD) see Maričić et al.2014. CMEs are regularly observed via in-situ 
measurements of plasma and magnetic field in near-Earth space so it is important to 
understand the relationship between the FDs and near-Earth particles flux associated with 
these CMEs.  

During last 24th Solar cycle, unprecedented extent of heliospheric observations has 
been achieved thanks to the several new satellites in orbit and CMEs can be observed 
throughout the heliosphere from the Sun to the Earth, allowing us to relate ground 
observations to remote sensing data, for Mars see Freiherr von Forstner et al. 2019. We 
analyzed the dynamics of the variation of galactic cosmic rays (GCR) combining  in situ 
measurement of the particles species present in solar wind  with ground observations 
(worldwide neutron monitor (NM) network and Belgrade’s muon detector). This dynamics 
compared for several CMEs induced FD events. Variations in interplanetary plasma and 
field parameters during, before, and after the Forbush decreases were examined. 
Correlation between the 1-hour variations of GCR and several different one-hour averaged 
particle fluxes was found during FDs and it depends on energy of the particles of the solar 
wind as well as cut-off rigidities of secondary cosmic rays detectors on ground. These 
correlations were compared with correlation between same parameters during quiet period 
of the solar activity. This cross‐correlation analysis can help in better understanding of 
Earth-affecting CMEs and space weather but also to predict GCR flux during extreme solar 
events. 
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Abstract. Soliton or solitary wave is usual name for the perturbation that takes wave 
structure with constant amplitude and group velocity. It results whenever the dispersion of 
the system is balanced by nonlinearity. Mathematically speaking, it means that soliton is 
solution of integrable nonlinear equation. There are many astrophysical systems that are 
subject of no vanishing nonlinear terms and they can be identified as solitons.  
 

One good example is the spiral galaxy; spirals can exist for a very long time due to 
mentioned balance and using this approach it was possible to overcome wind-up dilemma 
as a consequence of linearized equations. This is example of one-dimensional soliton, 
similar to ocean gravity waves. 

 
Next, there are accretion disks which are able to be described by so-called two-

dimensional solitons. Similar structures are Jupiter red spots, some structures in the Earth’s 
atmosphere and ionosphere.   

 
Why solitons are so exclusive? All advantages, as well as catastrophic consequences, of 

having possible for solitons to create, will be discussed. 
 
This theory can be applied in some other systems that follow the nonlinear dynamics, 

stock market, for example.  
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Abstract. The Penning ionization (PI) processes in cold gas media of alkali atoms are 
investigated in this contribution. The corresponding autoionization widths show a drastic 
dependence (by orders of magnitude) on the orbital quantum numbers of Rydberg atoms 
involved in a long-range dipole-dipole interaction. Nontrivial dependence of PI efficiency 
on the size of colliding particles was considered, with a particular accent to the applications 
for the research of cold matter created in experiments with magneto-optical traps. We 
described analytically optimal, highly asymmetric configurations of atomic Rydberg pairs, 
which lead to explosive intensification (by several orders of magnitude) of free electron 
escaping due to PI. This property may be favorable for the generation of primary (seeding) 
charged particles when a cold Rydberg medium evolves into a cold plasma. Under the 
frame of the semiclassical approach, we obtained universal analytical formulas containing 
two fitting parameters which allow one to evaluate PI rate constants. The results of the 
corresponding calculations are presented in the tabulated form convenient for further use 
for diverse pairs of alkali-metal atoms.  
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Abstract. The interaction in a collision between two hydrogen atoms is studied using the 4-
body classical trajectory Monte Carlo method. We present the total cross sections for the 
dominant channels, namely for single ionization of the target, and ionization of the 
projectile, resulting from pure ionization and also from electron transfer (capture or loss) 
processes. We present our cross sections in the projectile energy range between 20 keV and 
100 keV and compared with them of previously obtained experimental and theoretical 
results. 
 

1. EXPERMENTS 
 
1.1. INTRODUCTION 

 
The classical-trajectory Monte Carlo (CTMC) method is largely employed in 
collision physics from low to high projectile energies to determine the excitation, 
charge exchange and ionization cross sections (Reinhold and Falcón 1986). The 
CTMC method has been successful in dealing with the ionization processes in ion–
atom collisions (Schultz and Olson 1988, Schultz 1989, Schultz, Reinhold et al. 
1989, Schultz, Meng et al. 1992, Sparrow and Olson 1994, Tőkési, DuBois et al. 
2014, Tökési, Wang et al. 1994).  One of its main advantages is that all interactions 
among the particles can be taken into account exactly during the collision within 
the framework of the classical dynamics. The model is based on the numerical 
integration of the classical equations of motions for the investigated system.  

For the case of the collision between two hydrogen atoms all the interactions 
can be exactly taken into account (Tőkési, DuBois et al. 2014). Here we can take 
the advantage of the classical treatment that in principle we do not have any 
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theoretical limit for the number of particles. We can follow all particle trajectories 
during the collision with the restriction of the classical dynamics.  

In this work, we present the total cross sections for the dominant channels, 
namely for single ionization of the target, and ionization of the projectile, resulting 
from pure ionization and from two-step processes of electron transfer (capture or 
loss). Furthermore, we present cross sections for the complete break of the system 
resulting in the final channel for free particles 

Calculations were carried out at low energies, relevant to the interest of the 
fusion research. We present our cross sections in the projectile energy range 
between 20 keV and 100 keV and compared with them of previously obtained 
experimental and theoretical results.  

1.2. SIMULATION 

In our model the four particles (target nucleus, target electron and projectile 
electron, and projectile nucleus) are characterized by their masses and charges. Let 
us denote the projectile nucleus by P, the projectile electron by Pe, the target 
nucleus by T and the target electron by Te. The electron-electron interaction is 
explicitly included in our 4-body calculation. At the time (t = -∞) we consider four 
particles as two separate atoms, consisting of the projectile system (P, Pe) labelled 
as particles (1, 2), and the target system (T, Te) labelled as particles (3, 4) (Fig. 1). 
Initially, both the projectile (P, Pe) and the target (T, Te) are in the ground state. We 
use Coulomb potential for describing all interactions. Figure 1 shows the relative 
position vectors of the four-body collision system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The relative position vectors of the particles involved in 4-body 
collisions. 
 

In the present CTMC simulations, Newton’s classical nonrelativistic equations 
of motions for four-body system are solved numerically for a statistically large 

280



COLLISION BETWEEN TWO HYDROGEN ATOMS 

number of trajectories with initial conditions determined pseudorandomly. The 
Newton’s equations can be written as: 
 

                     (1) 
 

where mi, ri, and Zi denote the mass, the position vector, and the charge of the ith 
particle, respectively. 
 

The initial conditions are chosen, at relatively large internuclear distances 
between the projectile and target atoms (R, in Fig. l), randomly from an ensemble 
approximating the quantum mechanical phase space distribution for two separate 
atoms. After numerically integrating to large distances from the collision center the 
exit channels are determined according to the relative two body energies.    

1.3. RESULT 

To study the collision between two ground state hydrogen atoms we performed a 
classical simulation with an ensemble of 5×105 primary trajectories for each 
energies. In this work we focus on the investigation of the ionization channels.  

 
Figure 2: Target ionization cross sections as a function of projectile impact energy. 
Green dash-line: present CTMC results for H+H collision multiply by 1.75; Black 
circle with dash-line: present CTMC results for H+H collision multiply by 2; red 
circle with solid line: experimental data of H+H2 by Solov’ev et al. 1962; blue 
diamond with solid line: Schwirzke 1960. 
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Figure 2 shows the energy dependence cross sections of ionization of atomic 
and molecular hydrogen by atomic hydrogen projectiles impact. Earlier data are 
available only for ionization of molecular hydrogen; they were obtained by 
Solov’ev (Solov'ev, Il'in et al. 1962) and Schwirzke (Schwirzke 1960). The 
ionization cross section for hydrogen molecule is greater than for hydrogen atom 
target. However the multiplication factor is not 2 as at first we can expect, but 1.75. 
So the ionization cross section for molecular hydrogen cannot be obtained by 
simply multiply the cross sections calculated from atomic hydrogen target. The 
reduction maybe attributed also to the screening of the projectile electron.  
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Abstract. The ignorance of Stark broadening during the modelling of a spectral line profile 
in hot star spectra can cause significant errors in abundance determination. We choose 
several Co II, spectral lines observed in stellar spectra to show how Stark broadening 
influence on their profiles and we calculated Stark widths which can help to determine the 
abundance of this element in stellar atmosphere more accurate. Using calculated Stark 
widths, line profiles are synthesized and compared with isolated lines from existing 
observed stellar spectra. Comparisons of synthetic lines with and without taking of Stark 
broadening into consideration confirm previous findings that exist cases when synthetic 
lines with inclusion of Stark widths better fit in the observed spectral lines, especially in the 
line wings. 

1. INTRODUCTION 
 
Stark broadening data are useful for a number of applications as e.g. laboratory 
plasma diagnostics (Konjević, 1999), the research and modelling of different 
technological plasmas (Hoffman et al., 2005, Dimitrijević and Sahal-Bréchot, 
2014) as well as for inertial fusion (Griem, 1992) and lasers and laser-produced 
plasmas investigation (Csillag and Dimitrijević, 2004, Dimitrijević and Sahal-
Bréchot, 2014). They are particularly useful in astrophysics for a number of 
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problems like for example stellar plasma modelling, abundance determination, and 
stellar spectra analysis and synthesis (see e.g. Dimitrijević and Sahal-Bréchot, 
2014, Majlinger et al. 2020). 

In stellar astronomy, Stark broadening data are of particular importance for 
white dwarfs of DA (Majlinger et al., 2017), DB (e.g. Simić et al., 2013) and DO 
(e.g. Popović et al., 2001) type, where Stark broadening is the dominant collisional 
line broadening mechanism. Such data are also of  interest for interpretation, 
analysis and synthesis of A and B type star spectra (see e.g. Lanz et al., 1988; 
Popović et al., 2001, Dimitrijević et al., 2007). In particular  thanks to large space 
observatories like Hubble, Chandra, Spitzer, Lyman, and to large, ground-based 
telescopes, spectra of different celestial objects with very high resolution could be 
obtained from X to radio wavelength ranges.  So  the spectral lines of earlier 
unsignificant trace atoms and ions, like Co II, become important as well as and data 
for them. 

 
2. RESULTS AND DISCUSSION 

 
Co II spectral lines are observed in stellar spectra (see e.g. Adelman et al., 

1993) and recently Stark broadening parameters for lines of 46 Co II multiplets 
have been calculated (Majlinger et al., 2018, 2020) by using the modified 
semiempirical method (Dimitrijević and Konjević, 1980). 

The aim of this research is to investigate the importance of Stark broadening of 
Co II lines in the conditions of stellar atmospheres and to synthesize line profile of 
a Co II line including Doppler and Stark broadening. The --> synthesized profile, 
obtained using previously calculated data for Stark broadening of Co II lines 
(Majlinger et al., 2018, 2020) will be compared with the profile observed in stellar 
spectrum.   

 
As an example of our work we present here  the behaviour of Doppler and Stark 

full line widths at half intensity maximum, as a  function of optical depth expressed 
as the logarithm of Rosseland  opacity, for an  A type stellar atmosphere using 
Kurucz (1979) model with log g = 4.5 and Teff = 10000 K (Kurucz, 1979).  The 
analysis has been performed for Co II (4P)4sb 3P − (4P)4py 3Do 2533.2 Å;  Co II 
(4F)4pz 3Go − (4F)5se 3F 2709.0 Å and Co II (4F)5se 3F − (4F)5p 3Go 2533.2 Å 
multiplets and the results are presented in Fig. 1. As we can see, for the multiplet  
λ9519 the influence of  Stark broadening is the highest among the three considered 
multiplets and for deepest layers it becomes more influencing than the Doppler 
broadening.  

 
We can also see in Fig. 1 that the influence of Stark broadening on Co II lines  

increases with the increase of wavelength. This is the consequence of the fact that 
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Stark width is proportional to λ2  and the Doppler width to λ, so that the influence 
of Stark broadening will increase towards the infrared part of the spectrum. 
 

In the continuation of our work we will synthesize a part of χ Lupi spectrum 
where Co II lines were observed and compare the results of our calculations with 
the observed spectrum of this star.  We will pay particular attention to the line 
wings, where the largest influence of Stark broadening is expected due to 
characteristics of the Stark (Lorentzian) and Doppler (Gaussian) line profiles.  
 
 

 
 

 

 

 

Figure 1: Stark and Doppler broadening for Co II spectral lines λ2533.2, λ2709 and 
λ9519 as a function of optical depth (log τRoss) for the model atmosphere (Kurucz, 
1979) of A-type star with model parameters log g = 4.5 and Teff = 10000 K. 
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Abstract. Fundamental plane of elliptical galaxies can be used to constrain theories of
gravity, i.e. to obtain observational constraints on the parameters of the theories of modified
gravity. The fundamental plane is connected to global properties of ellipticals and also can
be connected with the parameters of extended theories of gravity. On the other hand several
extended gravitation potentials in the weak field limit have Yukawa-like form. That is why in
this paper we first analyze the velocity distribution of elliptical galaxies comparing theoretical
results in case of Yukawa-like gravity with astronomical data for elliptical galaxies. In that
way we constrain the Yukawa parameters α and λ, and analyze the properties of elliptical
galaxies in Yukawa-like gravity.

1. THE KINEMATICS OF ELLIPTICAL GALAXIES

There are three main global observables of elliptical galaxies: the central projected
velocity dispersion of elliptical galaxies σ0, the effective radius re, and the mean
effective surface brightness (within re) Ie (Borka Jovanović et al. 2016a,b; Borka
Jovanović et al. 2019). Elliptical galaxies do not populate uniformly these three
dimensional parameter space, but they are rather confined to a narrow logarithmic
plane. Any of the three parameters may be estimated from the other two, and together
they describe a plane that falls within their more general three-dimensional space.
This correlated plane is now referred to as the fundamental plane (FP) (Dressler et
al. 1987; Ciotti et al. 1996). It was defined and discussed in more detail in e.g Bender
et al. 1992; Bender et al. 1993; Busarello et al. 1997; Saulder et al. 2013; Taranu
et al. 2015 and references therein. The important empirical relation (Busarello et al.
1997):

log(re) = a log(σ0) + b log(Ie) + c, (1)

gives us the possibility to obtain unique observational constraints on the structure,
formation, and evolution of early-type galaxies, as well as on the parameters of the
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theories of modified gravity.
Besides, in order to describe the velocity of populations of stars, one can define

rotational velocity of a group of stars vc, and a dispersion σ which represents the
characteristic random velocity of stars. The relation vc/σ characterizes the kinematics
of the galaxies. It was shown that it is the main characteristic which differentiates
spiral from elliptical galaxies. In case of spiral galaxies vc/σ � 1, and they are
regarded as kinematically cold systems, while elliptical galaxies are characterized
with 0 < vc/σ < 1, and they are kinematically hot systems.

2. STELLAR KINEMATICS IN YUKAWA-LIKE GRAVITY

Several theories of modified gravity in the weak field limit has the Yukawa-like form
(Capozziello et al. 2020):

Φ(r) = −GM(r)

r

[
1 + αe−λr

]
, (2)

where λ−1 is the range of Yukawa interaction (scale length) and α is a universal
constant which gives the strength of the correction.

In order to use this type of corrections to the gravitational potential for modeling
the stellar kinematics in the elliptical galaxies, we assumed that the mass distribution
within them may be described by the singular isothermal sphere (SIS) model: M(r) =
2σ2

SIS G
−1 r. In that case

√
2σSIS = σ0, and the expression for circular velocity vc at

the effective radius re has the following form (Capozziello et al. 2020):

v2c (re) = σ2
0

(
1 + α (1 + w) e−w

)
, w = λre, (3)

from which one can obtain the following vc/σ relation at re for the ellipticals in the
Yukawa-like gravity:

vc
σ

=
vc(re)

σ0
=
√

1 + α (1 + w) e−w. (4)

3. FUNDAMENTAL PLANE IN YUKAWA-LIKE GRAVITY

In this section we are going to constrain the parameters α and λ considering a sample
of elliptical galaxies given in Busarello et al. 1997. The observations and the method
that we are using are described in Capozziello et al. 2020 and references therein.
For this purpose, we will study the vc/σ relation given by the expression (4) for this
sample of ellipticals.

In Fig. 1, we show numerically calculated value of the vc/σ relation for ellipticals
as a function of parameter α and product of Yukawa parameter λ and effective radius
re in case of Yukawa-like potential. With increasing vc/σ ratio, when approaching
to 1, values of α approaches to 0, which is in accordance with our earlier finding
(Capozziello et al. 2020). Also, we can notice that for larger values of λ · re product
(λ · re ≥ 4) we are in allowed region of parameter space. It means that for this choice
of parameters we will expect good agreement between theory and observations.

The theoretical values for the velocity dispersion of elliptical galaxies σtheor, which
is assumed to be equal to vc(re), are presented in Fig. 2 as a function of the effective
radius re, for four different values of the λ · re product: 2, 3, 4 and 5, and for the
three values of Yukawa parameter α: -0.5, -1.5 and -2.0.
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Figure 1: The vc/σ relation for the elliptical galaxies in the Yukawa-like gravity, given
by eq. (4) and represented by different color shades, as well as its dependence on the
(λ, α) parameter space of the gravitational potential (2).
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Figure 2: Velocity dispersion σtheor as a function of the effective radius re for eliptical
galaxies, for four different values of the λ · re product: 2, 3, 4 and 5. The Newtonian
velocity dispersion at the effective radius σ0 is taken from (Burstein et al. 1997).
Theoretical values of velocity dispersion σtheor are calculated for the three values of
Yukawa parameter α: -0.5, -1.5 and -2.0.
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For all three studied values of Yukawa parameter α, a good agreement is achieved
for larger values of λ · re product of 4 and 5, while in the case of smaller λ · re product
of 2 and 3, agreement is not so good, but it is still satisfactory when parameter α is
smaller by magnitude. The values of vc/σ ratio for different combinations of (α, λ ·re)
parameters of Yukawa-like gravity from Fig. 2 are given in Table 1.

α
λre 2 3 4 5

-0.5 0.89 0.95 0.98 0.99
-1.5 0.63 0.84 0.93 0.97
-2.0 0.43 0.78 0.90 0.96

Table 1: The values of vc/σ ratio for different combinations of (α,λre) parameters of
Yukawa-like gravity, presented in Fig. 2.

The obtained results show that the Yukawa-like gravity is able to explain elliptical
galaxies with different stellar kinematics described by vc/σ relations shown in Fig. 1
and Table 1, without introducing the dark matter hypothesis. Besides, we can notice
from Fig. 2 that the Yukawa-like correction has strong influence on the FP of the
elliptical galaxies, and that better agreement with observations is obtained for those
gravity parameters α and λ which give a larger vc/σ relation closer to 1 (i.e. for
kinematically less hot systems). Therefore, the vc/σ relation and the FP can be used
as standard tools to probe the Yukawa-like gravity in the weak field limit, as well as
to constrain its parameters α and λ.
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Abstract. In the last three decades, application of different techniques, such as correlation 
matrix analysis and principal component analysis (PCA), on different spectral parameters 
of type 1 quasars, has revealed that they occupy a specific parameter space, analogous to 
main sequence of stars revealed by H-R diagram. Here we investigate a sample of low-
redshift (z < 0.39) type 1 quasars described by ten spectral features taken from a Sloan 
Digital Sky Survey catalog using a manifold learning technique called locally linear 
embedding (LLE). Preliminary results of our investigation indicate that LLE performs 
better than PCA in terms of clearer visual and functional representation of the quasar main 
sequence, which may help in future large survey classification of type 1 quasars based on 
their spectral properties. 
 

1. INTRODUCTION 
 

Much progress was made in the field of active galaxies when larger quasar samples 
became available, providing spectra with high S/N (Schmidt & Green, 1983). In 
one of the pioneering research papers that made use of these observations, principal 
component analysis (PCA) was applied to a sample of 87 quasars (Boroson & 
Green, 1992). The PCA revealed the main trend in the data – an anti-correlation 
between [O III] λ5007	Հ equivalent width (EW) and the EW ratio of Fe II and 
broad Hβ - ܴ୊ୣ୍୍ described by the first principal component. Full width at half 
maximum (FWHM) of broad Hβ line was also found to be associated with this 
component (hence the name “Eigenvector 1” or E1). These results set course to 
many other investigations of spectral properties of quasars based on PCA 
(Marziani, et al., 2001; Shang, et al., 2003; Grupe, 2004; Yip, et al., 2004; Wang, et 
al., 2006; Zamfir, et al., 2008; Kuraszkiewicz, et al., 2009) and present the basis for 
definition of 4DE1 (Sulentic, et al., 2000). More notable example of important leap 
in understanding the quasar properties was the identification of two main quasar 
populations (A and B) with different broad line structure, kinematics and spectral 
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characteristics in optical, UV and X-ray wavelengths (Sulentic, et al., 2000) and the 
recognition of the Eddington ratio convolved with the line-of-sight orientation of 
the source as the potential driving mechanism behind the quasar main sequence 
(MS) revealed by E1 (Marziani, et al., 2001; Shen & Ho, 2014). 

In the era of large astronomical surveys, astronomers deal with data sets with 
ever increasing number of dimensions. Dimensionality reduction (DR) techniques 
can help us decide which parameters or combinations thereof carry the most 
information in the data set. In addition, these techniques can be a powerful tool to 
visualize high-dimensional data while retaining large portion of information 
contained in the data and potentially help in classification (for a review of DR 
methods see Łukasik et al., 2016 and Baron, 2019). It was repeatedly demonstrated 
that PCA is highly effective in tasks of finding important linear relationships in 
high-dimensional data, but it has its shortcomings when applied to inherently non-
linear data sets, such is the case with galaxy spectra where variations of some 
spectral parameters can be non-linear functions of the galaxy type. This problem 
can be alleviated by non-linear DR techniques (i.e. manifold learning) such as 
locally linear embedding – LLE. Goal of LLE is to find a low-dimensional 
representation of original data set while preserving the geometry of local 
neighborhoods within the data (Roweis & Saul, 2000). Motivated by previous 
applications of LLE in astronomical context (e.g. Vanderplas & Connolly, 2009; 
Daniel et al., 2011; Matijevič et al., 2012) our goal was to see how the 
interpretation of quasar spectral diversity can be improved by non-linear treatment 
of type 1 quasars in the context of E1 parameters. 
 

2. DATA ANALYSIS 
 
We use measured spectral properties from the Sloan Digital Sky Survey Data 
Release 7 quasar catalog (Shen, et al., 2011) and define our sample so it contains 
only low-redshift objects (z < 0.39) with measured both narrow and broad Hα and 
Hβ components, as well as [O III] λ5007	Հ emission line, continuum luminosity 
(log ܮହଵ଴଴) and restframe EW of Fe within 4435 – 4685	Հ used for calculation of 
ܴ୊ୣ୍୍. Continuum luminosity was corrected for the host galaxy starlight 
contamination using the empirical fitting formula given by Shen et al. (2011) in 
their Eq. 1. LLE can be very sensitive to outliers, so before applying the algorithm 
to our sample, we looked at the density distribution of quasars in E1 optical plane 
(FWHM Hβ - ܴ୊ୣ୍୍) and removed points residing in extremely low-density regions. 
After excluding outliers from the optical plane using this simple method, we were 
left with 3720 objects in our sample. 

One of the strengths of LLE is the fact that it needs only one free parameter – 
the number of nearest neighbors (݇). The algorithm uses this parameter to learn the 
local geometry of the manifold. If the value of ݇ is too low, the manifold could be 
falsely divided into disjoint sub-manifolds. In contrast, if ݇ is too high, the local 
neighborhood no longer lies on approximately linear surface and Euclidian 
distances are no longer valid metric for finding the nearest neighbors, leading to 
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false interpretation of the manifold. Having this in mind, one needs to be cautious 
when deciding the value of ݇. Approach that we have used was similar to one used 
by Tenenbaum et al. (2000) and Kouropteva et al. (2002). In order to choose a 
value for ݇, we have calculated a matrix of pairwise geodesic distances of original 
parameter space, as well as for the resulting low-dimensional space. Then, we 
compared the matrices by calculating the modified RV coefficient (Smilde, et al., 
2008), which is a measure of correlation between two matrices. The process is 
repeated for a range of values of ݇, in our case 	4 ൑ ݇ ൑ 30. Following this 
approach, we have obtained an optimal number of nearest neighbors (݇୭୮୲ ൌ 12), 
the one with highest value of modified RV coefficient. 
 

3. RESULTS AND DISCUSSION 
 
After initial preparation of the sample, we have applied LLE with ݇ ൌ 12 and 
specified the output dimension to three in order to provide a visual representation 
of the original ten-dimensional parameter space. Ten spectral parameters that were 
used as input in LLE are: broad Hα and Hβ (their EW, FWHM, line luminosity - 
L), [O III] λ5007 Հ (their EW and L), continuum luminosity (log ܮହଵ଴଴) and ܴ୊ୣ୍୍. 

Left panel of Fig. 1 presents the resulting 3D space where different quasar 
populations occupy distinct regions, emphasizing their spectral differences. Objects 
belonging to populations xA (highly accreting extension of population A, Marzinai 
& Sulentic, 2014) and B present two extremes of the MS following the direction 
indicated with an arrow, while population A appears to be an intermediate class. 
Contrary to PCA, the interpratation of the LLE projection is found in the 
relationship between the points rather than from the axes (components). In our 
case, axes present three eigenvectors with lowest nonzero eigenvalues that are 
obtained by solving a sparse matrix eigenvalue problem which is the last step of the 
algorithm when low-dimensional projection with perserved local neighborhoods is 
found (for details see Roweis & Saul, 2000). The resulting LLE projection 
illustrates the relationships between spectral parameters closest to the original 
relationships in high-dimensional space and we can use this projection to follow 
variations of different physical parameters, as presented on the right panel of Fig. 1 
in the case of Eddington ratio, the probable principal driving mechanism of the 
quasar MS. In this way, we can identify parameters that have high correlation with 
the MS which is an important information needed to further investigate the nature 
of different quasar populations and potentially help in future large survey 
classification of type 1 quasars based on their spectral properties. 

Preliminary results of our investigation indicate that LLE can be a powerful tool 
in data exploration and identification of objects with distinct spectral properties. 
The analysis of our data set showed that it is possible to find three eigenvectors, 
giving projection in 3D that contains additional information potentially lost in the 
2D projection. Our results have confirmed the presence of the quasar MS driven by 
Eddington ratio in a space with maximum preservation of the original manifold 
geometry. Further research is needed to investigate the nature of the quasar 
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populations, mainly by including more spectral parameters as input for LLE and by 
applying the algorithm to more recent spectral data. 
 

 
Figure 1: 3D projection of the original manifold embedded in ten-dimensional space. Axes 
are in arbitrary units and correspond to three components of LLE decomposition. Left – 
populations xA, A and B are marked with blue, red and green, respectively. The black 
arrow points in the direction of the quasar MS. Right – gradient of the Eddington ratio in 
the resulting projection. Direction of the gradient is close to the direction of the MS. 
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Abstract. We analyse a large sample of the AGNs Type 2 spectra which have a specific
spectral characteristic that beside expected narrow emission lines, one broad emission line,
Hα, is observed, which is not expected for the Type 2 AGNs. We focus on the fraction of
these objects for which some authors (Eun at al. 2017) proposed that observed ’broad Hα’
is actually the sum of the wing components of the close narrow emission lines Hα and [N II]
doublet, which is misinterpreted as the ’broad Hα’. They propose that wing components of
the Hα+NII arise in a gas outflow. In order to check these claims, we search for the outflow
signature in the other strong, narrow emission lines in the spectra (Hβ, [O III] and [S II])
and we examine if there are some correlations between the kinematical parameters, widths
and shifts, of the wing components of these lines with the Hα+[N II] wing components. We
found the significant correlations between the widths and shifts of wing components of all
considered emission lines (Hα+[N II], Hβ, [O III] and [S II]) which implies their same origin
from the Narrow Line Region outflow, and supports the claims of Eun at al. 2017. However,
it seems that Hα line is less affected with outflow kinematics, comparing to the [O III] lines.

1. INTRODUCTION

The most simple scheme of the Active Galactic Nuclei (AGN) structure assumes that
in the center of an AGN there is a super-massive black hole surrounded by the high
velocity gas of the Broad Line Region (BLR), where broad emission lines arise (with
Full Width at Half Maximum - FWHM ∼ 4000 km s−1). Around BLR there is a torus
of the dust, and out of the dusty torus, there is the Narrow Line Region (NLR), where
the narrow emission lines arise (FWHM ∼ 400 km s−1). According to the Standard
Unified model (Antonucci 1993, Urry & Padovani 1995), the difference in spectral
properties between the AGN Type 1 and Type 2, is caused only by the orientation
effect. The AGNs Type 2 are observed through dusty torus (edge-on), which covers
the broad emission lines from BLR, so only the narrow emission lines can be observed
in their spectra. On the other hand, in the spectra of the AGNs Type 1, which are
observed with higher inclination angle (∼ 45 degrees), both the narrow and the broad
emission lines can be observed.

However, some exceptions are found in some spectra of the AGNs type 2, which
challenge the classical Unified Model of the AGNs. In these objects, beside the ex-
pected narrow emission lines, the broad emission Hα line is observed. Some authors
proposed that these objects are Hidden Type 1 AGNs (Greene & Ho 2005, Oh et al.
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2015), while Eun et al. 2017 proposed that one fraction of these objects are indeed
the Hidden AGNs Type 1, with the true broad Hα, while in the other fraction of
these objects, the broad Hα can be explained as the sum of the wing components of
the narrow Hα and nearby [N II]λλ 6548, 6583 Å doublet, which have the close wave-
lengths and therefore the sum of their wing components can be misinterpreted as one
broad line. They supposed that these wing components arise in the gas kinematically
connected with an AGN outflow (Woo et al. 2016).

In this work, we focus to this second fraction of the AGNs Type 2, in which the
broad Hα is observed in order to check is it really ’quasi-broad Hα’, i.e. the sum of
the wing components of the narrow lines, which arise in the gas outflows.

2. THE SAMPLE AND ANALYSIS

We searched the Sloan Digital Sky Survey database (SDSS) DR 14, and found the
314 high quality (signal-to-noise > 20) AGN Type 2 spectra which have ’broad Hα’.
Since narrow lines in these spectra have complex shapes and can not be fitted with
only one Gaussian, we adopted the fitting model of two Gaussians (narrow core +
slightly broader wing component) for each narrow emission line in these spectra. This
two-component model of narrow lines is usually applied for [O III] lines in AGN Type
1 spectra (see Dimitrijević et al. 2007). In this way, we fit successfully 258 spectra,
in which ’broad Hα’ is fitted well with sum of the Hα and [N II] wing components.
The rest of the objects are excluded from the sample since they have too broad Hα
line, which can not be fitted with sum of the three wing components, and therefore
these objects are candidates for the Hidden Type 1 objects. Note, that in this sample
of 258 objects, the emission under Hα line can be fitted equally well with one broad
Gaussian which can be interpreted as emission of Hα from BLR as well.

In order to check is the broad Hα in these spectra the true broad line or it is
the sum of the gas outflow wing components, we analysed several prominent narrow
emission lines (Hβ, [O III]λλ 4959, 5007 Å, Hα, [N II]λλ 6548, 6583 Å and [S II]λλ
6717, 6731 Å). The wing components of all these lines have the free parameters for
width and shift, except wing components of H and [N II], for which we assume to
have the same wing parameters. The example of the fit is shown in Fig. 1.

In the case that ’broad Hα’ is the sum of the wing components, which arise in an
outflow, we expect the same signature of the gas outflow in the other emission lines
as well. Therefore, we search for the correlations between the kinematical parameters
(widths and shifts) of the Hα wing component and wing components of the other
analysed emission lines. Note that widths of emission lines are given in km s−1,
since we assume that main broadening mechanism of emission lines in AGN spectra
is Doppler broadening.

3. RESULTS AND CONCLUSIONS

We found the strong correlations between velocity shift of the Hα wing component
and velocity shifts of the wing components of all other considered emission lines (Hβ,
[O III], [S II]). Also, we found the strong correlation between the width of Hα and [S
II] wing components, and weak correlations with widths of the Hβ and [O III] wing
components. The coefficients of correlations are given in the Table 1.
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Figure 1: The example of fit of SDSS J112135.17+042647.1. Solid tin Gaussian - core
component of narrow lines, solid thick Gaussian - wing component, dashed Gaussian
- ’quasi-broad Hα’ (FWHM = 2840 km−1)

Table 1: (A): The correlations between the shift of the Hα wing component (wc)
and shifts of Hβ, [O III] and [S II] wing components (r = Spearman coefficient of
correlation, P = significance of correlation). Note, that only 53 objects from this
sample have Hβ wing component. (B): The same as in (A), just for the widths.

(A) shift Hβ wc shift [O III] wc shift [S II] wc

shift Hα wc r = 0.53, P = 4.1E-5 r = 0.46, P = 1.1E-14 r = 0.77, P = 0

(B) width Hβ wc width [O III] wc width [S II] wc

width Hα wc r = 0.31, P = 0.02 r = 0.28, P = 8.0E-6 r = 0.66, P = 0

These results show clear kinematical connection between the wing components of
the Hα and wing components of the other emission lines, [O III], Hβ and [S II]. Since
forbidden narrow [O III] and [S II] lines originate from the NLR (they cannot arise in
BLR because of the high density in that region), this kinematical connection implies
that observed ’broad Hα’ in this AGN Type 2 fraction is not emission which originate
from the BLR, but indeed the sum of the Hα+[N II] wing components, which arise
in the NLR and which are affected with the gas outflow kinematics.

Furthermore, we examined in more details the influence of the gas outflow kine-
matics to the Hα profile, by comparing it with the [O III] lines which are the most
frequently used to trace gas outflows in AGN spectra (Green & Ho 2005, Woo et al.
2016). We compared the distributions of shifts and widths of Hα wing components
with the same of [O III] wing components (see Figures 2 and 3). We found that these
distributions are similar: Hα wing components are blueshifted in 72% of objects from
the sample while [O III] wing components are blueshifted in 75% of objects. However,
[O III] wing components have larger blueshifts comparing to the Hα wing components:
-108.2±176.9 km s−1 (mean ± standard deviation), while for Hα wing components
it is: -47.2±84.0 km s−1. The distribution of widths of [O III] wing components is
broader than for Hα wing components, and mean FWHM value is slightly larger as
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Figure 2: The distribution of the wing component velocity shifts for [O III] lines (left),
and for the Hα lines (right).
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Figure 3: The same as in the previous figure, just for the widths of wing components.

well (982.0±461.4 km s−1 for [O III] wing components, and 881.7±257.5 km s−1 for
Hα wing components). These results imply that influence of the gas outflow to the
Hα shape is slightly smaller than to the shape of the [O III] lines.

Our future investigation will be directed towards development of the method for
separation of the Type 2 objects with the ’true broad Hα’ (Hidden Type 1 objects)
from those with ’pseudo-broad Hα’, using some differences in their spectral properties.
We will focus to the Type 2 objects with ’true broad Hα’, because they represent the
exception from the Unified model of AGNs, and therefore modelling of their structure
is important for understanding the nature of the AGNs.
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Abstract. Here we investigate the virialization of the broad Hα emission region using
the sample of 68 Type 1 Active Galactic Nuclei (AGN) taken from the Sloan Digital Sky
Survey (SDSS). This was done by comparing kinematical parameters of the broad Hα lines
with those of the broad Hβ, for which it is assumed that are originating from the virialized
emission region. Our results are indicating that other mechanisms should be responsible for
the Hα profile broadening and asymmetry, besides black hole gravitation, i.e. the broad Hα
emission region is probably not with the same geometry as Hβ one.

1. INTRODUCTION

Active galactic nuclei (AGN) is a compact region in the center of a galaxy with a
luminosity over 104 higher than those of a normal galaxy, which is attributed to the
accretion of gas into the super-massive black hole (SMBH) (106−1010M�) situated in
AGN core. Most of the AGNs have a similar structure (Antonucci 1993): SMBH in its
center is surrounded by a geometrically thin and optically thick accretion disc (AD)
which expands into a dusty torus. Above and below the AD spreads the broad line
region (BLR), with optically thick gas, where broad emission lines (BELs) arise (see
Osterbrock 1989). Gas in the BLR is ionized by the continuum radiation emitted from
the AD and influenced by the gravitational field of SMBH, which causes complexity
of structure and kinematics of BLR and affects BELs shapes (Sulentic et al. 2000).

As BELs are originating from the regions close to the SMBH, it is assumed that
the BLR emission gas kinematics is virialized, i.e. gas is following the gravitationally
driven rotation (see e.g. Sulentic et al. 2000). Such motion of the gas affects the
BELs profile, and, in the case of Keplerian-like motion, broadens BELs. Therefore,
based on the virial theorem, BELs Full Width at Half Maximum (FWHM) are often
used for the estimation of SMBH mass (MBH) (Peterson 2014).

The FWHM of the broad Hβ line is most frequently used for MBH estimation (see
Peterson et al. 2004), since it is assumed that Hβ is emitted from virialized parts
of the BLR. Also, there is an assumption that the red asymmetry frequently seen in
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the broad Hβ line profile can be caused by the gravitational redshift, and therefore,
it can be MBH indicator as well (Zheng et al. 1990).

Several authors (Green et al. 2005, Mejia-Restrepo et al. 2016, Woo et al. 2015)
used the FWHM of Hα line as a virial estimator of MBH, relying their calculations
on the high correlation of the broad Hα FWHM and the broad Hβ FWHM. This
approach is based on their assumption that these two lines have similar profiles, and
that Hα region is virialized as Hβ ones. However, there are some indications that
broad Hα profiles can be affected by the starburst-driven galactic winds (Shapiro et
al. 2009) or by AGN outflows (Eun et al. 2017).

In this work we wanted to investigate: (1) if the assumption that the broad Hα
and the broad Hβ profiles are similar is correct; (2) if the broad Hα line is virialized
as the broad Hβ is, and (3) is there an influence of the gravitational redshift to the
broad Hα line profile.

For this purpose, we compared the broad Hα line profiles with those of the broad
Hβ, and the correlations between kinematical line parameters for each of these two
lines which should indicate gravitational influence to their emission regions.

2. THE SAMPLE AND ANALYSIS

For our research, we used the sample of AGNs Type 1 spectra taken from the SDSS
database, analyzed in Shen et al. 2015 and Harris et al. 2012. We removed several
objects with low signal-to-noise ratio, and with the blue asymmetry in the broad Hβ
profile, assuming that it is caused by outflows of the gas in Hβ emitting region (see
Jonić et al. 2016, Popović et al. 2019). We also removed spectra with no Hα line due
to the cosmological redshift of the object, and the final sample consists of 68 AGNs.
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Figure 1: The examples of the decomposition of the Hα and Hβ for object 0439-
51877-0566 (SDSS plate-mjd-fiber). The Hα and Hβ are decomposed to one narrow
and two broad Gaussians. The observations are denoted with dots, the model with
a solid line, an optical Fe II template with a dashed line. The narrow emission line
components are denoted with thin, and the broad components with a thick solid line.

The spectra were corrected for the Galactic extinction, cosmological redshift, and
host galaxy contribution. Further, continuum emission was removed, and spectra
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were fitted using the multi-Gaussian model of optical emission in λλ4000 − 5500Å
and λλ6200 − 6900Å ranges, as it was described in Kovačević et al. 2010. The BLR
emission is described with the two-component model, as assumed that BLR consists
of two different sub-regions: very broad line region (VBLR) closer to the SMBH, and
intermediated line region (ILR), further away from SMBH (see Kovačević et al. 2010
and references therein).
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Figure 2: An example of measuring FWHM (a) and intrinsic redshift z50 (b) of the
broad line component (VBLR + ILR), represented with a different dashed line.

An example of decomposition of the optical emission is shown in Fig. 1. The BEL
profile is obtained as a sum of two broad Gaussians, and afterward, the FWHM and
asymmetry (intrinsic redshift, z50) of the BEL are measured as shown in Fig. 2. The
z50 is measured as a difference between the centroid shift and the broad component
peak at 50% of Imax (see Jonić et al. 2016).

3. RESULTS

We compared the broad Hα and broad Hβ profiles for the sample of 68 objects (see
Fig. 3, left). The mean Hα profile is narrower than Hβ one, which may indicate that
broad Hα arises in the emission region slightly further away from the SMBH than Hβ
emission region. Mean Hα profile shows no asymmetry while mean Hβ profile has red
asymmetry indicating a possible influence of the gravitational redshift.

Also, for both lines, we compared the relationships between the width FWHM2

and the intrinsic shift z50 of the lines, which are expected to be linearly correlated in
the case that line emitting region is virialized and influence of gravitational redshift
is not negligible (Popović et al. 2019).

As can be seen in Fig. 3, right, for the Hα profiles there is no correlation between
FWHM2 and z50 (Spearman correlation coefficient, ρ=-0.09 and P-value of the null-
hypothesis, P0=0.44). On the other hand, the correlation of these profile parameters
for the Hβ is significant (ρ=0.69 and P0 = 9 · 10−11).

Furthermore, although there is significant asymmetry measured for the broad Hα
profiles, 35% of these profiles are blueshifted and 65% are redshifted, which is not the
case with the broad Hβ profiles, as they are only redshifted in this sample, as shown
in Fig. 3 (right). As it can be seen in Fig. 3 (left) there is a difference between the
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Figure 3: Left: Mean normalized profiles for Hα and Hβ. Right: The relationship
between the FWHM2 and z50 of the line measured at 50% of the maximal line
intensity. The triangles denote the Hα and the full circles the Hβ lines. Spearman
correlation coeff., ρ, and P0, for both relationships, are given.

mean Hα and Hβ line profiles, especially in the red wing. This indicates that one
cannot take ’apriori’ that the geometry of the broad Hα and Hβ emission region is
the same. The non-existence of the correlation between the Hα FWHM and Hα z50
indicates that these two line features probably are not influenced by the same physical
mechanism in the case of the Hα line.

It seems that other mechanisms should be partly responsible for the Hα profile
broadening and asymmetry, such as AGN outflows or starburst-driven galactic winds
(as suggested i.e. in Shapiro et al. 2009), unrelated to the dominant influence of
SMBH. Thus, the Hα line emitting region is probably less virialized than Hβ one,
and the effect of the gravitational redshift is not observed in the Hα broad profiles in
this sample.
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Abstract. We present analysis of the lower ionosphere plasma short-term disturbances 
during period around the Kraljevo earthquake that occurred in Serbia on 3 November, 2010. 
Study is based on analysis of the short-term phase noise of the very low frequency (VLF) 
radio signal emitted by ICV transmitter located in Italy and received in Serbia. In this study 
we applied the procedure already described in recent research related to the signal 
amplitude in period around the considered event which point out the amplitude noise 
reduction as potential new ionospheric precursor of earthquakes. In this work, we process 
phase of ICV signal and results indicating phase noise reduction similar like those in the 
case of the amplitude shows that both signal characteristics, the amplitude and phase, can 
be used in future research of ionospheric plasma variations as possible precursors of 
earthquakes. 
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1. INTRODUCTION 
 

As numerous studies performed during this and previous centuries show, variations 
in the ionospheric plasma can be considered as earthquake (EQ) precursors 
(Pulinets and Boyarchuk 2004). Observations of these variations are based on 
different satellite and ground-based techniques and their applications primarily 
depend on the considered altitude domain. 

In this study we focused on the lower ionosphere and its remote sensing by the 
very low frequency (VLF) radio waves. This technique provides continuous 
information related to the waveguide within signal propagate and can be used for 
the lower ionosphere changes in different time scales. In addition, there are several 
networks of the VLF receivers which, in combination with numerous VLF 
transmitters located worldwide, allows monitoring large part of the lower 
ionosphere and detections of local disturbances like those possible connected with 
processes relevant for earthquakes. One of these networks, the International 
Network for Frontier Research on Earthquake Precursors (INFREP, Biagi et al. 
2011), is located in the Europe. The data collected with its receivers located in 
seven European countries showed a typical variation in signal amplitudes several 
days before earthquake events (see for example Biagi et al. 2011). In addition, the 
recent research of the short-term amplitude noise shows that its reduction is 
recoded less than one hour before the Kraljevo EQ occurred in Serbia on 3 
November, 2010.  

In order to examine if these short-term ionospheric variations can be described 
also as changes in time evolution of another signal parameter, phase, in this work 
we analyze the phase noise of the VLF signal emitted by ICV transmitter located in 
Italy and received in Serbia (Grubor et al. 2005). 
 
 

2. OBSERVATIONS AND SIGNAL PROCESSING  
 

We analyze data obtained by remote sensing of the lower ionosphere during night-
time when Kraljevo EQ occurred with 20.27 kHz signal emitted by ICV transmitter 
from Isola di Tavolara, Italy (40.92 N, 9.73 E) and received by the Absolute Phase 
and Amplitude Logger (AbsPAL) receiver located at the Institute of Physics 
Belgrade in Belgrade, Serbia (44.8 N, 20.4 E). The distance between the 
propagation path of this signal and the EQ epicentre is 126 km that is usually large 
for detection of long-term ionosphere variations before not so strong EQs like the 
considered one. However, better data sampling of 0.1 s provided in our 
observations allows us to analyze short-term signal changes which, as it is show in 
Nina et al. (2020), are recorded (in analysis of the signal amplitude) for several EQ 
events occurred more than 100 km from signal propagation path. Here we analyze 
the signal phase on the same way like in the previous research of the amplitude.  

Changes of the phase noise is visualized in this analysis as variations in time 
evolution of phase deviation dP defined as difference between recorded, P, and 
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basic phase  Pbase (mean value of P within defined time bean around time t): dP(t) = 
P(t) − Pbase(t). 
 
 3. RESULTS AND DISCUSSIONS 

 
Time evolution of phase deviation dP is shown in Fig. 1 where, in order to remove 
non-natural changes, we exclude values larger and smaller than 60o and -60o, 
respectively. As one can see, significant noise reduction is recorded less than one 
hour before the EQ event whose time occurrence is indicated with vertical dashed 
line. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Time evolutions of phase deviation dP of the ICV signal in night-time of 
the Kraljevo earthquake. Vertical dashed line indicates the time of occurrence of 

the considered EQ. 
 

In comparison with the amplitude noise, which has been analyzed in Nina et al. 
2020, we can conclude that the noticed changes are very similar and that both 
analyses point out that reduction in lower ionosphere short-term fluctuations can be 
considered as new possible EQ precursor. 
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4. SUMMARY 
 

In this paper, we analyzed time evolution of short-term fluctuations of the lower 
ionosphere plasma processing of data for the phase of the ICV signal recorded in 
Belgrade around time of Kraljevo EQ occurrence. As in the case of amplitude 
analysis, the obtained results show that significant reduction of phase noise started 
less than one hour before the EQ event.  

Keeping in mind that this analysis presents a case study, confirmation that the 
recorded ionospheric changes can be a new type of ionosphere precursors of 
earthquakes requires statistical analyses. Here, we should point out that recent 
study shows reductions of amplitude noise are recorded before several other EQ 
events occurred during 3, 4 and 9 November, 2010 near the propagation path of the 
considered signal even in some cases of very weak EQ events. Although variations 
are visible for all of 4 EQs of magnitude greater than 4, studies with larger sample 
should be made before we can confirm the analyzed relationship and find its 
possible characteristics. 
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Abstract. Many studies have suggested that the signals used for satellite observations can 
be interrupted by the influence of a certain part of the ionosphere. In the course of our 
research we observed the perturbed D-region and its influence on the Synthetic Aperture 
Radar (SAR) signal delay that occurred as a consequence of the perturbation induced by a 
solar X-ray flare. To model the D-region plasma disturbance we analyse a very low 
frequency signal emitted by the DHO transmitter located in Germany and recorded in 
Serbia using Wait’s model of the ionosphere. The results of the conducted research can help 
in further improvement and precision in modeling and measuring regarding SAR 
instruments.  
  
 

1. INTRODUCTION 
 

Satellite measurements and their contribution in observing and monitoring the 
planet Earth has become significant in many scientific fields. Some types of 
satellites only detect the radiation that comes from the Earth or outer space, 
whereas others are emitting their own signals which propagate towards the Earth’s 
layers and reflect from some area.  

In this paper we only consider the latter type of satellites. Satellites such as 
Sentinel-1, NASA-ISRO Synthetic Aperture Radar (NISAR) and Constellation of 
Small Satellites for Mediterranean basin Observations or (SkyMed) hold a 
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Synthetic Aperture Radar (SAR) which transmits microwave signals towards the 
Earth. SAR has the ability to operate at wavelengths not hindered by a cloud cover 
and acquires data over a specific place during day time or night time regardless the 
weather conditions. Synthetic aperture radar interferometry (InSAR) is a specific 
method of making observations which has many applications such as providing 
data for meteorological purposes. In order to acquire information about the target, 
the satellite emits the signal such as electromagnetic radiation of a certain 
frequency. During its path through the atmosphere the signal becomes prone to its 
current state. Moreover, one of the atmospheric layers which can significantly 
influence the signal and the layer which we contemplated is the ionosphere. 
Specifically, the D-region which when perturbed can cause a delay which cannot 
be neglected. The main reason for the signal deviation is the increased electron 
density which affects signal propagation path. The electron density has larger 
values in the upper part of the ionosphere, and its and the influences of the lower 
ionosphere above 100 km are taken into account in various models. However, 
during perturbations caused by solar X-ray flares the total electron content (TEC) 
present in the ionospheric D-region (60 km – 90 km) can affect the SAR signal 
propagation (see Nina et al. 2020). The main goal of this study is to show the 
example of how the perturbed D-region can affect the propagation of a SAR signal 
and calculate the D-region phase delay (PD) for different frequencies and incident 
angles. To calculate the D-region electron density and TEC in the D-region 
(TECD), we process DHO VLF signal used for the lower ionosphere observations 
and Wait’s model of the ionosphere (Wait and Spies 1946).      

 
 

2. OBSERVATIONS AND MODELLING 
 

The event which caused perturbations in the ionosphere considered in this paper is 
the X-ray solar flare which happened on 1 May, 2013. Data used for modeling are 
derived by the 23.4݇ܪ௭ VLF signal emitted by the DHO transmitter located in 
Rhauderfehn, Germany, and received at the Institute of Physics in Belgrade, 
Serbia, (Nina et al. 2020). Furthermore, the contemplated SAR frequencies 
are ଵ݂ ൌ ,௭ܪܩ1.257 ଶ݂ ൌ ௭ and ଷ݂ܪܩ5.405 ൌ 9.6 GHz used in NISAR mission, 
Sentinel-1 and COSMO-SkyMed, respectively. In order to calculate the influence 
that the D-region has on the signal propagation it is necessary to determine the total 
electron content present in the mentioned region (TECD) represented by  
 
஽ܥܧܶ                                              ൌ ׬ ௘݈ܰ݀஽௟ವ

,                                               (1)  

 
where ݈஽ represents the signal propagation path in the D-region and ௘ܰ represents 
the electron density. The vertical and temporal electron density distribution is 
calculated by equation (Tomson 1993): 
 

    ௘ܰሺ݄, ሻݐ ൌ 1.43 ൈ 10ଵଷ݁ିఉሺ௧ሻு
ᇲሺ௧ሻ݁ሺఉሺ௧ሻି଴.ଵହሻ௛   ,     (2)   
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where temporal evolution of the “sharpness” ߚ and signal reflection height ܪ′ are 
obtained as the best fit of the recorded and modeled amplitude and phase of the 
analyzed VLF signal using procedure based on Wait’s model of the ionosphere 
(Wait and Spies, 1964) explained in Grubor et al. 2008 and references therein. In 
order to calculate TEC, the D-region is divided into ஽ܰ horizontally uniform layers 
of thickness ܪߜ஽, each with its own electron density ௘ܰ௜ . Ultimately, equation used 
for calculating the phase delay ஽ܲproduced by the D-region can be expressed as 
(Nina et al. 2019):  
 

 ஽ܲ ൌ
஼ఋுವ
௙మ

∑ ே೐೔௡೔

ට௡೔
మି൫௡బ௦௜௡ሺ௵బሻ൯

మ

ேವ
௜ୀଵ    (3) 

 
where ܥ ൌ 40.3 and ݊௜ is the refractive index in the layer i. ߆଴ is the incident 
angle of the SAR signal in the D-region and ݂ stands for the signal frequency.  
 
 

3. RESULTS AND DISCUSSION 
 

As mentioned above there are three different SAR frequencies from three different 
satellites. The first frequency is f1 = 1.257 GHz (NISAR Earth-observing mission) 

and it belongs to L-band satellite frequency range (1‐2	GHzሻ. Furthermore, the 
second frequency is f2 = 5.405 GHz, and it is taken from Sentinel-1 SAR 
instrument. This frequency is the part of the C-band range (4-8 GHz). Finally, the 
third frequency is from the X-band range (8-12 GHz). Its value is f3 = 9.6 GHz, and 
it is taken from COSMO-SkyMed satellites.  
 

We observed dependency of signal delay in the D-region at the moment when 
the D-region electron density maximum is attained which happened during 
disturbance induced by the analyzed solar X-ray flare. It is visible from Fig. 1 that 
the signal delay increases with incident angle for each of the three frequencies. 
Apparently the signal delay is the smallest for the highest frequency which is in our 
case ଷ݂ and the highest for the lowest frequency which is ଵ݂ frequency. It is worth 
noting that the value of ஽ܲ decreases as the value frequency is doubled, (see Eq. 
(3)) which implies that with increasing the frequency value one can get smaller 
ionospheric D-region influence on the signal.  

 
The highest signal delay is obtained for the lowest, f1, frequency and it reaches 

	30݉݉which is not negligible for modeling and applications of SAR signals. 
Bearing in mind the above-mentioned one can conclude that the signal delay 
induced by the X-ray solar flare needs to be taken into account.  
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Figure 1: ஽ܲ dependence on the signal incident angle ߆଴ in the range from 29° to 
46° and SAR frequencies ଵ݂ൌ1.257	GHz, ଶ݂ൌ5.405	GHz and ଷ݂ൌ9.6	GHz. 
 
 

3. SUMMARY 
 

The final outcome of this work was to present the signal delay that occurs during 
the ionospheric D-region disturbance. This was achievable by using the proposed 
modeling methods and the collected data. The signal delay dependence on the 
signal incident angle was calculated for three different SAR signal frequencies. For 
each one of the frequencies the signal delay was observed, which indicates the 
influence that the perturbed D-region has. One prominent thing which needs to be 
pointed out is that the signal delay decreases with the SAR signal frequency. 
Furthermore, the increase of the signal incident angle results in higher signal delay. 
Acquired values of the signal delay, obtained during a not so strong solar flare, 
indicate that the D-region influence on the SAR signal propagation cannot be 
neglected.  
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Abstract. The dense plasma is a complex system, with it’s specifics in describing of related
to more common plasma systems. It is proven that a Cut-off coulomb model potential had
it’s advantages in describing of the hydrogen plasma of moderate up to the higher plasma
non ideality. The need for introducing a more complex models of atom in plasma is needed.
The further modification and development of a similar or more advanced model potentials
is expected to produce a better and more applicable results. There is a need for fast and
accurate enough method of their solution. In this paper the analysis of the logarithmic grid
of Numerov method for solving a Hydrogen Coulomb potential is analyzed.

1. THEORY

Moderate and high density plasma is characterized by the strong inter particle forces,
leading to the coupling of the charged species in plasma, see Fortov et al. 1989,
Kobzev et al. 1995., Adamyan et al. 1994 and Adamyan et al. 2004 for example. In
order to characterize a non ideality the parameter Γ is defined by

Γ =
〈ECoul〉
kTe

=
q2e

4πε0kTe

3

√
4πne

3
, (1)

for the plasma of temperature Te and density ne, note that in the local thermo-
dynamical equilibrium an electron temperature and electron density could be used.
Non ideality parameter itself presenting a ratio of Coulomb inter particle interaction
in compare to average thermal energy of the plasma system. The Γ parameter for
slightly and moderately non ideal plasma is within orders of 0.1 up to 10.

The plasma, as a collective phenomena, could be analyzed in a quantum mechan-
ical approach, as a single particle which potentials is influenced by all the plasma
species. The particle-plasma interaction is therefore described with the help of the
pseudo potential. Having in mind that the closest neighbors reflect onto the mid range
zone of the potential, where Coulomb potential weakness in comparison to their in-
fluence, while average plasma influence reflects as a constant potential level in a far
field region. The cut-off Coulomb potential presents a good description of plasma
influence in close vicinity of the analyzed particle, as well as in far field zone, so the
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more complex forms of the pseudo potential is needed, see Mihajlov et al. 2011, Sakan
2010, Sakan et al. 2018 and Srećković et al. 2010. In general the potential of arbitrary
form does not posses an analytical solution, so that numerical method for solution of
a Schrödinger equation is needed.

In this paper an initial analysis of the stability of the numerical solution method
took a place. As a main candidate the Numerov method with the logarithmic grid is
selected.

1. 1. RADIAL PART OF THE SCHRÖDINGER EQUATION

In description of the plasma atom interaction a radial part of Schrödinger equation
is used in order to calculate the radiative parameters of plasma

After introducing a new function R(r) = P (r)/r into the radial part of the
Schrödinger equation, as well as the use of a modified potential Ṽ (r) = V (r) +
(h̄2/2m)(l(l + 1)/r2), simplifies the form of the radial part

− h̄2

2m

d2P (r)

dr2
+ Ṽ (r)P (r) = EP (r). (2)

1. 2. NUMEROV METHOD FOR RADIAL SCHRÖDINGER EQUATION

The differential equation 2 is solvable with the help of Numerov method behind which
a Taylor expansion of the differential equation is used. If the new function q(r) =
Ṽ (r)−E, the differential equation tooks the form P ′′(r) = q(r)P (r). Having in mind
that the Taylor expansion is valid for the linear mesh, e.g. ri = i ∗ h, where the
notation P (ri) ≡ Pi and q(ri) ≡ qi is used here. As it is known a solution for the
radial function Pi is given by

Pi+1 =
12 [2Pi − Pi−1] + h2 [10qiPi − qi−1Pi−1]

12− h2qi+1
− P

(6)
i h6

20 (12− h2qi+1)
, (3)

where P
(n)
i ≡ dn

drnP (ri). The first order differential is given by

P ′i = 1
12h [Pi−2 − 8Pi−1 + 8Pi+1 − Pi+2]−
h
60 [qi−2Pi−2 − 2qi−1Pi−1 + 2qi+1Pi+1 − qi+2Pi+2]− 11

2520P
(7)
i h7.

(4)

More details about the application of the Numerov procedure from Noumerov 1924,
and the application onto the radial Schrödinger equation could be seen in Paolo
Giannozzi 2012/2013 and Havlová et al. 1984. It could be seen from the previous
equations that an error of the Numerov method could be estimated easily and is
well behaved in most of the radial part of the function space. In order to avoid the
problems related to the accumulation of the numerical error as well as to adopt for a
more realistic grid for the differential equation that has to be solved, a new variable
is introduced, x = x(r), dx = x′(r)dr. For the logarithmic grid a function is given by

x(r) = log

(
Zr

a0

)
, ∆x =

a0
Zr

δr. (5)

in order for system to be solvable by a Numerov method on a different grid xi = x0+h∗
i. In a case of logarithmic grid a function y(x) = P (r(x))/

√
r(x) neutralizes the first
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order differential and preserves a form of differential equation y′′(x) = q(r(x))y(x),
solvable by a Numerov method.

2. TEST PROCEDURE AND RESULTS

The analysis is performed using the Coulomb potential, e.g. the solution are for the
hydrogen atom without the influence of the plasma, since the stability is expected
to be the same with more complex pseudo potentials and the Coulomb one have an
analytical and known solutions.

Here we applied the Numerov procedure method that uses two separate solution,
outward integration, from the smallest radius values to the end of the classical solution
zone, and other, inward integration, from the largest values of the radius down to the
joining point. The solution is possible only for some values of the energy levels, so the
shooting method is applied in order to search for the values of the bond state energy.

As it is known, the convergence of the potential and physical meaning of the
wave function led to asymptotic solutions used for the initial values of the numerical
solution presented by

R(r)|r→0 ∼ r
l, P (r)|r→0 ∼ r

l+1, (6)

and for the large values of r

R(r)|r→∞ ∼ r
n−1 exp

{
− Zr

na0

}
, P (r)|r→∞ ∼ r

n exp

{
− Zr

na0

}
. (7)

In order to study a stability of the procedure of variation of a second initial value
is involved. With the help of varying parameter ε the second bond value in both
inward and outward integration is varied, mathematically could be presented as

F0 = F0, FNEW
1 = k ∗ F1, FN = FN , FNEW

N−1 = k ∗ FN−1,
F ≡ [R(r), P (r)] k = (1 + ε), ε ∈ (−1, 1)

(8)

In this analysis a parameter ε took values [−0.1, −0.05, −0.01, −0.005, −0.001,
0, 0.001, 0.005, 0.01, 0.05, 0.1]. All of these parameter values, in exception of −0.1,
that are smaller or equal to 0, led to the same energy values with the relative error
smaller than 10−5. In the case of the smallest values for ε > 0 the result yields a
lower energy state, otherwise the numerical solution will be colapsed.

3. CONCLUSION

The preliminary test led a conclusion that the numerical integration method, partic-
ularly the Numerov type integration method with logarithm and 1/r3 grid could be
used for solving of model potential of dense hydrogen plasma, Havlová et al. 1984. In
analyzed cases there is an exact mathematical form of the wave function. The analysis
of the stability of the solution with the initial values on the Coulomb potential led
us to conclusion that the model is also usable for cut-off Coulomb model potential.
The method possesses fast convergence toward to a solution, and because of that is
very applicable when using it in more complex analysis, as well as for coupling with
molecular dynamics codes. Even more, it gave an opportunity to solve more complex
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n l Ecalc/EH dE/E
1 0 0.9998168 -0.0001832
2 0 0.9999084 -0.0000916

1 1.0000000 0.0000000
3 0 0.9999387 -0.0000613

1 1.0000000 0.0000000
2 1.0000000 0.0000000

4 0 0.9999442 -0.0000458
1 1.0000000 0.0000000
2 1.0000000 0.0000000
3 1.0000000 0.0000000

5 0 0.9999632 -0.0000368
1 1.0000000 0.0000000
2 1.0000000 0.0000000
3 1.0000000 0.0000000
4 1.0000000 0.0000000

Table 1: Calculated energy for the unmodified initial values.

model potential in order to describe different atoms in dense plasma. The further
analysis is needed for development of a method for determination and avoid of nu-
merical errors in solution, as well as to optimize a procedure for best mesh densities
selection.
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Abstract. Here we explore the periodicity determination in the light curves of super-
massive binary black holes (SMBBHs) considering different observation sampling during a
monitoring period. We use a theoretical model of an SMBBH system which assumes that the
variability in the light curves is due to dynamical effects. We simulate several observational
light curves assuming different cadences, and estimate the periodicity using the Lomb-Scargle
(LS) algorithm. We found that the lack of observational data could reduce the significance
level of periodicity determination, but still a rough periodicity could be estimated.

1. INTRODUCTION

In the case of merging galaxies, one can expect that subparsec super-massive binary
black holes (SMBBHs) are present in their central parts (Begelman et al. 1980).
Many galaxies are observed to be in a collision, and they potentially have a SMBBH
in their center. One can expect that even the sub-parsec SMBBHs may be very often
in the centers of merging galaxies, however, the problem is to detect these objects.
E.g. direct imaging in the high resolution radio observations could be potentially a
good method for SMBBH detection (see e.g. Burke-Spolaor 2011, Roland et al. 2013),
but only on the kpc scale distances between the components (see Fu et al. 2011).

On the other hand, it seems that sub-parsec scale SMBBHs may be possibly
detected using the spectral characteristics, in which one can expect to see dynamical
signature of binary orbital motion (see e.g. Gaskell 1983, Tsalmantza et al. 2011,
Shen & Loeb 2010, Eracleous 2012, Popović 2012, Bon et al. 2012, Simić & Popović
2016, Li et al. 2019, Kovačević et al. 2019, Popović et al. 2020), especially in the
case in which both black holes (BHs) in a binary system have accretion discs and emit
broad lines (see for a review, Popović 2012).
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Here we continue our investigation of the detection of possible periodicity in the
SMBBHs light curves. We explore the perspective of monitoring of active galactic
nuclei (AGN) in large surveys and possibility to find good candidates for SMBBHs.
Particularly in this work we consider influence of different observation sampling to
determination of the periodicity, that is expected to be present in the SMBBHs light
curves.

2. THE MODEL OF THE SMBBH SYSTEM

We consider the system in which both components have accretion discs, and each disc
is surrounded with its broad line region (BLR), and a common BLR, as shown in
Figure 1. We describe briefly the main concepts of the theoretical model, but more
details will be given in Simić et al. (2020). We accept the model of a standard optically

m1

disk 1

r
out1

r
roche

BLR1 r
roche

BLR2r
out2

m2

disk 2

Figure 1: SMBBH system in the compact configuration, with designated BLR of
particular components (BLR1 and BLR2) inside each Roche lobe, with an additional
common BLR, located outside of Roche lobes.

thick, geometrically thin, black body accretion disc (see Pringle & Rees 1972, Shakura
& Sunyaev 1973, Novikov & Thorne 1973), and we take that the effective temperature
as a function of the radius from the center is as given in Woo et al. (2014). The BLR
can have different geometries (see e.g. Sulentic et al. 2000), but we assume that it is
homogeneously distributed around the BH disc. The BLR inner radius is very close
to disc outer radius and spans a few tens of light days in diameter, while keeping
probably spherical shape around the BH and disc. This region is photoionized by
the X-ray and UV radiation from the accretion disc. We estimate the BLR size by
using the empirical formulas given in Kaspi et al. (2005), i.e. using the continuum
luminosity at 5100Å (for Hβ line emitting region).

Taking the dynamical effects of an SMBBH system we assume that the total line
emitting region is actually composed from three different BLRs. First two regions are
defined by the local Roche lobes of each component in the SMBBH system (BLR1
and BLR2), and third is a circumbinary region that is surrounding both components
(common BLR), as shown in Fig. 1. As we can see, BLRs defined by Roche lobes are
moving and following the host BH component, whereas the common BLR is static.
We also connect the line intensities and width of each BLR component with the total
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Figure 2: Light curves for emission in Hβ (left panel) and continuum (right panel) of
SMBBH system during four full rotation. Presented luminosity scaled to its maximal
values.

component masses.
We model the total emitted spectra in a wide wavelength range, from the UV to

the IR band, but here we only consider the variability of the region around the Hβ
line. First, we model the spectra in the Hβ wavelength band, then we measure the
Hβ and continuum at λ5100Å luminosity. We take four full orbits, and consequently
find the light curves of the total Hβ emission and continuum at λ5100Å.

3. RESULTS AND DISCUSSION

We distinguish three different cases: I ) when observations are made in the first half
of the year, randomly once per month for entire time period of 4 × Porb, II ) when
observations are made in the first half of the randomly chosen year with the number of
observing years reduced by half in comparison to case I ), and III ) with significantly
reduced number of observations and random cadence in total observed time.

During the orbital motion of SMBBH system, we expect to observe dynamical
variation of the luminosity in line and continuum. However, this variability could
be masked by many different reasons, like enormous line width, high mass ratio sys-
tem, or some other issues. In case of very compact sub-parsec SMBBHs, imprinted
dynamical variability is the only way to detect such systems. In order to test how
quantity and quality of observations influence the periodicity determination, we ex-
amine spectral features (Hβ line and continuum at λ = 5100Å) in details. First, we
compute luminosity in a given spectral range for continuum and line segment during
four full rotation of the binary system, see Fig. 2. We can see variation of luminosity
in the line (left panel) and continuum (right panel), with luminosities scaled to their
maximal value. Continuum variability (Fig. 2, right panel) has similar variation as in
line, since in this case the Hβ line is broad enough and affect continuum measurement
at λ = 5100Å.

We apply Lomb-Scargle (LS) to compute orbital periods of SMBBHs. We gener-
ated periodograms (Fig. 3) for each observational case for Hβ line and continuum.
As we can see, peaks of the periodogram curves are placed at the extracted orbital
period of the SMBBH system.
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Figure 3: Periodograms for Hβ line and continuum flux in case of SMBBH system.
Horizontal dashed lines present significance level lines.

We found that the lack of observational data, i.e. poor sampling of light curves,
could reduce significantly the certainty of periodicity determination, however, a rough
estimate of periodicity is still possible. More details on the model and perspectives
of the periodicity estimates and detection of possible SMBBH systems in AGN light
curves will be given elsewhere.
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Abstract. On the basis of graphical techniques, we have derived analytical expressions for 
the photoelectron current upon photoionization of polarized atomic states by polarized light 
in magnetic fields. We show as an example the observed signal when two-photon excited 
xenon state with J=2, M=2 (jl-coupling) is photoionized by right-circular polarized photons 
in an applied magnetic field which results in the Paschen–Back effect. The presented results 
are of interest in spectroscopy of low temperature laboratory plasma as well as for 
astrophysical research. 

 
 

1. RESULTS AND DISCUSSION 
 

In this contribution we present a progress of our cooperative work in newly open 
areas of our investigation. On the basis of graphical techniques described in the 
book by E. El-Baz and B. Castel (Graphical Methods of Spin Algebras, New York, 
1972) we have derived analytical expressions for the photoelectron current I(t) 
upon photoionization of polarized atomic states by polarized light in magnetic 
fields. Figure 1 exhibits as an example the observed signal when two-photon 
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excited xenon state with J=2, M=2 (jl-coupling) is photoionized by right-circular 
polarized photons in an applied magnetic field which results in the Paschen–Back 
effect. 

 

Figure 1:  Graphical presentation of the photoionization current I for the polarized 
Xe state P3/2 6p2[3/2]3. 

. 
 

2. CONCLUSION 
 
We show that the results of presented investigation are very important not only in 
physics such as astrophysics, plasma physics but also in spectroscopy of laboratory 
plasma (see e.g. Condon& Shortley 1959, Foot 2005, Dimitrijević et al. 2019). 
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Abstract. It is well known that the temperature reached in thermonuclear fusion reactors 

(tokamak) is extremely high, and that the hydrogen gas, completely ionized, can be confined 

by a properly shaped magnetic fields. If this is true in the core of the tokamak, however in 

the peripheral regions the temperature can get strongly reduced, so that atomic and molecular 

species can condensate. This is the case of the divertor chamber, where the plasma cools 

down by delivering the excess of thermal energy, along with fusion ash and impurities. Also 

close to the container walls, where the hydrogen particles, getting outside the closed field 

lines, give rise to chemical reactions yielding to molecular compounds. In these regions, 

electron-molecule collisions play a role of utmost importance, by inducing a plethora of 

interconnected molecular processes (ionization, dissociation, excitations…), which strongly 

affect the plasma evolution. Modeling and simulations of these low-temperature plasmas, as 

well as experimental determinations, require large sets of electron-molecule scattering data. 

Cross sections, rate constants, Einstein’s coefficients etc. are the basic input quantities in 

plasma modeling and they can be obtained by resorting to theoretical calculations. In this 

seminar, we will present the production of plasma information achieved in decades of 

collaboration of our group with Professor Janev, starting from the first work aimed to collect 

vibrationally-resolved cross section data for excitations induced by electron impact in H2 and 

H2
+ molecules and their isotopes (Celiberto et al, 2001), going through the study of resonant 

processes (Celiberto et al, 2008), till the recent IAEA project on “Atomic Data for Vapour 

Shielding in Fusion Devices” (Heinola, 2019).  
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Abstract. The concept of dynamical adiabatic states has originally been proposed to 
describe low-energy one-electron atom(ion)-ion collision systems (see chapter 7 in 
Solov’ev 2017 and references therein). In the impact parameter approach the essential steps 
of the method are:  the scaling of electronic coordinates by the internuclear distance R and 
transformation to rotating molecular frame.  The advantages of a dynamical adiabatic basis 
are threefold. First, it is compatible with the physical boundary conditions, whereas in 
standard adiabatic two-Coulomb center basis we have nonvanishing inelastic transitions 
when internuclear distance R→∞. Second, rotational transitions are transformed into radial 
transitions via a type of hidden crossings in contrast with the standard adiabatic basis, 
where these transitions could only be included by numerical close-coupling calculations. 
And third, the ionization process can be described using a basis of the complete discrete 
orthogonal wave packets, which is much more satisfactory for the process compared with 
the standard adiabatic approach where the continuum states which have no direct physical 
meaning are employed. The properties of the dynamical adiabatic potential energy curves 
have been studied for a complete range of internuclear separations R as well as their hidden 
crossings in the complex R-plane (Grozdanov et al. 2013, 2014). 

Results of calculation for the (HeH)2+ quasimolecular system have been used to study 
the low-energy charge-exchange processes: He2++H(1s) →He++H+ and H++He+→H+He2+ 

(Grozdanov et al. 2015, 2018). The obtained results for transition probabilities and cross 
sections are in good agreement with  hyperspherical and standard close-coupling 
calculations as well as with experiments. We shall discuss also an earlier application of 
dynamical adiabatic theory to a model problem of electron detachment process: A+A-→ 
A+A+e, where the electron-atom interactions are described by the zero-range potentials 
(Grozdanov et al. 1999). 
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Abstract. Because of its fundamental role in hydrogen plasmas such as those in certain 
astrophysical (Walker et al, 2018) or fusion reactor environments (Janev at al, 2003), and 
as a prototype for the study of similar processes in other  plasmas, slow collisions (0.1-100 
eV) of hydrogen atoms and ions with vibrationally excited hydrogen molecules and 
molecular ions are studied using fully quantum-mechanical (below 10 eV) and 
semiclassical (E > 15 eV) approaches, the latter within impact parameter, straight-line 
approximation. Considered transitions include charge transfer, excitation (Krstić 2002), 
dissociation (Krstić et al, 2003), three body diatomic association (often referred by the 
general term three-body recombination) (Krstić et al, 2003), as well as energy and angular 
spectra of dissociation fragments. Mutual relations of various elastic and inelastic 
processes, the relevant physical mechanisms governing vibrational dynamics in inelastic 
channels and comparison of the fully quantal and semi-classical results are also reported.  
The cross section calculations are performed by solving the Schrödinger equation for the 
nuclear and electronic motions on the two lowest diabatic electronic surfaces of H3

+, and by 
using an expansion of nuclear wave function in a vibrational basis containing all discrete 
H2 and H2

+ states and a large number of pseudo-states from each of the corresponding 
discretized continua. The rotational dynamics of H2 and H2

+ is treated with the infinite 
order sudden approximation prescription. 
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Abstract. The use of an adiabatic representation to describe collision between atomic 
systems dates from the early days of quantum mechanics, when Landau recognized the 
importance of avoided crossings of the adiabatic potential energies, leading to excitation 
and charge exchange in collision between ions and neutral atoms and molecules. The early 
models, such as those developed by Landau and Zener were successful for certain specific 
processes but the development of a consistent theoretical model going beyond the Born-
Oppenheimer approximation proved difficult. The first fully quantum mechanical 
formulation, proposed by Bates et al. in 1947 (Bates and Massey 1947) raised many 
inconsistencies. A decade later, an impact parameter method was developed, but this 
involved the introduction of a time variable, which cannot be uniquely was different, the 
notion of translation factors was introduced. Such factors have proved useful cannot be 
well defined. It was only in the late 1970’s that a fully quantum mechanical description of 
the adiabatic representation by Thorson et al was made possible by the introduction of 
appropriate reaction coordinates. This solved many problems but not all. Indeed, the 
outstanding question was to ensure that an adiabatic basis including only those involved in 
an avoided crossing was sufficient to describe all the reaction channels. This was only 
achieved at the turn of the century.  It had taken 70 years to finally develop a method which 
enables the use of an adiabatic basis to represent the collision.  A review of methods using 
an adiabatic representation been given recently (Rabli and McCarroll 2018). 
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Abstract. Studies of the intermediate stages of the Rydberg state population of multiply
charged ions impinging upon a solid surface are not only of fundamental scientific interest,
but also highly relevant in the analysis of the various surface modifications such as the
recently obtained surface nanostructures (craters, hillocks and some other structures such
as calderas, nanopores etc.): see Aumayr et al 2011, and Lake et al 2011. The appropriate
theoretical model which takes into account both the initial and final electron states has
to be founded within the framework of the time-symmetrized quantum mechanics. The
corresponding two-state vector model has been firstly formulated for the analysis of the
proton neutralisation at solid surface: see Nedeljković et al 1991, and further elaborated to
the case of highly charged ions: see Nedeljković et al 1994 and a series of articles by the
same group of authors.

In our recent theoretical study we apply the model to obtain the final ionic charge in front
of the metal surface and to calculate the corresponding neutralization energy: see Majkić et
al 2019. We discuss the interplay of the collision geometry and the surface parameters in the
neutralization process for the metal surface covered with a thin dielectric film. The ionic ve-
locity plays a decisive role for the particular surface modification. For very low ionic velocity,
the neutralization energy gives the main contribution in the surface nanostructuring, while
for large ionic velocity the nanofeatures are created due to the kinetic energy loss (nuclear
and electronic stopping power). The existence of the critical velocity, which separates these
two regions, is discussed. At the conference we consider the role of the critical velocity in
the appearance of the particular nanostructures at various types of surfaces.
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Abstract. Atomic levels and electronic wave-functions including bound and continuum 
states are affected by plasmas shielding influence. And thus the physical quantum relevant 
to the atomic levels and electronic wave-functions demonstrated the remarkable changes. 
Since the year of 2008, Prof. Janev has suggested and mentored our group in China to 
perform comprehensive investigations of plasma shielding effects on atomic physics. Prof. 
Janev congratulated on the publication of my work about bound-bound process in ideal 
plasmas in PRA 2008, I still remembered his smile. Lots of important and coauthored 
works have been published in the past decade to reveal the importance of plasma screening 
effects on atomic electronic structure, photon excitation and ionization, electron/positron 
impact excitation and ionization, and excitation, ionization and charge transfer of ion-
atom/ion collisions. In this talk, we will review the shift of the atomic energy levels and the 
changes of the physical quantum and spectrum parameters in ideal and non-ideal plasma 
environments collaborated with Prof. Janev. 
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Abstract. Fusion plasma science combines plasma physical challenges from the highly
un-isotropic and turbulent plasma in electromagnetic fields, with a rich plasma chemistry
due to the presence of nearby material surfaces and plasma surface interactions at the reactor
vessel. It was recognized as early as 1968 by Bo Lehnert that a zone of powerful gas–plasma
interaction, formed near fusion reactor vessel components, can be the key to solving the
plasma surface interaction issues for sustainable nuclear fusion reactor operation.

Hydrogen - in the form of deuterium and tritium - is the fuel of fusion energy plasma
devices. One might have hoped that the first element in the periodic table might behave in
a simple way in this context. But in fact, see Janev 1984, a great variety of complexities
arises. Ratko Janev certainly was the most influential and respected bridgehead, world wide,
between the fusion plasma and atomic physics communities, for nearly four decades. Today
the chemically rich “divertor detachment” plasma regime in tokamaks, anticipated in Janev
1984, is regarded as the feasible technical solution for a nuclear fusion power plant, e.g. also
underlying the current construction of the ITER fusion reactor in Cadarache, France, in a
joint world wide effort. Historically fusion research had not developed very far before it was
recognized that it is essential to quantify and fully understand these processes. In the mid 
eighties, a quantum step occurred in this field: the first comprehensive atomic and molecular
database for complex fusion analysis codes appeared, including all the important physics
and chemistry involved, see Figure 1, Janev, 1987. We will present this development, the
prominent role of Ratko Janev in it, and current knowledge on collision processes involving
fuel (H), ash (He), wall material (e.g., C, Be, W) and seeding particles (e.g., N2).

Figure 1: Three decades the unchallenged standard reference for atomic and molecular
physics in fusion plasmas: Janev, R.K., et al, 1987, Springer Verlag.
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Abstract. Hot, dense plasmas exhibit screened Coulomb interactions, resulting from the 
collective effects of correlated many-particle interactions. Since 2008, Prof. Janev has 
suggested and mentored our group in China to perform comprehensive investigations of 
plasma shielding effects on atomic physics. Lots of important and coauthored works have 
been published in the past decade to reveal the importance of plasma screening effects on 
atomic electronic structure, photon excitation and ionization, electron/positron impact 
excitation and ionization, and excitation, ionization and charge transfer of ion-atom/ion 
collisions. In the talk, we will review the typical progresses and physical results we have 
achieved on quantum collision dynamics involving plasma shielding effects collaborated 
with Prof. Janev. 
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SPIG2020 - Program by day 
 
Monday, Aug 24th (Day 1)  

● Organized bus transfer* for SPIG2020 - time (TBA) 
 
● 17:30 Opening ceremony 

● 18:00 Session dedicated to 30th jubilee of SPIG conferences 

● 20:00 Welcome cocktail* with the concert of traditional music and dance 

 
Tuesday, Aug 25th (Day 2)  

● 9:00-19:30 SPIG 2020 

 
Wednesday, Aug 26th (Day 3) 

● 9:00-18:00 SPIG 2020 

● 18:00 Organized bus transfer to Belgrade* 

 
Thursday, Aug 27th (Day 4) – ONLY VIRTUAL (through Webex Event) 

● 9:00-20:00 SPIG 2020 
 

 
Friday, Aug 28th (Day 5) – ONLY VIRTUAL (through Webex Event) 

● 9:00-14:00 SPIG 2020 
 
 

 
*IMPORTANT NOTE:  
 
In the case of unfavorable epidemic situation in Serbia, SPIG2020 will be shifted to fully 
virtual conference. This will be announced in the Final Announcement on August 1, 
2020. 
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SPIG 2020 PROGRAMME 

Šabac, Serbia, August 24 – 28, 2020 
 

Monday 24th August 2020 
SPIG 2020 (day 1)                                   REGULAR 

 

PL – Plenary lecture: 35+10 
min 

TL – Topical lecture: 25+5 min PR – Progress Report: 15+5 
min 

 

16:00-17:30 Arrival and registration  

17:30-18:15 Opening ceremony  

 Plenary Session 1, Hall A, Chair: L. Č. Popović  

18:15-19:00 Zoran Petrović (Serbia): Review talk on History and Importance of SPIG (dedicated 
to the 30th jubilee)  

 

20:00-22:00 Welcome Cocktail    

 

Tuesday 25th August 2020 
SPIG 2020 (day 2)                                  REGULAR+VIRTUAL 

 

 Plenary Session 2, Hall A, Chair: Z. Petrović  

09:00-09:45 Jean-Paul Booth (France): A new look at oxygen plasmas - quantitative spectroscopy 
for rigorous testing of models (Virtual) 

 

09:45-10:30 Tőkési Károly (Hungary): Multiple electron scattering in atomic and surfaces 
collisions (Virtual)  

 

10:30-11:00 Coffee break   

 Plenary Session 3, Hall A, Chair: A. Milosavljevic  

11:00-11:45 Oskar Asvany (Germany): High-resolution spectroscopy of cation-helium complexes 
at low temperature (Virtual) 

 

11:45-12:30 Tony Donne (Germany): Challenges and Progress on the path towards Fusion 
Electricity (Virtual)  

 

12:30-14:30 Lunch break  

 Hall A - Parallel Session:  
Collisions (devoted to R. Janev) 
Chair: N. Simonović 

 Hall B - Parallel Session  
Chair: B. Obradović 
 

 

14:30-15:00 Tasko P. Grozdanov (Serbia): 
Dynamical adiabatic theory of atomic 
collisions 

Mario Janda (Slovakia): The transient 
spark discharge driving circuit 
optimizations for enhanced NOx 
generation 

 

15:00-15:30 Nataša N. Nedeljković (Serbia): Two-
state vector model for the ion-surface 
interaction: foundation and application 

Eric Griglio (France): Ion transport 
through insulating capillaries: Self-
organized focusing revealed 
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15:30-16:00 Ronald McCarroll (France): Adiabatic 
Representation of Atomic Collision 
Processes (Virtual) 

Suvasthika Indrajith (France): Effects of 
ionizing radiations on the reactivity inside 
clusters of linear hydrocarbons: 
polymerization vs. cyclization 
[15:30-15:50]

 

16:00-16:30 Roberto Celiberto (Italy): Electron-
molecule collisions in fusion plasmas: a 
long-standing collaboration with 
Professor Ratko Janev (Virtual) 

Dragan M. Pavlović (Serbia): Plasma 
channel evolution in the triggered lightning 
discharges 
[15:50-16:10]

 

Aliaksandra Kazak (Belarus): The 
atmospheric pressure air plasma jets for 
innovative medical applications  
[16:10-16:30] 

 

16:30-17:00 Coffee break   

 Hall A - Parallel Session  
Collisions (devoted to R. Janev) 
Chair:  T. Grozdanov 

Hall A - Parallel Session  
4. GENERAL PLASMAS 
Chair:  I. Savić 

 

17:00-17:30 Song Bin Zhang (China): Quantum 
collision dynamics involving plasma 
shielding effects with Prof. Ratko Janev 
(Virtual) 

Miroslava Vukčević (Serbia): Soliton 
structures in different astrophysical 
systems 
[17:00-17:20] 

 

 

17:30-18:00 Yue Ying Qi (China): Atomic structure 
and dynamic process in ideal and non-
ideal plasma with Prof. Ratko Janev 
(Virtual) 

Nikola Veselinović (Serbia): Correlation 
analysis of solar wind parameters and 
secondary cosmic rays flux 
[17:20-17:40] 

 

18:00-18:30 Predrag Krstic (USA): Vibrationally 
resolved collisions of hydrogen ions 
and molecule (Virtual) 

Đorđe Savić (Serbia): Modeling broad line 
polarization in active galactic nuclei 
[17:40-18:00] 

 

18:30-20:00 Poster session (1) � Regular and virtual poster presentation 
[*Optional: 3min presentation of posters] 

 

20:00 Conference dinner   

 

Wednesday 26th August 
SPIG 2020 (day 3)                             REGULAR+VIRTUAL 

 

PL – Plenary lecture: 35+10 
min 

TL – Topical lecture: 25+5 min PR – Progress Report: 15+5 
min 

 

 Plenary Session 4, Hall A, Chair: B. Marinković  

09:00-09:45 K.-D. Weltmann (Germany): Physical Applications in Life Science (Virtual) 
 

 

09:45-10:30 Nigel Mason (UK): New frontiers in Atomic and Molecular Physics (Virtual)  

10:30-11:00 Coffee break   

 Hall A - Parallel Session 3. LOW 
TEMPERTURE PLASMAS  
Chair:  G. Poparić   

Hall B - Parallel Session 1. ATOMIC 
COLLISION PROCESSES  
Chair:  M. S. Dimitrijević 

 

11:00-11:30 Nikša Krstulović (Croatia): Cavity 
Ring-Down Spectroscopy as a Tool for 
Plasma Diagnostics (Virtual) 

Miloš Ranković (Czech Republic): 
Electron collisions with dielectric gases 
considered as SF6 replacement 
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11:30-12:00 Daiji Kato (Japan): Compact electron 
beam ion trap for spectroscopy of 
multiple charged ions (Virtual) 

Nikolay Shvetsov-Shilovskiy 
(Germany): Semiclassical two-step model 
for strong-field ionization: Further 
developments and applications 

 

12:00-12:20 Sanja Živković (Serbia): Analytical 
capabilities of TEA CO2 laser based 
LIBS setup 

Dejan Miličević (Serbia); Study of 
structural modifications in poly(L-lactide) 
(PLLA) induced by high-energy radiation 

 

12:30-14:30 Lunch break /SPIG Committee meeting at 13h  

 Hall A - Parallel Session  
4. GENERAL PLASMAS 
Chair: D. Marić 

 
 

 

14:30-15:00 Gregor Primc (Slovenia): Probing 
neutral oxygen atoms by laser-optic 
catalytic sensor 

  

15:00-15:20 Ivan Krstić (Serbia): Spectroscopic 
investigation of discharge and afterglow 
phase of microsecond pulsed glow 
discharge 

  

15:20-15:40 Jelena Marjanović (Serbia): Breakdown 
and characteristics of non-equilibrium 
low-pressure DC discharges in vapours 
of liquids  

  

16:00-18:00 Excursion (visit of the city museum)  

 

Thursday 27th August 2020  
SPIG 2020 (day 4)                                    ONLY VIRTUAL
PL – Plenary lecture: 35+10 min  TL – Topical lecture: 25+5 

min
PR – Progress Report: 15+5 

min
 Plenary Session 5, Room A, Chair: A. Ivković 

09:00-09:45  Masaharu Shiratani (Japan): Materials Processing with Low Pressure Plasma: 
Present Issues and Possible Solutions  

09:45-10:30  Sibylle Günter (Germany): The two concepts of magnetic confinement: tokamak 
and stellarator  

10:30-11:00  Coffee break & Chat Room 

 Plenary Session 6, Room A, Chair: D. Ilić 

11:00-11:45  Netzer Hagai (Israel): Following Supermassive Black Holes Over Cosmic Time 

11:45-12:30  Dimitri Batani (France): Current status of the laser fusion research and the shock 
ignition approach 

12:30-14:00  Lunch break  

 Room A - Parallel Session  
4. GENERAL PLASMAS 
Chair: M. Škorić

Room B - Parallel Session  
3. LOW TEMPERATURE PLASMAS  
Chair: M. Kuraica 

14:00-14:30  Alicja Domaracka (France): Ion 
processing of astrophysical ices  

Andrew Gibson (Germany): Numerical 
simulation-based optimisation of plasma 
sources for medical applications 
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14:30-15:00  Sebastijan Brezinsek (Germany): 
Plasma-wall interaction in W7-X 
operating with graphite divertor 

Marie-Lise Dubernet (France): VAMDC 
– Results and Perspective 

15:00-15:20 Damir Devetak (Germany): Dissipative 
phenomena in QCD plasma state 
created in heavy ion collisions 
 

Željko Mladenović (Serbia): 
Atmospheric pressure helium plasma jet 
propagating in humid air - influence of 
water vapour on chemical composition 
and plasma parameters 

15:20-15:40  Coffee break & Chat Room 

 Room A - Parallel Session  
4. GENERAL PLASMAS 
Chair:  S. Tošić 

Room B - Parallel Session  
2. PARTICLE AND LASER BEAM 
INTERACTION WITH SOLIDS 
Chair:  Z. Mišković 

15:40-16:10  Joël Rosato (France): Spectroscopic 
modeling for the investigation of 
magnetic fusion plasmas and stars with 
magnetic field  

Régis Bisson (France): Simulating 
plasma-wall interaction in fusion reactors 
with beam-surface experiments 

16:10-16:40  Masanori Nunami (Japan): Turbulence 
simulations for stellarator plasma 
transport  

Kamran Akbari (Spain): Relativistic 
Theory of the Interaction of Two-
Dimensional Materials with Moving 
Charged Particles [16:00-16:20] 

16:40-17:00  Coffee break & Chat Room 

 Room A - Parallel Session 3. LOW 
TEMPERATURE PLASMAS 
 Chair: S. Djurović 

Room B - Parallel Session 1. ATOMIC 
COLLISION PROCESSES  
Chair: I. Mančev 

17:00-17:30  Augusto Stancampiano (France): 
Plasma jets and multijets in contact with 
liquids in biomedical experiments: 
electro fluid dynamic and reactive 
species distribution  

Dmitry Voloshin (Russia): PIC MCC and 
fluid simulation of processing plasmas: 
collision radiative models and ion energy 
distribution functions  

17:30-17:50  N. Ben Nessib (Saudi Arabia): The 
Fully Relativistic Multiconfiguration 
Dirac-Hartree-Fock Method for Atomic 
Structure Calculations for Multiply 
Charged Ions: The Example 
of Ca XV 

Ramón L. Panadés-Barrueta (France): 
On the automatic computation of global 
(intermolecular) potential energy surfaces 
for quantum dynamical simulations  

17:50-18:10  Aleksandra Nina (Serbia): Propagation 
of electromagnetic waves in perturbed 
lower ionospheric plasma 

Luca Vialetto (Netherlands): Monte Carlo 
flux modelling of electron kinetics in CO2 

18:10-20:00  Poster session (2) - Virtual presentation of posters  
[*Optional: 3min presentation of posters] 
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Friday 28th August 2020 
SPIG 2020 (day 5)                                 ONLY VIRTUAL 
PL – Plenary lecture: 35+10 min TL – Topical lecture: 25+5 

min 
PR – Progress Report: 15+5 min 

 Room A - Parallel Session 4. GENERAL 
PLASMAS 
Chair:  V. Srećković 

Room B - Parallel Session 1. ATOMIC 
COLLISION PROCESSES  
Chair:  M. Trtica 

9:00-9:30 Jovan Milošević (Norway): Quark gluon 
plasma in an early phase of the Universe 
and in the laboratory  

Tiago Silva (Portugal): A detailed 
reaction mechanism set for vibrational 
chemistry in CO2 plasmas 

9:30-9:50 Andjelka Kovačević (Serbia): Rise of 
LSST - detection of oscillations in AGN 
emission light curves at different 
cosmological scales  

Jasper Peschel (Sweden), Dissociation 
dynamics of the diamondoid adamantane 
upon photoionization by XUV 
femtosecond pulses  

9:50-10:10 Jelena Petrović (Serbia): The evolution of 
stellar interiors in massive binary systems 

Ilija Simonović (Serbia): Kinetic and 
fluid modelling of non-equilibrium 
transport of charged-particle swarms in 
neutral gases and nonpolar liquids 

10:10-10:30 Aleksandra Ćiprijanović (Serbia): Multi-
messenger studies of cosmic ray 
acceleration in galaxy cluster accretion 
shocks 

Ana Silva (Netherlands): A reaction 
mechanism for vibrationally cold CO2 
plasmas 

10:30-10:50 Nikolai Bezuglov (Russia): Penninning 
ionization processes involving cold 
Rydberg alkali metal atoms 

Abeer Almodlej (Saudi Arabia): The 
Modified Semi-Empirical Stark 
Broadening method of calculations: The 
example of Alkali like ions 

11:00-11:30 Coffee break & Chat Room 

 Plenary Session 7, Room A, Chair: D. Borka 

11:30-12:15 Dragan Huterer (USA) Dark Matter and Dark Energy: Gases that Dominate the 
Universe 

12:15-13:00 Jaime de Urquijo (Mexico) The measurement of electron and ion swarms transport 
and reactivity: Current state and future challenges 

13:00-13:30 Discussion and Chat Room (D. Ilić, V. Srecković) 

13:30-14:00 Closing of the conference 

 

 
LIST OF POSTERS  
Maximum dimensions of your poster should be 60cm (width) x 90cm (height). 

No Session Title Author 
1 1.1. A DFT study of dissociative electron 

attachment to C5XH4N and C4XH3N2 
(X=H,Cl,Br) aromatic molecules 

N. Tańska 

2 1.1. Excitation of the (001) mode of CO2 IN 2.45 
GHz microwave E field and DC B field 

M. M. Vojnović, V. V. Stanković, 
M. M. Ristić, G. B. Poparić 

3 1.1. Rates for excitation of the CO2 Fermi 
resonance members in rf electric field 

V. V. Stanković, M. M. Vojnović, 
M. M. Ristić, G. B. Poparić 

4 1.1. Cross sections calculations for electron 
scattering from rhodanine and cyanoacetic acid 

B. Zywicka, P. Mozejko 
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5 1.1. The m4,5nn auger spectrum of krypton in 
kinetic energy region 24 – 64 eV 

B. P. Marinković, J. J. Jureta, L. 
Avaldi 

6 1.1. Analytical Formula for the Output Factor 
calculation of Small Radiation Beams 

S. J. Al Atawneh, L. M. Abu-
Arida, K. Tokesi 

7 1.1. Determining extrapolated differential cross 
sections from data sets in BEAMDB using 
machine learning algorithms 

S. Ivanović, N. Uskoković, B. P. 
Marinković, N. J. Mason 

8 1.1. Resonant electron scattering by metastable 
nitrogen - revisited 

I. Čadež 

9 1.1. Hyperfine splitting of the lowest state energy 
of positronium in strong electric field 

M. Z. Milošević, A. Bunjac, D. B. 
Popović, N. S. Simonović 

10 1.1. Selective multiphoton ionization of sodium by 
femtosecond laser pulses 

A. Bunjac, D. B. Popović and N. 
S. Simonović 

11 1.2. Single-electron capture in p-He+ collisions D. Delibašić, N. Milojević, I. 
Mančev 

12 1.2. Introducing a new guided ion beam instrument 
- NOVion 

I. Savić, S. Schlemmer, D. 
Gerlich 

13 1.3. Rate coefficients for Ar+ in Ar/BF3 mixtures Z. Nikitovic, M. Gilic, J. Mitric, 
Z. Raspopovic 

14 2.1. Ionic velocity as a measure of an interplay of 
the neutralization energy and the deposited 
kinetic energy in the surface nanostructure 
creation 

M.D. Majkić, N.N. Nedeljković 
and M.A. Mirković 

15 2.1. State-selective charge exchange cross sections 
in Be4++ H(1s) collision 

I. Ziaeian, K. Tőkési 

16 2.1. Channeling potential through radial deformed 
triple wall carbon nanotubes 

D. Borka, V. Borka Jovanovic 

17 2.1. Potential energy calculations of a charged 
particle outside a real metal surface 

S. M. D. Galijaš, G. B. Popraić, 
V. Milosavljević 

18 2.1. Interactions of ions with graphene-sapphire-
graphene composite system: stopping force 
and image force 

A. Kalinic, I. Radovic, L. 
Karbunar, V. Despoja, Z. L. 
Miskovic 

19 2.2. Characterization of Plasma Deposited Carbon-
Silicon Oxide Thin Films 

C. Carra, R. Barni, D. Dellasega, 
A. Natalello, M. Fanciulli, A. 
Medvids, C. Riccardi 

20 2.3. Tungsten and ods steel behavior at high 
intensity, 1015 W/cm2, laser irradiation in air 
and vacuum ambience: comparative study 

M. Trtica, J. Stasic, J. Limpouch, 
P. Gavrilov 

21 2.3. Principal components analysis of printed 
circuit board LIBS data 

D. Sevic, M. S. Rabasovic, P. 
Gregorcic, M. D. Rabasovic, B. P. 
Marinkovic 

22 2.3. Numerical investigation of the plasma 
formation in skin tissue by nanosecond Nd: 
Yag laser pulse 

H. Delibašić, V. Petrović, I. 
Petrović, C. Molpeceres, S. 
Lauzurica 

23 2.3. Treatment of steel surfaces by plasma flow 
generated in magnetoplasma compressor 

N. Trklja Boca, Ž. Mišković, B. 
Obradović, R. Mitrović, M. 
Kuraica 

24 2.3. Appearance of Be II 436.1 nm line with 
forbidden component in LIBS plasma 

B. D. Stankov, M. R. Gavrilović 
Božović, M. Ivković  
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25 3.1. The electron number density measurement 
from pulsed pin-to-cylinder gas discharge 
source at atmospheric pressure in helium 

J. Jovović 

26 3.1. Measurement of electric field distribution 
along the cathode sheath of an abnormal glow 
discharge using Ne I 556.277 nm line 

N. V. Nedić, N. V. Ivanović, Dj. 
Spasojević, N. Konjević 

27 3.1. Temperature relaxation process and expansion 
of laser induced plasma 

M. Skocic, D. Dojic, S. Bukvic 

28 3.1. Determination of the temperature distribution 
in the cathode sheath region of hydrogen glow 
discharge using q-branches of Fulcher-a band 

M. M. Vasiljević, G. Lj. 
Majstorović, Dj. Spasojević 

29 3.1. Accurate calculations of energy levels, 
weighted oscillator strengths, transitions 
probabilities and lifetimes of He-like oxygen 

D. E. Salhi, H. Jelassi 

30 3.1. Comparison of experimental and semi-
classical results for Ar II stark broadening 
parameters for (3P) 4s 2P – (3P) 4p 2Do 
multiplet 

S. Djurović, B. Blagojević, N. 
Konjević 

31 3.1. Stark broadening of spectral lines within 
copper-like emitters 

N. Trklja Boca, I. P. Dojčinović, 
I. Tapalaga, J. Purić 

32 3.1. Stark line broadening within spectral series of 
potassium isoelectronic sequence 

I. P. Dojčinović, N. Trklja Boca, 
I. Tapalaga, J. Purić 

33 3.1. Optical emission spectroscopy of H2 in a 
toroidal magnetised plasma 

R. Barni, P. Alex, E. 
Ghorbanpour, C. Riccardi 

34 3.1. Radial distribution of plasma electron density 
and temperature in atmospheric plasma jet 

Z. Mijatović, S. Djurović, I. 
Savić, L. Gavanski, T. Gajo 

35 3.1. Diagnostics of plasma produced by laser 
ablation of carbon-based polymer material 

M. Kuzmanovic, D. Rankovic, J. 
Savovic, V. Kiris, A. Nevar, M. 
Nedelko, N. Tarasenko 

36 3.1. Nanostructures assisted tea-CO2 based LIBS: 
improvement of the limit of detection 

S. Živković, J. Petrović, M. 
Ognjanović, J. Ciganović, D. 
Blažeka, N. Krstulović, M. 
Momčilović 

37 3.1. LIBS technique based on TEA CO2 laser for 
elemental analysis of impurities in graphite 

J. Petrovic, M. Kuzmanovic, D. 
Rankovic, M. Trtica, J. Savovic 

38 3.1. VUV Spectroscopy of the He II - Lyman 
Series for Electron Density Estimation 

I. Traparić, M. Ivković 

39 3.1. Investigation of a microsecond-pulsed cold 
plasma jet 

N. Cvetanović, M. A. Shahriar. B. 
M. Obradović, Z. Liu, K. Yan, 
M.M. Kuraica 

40 3.2. A new look at surface-wave sustained plasma: 
magnetic current model treated by a fixed-
point method 

M. S. Kovačević,M. M. 
Milošević, Lj. Kuzmanović, A. 
Djordjevich 

41 3.2. Transition from electron avalanche number 
distributions to formative time delay 
distributions for multielectron initiation and 
streamer breakdown mechanism (I) 

S. N. Stamenković, V. Lj. 
Marković 

42 3.2. Formative time delay distributions for 
multielectron initiation and Townsend 
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