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SCIENTIFIC RATIONALE 

 
Efficiency of theoretical analysis, synthesis and modeling of various environments, 

depends on atomic data and their sources. In particular, for the modeling of stellar 

atmospheres and opacity calculations a large number of atomic data is needed, 

since we do not know a priori the chemical composition of a stellar atmosphere. 
The same holds for Earth observations. Consequently, the development of 

databases with atomic data as well as astro-geoinformatics is important. This 

meeting will bring together physicists, astro & geophysicists from Serbia and 
elsewhere to review the present stage of research in this field. The meeting is 

planned as an opportunity to consider the above-mentioned aspects of 

spectroscopic research on plenary sessions and then to work on the special mini-
projects, which will result in common papers to be published in international 

scientific journals. 

 

Venue 
 

Palić, (Hotel Prezident – Palić), Serbia 
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https://doi.org/10.69646/aob241101  

Spectral line broadening and the corresponding databases 
  

 

Dimitrijević, M.S.
1,2  

 

1Astronomical Observatory, Volgina 7, 11060 Belgrade, Serbia 
2LERMA, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, 

5 Place Jules Janssen, 92190 Meudon, France 
E-mail: mdimitrijevic@ipb.ac.rs 

 

 

Profiles of spectral lines broadened by collisions with charged particles (Stark 
broadening) and neutral atoms (Van der Waals and resonance broadening) are 

needed for determination of various quantities and solution of different problems in 

astrophysics, physics and technology, as for example modelling of stellar plasma, 
analysis and synthesis of spectral lines, calculations of absorption coefficient, 

opacity, radiative transfer, abundance determination, laboratory plasma diagnostic, 

lasers and laser produced plasma, inertial fusion experiments and modelling and 
optimisation of plasmas in technology.  

In this contribution we will present databases containing data relevant to the 

broadening of atomic and ionic spectral lines, needed for above mentioned topics.  

We will discuss and describe Atomic Spectral Line Broadening Bibliographic 
Database of National Institute of Standards and Technology (NIST - Washington);  

the Vienna Atomic Line Database (VALD), a collection of atomic and molecular 

transition parameters of astronomical interest (Piskunov et al. 1995); the collection 
of databases of Paris Observatory: MOLAT Atomic and Molecular Data 

containing, among others, three databases of interest for line profiles: BALSS 

(Bibliography of Atomic Line Shapes and Shifts), Griem's tables (Griem 1974) and 
STARK-B database containing data on Stark broadening parameters (Sahal-

Bréchot et al. 2015). Additionally we will present and VAMDC, european Virtual 

Atomic and Molecular Data Center. Also, we will dicuss where the data on spectral 

line profiles may be used.  
 

References 

 
Dubernet M., Boudon, L. V., Culhane, J. L., Dimitrijević, M. S., et al., 2010, J. 

Quant. Spectrosc. Radiat. Transfer, 111, 2151 

Griem, H. R., 1974, Spectral line broadening by plasmas, Academic press 

Piskunov et al., 1995, Astron. Astrophys. Suppl.,112, 525 
Sahal-Bréchot S., Dimitrijevć M. S., Moreau N., Ben Nessib N., 2015, Phys. Scr., 

50, 054008 
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https://doi.org/10.69646/aob241102  

Earth’s Lower Ionosphere impacted by High Class X-Ray 

Solar Flare Events   
 

 

Kolarski, A.
1  

 
1 Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11000 

Belgrade, Serbia 

E-mail: aleksandra.kolarski@ipb.ac.rs  

  

Abstract 

 

Solar activity, especially with its energetic events like solar flares and coronal 
mass ejections of high intensity, triggers abrupt and strong disturbances within near 

Earth surroundings, posing the potential hazard to numerous sophisticated 

technological systems both space-borne and ground-based on one hand, and putting 
at risk all living life on our planet on the other. Direct influences of events like 

geomagnetic storms and solar flares on human health were reported in literature. In 

this paper effects of high class X-ray solar flares form descending branch of 24th 

solar cycle were analyzed in terms of associated mid-latitudinal lower ionospheric 
disturbances over European sector, based on simultaneously monitored Very Low 

Frequency signals’ perturbations as recorded by ground-based receiving system 

located in Belgrade, Serbia. Conducted numerical simulations revealed electron 
density increases of several orders of magnitude during maximal impact of 

analyzed solar flare events. 

 
Key words: Solar activity, X-ray flares, ionosphere, VLF signal, perturbation 

 

Introduction 

 
Complex solar-terrestrial interactions between Sun and Earth have been in 

scientific focus for many decades, however only in recent past many governmental 

space agencies and observatories made their data, related to space weather, sun 
activity and satellite observations, both current and archived, publicly available, 

which combined with open access policies and in general broader information 

availability made space- and geo-sciences more approachable and more present in 
everyday life (see websites of major national space agencies, such as e.g. NOAA 

National Centers for Environmental Information, ESA Space Weather services, 

Center of Excellence in Space Sciences India, IISER Kolkata, Australian space 

weather forecasting center, Worldwide Archive of Low-Frequency Data and 

https://doi.org/10.69646/aob241102
mailto:aleksandra.kolarski@ipb.ac.rs
https://orcid.org/0000-0003-4769-0152
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Observations, Geostationary Operational Environmental Satellite (GOES) archive 

database, Royal Observatory of Belgium etc.).  

Sun’s continually emitted radiation, both of the electromagnetic and corpuscular 
nature, directly influence Earth’s surroundings in terms of affecting and perturbing 

Earth’s magnetosphere and ionosphere regions (e.g. Kelly 2009, Hayes et al. 2021, 

Rycroft et al. 2000 and references therein). Enhanced dependences on sophisticated 
technologies (like satellites, telecommunications, power grid systems) with 

globally increasing demands from modern societies made solar activity recognized 

and validated as potential hazard, to these systems and also to all living beings on 

our planet and space crews as well (e.g. Riley and Love 2017, Eastwood et al. 
2017, Yasyukevich et al. 2018). An increasing overpopulation problems on Earth, 

in relation to more frequent and more intense severe weather conditions, as well 

with oft and at locations that are not so typical for their occurrences, along with 
general ongoing climate changes (e.g. Cramer et al. 2021, IPCC 2023, Martinich 

and Crimmins 2019), peaked interest of common people regarding possibly 

dangerous events of extraterrestrial origin (originating both from our solar system 

and beyond, like solar flares (SFs), coronal mass ejections (CMEs), gamma ray 
bursts (GRBs), etc.).  

Complex solar activity, especially regarding energetic solar events, like intense 

SFs and CMEs and their interactions, is still unpredictable to solar physics, both 
regarding their occurrences and features. Such events, their interactions and 

impacts on near Earth environment are commonly presented as case studies, 

covering wide range of related phenomena and observational “points of view” (e.g. 
Manju et al. 2009, Sahai et al. 2007, Barta et al. 2022, Srećković et al. 2021, 

Kolarski et al. 2023). 

 

Analysis and results 

 

In this paper, active solar periods of the 24th solar cycle descending branch were 

investigated, with X-class X-ray solar flare events accompanied with CMEs given 
the special interest. Solar conditions during September 2017 and their geo-effective 

implications are presented as a case study, through observations conducted by 

employing Very Low Frequency (VLF) technology (e.g. Silber and Price 2017 and 

references therein). Ground-based Absolute Phase and Amplitude Logger 
(AbsPAL) system located in Belgrade (Serbia) at the Institute of physics (44.85°N; 

20.38°E) operating in narrow-band mode was utilized for monitoring VLF signals’ 

perturbations related to subionospheric propagation within Earth-ionosphere 
waveguide. Ionospheric parameters (Wait and Spies 1964) were retrieved by 

numerical modeling procedure (e.g. Silber and Price 2017 and references therein, 

Srećković et al. 2021, Kolarski et al. 2023, Thomson et al. 2005, McRar and 
Thomson 2004, Kolarski and Grubor 2014, Grubor et al. 2008, Šulić et al. 2016, 

Žigman et al. 2007, etc.) using Long Wave Propagation Capability (LWPC) 
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software (Ferguson 1998). Soft X-ray flux (0.1-0.8 nm) solar data were taken from 

Geostationary Operational Environmental Satellite (GOES) archive database. 

During 2017, Sun showed unusual activity in relation to both occurrences of 
solar flares and their strengths and of producing coronal mass ejections, taking into 

consideration how “late” in the solar cycle this activity emerged, practically right 

before the solar minimum between 24th and 25th SCs (in December 2019). In 
general, the 24th SC had notably decreased activity compared to several previous 

cycles. This SC had also the fourth smallest intensity since the 1st SC. Within SC 

with such “quiet” activity, and especially taking into consideration that is placed 

practically next to the solar minimum between 24th and 25th SCs, year of 2017 is 
striking primarily for two reasons: strongest of the SFs within entire 24th SC 

occurred during only one month of this year – September 2017 and also due to the 

abundance of produced SFs during this month (Tables 1 and 2). Aside especially 
active period during September (with 99 SFs reported, including 27 M-class and 4 

X-class events), month of April (with 52 SFs reported, with 7 M-class and without 

X-class events) also stands out.   

The most active period in 2017 was by far month of September, when 4 X-class 
SFs were reported: X2.2 and X9.3 occurred on September 6th, X1.3 occurred on 

September 7th and X8.2 occurred on September 10th. Two strongest among them, 

i.e. X9.3 and X8.2 are being the strongest reported SFs of the entire 24th SC. 
During September, the strongest M-class SFs of the year 2017 were reported: M8.1 

occurred on September 8th and M7.3 occurred on September 7th. X-class SFs from 

September 2017 are listed in Table 3 (an original data, with applied scalar). Most of 
the activity and all of the strongest SFs of September 2017 are related to the same 

active region AR2673, which had very complex and unusual evolution producing 

in total 77 SFs, including 1 of B-, 45 of C-, 27 of M- and 4 of X-class events. 

During September 6th, 7th and 10th, R3 radio blackouts related to X-class SFs of 
X2.2, X9.3, X1.3 and X8.2 respectively, were reported. Related to accompanying 

CMEs, geomagnetic storms up to G4 were reported, as well. 

It is interesting to note that SF X9.3 hasn’t been reported for two decades: event 
of similar strength dated back as far to November 6th, 1997 (X9.4) - interestingly 

also close to solar minimum, but on ascending branch of 23rd SC. One slightly 

weaker event occurred about one decade ago on December 5th, 2006 (X9) - 

interestingly also close to solar minimum and in descending branch of 23rd SC. 
Closest in time and of X-class, although significantly weaker in strength, was X2.7 

reported on May 5th, 2015 - close to 24th SC solar maximum. Compared to X9.3 

from September 2017, some weaker X-class SFs in period August-December were 
also reported over the years (e.g. in 2011 (X6.9), 2006 (X6.5), 2005 (X6.2) and 

2005 (X5.4)) related to SCs’ branches and some significantly stronger SFs (e.g. in 

2005 (X17+), 2003 (X28+) and 2001 (X20+)), related to SCs’ branches and activity 
maximum. 
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Earth’s mid-latitudinal lower ionosphere impacted by high class X-Ray SFs 

from September 2017 was explored by remote sensing approach, employing 

ground-based equipment system located in Belgrade and using simultaneous multi-
VLF signal monitoring technique. In terms of applied technology, Earth’s lower 

ionosphere firmly responded to and followed incident soft X-ray radiation, with 

time delay corresponding to sluggishness of the ionosphere (Žigman et al. 2007, 
Appleton 1953), revealing intense perturbations both in amplitude and phase delays 

of recorded VLF signals. Perturbations monitored on VLF GQD signal related to 

high class X-Ray SFs from September 2017 and recorded by AbsPAL narrow-band 

system located in Belgrade are analyzed and presented in this study. The GQD 
signal is emitted from Skelton UK (54.72°N; 2.88°W) on frequency 22.1 kHz and 

arrives to Belgrade (44.85°N; 20.38°E) from north in NW-SE direction, 

propagating mostly over land, with Great Circle Path (GCP) of 1982 km, covering 
almost two time zones.  

Solar X-ray irradiances of soft range (0.1-0.8 nm) corresponding to the most 

active days during September 2017 related to X-class solar flares are given in 

Figure 1. GQD signal amplitude and phase perturbations induced by these high 
class X-Ray SFs and recorded in Belgrade are given in Figure 2. Perturbations of 

GQD signal recorded in Belgrade, induced by these high class X-ray SFs, reached 

up to 8 dB in amplitude and up to a few tens of degrees in phase, compared to 
unperturbed ionospheric conditions. Based on recorded amplitude and phase 

perturbations, modeling of propagation parameters based on utilization of LWPC 

software was conducted, with goal that output parameters corresponding to 
modeled and input parameters corresponding to measured (real) conditions within 

waveguide match each other as close as possible (Kolarski et al. 2023, Kolarski et 

al. 2023b). 

Modelling procedure was designed both for unperturbed and perturbed 
conditions, as best fitting as possible to real measured data using pairs of 

parameters sharpness β (km−1) and reflection height H’ (km) modelled for day time 

ionospheric conditions (Wait and Spies 1964), providing good agreement between 
real and modeled data. 

Numerical simulations conducted in this research revealed electron density 

increases of several orders of magnitude during maximal impact of analyzed solar 

flare events compared to unperturbed ionospheric conditions. Estimated electron 
densities Ne (m-3) at arbitrary height of 74 km are as follows: 2.06·1011 m-3, 

1.15·1012 m-3, 1.76·1010 m-3 and 2.12·1011 m-3 in cases of X2.2, X9.3, X1.4 and 

X8.2, respectively. In case of strongest of SFs analyzed, this is almost 4 orders of 
magnitude higher compared to unperturbed value of 2.16·108 m-3 at the same 

reflection height. Electron densities related to maximal impact of high class X-ray 

SFs from September 2017, estimated at arbitrary height of 74 km, obtained 
according to conducted numerical modeling procedure are given in function of X-

ray soft solar flux in Figure 3, indicated by black stars. Best fitting to general trend 
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obtained from numerous previous studies based both on data recorded in Belgrade 

and from other research groups worldwide dealing with VLF technology is 

obtained for two SFs that occurred on 6th September, one of relatively weak 
intensity X2.2 and the other with very strong intensity X9.3, the strongest one of 

cases analyzed here. 

 
Fig. 1. Solar X-ray irradiance in soft range wavelengths (0.1-0.8 nm) during 

September 6th, 7th and 10th, 2017 (from upper to lower panel), as reported from 

GOES15 (violet) and GOES13 (light blue) satellites 

 
Table 1. Solar activity of 24th SC descending branch in relation to X-ray solar flares 

(sources: NOAA National Centers for Environmental Information and Royal 

Observatory of Belgium) 

year 
av. yearly 

sunspot no. 

no. of SF events 

C-class M-class X-class 

2014* 113.3 1779 204 
M1-M5=181 

16 
X1-X5=16 

M5-M9=23 X5-X9=0 

2015 69.8 1368 125 
M1-M5=115 

2 
X1-X5=2 

M5-M9=10 X5-X9=0 

2016 39.8 320 15 
M1-M5=12 

/ 
X1-X5=0 

M5-M9=3 X5-X9=0 

2017 21.7 237 39 
M1-M5=33 

4 
X1-X5=2 

M5-M9=6 X5-X9=2 

2018 7.0 13 / 
M1-M5=0 

/ 
X1-X5=0 

M5-M9=0 X5-X9=0 

2019 3.6 32 / 
M1-M5=0 

/ 
X1-X5=0 

M5-M9=0 X5-X9=0 

2020** 8.8 81 2 
M1-M5=2 

/ 
X1-X5=0 

M5-M9=0 X5-X9=0 

* 24th SC max.: April 2014 and  ** 24th SC min.: September 2020  
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Table 2. Solar activity during 2017 in relation to X-ray solar flare events (sources: 

NOAA National Centers for Environmental Information and Royal Observatory of 
Belgium) 

 

2017 

C-class SFs 

(∑ 237) 

M-class SFs 

(∑ 39) 

X-class SFs 

(∑ 4) av. monthly 
sunspot no.  

no.  strength no.  strength no.  strength 

January 

 
 

07-04-06 

08:03UT 
C9.7 

8 1 – 9.3 / / / / 26.1 

February 6 1.1 – 4.1 / / / / 26.4 

March 11 1 – 5.1 / / / / 17.7 

April 45 1 – 8 7 1.2 – 5.8 / / 32.3 

May  5 1 – 3.3 / / / / 18.9 

June  17 1 – 8 / / / / 19.2 

July 32 1 – 8.4 3 1.3 – 2.4 / / 17.8 

August 44 1 – 9.4 1 1.1 / / 32.6 

September 68 1 – 9.8 27 1 – 8.1 4 1.3 – 9.3 43.7 

October 1 1 1 1.1 / / 13.2 

November / / / / / / 5.7 

December / / / / / / 8.2 

 

 
 

Table 3. X-class SFs from September 2017, from GOES15 database of soft solar 

flux component (0.1-0.8 nm)  

 

Solar fare date Class 
Ixmax Time UT 

(hh:mm) 
Ixmax

 

(10−4 Wm−2) 

6th Sept. 2017 

September 

2017 
 

X2.2 

 

 
 

09:10 2.2658* 

6th Sept. 2017 

 
X9.3 12:02 9.3293 

7th Sept. 2017 

 
X1.3 14:36 1.3880 

10th Sept. 2017 

 
X8.2 16:06 8.2808 

                      * GOES13 data  
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Fig. 2. GQD/22.10 kHz VLF signal perturbed phase (green) and amplitude 

(blue) during very active days of September 2017: 6th, 7th and 10th (from upper to 

lower panel) with perturbations related to high class X-Ray SFs indicated by red 
arrows, recorded by Belgrade VLF station  

  

 
Fig. 3. Estimated electron densities Ne (m-3) at arbitrary height of 74 km (black 

stars), related to high class X-ray SFs from September 2017, obtained by conducted 

numerical modeling procedure, in function of X-ray soft solar flux (0.1-0.8 nm) 

component 
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Discussion and Conclusions 

 

Influences of high class X-ray SFs, belonging to descending branch of 24th SC, 
to mid-latitudinal lower ionosphere over Europe were investigated by employing 

ground-based technology for remote sensing using VLF signals transmitting within 

Earth-ionopshere waveguide.  
 Based on measured VLF signal perturbations registered in Belgrade, Serbia, 

numerical modeling procedure is conducted in order of retrieving propagation 

parameters of analyzed VLF signals and ultimately obtaining data related to lower 

ionopsheric parameters under intensely perturbed conditions. Influences of four SF 
events of X-class from September 2017, as the most active period in terms of solar 

activity producing high X-class SFs over entire 24th solar cycle, i.e. impact of X1.4, 

X2.2, X8.2 and X9.3 events to VLF radio signal propagation disturbances 
monitored on GQD/22.1 kHz signal were analyzed in detail and presented. 

During maximal X-ray irradiances of analyzed SF events, observations showed 

that caused changes in GQD signal amplitude reached up to 8 dB and up to a few 

tens of degrees in phase, as compared to unperturbed ionospheric conditions. Based 
on measured data, numerical simulations gave output providing good agreement 

between real and modeled data. Estimated electron density during perturbed 

ionospheric states corresponding to maximal impact of analyzed SFs showed 
increases of several orders of magnitude, as compared to unperturbed ionospheric 

conditions, with maximal value of 1.15·1012 m-3 at arbitrary height of 74 km in case 

of strongest X9.3 SF event. 
Investigations of ionopsheric responses to energetic solar phenomena, like high 

class SFs presented in this paper, are not only important for exploration of both 

magnetospheric plasma properties and ionospheric physics, but also for obtaining 

deeper insights into and for potential predictions of extreme space weather effects 
on modern society actions.  
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Pseudo harmonic oscillator potential 
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It is discussed and shown an analytical results for a chemical potential that can 

be assimilated to a harmonic oscillator. It can be applied to describe particles that 

are in a trap created in the plasma medium. Depending on the specificity of the 
bounding interaction this potential can be modified according to the states of a 

particle trapped inside. Unlike the classical harmonic oscillator potential, which is 

an infinitely deep well, the presented potential is tunable and the trapped particle 
can escape above a certain energy. This model can be used to describe particle 

trapping, such as electrostatic trapping in plasma. This is an essential effect that 

should be added to the description of the Dynamics of the plasma fluid and other 
collective systems. Furthermore, a damped harmonic oscillator can be a successful 

model to describe the adiabatic cooling process of a trapped atomic/molecular 

system. 

This presentation's goals are to illustrate the potential's analytical construction 
and demonstrate how its parameters can be changed. 

 

 

 

 

 

 

 

 

 
Fig. 1. Pseudo gaussian potential energy curve versus harmonic oscillator 
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Dissociative recombination (DR) of molecular cations with electrons is a major 

elementary process in the kinetics and in the energy balance of astrophysical 
ionized media (supernovae, interstellar molecular clouds, planetary ionospheres), 

fusion plasmas in the divertor region, hypersonic entry plasmas and in many other 

cold media of technological interest. 
Using Multichannel Quantum Defect Theory (MQDT), cross sections and 

Maxwell rate coefficients have been obtained for DR and ro-vibrational transition 

(RVT) as ro-vibrational excitation (RVE, inelastic collisions), ro-vibrational de-

excitation (RVdE, super-elastic collisions) of H2+ and HD+ for numerous ro-
vibrational states of the ion. The computational results obtained are in reasonable 

agreement with experimental data (Motapon et al., 2014; Epée et al., 2016). 

A complete set of vibrationally resolved rate coefficients for BeH+ cation and its 
isotopomers: BeD+, BeT+ reactive collisions with electrons below the ion 

dissociation threshold has been provided (Niyonzima et al., 2017; Niyonzima et al., 

2018; Pop et al., 2021). 

The resulting data are useful for the modeling of the kinetics of the Early 
Universe and of the magnetic-confinement-fusion-edge plasma. 

Our previous studies of DR, vibrational excitation/de-excitation and dissociative 

excitation (DE) of the BeH+ ion, based on the MQDT, are extended to collision 
energies above the dissociation threshold (up to 12 eV) by increasing the number of 

dissociative states for all molecular symmetries (Djuissi et al., 2024). 
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The soft X-ray beamline PLEIADES at Synchrotron SOLEIL facility (France) 

will be presented, with the focus on the energy and angle resolved (Auger) electron 

- ion coincidence permanent setup (EPICEA). The EPICEA allows for 
photoelectron-photoion-photoion coincidence (PEPIPICO) and Auger electron-

photoion-photoion coincidence (AEPIPICO) spectroscopy (PLEIADES, 2019; 

Ganguly et al., 2022). The setup consists of a double toroidal electron analyzer 
(DTA) (Miron et al., 1997) and a 3D focusing ion TOF spectrometer. Electrons 

emitted at an angle of 54.71 are accepted by the DTA and selected according to 

their predetermined pass energy (Ep). The detection electron kinetic energy 
window is about 12% of the defined Ep, whereas the energy resolution is about 1% 

of the Ep. After exiting the DTA, the electrons are recorded by a delay-line 

position sensitive detector (DLD40, Roentdek GmbH), where the distance of the 

electron position from the center is inversely proportional to its kinetic energy. The 
interaction region is placed in a zero-electric-field space between two extraction 

grids. The detection of an electron triggers a pulsed field that accelerates the ions 

toward a hexagonal delay-line detector (HEX75, Roentdek GmbH) placed after the 
TOF drift tube. The positions on the detector and time of flight of all extracted ions 

are recorded. Additionally, a pulse generator (Stanford DG645) was used to 

produce random triggers, which extract ions present in the interaction without a 

coincident electron event, thus allowing to analyze the background ion signal 
recorded due to false coincidences. In the present lecture, example results will be 

presented for several different molecular targets that are interesting for a range of 

research topics.  
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Recently, new approaches have been developed for the numerical solution of 
problems in Dynamical systems and boundary value problems for Partial 

differential equations, which are based on the very general models of the type of 

Neural networks. Those of them who respect the physical background of the 
processes are called Physics Informed models (PINNs); their respect to the physics 

is expressed by means of the properly formulated loss functional which uses 

explicitly the differential equations and the boundary value conditions in a 
regularized fashion. Despite not excelling in terms of performance (accuracy and 

training computing time), PINNs present a compelling alternative for addressing 

challenges that prove difficult for traditional methods, such as inverse problems 

or parametric partial differential equations (PDEs).  
Things have gone much further by trying to mimic in other areas the 

revolutionary innovation in NLP (especially, in the Large Language models - 

LLMs) – the so-called Transformers. However, their applicability is still restricted 
to processes described by Dynamical systems, i.e. where the time is present in the 

equation.  

We will give a short overview of the above newest developments in the area of 

AI, and to some successful applications to Astrophysics and Plasma Physics.  
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Resistive plate chambers (RPCs) are parallel plate gaseous detectors commonly 
used for timing and triggering purposes in many high-energy physics experiments. 

RPCs are employed at CERN-LHC (Large Hadron Collider) experiments due to 

their excellent time resolution, high-rate capability, and relatively low production 

cost (Rigoletti et al. 2020). They also play a key role in direct measurements of 
muons in air showers (Abreu et al. 2018) and in some neutrino observatories 

(Kumar et al. 2017). RPCs are operated with a gas mixture consisting of C2H2F4 

(between 90% and 95%), a smaller fraction of i-C4H10 (around 5%) and SF6 
(usually between 0.3% and 1%). C2H2F4 and SF6 are well-known greenhouse gases 

with a global warming potential of respectively 1430 and 22800. The substitution 

of C2H2F4 and SF6 with environmentally friendly alternatives is one of the major 

challenges in current RPC technology. C2H2F4 can be substituted with either a 
mixture of C2H2F4 and CO2, or a mixture of C3H2F4 and CO2, or eventually a 

mixture of C3H2F4 and He (Rigoletti et al. 2020, Abbrescia et al. 2024). On the 

other hand, CF3I, C4F7N and C5F10O were considered as alternatives to SF6 (Guida 
et al. 2022). The performance of the detector, including detection efficiency, time 

resolution, and streamer occurrence, with these gases and mixtures has only been 

tested experimentally so far. This work presents the first comprehensive modelling 
study of RPCs that operate with the new generation of environmentally friendly 

gases and corresponding mixtures.  

We approached the problem in three stages. We start by presenting complete 

and consistent cross-section sets for electron scattering in C2H2F4 and C3H2F4. A 
cross-section set for electron scattering in C3HF5 is also developed, as this gas 

could also be considered as an alternative to C2H2F4. The accuracy of cross-section 

sets was tested and validated through a series of comparisons between swarm data 
calculated using a numerical solution of Boltzmann’s equation and Monte Carlo 

simulation (Dujko et al. 2010), and experimental data obtained under pulsed-

Townsend conditions. In particular, kinetic calculations (and experimental 
measurements) have been performed for a range of gas pressures for each of these 

gases to determine the energy dependence of three-body attachment.   

The second stage involves calculating electron swarm transport coefficients and 

distribution functions for environmentally friendly gases and mixtures across a 
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broad range of reduced electric fields. Values of mean energy, drift velocity, 

diffusion tensor, and rate coefficients for electron attachment and ionization are 

calculated in various C2H2F4/CO2/i-C4H10/SF6 and C3H2F4/CO2/i-C4H10/SF6 
mixtures. In addition, calculations are performed in the same mixtures where SF6 is 

replaced by a proper amount of CF3I, C4F7N, and C5F10O. Critical electric fields are 

calculated in all considered mixtures, which in turn determine the minimum 
operating voltages of detectors. The study also examines the direct and indirect 

effects of electron attachment and ionization on electron drift and diffusion, as well 

as the occurrence of kinetic phenomena like negative differential conductivity. 

The third stage of the research methodology Involves fluid modeling of the 
inception and propagation of streamers in new eco-friendly gas mixtures. We study 

the development of an electron avalanche and its transition into a streamer 

discharge under LHC-like conditions. The classical fluid model, which involves 
drift-diffusion and local-field approximations, is implemented in both 

axisymmetric and 3D settings in the AMReX environment (Simonović et al. 2024). 

AMReX is an open-source C++ library for massively parallel block structured 

adaptive mesh refinement applications (Zhang et al. 2019). AMReX is equipped 
with geometric multigrid solvers that can solve elliptical differential equations, and 

it supports MPI and OpenMP parallelization on CPUs as well as parallelization on 

GPUs. The inception and propagation of positive streamers are simulated by 
assuming a certain level of background ionization, as accurate models of 

photoionization for complex RPC gas mixtures are not yet available. We calculate 

the electron density, densities of positive and negative ions, and electric field as a 
function of the applied electric field for various eco-friendly RPC gas mixtures. 

Other streamer properties, such as streamer velocity and streamer radius, are also 

calculated and discussed.  
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Abstract 
 

Here we want to investigate X-shaped radio galaxy 3C 315, which is a FRII 
source, but it lies very close to the FRI/FRII borderline. We used publicly available 

data from Leahy’s atlas of double radio-sources and NASA/IPAC Extragalactic 

Database (NED) in order to investigate its flux density, as well as the spectral 
index distribution. We obtained spectral index distributions between the 

frequencies: 1417 MHz - 2695 MHz and 1646 MHz - 2695 MHz. Our conclusion 

is that the synchrotron radiation is the dominant radiation mechanism over most of 

the area of 3C 315. Because of very poor hotspots (i.e. warmspots) we investigated 
which part of the source represents more active regions. The results of this study 

would be helpful to understand the evolutionary process of the galaxy 3C 315. 

 

Introduction 
 

DRAGNs are Double Radio sources Associated with Galactic Nuclei. They are 
clouds of radio-emitting plasma which have been shot out of active galactic nuclei 

(AGN) via narrow jets. As explained by Leahy (1993), a DRAGN is a radio source 

containing at least one of the following types of extended, synchrotron-emitting 

structures: jet, lobe, and hotspot complex.  
The most of radiation emitted from AGNs is at radio wavelengths. Some of the 

radio galaxies has X-shaped, and it is called X-shaped or winged radio galaxies. 

The origin of the X-shaped radio morphology could be explained using the 
following possibilities: 

1) the AGN has undergone two separate epochs of activity. The brighter lobes 

define the axis of current activity (Merritt and Ekers 2002); 

2) the radio jets are expanding into an asymmetric medium, causing backflow 
and producing secondary wings (Leahy and Williams 1984; Capetti 2002); 

3) the coalescence of two supermassive black holes (SMBH) previously hosted 
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by a pair of merging galaxies (Gopal-Krishna, Biermann and Wiita 2003). 

X-shaped structure characterize pairs of lobes centered on a AGN, where one 

lobe pair is usually brighter then other (Saripalli et al. 2007). 
DRAGN 3C 315 is an X-shaped radio source (it has two sets of double lobes 

angled with respect to each other). From one hand 3C 315 is a well X-shaped 

source and example where both lobe pairs have FR-I structure (Saripalli et al. 
2007). The host galaxy also has high ellipticity and wings close to the minor axis. 

This source contains only a weak hotspot (warmspot) in the far-side of the north-

western lobe, but on the other hand it would still be classified as an FR-II radio 

galaxy. It was shown that the host galaxy of 3C 315 (Koff et al. 2000) is highly 
elongated in the north west - south east direction and accompanied by an elliptical 

galaxy. 

Many authors investigated radio galaxy 3C 315. Northover (1976) presented 
high-resolution maps of 3C 315 made at Cambridge with One-Mile and 5-km radio 

telescopes. He find that source consists of two extended components on either side 

of the central object and that the source has a straight spectrum over a wide 

frequency range suggesting that electrons are continually being supplied from the 
central object (Northover 1976). 

Hogbom presented observation at 4995 MHz and find that the source 3C 315 is 

strongly polarized (Hogbom 1979). Leahy and Williams presented maps of 3C 315 
at 1.4 GHz (Leahy and Williams 1984). Alexander and Leahy presented intensity 

images of 3C 315 at 1.4, 1.6 and 2.7 GHz (Alexander and Leahy 1987) and made it 

publicly available via NED (Leahy, Bridle and Strom 2013). They find that 3C 315 
is a very unusual source, both structurally and in its spectral behavior. Leahy, 

Pooley and Rileyet (1986) also studied polarization of 3C 315. There are also other 

researchers who investigated radio source 3C 315 (Saripalli et al. 2007; Saripalli 

and Subrahmanyan 2009; Marecki 2012; Yang 2019). 
 

The prototype of X-shaped (winged) DRAGN: 3C 315 
 
The radio source 3C 315 (cross-identifications: 3C 315; 4C +26.47; PKS 

1511+26; B2 1511+26; LQAC 228+026 002) is the prototype X-shaped or winged 

DRAGN. Wings could be described as a secondary pair of lobes, lying at some 

angle from the main axis defined by the wormspots and the brighter parts of the 
diffuse lobes. 

Unlike most other cases, there are no true hotspots in either pair of lobes, 

although there is a modest warmspot about three-quarters of the way to the end of 
the North North East (NNE) lobe. 

From the available online-data, we used Flexible Image Transport System 

(FITS) data files containing the flux densities in Jy (1 Jy = 10–26 W m–2 Hz–1) of 
some radio source. We described the structure of FITS format, as well as what is 

useful for our investigation, in our previous papers (Arsenić et al. 2022; Borka 
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Jovanović et al. 2023a,2023b,2023c). The observed data are available in An Atlas 

of DRAGNs i.e. the ''3CRR'' sample of Laing, Riley & Longair (1983). This sample 

contains not only the FITS files, but it also gives the readers very useful 
information from the literature on the DRAGNs, with tables and references. There 

are the Introductory Pages, Description Pages (with full details) and the Listings of 

individual DRAGNs. Also, we used astronomical database compiled by NASA and 
IPAC with the information and bibliographic references regarding astronomical 

objects. Therse data are provided at: (1) J. P. Leahy, A. H. Bridle & R. G. Strom, 

An Atlas of DRAGNs (2013): http://www.jb.man.ac.uk/atlas/ (Leahy, Bridle and 

Strom 2013), and (2) NASA/IPAC Extragalactic Database: 
http://ned.ipac.caltech.edu/ (Mazzarella and the NED Team 2002). 

We used observations of 3C 315 at three different frequencies, 1417 MHz, 1646 

MHz and 2695 MHz (Alexander and Leahy 1987). The calculation method, that we 
developed, was first published in Borka (2007), and further elaborated in Borka 

Jovanović (2012) and in Borka Jovanović et al. (2012).  

From the observations of 3C 315 at the three frequencies, 1417 MHz (21.2 cm), 

1646 MHz (18.2 cm) and 2695 MHz (11.1 cm), we determined the contours which 
represent the lower boundaries of the source. We found that the minimal fluxes are 

the following: Sν,min = 0.0018 Jy at 1417 MHz, Sν,min = 0.0020 Jy at 1646 MHz 

and Sν,min = 0.0022 Jy at 2695 MHz. The areas of 3C 315, with the flux density 
distributions (in Jy) over these areas, we presented by two-dimensional and three-

dimensional plots in Figs. 1 - 3. 

 

 

 
Fig. 1. 2D plot (left) and 3D plot (right) of 3C 315 flux density distribution (in Jy), 

presented in Equatorial coordinate system (α, δ), at 1417 MHz. 

 
 

 

http://www.jb.man.ac.uk/atlas/
http://ned.ipac.caltech.edu/
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Fig. 2. The same as in Fig. 1, but for 1646 MHz. 
 

 

 

  

 

Fig. 3. The same as in Fig. 1, but for 2695 MHz. 



International Meeting on Data for Atomic and Molecular Processes in Plasmas: Advances in Standards and 

Modelling BOOK OF ABSTRACTS AND CONTRIBUTED PAPERS 

Eds. V. A. Srećković, A. Kolarski, M. Langović, F. Arnaut and N. Veselinović 

 

34 
 

Spectral index distribution 
 

The expression which represents the flux density Sν as a function of frequency ν 
is given by the expression: 

                                                                                              (1) 

where α is a constant, called the 'radio spectral index'. 
The radio spectral index α can be obtained using the flux density at different 

frequencies and taking the negative slope of the relation (1). So we calculate it by 

the following equation: 

 
 

                                                                                                                       (2) 

 
The spectral index is used for classification of radio sources and studying the 

origin of radio emission: 

 If α > 0.1 the emission is non-thermal (synchrotron) and it means that it 

does not depend on the temperature of the source, 

 for α < 0 it is thermal and depends only on the temperature of the source. 

We calculated spectral indices 1417 MHz - 2695 MHz, as well as 1646 MHz - 
2695 MHz, over the whole area of 3C 315, and we show how they change over this 

area in Fig. 4. As expected, these two maps are very similar, because both 

frequencies 1417 and 1646 MHz (which we combined with 2695 MHz) are very 
near within the frequency range. 

While reading the values of radio spectral index α from the colorbar in Fig. 4, it 

is noticeable that over the area of 3C 315 it takes values from negative to positive, 
meaning this: α > 0 corresponds to non-thermal mechanism of radiation while α < 0 

corresponds to thermal mechanism of radiation. For the spectral index of zero 

value, the flux density is independent of frequency, and the spectrum is said to be 

flat. 
The numerical values of the spectral indices that we have obtained, we further 

use as a new data. We present it in Fig. 4. The header unit, as well as the part of 

data unit (table) of this FITS data we show in Fig. 5. 
With aim to investigate the distribution of α along some specific directions, we 

draw the profile lines over the spectral index map 1417 MHz - 2695 MHz (see Fig. 

6). The chosen directions, three NNE-SSW and one SE-NW, are the following: 
1.  (α, δ)start = (227º.8767, 26º.28334), 

     (α, δ)end = (227º.8867, 26º.33667); 

2.  (α, δ)start = (227º.8733, 26º.28556), 

     (α, δ)end = (227º.8833, 26º.33889); 
3.  (α, δ)start = (227º.8711, 26º.28667), 

     (α, δ)end = (227º.881, 26º.33889); 

4.  (α, δ)start = (227º.8639, 26º.31889), 
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     (α, δ)end = (227º.8978, 26º.3). 

 
Fig. 4. Spectral indices between 1417 and 2695 MHz (left) and between 1646 and 

2695 MHz (right) over the area of 3C 315. 

 

 

Fig. 5. Header unit (upper part) and a part of data unit (lower part) of the FITS data 
that we have obtained from our calculated spectral indices over the area of 3C 315. 
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Fig. 6. Spectral index map of 3C 315 between 1417 and 2695 MHz with 4 

designated directions: thin purple line, thin green line, thick red line and thick 

black line. Below map, the four spectral index profiles which correspond to these 
directions are given. 
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We can notice that 3C 315 has two pairs of lobs. The direction of the main lobes 

is NNE-SSW, and that is why we show three profiles along just this direction. 

Although the spectral index has strong variability over all three studied paths along 
this direction, nevertheless it can be seen that its average value is different along 

each of these paths, and that it increases from the first path towards the third one. 

The first path is taken along valley of spectral indices map, and average value of 
spectral index along this direction is about 0.5. The second path is parallel to the 

first one, chosen to connect north-west wormspot and AGN, and has average value 

of α about 1.1. The third path, also parallel to the first one, and taken along outer 

border of spectral index map, has average value of α along this direction about 1.5. 
Therefore, the regions around this third path are with the steepest spectrum along 

the NNE-SSW direction, meaning that this edge is more recent. 

The forth line is taken along SE-NW axis. The lobes on this axis are not so well 
defined and are more curved, known as faint extensions of the main lobes i.e. 

wings. Average value of spectral index along this direction is about 1.1 which is 

similar to the middle path along the NNE-SSW direction, but variation of spectral 

indices is much larger than in the previous three cases.  
As is it can be seen from all four presented profiles, the spectral index is almost 

always higher than zero, except in only few small parts where it is negative. This 

indicates that the non-thermal (synchrotron) emission is by far the most dominant 
radiation mechanism over the whole source. 

Also, 3C 315 contains pronounced and bright radio core (see Figs. 1 - 3), but 

only a weak hotspots. The outer structure is relaxed. 
 

Discussion and conclusions 
 

We used the available flux densities of 3C 315 at 1417, 1646 and 2695 MHz. 
We provide the spectral index distribution derived between two frequencies: 1417 

and 2695 MHz, as well as between 1646 and 2695 MHz. At all three frequencies 

the flux structure is characterized with no obvious hotspots and the core dominates 
the flux density distribution. It is noticeable from the spectral index map that this 

tendency is even more pronounced. We clearly show here that the synchrotron 

radiation is the dominant emission mechanism over the majority of the area of this 

radio galaxy. 
Some authors propose that X-shaped radio sources may be the result of a few 

possibilities (Leahy and Williams 1984; Capetti 2002; Merritt and Ekers 2002; 

Gopal-Krishna, Biermann and Wiita 2003): 
1) the AGN has undergone two separate epochs of activity (the brighter lobes 

define the axis of current activity), 

2) recent collision or merger between two supermassive black holes, which can 
produce the extra set of jets and lobes; 

3) the main jets expanded into an asymmetric medium, and in that way 
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generating an additional pair of radio lobes. 

We are led to the conclusion that results of this study will be helpful for 

understanding the evolutionary process of the 3C 315 radio source. Due to the fact 
that the host galaxy of 3C 315 (Koff et al. 2000) is accompanied by an elliptical 

galaxy and both of which are located inside a cluster (an anisotropy in the gas 

environment is related to the ellipticity of the host galaxy), probably the 
environment plays the most significant role in the evolution of this object. 
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Abstract 

 

This research introduces an innovative methodology for the analysis of very 
thin crystals, utilizing the rainbow scattering, a technique previously unexploited 

for this application. The focus is on assessing the capabilities of this method for an 

in-depth investigation of crystalline structures. To characterize the very thin 
crystals, we implemented numerical simulation techniques to model and evaluate 

rainbow scattering phenomena under channeling conditions. The simulations aimed 

to forecast the scattering patterns of protons as they traversed various cubic crystal 

types at different orientations. We identified distinct patterns of rainbow scattering, 
providing essential insights into the internal configurations and orientations of the 

cubic crystals examined. The combination of channeling mode rainbow scattering 

with numerical simulations presents a fresh and efficient approach for analyzing 
very thin crystals, setting the stage for subsequent experimental investigations. This 

advancement holds considerable promise for enhancing research in the fields of 

materials science and nanotechnology. 
 

Introduction 

 

Thin crystal characterization is a crucial field in materials science, particularly 
in the study of thin films and nanostructures. Over the years, a variety of 

techniques have been employed to characterize thin crystals, each providing 

valuable insights into the material’s structure and properties (Benz 2014). Ion 
channeling stands out as a powerful technique for studying the internal structure of 

crystalline materials (Robinson 1963). When particles pass through a well-aligned 

crystal, they are "channeled" by the potential well created by the atomic lattice 
(Gemel 1974). In this process, if the crystal is sufficiently thin, the ions will be 

transmitted, and each ion preserves its unique spatial and angular information, 

providing detailed insights into the channeled trajectories. The challenges of 

analyzing angular distributions of channeled ions through thin crystals can be 
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easily and effectively overcome by applying the crystal rainbow theory (Petrović 

2000). In the case of channeling, the scattering angles of ions exhibit distinct 

features and are constrained within specific values known as rainbow lines. This 
effect arises due to the singularity of the classical differential cross-section in ion 

scattering. The rainbow lines in the transmission angle (TA) plane are comparable 

with the angular distribution of channeled ions. Crystal rainbow theory accurately 
predicts the spatial and angular distributions of ions channeled through crystals. 

Experimental proof of crystal rainbow theory was conducted in a high-

resolution ion transmission channeling experiment (Motapothula 2012). Detailed 

analysis of crystal rainbow theory led to the correction of the ion-crystal interaction 
potential in the case of channeling (Petrović 2015). Based on these results, we 

constructed interaction potentials for other cubic crystals (Petrović 2019, Starčević 

2021, 2023). Also influence of crystal electrons on channeled ions is determined 
(Starčević 2023). The "doughnut effect" which occurs when the ion beam is tilted 

away from a major crystallographic direction, was theoretically explained using 

crystal rainbow theory in interpretation of experimental results of angular 

distributions of channeled protons as the crystal tilting angles increase 
(Motapothula 2012). Applications of rainbow scattering for theoretical analysis of 

graphene sheets have led to the determination of several physical quantities, (Ćosić 

2019, 2021, Hadžijojić 2021, 2023). 
One of the remarkable features of rainbow lines is that by analyzing angular 

distributions of channeled ions, which are completely determined by the shape of 

rainbow lines, it is possible to determine the shape of the crystal channel. As the 
image of rainbow lines in the impact parameter (IP) plane lie within the channel 

region where the contributions of all atomic strings defining the channel are 

significant this line will be “repelled” by the atomic strings defining the channel, 

and the coordinates of its points are solely determined by the arrangement of the 
atomic strings. This means that the angular distributions of transmitted ions can be 

described, since rainbow lines in the TA plane appear as their “skeleton”. Further 

on, unknow crystal thickness is indicated by the reduced thickness parameter Λ 
(Krause 1994), which represents the crystal thickness in terms of the wavelength 

for the projectile's transverse oscillating motion Λ = 𝑓(𝑞,𝑚𝑝)𝐿/𝑣, where 𝐿 is the 

crystal thickness, 𝑣 is the projectile speed, and 𝑓 is the transverse oscillation 

frequency of the projectile, 𝑞 and 𝑚𝑝 are its charge and mass. The evolution of the 

angular distributions with the increase of 𝐿 can be precisely tracked using the 

reduced crystal thickness, so the evolution or rainbow lines can also be tracked 

using this variable. By considering crystal rainbow theory and the scaling law, it is 
possible to determine the type and thickness of a very thin crystal based on the 

recorded rainbow lines, provided the energy and charge of the projectile are known. 

Given these factors, we opted to use protons with energy in the MeV range, as we 
already have experience analyses with these projectiles (Motapothula 2012). 
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Analysis and results 

 

We are investigating the scattering patterns of 2 MeV protons channeled 
through very thin cubic crystals in major crystallographic orientations. The main 

criterion for analysis is that all crystals are considered very thin. With body-

centered cubic (BCC), face-centered cubic (FCC), and diamond cubic lattices, 
including vanadium, chromium, iron, niobium, molybdenum, barium, europium, 

tantalum, tungsten, aluminum, calcium, nickel, copper, strontium, rhodium, 

palladium, silver, cerium, ytterbium, iridium, platinum, gold, lead, thorium, silicon, 

germanium and tin crystals are investigated. The main morphological difference 
between these three types of cubic crystals lies in the number and position of atoms 

in the primitive lattice, as shown on Fig. 1. 

 

 
Fig. 1. Primitive lattice of: a) BCC, b) FCC and c) diamond crystals 

 

The differences in the arrangement and positions of atoms in crystal lattices 

determine the channel shape and positions of its atomic strings. Fig. 2 shows square 
channel for in (001) orientation and hexagonal channels in (111). In FCC crystals, 

the channel side length will be smaller by a factor of √2 compared to that of BCC, 

and for diamond cubic crystals, the channel will have a side length half that of 
BCC crystals. Since the shapes of the channels presented in Fig. 2 a), b), and c), d) 

are completely different, a simple morphological comparison of the rainbow lines 

can determine the crystal orientation in question. However, a limitation of this 
morphological approach is that we cannot definitively identify the crystal type 

based solely on the shape of the rainbow line. 

 

 
Fig. 2. a) BCC (001), b) diamond (001), c) BCC (111), d) diamond (111) channels 

 

In Fig. 3, the primary rainbow lines of protons channeled through a) square 
(001) and b) hexagonal (111) channels are presented. The proton energy, crystal 
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type, and thickness are chosen such that only the primary rainbow line appears in 

this theoretical representation. Square channel exhibit inner rainbow lines shaped 

like a cusped square, with the cusps pointing toward the angular positions of the 
atomic strings defining the channel. In contrast, all hexagonal channels will 

generate rainbow lines resembling a symmetrical six-pointed star, composed of two 

cusped equilateral triangles oriented opposite each other. Solely based on the shape 
of these lines, we can conclude what crystal channel is in question. Thus, we can 

conclude that the shape of the primary rainbow line allows us to determine the 

orientation of an unknown crystal. 

 

 
Fig. 3. Shape of rainbow lines for a) square and d) hexagonal channel  

 

As is known, the size of the rainbow line depends on the interaction potential, 
which is a function of the crystal atomic number and the impact parameter (size of 

the channel). If we change (gradually reduce) the projectile energy in comparison 

to the first part of our analysis at some point, a secondary or outer rainbow line will 
emerge in the area surrounding the atomic strings in the IP plane, and its image will 

appear in the TA plane. The outer rainbow line will be highly sensitive to the 

atomic number of the crystal and will not be as sensitive to the influence of all 

atomic strings and their spatial positions. By measuring the angular distributions of 
channeled protons and comparing them to the rainbow lines - now consisting of 

one inner (primary) rainbow line and one outer (secondary) rainbow line - we can 

conduct a similar morphological analysis to identify the unknown crystal. 
In Fig. 4, we present the experimental angular distribution of 2 MeV protons 

channeled through the (001) channel of a 55 nm thin silicon crystal, along with the 

calculated rainbow lines in the TA plane and the corresponding rainbow lines in the 

IP plane. This combination of crystal thickness and proton energy yields a reduced  
crystal thickness less than 0.25, so the silicon crystal can be considered very thin. 
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Fig. 4. a) Proton experimental angular distributions with rainbow lines, b) 

corresponding rainbow lines in the IP plane 

 
Based on these results, we conducted an analysis of all cubic crystals in the 

(001) orientation. Our goal is to, by calculating the angular position of the outer 

rainbow line, deduce the atomic number of the crystal. We specifically calculated 
the positions of the outer rainbow lines along position 1 on Fig. 4, and determined 

its position 1’ in the TA plane. From Fig. 5 a) we can see that as the atomic number 

of crystal increases, the position of the outer rainbow line in the TA plane exhibits 

a growing trend. Thus, by measuring this position, we can deduce which crystal is 
being analyzed. However, some minor flaws in this morphological methodology 

arise from the fact that some crystals have similar ratio of atomic number and 

channel size. This leads to a slight indeterminacy when distinguishing between 
these elements.  

 
Fig. 5. Positions of a) outer rainbow lines, b) inner rainbow lines  

 
However, if we consider the physical parameters that differentiate these crystals 

- such as channel area, thickness of one layer, crystal atomic number - and compare 

them with the positions of the inner rainbow lines for all these types of cubic 

crystals, as presented in Fig. 5 b), some ambiguities will be clarified. The surface 
charge density per crystal channel is defined as the ratio of the atomic number of 

the crystal to the number of atomic strings defining the crystal channel. This 
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approach allows us to overcome the morphological differences between the three 

types of cubic crystals, specifically addressing the total number of atoms in one 

crystal lattice as seen in cross-section for each different orientation. For all 
analyzed cubic crystals in the (001) orientation, the number of atomic strings per 

primitive crystal lattice is five for BCC crystals, nine for FCC crystals, and thirteen 

for diamond cubic crystals. This allows us to categorize these cubic crystals into 
three distinct groups, as illustrated in Fig. 5 b). All crystals with a BCC structure 

are fitted along the red line, those with a FCC structure along the black line, and 

diamond crystals are fitted along the blue line. Notably, while some elements may 

have similar positions for their outer rainbow lines, they can be easily distinguished 
by considering the morphological position of their inner rainbow line, making it 

straightforward to sort them based on these values. This way total separation of the 

different elements is achieved, with the main criterion that the crystal is considered 
very thin. 

 

Conclusions 

 
We applied crystal rainbow theory to characterize various cubic crystals. Our 

findings underscore the potential of using crystal rainbow theory as a powerful tool 

for the characterization of thin crystals. We demonstrated that the morphology of 
rainbow lines provides a reliable means to determine the orientation of unknown 

thin crystals. Our analysis revealed distinct differences in the shapes of channels 

and their corresponding rainbow lines across different orientations. We also 
showed that the position of the secondary rainbow line can be effectively used to 

distinguish between different crystals, as its position increases with the atomic 

number of the crystals. We introduced the concept of charge density per crystal 

channel, which allowed us to categorize the cubic crystals using inner rainbow line 
into three distinct groups, each corresponding to a different type of cubic crystal. 

Overall, our findings underscore the potential of using crystal rainbow theory as a 

powerful tool for the morphological characterization of thin crystals. Future studies 
could focus on extending this methodology to other crystals, thereby broadening its 

applicability and enhancing our understanding of ion channeling phenomena. 

 

References 

 

Benz K. W., Neumann W., Mogilatenko A., 2014, Introduction to Crystal Growth 

and Characterization, Wiley 
Ćosić M. et al., 2019, Carbon 145, 161 

Ćosić M. et al., 2021, Chaos 31, 093115 

Gemmell D. S., 1974, Rev. of Mod. Phys., 46, 129 
Hadžijojić M. et al., 2021, J. Phys. Chem. C, 125, 21030 

Hadžijojić M., Ćosić M., 2023, Eur. Phys. J. D, 77, 86 



International Meeting on Data for Atomic and Molecular Processes in Plasmas: Advances in Standards and 

Modelling BOOK OF ABSTRACTS AND CONTRIBUTED PAPERS 

Eds. V. A. Srećković, A. Kolarski, M. Langović, F. Arnaut and N. Veselinović 

 

46 
 

Krause H.F. et al., 1994, Phys. Rev. A, 49, 283 

Motapothula M. et al., 2012, Nucl. Instrum. Methods Phys. Res. B, 283, 29 

Motapothula M. et al., 2012, Phy. Rev. B, 86, 205426 
Petrović S., Miletić L., Nešković N., 2000, Phy. Rev. B, 61, 1, 184 

Petrović S. et al., 2015, Nucl. Instrum. Methods Phys. Res. B, 360, 23 

Petrović S. et al., 2019, Nucl. Instrum. Meth. Phys. Res. B, 447, 79 
Robinson M. T., Oen O. S., 1963, Appl. Phys. Lett. 2, 30 

Starčević N. et al., 2021, Nucl. Inst. Methods Phys. Res. B, 499, 39 

Starčević N., Petrović S., 2023, Eur. Phys. J. D, 77, 61 

Starčević N., Petrović S., 2023, Nucl. Tech. and Rad. Prot., 38, 3, 162 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



International Meeting on Data for Atomic and Molecular Processes in Plasmas: Advances in Standards and 

Modelling BOOK OF ABSTRACTS AND CONTRIBUTED PAPERS 

Eds. V. A. Srećković, A. Kolarski, M. Langović, F. Arnaut and N. Veselinović 

 

47 
 

https://doi.org/10.69646/aob241110 

Implications of the Temperature Effect Analysis Using 

Simulated Secondary Cosmic Muon Data 
  

 

Savić, M.R.,
1 

 Veselinović, N.B.,
1 

 Dragić, A.L.,
1 

 Maletić, D.M.,
1  

 

Joković, D.R.,
1 

 Banjanac, R.M.,
1 

 Knežević, D.,
1 

 Travar, M.
1 

 and 

Udovičić, V.I.
1  

 
1Institute of Physics Belgrade, Pregrevica 118, 11080 Belgrade, Serbia 

E-mail: msavic@ipb.ac.rs       

 
As it propagates through the atmosphere, the muon component of secondary 

cosmic rays is influenced by variations in atmospheric parameters. The two most 

significant atmospheric effects affecting the muon flux detected at ground level are 
the barometric effect, due to changes in atmospheric pressure, and the temperature 

effect, caused by fluctuations in atmospheric temperature. 

To enhance the sensitivity of ground-based muon detectors to cosmic ray 

variations of non-atmospheric origin, these effects must be corrected, with the 
temperature effect being more complex to model. The most well-established 

method for correcting the temperature effect is the integral method, based on the 

theory of atmospheric effects (Dorman 2004). However, as it is not so 
straightforward to implement, several empirical methods have been developed over 

the years, including the effective level of generation method (Duperier 1949), the 

mass-averaged temperature method (Dvornikov et al. 1976), as well as more recent 
approaches based on principal component analysis (Savić et al. 2019) and machine 

learning applications (Savić et al. 2021). 

Each theoretical and empirical approach has its advantages and limitations, and 

directly comparing the effectiveness of these methods with real measured data is 
not necessarily simple. One way to address this is to test model performance on 

simulated data, where atmospheric variation is the only source of flux change. 

Preliminary results from data simulated with the CORSIKA package (Heck et al. 
1998) provide a clearer picture of the strengths and limitations of these methods. 

Specifically, the results suggest that the integral method may lead to 

overcorrections if applied too directly, an issue that hadn’t been that obvious 
before. 
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As the oldest intergovernmental funding organization in Europe COST (the 

European Cooperation in Science and Technology) facilitates networking among 

academics and innovators in order to increase Europe's ability to address scientific, 
technical, and societal concerns (Marinković and Mijić 2022). According to the 

study (Seeber et al., 2022a), participation in COST program considerably increases 

researchers' scientific co-publications, therefore advancing their professional 
careers. The findings demonstrate a 55% average increase in co-publications 

among active COST action participants as compared to the proposed network of 

the researchers of non-founded actions. This increase in collaborative co-

publications is not at the expense of non-collaborative ones, resulting in a net gain 
in scientific production. Keeping in mind that the impact of the actions lasts 

beyond their lifetime, involvement in COST networking activities significantly 

improves researchers' productions and experience thus increasing their capacity for 
long-term collaborations (Seeber et al., 2022b). This is especially important for 

early-career researchers, as around 42% of COST action members in 2023 are 

young researchers. (Mijić and Marinković, 2024a).  

Over the last several years running the COST action have become more and 
more competitive (Mijić and Marinković, 2024b). The reported success rate of the 

action proposals for the last open call OC-2023-1 was 11.5%. Since there is a clear 

benefit of scientific community involved in research network, several European 
countries established additional national funding to support research projects 

originating from successful ongoing COST Actions. 

In this study, within proposed mini-project, we will discuss the new 
opportunities for COST participants through the actions networking tools focusing 

on young researchers’ and ITC (Inclusiveness Target Countries) conference grants 

entering into force in November 2024. In addition, new technical annex, evaluation 

grid and introduction of the acceptability criterion for new action proposal will be 
demonstrated. Finally, the existing opportunities for additional funding of research 

projects originating from COST actions will be introduced. The recent experience 
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and good practices of national funding schemes for COST participants in several 

countries will be presented together with available funding support for COST 

related projects in Switzerland which include project partners abroad. 
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Abstract 

 

The VLF/LF Earth-ionosphere waveguide enables the remote detection of 
important variabilities related to environmental and solar processes. Two case 

studies have been considered with medium and high solar activities, both recorded 

by Belgrade (Serbia) and Graz (Austria) stations. This study shows the existence of 

electric field amplitude wave phenomena with periods of ~500 sec during 
terminator times. Our findings underscore the importance of measurement 

networks for future surveys. 

 

Introduction 

 

Remote sensing of the lower ionosphere via very low frequency (VLF, f = 3-30 
kHz) and low frequency (LF, f = 30-300 kHz) signals emitted by powerful 

transmitter stations and detected by ground-based facilities are crucial for the study 

of the Earth’s environment, e.g., space weather studies, the coupling between 

atmosphere and ionosphere, and commercial applications. The radio waves from 
narrowband VLF/LF transmitters are confined within the Earth-ionosphere 

waveguide, between the Earth’s surface (lower boundary) and the lower 

ionospheric layers (upper boundaries), i.e., D-layer (altitudes approx. 50-70 km) 
during daytime, E-layer (altitudes approx. 70-90 km) during night time, and during 

sunrise and sunset transitions. The ion production in the lower ionospheric D-

region is dominated by solar Lyman-alpha (mainly [NO+] and cluster ions), to a 
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minor extend by EUV, UV, X-ray (solar flare events) on the species [O2, N2] and at 

lower altitudes by galactic cosmic rays [N2, O2]. The D-region electron density 

profiles show a solar zenith angle dependence as reported in several models (Nina 
et al., 2021; Friedrich et al., 2018; Mironova et al., 2015; and Wait and Spies, 

1964). 

 

VLF/LF observations recorded by Belgrade (Serbian) and Graz (Austria) 

Stations 

 

In this study we consider two VLF/LF receivers, located in Belgrade (Serbia) 
and Graz (Austria) as displayed in Figure 1. Table 1 lists the transmitter signal 

detected by Belgrade and Graz facilities and the corresponding features: frequency, 

geographical coordinate, and the distances. The reception systems in Belgrade 
(Nina, 2024) and in Graz (Galopeau et al., 2023) are capable of measuring 

amplitudes and phases of electric fields with a high time resolution (sampling 

frequencies fs 1 sec). Electric fields are associated with transmitter signals 

propagating in the Earth-ionosphere waveguide. The selected paths shall have a 
distance far and close to the transmitter station to avoid near field evanescent 

modes and to enhance the signal-to-noise ratio. 

 

 
Fig. 1. Geographical locations of the five transmitter signals (i.e., DHO, GBZ, ICV, 

ITS and TBB) detected by VLF reception systems in Belgrade (Serbia) and Graz 
(Austria). 
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Table 1. Great circle path (GCP) distances between Belgrade or Graz reception 

systems and VLF/LF transmitters (see Figure 1) with fully developed waveguide 

modes and sufficient S/N ratio. 

 

ICV  

20.27 kHz 

09.71 E 
40.92 N 

DHO  

23.40 kHz 

07.60 E  
53.08 N 

TBB  

26.70 kHz 

27.31 E  
37.40 N 

GBZ  

22.10 kHz 

02.87 W  
54.73 N 

ITS  

45.90 kHz 

14.43 E  
37.12 N 

Belgrade 

20.40 E 
44.80 N 

973 km 

general 
overview 

1310 km 

single case  
study 

1005 km 

general  
overview 

1993 km 

general  
overview 

989 km 

single case  
study 

Graz 

15.48 E 
47.04 N 

820 km 

general 
overview 

875 km 

single case  
study 

1445 km 

general  
overview 

1541 km 

general  
overview 

1105 km 

single case  
study 

 

Case study of transmitter amplitude variations at terminator times 
 

In this Section we consider amplitude variations around the terminators, i.e., 

during the transition from E- to D-layer (sunrise) and vice versa (sunset). Regular 

patterns are due to solar Lyman-alpha modulations connected with wave 
excitations where additional external influences could occur due to solar flares or 

internal sources via the atmosphere and the ionosphere, e.g., atmospheric gravity 

waves (AGWs). For the two days of the study the composite solar Lyman-alpha 
irradiance is 8.48732 mW/m2 (3. May 2024, 12 UTC) and with 9.99519 mW/m2 

higher for the 5. Aug 2024, 12 UTC (these data were accessed via the LASP 

Interactive Solar Irradiance Data center, LISIRD). 

 
a) Case study of DHO VLF transmitter signal with medium solar flare activity (3. 

May 2024) 

 
The top panel of Figure 2 shows the amplitude variations recorded on 3. May 

2024 during a medium solar flare activity. Sunrise and sunset data (civil time) are 

indicated by a vertical red color line for Belgrade and black one for Graz. We find 
that both DHO signals exhibit similar fluctuations during the day observation. 

However, a difference of intensity level of about 10 dB is found when combining 

Graz and Belgrade observations as clearly seen in Figure 2. The time resolution for 

Belgrade observations is one minute (red line in top panel of Figure 2), and for 
Graz is one second (blue line in top panel of Figure 2) and one minute (green line 

in top panel of Figure 2). It is important to note that Belgrade data have been 

slightly adjusted (offsets) to enable visual comparison. 
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Fig. 2. Top panel: VLF DHO 23.40 kHz transmitter amplitude signal recorded on 
3. May 2024, at Belgrade (red line) and Graz (blue line) reception stations. The 

bottom panels display the residual (bottom above panels) and the wavelet spectrum 

(bottom below panels). 
 

The residuals shown in the bottom upper panels of Figure 2 are the difference 

between the DHO measured amplitude signal and the smoothed DHO amplitude 
using Savitzky-Golay filter. Those residuals are considered two hours before and 

after sunrise (bottom upper left panel of Figure 2) and sunset (bottom upper right 

panel of Figure 2) terminators. We find clear minima at terminators related to the 

ionospheric layers, i.e., D- and E-layers. Those residual minima appear when 
considering the wavelet spectrum of DHO signal as displayed in the bottom lower 

left panel for the sunrise and in the bottom lower right panel for the sunset 

terminators. We note the presence of wave activities with periods of about 500 
seconds occurring at terminator times. 
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b) Case study of ITS VLF transmitter signal with high solar flare activity (5. 

August 2024) 

 

 
 

 
Fig. 3. Top panel: Top panel: VLF ITS 45.90 kHz transmitter amplitude signal 
recorded on 5. August 2024, at Belgrade (red line) and Graz (blue line) reception 

stations. The bottom panels display the residual (bottom upper panels) and the 

wavelet spectrum (bottom lower panels). 
 

The top panel of Figure 3 displays the amplitude variations of ITS transmitter 

signal recorded on 5. August 2024 during a high solar flare activity. Vertical red 
and black color lines indicate, respectively, the sunrise and sunset terminators for 

Belgrade and for Graz. Like in the case of the event of 3. May 2024 the Belgrade 

data have been slightly adjusted (offsets) to enable visual comparison. Also, the 
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time resolutions used for the data processing of Belgarde and Graz observations are 

similar to those considered in Figure 2. Generally, ITS amplitude variations at 

Belgrade and Graz are found similar but exhibit a difference of 10 dB during the 
day and the night observations. The high solar activity is due to two X-class solar 

flares, accompanied by several M-class flares, recorded by GOES satellite in the 

wavelength range 0.1-0.8 nm. The first X-class flare occurs at about 13:40 UT 
(49200 sec) with a flux equal to 1.73*10-4 W/m2, and the second one happens at 

about 15:20 UT (55200 sec) with a flux equal to 1.17*10-4 W/m2. 

The residuals shown in the bottom upper panel of Figure 3 are also considered 

two hours before and after sunrise (bottom upper left panel of Figure 3) and sunset 
(bottom upper right panel of Figure 3) terminators. We see clearly a pronounced 

and important minima at terminators when compared to the previous event (i.e., 3. 

May 2024). The increase of the residual minima is directly related to the solar flare 
effects on the ionospheric layers particularly at terminators. The wavelet spectrum 

of ITS signals show similar fluctuation as displayed in the bottom lower left panel 

of Figure 3 for the sunrise and in the bottom lower right panel of Figure 3 for the 

sunset terminators. In this case we note the existence of wave activities with 
periods of about 500 seconds occurring at terminator times, and also minor ones 

with periods in the order of 125 second. 

 

Conclusions 

 

The electric field amplitude data from the two receivers coincide very well and 
show the benefit of combined investigations of same VLF/LF links at different 

sites. During the terminator times wave activities with periods of ~500 sec could be 

measured, additional excitations occur for the more disturbed day 5. August 2024. 

In general, a high sample rate enables the detection of different types of variations 
and characterisation of noise parameters in the Earth-ionosphere waveguide. 
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Abstract 
 

In this paper, we present examples of changes in VLF signals used to monitor 

the lower ionosphere. The mentioned changes in signal characteristics are caused 

by astro- and geo-phenomena. We indicate the possibility of applying machine 
learning in statistical analysis of these changes, which is the basis of the work on 

the Serbian Slovak bilateral project Detection of astrophysical and geophysical 

phenomena from VLF radio measurements using machine learning methods. 
 

Introduction 
 
Spatio-temporal variations in the Earth's ionosphere are the result of the 

influence of numerous phenomena in space and different areas of our planet. 

Changes in ionospheric parameters, and, consequently, signal parameters used for 

its monitoring, can be specific characteristics for one phenomenon. These 
specificities enable the detection of phenomena indirectly, based on analyses of 

ionospheric disturbances and relevant electromagnetic signals, among which are 

very low frequency (VLF) radio signals.  
Statistical analysis of changes in certain characteristics requires the application 

of machine learning, especially neural networks/deep learning methods. It 

represents one of the examples of the necessity of cooperation of scientists in 
different specific fields with scientists in the field of data science. One such 

collaboration related to the monitoring of the low ionosphere with VLF signals was 
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established between scientists from the Institute of Physics Belgrade, University of 

Belgrade and the Astronomical Observatory in Belgrade, Serbia and the Technical 

University of Košice (Faculty of Electrical Engineering and Informatics, 
Department of Cybernetics and Artifical Intelligence) in Košice, Slovakia. This 

cooperation is implemented within the Serbian Slovak bilateral project Detection of 

astrophysical and geophysical phenomena from VLF radio measurements using 
machine learning methods.  

In this paper, we present the phenomena that give specific changes in VLF 

signals that meet the conditions to be analysed in this project. We will pay special 

attention to the changes in the intensity of the solar hydrogen Lyα line radiation 
that arrives in the observed part of the ionospheric D-region (extends in the domain 

of heights from 50 km to 90 km above the Earth's surface) and sudden emissions of 

X-radiation during solar X-ray flares. 
 

Observations 

 

In this paper, we present characteristic changes in the amplitude of NAA signal 
emitted in Cutler (USA) and recorded in Belgrade (Serbia) caused by variations in 

incoming Lyα radiation to the ionospheric D-region during 16 February 2011 when 

15 flares were recorded by the GOES-15 satellite (see Table 1).  
 

Table 1. The times of begins (tbegin), flux maxima (tmax), and ends (tend) of solar X-

ray flares recorded by the GOES-15 satellite on 16 February 2011. 
 

No tbegin (UT) tmax (UT) tend (UT) Class 

1 00:58 01:05 01:10 C2.0  

2 01:32 01:39 01:46 M1.0 

3 01:56  02:00 02:05 C2.2 

4            05:40  05:45 05:55 C5.9 

5 06:18 06:22  06:29 C2.2 

6 07:35 07:44  07:55 M1.1 

7 09:02 09:11 09:19  C9.9 

8 10:25 10:32  10:39 C3.2 

9 11:58 12:02  12:05 C1.0 

10 14:19 14:25 14:29 M1.6 

11  15:27  15:32 15:37 C7.7 

12 19:29 19:36 19:43  C1.3 

13 20:11 20:15 20:19 C1.1 

14 21:06 21:11 21:14 C4.2 

15 23:02 00:25  01:07 C2.8 
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Phenomena that cause specific changes  

 

These phenomena can be divided according to the place of their origin into 
astro- and geo-phenomena. The most significant influence from the first group is 

solar radiation, while changes in the atmosphere and lithosphere belong to the 

second group. 

 Astro-phenomena: changes in the arrival of the radiation intensity of the 
hydrogen Lyα line due to the rotation and revolution of the Earth and solar 

cycle  (Gupta, 1998; Correia et al. (2011); Thomson &  Clilverd, 2000, 

Nina et al. 2021), solar X-ray flare (Nina 2022), solar eclipse (Ilić et al., 

2017), gamma ray bursts (Inan et al., 2007, Nina et al., 2015). 

 Geo-phenomena: lightning (Inan et al. 2010), lightning induced electron 
precipitation (Kolarski et al., 2022). 

In addition to these cases for which previous studies have clearly confirmed the 

connection of phenomena with relevant changes, there are also changes for which 
the considered connections are still being determined. Among them are mentions in 

the characteristics of VLF signals before earthquakes (Biagi et al., 2011; Nina 

2024) and tropical cyclones (Nina et al., 2017). 

 

Results 

 

In this paper, we present characteristic changes in the amplitude of NAA signal 
emitted in Cutler (USA) and recorded in Belgrade (Serbia) caused by variations in 

incoming Lyα radiation to the ionospheric D-region during 16 February 2011 when 

15 flares were recorded by the GOES-15 satellite. 
The daily variations of the X-ray flux recorded by the GOES-15 satellite, and 

the considered signal are shown in Fig. 2 (upper and bottom panels, respectively). 

The propagation path of this signal can be completely during the daytime (white 

area) or nighttime (gray areas) period, but also partially in sunlit side (during the 
transition from night to day and day to night; hatched areas).  

Typical changes in signal amplitude during the day and under the influence of 

increased solar K radiation can be seen in Fig. 2. These regularities, on the basis of 
which further statistical studies can be carried out using machine learning, can be 

described as follows: 

 The signal has the highest amplitude values when the path is completely 

nocturnal, 

 The beginning of the decrease of the amplitude indicates the beginning of 
the insolation of the observed signal path. During the period of partial 

insolation of the path, the amplitude of the signal varies with pronounced 

minima. 

 During a fully sunlit path, the amplitude first tends to increase and then 

decrease. 



International Meeting on Data for Atomic and Molecular Processes in Plasmas: Advances in Standards and 

Modelling BOOK OF ABSTRACTS AND CONTRIBUTED PAPERS 

Eds. V. A. Srećković, A. Kolarski, M. Langović, F. Arnaut and N. Veselinović 

 

62 
 

 The beginning of amplitude value variations indicates the beginning of the 
period of partial sunshine of the path, which ends by reaching higher 

values typical for the night path of the observed signal. 

These changes are visible throughout the year, but the duration of the marked 
periods as well as the amplitude values change (Nina et al., 2017). 

 

 
Fig. 2. Upper panel: X-ray flux recorded by the GOES-15 satellite. Bottom panel: 

VLF signal emitted by NAA transmitter located in the USA, and registered in 
Belgrade by AbsPAL receiver on 16 February 2011. 

 

A comparison of the displayed panels shows that the amplitude of the signal 
changes due to the influence of the radiation emitted by solar X-ray flares during 

the daytime and partially sunlit path. These changes occur a few tens of seconds 

after the start of the increase in X radiation on the satellite and their characteristics 

can also be analysed using machine learning in statistical analyses. 
For the machine learning part, we will follow the methodology known as 

CRISP-DM - Cross-industry standard process for data mining (Wirth et al., 2000). 

This methodology consists of problem and data understanding, data preparation, 
modelling (phase where machine learning models are created), and validation 

phases.  
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The machine learning project has four phases: 

 Problem identification and analysis – this phase focused on analysis of 

interesting types of events (astrophysical and geophysical phenomena) for 

detection based on machine learning. Selected events were described in 
previous sections of this paper. 

 Data preparation – in this phase, which is currently running, we focus on 

preparation of datasets for the machine learning process. Identified 

phenomena for detection were analysed in detail for ML purposes. The 
main aim is to prepare training, validation and testing datasets for the 

machine learning modelling step. It also includes selection of types of 

models, any data augmentation techniques, annotation of part of data, etc. 

 Building of machine learning models – during this phase we will focus on 

the modelling step, i.e., creation and validation of machine learning models 
based on datasets prepared in the previous phase.  

 Evaluation of machine learning models – during this step, created models 

will be more deeply analysed according to their effectiveness in detection of 

selected phenomena.  
The main candidates for family of machine learning models, which we will 

analyze, design and test during the third phase, will be methods used for analysis of 

time series based on neural networks techniques, mainly from the area of deep 

learning models (Goodfellow et al., 2016), especially for models oriented on time 
series forecasting (Benidis et. al. 2023). Most popular methods in this area include 

recurrent deep learning architectures (Salem 2022), e.g., LSTM (Long Short-Term 

Memory), Conv1D (Convolution 1D neural network), and transformer-based 
architectures, or their different combinations (hybrid architectures). The design of 

architectures of models will also follow simple adaptation methodology, from 

analysis of data and preparation of sampling for training datasets when necessary 
(e.g., over-sampling, under-sampling, augmentations, etc.), preparation of 

evaluation criteria, selection of starting architectures (usually re-use of existing 

ones), their adaptation and optimization, training and testing of final models. 

From a technological point of view, cloud-based environment called 
DATALAB (managed by the Technical University in Kosice, Slovakia) will be 

used for all data processing. It provides a web-based Jupyter Lab interface and 

processing power with several hundreds of CPUs, GPU-cards for effective training, 
and data storage (NAS), all used preferably with python, sci-kit, tensorflow/keras, 

pytorch, and many other packages used for data analysis and machine learning.  
 

Summary 
 

In this paper, the possibility of applying machine learning in statistical analyses 
of changes in VLF signals caused by various astro- and geo-phenomena is pointed 

out. This possibility is based on the specific characteristics of the mentioned 
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changes. In this study, the changes occurred on 16 February 2011 are shown as 

examples that meet the conditions to be analysed in the Serbian Slovak bilateral 

project Detection of astrophysical and geophysical phenomena from VLF radio 
measurements using machine learning methods.  
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According to García & Fuss (2012) and Verkhovtsev et al. (2016), 

understanding complex processes induced by photons and particles is a significant 
challenge in today's world. These processes could, for example, result in energy 

conversion and storage or be critical to the creation of novel light sources (Mason 

et al. 2014). In recent decades, new experimental techniques and computational 

chemistry methods have emerged as important tools for studying molecular 
interactions and dynamics. Furthermore, one can note the present importance of 

investigating collisional and radiative processes, as well as the associated A&M 

data (VAMDC, RADAM) (see, for example, Dubernet et al. 2016). Today, the 
scientific community and industry require access to such molecular data 

(Marinković et al. 2017). The purpose of this work is to investigate collisional and 

radiative processes of small molecules and give data for characterization and 
chemistry of such systems.  We will present, discuss, compare, and analyze cross 

sections and rate coefficients.  The results, i.e. the created datasets/databases, can 

be used for important activities such as modeling, industry, synchrotron 

experiments, and so on (Giuliani et al. 2014; Milosavljevic et al. 2011). 
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Detailed astrochemical models are essential for interpreting observations of 

interstellar and circumstellar molecules because they allow important physical 
features of the gas and its evolutionary history to be derived (Williams and Cieza 

2011). Advances in astrochemical models are linked to changes in astrochemical 

databases, as well as experimental and theoretical estimations of rate coefficients 
(see e.g. Öberg et al. 2021). The science community now need access to such 

molecular data, including preferred ones, for further modeling, and it is critical to 

our knowledge of the chemistry of planet formation. As a result, atomic and 

molecular datasets and databases (such as VAMDC) have become critical for 
constructing models and simulations (see Albert et al. 2021 and references therein). 

The analysis of the studied rates provides valuable information on the presence of 

species. As a result, it is critical to investigate not only radiative processes, but also 
concurrent processes involving molecular ions, such as dissociative recombination 

(Kamp et al., 2017). Our goal is to calculate, compare, and analyze cross sections 

and rate coefficients for molecular ions such as hydrogen and helium for a various 
model parameters.  
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Earth's Lower Ionosphere under energetic events: solar flares 

and gamma ray bursts as drivers for VLF signal 
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Earth's lower ionospheric perturbations induced by different phenomena, such 

as energetic solar flare events of high class on one hand and gamma ray bursts on 
the other, were examined through a remote sensing approach by utilization of VLF 

radio signals (Very Low Frequency, 3-30 kHz) propagating globally within Earth-

ionosphere waveguide. Solar X-ray radiation data were taken from Geostationary 
Operational Environmental Satellites (GOES) database, while data related to 

gamma ray bursts were taken from Swift satellite database. VLF data used in this 

research are from Belgrade database, obtained from receiver system located at the 

Institute of Physics in Belgrade, Serbia, cover period of several consecutive years 
during solar cycle 24. Based on VLF registrations from European transmitters, 

temporal evolution and general patterns in VLF signal perturbations related to 

these events were examined, with main results related to D-region plasma behavior 
under such energetic events presented here.  

 

Key words: X-ray flares, gamma ray bursts, ionosphere, VLF signal perturbation 
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New findings in the fields of atmospheric science, astrochemistry etc. have been 

made possible by recent experimental and theoretical developments. One of the 

most crucial processes in planetary atmospheres and interstellar media is 
photodissociation. A brief overview of the fundamental physical processes 

including photodissociation and photoionization of molecules of astronomical 

interest as well as new astrophysically relevant molecular species have recently 

been added to the Leiden VUV cross section database (Hrodmarsson and Dishoeck, 
2023). The importance of these data for analyzing observations and measurement 

results in a variety of fields is also growing (Vujcic et al., 2023). On the other hand, 

despite of involvement of both ionic and neutral alkali hydride species in a number 
of astrophysical and astrochemical processes (Sreckovic et al., 2021), only a small 

amount of theory and observation is known about their spectroscopy, especially 

when it comes to molecule ions. Here we present results of investigations of the 
mechanisms of photodissociation processes in non-symmetric 

systems/configurations involving ions, molecular ions, hydrogen, helium, and 

alkali atoms. Quantum mechanical analysis of the cross-sections and spectral rate 

coefficient data has been carried out. 
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Previously, very low frequency (VLF) ionospheric amplitude data was 

employed in various machine learning (ML) classification efforts (Arnaut, 

Kolarski, 2023; Arnaut et al., 2023; Arnaut et al., 2024), where the problem was 
defined as a binary classification task, determining whether a given data point in 

the test dataset was anomalous (e.g., solar flare events, instrument errors, nighttime 

signals, outliers) or a normal daytime signal. In a multiclass classification problem, 
each class must be clearly defined to prevent overlap and minimize the risk of false 

positives and/or false negatives. The analysis for this brief communication displays 

that the challenges in classifying nighttime versus daytime VLF amplitude signals 
occur at the terminator, a transitional zone between daytime-nighttime and 

nighttime-daytime signals. The majority of false positives and/or false negatives 

occur in this zone. Possible strategies for enhancing predictive power in this area 

may include statistical techniques such as cluster analysis or other methods that can 
be employed post-classification to further augment the overall efficacy of the 

approach. 
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Hydrofluoroolefins, unsaturated organic compounds developed as "fourth 
generation" refrigerants, possess only 0.1% of the Global Warming Potential 

(GWP) of hydrofluorocarbons (HFCs) and have negligible Ozone Depletion 

Potential (ODP). Their excellent eco-friendly properties make them suitable for use 
in air conditioning systems and they are also considered to be potential 

replacements for SF6 in dielectric applications. In recent years, trans-1,3,3,3-

Tetrafluoropropene (HFO1234ze(E)) has garnered the research community's 

interest due to its applications in medium and high voltage gas-insulated 
transmission and distribution equipment (HV and MV GIE), as well as in RPC 

particle detectors (Koch and Franck 2015, Hosl et al. 2020, Chachereau et al. 2016, 

Preve et al. 2017). The improvement of existing applications relies on relevant and 
reliable data, which can be obtained from breakdown measurements. Here, we 

present the results from our measurements of dc breakdown in trans-1,3,3,3-

tetrafluoropropene. Our measurements are done in a centimeter-sized plan-parallel 
electrode system (Sivoš et al. 2020), under swarm conditions at low currents 

(~ 1 μA) and low pressures (~ 0.05 – 3 Torr). In Figure 1, we present breakdown 

results for trans-1,3,3,3-Tetrafluoropropene (HFO1234ze(E), C3H2F4) in 

comparison with sulfur hexafluoride (SF6). Paschen curve of HFO1234ze(E) is 
recorded for electrode distance of 1 cm. The minimum breakdown voltage of 482 V 

occurs at pd = 0.25 Torrcm (p – pressure, d – electrode distance). The discharge 

ignites and operates stably at low-currents up to ~ 0.8 Torrcm, but above this value 
discharge ignites into periodic relaxation oscillations (Kuschel et al. 2011). The 

breakdown voltage values for HFO1234ze (E) are slightly lower than those for SF6 

around the Paschen minimum and on the right-hand side of the Paschen curve. 
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Fig. 1. Comparison of Paschen curves for trans-1,3,3,3-Tetrafluoropropene 

(HFO1234ze(E)) (black open triangles) and sulfur hexafluoride (SF6) (red solid circles) 

(Stefanović 1998, Marić et al. 2014). Curves have been obtained for an electrode distance 

of 1 cm. 

 

On the other hand, at lower pressures, the breakdown voltage of 

HFO1234ze(E) increases steeply and becomes nearly equal to SF6. Although 

HFO1234ze(E) shows significant insulation potential, it is not sufficient as a 

standalone substitute for SF6. 
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We investigated data on elastic electron scattering by xenon atom in the 

intermediate electron energy range (from 10 eV to 100 eV). Our preliminary survey 

have been contrasted to those data curated within BEAMDB - Belgrade 

Electron/Atom (Molecule) DataBase. BEAMDB1 is one of the VAMDC (Virtual 
Atomic and Molecular Data Centre) nodes specialized for data on electron 

interactions (elastic scattering, excitation, ionization, energy loss spectra, threshold 

spectra) with atomic species. Previous recent work on xenon atom involves Auger 
spectra (Jureta et al. 2023). We just want to mention some of the earlier work on 

electron scattering that includes excitations (Filipović et al. 1988), ionization 

(Stephan and Märk, 1984) and elastic scattering (Cho et al. 2006). 
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The Pulsed Townsend experiment is used for determining the transport 

coefficients for a swarm of electrons in gases (see e.g., Casey 2021, De Urquijo 

2007, Haefliger 2018). These transport coefficients include drift velocity, 
longitudinal diffusion and the effective ionization coefficient. In general, these 

transport coefficients are determined by fitting an analytical expression, in which 

the current signal is expressed in terms of these transport coefficients, to the actual 
current signal that is measured in the experiment by a nonlinear curve fitting 

procedure. In the literature, different analytical expressions for the current signal 

are used by different authors, and the employed nonlinear curve fitting procedures 

are not always publicly available. For this reason, a systematic study of the fitting 
of the current signal of the Pulsed Towsend experiment is long overdue, and this 

work makes first steps in that direction. 

In this contribution, we investigate the applicability of the gradient descent 
algorithm for the fitting of the current signal of the Pulsed Towsend experiment. 

The gradient descent algorithm is a method for unconstrained mathematical 

optimization, that is commonly used to train machine learning models including 
linear regression, logistic regression, neural networks, and support vector machines 

(see e.g. Bishop 2006). This algorithm minimizes the desired differentiable 

multivariate function by making repeated steps in the direction opposite to the 

gradient.  
In this contribution, we investigate two different analytical expressions for the 

current signal from the Pulsed Towsend experiment. We have defined two machine 

learning models that implement these expressions in the torch.nn.Module class 
from the PyTorch library.  PyTorch is an open-source library for machine learning, 

data science, and artificial intelligence, that has been originally developed by Meta 

AI (see e.g. Ketkar 2021). The transport coefficients, that are determined from the 
current signal of the Pulsed Towsend experiment, are included in these models as 

trainable parameters. The models are trained by employing the torch.optim.Adam 

class, which implements the Adam variant of the gradient descent algorithm (see 

e.g. Barakat 2021), and by using the data that is generated from the corresponding 
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analytical expressions, by employing NumPy and SciPy open-source libraries (see 

e.g. Bressert 2013). Three different learning rates are used for drift velocity, 

diffusion coefficient, and the effective ionization coefficient, to optimize the 
convergence of the training algorithm, as these three coefficients have different 

orders of magnitude. We have observed that excellent convergence is obtained for 

all four combinations of the two PyTorch models and the two current signals. 
However, it is important to first estimate the initial guess for the drift velocity from 

the time at which the current signal is being rapidly reduced, due to the absorption 

of the electron swarm at the anode. 

 
Acknowledgments: This work is supported by the Science Fund of the Republic of 

Serbia, Grant No. 7749560, Exploring ultra-low global warming potential gases for 

insulation in high-voltage technology: Experiments and modelling EGWIn. 
 

References 

 

Barakat A., Bianchi P., 2021, SIAM Journal on Optimization. 31 244 
Bishop C. M., Nasrabadi N. M. Pattern recognition and machine learning. New 

York: Springer, 2006. 

Bressert E., SciPy and NumPy: an overview for developers. Gravenstain Highway 
North Sebastopol: O'Reilly Media, Inc, 2013  

Casey M. J., Stokes P. W., Cocks D. G., Bošnjaković D., Simonović I., Brunger M. 

J., Dujko S., Petrović Z. L., Robson R. E., White R. D., 2021, Plasma Sources 
Sci. Technol.  30, 035017. 

De Urquijo J., Juarez A. M., Rodríguez-Luna J. C., Ramos-Salas J. S., 2007, IEEE 

transactions on plasma science. 35, 1204. 

Haefliger P., Franck C. M., 2018, Review of Scientific instruments. 89, 023114. 
Ketkar N., Moolayil J., Ketkar N., Moolayil J., Introduction to pytorch. Deep 

learning with python: learn best practices of deep learning models with 

PyTorch. Apress, Berkeley, CA, 2021:27-91 
 
 

 

 

 

 

 

 

 

 

 

 

 

 



International Meeting on Data for Atomic and Molecular Processes in Plasmas: Advances in Standards and 

Modelling BOOK OF ABSTRACTS AND CONTRIBUTED PAPERS 

Eds. V. A. Srećković, A. Kolarski, M. Langović, F. Arnaut and N. Veselinović 

 

77 
 

https://doi.org/10.69646/aob241122  

Spatio-temporal dynamics of a microsecond pulsed glow 

discharge  
  

Krstić, I.B.,
1  

Obradović, B.M.
1 

 and Kuraica, M.M.
1  

 
1University of Belgrade – Faculty of Physics, Belgrade, Serbia 

E-mail: obrat@ff.bg.ac.rs  

 

As a type of pulsed discharges, microsecond pulsed glow discharges (µs-PGD) 
brought an improvement of the analytical characteristics of the GD sources for 

several optical and mass spectrometric methods. Advantages of µs-PGD are 

increasing signal outputs and the temporal resolution of analytical species from 

concomitant species in the discharge plasma. Another benefit of µs-PGD is that 
even though instantaneous power is higher, the average power can be significantly 

lower than in millisecond PGD, resulting in reduced thermal stress of the analyzing 

sample. The higher instantaneous power of the µs-PGD is closely related to the so-
called “pre-peak”, a spike in the electrical current and a spike of plasma radiation 

at the leading edge of the discharge pulse. The radiation pre-peak, together with an 

increased radiation in afterglow for some spectral lines (after-peak) are responsible 

for the improvement of the analytical characteristics of the PGD in optical emission 
spectrometry. Here we present results of measurement of spatio-temporal 

distributions of several atomic spectral lines of copper in a Grimm-type µs-PGD. 

To run discharge, a laboratory made pulsed voltage power supply were used, 
with capability to ensure up to 300 W per pulse. For a space resolved emission 

measurements we used optical system contained of quartz lens and 1m-

Spectrometer equipped with ICCD camera. Following the suggestion (Alberts et al 
al, 2010) measurements have done by using the frequency of 5 kHz and the pulse 

width of 30 μs. 170 μs off-time allows to investigate near afterglow of the 

discharge. 

At the line intensity distribution, three characteristic phases (or the discharge 
regimes) can be resolved: the pre-peak (0 – 5 µs) caused by fast increase of the 

applied voltage; steady-state (5 – 30 µs) during it the voltage has a constant value, 

and the afterglow when the voltage is switched off, see Fig. 1. There are the two 
space regions, characteristic for the discharge: the CF which border is marked as L, 

and the NG beyond the CF region. 

The distributions of Cu I 510.55 nm (4s – 4p, 1.39 – 3.82 eV) and Cu I 
515.32 nm (4p – 4d, 3.79 – 6.19 eV) lines, as example for the two typical 

representative copper lines are presented at Fig. 1. The distributions of Cu I 510.55 

nm line clearly shows the manifestation of three characteristic phase of the μs-PGD 

operation: pre-peak, steady-state and afterglow. In the pre-peak phase, at the 
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moment of the Vmax, line intensity distribution has a strong broad maximum 

positioned at 2.7 mm from the cathode. During the pre-peak phase almost entire 

line emission comes from the NG region. The Cu I line intensity depends on the 
sputtered copper atoms and as well as on the EEDF. According to the Monte Carlo 

analysis made for the discharge similar to ours, during the first several 

microseconds after the discharge is ignited, the EEDFs in the NG are characterized 
by a high peak corresponding to a few eV (Martín et al., 2008). Electron energy of 

several eV is sufficient for excitation of many copper atom’s low energy levels, so 

intensity of such Cu I lines in the pre-peak phase can be much higher in the NG 

than in the CF region, even the copper atoms density in much lower in the first one. 

Fig. 2. Spatio-temporal distribution of Cu I lines intensities. 

 
The observed maximum of the line intensity during the time development 

appears as the consequence of several simultaneous processes that influence on 

copper atom number: sputtering, redeposition and Pennig ionization of the copper 

atoms. Analyzing Fig. 1 one can see that the Cu I 515.32 nm line intensity is much 
higher during the afterglow than during the pulse phase of the discharge. As the 

self-absorption is excluded for this line, increasing of the line intensity with time is 

evidence of increasing of the copper atom number during the steady-state phase. 
During the afterglow phase the line intensity greatly increases at the distances that 

belongs to the NG region; farther from the cathode, the increasing is higher.  

 
Acknowledgments: This work was supported by the Ministry of Education and 

Science of the Republic of Serbia (Contract Number 451-03-68/2022-14/200162) 

and by the Science Fund of the Republic of Serbia through the Project 

ATTOPLASMAS # 7750277. 

 

References 

 
Alberts D. et al, 2010, Spectrochim. Acta - Part B 65, 533–541. 

Martín A. et al, 2008, Spectrochim. Acta - Part B, 63 1274–1282.  

10 20 30 40 50 60

0

2

4

6

8

10

2.008NG2

4.024

0.8

31.0435.04303 15.02Vmax Voff Time (ms)

1.253

0.3

2.833

0.7976

D
is

ta
n
ce

 f
ro

m
 C

a
th

o
d
e
 (

m
m

) 

NG1
L

AP

 Vmax

 Voff

 AP

Cu I  510.5541 nm

1.388948 - 3.816692 eV

3d94s2 2D - 3d104p 2P0

 L

 NG1

 NG2  

0 10 20 30 40 50 60

0

2

4

6

8

10

2.371NG2

4

0.8

3135.04303 15.02Vmax Voff Time (ms)

1.616

0.3

2.833

0.7976

D
is

ta
n
ce

 f
ro

m
 C

a
th

o
d
e
 (

m
m

) 

NG1
L

AP

 Vmax

 Voff

 AP

 L

 NG1

 NG2

Cu I  515.3235 nm

3.785898 - 6.191175 eV

4p 2P0 - 4d 2D 

 

0



International Meeting on Data for Atomic and Molecular Processes in Plasmas: Advances in Standards and 

Modelling BOOK OF ABSTRACTS AND CONTRIBUTED PAPERS 

Eds. V. A. Srećković, A. Kolarski, M. Langović, F. Arnaut and N. Veselinović 

 

79 
 

https://doi.org/10.69646/aob241123  

Helium plasma jet as a probe for the laser irradiance 

measurements 
  

 

Sretenović, G.B.,
1 

 Kovačević, V.V.,
1 

 Obradović, B.M.,
1 

  

Kuraica, M.M.
1 

 and Ranitović, P.
1 

 

  
1University of Belgrade – Faculty of Physics, Belgrade, Serbia 

E-mail: sretenovic@ff.bg.ac.rs  

 
 

The knowledge of the effective value of the laser power density in the arbitrary 

position is usually of importance for any experimental work. It has been shown that 

the non-resonant laser irradiation induces line shift through the dynamical Stark 
effect of the excited atoms (Dubreuil et al. 1978). The effect is shown to be of order 

of 4·10-3 nm/(MW·cm-2) for particular helium atom transition 43S - 23P at 471.3 

nm. The work included theoretical calculations based on the second order 
perturbation theory and the experimental confirmation utilized by continuous wave 

CO2 laser irradiation of low-pressure discharge in helium.  

In this work we present preliminary results of the measurements of the helium 
line shift caused by helium atmospheric pressure plasma jet irradiation by tunable 

energy (4 mJ maximum) femtosecond ytterbium doped fiber laser at 1030 nm 

(Pharos, Light Conversion). Atmospheric pressure plasma jets represent 

controllable plasma devices of simple construction that found broad applications in 
various fields, from material science to medicine. These devices emit spatially and 

temporally stabilized low electron density streamers through the helium gas stream 

that flows into the air (Lu et al. 2014). Thus, their construction enables generation 
of plasma in free space which candidates them as ideal plasma probes. 

Helium atmospheric plasma jet based on the asymmetric dialectic barrier 

discharge was powered by 2.5 kV sinusoidal voltage at 30 kHz. The laser operated 
at the same frequency and its average power could be changed in range 0-20 W. 

The laser and the plasma jet were synchronized by means of delay generator in a 

manner that the laser light and the streamer appear at the same time at the same 

place. 1-m focal length spectrometer equipped with iCCD recorded helium 
emission at the particular wavelength. The laser intensity was kept bellow 

breakdown value. The recorded line profile and the line shift dependence on the 

applied power are given in Figure 1(a) and 1(b). 
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Fig. 1. (a) The examples of unshifted and shifted lines. (b) Line shift in 

dependece of laser power. 
 

The preliminary results confirm the effect of the line shift induced by laser 
radiation. Further measurements should valorize these results and find the atomic 

emission line which is the best candidate for the use for the laser power density 

measurements. 

This work was supported by the Ministry of Education and Science of the 
Republic of Serbia (Contract Number 451-03-68/2022-14/200162) and by the 

Science Fund of the Republic of Serbia through the Project ATTOPLASMAS # 

7750277. 
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Common halogenated anesthetic gases include halothane, isoflurane, 
sevoflurane, and desflurane. These gases can have varying global warming 

potential (GWP) and environmental effects (Langbein et al 1999).  Halogenated 

aneastetics also contribute to greenhouse gas emissions, although their impact 
varies based on their global warming potential GWP. We studied DEA to gas phase 

target by means of a crossed electron-molecular beam technique (Kopyra et al 

2017). Dissociative electron attachment processes were investigated utilizing the 

crossed beam apparatus. In this technique the incident electron beam orthogonally 
intersects with molecular beam resulting in the formation of fragment anions. The 

calibration of the energy scale is achieved by measuring SF6 signal, with intense 

resonance near 0 eV. Base pressure was in the range of ~10-8 mbars and the 
working pressure around 3.2×10-7 mbars. We have measured halogenated 

aneasthetic isofluran which showed a rich fragmentation. We have observed the 

following fragments: F- = 19 a.m.u, Cl- = 35 a.m.u, FHF-= 39 a.m.u, CF3
- = 69 

a.m.u., C2F3
- = 81 a.m.u, C2F3Cl- = 116 a.m.u 
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Among extended theories of gravity, there are the non-local theories of gravity. 
In the case when the non-local terms of such a theory are canceled out, the limit of 

General Relativity is obtained. Non-locality in the present context applies to field 

theory, and non-local field theory extends classical field theory. Here, we take non-

local gravity model given in Deser & Woodard 2007.  
On the other hand, the Fundamental plane (FP) is an empirical relation among 

three global parameters of elliptical galaxies expressed as a relationship between 

the central projected velocity dispersion, the effective radius, and the mean 
effective surface brightness within effective radius (for more details see e.g. 

Dressler et al. 1987, Borka Jovanović et al. 2016, Capozziello et al. 2020). 

In this contribution we use freely available observations of elliptical galaxies 
from Burstein et al. (1997) (their effective radii, effective luminosities and 

characteristic velocities) in order to study if Deser-Woodard non-local gravity can 

recover FP of elliptical galaxies. We also use these data to constrain parameters of 

this gravity model and demonstrate that FP can be successfully recovered without 
need for dark matter hypothesis.  
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Using a time-imaginary method rooted in the Landau-Dykhne model (Landau 

1977) within the frame of the trajectory-based semiclassical approach, we 

developed an analytical model that investigates the impact of the Coulomb 
interaction between the atomic core and the escaping electron for a monochromatic 

elliptically polarized laser field on the tunnel ionization rate. We introduced an 

additional term in the imaginary part of the classical action due to the Coulomb 

interaction.  
This correction becomes substantially significant in the sub-barrier region, 

where the electron comes near the singular Coulomb core, influencing the complete 

tunneling dynamics. To accurately model these effects, we computed the electron 
trajectory considering the Coulomb forces and derived analytical expressions for 

both the initial and drift momenta (Petrović et al. 2023). Our results suggest that, in 

the whole considered ellipticity range, the Coulomb correction provides a 
significant, orders-in-magnitude, enhanced the total ionization rate without 

significantly altering its shape.  

Our results indicate that including the Coulomb correction not only modifies the 

energy distribution of the ionized electrons but also results in a narrower 
momentum distribution compared to models that omit this correction. These 

insights have significant implications for a broad spectrum of laser-matter 

interactions and could guide future research efforts in the field. 
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Here we use a Yukawa-like correction of the Newtonian gravitational potential, 

proposed by C. Will (see Ref. Jovanović et al. 2024a) in order to obtain new 

bounds on graviton mass from the observed orbits of S-stars around Sgr A*. We 
assumed that the orbital precession of these stars is close to the prediction of 

General Relativity (see the results of GRAVITY Collaboration in 2020 and 2022) 

for Schwarzschild precession, but with a possible small discrepancy from it. By 
comparison of the observed orbits of bright stars (Gillessen et al. 2017) in the 

Galactic center with their simulated orbits in Yukawa-like gravitational potential, 

we estimated the constraints on the parameters of this modified theory of gravity.  

With this approach, we were able to constrain the parameter λ of the potential. 
Moreover, assuming that λ represents the graviton Compton wavelength, we also 

found the corresponding upper bound of graviton mass. The obtained results were 

then compared with our previous estimates (Jovanović et al. 2023, Jovanović et al. 
2024b), as well as with the estimates of other authors. Also, obtained results are in 

a good agreement with the coresponding LIGO results. 
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