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Jan Vondrák, Prague, The Czech Republic

©
Astronomical Institute of the Slovak Academy of Sciences

2023

ISSN: 1336–0337 (on-line version)

CODEN: CAOPF8

Editorial Office: Astronomical Institute of the Slovak Academy of Sciences
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B01: V.A. Srećković and L.M. Ignjatović: Chemi-recombination pro-
cesses in astrophysical and low-temperature laboratory plas-
mas: the case of potassium . . . . . . . . . . . . . . . . . . . . 94
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Stevica -Durović (Serbia)
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Igor Savić (Serbia)
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Ivanović, Nikola V. University of Belgrade, Faculty of Agriculture, Neman-
jina 6, 11080 Belgrade, Serbia
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Obradović, Bratislav M. University of Belgrade, Faculty of Physics, 11001 Bel-
grade, Serbia
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Vujčić, Veljko Astronomical Observatory, Volgina 7, 11060 Belgrade,
Serbia
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PREFACE
This Special Issue on Astrophysical Spectroscopy: A&M DATA - Astronomy

and Earth Observations contains selected papers from the V Meeting on Astro-
physical Spectroscopy: A&M DATA. The venue of the conference was at the lake
Palić, in northern Serbia, and it was held from September 12 to 15, 2023. This
meeting is unique in bringing together astronomers and physicists from Serbia
and other countries to review and present their current research. The meeting
aims at improving the knowledge within the field, as well as promoting the im-
portance of spectroscopy for future Astrophysical and Earth-science research. It
is well known that atomic and molecular spectroscopy is a key method for plasma
studies in various subfields: astronomy, fusion research, atmospheric research,
applied physics and industry. Reliable atomic data from verified sources are
crucial for proper theoretical analysis, spectra synthesis and modelling of both
laboratory and astrophysical radiation sources. For instance, for the modeling
of stellar atmospheres and opacity calculations a large amount of atomic data
is needed, since the chemical composition of stellar atmosphere is not known a
priori. Consequently, astroinformatics and development of atomic databases are
important for stellar spectroscopy. On the other hand, the emission spectroscopy
of laboratory plasma requires the knowledge of atomic and molecular constants,
line widths etc. To combine all these practices, the A&M Data meeting aims
at making the connection between researchers that provide the data, those that
create and maintain databases, and the data users, both in theory and exper-
iment. The program was divided into several sessions (special mini-projects)
dedicated to spectroscopy and data in laboratory and general plasma. The V
Meeting on Astrophysical Spectroscopy was attended by 76 participants from
14 countries. They presented 19 invited talks, and 15 posters. This Special Issue
contains 18 articles arranged in three sections covering the entire content of the
conference. All of the papers in this issue have been subjected to rigorous peer
review. Each paper that was submitted was reviewed by at least two reviewers.
The organizers are grateful to the Ministry of Science, Technological Develop-
ment and Innovations of the Republic of Serbia for the general support. We
thank the members of the scientific and local organizing committees for their
help in preparing and running this conference. Editors would like to express
our gratitude to the reviewers for their effort in peer-reviewing of all contri-
butions. Finally, we acknowledge the help and support of the Contrib. Astron.
Obs. Skalnate Pleso journal. We would like to note that materials (programme,
talks, proceedings, photos, etc.) from this and previous meetings are available
at http://asspectro2023.ipb.ac.rs/

D.Sc. V. A. Srećković, D.Sc. M. S. Dimitrijevic & D.Sc. N. Cvetanović
the editors
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On the Stark Broadening of Ga II Spectral
Lines - 4d–nf Spectral Series

Milan S. Dimitrijević1,2, Magdalena D. Christova3 and
Sylvie Sahal-Bréchot2

1 Astronomical Observatory, Volgina 7, 11060 Belgrade, Serbia,
(E-mail: mdimitrijevic@aob.rs)

2 LERMA, Observatoire de Paris, Université PSL, CNRS, Sorbonne
Université, F-92190 Meudon, France

3 Department of Applied Physics, Technical University of Sofia, 1000 Sofia,
Bulgaria, (E-mail: mchristo@tu-sofia.bg)

Received: September 16, 2023; Accepted: October 9, 2023

Abstract. Using the Semiclassical perturbation method, Stark broadening pa-
rameters, widths and shifts, have been calculated for six Ga II multiplets,
belonging to the 4d–nf (n=4,5,6) spectral series. The calculations have been
performed for temperatures from 5 000 K to 100 000 K and an electron density
of 1016 cm−3. The obtained results have been used to investigate regularities
within spectral series. The obtained data are especially useful in astrophysics,
for analyzis and synthezis of stellar spectra and modelling of atmospheres, but
also for laboratory and laser produced plasmas.

Key words: Stark broadening – Ga II – line profiles – atomic data – atomic
processes – line formation – stellar atmospheres

1. Introduction

Broadening of spectral lines in a medium where emitting or absorbing atoms
or ions are surrounded by electrons and ions, and under the influence of their
microfields, or Stark broadening, is the most important pressure broadening
mechanism when we have higher electron densities in high temperature plas-
mas. Such conditions, convenient for Stark broadening, can often be found in
stellar plasma. In such a case we need Stark broadening data for various spectral
lines, in order to perform an adequate investigation (Beauchamp et al., 1997;
Adelman, 1989; Dimitrijević, 2003; Dimitrijević, Sahal-Bréchot, 2014). Stark
broadening data are needed and for investigation, modelling and diagnostics of
laboratory plasma (Konjević, 1999; Capelli, Measures, 1987; Torres et al., 2006)
as well as for diagnostics, optimisation and modelling of inertial fusion plasma
(Griem, 1992; Iglesias et al., 1998). Such data are also of interest for design-
ing and optimisation of lasers (see e.g. Griem et al., 1992; Deng et al., 2006;
Dimitrijević, Sahal-Bréchot, 2014) and for diagnostics and research of laser pro-
duced plasma (Gornushkin et al., 1999; Nicolosi et al., 1978; Sorge et al., 2000).
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Another research field where Stark broadening data might be very useful are
various plasmas which can be found in technology (Yilbas et al., 2015), as e.g.
in the case of welding, melting or piercing of various metals by laser radiation,
or for example if one needs to design or optimise plasma light sources (see for
example Dimitrijević, Sahal-Bréchot, 2014). According to our analysis (Dim-
itrijević, Sahal-Bréchot, 2014; Dimitrijević, 2020), the principal research field
where Stark broadening data is used is astronomy. There, these data are needed
for abundance determinations, stellar spectra analysis and synthesis, stellar at-
mosphere modelling, opacity and radiative transfer calculations, stellar spectral
type determination, modelling of subphotospheric layers, monitoring of ther-
monuclear reactions in stellar interiors and for other topics. Stark broadening
data for spectral lines are particularly significant for investigation of different
types of white dwarfs. The importance of Stark broadening for various spectral
lines of different atoms and ions has been demonstrated for a number of white
dwarfs of various spectral types as for example DB (Thejll et al., 1991) and DA
white dwarfs (Vennes, 1992; Bergeron et al., 1994), as well as OB subdwarfs
(Michaud et al., 1989). This line broadening mechanism may be of interest and
for A and late B stars (Musielok, Madej, 1988; Smith et al., 1994; Israelian et
al., 1996; Zakharova, Ryabchikova, 1996; Leone et al., 1997; Bonifacio et al.,
1995).

Gallium spectral lines are usually observed in stellar spectra (Smith, 1995;
Dworetsky et al., 1998; Vauclair, Vauclair, 1982; Smith, 1996; Castelli, Hubrig,
2004; Hubrig et al., 2014; Sadakane, Nishimura, 2018; Monier, 2023). It is often
overabundant in chemically peculiar (CP) stars, which are mostly of A and late
B spectral type where Stark broadening is of interest, since hydrogen is mainly
ionized, so that it is the principal pressure broadening mechanism. In the case of
CP stars observations indicate that gallium spectral lines are prominent, strong
and a proper tool for abundance determination. Consequently, Stark broadening
data are needed for analysis and synthesis of such stellar spectra, as well as for
modelling of stellar atmospheres, opacity and radiative transfer calculations etc.

In spite of the need for various topics in stellar physics, data on broadening of
Ga II spectral lines are scarce. In order to provide new reliable Stark broadenig
data for Ga II lines, we calculated here Stark broadening parameters, full widths
at half intensity maximum (FWHM) - W, and shifts -d, for Ga II lines within
six multiplets from 4d–nf (n=4,5,6) transitions. The calculations have been
performed using the semiclassical perturbation theory (Sahal–Bréchot, 1969 a,
1969 b; Sahal–Bréchot et al., 2014), and obtained results are used to consider
Stark broadening regularities within the 4d–nf (n=4,5,6) spectral series.

2. The impact semiclassical perturbation method

An outline of the semiclassical perturbation method (Sahal–Bréchot, 1969 a,
1969 b), for calculations of Stark broadening parameters, FWHM - W and shift
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- d, is given in Sahal–Bréchot et al. (2014). Collisional line broadening in the
impact approximation considers a neutral (ionized) atom surrounded by a bath
of perturbers. The interactions between atom/ion and perturbers do not perturb
bath’s distribution. Within impact approximation the interactions are separated
in time. The atom/ion interacts with one perturber only for a given time which
means that the mean duration of the collision is much smaller than the time in-
terval between two interactions (collisions). In addition, atom/ion–radiation pro-
cess and atom/ion–perturber interactions are decoupled: the emission of a pho-
ton arises when the interaction process is completed. The atom/ion–perturber
interaction is treated by the time–dependent perturbation theory in long range
approximation. Neutral atom follows straight line trajectory and ionized atom
– a hyperbola. The full width at half maximum (FWHM) and shift of the line
profile of an isolated non-hydrogenic spectral line are expressed by the equations
(Sahal–Bréchot, 1969 a, 1969 b):

W = N

∫
vf(v)dv

∑
i′ 6=i

σii′(v) +
∑
f ′ 6=f

σff ′(v) + σel



d = N

∫
vf(v)dv

∫ RD

R3

2πρdρ sin(2ϕp). (1)

where the indexes i and f concern the initial and final level of a given transition;
i′ and f ′ are the corresponding perturbing levels, respectively; N notices the
electron density; υ is a perturber velocity, and υ represents the Maxwellian
distribution of electron velocities, and ρ is the perturber’s impact parameter.

The cross sections σkk′(υ), k = i, f , express cross sections for inelastic inter-
actions of emitters in initial atomic energy level with charged particles. It could
be written by an integration of the transition probability Pkk′(ρ, υ), over the
impact parameter ρ :

∑
k′ 6=k

σkk′(υ) =
1

2
πR2

1 +

∫ RD

R1

2πρdρ
∑
k′ 6=k

Pkk′(ρ, υ). (2)

The following two equations estimate the cross section of elastic collisions be-
tween emitters and charged particles:

σel = 2πR2
2 +

∫ RD

R2

2πρdρ sin2 δ + σr,

δ = (ϕ2
p + ϕ2

q)
1
2 . (3)



18 M.S. Dimitrijević et al.

where δ denotes the phase shift due to polarization (ϕp (r−4)) and quadrupole
(ϕq (r−3)) potentials for atom-perturber elastic interactions. The details for
cut-off parameters R1, R2, R3, the Debye cut-off RD and the symmetrization
are explained in Sahal–Bréchot (1969 b) (Section 1 of Chapter 3). The term σr
gives the contribution of Feshbach resonances (Sahal–Bréchot, 2021).

3. Stark broadening parameter calculations

With the semiclassical perturbation theoretical method (Sahal–Bréchot, 1969 a,
1969 b; Sahal–Bréchot et al., 2014), here are calculated electron-impact broad-
ening parameters, full width at half maximum of intensity (FWHM - W) and
shift (d) for Ga II 4d–nf (n=4,5,6) transitions. The calculations are performed
for temperatures of 5 000 K, 10 000 K, 30 000 K, 50 000 K and 100 000 K for
a perturber density of 1016 cm−3.

The needed atomic energy levels for Ga II, have been taken from Shirai et
al. (2007). The needed oscillator strengths have been calculated in the Coulomb
approximation. For details see for example Dimitrijević et al. (2022). The ob-
tained results for six Ga II multiplets, are given in Table 1, for a perturber
density of 1016 cm−3 and temperatures within the interval from 5 000 K up to
100 000 K.

It should be noted that the wavelengths in the Table 1 are calculated using
atomic energy levels of terms making a multiplet.

From the beginning of spectroscopy, regularities and similarities are ob-
served in wavelengths, energy levels, oscillator strengths, collision cross sections
also, etc. Two factors determine principally the broadening of a spectral line
in plasma, the environment around the emitting/absorbing particle as well as
the atomic structure of the radiating particle. Atomic structures involve many
regularities and similarities which consequence are regularities and similarities
that could be found among the width and shift parameters of plasma broadened
spectral lines. Generally, these regularities come from the atomic structure. In
the case of pressure broadening of spectral lines in a plasma, regularities are
expected in the cross sections for elastic and inelastic interactions between ra-
diating (absorbing) particles and perturbers, which enter in the calculation of
Stark broadening parameters. Consequently, sveral kinds of regularities and sim-
ilarities can be found among the Stark broadening parameters (see e.g. Wiese,
Konjević, 1982). (i) Regularities within a given spectrum for spectral lines within
a multiplet, supermultiplet and transition array. For example, it is usually as-
sumed in theoretical calculations that all lines exhibit the same width within a
multiplet. (ii) Regularities exist and within a spectral series. (iii) Similarities
can be found also in the case of analogous transitions which are in homologous
atoms; (iv) Systematic behavior for given transitions along an isoelectronic se-
quence.
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Table 1. This table gives Stark broadening parameters, W - full widths at half in-

tensity maximum (FWHM) and shifts, for Ga II lines broadened by collisions with

electrons in angstroms and in 1012 s−1 . Calculated wavelength of the transitions (in

Å) are also given. Results are for a perturber density of 1016 cm−3 and temperatures

are from 5 000 to 100 000 K. A positive shift is towards the red part of the spectrum.

Transition T [K] W [Å] d [Å] W [1012 s−1] d [1012 s−1]
4d1D-4f1Fo 5000. 0.630 0.127 0.148 0.0297
λ = 8964.6 Å 10000. 0.523 0.103 0.123 0.0241

30000. 0.457 0.0769 0.107 0.0180
50000. 0.454 0.0653 0.106 0.0153
100000. 0.451 0.0550 0.106 0.0129

4d1D-5f1Fo 5000. 0.640 0.280 0.548 0.239
λ = 4693.6 Å 10000. 0.577 0.229 0.494 0.196

30000. 0.520 0.168 0.445 0.144
50000. 0.500 0.139 0.427 0.119
100000. 0.464 0.107 0.397 0.0912

4d1D-6f1Fo 5000. 0.957 0.494 1.30 0.670
λ = 3728.3 Å 10000. 0.900 0.412 1.22 0.559

30000. 0.852 0.303 1.16 0.411
50000. 0.818 0.247 1.11 0.335
100000. 0.754 0.189 1.02 0.257

4d3D-4f3Fo 5000. 0.293 -0.00771 0.305 -0.00801
λ = 4259.0 Å 10000. 0.232 -0.0138 0.241 -0.0143

30000. 0.169 -0.0127 0.176 -0.0132
50000. 0.150 -0.0106 0.156 -0.0110
100000. 0.129 -0.00864 0.134 -0.00898

4d3D-5f3Fo 5000. 0.492 0.0939 1.05 0.200
λ = 2973.4 Å 10000. 0.433 0.0864 0.924 0.184

30000. 0.350 0.0812 0.745 0.173
50000. 0.314 0.0651 0.668 0.139
100000. 0.267 0.0482 0.570 0.103

4d3D-6f3Fo 5000. 0.687 0.217 1.99 0.626
λ = 2554.5 Å 10000. 0.645 0.192 1.86 0.555

30000. 0.567 0.158 1.64 0.455
50000. 0.522 0.129 1.51 0.374
100000. 0.455 0.0960 1.31 0.277

With the obtained results, we will discuss here the regularities within spec-
tral series, in order to see if the behavior in the examined spectal series of Al
IV is regular in such a manner that interpolations and extrapolations within
these spectral series can provide good estimates of new data and checks of con-
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Figure 1. Behavior of Stark widths – W , in angular frequency units, with tempera-

ture, for the three members of 4d–nf spectral series (singlets). Full blue line – 4d1D –

4f1Fo, λ = 8964.6 Å. Dashed red line – 4d1D – 5f1Fo, λ = 4693.6 Å. Dotted dark blue

line – 4d1D – 6f1Fo, λ = 3728.3 Å. Electron density is 1016 cm−3.

Figure 2. The same as in Fig. 1 but for the shift – d.

sistency for data existing in the literature. In order to do this, in the Table 1
are included Stark broadening parameters not only in angstroms but also in
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angular frequency units, obtained by the expression:

W (Å) =
λ2

2πc
W (s−1) (4)

where c is the speed of light.

4. Discussion

We used the obtained results to study behavior of Stark broadening parameters
(widths (FWHM) W , and shift d) with temperature, and with principal quan-
tum number of the upper state, within spectral series. Fig. 1 and Fig. 2 present
Stark width and shift of Ga II singlet multiplets 3d104d – 3d10nf (n = 4–6)
with the corresponding wavelengths 8964.6 Å, 4693.6 Å, and 3728.3 Å, belong-
ing to the same spectral series. These results are obtained for perturber density
of 1016 cm−3. Both parameters decrease in the whole temperature interval for
three spectral lines. The decrease is almost constant for higher temperatures.
For λ = 8964.6 Å the Stark width varies 28 % within the 5 000 K – 100 000 K
interval and Stark shift 57 %; for λ = 4693.6 Å: 28 % and 62 %, respectively,
and for λ = 3728.3 Å: 21 % and 62 % for the shift. Based on these results,
we can conclude that the width variations decrease with increasing of principal
quantum number of the upper state. Additionally, the widths vary weakly for
T > 20 000 K. The shift changes increase with the principal quantum number,
and these changes are particularly distinguishable in the first part of the tem-
perature interval for given line. In the first part of the curve, where variation
with temperature is more pronounced, elastic collisions as well as strong colli-
sions are more important while for higher temperatures, where variation with
temperature is much smaller, the inelastic collisions become dominant. We can
see that for higher temperatures, due to week variation of Stark width with
temperature, the exact value of temperature is not so critical and we can use
value obtained experimentally or theoretically for a specific temperature in a
wider temperature range if higher accuracy is not needed.

Both parameters notably increase with n: from 8.9 times for T = 5 000 K
to 9.6 times for T = 100 000 K, at the end of T -interval, for the width, and,
22.6 and 19.9 times, respectively, for the shift. If we look at these parameters
in angstroms, we can see from Table 1 that these values for the widths are 1.5
and 1.7, while for the shifts they are 3.9 and 3.4 respectively. This is because in
the case of Stark broadening in angstrems we have the influence of wavelength,
which decreases with the increase of the principal quantum number n, while,
on the other hand, due to the fact that perturbing atomic energy levels became
closer to the upper level of the considered transition, values of Stark broadening
parameters increase with the increase of n. Since there is no the influence of
wavelength for Stark widths and shifts in angular frequency units, the increase
with n is much larger.
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Figure 3. Behavior of Stark widths - W with principal quantum number - n of the

upper atomic energy levels for 4d1D - nf1Fo (n = 4,5,6 - singlets) spectral series, in

angstroms (blue dots) and in angular frequency units: 1012 s−1 (red dots). On ordinate

are arbitrary units which are angstroms for blue dots and angular frequency units for

red dots. Temperature is 10 000 K and electron density 1016 cm−3.

Figure 4. Same as in Fig. 3 but for the shift - d.
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In the next two figures (Fig. 3 and Fig. 4) the dependence of Stark width and
shift versus principal quantum number of the upper state for the same spectral
series is given. The regularity of behavior of Stark broadening parameters within
a spectral series provides possibility to interpolate or extrapolate new data and
to check the consistency of experimental results or calculations. To illustrate
this behavior, the values of electron density and temperature are fixed to 1016

cm−3 and 10 000 K. To see the difference of behavior with principal quantum
number, we include both parameters in 1012 s−1 and in Å units. There is a
significant increase of width and shift values versus n in the case of 1012 s−1

units, since in this case there is no the influence of wavelengths, as explained
above. The difference between maximal and minimal width values in Å units is
72 %. The maximal shift in Å is three times larger than the minimal one. The
same differences in 1012 s−1 units are 10 times for the width and 23 times for
the shift. This means that broadening parameters in angular frequency units,
liberated from the influence of wavelength, are more sensitive to the variation
of principal quantum number. Both figures demonstrate a trend of broadening
parameters within the series that could be useful for an estimation of line broad-
ening for other members of the series and for checking the reliability of future
experimental data.

Figure 5. Behavior of Stark widths - W with principal quantum number - n of the

upper atomic energy levels for 4d3D – nf3Fo (n = 4,5,6 - triplets) spectral series, in

angstroms (blue dots) and in angular frequency units: 1012 s−1 (red dots). On ordinate

are arbitrary units which are angstroms for blue dots and angular frequency units for

red dots. Temperature is 10 000 K and electron density 1016 cm−3.
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Figure 6. Same as in Fig. 5 but for the shift - d.

Figs. 5 and 6 show the same behavior for spectral lines of triplet transitions in
Ga II 3d104d – 3d10nf (n = 4 – 6) spectral series. To compare Stark broadening
parameters from both series, the examined plasma conditions are the same:
perturber density 1016 cm−3 and temperature 10 000 K. The symbols for width
values in Å and in 1012 s−1 units coincide for principal quantum number of
the upper state, four. The shift values (Å and 1012 s−1) are negative and their
symbols also coincide for n = 4. For n = 5 and n = 6 the shifts are positive. The
width in Å varies 3 times and the shift – 15 times. The corresponding variations
in 1012 s−1 units are 8 times and 40 times, respectively. The presentation of
Stark broadening values in angular frequency units is more suitable, since then,
the values are liberated from the influence of wavelength.

Stark widths and shifts for Ga II spectral lines calculated here will be im-
plemented as well in the STARK-B database (Sahal–Bréchot et al., 2015, 2023).
This database is also a part of Virtual Atomic and Molecular Data Center
(VAMDC - Albert et al., 2020). It is worth to note as well, that a link to
STARK-B exist also on the web site of the Serbian Virtual Observatory (SerVO,
http:servo.aob.rs).

The obtained data could be useful for a number of problems in astrophysics,
physics and technological plasmas, as for example for analysis and synthesis of
stellar spectra, modelling of stellar atmospheres, opacity and radiative transfer
calculations, determination of abundances of gallium, labortory plasma diag-
nostics etc.
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Abstract. Molybdenum is trans-iron element and the most serious problem
for the determination of these element abundances is the lack of atomic data.
Investigations of the spectrum of the white dwarf RE 0503-289 indicate the
presence of lines of multiply ionized elements such as Ga, Kr, Mo and Xe. Ex-
treme overabundances of trans-iron elements are seen in DO white dwarfs, in a
temperature range from 49500 K up to 70000 K. In this context, we have con-
sidered the lines of triply ionized molybdenum in the spectra of white dwarfs,
especially of DA and DO type. Differences in the contributions of spectral line
broadening for two different types of white dwarfs are due to different physi-
cal conditions, since effective temperatures and surface gravities are different.
More than ten 5s - 5p transitions of Mo IV of interest for the calculation of
Stark broadening parameters, width and shift, were selected. A simple modified
semi-empirical approach by Dimitrijević and Konjević, 1987 was applied. The
obtained results may be particularly useful for determination of molybdenum
abundances in white dwarfs and for laboratory plasma diagnostics.

Key words: Stark broadening – line profiles – atomic data

1. Introduction

Our knowledge of the abundance of heavy elements in the atmospheres of white
dwarfs is not complete. List of elements found in their atmospheres is limited
both to those that are naturally rich and to elements with dominant ionization
states, which have otherwise strong resonance lines. Analysis of heavy elements
in atmospheres of many hot white dwarfs is a demanding and extensive task
that necessarily uses all valid parameters obtained in the laboratory as well
as theoretical calculations using valid and recognized methods. Therefore, the
parameters of the Stark broadening are of great importance for stellar spec-
troscopy.

In Werner et al. (2012) has been reported the first detection of the noble
gases krypton and xenon in a white dwarf. These observations, carried out with

https://orcid.org/0000-0002-2424-6633


28 Z. Simić et al.

the Far Ultraviolet Spectroscopic Explorer, have detected the lines of krypton
VI - VII and xenon VI - VII in the ultraviolet spectrum of a hot white dwarf
of the type DO with the name RE 0503-289. This star is a hot DO type WD
with effective temperature of 70,000 K Dreizler & Werner (1996). Its spectrum
is extraordinarily rich in unidentified absorption lines that are not observed in
any other WD. Also, they discovered photospheric lines from other multiply
ionized elements of the trans-iron group, namely Ga, Ge, As, Se, Mo, Sn, Te
and I, of which gallium and molybdenum are new discoveries in white dwarfs as
well. In the NIST database can be found 10 Mo VI lines from the FUSE spectral
range as it is presented from observations in Werner et al. (2012). During this
research were detected the four lines with the highest relative intensity: with
wavelengths 995.811, 1038.642, 1047.184, 1182.143 Å and three of them have the
largest gf values. It should be noted as well that this element was not detected
before in a white dwarfs.

Many heavy elements, such as Ga, Ge, Sn and Pb, have been identified in
sdB and sdOB stars by O’Toole (2004) and O’Toole & Heber (2007). In Vennes
et al. (2005) was reported the observation of Ge in three H atmospheres of
white dwarfs, spectral type DA, where the average abundance is nearly solar.
Chayer et al. (2005) reported many heavy elements and molybdenium in the
atmospheres of white dwarf, spectral type DO.

New determination of photospheric Mo abundances are obtained by Rauch
et al. (2016) from spetral analysis of two type white dwarf, DA and DO. It was
identified 12 Mo V and 9 Mo VI lines in the UV spectrum of RE 0503-289 and
measured a photospheric Mo abundance of 1.2-3.0 x 10−4 (mass fraction, 22
500-56 400 times the solar abundance).

2. Method

We used a simplified modified semiempirical method by Dimitrijević & Konjević
(1987), designed for Stark broadening of isolated spectral lines of singly and
multiply charged ions in plasma. A more accurate semiclassical perturbation
method by Sahal-Bréchot (1969a,b), Sahal-Bréchot et al. (2014) is not applicable
in an adequate way due to the lack of a sufficient set of atomic data. It means
that there is no data on the entire energy level scheme needed for calculations.
The good knowledge on closest perturber levels for both initial and final states
for the transition is crucial. The insufficient set of atomic energy levels is an
obstacle for application of more precise methods, so the simplified formula was
the preferred and only possible method to be used in the described case of
the considered Mo IV lines. Full width at half intensity maximum follows the
expression given by Dimitrijević & Konjević (1987):

wsmse =Cfw
λ2N√
T

(0.9−1.1

Z
)
∑
k=i,f

(
3n∗lk
2Z

)2

(n∗lk
2−lk2−lk−1) (1)
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where wavelength λ is given in [m], perturber density N in [m−3], temperature T
in [K], constant Cfw = 2.21577×10−20 m2K1/2, and full width at half intensity
of maximum wsmse is in [m]. Initial atomic energy level is denoted by i, and the
final with f (k = i, f). Z denotes ion residual charges: Z = 1 for neutral, Z = 2
for singly ionized, Z = 3 for doubly ionized, etc. Effective principal quantum
number is labelled n∗lk , where lk (k = i, f) represents orbital angular momentum
quantum number.

Formula used for Stark shift calculation depends on the case. If for transitions
with ∆n = 0 all levels with angular momenta ` ± 1 exist (where n denotes
main principal number), summing all the allowed transitions gives the following
formula for the shift:

d(1)
smse ≈ Csh

λ2N√
T

(0.9− 1.1

Z
)

9

4Z2
S1 (2)

where Csh =1.1076×10−20 m2K1/2 and

S1 =
∑
k=i,f

n∗lk
2εk

2lk + 1
(n∗lk

2−3lk
2−3lk −1) (3)

In the general case, we can determine the shift with:

d(2)
smse ≈ Csh

λ2N√
T

(0.9− 1.1

Z
)

9

4Z2
S2 (4)

where

S2 =
∑
k=i,f

n∗lk
2εk

2lk +1
[(lk +1)[n∗lk

2−(lk +1)2]−lk(n∗lk
2−l2k)] (5)

where εk =+1 for k=i and εk =−1 for k=f .

In order to calculate averaged energies, we can use the expression:

E =

∑
J (2J + 1)EJ∑
J (2J + 1)

(6)

where E represents averaged energy, EJ energy level and J total angular mo-
mentum of a particular energy level.

3. Results and Discussion

Within the framework of this study, we added molybdenum to the elements of
heavy metals as a continuation of the previously discussed elements: iridium
Simić et al. (2021), rhodium Simić & Sakan (2021), rhenium Simić et al. (2023).
The parameters of Stark broadening, widths and shifts, have been obtained for
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27 spectral lines of Mo IV. In this case, all the conditions for the application of
the simplified modified semi-empirical method are met.
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Figure 1. Dependence of electron-impact FWHM and thermal Doppler width on op-

tical depth (τ5150) in the DA White Dwarf atmosphere for Mo IV 5s 4F5/2 - 5p 4Fo
7/2

(λ = 1886 Å) spectral line. Model of DA white dwarf atmosphere Wickramasinghe

(1972) is with Teff =15000 K and log g = 8.

Our calculations are performed for an electron density of 1017 cm−3 and
temperatures from 5000 K to 80000 K. The energy levels are taken from Moore
(1971). These results for Mo IV spectral lines are presented in Table 1. The first
column presents transitions with calculated Ritz wavelengths, which are different
from the experimental ones. The corresponding data for the Stark width and
shift of a respective Mo IV line are given in Å, and Stark width and shift in
angular frequency units in the next two columns, obtained using the formula:

W =
λ2

2πc
W [s−1] (d =

λ2

2πc
d [s−1]) (7)

where c is the light speed. The last column gives 3kT/2∆E, where ∆E is the
energy difference between the nearest perturbing level and the closest of the
initial and final levels. The expression 3kT/2∆E must be less than or equal to
two for the method to be valid.
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For all considered spectral lines of Mo IV the LS coupling is valid. All nota-
tions for atomic energy levels are taken from Moore (1971); Reader et al. (1980);
Ralchenko et al. (2005) and NIST database.

 0.01
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Figure 2. Stark and Doppler widths for Mo IV 5s 4F5/2 - 5p 4Fo
7/2 (λ = 1886 Å)

spectral line as a function of Rosseland optical depth (τ). This atmospheric model for

DO type of WD (Wesemael, 1981) include parameters with surface gravity log g = 6

and Teff = 80 000 K.

For correction of widths and shifts for differences due to the difference of
experimental (λe) and theoretical wavelength or to these differences within a
multiplet, one can use the expression:

We = (λe/λ)2W (de = (λe/λ)2d) (8)

where We and de are the width and shift for an experimental λe, and λ is a
theoretical wavelength, with corresponding W and d (the width and shift) in
Table 1.

We choose one of Mo IV spectral lines, 5s 4F5/2 - 5p 4Fo
7/2 (λ = 1886 Å) and

we tested how Stark and Doppler width change in a stellar atmosphere with
the optical depth. We used the stellar model atmospheres for DA type of white
dwarfs with parameters log g = 8 and Teff = 15000 K Wickramasinghe (1972)
and results are presented in Fig.1.

In the introduction of this work, we marked that spectral lines of highly
charged molybdenum ions (Mo IV - Mo VII) have been observed in DO white
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Table 1. Stark broadening parameters Full Widths at Half Intensity Maximum (W)

and shifts (d) for Mo IV spectral lines, for a perturber density of 1017 cm−3 and

temperatures from 5000 K to 80000 K.

Transition T(K) We(Å) de(Å) W[s−1] d[s−1] 3kT/2∆E

5000 0.8559D-01 -0.1815D-01 0.4171D+12 -0.8847D+11 0.103
5s - 5p 10000 0.6052D-01 -0.1284D-01 0.2949D+12 -0.6256D+11 0.205

4F3/2 - 4Fo
3/2 20000 0.4279D-01 -0.9077D-02 0.2085D+12 -0.4423D+11 0.410

1966.04 Å 40000 0.3026D-01 -0.6419D-02 0.1475D+12 -0.3128D+11 0.820
80000 0.2140D-01 -0.4539D-02 0.1043D+12 -0.2212D+11 1.640
5000 0.8242D-01 -0.1728D-01 0.4202D+12 -0.8810D+11 0.100

5s - 5p 10000 0.5828D-01 -0.1222D-01 0.2972D+12 -0.6230D+11 0.200
4F3/2 - 5p 4Fo

5/2 20000 0.4121D-01 -0.8639D-02 0.2101D+12 -0.4405D+11 0.401

1922.01 Å 40000 0.2914D-01 -0.6109D-02 0.1486D+12 -0.3115D+11 0.802
80000 0.2060D-01 -0.4319D-02 0.1051D+12 -0.2202D+11 1.603
5000 0.8835D-01 -0.1881D-01 0.4183D+12 -0.8906D+11 0.104

5s - 5p 10000 0.6247D-01 -0.1330D-01 0.2958D+12 -0.6297D+11 0.208
4F5/2 - 4Fo

3/2 20000 0.4417D-01 -0.9405D-02 0.2091D+12 -0.4453D+11 0.416

1994.67 Å 40000 0.3123D-01 -0.6651D-02 0.1479D+12 -0.3149D+11 0.832
80000 0.2209D-01 -0.4703D-02 0.1046D+12 -0.2226D+11 1.664
5000 0.8501D-01 -0.1789D-01 0.4214D+12 -0.8869D+11 0.102

5s - 5p 10000 0.6011D-01 -0.1265D-01 0.2980D+12 -0.6271D+11 0.203
4F5/2 - 4Fo

5/2 20000 0.4251D-01 -0.8946D-02 0.2107D+12 -0.4434D+11 0.407

1949.35 Å 40000 0.3006D-01 -0.6325D-02 0.1490D+12 -0.3136D+11 0.813
80000 0.2125D-01 -0.4473D-02 0.1054D+12 -0.2217D+11 1.626
5000 0.8054D-01 -0.1666D-01 0.4261D+12 -0.8813D+11 0.098

5s - 5p 10000 0.5695D-01 -0.1178D-01 0.3013D+12 -0.6232D+11 0.197
4F5/2 - 4Fo

7/2 20000 0.4027D-01 -0.8329D-02 0.2131D+12 -0.4407D+11 0.394

1886.85 Å 40000 0.2847D-01 -0.5889D-02 0.1507D+12 -0.3116D+11 0.787
80000 0.2013D-01 -0.4164D-02 0.1065D+12 -0.2203D+11 1.574
5000 0.8909D-01 -0.1886D-01 0.4232D+12 -0.8957D+11 0.104

5s - 5p 10000 0.6299D-01 -0.1333D-01 0.2992D+12 -0.6333D+11 0.208
4F7/2 - 4Fo

5/2 20000 0.4454D-01 -0.9428D-02 0.2116D+12 -0.4478D+11 0.415

1991.37 Å 40000 0.3150D-01 -0.6666D-02 0.1496D+12 -0.3167D+11 0.831
80000 0.2227D-01 -0.4714D-02 0.1058D+12 -0.2239D+11 1.661
5000 0.8428D-01 -0.1753D-01 0.4279D+12 -0.8901D+11 0.100

5s - 5p 10000 0.5959D-01 -0.1240D-01 0.3026D+12 -0.6294D+11 0.201
4F7/2 - 4Fo

7/2 20000 0.4214D-01 -0.8766D-02 0.2139D+12 -0.4451D+11 0.402

1926.19 Å 40000 0.2980D-01 -0.6199D-02 0.1513D+12 -0.3147D+11 0.803
80000 0.2107D-01 -0.4383D-02 0.1070D+12 -0.2225D+11 1.607
5000 0.8081D-01 -0.1658D-01 0.4317D+12 -0.8856D+11 0.098

5s - 5p 10000 0.5714D-01 -0.1172D-01 0.3052D+12 -0.6262D+11 0.196
4F7/2 - 4Fo

9/2 20000 0.4040D-01 -0.8290D-02 0.2158D+12 -0.4428D+11 0.392

1877.81 Å 40000 0.2857D-01 -0.5862D-02 0.1526D+12 -0.3131D+11 0.783
80000 0.2020D-01 -0.4145D-02 0.1079D+12 -0.2214D+11 1.567
5000 0.8925D-01 -0.1870D-01 0.4301D+12 -0.9011D+11 0.103

5s - 5p 10000 0.6311D-01 -0.1322D-01 0.3041D+12 -0.6372D+11 0.206
4F9/2 - 4Fo

7/2 20000 0.4463D-01 -0.9350D-02 0.2150D+12 -0.4506D+11 0.412

1997.14 Å 40000 0.3156D-01 -0.6612D-02 0.1521D+12 -0.3186D+11 0.825
80000 0.2231D-01 -0.4675D-02 0.1075D+12 -0.2253D+11 1.649
5000 0.8546D-01 -0.1766D-01 0.4339D+12 -0.8967D+11 0.100

5s - 5p 10000 0.6043D-01 -0.1249D-01 0.3068D+12 -0.6340D+11 0.201
4F9/2 - 4Fo

9/2 20000 0.4273D-01 -0.8831D-02 0.2169D+12 -0.4483D+11 0.402

1926.21 Å 40000 0.3022D-01 -0.6244D-02 0.1534D+12 -0.3170D+11 0.803
80000 0.2137D-01 -0.4415D-02 0.1085D+12 -0.2242D+11 1.607
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Table 1. Continued

Transition T(K) We(Å) de(Å) W[s−1] d[s−1] 3kT/2∆E

5000 0.1156D+00 -0.2505D-01 0.4371D+12 -0.9472D+11 0.116
5s - 5p 10000 0.8173D-01 -0.1771D-01 0.3091D+12 -0.6697D+11 0.233

2F5/2 - 2Fo
5/2 20000 0.5779D-01 -0.1252D-01 0.2185D+12 -0.4736D+11 0.465

2231.80 Å 40000 0.4086D-01 -0.8855D-02 0.1545D+12 -0.3349D+11 0.931
80000 0.2889D-01 -0.6261D-02 0.1093D+12 -0.2368D+11 1.862
5000 0.1082D+00 -0.2303D-01 0.4421D+12 -0.9413D+11 0.112

5s - 5p 10000 0.7647D-01 -0.1628D-01 0.3126D+12 -0.6656D+11 0.224
2F5/2 - 2Fo

7/2 20000 0.5408D-01 -0.1151D-01 0.2210D+12 -0.4706D+11 0.448

2146.66 Å 40000 0.3824D-01 -0.8141D-02 0.1563D+12 -0.3328D+11 0.895
80000 0.2704D-01 -0.5757D-02 0.1105D+12 -0.2353D+11 1.791
5000 0.1288D+00 -0.2824D-01 0.4410D+12 -0.9667D+11 0.122

5s - 5p 10000 0.9110D-01 -0.1997D-01 0.3118D+12 -0.6835D+11 0.245
2F7/2 - 2Fo

5/2 20000 0.6442D-01 -0.1412D-01 0.2205D+12 -0.4833D+11 0.489

2345.95 Å 40000 0.4555D-01 -0.9985D-02 0.1559D+12 -0.3418D+11 0.979
80000 0.3221D-01 -0.7061D-02 0.1102D+12 -0.2417D+11 1.957
5000 0.1201D+00 -0.2587D-01 0.4460D+12 -0.9608D+11 0.117

5s - 5p 10000 0.8491D-01 -0.1829D-01 0.3154D+12 -0.6794D+11 0.235
2F7/2 - 2Fo

7/2 20000 0.6004D-01 -0.1293D-01 0.2230D+12 -0.4804D+11 0.470

2252.05 Å 40000 0.4246D-01 -0.9146D-02 0.1577D+12 -0.3397D+11 0.939
80000 0.3002D-01 -0.6467D-02 0.1115D+12 -0.2402D+11 1.879
5000 0.7545D-01 -0.1536D-01 0.4282D+12 -0.8716D+11 0.095

5s - 5p 10000 0.5335D-01 -0.1086D-01 0.3028D+12 -0.6163D+11 0.190
4F3/2 - 4Do

1/2 20000 0.3772D-01 -0.7678D-02 0.2141D+12 -0.4358D+11 0.380

1821.72 Å 40000 0.2668D-01 -0.5429D-02 0.1514D+12 -0.3081D+11 0.760
80000 0.1886D-01 -0.3839D-02 0.1071D+12 -0.2179D+11 1.520
5000 0.7370D-01 -0.1487D-01 0.4305D+12 -0.8689D+11 0.094

5s - 5p 10000 0.5212D-01 -0.1052D-01 0.3044D+12 -0.6144D+11 0.187
5s 4F3/2 - 5p 4Do

3/2 20000 0.3685D-01 -0.7437D-02 0.2153D+12 -0.4344D+11 0.375

1795.73 Å 40000 0.2606D-01 -0.5259D-02 0.1522D+12 -0.3072D+11 0.749
80000 0.1843D-01 -0.3719D-02 0.1076D+12 -0.2172D+11 1.498
5000 0.7588D-01 -0.1538D-01 0.4317D+12 -0.8747D+11 0.095

5s - 5p 10000 0.5365D-01 -0.1087D-01 0.3053D+12 -0.6185D+11 0.190
5s 4F5/2 - 4Do

3/2 20000 0.3794D-01 -0.7688D-02 0.2158D+12 -0.4374D+11 0.379

1819.58 Å 40000 0.2683D-01 -0.5436D-02 0.1526D+12 -0.3093D+11 0.759
80000 0.1897D-01 -0.3844D-02 0.1079D+12 -0.2187D+11 1.518
5000 0.7587D-01 -0.1537D-01 0.4317D+12 -0.8747D+11 0.095

5s - 5p 10000 0.5365D-01 -0.1087D-01 0.3053D+12 -0.6185D+11 0.190
4F5/2 - 4Do

5/2 20000 0.3794D-01 -0.7687D-02 0.2159D+12 -0.4374D+11 0.379

1819.51 Å 40000 0.2683D-01 -0.5435D-02 0.1526D+12 -0.3093D+11 0.759
80000 0.1897D-01 -0.3843D-02 0.1079D+12 -0.2187D+11 1.518
5000 0.7264D-01 -0.1448D-01 0.4361D+12 -0.8695D+11 0.092

5s - 5p 10000 0.5136D-01 -0.1024D-01 0.3084D+12 -0.6149D+11 0.185
4F5/2 - 4Do

7/2 20000 0.3632D-01 -0.7242D-02 0.2180D+12 -0.4348D+11 0.369

1771.35 Å 40000 0.2568D-01 -0.5121D-02 0.1542D+12 -0.3074D+11 0.739
80000 0.1816D-01 -0.3621D-02 0.1090D+12 -0.2174D+11 1.478
5000 0.7927D-01 -0.1616D-01 0.4335D+12 -0.8835D+11 0.097

5s - 5p 10000 0.5606D-01 -0.1143D-01 0.3065D+12 -0.6247D+11 0.194
4F7/2 - 4Do

5/2 20000 0.3964D-01 -0.8079D-02 0.2167D+12 -0.4418D+11 0.387

1856.06 Å 40000 0.2803D-01 -0.5713D-02 0.1533D+12 -0.3124D+11 0.774
80000 0.1982D-01 -0.4040D-02 0.1084D+12 -0.2209D+11 1.548
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Table 1. Continued

Transition T(K) We(Å) de(Å) W[s−1] d[s−1] 3kT/2∆E

5000 0.7581D-01 -0.1521D-01 0.4378D+12 -0.8783D+11 0.094
5s -5p 10000 0.5361D-01 -0.1075D-01 0.3096D+12 -0.6211D+11 0.188

4F7/2 - 4Do
7/2 20000 0.3791D-01 -0.7604D-02 0.2189D+12 -0.4392D+11 0.377

1805.98 Å 40000 0.2680D-01 -0.5377D-02 0.1548D+12 -0.3105D+11 0.753
80000 0.1895D-01 -0.3802D-02 0.1095D+12 -0.2196D+11 1.507
5000 0.8001D-01 -0.1617D-01 0.4400D+12 -0.8893D+11 0.096

5s -5p 10000 0.5658D-01 -0.1143D-01 0.3112D+12 -0.6289D+11 0.193
4F9/2 - 4Do

7/2 20000 0.4001D-01 -0.8086D-02 0.2200D+12 -0.4447D+11 0.386

1850.70 Å 40000 0.2829D-01 -0.5717D-02 0.1556D+12 -0.3144D+11 0.772
80000 0.2000D-01 -0.4043D-02 0.1100D+12 -0.2223D+11 1.544
5000 0.1156D+00 -0.2505D-01 0.4371D+12 -0.9472D+11 0.116

5s -5p 10000 0.8172D-01 -0.1771D-01 0.3091D+12 -0.6697D+11 0.233
2F5/2 - 2Do

5/2 20000 0.5779D-01 -0.1252D-01 0.2185D+12 -0.4736D+11 0.465

2231.79 Å 40000 0.4086D-01 -0.8855D-02 0.1545D+12 -0.3349D+11 0.931
80000 0.2889D-01 -0.6261D-02 0.1093D+12 -0.2368D+11 1.862
5000 0.1082D+00 -0.2303D-01 0.4421D+12 -0.9413D+11 0.112

5s -5p 10000 0.7647D-01 -0.1628D-01 0.3126D+12 -0.6656D+11 0.224
2F5/2 - 2Do

7/2 20000 0.5408D-01 -0.1151D-01 0.2210D+12 -0.4706D+11 0.448

2146.66 Å 40000 0.3824D-01 -0.8141D-02 0.1563D+12 -0.3328D+11 0.895
80000 0.2704D-01 -0.5757D-02 0.1105D+12 -0.2353D+11 1.791
5000 0.1201D+00 -0.2587D-01 0.4460D+12 -0.9608D+11 0.117

5s -5p 10000 0.8491D-01 -0.1829D-01 0.3154D+12 -0.6794D+11 0.235
2F7/2 - 2Do

7/2 20000 0.6004D-01 -0.1293D-01 0.2230D+12 -0.4804D+11 0.470

2252.06 Å 40000 0.4246D-01 -0.9146D-02 0.1577D+12 -0.3397D+11 0.939
80000 0.3002D-01 -0.6467D-02 0.1115D+12 -0.2402D+11 1.879
5000 0.9657D-01 -0.1989D-01 0.4516D+12 -0.9300D+11 0.105

5s -5p 10000 0.6829D-01 -0.1406D-01 0.3193D+12 -0.6576D+11 0.209
2F5/2 - 2Go

7/2 20000 0.4828D-01 -0.9944D-02 0.2258D+12 -0.4650D+11 0.419

2007.05 Å 40000 0.3414D-01 -0.7032D-02 0.1597D+12 -0.3288D+11 0.837
80000 0.2414D-01 -0.4972D-02 0.1129D+12 -0.2325D+11 1.674
5000 0.1006D+00 -0.2062D-01 0.4605D+12 -0.9435D+11 0.106

5s - 5p 10000 0.7116D-01 -0.1458D-01 0.3256D+12 -0.6672D+11 0.212
2F7/2 - 2Go

9/2 20000 0.5032D-01 -0.1031D-01 0.2302D+12 -0.4718D+11 0.423

2028.94 Å 40000 0.3558D-01 -0.7290D-02 0.1628D+12 -0.3336D+11 0.846
80000 0.2516D-01 -0.5155D-02 0.1151D+12 -0.2359D+11 1.693

dwarfs (Werner et al., 2012) where Stark broadening is usually dominant line
broadening mechanism. Here, we used the obtained results to investigate the im-
portance of Stark broadening in DO white dwarf atmospheres. The atmospheric
model for DO type of WD (Wesemael, 1981) is for a surface gravity log g = 6
and Teff = 80 000 K. The importance of Stark broadening in DO white dwarf
atmospheres is illustrated by comparison of Stark and Doppler line widths in
Fig.2.

Our knowledge of the Stark broadening parameters is of great importance
for the spectra of White Dwarfs, as we have shown in some of the previous
studies Majlinger et al. (2015, 2017); Simić & Sakan (2020); Simić & Sakan
(2021), because of all this, the Stark broadening must be taken into consideration
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when investigating white dwarf atmospheres since our calculations of Mo IV
spectral lines show that they are of great importance in DA and DO white
dwarf-type atmospheres. Such data are also of interest for investigation, analysis
and modelling of stellar, technological and laboratory plasma.
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Abstract. The influence of Stark broadening on Al IV spectral lines in the
visible part of the spectrum of A-type star and DO white dwarf atmospheres is
analyzed. It has been demonstrated that it is negligible for considered spectral
lines in the case of A-type stars and dominant in the case of DO white dwarfs.
Also, regularitis of Stark widths and their temperature dependence have been
discussed.

Key words: Stark broadening – spectral line shapes – atomic data – Al IV

1. Introduction

One of the first studies dealing with Stark broadening of aluminum spectral
lines is presented in Mazing et al. (1964) and since than a great number of
studies of Stark broadening of spectral lines of aluminum in different ioniza-
tion degrees, witnessing on its importance, have been published. The needs for
Stark broadening data for spectral lines of aluminum ions in astrophysics stimu-
lated particularly the efforts on that subject (Dimitrijević; Sahal-Bréchot, 1994;
Elabidi, 2021). For example results for 7 Al XI spectral lines for perturber den-
sities 1018 cm−3 – 1023 cm−3 and temperatures: 500 000 K – 4 000 000 K are
provided in Dimitrijević and Sahal-Bréchot (1994). Elabidi (2021) calculated
Stark broadening parameters for 20 Al IV lines in UV, belonging to 2p6–3s,
3s–3p and 3p–3d transitions. For calculations he used quantum mechanical the-
ory (Elabidi, 2004; Elabidi et al., 2008), while in Dimitrijević and Sahal-Bréchot
(1994), the semiclassical perturbation formalism (Sahal-Bréchot, 1969 a b) is ap-
plied.

Aluminum is the twelfth most common chemical element in the cosmos and
its spectral lines are largely presented in the observed stellar spectra. That
implies the astrophysical importance of aluminum. Aluminum abundances in
giants and dwarfs are for example determined in Smiljanic et al. (2016) within
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the Gaia-ESO Survey. Carretas et al. (2018) determine aluminum abundances
for red giant branch (RGB). For a total of 108 RGB stars in NGC 2808 [Al/Fe]
ratios are gathered. The atmospheric abundance of aluminum is derived for a
sample of normal, superficially normal and HgMn–type main–sequence late–B
stars (Smith, 1993). According to Fernández–Trincado et al., stars with higher
levels of aluminium and nitrogen enrichment are often key pieces in the chemical
makeup of multiple populations in almost all globular clusters (GCs). With the
help of APOGEE spectra, they reported the discovery of 29 mildly metal–poor
stars wich atmospheres have overabundance of aluminum (Al–rich stars).

Plasma diagnostics using spectral line profiles and line broadening is a pow-
erful tool to understand the interactions in the plasma environment. Such data
are significant to obtain reliable modelling of plasma processes. Interactions be-
tween emitters (atoms or ions) and surrounding particles results in broadening
and shifting of spectral line profiles known as pressure broadening. Stark broad-
ening is a type of pressure broadening where the interactions between emitters
and charged particles are of interest. Stark broadening data are applicable in
fundamental research as astrophysics (Beauchamp et al., 1997), investigations of
laboratory plasma (Konjević, 1999; Belostotskiy et al., 2010; Zhou et al., 2022),
laser produced plasma (Gornushkin, 1999; Nicolosi et al.; Sorge et al., 2000),
inertial fusion experiments (Griem, 1992; Iglesias et al., 1887) and others. They
find application also in technological and industrial plasma (Yilbas et al., 2015;
Hoffman et al., 2006), as well as for laser design and development (Wang et al.,
1992).

Recently, we calculated Stark widths at half maximum (FWHM) for 23 Al
IV multiplets using modified semiempirical method (Dimitrijević; Christova,
2023). The studied lines belong to the visible part of the spectrum. Values for
the temperature are 10 000 K, 20 000 K, 40 000 K, 80 000 K and 160 000 K,
and the perturber density is 1017 cm−3 .

In this work, we perform an analysis of the Stark broadening influence on
the Al IV spectral lines in the visible part of A-type star and DO white dwarf
spectra, by comparison of Stark and Doppler widths versus Rosseland optical
depth, with the help of Kurucz (1979) and Wesemael (1981) models of stel-
lar atmospheres. Additionally, temperature dependence of Stark broadening for
spectral lines within one multiplet, one spectral series and one supermultiplet
will be discussed and the similarities of Stark widths (Wiese; Konjević, 1982)
for spectral lines within a multiplet will be considered.

The data on Al IV Stark broadening parmeters will be of interest for a num-
ber of research topics in astronomy, in particular for white dwarf spectra analysis
and synthesis and modelling of their atmospheres, for abundance determination
and radiative transfer and opacity calculations. They will be also useful for
laboratory, fusion and laser-produced plasmas investigation and modelling.
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2. Theory

The modified semiempirical method (MSE - Dimitrijević, Konjević, 1980, for
the applications see Dimitrijević, 2020) has been described many times so that
only basic details will be presented here. In this method, the full width at half
intensity maximum (FHWM) is given as:

WMSE = N
8π
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Here, the index i is for the initial and index f for the final atomic energy level.
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In Equation (1)

x`k,`k′ =
E

∆E`k,`k′
, k = i, f

E = 3
2kT is the electron kinetic energy and ∆E`k,`k′ = |E`k−E`k′ | is the energy

difference between levels `k and `k±1 (k = i, f),

xnk,nk+1 ≈
E

∆Enk,nk+1
,

where for ∆n 6= 0, the energy difference between energy levels with nk and
nk+1, ∆Enk,nk+1 is represented by the following equation:

∆Enk,nk+1 = 2Z2EH/n
∗3
k , (4)
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where n∗k = [EHZ
2/(Eion−Ek)]1/2 is the effective principal quantum number, N

the electron density, T the temperature, Z the residual ionic charge (e.g. Z=4 for
Al IV), Eion the appropriate spectral series limit, Q(`L, `′L′), multiplet factor
and Q(J, J ′) line factor (Shore, Menzel, 1965). The needed Gaunt factors are
g(x) (Griem, 1968; Griem, 1974) and g̃(x) (Dimitrijević, Konjević, 1980). For

radial integrals [R
n∗k`k±1
n∗k`k

] the Coulomb approximation Bates, Damgaard, 1949)

was applied with the help of tables in Oertel and Shomo (1968).

3. Results and Discussion

In order to investigate and demonstrate the importance of Stark broadening
of Al IV lines for modelization of stellar atmospheres, we took one atmosphere
model of an A-type star (Kurucz, 1979) and one of a DO white dwarf (Wesemael,
1981) and three spectral lines in the visble part of the spectrum, since such
lines are particularly important for astronomy. The corresponding transitions
are: 2s2 2p5 (2Po

3/2)4p2[1/2]1 – 2s2 2p5 (2Po
3/2)4d2[1/2]o, λ = 3279.6 Å, 2s2

2p5 (2Po
3/2)4p2[1/2]0 – 2s2 2p5 (2Po

3/2)4d2[1/2]o, λ = 4210.3 Å and 2s2 2p5

(2Po
3/2)4p2[5/2] – 2s2 2p5 (2Po

3/2)4d2[3/2]o, λ = 3411.8 Å. Two first lines belong
to the same multiplet and all three belong to the same supermultiplet. Using
the modified semiempirical method (Dimitrijević, Konjević, 1980), we calculated
Stark widths (FWHM) for Roseland optical depths, temperatures and electron
densities in different points of the model. The obtained results, together with
the corresponding thermal Doppler widths, are presented in Table 1, for A-type
star atmosphere and in Table 2 for DO white dwarf. In order to beter investigate
similarities and regularities of Stark widths within multiplet, supermultiplet and
spectral series, Stark and Doppler widths are given in angstroms as well as in
angular frequency units.

Comparison of Stark and thermal Doppler widths of three Al IV lines 3279.6
Å, 4210.3 Å, and 3411.8 Å, are presented in Figs. 1-4, as a function of Rosseland
optical depth for conditions corresponding to atmospheres of an A–type star
(Figures 1 and 2) and DO white dwarf (Figures 3 and 4). Figures 1 and 3
illustrate the case when widths are expressed in angstrom units and Figure 2
and 4, when they are in angular frequency units.

The model of stellar atmosphere for A-type star is taken from Kurucz (1979)
with the effective temperature Teff = 8 500 K and logarithm of surface gravity
log g = 4.5, and for DO white dwarf from Wesemael (1981), with parameters
Teff = 60 000 K and log g = 8.0. In the case of A-type star, the Doppler
broadening of all three lines dominates in the whole temperature interval and
it changes very slowly. The Doppler widths for 3279.6 Å and 3411.8 Å spectral
lines coincide if angstroms (Fig. 1) or angular frequency units (Fig. 2) are used.
The same width for 4210.3 Å is larger 28% than those of both lines in angstrom
units and lower 28 % than them in angular frequency units. Except for the first
value of Rosseland optical depth (τ), three curves of Stark widths in angstroms
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Table 1. Dependence of Stark (We) and Doppler (WDop) full width at half inten-

sity maximum of Al IV (2Po
3/2) 4p2[1/2]1 – (2Po

3/2) 4d2[1/2]o λ = 3279.6 Å, (2Po
3/2)

4p2[1/2]0 – (2Po
3/2) 4d2[1/2]o λ = 4210.3 Å and (2Po

3/2) 4p2[5/2] – (2Po
3/2) 4d2[3/2]o

λ = 3411.8 Å spectral lines, on the Rosseland optical depth (τRoss) in the atmosphere

of an A-type star. Model of stellar atmosphere (Kurucz, 1979) with parameters Teff

= 8 500 K and log g = 4.5. T is temperature and Ne electron density.

τRoss T Ne We WDop We WDop
[K] [cm−3] [Å] [Å] [1012s−1] [1012s−1]

3279.592 Å

0.106E-03 6164. 1.25E+12 0.939E-06 0.014 0.164E-05 0.024
0.481E-03 6410. 3.24E+12 0.238E-05 0.014 0.417E-05 0.025
0.204E-02 6616. 7.10E+12 0.514E-05 0.014 0.901E-05 0.025
0.846E-02 6826. 1.25E+13 0.890E-05 0.015 0.156E-04 0.026
0.366E-01 7101. 3.51E+13 0.245E-04 0.015 0.430E-04 0.026
0.166 7602. 1.05E+14 0.708E-04 0.015 0.124E-03 0.027
1.21 8930. 6.05E+14 0.377E-03 0.017 0.661E-03 0.029
4.34 11980. 3.36E+15 0.182E-02 0.019 0.319E-02 0.034
25.2 17938. 5.31E+15 0.244E-02 0.024 0.426E-02 0.042
118. 26137. 1.58E+16 0.624E-02 0.029 0.109E-01 0.050

4210.296 Å

0.106E-03 6164. 1.25E+12 0.156E-05 0.018 0.165E-05 0.019
0.481E-03 6410. 3.24E+12 0.395E-05 0.018 0.419E-05 0.019
0.204E-02 6616. 7.10E+12 0.853E-05 0.019 0.906E-05 0.020
0.846E-02 6826. 1.25E+13 0.148E-04 0.019 0.157E-04 0.020
0.366E-01 7101. 3.51E+13 0.407E-04 0.019 0.432E-04 0.020
0.166 7602. 1.05E+14 0.117E-03 0.020 0.125E-03 0.021
1.21 8930. 6.05E+14 0.625E-03 0.022 0.664E-03 0.023
4.34 11980. 3.36E+15 0.302E-02 0.025 0.321E-02 0.027
25.2 17938. 5.31E+15 0.403E-02 0.031 0.429E-02 0.032
118. 26137. 1.58E+16 0.103E-01 0.037 0.110E-01 0.039

3411.782 Å

0.106E-03 6164. 1.25E+12 0.587E-06 0.014 0.950E-06 0.023
0.481E-03 6410. 3.24E+12 0.149E-05 0.015 0.241E-05 0.024
0.204E-02 6616. 7.10E+12 0.322E-05 0.015 0.520E-05 0.024
0.846E-02 6826. 1.25E+13 0.556E-05 0.015 0.900E-05 0.025
0.366E-01 7101. 3.51E+13 0.153E-04 0.016 0.248E-04 0.025

0.166 7602. 1.05E+14 0.442E-04 0.016 0.716E-04 0.026
1.21 8930. 6.05E+14 0.237E-03 0.017 0.384E-03 0.028
4.34 11980. 3.36E+15 0.116E-02 0.020 0.187E-02 0.033
25.2 17938. 5.31E+15 0.154E-02 0.025 0.250E-02 0.040
118. 26137. 1.58E+16 0.398E-02 0.030 0.645E-02 0.048
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Table 2. Dependence of Stark and Doppler full width at half intensity maximum of

Al IV (2Po
3/2) 4p2[1/2]1 – (2Po

3/2) 4d2[1/2]o λ = 3279.6 Å, (2Po
3/2) 4p2[1/2]0 – (2Po

3/2)

4d2[1/2]o λ = 4210.3 Å- and (2Po
3/2) 4p2[5/2] – (2Po

3/2) 4d2[3/2]o λ = 3411.8 Å spectral

lines, on the Rosseland optical depth τRoss in the atmosphere of a DO white dwarf.

Model of stellar atmosphere (Wesemael, 1981) with parameters Teff = 60 000 K and

log g = 8.0. T is temperature and Ne electron density.

τRoss T Ne We WDop We WDop
[K] [cm−3] [Å] [Å] [1012s−1] [1012s−1]

3279.592 Å

0.101E-07 38426. 6.31E+11 0.222E-05 0.035 0.389E-05 0.061
0.140E-05 38632. 6.59E+13 0.232E-03 0.035 0.406E-03 0.061
0.103E-03 42308. 1.21E+15 0.412E-02 0.037 0.721E-02 0.064
0.108E-01 46360. 1.54E+16 0.513E-01 0.038 0.898E-01 0.067
0.131 50908. 5.87E+16 0.190 0.040 0.333 0.070
1.32 66476. 2.64E+17 0.792 0.046 1.39 0.080
13.6 108902. 1.76E+18 4.76 0.059 8.34 0.103
23.1 123731. 2.54E+18 6.66 0.062 11.7 0.109
62.9 159279. 4.54E+18 11.3 0.071 19.8 0.124
98.9 179107. 6.73E+18 16.5 0.075 28.8 0.132

4210.296 Å

0.101E-07 38426. 6.31E+11 0.368E-05 0.045 0.391E-05 0.047
0.140E-05 38632. 6.59E+13 0.384E-03 0.045 0.408E-03 0.048
0.103E-03 42308. 1.21E+15 0.682E-02 0.047 0.724E-02 0.050
0.108E-01 46360. 1.54E+16 0.849E-01 0.049 0.902E-01 0.052
0.131 50908. 5.87E+16 0.315 0.051 0.334 0.055
1.32 66476. 2.64E+17 1.31 0.059 1.39 0.062
13.6 108902. 1.76E+18 7.87 0.075 8.37 0.080
23.1 123731. 2.54E+18 11.0 0.080 11.7 0.085
62.9 159279. 4.54E+18 18.7 0.091 19.9 0.097
98.9 179107. 6.73E+18 27.2 0.096 28.9 0.102

3411.782 Å

0.101E-07 38426. 6.31E+11 0.139E-05 0.036 0.225E-05 0.059
0.140E-05 38632. 6.59E+13 0.145E-03 0.036 0.235E-03 0.059
0.103E-03 42308. 1.21E+15 0.257E-02 0.038 0.415E-02 0.061
0.108E-01 46360. 1.54E+16 0.318E-01 0.040 0.514E-01 0.064
0.131 50908. 5.87E+16 0.117 0.042 0.189 0.067
1.32 66476. 2.64E+17 0.486 0.048 0.786 0.077
13.6 108902. 1.76E+18 2.85 0.061 4.60 0.099
23.1 123731. 2.54E+18 3.98 0.065 6.45 0.105
62.9 159279. 4.54E+18 6.77 0.074 11.0 0.119
98.9 179107. 6.73E+18 9.88 0.078 16.0 0.126
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are parallel and slowly increase with τ . The largest values are for 4210.3 Å-
and the lowest for 3411.8 Å and their ratio is almost 2.6. The Stark widths of

3279.6 Å are in the middle, 1.7 times lower than the widths of 4210.3 Å and
1.6 times larger than the values of 3411.8 Å. Concerning the trend of Stark
widths in angular frequency units (Figure 2), the behavior of three curves is the
same. The values of two lines from the same multiplet (3279.592 and 4210.296
Å) coincide in the whole temperature interval which is in accordance with the
conclusion in Wiese and Konjević (1982). The Stark widths of 3411.8 Å spectral
line are 1.7 times lower. We can conclude that for the considered Al IV spectral
lines, thermal Doppler broadening is the main broadening mechanism in the
atmosphere of an A-type star.

For the conditions corresponding to atmosphere of DO white dwarfs, Stark
widths of three spectral lines dominate for all optical depths, being approxi-
mately three orders of magnitude higher than the Doppler widths. Figures 3
and 4 confirm that the main broadening mechanism of spectral lines in atmo-
spheres of DO white dwarfs is usually Stark broadening. Three Stark width
curves are parallel to each other in angstrom units. Their gradient is lower in
comparison to the case of A-type stars. The largest values are for 4210.3 Å and
the lowest for 3411.8 Å in which casee, the variation is within 1.67 times. The
Stark width values of 3279.6 Å are in the middle. The same dependence in an-
gular frequency units confirms that lines from one multiplet have close Stark
widths. In our case, they practically coincide in the whole examined Rosseland
optical depth interval. The Stark width values of 3411.8 Å are 29% lower.

Our analyzis confirms the importance of Stark broadening for reliable analy-
sis and investigation of physical nature of DO white dwarfs. The three considered
lines are suitable for application in modelling of DO white dwarf atmospheres,
particularly since they are in the visible part of the spectrum.

Additionally, we studied the temperature dependence of Stark widths (full
width at half maximum of intensity (W)) of Al IV spectral lines belonging to six
multiplets. In Figure 5 we present this dependence for spectral lines within the
multiplet Al IV 4p 2[1/2] – 4d 2[3/2]o with parent term 2Po

1/2. The corresponding

transitions and wavelengths are: 4p 2[1/2]1 – 4d 2[3/2]o2, λ = 3485.1 Å; 4p
2[1/2]1 – 4d 2[3/2]o1, λ = 3279.5 Å; 4p 2[1/2]0 – 4d 2[3/2]o2, λ = 4550.5 Å.
Stark widths for lines with λ = 3485.1 Å and λ = 3279.5 Å coincide. In the
examined temperature interval, the relative variation of Stark width (in Å) of
lines within this multiplet is 94% in the whole temperature interval. The relative
variation of the same width expressed in angular frequency units increases from
8% for lower temperatures to 13% for higher ones. This is in accordance with
the conclusion of Wiese and Konjević (1982), that the variation of Stark width
in angular frequency units for lines from one multiplet is of the order of several
percent.

In the next two figures Stark widths within two spectral series are presented.
Figure 6 shows the temperature dependence of three spectral lines belonging to
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Figure 1. Dependence of Stark and Doppler full width at half intensity maximum (W

- in angstroms) of Al IV 3279.6 Å (red, Stark – solid line, Doppler – long dashes),

4210.3 Å (blue, Stark – dashes, Doppler – dots), and 3411.8 Å (orange, Stark – dash

dot dot, Doppler – short dash dot) spectral lines, on the Rosseland optical depth (τ)

in the atmosphere of an A-type star. Model of stellar atmosphere (Kurucz, 1979) with

parameters Teff = 8 500 K and log g = 4.5.

Figure 2. Dependence of Stark and Doppler full width at half intensity maximum (W

- in angular frequency units) of Al IV 3279.6 Å (red, Stark – solid line, Doppler – long

dashes), 4210.3 Å (blue, Stark – dashes, Doppler – dots), and 3411.8 Å (orange, Stark

– dash dot dot, Doppler – short dash dot) spectral lines, on the Rosseland optical

depth (τ) in the atmosphere of an A-type star. Model of stellar atmosphere (Kurucz,

1979) with parameters Teff = 8 500 K and log g = 4.5.
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Figure 3. Dependence of Stark and Doppler full width at half intensity maximum

(W- in angstroms) of Al IV 3279.6 Å (red, Stark – solid line, Doppler – long dashes),

4210.3 Å (blue, Stark – dashes, Doppler – dots), and 3411.8 Å (orange, Stark – dash

dot dot, Doppler – short dash dot) spectral lines, on the Rosseland optical depth (τ)in

the atmosphere of a DO white dwarf. Model of stellar atmosphere (Wesemael, 1981)

with parameters Teff = 60 000 K and log g = 8.0.

Figure 4. Dependence of Stark and Doppler full width (W - in angular frequency

units) at half intensity maximum of Al IV 3279.6 Å (red, Stark – solid line, Doppler –

long dashes), 4210.3 Å (blue, Stark – dashes, Doppler – dots), and 3411.8 Å (orange,

Stark – dash dot dot, Doppler – short dash dot) spectral lines, on the Rosseland

optical depth (τ) in the atmosphere of a DO white dwarf. Model of stellar atmosphere

(Wesemael, 1981) with parameters Teff = 60 000 K and log g = 8.0.
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three multiplets from one spectral series with parent term 2Po
1/2. The corre-

sponding transitions and wavelengths are as follows: 2s2 2p5 (2Po
1/2)4s 2[1/2]o

– 2s2 2p5 (2Po
1/2)4p 2[1/2], λ = 4515.6 Å; 2s2 2p5 (2Po

1/2)4s 2[1/2]o – 2s2 2p5

(2Po
1/2)4p 2[3/2], λ 4520.2 Å; 2s2 2p5 (2Po

1/2)4p 2[1/2] – 2s2 2p5 (2Po
1/2)4d

2[3/2]o, λ = 3485.1 Å. The three curves are almost parallel in the examined T-
interval. The widths of 4515.6 Å and 3485.1 Å are close and the width of 4520.2
Å is almost twice times larger. This line has the largest Stark width values of all
studied lines in this work. It could be very useful for spectroscopic diagnostics
and abundance determinations. The width variation in angstrom units between
4515.6 Å and 3485.1 Å is from 43% for lower temperatures to 19% for higher
ones. The largest relative change of W in angular frequency units within the
series, i.e between 4520.2 Å and 3485.1 Å varies from 59% to 35% with increase
of the temperature. Elastic collisions determine Stark broadening of 4515.6 Å
and 4520.2 Å for lower temperatures while inelastic dominate for higher ones.

Figure 7 shows the behavior of Stark widths versus temperature of spectral
lines from three multiplets within one spectral series with parent term 2Po

3/2. The

corresponding transitions and wavelengths are: 2s2 2p5 (2Po
3/2)4s 2[3/2]o – 2s2

2p5 (2Po
3/2)4p 2[1/2], λ = 5224.1 Å; 2s2 2p5 (2Po

3/2)4p 2[1/2] – 2s2 2p5 (2Po
3/2)4d

2[3/2]o, λ 3279.6 Å; 2s2 2p5 (2Po
3/2)4p 2[1/2] – 2s2 2p5 (2Po

3/2)4d 2[3/2]o, λ =

3108.0 Å. Three curves have the same trend with temperature. The largest Stark
broadening is manifested for 3279.6 Å spectral line. The temperature sensitivity
of the width indicates that this line is suitable for spectroscopic diagnostics.
Their widths in Å units are larger from 3.5 to 2.7 times than Stark width of
3108.0 Å line which presents the lowest broadening in the series. The relative
width (in angular frequency units) change between 3279.6 Å and 3108.0 Å-
decreases from 34% to 27% when temperature increases.

Figure 8 presents temperature dependence of Stark width in both units,
angstroms and angular frequency unites for spectral line λ = 4520.2 Å. This
line has the largest Stark width in the group of spectral lines considered in
this study, as it was written above. The trend of W is the same for both units
and decreases almost 3 times in the temperature interval. From the point of
view of astrophysical and laboratory plasma diagnostics, the important temper-
ature interval is up to 40 000 K where the Stark broadening is very sensitive to
temperature.

4. Conclusions

We calculated Stark widths for Al IV spectral lines originating from three tran-
sitions, as a function of Rosseland optical depth for one A-type star atmosphere
model and one model of DO white dwarf atmosphere. Stark broadening is negli-
gible in comparison with thermal Doppler broadening in A-type star atmosphere
for considered Al IV lines and dominant in the case of DO white dwarfs. It is
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Figure 5. Temperature dependence of Stark width (in angstroms) of spectral lines

from one Al IV multiplet 4p 2[1/2] - 4d 2[3/2]o with parent term 2Po
1/2: λ = 3485.1 Å

(blue solid line); λ = 3279.5 Å (red dashes) and λ = 4550.5 Å (dark blue dots). Stark

widths are due to collisions with electrons. The perturber density is 1.1017 cm−3.

Figure 6. Temperature dependence of Stark width of spectral lines within one spectral

series with parent term 2Po
1/2 corresponding to three Al IV multiplets: 4s 2[1/2]o - 4p

2[1/2] λ = 4515.6 Å (blue solid line); 4s 2[1/2]o - 4p 2[3/2]λ = 4520.2 Å (red dashes)

and 4p 2[1/2] - 4d 2[3/2]o λ = 3485.1 Å (dark blue dots). Stark widths are due to

collisions with electrons. The perturber density is 1.1017 cm−3.
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Figure 7. Temperature dependence of Stark width of spectral lines within one spectral

series with parent term 2Po
3/2 corresponding to three Al IV multiplets: 4s 2[3/2]o - 4p

2[1/2] λ = 5224.1 Å (blue solid line); 4p 2[1/2] - 4d 2[1/2]o λ = 3279.6 Å (red dashes)

and 4p 2[1/2] - 4d 2[1/2]o λ = 3279.6 Å (dark blue dots). Stark widths are due to

collisions with electrons. The perturber density is 1.1017 cm−3.

Figure 8. Temperature dependence of Stark width of a spectral lines belonging to Al

IV multiplet 4s 2[1/2]o - 4p 2[3/2] with parent term 2Po
3/2 and λ = 4520.2 Å. Stark

width is illustrated in both units: Å (blue solid circle) and 1012 s−1 (red solid circle).

Stark widths are due to collisions with electrons. The perturber density is 1.1017 cm−3.
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obvious that Stark broadening must enter in the calculation of models of white
dwarf atmospheres in order to obtain adequate interpretation of physical pro-
cesses. The agreement of line widths within a multiplet is much better if they are
expressed in angular frequency units than in angstroms, because in that case,
they are liberated from the influence of wavelength. Their differences are several
percent, as predicted. Also, for two examined spectral series, the variations of
Stark widths are much lower when they are expressed in angular frequency units
than in angstrom units. Stark broadening of spectral lines 4520.2 Å, 4550.5 Å
and 5224.1 Å is sensitive to the temperature changes for temperatures lower
than around 40 000 K, so that they could be applied for plasma diagnostics of
different plasmas in astrophysics, laboratory and technology.
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Nucl. Sci., 15(1), 15

Nicolosi, P., Garifo, L., Jannitti, E., Malvezzi, A.M., Tondello, G.: 1978, Nuovo Cim.
B, 48, 133

Oertel, G.K., Shomo, L.P.: 1968, Astrophys. J. Suppl. Ser., 16, 175
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Wang, J.S., Griem, H.R., Huang, Y.W., Böttcher, F.: 1992, Phys. Rev. A, 45, 4010

Wesemael, F.: 1981, Astrophys. J. Suppl. Ser., 45, 177
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Abstract. Laser ablation is among the various methods employed for expedit-
ing the prototyping of printed circuit boards. Laser-induced breakdown spec-
troscopy (LIBS) serves as a convenient technique for overseeing the targeted
elimination of thin layers with lasers. Consequently, this approach facilitates
the rapid prototyping of printed circuit boards. In this paper the obtained
LIBS data are analyzed by using data dimension reduction techniques: princi-
pal component analysis (PCA), t-SNE and UMAP to obtain an indication that
copper layer is fully removed. For machine learning approach to data analy-
sis we use Solo+Mia software package (Version 9.1, Eigenvector Research Inc,
USA).

Key words: Machine learning – Dimensionality reduction – Laser induced
breakdown spectroscopy

1. Introduction

Machine learning methods, including both unsupervised techniques like PCA
(Principal Component Analysis) and supervised techniques like LDA (Linear
Discriminant Analysis), are increasingly being employed to analyze LIBS data.
These combinations of well-known machine learning algorithms with LIBS en-
able the swift and accurate classification of diverse samples Bellou et al. (2020);
Diaz et al. (2020); Poř́ızka et al. (2018); Yang et al. (2020); Zhang et al. (2022).

Laser ablation offers a swift method for the rapid prototyping of printed cir-
cuit boards. A viable approach to this technique was introduced in a prior work
Rabasović et al. (2016). In our application, we have harnessed laser-induced
breakdown spectroscopy (LIBS) as a convenient method to both perform ab-
lation and monitor the precise removal of thin layers using lasers. A similar
technique has been detailed in a recent publication, as evidenced by Shiby &
Vasa (2022). In the study by Rabasović et al. (2016), LIBS data were scru-
tinized through the application of correlation coefficients. Presently, with the
increasing accessibility of high-speed computers capable of machine learning,
the trajectory of analysis algorithms has shifted from basic numerical calcula-
tions towards more advanced artificial intelligence methods. Our initial efforts

https://orcid.org/0000-0002-4882-8080
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for machine learning analysis of LIBS printed circuit board data, using princi-
pal component analysis are presented in Sevic et al. (2020). Interesting appli-
cations of machine learning algorithms for analysis of LIBS data are presented
in Boucher et al. (2015); Moros et al. (2013); Serranoa et al. (2014); Rabasovic
et al. (2022). State of the art approaches to the problem are reviewed in Poř́ızka
et al. (2018); Vrábel et al. (2020); Zhang et al. (2022).

In this paper we study the spectral data by using data dimension reduction
techniques based on machine learning (ML). For ML approach to data analysis
we use Solo+Mia software package (Version 9.1, Eigenvector Research Inc, USA)
Wise et al. (2006).

2. Methods

Our experimental arrangement for acquiring the training spectra required for
data dimensionality reduction is comprehensively elucidated in Rabasović et al.
(2016). In brief, spectral images capturing the optical emissions from laser-
induced plasma on a printed circuit board are obtained using a streak camera.
These images are temporally integrated to generate spectra at different time
points. Importantly, due to the time-resolved nature of streak images, we had
the ability to carefully choose time intervals for spectrum integration, ensuring
that the highly intense optical emissions from the initial plasma phase were
excluded.

Data dimension reduction constitutes a fundamental technique within the
realm of machine learning. This method involves using a dataset with a particu-
lar structure to ”train” a machine, enabling it to discern specific features within
the input data. These discernible characteristics are accentuated through the
process of data dimension reduction. Subsequently, the machine becomes profi-
cient at recognizing and identifying these characteristics in newly presented data
that shares a similar structure and nature. A prevalent approach for automating
this analysis is by teaching the machine a low-dimensional representation of the
data. Within this low-dimensional representation, each object from the origi-
nal high-dimensional dataset is portrayed as a point in a reduced-dimensional
space. This representation is designed in such a way that proximate points cor-
respond to similar objects, while distant points correspond to dissimilar ones.
The low-dimensional embedding lends itself to straightforward visualization.

In this study we compare principal component analysis (PCA), t-distributed
stochastic neighbor embedding (t-SNE), and uniform manifold approximation
and projection (UMAP) methods for analysis of LIBS spectral data to obtain
indication that copper layer is fully removed on given small area of printed
circuit board.

The PCA was proposed long ago, see Hotelling (1933); Karhunen (1947);
Lévy (1948). Efficient implementation of t-SNE is proposed in Van der Maaten
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& Hinton (2008). UMAP is proposed in McInnes et al. (2018, 2020); Sainburg
et al. (2020).

Similarly to most non-linear dimension reduction techniques, t-SNE and
UMAP lack the strong interpretability of PCA. In particular the dimensions
of the t-SNE and UMAP embedding space have no specific meaning, unlike
PCA where the dimensions are the directions of greatest variance in the source
data.

For obtaining the ML models we have used the set of 40 printed circuit
boards spectra. For testing purposes we used spectra from beggining and from
the end of ablation process.

3. Results and discussion

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

when only copper is ablated; and when the substrate is fully exposed.

The first two principal components of LIBS data are shown in Fig. 2. Em-
beddings plots for two t-SNE and UMAP components are shown in Fig. 3 and
Fig. 4. Data dimension reducing techniques t-SNE and UMAP are designed for
visualization of data. Using numerical results of embedding components any
clustering technique will have no problem to put the test specrum into corre-
sponding cluster.

Visual comparisons of PCA, t-SNE and UMAP plots shows the best perfor-
mance of UMAP method. When reduced to two dimensions, dimension reduced
spectral data are the most closely grouped by UMAP method. It should be men-
tioned that results presented in Fig. 4 were obtained when UMAP algorithm was
initialized with parameters suggested by SOLO software. On the other hand,
we had to try varying parameters for initialization of t-SNE algorithm to obtain
acceptable results shown in Fig. 3.
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Figure 2. Scores plot of first two principal components.
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Figure 3. Embeddings plot for two t-SNE components.

4. Conclusions and Discussion

The rapid prototyping of printed circuit boards can be effectively accomplished
through the application of laser ablation and LIBS. Our analysis of LIBS data
related to printed circuit boards has involved the utilization of data dimension
reduction techniques.

In our previous investigations, we employed correlation coefficients and PCA
to determine the point at which laser ablation penetrates the composite sub-
strate of the printed circuit board. In this particular study, we conducted a
comparative analysis of PCA, t-SNE, and UMAP methods for reducing the di-
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Figure 4. Embeddings plot for two UMAP components.

mensionality of spectral data. Our findings have demonstrated that the UMAP
method stands out as the most promising candidate for pinpointing the precise
moment when the copper layer is completely ablated.
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2 ES “I. G. Kovačić”, Kralja Tomislava 18, 51326 Vrbovsko, Croatia

3 ES “V. Gortan”, Prilaz Vladimira Gortana 2, 51000 Rijeka, Croatia
4 Institute of Physics Belgrade, Pregrevica 118, 11080, Belgrade, Serbia

(E-mail: traparic@ipb.ac.rs)

Received: September 29, 2023; Accepted: October 20, 2023

Abstract. Regularites and systematic trends among the sample of Stark widths
obtained by using modified semiempirical method from the STARK-B database
were analysed. Two different approaches are independently used – multiple re-
gression method combined with simple cluster analysis, and random forest
(RF) machine learning algorithm. Predicted values of Stark widths calculated
with estimate formulae obtained from multiple regression method, and those
values predicted by using RF algorithm, were compared with already known
corresponding experimental Stark widths published elsewhere. Results of this
analysis indicate that both of these methods can mostly predict new Stark
width values within the acceptable range of accuracy.

Key words: line profile — Stark broadening -– atomic data — machine learn-
ing

1. Introduction

Stark broadening theory plays the important role in investigation of high tem-
perature dense plasma, where the collisional processes between the charged par-
ticles contribute significantly to the spectral line broadening. From technological
perspective, Stark widths and shifts of spectral lines in the spectra of neutral
atoms and ions are of interest for a number of problems - for example, analysis
and modelling of laboratory, laser produced, fusion or technological plasmas,
accurate spectroscopic diagnostics and modelling, etc. Applications of Stark
broadening theory are also various in research of astrophysical plasma as well -
for example, for interpretation, synthesis and analysis of stellar spectral lines,
determination of chemical abundances of elements from equivalent widths of ab-
sorption lines, opacity calculations, estimation of the radiative transfer through
the stellar atmospheres and subphotospheric layers, radiative acceleration con-
siderations, nucleosynthesis research, etc.

https://orcid.org/0000-0001-6492-2360
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Calculation of Stark broadening parameters sometimes can be difficult, and
it can take a time, especially if quantum theory is applied. If conditions to ap-
ply less accurate but faster quasistatic, unified, semiempirical or semiclassical
methods are not satisfied, quick and simple estimates could become important,
especially if we do not need a great accuracy, or there is no time for more com-
plicated and more accurate calculations, or if we have a great number of Stark
broadening parameters to calculate in very small period of time. This is very
common case, for example, if astrophysical spectra are investigated. Accord-
ing to (Wiese, Konjevic, 1982), regularities and systematic trends (RST) can
be found among the Stark widths of atomic spectral lines, which can simplify
the way of obtaining these estimates. This is especially significant when some
atomic data, necessary to perform more accurate Stark broadening methods of
calculations, are missing. For example, the lack of atomic data, such as energy
levels or transition probabilities is usually noticed in the spectral data for rare-
earth elements. Analysis based on RST is mostly the only way to determine
Stark widths and shifts in sometimes very complex spectra of these elements,
which become more and more important in spectral investigations of hot stars
of spectral type A and B, and white dwarfs (Popović, Dimitrijević, 1998).

In this investigation, we focused on searching systematic trends among great
amount of Stark widths from STARK-B database (Sahal-Bréchot et al., 2014b,
2015), obtained by modified semiempirical (MSE) method (Dimitrijević, Kon-
jević, 1981) as a continuation of our previous work on determination of unknown
MSE Stark widths and studying of RST among the MSE Stark broadening pa-
rameters (see, for example, Majlinger et al., 2015, 2017a,b, 2020a). Two different
methods are used to analyse the sample – classical statistical regression method,
which has already been used many times in previous investigations of regular-
ities and systematic trends, and random forest (RF) algorithm from a group
of machine learning methods, which become very popular methods more often
used in these days whenever some classification or non-linear regression is needed
to be performed. Unlikely to previous analyses of RST, here some new atomic
parameters, which have not taken into consideration before, are included. We
will shortly explain both of these methods and finally discuss and compare the
obtained results.

2. Methods

2.1. Simple cluster and multiple regression analysis

Estimates of Stark widths can be divided into three main groups:

– approximations derived from the theory – e.g., Cowley’s formula (Cowley,
1971) or MSE formula (Dimitrijević, Konjević, 1987)

– formulae based on statistical analysis on a large number of existing Stark
widths (see e.g. Purić, Šćepanović, 1999; Purić et al., 1978).
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– formulae based on systematic trends noticed without statistical analysis on
corresponding examples (Wiese, Konjevic, 1982).

Whether it is one type or another, the formula for estimating Stark widths for
lines of multiple ionized atoms usually can be expressed as a non-linear function
of atomic and plasma parameters:

ωE = f(λ,Ne, T, Z,Eion, Eupper, Elower) (1)

Sometimes some of these parameters are included in the estimate implicitly,
through the effective ionization potential χj for level j:

χj = Eion − Ej , j = upper, lower (2)

according to Purić, or effective principal quantum number of the upper (n+) or
lower (n−) level, which has already been used, for example, in MSE theory of
Dimitrijević and Konjević (Dimitrijević, Konjević, 1981):

n2
+ =

Z2EH

χupper
(3)

n2
− =

Z2EH

χlower
(4)

Here Z − 1 is the charge of the ion, ωE is the estimated Stark width in Å, λ
is the wavelength in Å, Ne is the perturber density in cm−3, EH is the energy
of the hydrogen atom (or Rydberg constant), Eion is the ionization energy, and
Ej is the energy of upper or lower levels in cm−1 (j = upper, lower).

Immediately after the first article on Stark broadening (Holtsmark, 1919),
simple approximate formulas derived from the theory began to appear. Cowley’s
formula (Cowley, 1971) is probably the best known among them and it is still
commonly used in astrophysics. Cowley (1971) specified three different formu-
las, one for neutral emitters, one for electrically charged emitters (which humble
Cowley contributes to Griem), and one for estimating widths for temperatures
close to 10000 K. The authors use different variants of Cowley’s formula in ad-
dition to the original ones from the article (Cowley, 1971), and the difference
is in the neglect or addition of the lower effective principal quantum number as
a number and in the values of the numerical constant in the formula (see e.g.
Killian et al., 1991; Alwadie et al., 2020).

Jagoš Purić made a great effort in studying RST among the Stark width
values. The first works on regularities were published by (Purić, Ćirković, 1973)
and (Purić et al., 1978). Purić and his co-workers found the correlation between
Stark width and difference between ionization energy and energy of the upper
state (what he called the upper effective ionization potential) and a number
of experimental and theoretical values of Stark widths, offering a set of differ-
ent estimation formulae. In the following decades, a number of papers on this
topic were published, where different correlation parameters were stated for dif-
ferent transitions, different charges and different homologous and isoelectronic
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sequences (see e.g. Miller et al., 1980; Purić et al., 1978, 1993, 1997, 2008). This
statistical research is also supported by some other authors (see e.g. Djeniže,
1999; Djeniže et al., 2001), with occasional attempts to generalize this approach
for all different transitions, different elements and different charge values (Purić,
Šćepanović, 1999; Scepanovic, Puric, 2013). Comparing the great amount of
Stark width data from STARK-B database (Sahal-Bréchot et al., 2014b, 2015),
Purić offered so-called “generalized” estimate (Purić, Šćepanović, 1999) which
should be used, according to the authors, “to calculate Stark line widths of
the multiply charged ion of different elements along the periodic table.” These
scientific articles evolve over time, so Purić and co-workers later give up search-
ing for a universal formula for all lines and focus their statistical analysis only
on individual homologous or isoelectronic series (Dojčinović et al., 2011, 2012,
2013a,b; Tapalaga et al., 2011, 2018; Jevtić et al., 2012; Trklja et al., 2019b,a).
However, the possibility to apply all of these estimates to predict new unknown
Stark widths should be furtherly discussed (Majlinger et al., 2017a,b, 2020b).

The final purpose of this research was to find new general estimates accurate
enough to approximately predict the unknown values of Stark widths. Our as-
sumption is that these new estimates should be related on existing estimates, e.
g. Cowley’s from Cowley (1971) and Purić’s from Purić and Šćepanović (1999).
However, after investigation of accuracy in prediction of uknown Stark widths
by using of these two estimates, in the cases of MSE calculated electron-impact
widths for Lu III and Zr IV spectral lines, it was obvious that they don’t offer
enough accurate approximation (Majlinger et al., 2017a, 2020b). At least in the
case of Zr IV Stark widths, several possible reasons were suggested to explain
this discrepancy (Majlinger et al., 2017b):

– numerical coefficients in estimations are not properly adjusted

– some important parameters are neglected in equation (1) but significantly
contribute to the result, and

– temperature functions used in previous estimates could be incorrect

According to statistical analysis of Stark widths calculated for 143 transitions
from 26 multiply charged ions of 17 elements using the modified semiempirical
method, (for example, most of them are elaborated by (Dimitrijević, Konjević,
1981), and previous assumptions, new estimates of Stark widths were found.
After providing simple cluster analysis (Aggarval, V., 2014) and multiple re-
gression analysis (for example Chatterjee, Simonoff, 2014), we concluded that
MSE Stark width sample has to be devided in three separate groups:

1. For a type I of transitions: nl–nl′, L = l , L′ = l′ (for example, 2s1S−2p1P o,
3s3S–3p3P o, 3p1P o − 3d1D, 4s3S–4p3P o, etc), proper estimate is Cowley-
like:

ωE1 = 3.438 · 10−24Neλ
2 n4

+ + n4
−

Z2(2l> − 1)−
3
4

f(T ) (5)
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2. For a type II of transitions: nl–n′l′, L = l, L′ = l′ (for example, 2p3P o–3s3S,
4p2P o–5d2D, 4d2D–5f2F o, 4d2D − 6f2F o, etc), proper estimate is Purić-
like:

ωE2 = 0.808 · 10−25Neλ
2 n6

+ + n6
−

Z2(2l> − 1)−
1
5

f(T ) (6)

Here f(T ) is chosen temperature function (which will be explained later),
while l> = max(lupper, llower), where lupper and llower are orbital quantum
numbers for upper and lower level respectively.

3. For all other types of these simplest transitions (type III), like nl–nl′, L 6= l,
L′ 6= l′ and nl–n′l′, L 6= l, L′ 6= l′ (for example, 3s1P o–3p1D, 3s4P o–3p4P ,
3p5Do–3d5F , 3d1F o–4p1D, etc.), a well known general expression, valid also
for the first two types, can be used to obtain width for particular lines within
a multiplet from an average width as a whole:

ωE3 =
(λE3

λ0

)2

ω0 (7)

where ωE3 and ω0 are estimates of uknown Stark widths and a Stark width
obtained with estimates (5) or (6), while λE3 and λ0 are corresponding
wavelengths respectively.

After optimizing the number of parameters in these estimates according to min-
imum description length properties (see, for example, Grünwald, 2004), and
keeping in mind that all models are uncertain, idealizing reality (Wit et al.,
2012) and that sample is not equal to population, we rounded exponents in (5)
and (6) on the closest integer or rational number, to avoid physically meaning-
less results (for example, λ1.74 is replaced with λ2, Z1.95 with Z2, etc.) and to
approach enough to probable statistical model ideally concerning about popu-
lation.

From interpolation of analysed data, new temperature function is suggested:

f(T ) =
1− β√
T

+ β
lnT√
T

(8)

where β is the linear function of temperature defined as:

β = AT +B (9)

Numerical constants A and B are estimated to be A = 9.62 · 10−7 and B =
−4.167 ·10−2 from the values of lower temperature limit for all considered Stark
widths. Lower temperature limit for most of considered Stark widths lies in a
range 15000 – 70000 K which corresponds to range of distance between perturb-
ing and perturbed levels used in all considered Stark width calculations around
cca 7500 – 38500 cm−1. It is easy to see that relation 0 ≤ β ≤ 1 is mostly
valid for such choice of A and B, and that temperature function approximately
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simulates both lower and upper temperature limit conditions when β reach to
its limits, which is in a good agreement with some previous analyses of behavior
of Stark width values for highest and lowest value of temperature (for example
Sahal-Bréchot et al., 2014a).

Correlation between new estimates of full Stark width at half maximum
(FWHM) obtained by using relations (5), (6) and (7), and existing MSE val-
ues for transition type I, type II and type III with corresponding regression
lines are displayed in Figs. 1-3 respectively. To calculate correlation parameters
for each estimate, we used the general symbol ωEST instead of ωE1, ωE2, and
ωE3. Correlation coefficients corresponding to each estimate WEST are pre-
sented in Table 1. In the most idealistic scenario, for log-log regression equation
logωEST = C1 + C2 logωMSE , should be valid C1 = 0, C2 = 1 and therefore
ωEST = ωMSE . As the additional attemption to confirm a validation of this
method, predicted Stark widths with estimates from above are compared with
corresponding experimental values from references (Konjević et al., 1984, 2002).
Result of this comparison is presented in Fig. 4.

Table 1. Correlation parameters for log-log regression equation

logωEST = C1 + C2 logωMSE , between results of estimates (5), (6) and (7)

respectively, and MSE values of FWHM Stark widths from analysed sample.

Transition type C1 C2 ErrC1 ErrC2 St. dev. Rcorr

I -1.45E-5 0.9126 0.0325 0.0336 0.13 97.76
II -.28E-5 1.0266 0.0473 0.0262 0.19 99.32
III -0.0334 0.84 0.025 0.029 0.064 97.23

2.2. Machine learning methods and RF algorithm

As machine learning represents a very popular tool for different types of prob-
lems encountered in science, here it was applied on the study of regularities of
Stark broadening. Machine learning model based on Random Forest algorithm
was developed and described in detail in reference (Tapalaga et al., 2022), so
here it would be briefly described for the sake of completeness. Before devel-
oping the model, we needed to develop and create a database for training and
testing of the future models. This database was created as a combination of two
databases, namely NIST atomic database (Kramida et al., 2022), from which we
took atomic parameters of interest for every transition and Stark B database
(Sahal-Bréchot et al., 2015) from which we took Stark width and plasma pa-
rameters for each calculated width. After the completion of this database, it
contained around 53 000 lines. Features selected for this research were: Plasma
electron density, electron temperature, atomic number, charge of the emitter,
energies of both upper and lower levels, total angular momentum of both upper
and lower levels, principal and orbital quantum numbers for initial and final of
corresponding transitions.
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Figure 1. Log-log correlation between FWHM Stark width values obtained by us-

ing estimates from multiple regression analysis (ωE1) and MSE values (ωMSE), with

corresponding regression line.
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Figure 2. Log-log correlation between FWHM Stark width values obtained by us-

ing estimates from multiple regression analysis (ωE2) and MSE values (ωMSE), with

corresponding regression line.

Additionaly, ionization energy and quantity called upper level effective po-
tential after (Purić, Šćepanović, 1999) were taken into a set of input parameters,
which provides a label data comparison. Data outliers were removed as data
having higher energy of lower level than upper level. Finally, the analysis was
constrained to the following plasma parameters: N ≤ 1017 cm−3, Te ≤ 150 000
K and Eupper ≤ 500 eV. This restriction left us with around 32 000 available
transitions for further analysis. To choose the best model and corresponding
parameters, GridSearchCV (Grid Search Cross Validation) technique was ap-
plied. Here for every set of model parameters, model is trained and tested on
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Figure 3. Log-log correlation between FWHM Stark width values obtained by us-

ing estimates from multiple regression analysis (ωE3) and MSE values (ωMSE), with

corresponding regression line.
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Figure 4. Linear correlation between FWHM Stark width values obtained by using

estimates from multiple regression analysis (ωEST ) and corresponding experimental

values (ωEXP ), with corresponding regression line.

given dataset, and best performance is reported. Along with best performance,
algorithm reports with which parameters has been obtained. Three models were
tested: Decission Tree, Random Forest and Gradient Boosting Regressor. Per-
formances of the model are reported in table 2.

It can be seen that the best results were obtained with Random Forest for
the following parameters: maximal depth of the tree equal to 10, minimal sam-
ples at one leaf set to 3 and number of estimators equal to 200. As in the case
of multiple regression method, Stark widths predicted with using RF algorithm
were compared with corresponding experimental widths from the same refer-
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Table 2. Comparison of preformances for three learning machine models used in anal-

ysis.

Model Parameters R2 score
Decision tree max depth = 5 0.9

Random Forest
max depth = 10

min samples leaf = 3
n estimators = 200

0.97

Gradient Boosting Regressor
max depth = 10

min samples leaf = 2
n estimators = 200

0.96

ences as before (Konjević et al., 1984, 2002). Results of this comparison are
shown in Fig. 5 and Fig. 6. As we can see on figure 5, RF model preforms well,
except of few points that are estimated badly. Also, from the figure 6 it can
be concluded that RF method performs better in visible part than in the ultra
violet or infrared part of the spectrum.
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W
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[Å]

Figure 5. Log-log correlation between FWHM Stark width values obtained by using

RF algorithm (ωRF ) and corresponding experimental values (ωEXP ), with correspond-

ing regression line.

To improve the model and to test whether we could reduce the number of
features in the dataset while keeping the accuracy of the model, permutation
importance test was performed. This method permutes each feature randomly
within dataset, and calculate the decrease in performance of the already trained
model. Greater the decrease, more important is the feature. Results of this
analysis are given in table 3.
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Figure 6. Dependence of ratio between experimental FWHM Stark widths (ωEXP )

and corresponding values obtained by using RF algorithm (ωRF ) on wavelength of

spectral lines for which Stark widths are calculated.

Table 3. Feature importance test results for RF model.

Feature Importance score

Electron density Ne 5.9 ± 0.2

Upper - level principal quantum number ni 3.50 ± 0.12

Charge of emitter q 1.04 ± 0.04

Upper-level effective potential χ 0.37 ± 0.04

Emitter Z 0.31 ± 0.03

Upper-level orbital quantum number li 0.19 ± 0.02

Energy of upper level Eupper 0.11 ± 0.02

Lower-level principal quantum number nf 0.11 ± 0.01

Energy of lower level Elower 0.048 ± 0.005

Lower-level orbital quantum number lf 0.029 ± 0.004

Lower-level total angular momentum quantum number Jupper 0.029 ± 0.007

Upper-level total angular momentum quantum number Jlower 0.021 ± 0.005

Te 0.017 ± 0.003

Ei 0.002 ± 0.001

Results in table 3 indicate that electron density is most important feature
as expected, while other important features are naturally emitter, its charge,
principal and orbital quantum numbers of upper level and upper-level effective
potential χ. Other parameters were removed from analysis, as upper level is
included in definition of χ, and model was retrained. As expected, model gave
very similar results as those reported in this work, which just confirms that
model didn’t got confused with some redundant data in initial run.
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3. Discussion

For Type I, ratios between estimates and MSE values vary between 0.5 and 2.6,
for type II between 0.4 and 1.7, and for type III between 0.7 and 2.0. so we can
say that accuracy of our estimates according to MSE values are mostly between
–50% and +160%. Including predicted accuracy of MSE results, which is ±50%,
we expect that global accuracy of our estimates, according to statistical sample
we used, should lie between ±50% and ±100% e.g. comparable with the old
Griem’s semiempirical theory (Griem, 1968).

Despite of several exceptions, ratio between most of new calculated estimates
and corresponding experimental Stark widths from references (Konjević et al.,
1984, 2002), lies between 0.2 and 2 (see Tab. 3), which leads to conclusion that
our estimates are usually accurate in a range of ±100%, in accordance with our
expectations. On the other hand, average value of this ratio for comparison of
estimates with experimental Stark widths is 1.38 ± 0.11, resulting with accuracy
in a range between ±30% and ±50%, which is even better than theoretically
predicted accuracy for modified semiempirical theory by Dimitrijević and Kon-
jević (1981).

Ratios between Stark widths predicted by using RF algorithm and corre-
sponding experimental Stark widths taken from the same references mentioned
above (Konjević et al., 1984, 2002), with the exception of two extreme values
0.06 and 4, lie between 0.16 and 2.23, but average ratio of these values is 0.96
± 0.16, leading to an accuracy of around ±20%, which is much better than
accuracy of predicted results obtained by using classical statistical method. To
express the accuracy for both methods, as it is usual in statistics, we used
arithmetical mean as the average value of analysed data, while the standard
deviation is used as a measure of data dispersion. As a final proof that both
of presented methods could be valid, in Fig. 7 we presented results obtained
from mutual comparison of Stark width values predicted with these two differ-
ent approaches. Linear regression equation which expresses dependence between
Stark widths predicted with RF method ωRF and those predicted by using es-
timates WEST obtained by using formulae (5), (6) and (7) is found to be ωRF

= 0.0523 + 1.0563 ωEST with correlation coefficient RCORR = 91.05%. Figure
7 and values of correlation parameters show that both of these two methods
are equivalent, e. g. the results of the estimates with RF model and classical
multiple regression statistical method are almost the same. Although it is feeded
with results obtained by using semiclassical perturbation method (see for exam-
ple Sahal-Bréchot et al., 2014a), RF algorthm is shown to be a good predictor,
despite of a theoretical method used to calculate analysed Stark width data,
because it gives results comparable with estimates based on set of calculations
obtained by using modified semiempirical method.
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Figure 7. Linear correlation between FWHM Stark width values obtained by using

estimates from multiple regression analysis (ωEST ) and corresponding values obtained

by using RF algorithm (ωRF ) , with corresponding regression line.

4. Conclusion

Both of the methods used in this study have some advantages and disadvan-
tages. In general, the advantage of ML models is that they are faster and easier
to perform with the proper knowledge of computer programming. On the other
hand, any of ML algorithms is some kind of black box, e. g. we finally don’t
know how input and output parameters are connected. If we want to find out
the relationship between Stark width values and atomic and plasma parame-
ters presented in a form of simple formula, we have to continue to investigate
regularities and systematic trends of Stark widths using the estimates as, for
example, were obtained here (equations (5)-(7)). If we don’t need to know this
connection, using of some ML algorithm is probably the best solution. Results
of predictions using RF model show that, if some general estimate really ex-
ists, according to previous vision of Jagoš Purić, it should be the function of 14
variables. In this case, number of input atomic and plasma parameters we used
before in a group of equations (1) to find systematic trends among the Stark
width value, should be enlarged. We proved that, with additional two parame-
ters (upper and lower orbital quantum number) and considering transition type
into analysis, strongly affect on result of estimate, as it is assumed, for example,
in (Majlinger et al., 2017b).

However, it is very important to stress that the estimates obtained in this
work should be valid under the assumption that they can be applied on simple
type of spectra, as they have been analysed in this case (for example, where for
all transtitions in a whole spectrum parent term remains the same). For more
complex spectra, these estimates should be improved, or some other methods
are welcome to be used. Furthermore, although RF model shows very strong
potential to be applied on RST analysis in future, it is tested only in the sample
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of Stark broadening parameters related to simple spectra described here, and
in the case of Li I spectral lines (Tapalaga et al., 2022), so it should also be
confirmed in a greater sample to make us sure that this method can be applied
generally in prediction of new Stark widths despite of complexity of a spec-
trum we investigate.For the application of these methods to study regularities
and systematic trends among the Stark broadening parameters of lines in more
complex spectra, additional investigations are needed, and development of both
of these method are neccessary. Created database used in this and previous
study is published online and it is available for use. It can be found on the link
https://github.com/ivantraparic/StarkBroadeningMLApproach.
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151

Killian, J., Montenbruck, O., Nissen, P. 1991, Astron. Astrophys. Suppl., 88, 101

https://github.com/ivantraparic/StarkBroadeningMLApproach


New perspectives in the analysis of Stark width regularities and systematic trends 71
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Abstract. This work focuses on visualization of dark states arising in systems
of hyperfine states upon two-photon excitation. In our experiment, levels 3S1/2

and 3P1/2 of sodium atoms are coupled by a strong S-laser field forming the
laser-dressed adiabatic states, which are then monitored by scanning a weak
probe P-field across the 3P1/2 → 7D3/2 transition. The excitation spectrum
of the 7D3/2 state exhibits one main peak and several side peaks. The latter
shift farther apart with increasing S-laser intensity, while the position of the
main peak is hardly affected, which associates its origin with a class of dark
states decoupled from laser interactions. The results of numerical simulation of
the observed spectra based on the solution of the optical Bloch equations are
in good agreement with the experimental data. The results are of interest for
atomic and laser physics.

Key words: laser excitation – optical adiabatic states – Na spectra – dark
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1. Introduction

Adiabatic processes are observed in many fundamental and applied issues of
natural science, having a wide range of applications depending on the charac-
teristics of the problems. The quantum-mechanical theory has added its own
specific approaches to the traditional methods of studying adiabatic phenom-
ena in the classical sections of physical kinetics of gaseous geo- and space media
(including plasma). These approaches include the formalism of adiabatic states,
introduced as eigenfunctions ψκ

Ĥ(I)ψκ(I) = εκ(I)ψκ(I) (1)

of a non-stationary Hamiltonian Ĥ(I), which depends on slowly varying ex-
ternal parameters I(t) (Landau, Lifshitz, 1981; Schiff, 1968). When studying
dynamics of atomic or molecular formations, the parameters I are represented
by internuclear distances R (Nikitin, Umanskii, 1984).

In contemporary problems of controlling atomic/molecular multilevel sys-
tems, the particles are subjected to optical coupling by pulsed laser fields. For
quasi-resonant dipole transitions between energy levels, the field amplitudes
are conventionally incorporated into the so-called Rabi frequencies Ω(t) (Shore,
2017). The corresponding adiabatic states ψκ (termed laser-dressed states in
quantum optics (Shore, 2017; Vitanov et al., 2017), with Rabi frequencies Ω as
parameters I are classified into three categories - Dark, Bright, and Chameleon
states (Shore, 2017; Kirova et al., 2017). Dark states are completely decoupled
from the laser-atomic interaction. Therefore, they do not directly contribute to

the fluorescence spectra, while their adiabatic “dark” energies ε
(D)
κ (AC Stark

shifts) are inherently insensitive to changes in Ω. Bright states, on the contrary,
are responsible for the interaction with laser fields and, therefore, participate in
the absorption spectra formation, while the associated adiabatic “bright” ener-

gies ε
(Br)
κ experience strong Stark shifts. Chameleon states are endowed with

the properties of both dark states, due to the fact that they are not directly
involved in the excitation of the atomic system (Kirova et al., 2017), and bright
states, since their energies also significantly depend on Rabi frequencies (Cinins
et al., 2022 a).

Noteworthy, the dark states emerge from a coherent mixture of stable sub-
levels (belonging to HF or Zeeman structures) of the system ground state, i.e.
they turn out to be little susceptible to various dephasing effects that are in-
herent in excited states due to the processes of radiative decay or strong inter-
atomic interaction (Van Der Waals, dipole-dipole, etc.). For this reason the dark
states are widely used in quantum optics for design and subsequent practical
implementations of new phenomena or quantum formations (such as electro-
magneticaly induced transparency (Fleischhauer et al., 2005) or polaritons - a
coherent composition of photonic and atomic states (Fleischhauer, Juzeliūnas,
2016), as well as to find highly efficient algorithms for performing quantum op-
erations based on adiabatic passage processes (Rousseaux et al., 2013; Cinins
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et al., 2022 b). In this context, real-time monitoring and control of the evolu-
tion of dark states presents a challenging practical task. Here we present an
experimental scheme for optical diagnostics of dark states, based on the non-
trivial possibility of their manifestation in absorption spectra upon two-photon
excitation of sodium atoms.

In what follows, the principal quantum numbers and the orbital, electronic,
and total angular momenta of atoms are denoted by n,L, J , and F , respectively.

Figure 1. (a) Geometry of the experiment with a supersonic beam of Na atoms and

(b) the corresponding ladder excitation scheme. The two S- and P-laser beams counter

propagate along the x-axis. The lasers linear polarization vectors and the atomic beam

axis are parallel to the z axis, which is also chosen as the quantization axis.

2. Experiment

2.1. Experimental setup

The experiment was performed in a supersonic beam of Na atoms with a mean
flow velocity vf = 1160 m/s. Two skimmers and a 2-mm entrance aperture of
the excitation zone colimate the beam to the divergence angle of 0.67◦ ± 0.02◦,
which corresponds to the residual FWHM Doppler widths of 11.2 MHz and 14.7
MHz for one-photon excitation wavelengths of 589 and 450 nm, respectively.

The Na atoms are excited and probed upon crossing at a right angle two mu-
tually collinear, anti-parallel laser beams S and P (see Fig. 1 (a)). The strong
S-laser beam from a single-mode Coherent CR-699-21 ring dye laser couples
a hyperfine component of sodium D1 line at 589.5 nm, and the weaker probe
P-laser beam from a TOPTICA TA-SHG 110 semiconductor laser couples the
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second transition between 3p1/2 and 7d3/2 near 449.4 nm. Both lasers have nar-
row line with below 1 Mhz, and they are linearly polarized in the direction ez
of the atomic beam axis z, which serves as the quantization axis. The num-
ber density of atoms in the laser excitation region was chosen sufficiently low
(≤ 1010cm−3), ensuring that the effects of radiation trapping and reabsorption
(Bezuglov et al., 2003) can be safely neglected.

The two-photon excitation 3s1/2, F
′′ → 3p1/2 → 7d3/2 of Na shown in Fig. 1

(b) implies a two-step process. At the first step, the S-laser (strong laser) pro-
vides strong coupling of Zeeman sublevels M ′′ from one of the ground hyperfine
(HF) g-component F ′′ and F ′,M ′-sublevels of the first excited (intermediate) i-
state 3p1/2. The laser-dressed (adiabatic) states, arising in the strongly coupled
multilevel g− i system, are probed by weak coupling by P-laser to the final ex-
cited f -state 7d3/2. Detunings ∆P,S of the laser fields with frequencies ωP,S are
defined relative to the resonance (Bohr) frequencies of the respective HF transi-
tions between components with F ′′ = 1, 2 and F ′ = 2 in the case of S-laser, and
between F ′ = 2 and F = 2 for P-laser. The linear polarizations of both lasers
imply that the total atomic angular momentum projection is conserved in both
transitions, i.e. ∆Mg→i,i→f = 0.

The fluorescence emitted by Na atoms is collected by lenses into two fiber
bundles at a right angles with respect to both atom beam and laser beams axes.
The collected light is then guided via spectral filters into two photomultipliers.
Photocurrent signals are accumulated using a SRS SR400 photon counter. We
record the total fluorescence from the level f (by detector 2) as a function of
the P-laser detuning ∆P for a fixed S-laser detuning ∆S and refer to this signal
as a spectral profile. In addition, auxiliary detector 1 registers photons emitted
by the i-levels. Both signals are proportional to the integral (over excitation
volume and HF sublevels) populations of the respective excited states.

2.2. Experimental parameters

The use of counterpropagating laser beams in the ladder excitation scheme cor-
responds to a typical Doppler-free setting of the experiment in atomic-molecular
spectroscopy (Vitanovet al., 2017; Bruvelis et al., 2012). The P,S-beams are fo-
cused using cylindrical lenses such that the long axis of the focus is perpendic-
ular to the atomic beam axis. The chosen here typical in our experiments beam
waists $S = 20.5µm of the S- (strong) and $P = 70µm of the P- (probe) laser
beams allows safely ignoring the effects of laser wave-front curvatures (Bruvelis
et al., 2012). The relatively small waist of strong S-laser reduces the effects of
optical pumping (Sydoryk et al., 2008; Porfido et al., 2015).

The laser spatial intensity profiles are Gaussian and along z-axis is Ij(z)
∼ exp(−z2/$2

j ) (j = P, S). The mean flow velocity vf of atoms is 1160 m/s, so
that the transit times (Sydoryk et al., 2008) τj = 2$j/vf of atoms through the
laser beams are τS = 37ns and τP = 126ns for S- and P-lasers respectively. The
above distributions Ij(z) result in the Gaussian time variations
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Ij(t) = I
(0)
j exp(−4t2/τ2j ); j = P, S (2)

of laser intensities in the moving frame of an atom (t = z/vf ).
In the rotating-wave approximation (RWA) (Shore, 2011), the atom-light

interaction is determined by slowly varying vector amplitudes Ej(t)∼
√
Ij(t) of

the laser electric fields. The corresponding field operators V̂j=−0.5d̂Ej describe

the coupling of the atomic electric dipole moment d̂ with P - and S-laser fields
Ej=Ejez linearly polarized along the quantization axis z, that is

V̂S,P (t) = −0.5d̂zES,P (t) (3)

It is convenient to describe the laser induced couplings using the characteristic
Rabi frequencies ΩP,S (the so called reduced Rabi frequencies) that drive the
transitions 3s−3p and 3p−7d (Sydoryk et al., 2008):

ΩS = ES(z=0) · |(3s ‖D‖ 3p)|/h̄;

ΩP = EP (z=0) · |(3p ‖D‖ 7d)|/h̄.
(4)

Here (ñl̃ ‖D ‖ nl) are the corresponding reduced matrix elements for the dis-
cussed transitions, considered unresolved with respect to fine and hyperfine
structure (Sobelman, 1992).

Equation (4) defines the reduced Rabi frequencies Ωj via maximum values

E
(0)
j ≡Ej(z=0) of the laser electrical field amplitudes at the center parts z = 0

of the laser beams. Practically more convenient is the relation (Sydoryk et al.,
2008; Metcalf, van der Straten, 1999):

Ω2
j = gjAj

3λ3j
4π2h̄c

I
(0)
j ; Wj = πI

(0)
j $2

j (5)

between the reduced frequencies Ωj and intensities I
(0)
j entering Eq. (2) which

are easily found from the measured laser powers Wj . Here λj and Aj are the

wavelength and the Einstein coefficient of the j-transition ñl̃−nl, and gj = 2l+1
is the the statistical weight of the transition upper level nl.

3. Results and discussion

The fluorescence signal Sf observed in the experiment is proportional to the
integral population nf of the final 7d3/2 state of an atom. This population can be
found in terms of the total number of photons Nf emitted by the corresponding

HF and Zeeman components F,M having the partial populations n
(f)
FM (t) at the

time t in the moving frame of an atom:

Sf ∼ Nf = Afnf ; nf =

∫ ∞
−∞

∑
FM

n
(f)
FM (t)dt, (6)

where Af is a natural width of the f-state.
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3.1. Numerical modeling

For obtaining the emitted photon number Nf one should solve the modified
Optical Bloch equations (Shore, 2011)

dρ

dt
= −i

[
Ĥρ

]
+ R̂ρ. (7)

for atomic density matrix ρ of the sodium atoms ensemble under study. The
total Hamiltonian Ĥ of the atom-laser system in RWA

ĤRW =Ĥ(a)+Ĥ(hf)+V̂S(t)+V̂P (t) (8)

describes interaction of Na atoms with external electromagnetic fields. The
atomic Hamiltonian Ĥ(a) that includes the fine structure interaction along with
the HF operator Ĥ(hf) give the energy structure of the diabatic (bare) states of
isolated atoms. The field operators V̂S,V (3) are responsible for the laser-atom

interaction which is depicted in Figs. 1(b). The term R̂ deals with relaxation
processes caused by spontaneous emission and the finite laser linewidths. The
diagonal elements ρκ,κ of the matrix ρ give the population nκ of quantum state
|κ〉, while the off-diagonal elements ρκ,κ′ belong to the so-called coherences.

Figure 2. The total number Nf of photons emitted by the final 7d3/2 state of Na

atoms vs probe P-laser detuning ∆P for the 3s1/2(F ′′ = 2) → 3p1/2 → 4d3/2 exci-

tation sequences with HF ground state component F ′′ = 2. The experimental (dot

curve) and the theoretical (solid curve 1) profiles correspond to S-laser reduced Rabi

frequency (4) ΩS = 1200MHz while theoretical profile 2 (red solid curve) is calculated

for ΩS = 2000MHz. The probe P-laser reduced Rabi frequency (4) ΩP = 7MHz. The

strong S-laser detuning ∆S = −120MHz.
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Matrix elements of the field operators describe a variety of stimulated tran-
sitions among the HF and Zeeman sublevels. The absolute strengths of the
transitions are connected with the reduced Rabi frequencies (4). Rabi frequen-

cies of individual fine LJ→ L̃J̃ and HF LJF→ L̃J̃ F̃ transitions are then defined
by the tabulated line strength values (Sobelman, 1992). The Rabi frequencies

for individual transitions LJFM→ L̃J̃ F̃ M̃ between Zeeman sublevels M in the
case of linearly polarized excitation are obtained using the formulas provided in
(Sobelman, 1992; Auzinsh et al., 2010), and the respective values can be found
in (Sydoryk et al., 2008; Bruvelis et al., 2012).

Here we employ a numerical algorithm akin to our previous works (Cinins et
al., 2022 a; Sydoryk et al., 2008; Bruvelis et al., 2012), i.e. an algorithm based
on the split operator technique. The latter has increased stability of sympletic
numerical integration schemes (Hairer et al., 2006) and is successfully used to
solve a wide range of problems in the theory of radiation transfer in dense
absorbing media (Kazansky et al., 2001), laser spectroscopy (Kirova et al., 2017),
and in the analysis of the dynamic chaos regime in Hamiltonian systems (Efimov
et al., 2014).

Figure 3. The same as in Fig. 2 in the case of the the initially populated HF com-

ponent F ′′ = 1 and the strong S-laser detuning ∆S =−178MHz.

3.2. Experimental and numerical results

Figures 2 and 3 show excitation fluorescence from the upper f-level as a function
of the S-laser detaining ∆S for several values of both P-laser detuning ∆P and
the initially populated HF component F ′′ of the ground 3s1/2 state. The circles
correspond to experimental values and the solid lines are results of numerical
calculations discussed above. In the following subsections, we will provide a
detailed interpretation of the obtained spectra.



Spectroscopy of adiabatic dark states under two-photon excitation of sodium atoms 79

3.3. Discussion

Upon coupling with linearly polarized photons, the atomic magnetic (Zeeman)
quantum number M is an exact invariant (Landau, Lifshitz, 1981), i.e. atomic
system in Fig. 1(b) is decomposed into a set of independent (mutually orthogo-
nal) partial excitation ladders (M-ladders) whose levels are labeled only by the
HF quantum numbers F , as shown in Fig. 4(a).

Qualitative interpretation of the excitation spectra exhibited in Figs. 2-3 is
based on the concept of adiabatic (dressed) states for strongly coupled sub-levels
of (g-i) system. Let us first introduce a somewhat idealized atomic model to pro-
vide an illustrative explanation of the observed spectra features, in particular,
the existence of central peaks without any noticeable influence of the S-laser in-
tensity on them. We accept the following two main simplifications. (i) All atoms
move at the same flow velocity vf (i.e. one disregards Doppler broadening); (ii)
The HF splitting between the HF components F ′ = 1, 2 of 3p1/2 i-state can
be neglected in the first approximation (the final state 7d3/2 fully meets this
requirement). The second assumption means that the partial simplified excita-
tion ladders have a non-degenerate lower state (F ′′), a doubly degenerate i-state
(F ′ = 1, 2), and a triply degenerate f-state (due to the selection rule ∆F = 0,±).

Figure 4. (a) The first (g-i) excitation step with some fixed value of Zeeman quantum

number M under the rotating-wave approximation (RWA) and in neglecting the HF

interaction for the 3p1/2 i-state. (b) The same excitation scheme as in frame (a) in the

Dark-Bright basis. (c) Atomic energy level diagram of laser-dressed states with beam

axis coordinate z=vf · t as a parameter. The excitation of the final f-state 7d3/2 occurs

at the intersection (Landau-Zener) points z1,2.

The main features of fluoresce signals are determined by the atomic adiabatic
(dressed) states ψκ (more precisely, by their energies εκ) formed by strong S-laser
at the first excitation step shown in Fig. 4(a) for M-ladder. This step turns out
to be a conventional Lambda-excitation scheme with the following parameters.
We choose as zero the atomic energy ε of the diabatic HF component ψF ′1 ≡
|iF ′=2〉 of 3p1/2 i-state, i.e. under the simplified model εF ′=1,2 = 0. In RWA, the
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diabatic energies of g-,f-states are defined by the corresponding laser detunings:
εF ′′ = h̄∆S and εF = −h̄∆P as seen in Fig. 4(a). The partial Rabi frequencies
ΩS1,2 are proportional to the reduced S-frequency ΩS (4) with coefficients of
proportionality ∼ 0.2 depending on the quantum numbers M,F ′′, F ′ via 6j-
and 3j-symbols (Sydoryk et al., 2008; Sobelman, 1992).

The algorithm for obtaining the adiabatic states ψκ for Lambda-schemes is
well known and includes two sequential actions (Vitanov et al., 2017; Shore,
2011; Cinins et al., 2023). (i) First, two new mutually orthogonal wave vectors
ψD and ψBr are constructed

ψD=
ΩS1
Ωef

ψF ′2 −
ΩS2
Ωef

ψF ′1; ψBr=
ΩS2
ΩS1

ψF ′1+
ΩS1
Ωef

ψF ′2; Ωef =
√

Ω2
S1+Ω2

S2.

(9)
Vectors ψD,Br differently relate to the RWA g-sublevels ψF ′′≡|gF ′′〉: completely
decoupled D-vector ψD (termed ”Dark”) and Br-vector ψBr (termed ”Bright”)
with coupling Rabi frequency Ωef (see Fig. 4(b)). (ii) Second, linear combination
of a coupled pair of diabatic vectors ψBr, ψF ′′ provides two new adiabatic states
(eigenstates) ψ±

ψ+ =cos θψF ′′ + sin θψBr; ψ−=− sin θψF ′′ + cos θψBr, (10)

with newly acquired repulsive adiabatic energies

ε±(z) =
h̄

2
∆S ±

h̄

2

√
∆2
S + Ωef (z)2; z = vf · t, (11)

due to ac Stark shift (Delone, Krainov, 1999) stimulated by the coupling fre-
quency Ωef (9). The mixing angle 2θ = arctan(−2Ωef/∆S) (0 ≤ θ ≤ π/2) in
Eq. (10) defines a measure of amplitudes sharing between the diabatic vectors
ψF ′′ , ψBr.

Importantly, in the moving frame of the atom the Rabi frequencies Ωj(z)

Ωj → Ωj(z) = Ωj(z = 0) · exp(−z2/2$2
j )); (12)

along with ac Stark shifts ε± (9) become z- and time-dependent (see Fig. 4(c)).
The energy εD of the dark state, on the contrary, since it is not involved into
the light-atom interaction, always remains equal to diabatic zero value εD = 0,
as depicted in Fig. 4(c).

Probing the spatially varying energies ε±, εD of the dressed adiabatic states
at the second stage of the ladder scheme using a weak P-probe laser has a
number of interesting features. Due to the different spatial behavior of ε± and
εD, the bright and dark states are responsible for the formation of different parts
of the Nf (6) fluorescence signal as a function on P-laser detuning ∆P .

(i) In the case of ψ± vectors, they coherently share the population with
the ground state ψF ′′ (see Eq. (10)) and can transfer it to f-states only at two
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Landau-Zener resonance points z1,2, shown in Fig. 4(c). The maximum proba-
bility of population transfer occurs at point z = 0, i.e. the intersections of the
horizontal lines ε= h̄∆P with curves ε=ε± provides a wide fluorescence signal
background with width ∆ωf ≈ (ε++|ε−|)∼ΩS . These findings of ours correlate
well with the data presented in Fig. 2,3.

(ii) The dark state ψD (9), completely decoupled from the laser-atom inter-
action, cannot be excited by the S-laser and, at first glance, does not contribute
to the Nf signal. There is, however, another way of its excitation, namely due
to HF splitting ∆HF = 189MHz between F ′= 1 and F ′= 2 HF components of
3p1/2 i-state. As mentioned in (Shore, 2017; Vitanov et al., 2017; Auzinsh et
al., 2008), the splitting ∆HF , often called the double-photon detuning, opens a
pathway for population flow from ψBr to ψD states. Since the potential curves
εD,f of D- and f-states intersect in our simplified model only at ∆P =0, the D-
state manifests itself in the Nf (∆P ) signal as a central peak blurred and shifted
from resonance ∆P = 0 by HF interaction. The characteristics of this ”Dark”
peak, determined solely by ∆HF , should be slightly affected by the intensity of
the S-laser, which is consistent with the spectral profiles in Fig. 2,3.

4. Conclusions

In this work, the processes of formation of laser-dressed states on the hyperfine
(HF) sublevels of sodium atoms are experimentally and theoretically studied
using two-photon laser spectroscopy. A supersonic beam of sodium atoms is
excited near the frequency of the D1 line by a strong S-laser, which induces
formation of a system of bright and dark adiabatic states from the HF com-
ponents of the 3p1/2 state. Probing the 3p1/2 → 7d3/2 transition with a weak
P-laser allows to diagnose the dressed state parameters based on the features of
the 7d3/2 state emission spectrum. Numerical calculations, which describe well
the experimental data, followed by their qualitative analysis, made it possible
to explain the presence of two characteristic structural parts of the spectra. The
first of them, which has a large spectral extent with a width proportional to
the S-laser intensity, is formed by bright states since the associated adiabatic
energies alter along the atomic beam axis in the laser excitation zone. The sec-
ond region, presented in the spectra as a relatively narrow central peak, weakly
responds to the excitation intensity and, as analysis shows, is formed by trans-
ferring the population of the bright state to the dark one due to their mixing
by the HF interaction operator. Thus, we have proposed and implemented an
experimental scheme for optical diagnostics of dark states, based on their visu-
alization in two-photon absorption spectra of sodium atoms. The results are of
interest for atomic and laser physics.
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1 Department of Applied Physics, Technical University of Sofia, 1000 Sofia,
Bulgaria, (E-mail: mchristo@tu-sofia.bg)

2 Astronomical Observatory, Volgina 7, 11060 Belgrade, Serbia,
(E-mail: mdimitrijevic@aob.rs)

3 LERMA, Observatoire de Paris, Université PSL, CNRS, Sorbonne
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Abstract. Results for the Stark broadening parameters for spectral lines within
one spectral series of N VI 2s-np (n = 2 – 4) triplet transitions are included.
Plasma conditions of interest cover temperatures from 50 000 K to 2 000 000 K,
perturber density is 1017 cm−3, and electrons, and boron ions (B III, B IV, B V
and B VI) are perturbers. These conditions correspond to those in laser driven
plasma for proton boron fusion reaction. The contribution in Stark width and
shift of different types of perturbers is analyzed. The width versus principal
quantum number is presented.

Key words: Stark broadening – spectral line shapes – atomic data – N VI –
proton-boron fusion

1. Introduction

Stark broadening data, or data for broadening by collisions with charged par-
ticles, are of interest in many research topics. They are particularly needed for
astrophysical plasma research, but also for laboratory plasma diagnostics, for
fusion plasma, laser research and for various plasmas in technology.

Data for Stark broadening of five times charged nitrogen ion (N VI) spectral
lines are important particularly for investigation of white dwarfs where N VI
lines are present (see e.g. Rauch 2007) and Stark broadening is the dominant
pressure broadening mechanism. Reliable data for Stark broadening of N VI are
also of interest for proton-boron fusion plasma since in a number of investigations
(see e,g, Margarone et al., 2015; Giuffrida et al., 2020; Istokskaia et al., 2023)
the target is boron nitride (BN).

Fusion reaction is known in the universe as the dominant energy source
that occurs in the stellar interiors. Several international and national projects
as the International Thermonuclear Energy Reactor (ITER), and the National
Ignition Facility (NIF) perform continuous efforts to obtain controlled fusion
reaction device in laboratory.
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Using the semiclassical perturbation theory (see for example Sahal-Bréchot
et al., 2014 and references therein), we calculated Stark widths and shifts, de-
termining line profile, for 15 multiplets containing 33 spectral lines of N VI
broadened by collisions with the most important charged constituents of stellar
and proton-boron fusion plasma: electrons, protons, alpha particles, B III, B IV,
B V and B VI ions. Calculations have been performed for a grid of tempera-
tures and perturber densities. The obtained results will be also prepared in VO
(Virtual Observatory) and XSAMS (XML Schema for Atomic, Molecular and
Solid Data) format for the implementation of results in the international, on-line
database STARK-B (Sahal-Bréchot et al. 2015 - https://stark-b.obspm.fr/) a
part of VAMDC (Virtual Atomic and Molecular Data Center, Dubernet et al.,
2010), after the publication of the main article.

In this contribution we will present and discuss a part of the results which will
be published in entirety elsewhere (Dimitrijević, Christova and Sahal-Bréchot,
2023).

2. The impact semiclassical perturbation method

Spectral line profiles of detected emitted or absorbed spectral lines ensure im-
portant data for the interactions between emitters and surrounding particles. As
a result of these interactions in the plasma environment, the profiles are broad-
ened and shifted. The degree of profile’s change depends on temperature and
density. This plasma phenomenon is known in the theory as pressure broad-
ening mechanism. Pressure broadening can be provoked by interactions with
charged particles and due to interactions with neutral atoms. In the case of
interactions between emitters and charged particles (electrons, protons, ions),
pressure broadening is named Stark broadening. In this work, we investigate
Stark broadening parameters of several spectral lines belonging to N VI tran-
sitions. This study is first of all oriented for application in laser driven proton
boron plasma, but also and for astrophysical purposes. The semiclassical per-
turbation theory (Sahal-Bréchot, 1969 a,b) is applied. This theory is developed
for the case of an isolated, non-hydrogenic spectral line which full width at half
maximum (FWHM) and shift are expressed as:

W = N

∫
vf(v)dv

∑
i′ 6=i

σii′(v) +
∑
f ′ 6=f

σff ′(v) + σel


d = N

∫
vf(v)dv

∫ RD

R3

2πρdρ sin(2ϕp). (1)

where the indexes i and f concern the initial and final level of a given transition;
i′ and f ′ are the corresponding perturbing levels, respectively. N is electron
density, υ perturber velocity, f(υ) represents the Maxwellian distribution of
electron velocities, and ρ is the perturber’s impact parameter.
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The cross sections for inelastic collisions σkk′(υ), k = i, f , could be written by
an integration of the transition probability Pkk′(ρ, υ), over the impact parameter
ρ : ∑

k′ 6=k

σkk′(υ) =
1

2
πR2

1 +

∫ RD

R1

2πρdρ
∑
k′ 6=k

Pkk′(ρ, υ). (2)

The following two equations estimate the cross section of elastic collisions be-
tween emitters and charged particles:

σel = 2πR2
2 +

∫ RD

R2

2πρdρ sin2 δ + σr,

δ = (ϕ2
p + ϕ2

q)
1
2 . (3)

where δ denotes the phase shift due to polarization (ϕp (r−4)) and quadrupole
(ϕq (r−3)) potentials for atom-perturber elastic interactions. The details for
cut-off parameters R1, R2, R3, the Debye cut-off RD and the symmetrization
are explained in Sahal–Bréchot (1969 b) (Section 1 of Chapter 3). The term σr
gives the contribution of Feshbach resonances (Sahal–Bréchot, 2021).

3. Results and Discussion

Two main research fields where Stark broadening data for N VI spectral lines
are needed are first of all white dwarfs, where Stark broadening is the dominant
pressure broadening mechanism and N VI lines are present in their spectra. The
other research field is the proton-boron fusion experiments, where nitrogen is
an important target. In order to satisfy the needs of both fields, we have cal-
culated, using the semiclassical perturation method (Sahal-Bréchot, 1969 a, b;
Sahal-Bréchot et al., 2014), Stark broadening of spectral lines within 15 multi-
plets of N VI. The temperature values are in a wide interval from 50 000 K to
2 000 000 K and perturber densities from 1017 cm−3 to 1024 cm−3. Broaden-
ing due to collisions with electrons, protons, alpha particles and boron ions in
different degrees of ionization (B III, B IV, B V and B VI), charged particles
of interest for white dwarfs and proton-boron fusion, are examined. The com-
plete results will be published in entirety elsewhere (Dimitrijević, Christova and
Sahal-Bréchot, 2023). Here, in Tables 1-2 are presented line widths and in Tables
3-4 shifts of three lines within one spectral series, for all examined temperatures
and for perturber density 1017 cm−3. These lines belong to triplets N VI 2s-2p,
1901.5 Å; N VI 2s-3p, 161.2 Å; N VI 2s-4p, 122.4 Å. These results are used for
discussion of systematic trend of Stark widths within a spectral series and for
comparison and analysis of the influence of different perturbers. The parameter
C (Dimitrijević, Sahal-Bréchot, 1984), provided in Tables 1-4, when divided by
the corresonding width (W ), gives the maximal perturber density for which the
line may be considered as isolated.
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Table 1. Stark full widths (Å) at half intensity maximum of N VI spectral lines due to

interactions with electrons, B III and B IV ions. The presented lines belong to triplets

within one spectral series. The perturber density is 1017 cm−3.

Transition T[K] We WBIII WBIV
N VI 2s-2p 50000. 0.730E-02 0.205E-04 0.206E-04
1901.5 A 100000. 0.523E-02 0.729E-04 0.780E-04
C= 0.19E+21 300000. 0.321E-02 0.365E-03 0.483E-03

500000. 0.259E-02 0.549E-03 0.790E-03
1000000. 0.198E-02 0.852E-03 0.136E-02
2000000. 0.155E-02 0.111E-02 0.178E-02

N VI 2s-3p 50000. 0.199E-03 0.500E-05 0.552E-05
161.2 A 100000. 0.147E-03 0.113E-04 0.140E-04
C= 0.19E+18 300000. 0.959E-04 0.241E-04 0.352E-04

500000. 0.800E-04 0.289E-04 0.442E-04
1000000. 0.634E-04 0.350E-04 0.560E-04
2000000. 0.511E-04 0.405E-04 0.679E-04

N VI 2s-4p 50000. 0.337E-03 0.295E-04 0.394E-04
122.4 A 100000. 0.258E-03 0.480E-04 0.694E-04
C= 0.48E+17 300000. 0.177E-03 0.743E-04 0.120E-03

500000. 0.150E-03 0.854E-04 0.141E-03
1000000. 0.121E-03 0.105E-03 0.174E-03
2000000. 0.979E-04 0.124E-03 0.193E-03

To investigate the width’s behavior in the spectral series we give Stark widths
versus principal quantum number. To eliminate the influence of the wavelength,
the broadening is given in angular frequency units in Fig. 1 for 300 000 K and
electron density 1020 cm−3. This dependence is in accordance with the theory
that spectral lines originated from higher transitions are more broadened. This
systematic trend could be useful to roughly estimate by extrapolation, Stark
width due to interactions with electrons for other spectral lines from the same
series.

In the next two figures we present Stark broadening parameters due to differ-
ent perturbers for spectral line with wavelength 9624.6 Å – transition (singlet)
N VI 3s-3p. The perturber density is 1016 cm−3. The case of Stark width is
illustrated in Fig. 2. The width due to collisions with electrons decreases with
temperature and dominates for temperatures up to 200 000 K, while those due
to protons, alpha particles, and boron ions with different degrees of ionization
increase with T. The broadening is larger with the increasing of the electric
charge of the perturber. The lowest values are obtained for protons and highest
for boron ions B VI. All curves are well separated and distinguishable. The cor-
responding Stark shift values are shown in Fig. 3. They are all negative (towards
the blue). The smallest shifts of the spectral line are obtained for N VI-electron
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Figure 1. Stark widths due to interactions with electrons versus principal quantum

number for spectral lines within one spectral series corresponding to N VI 2s-np (n =

2 – 4) triplets. The temperature is 300 000 K and the perturber density 1020 cm−3.
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Figure 2. Stark width due to interactions with electrons (blue solid line), protons

(red dashes), alpha particles (dark blue dots) and ions: B III (yellow solid line), B

IV (orange solid line), B V (purple solid line), and B VI (black solid line) ions versus

temperature. Spectral line corresponds to N VI 3s-3p singlet transition with λ = 9624.6

Å. The perturber density is 1016 cm−3.
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Figure 3. Stark shift due to interactions with electrons (blue solid line), protons

(red dashes), alpha particles (dark blue dots) and ions: B III (yellow solid line), B

IV (orange solid line), B V (purple solid line), and B VI (black solid line) ions versus

temperature. Spectral line corresponds to N VI 3s-3p singlet transition with λ = 9624.6

Å. The perturber density is 1016 cm−3.
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Figure 4. Stark width due to interactions with electrons (blue solid line), protons

(red dashes), alpha particles (dark blue dots) and ions: B III (yellow solid line), B

IV (orange solid line), B V (purple solid line), and B VI (black solid line) ions versus

temperature. Spectral line corresponds to N VI 4s-4p singlet transition with λ = 17182

Å. The perturber density is 1016 cm−3.
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Table 2. Stark full widths (Å) at half intensity maximum of N VI spectral lines due

to interactions with B V and B VI ions. The presented lines belong to triplets within

one spectral series. The perturber density is 1017 cm−3.

Transition T[K] WBV WBVI
N VI 2s-2p 50000. 0.206E-04 0.206E-04
1901.5 A 100000. 0.808E-04 0.824E-04
C= 0.19E+21 300000. 0.574E-03 0.673E-03

500000. 0.107E-02 0.134E-02
1000000. 0.185E-02 0.232E-02
2000000. 0.251E-02 0.328E-02

N VI 2s-3p 50000. 0.581E-05 0.598E-05
161.2 A 100000. 0.165E-04 0.185E-04
C= 0.19E+18 300000. 0.451E-04 0.557E-04

500000. 0.616E-04 0.788E-04
1000000. 0.781E-04 0.101E-03
2000000. 0.923E-04 0.127E-03

N VI 2s-4p 50000. 0.465E-04 0.531E-04
122.4 A 100000. 0.905E-04 0.110E-03
C= 0.48E+17 300000. 0.169E-03 0.220E-03

500000. 0.169E-03 0.257E-03
1000000. 0.234E-03 0.326E-03
2000000. 0.304E-03 0.383E-03

interactions and the largest – for N VI-B VI ion interactions. All shifts increase
with temperature and the T-gradient increases with electric charge of the per-
turbing particle.

The similar dependencies of Stark broadening parameters for N VI 4s-4p
singlet transition are given in Fig. 4 and Fig. 5, respectively. The perturber
density is 1016 cm−3. In the case of Stark width (Fig. 4), the electron width
is largest for temperatures up to 1 000 000 K. Even that then it slowly de-
creases, it stays significant for the rest of the examined temperature interval.
As for the previous line, the broadening due to other perturbers increases with
their electric charge. Here, the separations between different curves are smaller,
they increase with the electric charge, also. Concerning line shift (Fig. 5), all
components are negative and increase with temperature. The different curves
are well separated from each other. Perturbers with large electric charges are
more effective in the case of shift of the considered spectral line. The presented
results for all spectral lines in this study could be used for spectroscopic di-
agnostics of astrophysical objects, laser driven plasmas in proton-boron fusion
experiments with nitrogen target, and other high temperature laboratory and
industrial plasma environment.
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Table 3. Stark shifts (Å) of the intensity maximum of N VI spectral lines due to

interactions with electrons, B III and B IV ions. The presented lines belong to triplets

within one spectral series. The perturber density is 1017 cm−3.

Transition T[K] de dBIII dBIV
N VI 2s-2p 50000. -0.518E-04 -0.110E-03 -0.161E-03
1901.5 A 100000. -0.155E-03 -0.226E-03 -0.337E-03
C= 0.19E+21 300000. -0.176E-03 -0.522E-03 -0.839E-03

500000. -0.165E-03 -0.668E-03 -0.108E-02
1000000. -0.155E-03 -0.844E-03 -0.144E-02
2000000. -0.140E-03 -0.102E-02 -0.172E-02

N VI 2s-3p 50000. 0.114E-05 0.669E-05 0.993E-05
161.2 A 100000. 0.194E-05 0.119E-04 0.184E-04
C= 0.19E+18 300000. 0.152E-05 0.206E-04 0.341E-04

500000. 0.157E-05 0.237E-04 0.395E-04
1000000. 0.114E-05 0.281E-04 0.476E-04
2000000. 0.892E-06 0.329E-04 0.561E-04

N VI 2s-4p 50000. 0.949E-05 0.325E-04 0.510E-04
122.4 A 100000. 0.908E-05 0.473E-04 0.756E-04
C= 0.48E+17 300000. 0.805E-05 0.651E-04 0.110E-03

500000. 0.685E-05 0.740E-04 0.127E-03
1000000. 0.542E-05 0.853E-04 0.143E-03
2000000. 0.443E-05 0.991E-04 0.166E-03

4. Conclusions

New calculated results for Stark broadening parameters of N VI spectral lines
are obtained. Conditions of interest include temperatures and densities corre-
sponding to the white dwarfs and to the laser driven proton-boron plasma for
fusion reaction. Stark width dependence versus principal quantum number is
presented for spectral lines from triplet transitions within one spectral series N
VI 2s - np (n = 2 – 4). The result is in accordance with the theory. The role of
different perturbers in the Stark broadening of two spectral lines belonging to
singlet transitions (N VI 3s-3p and N VI 4s-4p) is investigated. More effective
in the broadening and shifting of spectral lines are perturbers with larger elec-
tric charge. The shifts are negative, the spectral lines are shifted towards high
frequencies (towards blue). Obtained new results for Stark broadening param-
eters of N VI spectral lines will be included in the Stark-B database (Sahal-
Bréchot et al. 2015 - https://stark-b.obspm.fr/), part of Virtual Atomic and
Molecular Data Center (VAMDC – Dubernet et al., 2010). Additionally, there
is a link to Stark-B on the website of Serbian Virtual Observatory (SerVO,
http://servo.aob.rs).

The results obtained in this work will be of interest for example for inves-
tigation of white dwarfs, stellar subphotospheric layers, laser driven plasma in
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Table 4. Stark shifts (Å) of N VI spectral lines due to interactions with B V and B VI

ions. The presented lines belong to triplets within one spectral series. The perturber

density is 1017 cm−3.

Transition T[K] dBV dBVI
N VI 2s-2p 50000. -0.209E-03 -0.254E-03
1901.5 A 100000. -0.448E-03 -0.556E-03
C= 0.19E+21 300000. -0.116E-02 -0.148E-02

500000. -0.153E-02 -0.201E-02
1000000. -0.209E-02 -0.277E-02
2000000. -0.250E-02 -0.333E-02

N VI 2s-3p 50000. 0.0.130E-04 0.159E-04
161.2 A 100000. 0.252E-04 0.320E-04
C= 0.19E+18 300000. 0.482E-04 0.635E-04

500000. 0.576E-04 0.772E-04
1000000. 0.691E-04 0.921E-04
2000000. 0.819E-04 0.111E-03

N VI 2s-4p 50000. 0.848E-04 0.681E-04
122.4 A 100000. 0.136E-03 0.106E-03
C= 0.48E+17 300000. 0.214E-03 0.161E-03

500000. 0.243E-03 0.182E-03
1000000. 0.288E-03 0.213E-03
2000000. 0.331E-03 0.247E-03
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Figure 5. Stark shift due to interactions with electrons (blue solid line), protons

(red dashes), alpha particles (dark blue dots) and ions: B III (yellow solid line), B

IV (orange solid line), B V (purple solid line), and B VI (black solid line) ions versus

temperature. Spectral line corresponds to N VI 4s-4p singlet transition with λ = 17182

Å. The perturber density is 1016 cm−3.
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proton-boron fusion experiments, laboratory plasmas and other topics in astro-
physics and plasma physics.
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Abstract. In this manuscript, the chemi-recombination (CR) processes i.e.
electron driven collisions are examined. We obtained the rate coefficients for
CR processes in potassium collisions for principal quantum numbers n ≥ 6
and temperatures from 500 K to 5 000 K. The data presented here could help
enhance the investigation and modeling of weakly ionized layers in various
atmospheres and cosmic objects, including geocosmical ones.

Key words: atomic and molecular data – molecular ions – astrophysical
plasma – spectroscopy – plasma diagnostics

1. Introduction

As referred over the recent years the collisional processes are of great inter-
est to the scientists (Iacob et al., 2019; Ignjatović et al., 2019; Mihajlov et al.,
2012). The reason for this is that they have an effect on the spectral properties
of astrophysical and laboratory plasmas (see papers Tielens, 2013; Beuc et al.,
2018a,b; Srećković et al., 2014; Ignjatović et al., 2020). Collisional processes in-
volving various species including alkali atoms, ions, and small molecule ions can
have an impact on the ionization level, atom excited-state populations, and opti-
cal properties (Mihajlov et al., 2011; Srećković et al., 2017). In low-temperature
plasma astrophysics, collisional events are commonly acknowledged as an effec-
tive conduit for the creation/destruction of corresponding molecular ions (Iacob
et al., 2019; Srećković et al., 2022; Pop et al., 2021; Epée Epée et al., 2022, and
references therein).

It should be noted that potassium and its molecules are important in the
study of cool brown dwarf atmospheres (see Allard et al., 2007). For instance,
Allard et al. (2016) emphasize that for cool brown dwarfs, the wings of the alkali
resonance lines—particularly the K I resonance doublet—dominate the opacity
in the red optical to near-IR region. The corresponding data could be useful
for modeling and investigation of potassium-containing chemical processes in
Europa’s atmosphere, as well as cometary gas tails and cool stars (see, e.g.

https://orcid.org/0000-0001-7938-5748
https://orcid.org/0009-0003-2358-8951


Chemi-recombination processes in astrophysical and low-temperature laboratory plasmas 95

Fegley & Zolotov, 2000). Potassium atoms have been found in exospheres of
Mercury and Moon, and also in circumstellar envelopes (see Valiev et al., 2020,
and references therein) . Additionally, certain technological applications and
laboratory tests involve the use of potassium collisional processes (Beuc et al.,
2018b; Albert et al., 2020; Marinković et al., 2017; Srećković et al., 2021).

In this study, we obtained rate coefficients for potassium collisional sym-
metric chemi-recombination (CR) processes important for modeling planetary
atmospheres, laboratory and geocosmic plasma. The collisional data are ob-
tained for a wide range of temperatures 500 K ≤ T ≤ 5 000 K and principal
quantum numbers up to 20.

2. Theoretical remarks

2.1. Chemi-Recombination Processes

In this study, we investigated the electron driven collisional processes i.e. sym-
metric CR processes:

e+A+
2 =⇒ A∗(n) +A, (1a)

e+A+A+ =⇒ A∗(n) +A, (1b)

Here A denote potassium atoms in the ground states, A∗(n) are correspond-
ing Rydberg atoms, A+

2 are the molecular ions in the ground electronic states.
General symmetric CR processes (1) consist of two channels ”a” (1a) and ”b”
(1a).

The calculations were carried out using the so-called dipole resonant mech-
anism (DRM), which is how the collisional reactions (1) were handled. The
study in Mihajlov et al. (2003); Mihajlov et al. (2012) provides a complete and
extensive overview. We offer a brief summary of the method together with the
underlying theory in this section.

The DRM is used to calculate the rate coefficients for the principal quantum
number 6 ≤ n ≤ 20 with temperatures ranging from 500 K to 5000 K. Section
3 presents and discusses the data i.e. findings in depth.

2.2. Rate Coefficients

Rate coefficients K
(a,b)
r (n, T ) for the both channels ”a” (1a) and ”b” (1b) of CR

processes (1) can be presented by

K(a,b)
r (n, T ) = Qn(T ) ·

∫ Rn

Rmin

exp

[
U12(R)

kT
− U1(R)

kT

]
·X(a,b)(R, T ) · R

4dR

a5
0

(2)

using the theory from the papers (Mihajlov et al., 2003, 2011). U12(R) = U2(R)−
U1(R), U1(R) and U2(R) are the ground and first excited electronic states of
the system i.e. molecular ion, and R is the internuclear distance. Here Rn can
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Figure 1. Left: Calculated values for rate coefficient K
(a)
r (cm3 s−1) as a function of n

and T for potassium case (A=K in Eq(1)); Right: Calculated values for rate coefficient

K
(b)
r (cm3 s−1) as a function of n and T for potassium case (A=K in Eq(1)).

be obtained by the equation U12(R) = In as the largest root, while Rmin can be
calculated as in Mihajlov et al. (2003). In (2) the needed quantity Qn(T ) can
be obtained by expression

Qn(T ) =
(2π)5/2

33/2

(h̄ea0)2

(mkT )3/2
n−3 exp

(
In
kT

)
, (3)

where In is the excited atom ionization energy. X(a) parameter can be presented
by:

X(a)(R, T ) =

γ
(

3

2
;−U1(R)

kT

)
/Γ

(
3

2

)
U1 < 0

0, U1 ≥ 0
(4)

Here γ and Γ are incomplete gamma functions. X(b)(R, T ) = 1 − X(a)(R, T ).

The total CR rate coefficient K
(ab)
r (n, T ) for the processes (2) is defined as

K(ab)
r (n, T ) = K(a)

r (n, T ) +K(b)
r (n, T ). (5)

2.3. The Data

The rate coefficients are used as input parameters in many atmospheric mod-
els and spectrum synthesis software (Hauschildt & Baron, 2010). In order to be
appropriately incorporated in codes and atomic and molecular (A&M) databases
for modeling planetary atmospheres, early Universe chemistry, geocosmic plasma,
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Figure 2. Calculated values for rate coefficient K
(ab)
r (cm3 s−1) as a function of n and

T for lithium case (A=K in Eq(1)).

etc., it is needed to establish good quality data (Albert et al., 2020; Marinković
et al., 2017; Djuissi et al., 2020).

3. Results

The data i.e. the partial recombination rate coefficients K
(a,b)
r (n, T ), and total

recombination rate coefficients K
(ab)
r (n, T ) obtained by Eqs. (2) and (5), for

potassium are presented in figures 1 and 2.
The figs. 1a,b presents a 3D plot which covers the region 6 ≤ n ≤ 20 and 500

K ≤ T ≤ 5000 K. One can see that the probability for ”a” channel of dissociative
recombination is higher for lower n and lower temperature. Similar behavior is
for the case of channel ”b”. Therefore, it appears that in the examined environ-
ment, these collisions form one of the primary processes for the production of
Rydberg atoms.

Our future objective is to obtain and provide a straightforward approxima-
tive formula for the rate coefficients in order to facilitate the use of calculated
data. It would also be extremely beneficial to include data in an A&M database.
We intend to add these datasets to VAMDC (vamdc.eu), a searchable A&M data
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provider, by extending one of the VAMDC nodes hosted by Serbian Virtual Ob-
servatory at servo.aob.rs (Jevremović et al., 2020).

4. Summary

For the electron-impact processes involving the potassium atoms, ions, molecu-
lar cations, we have calculated the rate coefficients for the chemi-recombination
in domains of principal quantum numbers n ≥ 6 and temperatures from 500 K
to 5 000 K in this paper.

The numerical results demonstrate that the processes under investigation
could have influence on the atom excited-state populations, and consequently
on the optical characteristics in the weakly ionized layers of atmospheres of
different stars which contain potassium. Additionally, the provided collisional
data could be useful in interstellar chemistry as well as in geo-cosmical and cold
plasma investigation.

Acknowledgements. This work is supported by the Ministry of Science, Techno-
logical Development and Innovations of the Republic of Serbia and supported by the
Science Fund of the Republic Serbia, Grant No. 3108/2021. This article is based upon
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radiative processes in the solar atmosphere: quiet Sun and sunspots. 2014, Adv.
Space Res., 54, 1264, DOI: 10.1016/j.asr.2013.11.017

Tielens, A. G. G. M., The molecular universe. 2013, Rev. Mod. Phys., 85, 1021, DOI:
10.1103/RevModPhys.85.1021

Valiev, R. R., Berezhnoy, A. A., Gritsenko, I. S., et al., Photolysis of diatomic
molecules as a source of atoms in planetary exospheres. 2020, Astron. Astrophys.,
633, A39, DOI: 10.1051/0004-6361/201936230



Contrib. Astron. Obs. Skalnaté Pleso 53/3, 101 – 106, (2023)
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1 University of Belgrade, Institute of Physics Belgrade, PO Box 57,
(E-mail: nsakan@ipb.ac.rs)

2 Astronomical Observatory, Volgina 7, 11060 Belgrade, Serbia
3 Institute of Astronomy and National Astronomical Observatory, Bulgarian

Academy of Sciences, 72, Tsarigradsko chaussee Blvd. Sofia, Bulgaria

Received: September 17, 2023; Accepted: October 9, 2023

Abstract. Dense plasma of moderate and strong non-ideality is of growing
interest in physics related to stellar and laboratory plasma. Up until now the
optical parameter of hydrogen plasma of mid and moderately high nonideality
parameter could be described successfully, thus enabling the modeling of optical
properties. But the model potential used does not include the correct plasma
interaction in it’s basic form. The influence of dense packing ionic structure
onto the form of potential is investigated in this paper. The presented results
are a step towards the more precise description of ionic field influence onto the
plasma microfield when the dynamic of the ionic structure is neglected and the
dense packing assumed.

Key words: optical properties – dense plasma – bond states – pseudopotential
– modelling

1. Introduction

Nowadays, modeling of the optical properties of dense plasma is of growing
interest in both astrophysical as well as laboratory plasma (Chabrier et al., 2002;
Bardet et al., 2003; Vitel, 2004; Sultana & Schlickeiser, 2018; Chabrier et al.,
2006). Since the known models of plasma emitter interaction do not describe
this case well enough and precise simulation models are extremely computing
time consuming the need for this research is required (see e.g. Agranat et al.,
2007; Mazevet et al., 2005).

In the dense plasma the inter-particle Coulomb interaction becomes domi-
nant over the thermal kinetic energy (Fortov et al., 2006). In such conditions
a coupled system of particles behaves partially like a crystal. The simplified
version, for hydrogen case, of non-ideality parameter Γ is given by
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Γ =
Ep

Ek
=

e2

kTrWS
∼ e2N1/3

e β, β = 1/kT, rWS =

(
3

4πNe

)1/3

. (1)

The simplified screening model of Debye is used to investigate screening influ-

ence, although it is not ideal for dense plasma, rD =
(

ε0kBTe

neq2e

)1/2

.

Models used for describing dense plasma

The usage of Cut-off Coulomb model potential was applied in the fully quan-
tum mechanical solution for determining the optical properties of dense hydro-
gen plasma. Up until now the results were presented and used for instance see
Dimitrijević et al. (2018); Srećković et al. (2018); Mihajlov et al. (2015, 2011);
Ignjatović et al. (2017); Ignjatović et al. (2009). Both Coulomb as well as cut-off
Coulomb potential is presented in Eq. 2,

U(r) = −e
2

r
, Uc(r) =


−e

2

r
+
e2

rc
, : 0 < r ≤ rc,

0, : rc < r <∞

. (2)

The plasma-emitter interaction is roughly modeled by the cut-off radius rc.
The close vicinity of the emitter is described correctly by the shifted Coulomb
potential in the vicinity of the emitter as well as constant plasma potential in
the far field r � rc.

2. Results and discussion

Since the strongly coupled Coulomb systems have small thermal mobility, the
idea of was to use a dense packing of spheres to describe an influence of ionic
field. The densest packing of the spheres is applied (see John Horton Conway,
1998). The calculations have been carried out to average a potential seen by the
central particle of dense packing in accordance with the algorithm of integration
on the sphere surface presented in Lebedev & Laikov (1999).

As first test a behavior of enlarging a number of charged ions layers is ana-
lyzed and presented in Fig. 1, in case of expected plasma parameters and then in
model case of non-physical values of plasma density parameters and screening
values (Fig. 2).

The influence of charged particle density as well as screening influence is
shown in Fig. 3 and Fig. 4. It is expected to yield a semi-empirical form of
describing plasma influence onto emitter potential and develop more precise
plasma-emitter describing.

In order to describe the collective influence onto the emitter the ratio of the
yielded potential and the Coulomb one is presented. It could be seen, from Fig. 1,
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Figure 1. Investigation of the effect of number of layers of charged particles in realistic

case, Ne = 1019 cm−3, T = 10 kK giving estimated values of rD = 54.4 a.u. and

rWS = 41.2 a.u..
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Figure 2. Number of layers effect on modeled case rD = 100 a.u. and rWS = 100 a.u..

and Fig. 2, that the enlargement of the charged particle layers lead to linear
enlargement of the collective potential influence, the larger the layer count,
the larger linear part is. So it is expected that in an ideal infinite case the
linear enlargement of the collective potential could be a good candidate for
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Figure 3. A modeling an effect of charged particle density variation, case of 9 layers.
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Figure 4. A modeling an effect of screening Debye-like parameter variation, case of 9

layers.

more precise description of the plasma influence onto the emitter. The inter-
ionic distance influence is shown in Fig. 3, it is obvious that smaller inter-ionic
distance is the faster plasma influence starts to be important, as expected. In
Fig. 4 the screening influence is shown. It is expected that the plasma influence
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could be modeled with some form of analytical or semi-analytical form of pseudo-
potential. This enables a more acceptable mechanism of broadening of the bond
levels.

3. Conclusions

The simplification of plasma-emitter influence is needed, since the detailed ap-
proach with molecular dynamic code coupled with quantum mechanical solver is
computing power intense method. The presented results are a step towards the
more precise description of ionic field influence onto the plasma microfield when
the dynamic of the ionic structure is neglected and the dense packing assumed.
Although this approach is not ideal it could lead to a model both satisfactory
in precision as well as with numerical simplicity.

The results that were obtained may be relevant to some astrophysical plas-
mas, such as the plasma of the solar atmosphere’s inner layers and the plasmas of
some other star atmospheres (such as those of some DA and DB white dwarfs).
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Mihajlov, A. A., Srećković, V. A., & Sakan, N. M., Inverse Bremsstrahlung in Astro-
physical Plasmas: The Absorption Coefficients and Gaunt Factors. 2015, J. Astro-
phys. Astron., 36, 0, DOI: 10.1007/s12036-015-9350-0
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Abstract. The photo-association, charge-exchange, and photo-dissociation ab-
sorption processes in non-symmetric systems including hydrogen and calcium
atoms, ions, molecules, and molecular-ions are investigated in this paper. For
the current computation, we have calculated the data for molecules and molec-
ular state characterizations. We obtained the cross-sections and corresponding
spectral absorption rate coefficients - as the functions of wavelengths, and tem-
peratures. The collected data has the potential for an impact on vast additional
applications, such as modeling of laboratory plasmas and numerous astrophys-
ical objects.

Key words: atomic and molecular data – astrophysical plasma – optical char-
acteristics – absorption

1. Introduction

Due to the complexity of electron dynamics in molecules and the sophistication
of most experimental setups used in this context, atomic and molecular (A&M)
data and databases are an indispensable ingredient in new experimental ap-
proaches and accurate theoretical support (Hauschildt & Baron, 2010; Albert
et al., 2020; Epée Epée et al., 2022; Srećković et al., 2021). Furthermore, one
can observe the present importance of investigating the optical properties of
numerous small molecules as well as the associated A&M data (Sansone et al.,
2010; Djuissi et al., 2020; Iacob et al., 2019; Srećković et al., 2022; Mihajlov
et al., 2011). Precision spectroscopy of molecular ions has applications in astro-
chemistry, quantum state controlled chemical reactions, and measurements of
fundamental constants (Vázquez-Carson et al., 2022; Iacob, 2020; Brown et al.,
2016; Ignjatović et al., 2020; Pop et al., 2021). Such precise spectroscopy mea-
surements open the path for search for astrophysical presence of those small
molecules like CaH+, etc. (Khanyile et al., 2013).
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Our aim is to obtain spectroscopic information, i.e., data, about such sys-
tems involving hydrogen and calcium atoms, ions, molecules and molecular-ions.
For example, CaH+ molecular ions are of great scientific interest due to possible
applications to astrophysics and fundamental physics, similar to other alka-
line earth hydride ions (Monteiro et al., 1988; Dutta et al., 2006; Kimura et al.,
2011). Interstellar medium (ISM) and comets are believed to contain these hy-
drides. For such systems, we calculated spectral absorption rate coefficients and
average cross-sections. These parameters cover a wide range of temperatures
and EUV and UV region of wavelengths.

The outcomes, i.e. the obtained datasets, may be applied to important tasks,
such as modelling or in PLEIADES SOLEIL synchrotron (Giuliani et al., 2014).
Also, the collected data have the potential to have a high impact and vast appli-
cations, such as lasers, ultra-short lasers and laser physics, modeling of labora-
tory plasmas and numerous astrophysical objects (Canuto et al., 1993; Barklem
& O’Mara, 1998; Brown et al., 2016). Also, for quality modelling accurate data
is needed, which makes the research relevant and up to date.

Brief theory and calculated quantities are presented in section 2; section 3
describes and discusses the results. Finally, the section 4 is devoted to conclu-
sions and future directions of research.

2. Theory

2.1. Processes

In this study, radiative processes are investigated in terms of their impact on
the optical properties of weakly ionized astrophysical and laboratory plasmas.
In particular, in the case of strongly non-symmetric systems, the processes of
photo-association i.e. free-bound (fb), absorption charge-exchange i.e. free-free
(ff) and photo-dissociation i.e. bound-free (bf) are investigated.

We shall investigate the processes that can be described as non-symmetric

ελ +AB+ ⇒ A+ +B, (1)

ελ +A+B+ ⇒ A+ +B. (2)

ελ +A+B+ ⇒ (AB+)∗ (3)

Here, B represents a calcium atom (Ca), and A=H. Molecular-ion in the ground
electronic state HCa+ is represented by the symbol AB+, and molecular-ion in
the first excited electronic state is represented by the symbol (AB+)∗.



The radiative processes involving some non-symmetric systems relevant for astrochemistry 109

2.2. The spectral characteristics

As stated in Srećković et al. (2014), the free-free spectral rate coefficients
K(ff)(λ, T ) which described the processes (2) can be presented by relation:

K(ff)(λ, T ) =

∞∫
0

(
2E

µ

) 1
2

σ(ff)(λ,E)f(E)dE (4)

Here quantity σ(ff)(λ,E) denotes the cross section and f(E) is the Maxwell
energy distribution function

f(E) =
2

π1/2(kT )3/2
e
− E

kBT E1/2dE, (5)

where µ is the reduced mass of the considered system.

The free-free absorption cross section σ(ff)(λ,E) for radiative charge ex-
change processes can be represented as

σ(ff)(λ,E) =
g1g2

g1′g2′

8π4h̄2ελ
3c2µE

·[
(J + 1) · |DJ,E;J+1,E′imp

|2 + J · |DJ,E;J−1,E′imp
|2
]
,

(6)

where DJ,E;J±1,E′imp
=< in, J,E;R|Din,fin(R)|fin, J ± 1, E′ > . Din;fin(R)

=< in;R|D(R)|fin;R > is the electronic dipole matrix element and D is the
operator of the dipole moment of the investigated system. Detailed theory and
definitions of all quantities can be found in Srećković et al. (2014).

The rate coefficient K(fb)(λ, T ) for the free-bound processes (3) can be pre-
sented as in Ignjatović et al. (2014) by:

K(fb)(λ, T ) =
(2π)3

3h̄λ

(
2πh̄2

µkT

)3/2 ∑
J′,v′

( µ

2E

)1/2

e−
E
kT · SJ′,v′ , (7)

where

SJ′,v′ =
g12

g1g2
· [J ′|DJ′−1,E;J′,v′ |2 + (J ′ + 1)|DJ′+1,E;J′,v′ |2]. (8)

Here DJ′±1,E;J′,v′ =< in, J ′ ± 1, E;R|Din,fin(R)|fin, J ′, v′ > . Detailed defini-
tions of all quantities and theory can be found in papers Srećković et al. (2014);
Ignjatović et al. (2014).

The (bf) i.e. photo-dissociation spectral rate coefficient for processes (1) can
be presented by

K(bf)(λ, T ) = X−1(T ) · σ(bf)(λ, T ). (9)
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Figure 1. 3D plot of the mean thermal photo-dissociation cross- section for molecu-

lar-ion CaH+.

Here the X factor is given by

X(T ) =

(
µkT

2πh̄2

) 3
2 g1g2

g12
· 1∑
J,v

(2J + 1)e
Edis−EJ,v

kT

. (10)

The average thermal photo-dissociation cross section σ(bf)(λ, T ) is:

σ(bf)(λ, T ) =

∑
J,v

(2J + 1)e
−EJ,v

kT · σ(bf)
J,v (λ)∑

J,v

(2J + 1)e
−EJ,v

kT

. (11)

The partial cross-sections σ
(bf)
J,v (λ) can be presented with the expression:

σ
(bf)
J,v (λ) =

8π3

3λ

[
J + 1

2J + 1
|DJ,v;J+1,E′imp

|2 +
J

2J + 1
|DJ,v;J−1,E′imp

|2
]
. (12)

All needed quantities and relations are given in detail in e.g. papers of Srećković
et al. (2014); Srećković et al. (2021); Ignjatović et al. (2014).
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3. Results and Discussion

The dataset i.e. results have been provided in tabulated form by Tabs. 1 - 3. In
addition, the results are also illustrated in this section by Figure 1. The data
cover the region 50 nm ≤ λ ≤ 200 nm and 1000 K ≤ T ≤ 10000 K. Data could be
beneficial for laboratory plasma diagnostics, astrophysics and industrial plasma
modeling.

Table 1. The spectral absorption coefficient K(bf)(λ, T ) [cm5] which characterizes ab-

sorption processes (1) for calcium hydride molecular ion as a function of wavelength

λ [nm] and temperature T [K].

lambda/T 1000 2000 3000 4000 6000 8000 10000
50 1.16E-36 1.40E-41 6.05E-43 1.44E-43 3.43E-44 1.57E-44 9.26E-45
60 2.29E-36 6.82E-41 2.52E-42 4.91E-43 9.14E-44 3.68E-44 2.02E-44
70 2.40E-36 7.81E-41 3.15E-42 6.87E-43 1.52E-43 6.76E-44 3.94E-44
80 4.62E-36 1.60E-40 7.97E-42 1.97E-42 4.95E-43 2.35E-43 1.43E-43
90 9.37E-36 3.35E-40 1.73E-41 4.66E-42 1.31E-42 6.56E-43 4.10E-43
100 1.73E-35 4.02E-40 2.47E-41 7.67E-42 2.45E-42 1.29E-42 8.30E-43
110 2.40E-34 7.96E-39 4.49E-40 1.25E-40 3.57E-41 1.78E-41 1.11E-41
120 4.12E-31 4.04E-36 1.05E-37 1.79E-38 3.07E-39 1.21E-39 6.62E-40
130 8.04E-30 4.61E-35 7.87E-37 1.01E-37 1.24E-38 4.13E-39 2.04E-39
140 1.05E-32 3.32E-36 2.17E-37 5.40E-38 1.24E-38 5.45E-39 3.14E-39
150 4.71E-35 4.50E-37 8.59E-38 3.46E-38 1.22E-38 6.44E-39 4.10E-39
160 4.13E-38 6.29E-39 2.67E-39 1.54E-39 7.51E-40 4.62E-40 3.20E-40
165 5.80E-42 2.02E-42 1.10E-42 7.11E-43 3.86E-43 2.51E-43 1.79E-43

Table 2. The spectral absorption coefficient K(ff)(λ, T ) [cm5] which characterizes

absorption processes (2) as a function of wavelength λ [nm] and temperature T [K].

lambda/T 1000 2000 3000 4000 6000 8000 10000
50 5.19E-45 1.49E-45 1.60E-45 1.67E-45 1.74E-45 1.90E-45 2.41E-45
60 2.04E-45 1.44E-45 1.89E-45 2.26E-45 2.89E-45 3.26E-45 3.93E-45
70 1.99E-44 1.74E-44 1.85E-44 1.96E-44 2.06E-44 2.34E-44 2.60E-44
80 1.94E-43 1.42E-43 1.54E-43 1.67E-43 1.91E-43 2.16E-43 2.37E-43
90 7.74E-43 6.30E-43 6.28E-43 6.37E-43 6.90E-43 7.40E-43 7.97E-43
100 1.94E-42 1.52E-42 1.51E-42 1.54E-42 1.64E-42 1.73E-42 1.85E-42
110 1.86E-41 1.07E-41 1.02E-41 9.63E-42 9.04E-42 8.54E-42 8.33E-42
120 2.58E-40 8.05E-41 8.53E-41 8.46E-41 7.65E-41 7.05E-41 7.81E-41
130 1.76E-40 6.19E-41 7.27E-41 8.04E-41 8.57E-41 8.81E-41 8.97E-41
140 2.92E-40 2.58E-40 2.86E-40 3.15E-40 3.52E-40 3.48E-40 4.39E-40
150 9.79E-40 6.34E-40 6.97E-40 7.46E-40 8.18E-40 8.52E-40 1.02E-39
160 5.08E-40 2.88E-40 3.16E-40 3.63E-40 3.86E-40 4.11E-40 5.01E-40
170 1.90E-41 7.52E-41 9.74E-41 1.10E-40 1.46E-40 1.63E-40 1.87E-40
180 1.34E-44 5.02E-43 1.74E-42 3.33E-42 7.45E-42 1.15E-41 1.68E-41
190 1.57E-48 4.58E-46 3.72E-45 9.59E-45 3.64E-44 8.86E-44 1.42E-43
200 2.01E-50 4.12E-47 4.71E-46 1.59E-45 5.19E-45 1.07E-44 1.62E-44
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Figure 1 shows the results of calculations of the average thermal photo-

dissociation cross-section σ
(bf)

CaH+(λ;T ) for the calcium hydride molecular ion
over a wide range of temperatures and wavelengths. The 3D plot shows a com-
plex dependence on wavelength and temperature with noticeable maxima in the
wavelength region 100 nm-160 nm.

The absorption coefficients as functions of wavelength and temperature,
which involves hydrogen and calcium atoms, ions, molecules and molecular-
ions, are given. The data of the bound-free K(bf)(λ, T ), free-free K(ff)(λ, T )
and free-bound K(fb)(λ, T ) spectral rate coefficient are given by the Tabs. 1, 2
and 3. The tables cover the region 50 nm ≤ λ ≤ 200 nm and 1000 K ≤ T ≤
10000 K which enables potential modeling. These tables show that the values of
all rate coefficients have maxima depending on temperature and wavelength.

Table 3. The spectral absorption coefficient K(fb)(λ, T ) [cm5] which characterizes ab-

sorption processes (3) as a function of wavelength λ [nm] and temperature T [K].

lambda/T 1000 2000 3000 4000 6000 8000 10000
166 1.38E-41 5.54E-42 3.15E-42 2.09E-42 1.16E-42 7.64E-43 5.50E-43
170 1.06E-40 6.84E-41 4.64E-41 3.37E-41 2.06E-41 1.42E-41 1.05E-41
171 3.24E-40 2.39E-40 1.71E-40 1.28E-40 8.10E-41 5.67E-41 4.25E-41
175 2.06E-41 3.42E-41 3.29E-41 2.86E-41 2.10E-41 1.59E-41 1.25E-41
180 9.96E-45 3.93E-44 5.17E-44 5.29E-44 4.58E-44 3.76E-44 3.10E-44
185 5.57E-46 6.18E-45 1.12E-44 1.35E-44 1.37E-44 1.21E-44 1.05E-44
190 4.23E-47 1.42E-45 3.73E-45 5.38E-45 6.56E-45 6.39E-45 5.83E-45
195 4.13E-48 3.42E-46 1.22E-45 2.06E-45 2.94E-45 3.10E-45 2.97E-45
200 5.13E-49 9.99E-47 4.74E-46 9.20E-46 1.51E-45 1.71E-45 1.71E-45

4. Summary

In this contribution, we explored the absorption processes of photo-association,
charge-exchange, and photo-dissociation for non-symmetric systems. We provide
average cross-sections and also tabulated spectral rate coefficients for radiative
processes involving calcium and hydrogen atoms, ions, molecules, and molecular
ions in the wide region of temperatures in the EUV and VUV spectral region.
The results have potential laboratory and astrophysical applications, such as
in the spectroscopic investigation, synchrotron experiments, in the modeling of
weakly ionized layers of the atmospheres of different stars and astronomical
objects as well ISM.

The further step and our plan is to investigate absorption processes for other
species in various environments. Also it would be very useful to include data
in an A&M database. We plan to insert these datasets into a searchable A&M
data provider - VAMDC (vamdc.eu), by extending one of the VAMDC nodes
hosted by Serbian Virtual Observatory at servo.aob.rs.
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Abstract. We present time resolved measurements of the laser induced plasma
development in air. A Q-switched Nd:YAG laser is employed as the excitation
source. The detection part of the acquisition system is based on a streak cam-
era. We propose streak image processing technique based on a set of simple
algorithms as a way to obtain estimations of plasma core and plasma plume
instantaneous velocity. Using of the proposed technique enables us to obtain
all data relevant for temporal analysis by a single shot excitation.

Key words: Laser induced breakdown spectroscopy – Streak camera – Image
processing

1. Introduction

The formation of laser induced breakdown (LIB) refers to a plasma produc-
tion by focusing an intense laser beam in a gas, liquid or solid target. Pa-
rameters of laser induced plasma depend on irradiation conditions, such as
laser intensity, pulse duration, laser wavelength or ambient gas. To understand
the process of laser induced breakdown it is required to obtain the detailed
knowledge of the initial stages of various processes involving laser duration and
irradiation, plasma formation and its expansion. The nanosecond laser pulse
generates plasma through thermal and non-thermal mechanisms. Studying the
plasma formation with a high temporal, spectral and spatial resolution is of
a great interest and formation of laser induced breakdown plasma in air has
been studied by many researchers Robledo-Martinez et al. (2008); Villagran-
Muniz et al. (2001); Camacho et al. (2010); Kawahara et al. (2007); Pandey &
Thareja (2010); Hori & Akamatsu (2008), including references therein. After the
initial breakdown, plasma plume propagates towards the focusing lens Robledo-
Martinez et al. (2008). The bright plasma core of the LIB plasma in open air is
surrounded by a layer of cold, moderately ionized gas called the sheath Robledo-
Martinez et al. (2008). Glow of plasma sheath, although fainter than the core,
is also visible to the naked eye. An explosive plasma expansion induces opto-
dynamic phenomena, i.e., the propagation of a shock, acoustical and ultrasonic
waves. The optodynamic phenomena convey important information about the
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laser-material interaction. On the other hand, optical lines emission due to the
electron transitions in laser-induced plasma can be used to obtain the crucial
information for elemental analysis of samples in all three states. Studying the
plasma formation with a high temporal and spatial resolution is therefore of
a great importance in a laser-induced material transfer Bohandy et al. (1986);
Mattle et al. (2012); Feinaeugle et al. (2012), pulsed-laser deposition Lunney
(1995); Sánchez-Aké et al. (2012); Guzmán et al. (2013), and various indus-
trial applications Bilmes et al. (2006); Lackner et al. (2004). The velocity field
measurement of LIB plasma plumes in air has been the subject of various exper-
imental techniques in recent years Koll et al. (2020); Shi et al. (2019); Nishihara
et al. (2020). The influence of the delay time between the subsequent plasma
images along the different directions are investigated in Shi et al. (2019). In
this paper we propose streak image processing technique as a way to obtain
estimations of plasma core and plasma plume periphery instantaneous velocity.
Studies with similar aims were presented in references Robledo-Martinez et al.
(2008); Villagran-Muniz et al. (2001); Camacho et al. (2010); Kawahara et al.
(2007), but our method of data processing is quite different. Using the picosec-
ond temporal resolution of our streak camera we analyze the initial time period
after the laser induced breakdown. There are many well known simple image
processing algorithms but the answer to the question which simple algorithms
should be selected for use and how to combine them to achieve the goal desired
in our study is not simple at all. After some considerations we discarded several
techniques which seemed at the first glance as obvious solution for our problem.
Namely, common image processing techniques are usually intended to be used
on images seen in nature by a human observer. Streak images look like images,
but they have some specific characteristics. First of all, they are spatial only
in one dimension, the other dimension being the time. So, for example, general
gradient methods for image edge detection would be misused if applied here and
we discarded them.

2. Methods

A schematic diagram of the experimental apparatus is shown in Fig. 1. Time re-
solved LIB system implemented in our laboratory is based on Nd:YAG laser and
Optical Parametric Oscillator (OPO; Vibrant 266). The OPO system, pumped
by a pulsed Q switched Nd:YAG laser (Brilliant B) includes the second and
fourth harmonic generator (SHG and FHG). In our experiments we used all
outputs of this laser system as the excitation sources, but in this paper only
the fundamental output at 1064 nm (pulse energy up to 270 mJ, pulse duration
of about 5 ns) is used to create an optical breakdown in ambient air. One of
advantages of using the excitation at 1064 nm is the fact that, for any kind of
temporal analysis, we do not need to perform deconvolution of the laser pulse
signal from streak image of plasma emission. The delay generator (Stanford Re-
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search Systems DG535) plays a significant role in the streak camera operation.
Timing considerations regarding the laser pulse and streak camera synchroniza-
tion are very important in our measurements Rabasovic et al. (2012, 2019), so
we added a photodiode and digital oscilloscope to our experimental setup, Fig.
1. The plasma plume in air is obtained by focusing the laser beam using lens
with the focal length of 40 mm. The OPO system is controlled by OPOTEK
software installed on PC.

Figure 1. Setup for time-resolved laser induced breakdown measurements.

The optical emission from the plasma is collected by using a spectrograph
(SpectraPro 2300i) and recorded with a Hamamatsu streak camera (model
C4334) ( Fig. 1). The streak images are time resolved thus enabling moni-
toring of temporal evolution of the ionic and atomic emission lines or spatial
development of the plasma. The camera has the spectral range from 200 nm
to 850 nm and time resolution up to 30 ps. The CCD chip has a resolution of
640 x 480 pixels. The data are acquired and analyzed using High Performance
Digital Temporal Analyzer (HPD-TA) software, provided by Hamamatsu. Our
earlier research of optical emission of plasma was limited so far to analysis of
time resolved optical emission spectra acquired by the streak camera Sevic et al.
(2011); Rabasovic et al. (2012, 2014). To make our study more comprehensive
we saw the need for measuring the spatial distribution of plasma optical emission
Rabasovic et al. (2019) and requirement for easy switching between the spec-
tral and spatial measurement modes of our streak camera system soon became
apparent to us. We performed a simple modification of our spectrograph that
enables easy switching between the spectral and spatial measurement modes.
Similar modification was already proposed and successfully used in the study
of Siegel et al. (2005), where imaging device was ICCD camera. Our modifica-
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tion is different in a sense that optical alignment of target area to the streak
camera slit needs special consideration and careful procedure. The spectrograph
contains the triple grating turret. The diffraction gratings of 50, 150 and 300
gr/mm were installed. In the place of the 150 gr/mm grating we mounted the
plain mirror. Now, if grating of 150 gr/mm is selected by HPD-TA software,
than spectromemer projects the image of entrance slit to the streak camera. At
the same time, collecting lenses project the image of the target plasma to the
spectrometer entrance slit. In this way, streak camera instead of the image of
the optical spectrum takes the image of the spatial distribution of the optical
emission of the laser induced breakdown. The spectrograph entrance slit should
be fully open to utilize as much as possible of the CCD camera active area. For
measurements presented here other optical parts of the acquisition system were
chosen so to have overall optical magnification of 0.6. In this case, the calibra-
tion procedure shows that 1 mm on the target position corresponds to 72 pixels
of the CCD camera.

3. Results and discussion

Single-shot laser induced breakdown plasma emission spatial images analyzed
in this paper are acquired in the direction perpendicular to the laser beam, as
shown in Fig. 1. The streak image of the laser induced plasma (excitation at
1064 nm, energy of 51 mJ, peak intensity of 1.3 1011 W/cm2) is shown in Fig.
2. The time axis is vertical, with zero time on the top of the image. The spatial
axis is horizontal. The development of the plasma is seen on the streak image as
vertical development (corresponding to a passing of time) of a narrow horizon-
tal section of plasma optical emission, seen through the camera slit, along the
direction of propagation of the laser beam. In other words, two dimensional (2
D) streak image corresponds to only 1-D spatial image, represented by rows of
image matrix, the other dimension being the time. The streak images are often
presented in pseudo-color, where different intensities are coded as different col-
ors. However, the edges on such images could be misunderstood by an observer,
so we present streak image as grayscale. Red points indicate the edges and peak
values of plasma brightness, detected by our image processing algorithm. The
laser beam is incident from the right-hand side of the streak image. As expected
Robledo-Martinez et al. (2008), plasma plume expands towards the laser beam.

Our streak image processing algorithm is effective and easy to implement.
First, the rows of streak image are mean filtered, using nine neighboring pixels,
two times iteratively.

Lout[x] =

x=4∑
x=−4

L[x]

9.0
(1)

where L[x] denotes intensity of streak image pixel with coordinate x.
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Figure 2. Streak image of the laser induced plasma (excitation at 1064 nm, energy of

51 mJ). Red points indicate the detected edges and peak values of brightness of the

plasma plume.

The preliminary tests showed that mean filter is quite satisfying and simple
method of filtering. We didn’t use median filter because it is not suitable for
Gaussian noise which is present on our streak images. It is generally true that
median filter (often improved with several techniques like fuzzy logic, weighted
coefficients, etc) performs better than mean filter. However, when there is too
much Gaussian noise, a median filter blurs fine structures of an image and
causes edge jitter and streaking Yang (1999). So, after some initial tries we have
selected the mean filter which is simpler to implement than median. To alleviate
effects of impulse noise, we introduced the following correcting rule:
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if ((L[x] −mean) > threshold) then L[x] = mean
where mean is calculated as mean value of eight neighboring s:

mean =

x=−1∑
x=−4

L[x] +

x=4∑
x=1

L[x]

8.0
(2)

After some experimenting, The threshold was set to be 5 % of value of
maximal pixel intensity of analyzed streak image.

The problem of streak image noise is typically solved by using some kind of
cumulative or integrating measuring streak camera techniques, based on repet-
itive laser excitation. By using the proposed filtering method it is possible to
use a single-shot laser excitation.

All our streak images of plasma development are of the similar shape and
the plasma contour is similarly positioned on the image, so it is possible to use a
simplified algorithm for edge detection, specialized for our purpose. Namely, it
is assumed that the right edge of plasma plume is detected when pixel intensi-
ties exceeds certain threshold above the averaged background, testing iteratively
through the row of pixels, starting from the right side of the image. The algo-
rithm is similarly conducted for the left edge of plasma plume. It is supposed
that the pixel or pixels with the peak value of brightness of plasma core are
identified when the value of pixel is equal to the calculated value of peak of that
row. We did not limit the peak to the only one pixel because it would make a
fitting of curve indicating the moving of plasma core more difficult.

The time diagrams of position changes of left and right side edge of plasma
plume, and of the peak of plasma brightness, corresponding to the movement of
the center of plasma core, are shown in Fig. 3. Note that the time ranges in Fig-
ures 3 and 4 correspond to the part of streak image where plasma expands. The
diagrams are obtained by transferring the coordinates of pixels corresponding to
detected edges and peaks of rows of streak image from Fig. 2. Time dependence
of instantaneous-velocity of edges of plasma plume and peak brightness were
also calculated from the same data set and shown in Fig. 4. Data corresponding
to fitted curves from Fig. 3 were used for calculation to avoid nonexistent ve-
locity fluctuations. Because the plasma plume is expanding and moving to the
right at the same time, the velocity of the right edge is greater than the velocity
of the center of the core, as shown in Fig. 4. As the expansion of the plasma
plume ceases (for excitation energy of 51 mJ after about 10 ns) the velocity of
right edge of plasma plume decreases. The velocity of the left edge of the plasma
plume is smallest, because the direction of the plasma expanding is opposite to
the direction of the plasma moving (Fig. 4).
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Figure 3. The time diagrams of moving of left side and right side edge of plasma

plume, and of the peak of plasma brightness.

Figure 4. The time diagrams of instantaneous velocity of left side, right side (towards

the laser beam) edge of plasma plume, and of the peak of plasma brightness.
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Let us point out that, as stated in Introduction, our approach is quite differ-
ent than the approaches in references describing investigations of laser produced
plasma plume cited in our paper (before all, because their experimental equip-
ment is more complex), so it is difficult to provide a quantitative comparison.
There is no doubt that the results presented in cited references are more detailed
and reliable, but similar investigations in cited references use fast framing cam-
eras with two dimensional imaging, while our streak camera, although faster in
time, has only one spatial dimension. Our study provides improved analysis of
streak images based on image processing techniques.

It’s important to highlight that the single-shot feature of our system has two
dimensions: firstly, all the necessary data for calculating instantaneous velocity
can be found within a single streak image, and secondly, the streak image can
be acquired in a single shot thanks to the noise filtering method introduced in
this paper.

4. Discussion and Conclusions

We have presented streak camera velocity measurements of the laser induced
plasma development in air. We have described how to obtain estimations of
plasma core and sheath instantaneous velocity by using streak image processing
technique, based on image noise filtering and plasma sheet edge and plasma core
peak brightness detection. So, we have provided, by data postprocessing tech-
niques, alternative to much more complex experimental setups analyzing the
laser produced plasma plume. All data relevant for temporal analysis were ac-
quired by a single shot excitation. The presented method is suitable for plasma
sheath velocity measurements from the very beginning of the laser induced
breakdown by using a picosecond time resolution of our streak camera. For
our future work we plan to include machine learning techniques for improving
quality of streak images.
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Abstract. In this work, we present a complete cross sections set that de-
scribe the interaction between H+

2 ions and H2 molecules. Based on these cross
sections, we have calculated the transport properties of H+

2 ions in H2 gas,
depending on the reduced electric field. Ionic charge exchange reactions with
molecules are indispensable elementary processes in the modeling of kinetics in
terrestrial, industrial and astrophysical plasma in the detection of dark matter.
A Monte Carlo simulation method is applied to accurately calculate transport
parameters in hydrodynamic regime. We discuss new data for H+

2 ions in H2 gas
where the mean energy the flux and bulk values of reduced mobility and other
transport coefficients, are given as a function of low and moderate reduced
electric fields.

Key words: H+
2 ions – H2 gas – Monte Carlo simulation – cross sections –

transport parameters

1. Introduction

Transport properties of species in gas plasmas are of great importance in under-
standing the nature of molecular and ionic interactions in gas mixtures (Todd
et al., 2002; Mason, 1957; Golzar et al., 2014). These properties include the
mean energy, drift velocity, diffusion coefficients, ionization and chemical reac-
tion coefficients, chemical reaction coefficients for ions and (rarely) excitation
coefficients, and they are very useful in chemical industries for the design of
many types of transport and process equipment.

H2 gas is used in gaseous electronic multipliers for various imaging purposes
(X-rays, charged particles, thermal neutrons and dark matter detection) (Fraga
et al., 2003; Kaboth et al. 2008). Hydrogen, is one of the most common elements
on Earth and in its gaseous form is a fuel for obtaining energy. Hydrogen is a
highly explosive gas and creates one of the highest flame temperatures.

We acknowledge the importance of the results obtained, which provide atomic
and molecular data regarding ion transport properties in gases, depending on
the reduced electric field, E/N (E-electric field, N-gas density). These data as
essential input parameters for modeling various environments. Low temperature
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can change the state of metals, gases, liquids and solids, cause damage to organ-
isms depending on length of exposure, and change the functionality of mech-
anized processes. Quantum-mechanical calculation of a certain cross-section is
a required task that requires knowledge of the surface potential energy of ions
and molecules to be constructed from the structure of the reactants. Less in-
tensive computational methods, such as the Denpoh-Nanbu theory (Denpoh &
Nanbu, 1998; Nikitović et al. 2014; Petrović et al., 2007), require knowledge of
thermodynamic formation data and are applicable to a range of molecules.

Charge exchange reactions between molecular ions and the parent gas are im-
portant elementary processes in modeling kinetics in all types of plasma. In many
cases, the cross section for these reactions is known to be the most significant
part of the set. The cross-section set describes the total collision cross-section
between an ion and a gas particle. The total collision cross-section between an
ion and a gas particle is described at low energies using Langevin’s cross-section
and at higher energies using the collision of rigid spheres, as demonstrated in
paper (Nikitović et al., 2016; Nikitović et al., 2019).

Transport parameters of H+
2 ions in H2 gas, such as ion energy probability

functions, mean energy, drift velocity, reduced mobility, longitudinal and trans-
verse diffusion coefficients, and rate coefficients, are calculated using Monte
Carlo simulation. Calculated flux and bulk reduced mobilities exhibit signifi-
cant differences in the region of moderate E/N. The novelty of the work is the
first-ever detailed presentation of a set of cross-sections for the interaction of
H+

2 ions with an H2 molecule, as well as the results of transport coefficients of
H+

2 ions in an H2 gas.

2. Cross section sets

Transport properties needed for modeling H2 discharges containing H+
2 ions are

calculated by the Monte Carlo method. A code that properly takes into account
thermal collisions was used (Ristivojević & Petrović, 2012). For collisions of
H+

2 ions with H2 molecules, at energies below 1 eV, the total cross-section is
labeled as ’Langevin’ in Figure 1 and includes anisotropic forward scatterings,
an isotropic capture part, rotational excitations, as well as the charge exchange
reaction. The transition from Langevin’s cross-section to the collision of rigid
spheres (labeled as σ HS in the figure) occurs at energies around 1 eV.

At low collision energies, below 1 eV, predominantly influenced by the in-
duced dipole interaction between ions and molecules, an exothermic proton
transfer reaction prevails. As energy increases, H+

2 ions cease to be effectively
captured by the induced dipole forces of H2 molecules, leading to a observed
cross-section displaying a 1/v3 trend (Krstić et al., 2009), where v signifies the
center-of-mass velocity. Beyond 1 eV, the cross-section for elastic momentum
transfer corresponds to direct collisions involving rigid spheres. Initially, colli-
sions of these rigid spheres at low energies may be perceived as isotropic. How-
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Figure 1. Elastic momentum transfer cross section for collisions between H+
2 ions and

H2 molecules as a function of collision energy.

Figure 2. Complete set of cross sections for ion (H+
2 ) and molecule (H2) interactions

as a function of collision energy.
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ever, with escalating collision energy, their isotropic nature diminishes, progres-
sively favoring forward-directed collisions. Consequently, the momentum trans-
fer cross-section for rigid spheres diminishes with increasing collision energy.

Figure 3. Ion energy probability functions from E/N = 1 Td to E/N = 100 Td.

This decrease is indicated by the black circles in Figure 1 and labeled as
”HS (Elastic MT),” as proposed by Denpoh and Nanbu theory (Denpoh &
Nanbu, 2022), relative to the total cross section of rigid spheres σHS . The elastic
momentum transfer cross section used in the simulations presented in this study,
labeled as ’Elastic MT’ in the legend of Figure 1, is a superposition of two cross
sections. The first one dominates at low energies and is caused by the induced
dipole force between H+

2 ions and H2 molecules, denoted as ’Elastic MT L’ in
the legend. The second cross section results from their direct collision as rigid
spheres and is labeled as ’HS (Elastic MT)’ in the legend.

At low energies, the primary interaction between ions and gas particles is
the induced dipole force, which depends on the collision energy (ε) and the
polarizability (α) of the gas particle. The polarizability of H2 molecules is as-
sumed to be α = 0.803 Å3 (Radzig & Smirnov, 1986). This interaction gives
rise to a momentum transfer cross section for collisions, commonly referred to
as the Langevin cross section in the literature. Direct collisions between ions
and molecules, ions captured by the induced dipole force of molecules resulting
in direct collision, and collisions where ions only change direction due to the
proximity of gas molecules are encompassed by the Langevin cross section.

At low energies, the primary exothermic reaction is H+
2 + H2 → H+

3 + H,
which is labeled as ”proton transfer” in Figure 1. The cross section for this
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Figure 4. Ion energy probability functions from E/N = 100 Td to E/N = 1000 Td.

reaction is taken from the study by Phelps (1990), but scaled to match that of
Denpoh and Nanbu theory (Denpoh & Nanbu, 2022) at an energy of 0.1 eV.
The cross section for charge exchange, which refers to the formation of slow H+

2

as labeled in the legend of Figure 1, was obtained from the study by (Phelps,
1990; Phelps, 2009). At energies below 5 eV, the charge-transfer cross section
decreases as a result of competing with the formation of H+

3 .
The elastic momentum transfer cross section used in the simulations pre-

sented in this study, labeled as ”Elastic MT” in the legend of Figure 1, com-
prising of two distinct components. Above 1 eV, it is represented by the ”HS
(Elastic MT)” cross section, while below 1 eV, it is the sum of the ”HS (Elas-
tic MT)” and the cross section denoted as ”Elastic MT L.” in the legend of
Figure 1. The elastic momentum transfer cross section at low energies (ε < 1
eV), which originates from the induced dipole interaction (Elastic MT L.), was
obtained by subtracting the cross sections of proton transfer, charge exchange
reactions, and HS (Elastic MT) from the Langevin cross section. The cross sec-
tion for this interaction decreases with increasing collision energy, and at 1 eV,
it asymptotically approaches zero with a 1/v3 dependence.

Figure 2 presents a complete set of cross sections for ion-H2 molecule interac-
tions as a function of collision energy. The provided cross sections by (Denpoh
& Nanbu, 2022) are presented, except for those for proton transfer, H+ pro-
duction, and charge exchange, for which the cross sections were obtained from
Phelps’ work (Phelps, 1990; Phelps, 2011). The set includes elastic momentum
transfer cross section denoted as ”Elastic MT” in Figure 1. The set encompasses
rotational (H+

2 + H2, Rot.), vibrational (H+
2 + H2, Vib.), electronic (H+

2 + H2,
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El. ex.), and dissociative (H+
2 + 2H, Diss. ex.) excitations, in addition to Neu-

tral dissociation (H+
2 + 2H, Neutral dissociation) and Ionization (H+

2 + H+
2 +

e, Ionization), as well as dissociative ionization (H+
2 + H+ + H + e, Diss. Ion-

ization) along with the other mentioned processes. The reaction products of H+
2

+ H2 shown in parentheses, along with the corresponding labels on the Figure
2.

Non-elastic excitation processes are treated isotropically. In the case of ion-
ization processes, the secondary ion H+

2 is also tracked, which shares the incom-
ing kinetic energy with the primary ion reduced by the reaction threshold. The
partition of kinetic energy between the primary and secondary ions is deter-
mined randomly. In the case of proton transfer processes, the resulting ion H+

3

is not tracked in the simulations, nor is the H+ ion in the case of H+ production.

Figure 5. Mean energy of H+
2 ions a function of E/N.

3. Results and discussion

During the relaxation of H+
2 ions in H2 molecules, an energy balance is estab-

lished between the ion energy gains from the electric field and collisional energy
losses. This leads to the appearance of ion energy probability functions (IEPF),
as shown in Figure 3 for E/N values between 1 and 100 Td, and in Figure 4 for
E/N values between 100 and 1000 Td.

The proton transfer reaction, responsible for the disappearance of H+
2 ions

from the swarm, is highly intense and even occurs at subthermal energies. As a
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Figure 6. Bulk and flux drift velocity for H+
2 in H2 a function of E/N at 300 K.

result, the slow ion population is lacking in the 1-10 Td range, as observed in
Figure 3. With increasing electric field intensity, more intense charge exchange
reactions take place, leading to the production of slow H+

2 ions and an increase
in the probability of H+

2 ions being at low energies, as depicted in Figures 3 and
4.

Overall, the ion energy probability function for the H+
2 and H2 system sig-

nificantly deviates from the thermal Maxwell-Boltzmann distribution of ions by
energy, for all electric field values.

After reaching steady-state values, the swarm parameters are plotted in Fig-
ures 5 to 9 as a function of reduced electric field. Proton transfer reactions
deplete the swarm of low-energy H+

2 ions, resulting in a mean ion energy of 0.37
eV at E/N = 1 Td, which is significantly higher than the thermal energy of H2

molecules at T =300 K. The rise in mean energy is strongly resisted by charge
exchange, rotational and vibrational excitation as the electric field increases.
With increasing energy, the rate of charge exchange reactions decreases, allow-
ing the mean energy to rise more quickly after E/N > 200 Td. Figure 5 displays
not only the mean kinetic energy of ions at a reference temperature of 300 K
but also includes data for the mean kinetic energy of ions at gas temperatures of
2.71 K and 600 K. The impact of gas temperatures on the mean kinetic energy
of ions becomes noticeable for reduced field strengths below 20 Td.

Figure 6 depicts the drift velocities (Robson et al., 2005; Ness & Robson,
1986; Nikitović et al., 2018; Nikitović & Raspopović, 2021) obtained by simula-
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tions using the Monte Carlo method in both real space (bulk) and velocity space
(flux). Bulk values are computed as the center of mass displacement over time,
∆zc.m/∆t, while flux values correspond to the mean velocity of ions, < v >.
Non-conservative processes are responsible for separating the bulk and flux val-
ues from the transport parameters. The reason for the significantly higher bulk
drift velocity values compared to flux drift velocity values in Figure 6 is the de-
crease in the cross-section for proton transfer interactions with increasing energy.
This leads to a greater depletion of H+

2 ions from the swarm with energies lower
than the mean energy value compared to those with higher energies. While the
flux drift velocity increases, the slight decrease in bulk drift velocity observed
as E/N increases from 1 to 10 Td indicates a reduction in the center of mass
displacement over time as the electric field intensity increases. This reduction is
due to the interplay between proton transfer reactions, in which slow H+

2 ions
predominantly disappear, and an increase in slow H+

2 ions resulting from charge
exchange reactions.

As a result, at reduced electric fields where ion energies reach the threshold
for reaction and H+ production, the disappearance of high-energy ions from
the swarm begins. This results in decreasing differences between bulk and flux
drift velocities with increasing E/N . When transitioning from Langevin’s cross-
section to the collision of rigid spheres, a significant decrease in the elastic
momentum transfer cross-section is commonly observed, leading to the appear-
ance of a maximum in the reduced mobility as a function of E/N (Nikitović et
al., 2016). In the case of the observed H+

2 and H2 system, although the elastic
momentum transfer cross-section shows a sharp drop as the energy approaches
1 eV (Figures 1 and 2), it is small and overshadowed by the much more in-
tense proton transfer process. Therefore, in this system, there is no maximum
observed in either bulk or flux reduced mobility (Figure 7), and these values
monotonically decrease with increasing electric field. The bulk reduced mobil-
ity value is higher than the flux reduced mobility value, just as the bulk drift
velocity is higher than the flux drift velocity.

In Figure 8, the bulk and flux values of longitudinal and transverse diffusion
coefficients, multiplied by the gas concentration, are shown as a function of
E/N . The bulk diffusion coefficient values are calculated as

DB
L = 0.5∆(〈z2〉 − 〈z〉2)/∆t,

DB
T = 0.25(∆〈x2〉/∆t+ 〈y2〉/∆t),

while the flux diffusion coefficient values are calculated as
DF

L = 〈vzz〉 − 〈vz〉〈z〉,
DF

T = 0.5(〈vxx〉+ 〈vyy〉).
For E/N < 100 Td, the significantly lower DL than DT indicates highly

anisotropic diffusion of the swarm, which spreads four times slower in the direc-
tion of the field, deforming the swarm’s spherical shape into a highly ellipsoidal
shape.

The reduction of diffusion coefficients with increasing E/N is attributed to
the rising number of charge exchange reactions with energy that produce slow
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Figure 7. Bulk and flux reduced mobility for H+
2 in H2 a function of E/N at 300 K.

Figure 8. Bulk and flux longitudinal and transverse diffusion coefficients as a function

of E/N at 300K.
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H+
2 ions. Consequently, as the electric field intensifies, the population of slow

H+
2 ions also increase (as depicted in Figures 2 and 3), significantly impeding

longitudinal diffusion. While there are minor differences between the bulk and
flux values of diffusion coefficients, as evident in Figure 8, except for transverse
diffusion at low fields, where the bulk values surpass the flux values.

From Figure 9, it is evident that the rate coefficients for rotational and vi-
brational excitations (denoted in the figure as RE1, RE2, Vib1, Vib2, and Vib3)
exhibit an upward trend as the electric field strength increases. This trend is
attributed to the increased overlap between the Ion energy probability functions
(depicted in Figure 3 and Figure 4) and the respective collision frequencies for
excitations, which depend on the energy level.

Figure 9. Rate coefficients for H+
2 in H2 a function of E/N at 300 K. The lines repre-

senting the rate coefficients correspond to the lines for the corresponding cross-sections

shown in Figure 2.

4. Conclusion

In this paper we have determined the cross section of elastic moment transport
as a function of energy for H+

2 scattering on H2 that can be used in modeling
H+

2 transport in H2 gas. We used the data for a simple theoretical cross-section
of the transmission of the total moment and obtained the cross-section of the
transmission of the elastic moment by deduction of all experimentally obtained
cross-sections of the charge exchange. In doing so, we assumed that the measured
cross-sections of the charge exchange were collisions with the highest probability.
Thus, in this paper, we have estimated the set of cross sections for H+

2 ions in H2
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that can be used as an independent input in modeling H+
2 ion transport. This

estimation was performed using measured cross-sections of charge exchange.

Since, according to our knowledge, there is no direct information in the
literature on how the mobility of high recombination energy ions, such as H+

2

ions, behave in H2 gas, we calculated transport parameters using the Monte
Carlo simulation method (Nikitović et al., 2014; Nikitović et al., 2019).

In this work, we obtained and considered data on mean energy, drift velocity,
longitudinal and transversal diffusion coefficients, bulk and flux reduced mobility
and rate coefficients. Data on swarm coefficients for positive and negative ions
are required for hybrid and fluid codes (White et al., 2014; Marjanović et al.,
2016) and the current focus on liquids or liquids in rare gas mixtures dictates the
need to produce data compatible with these models. Given the current interest
in liquid and / or liquid models in mixtures with rare gases, data on swarm
coefficients for positive and negative ions for hybrid and fluid codes are needed.
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Nikitović Ž., Raspopović Z. and Stojanović V.: Reduced mobility of Ar+ in Ar/BF3

mixtures, 2019, EPL 128, 15001, DOI:10.1209/0295-5075/128/15001
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Abstract. Solar flares are among main extraterrestrial events that are well
known to severely affect both space weather and near-Earth surrounding condi-
tions. Under incident X-ray solar flare radiation, ionospheric plasma undergoes
perturbations clearly and distinctly observable on ground-based monitoring
systems’ recordings. Mid-latitude lower ionosphere under influence of energetic
solar flare events was examined by employing different numerical modeling
procedures, including Machine Learning, relying on ground-based Very Low
Frequency (VLF) radio signal recordings from Belgrade VLF database and
solar soft X-ray irradiance satellite measurements taken from Geostationary
Operational Environmental Satellite (GOES) database.

Key words: Solar activity – Solar X-ray flares – radio signal perturbations –
GOES – data – modeling

1. Introduction

Through complex solar–terrestrial interactions, Earth is continually under Sun’s
emitted radiation influences, both of the electromagnetic and corpuscular nature
(Kelly, 2009). As the major source of numerous and diverse driving agents re-
lated with Earth’s magnetospheric and ionospheric perturbations, Sun’s varying
activity is under ongoing increasingly extensive research (see Hayes et al., 2021;
Rycroft et al., 2000, and references therein). As modern society progressively
becomes more and more dependent on complex technological systems including
satellite, telecommunication and power grid networks, solar activity as poten-
tially hazardous to these systems and consequently potentially threatening to
an urban way of life, gained also in recent years more attention outside pure
scientific community (Yasyukevich et al., 2018).

As still reliably unpredictable to current knowledge, solar activity especially
in terms of high and extreme energetic solar events’ occurrences, such as e.g. en-
ergetic eruptions of high class solar flare (SF) events and coronal mass ejections
(CMEs) and their interactions, is often presented through analyses of separate
events which make case studies very important in the sense of a comprehensive

https://orcid.org/0000-0001-7938-5748
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overview of evolution of such complex natural phenomena and their impacts
on near Earth’s surroundings (Srećković et al., 2021a; Kolarski et al., 2023).
Here, solar activity during the most active period of the descending branch of
the solar cycle (SC) 24, with the respect of high class X-ray solar flare events
with geo-effective implications, is presented as a case study of solar conditions
throughout a period enclosing the strongest SF events in September 2017, as
observed by ground-based systems located in Belgrade (Serbia) at the Insti-
tute of physics Belgrade (44.85oN; 20.38oE), through subionospheric Very Low
Frequency (VLF) propagation disturbances (e.g. Šulić et al., 2016) recorded on
signal emitted from UK, employing four numerical techniques developed for
retrieving lower ionospheric plasma parameters (Silber & Price, 2017; Arnaut
et al., 2023).

Table 1. X-class SFs from September 2017, from GOES15 database.

Fare date Class Region
Time UT Ixmax

(10−4 Wm−2)Start Max. End
6 September 2017 X2.2 2673 08:57 09:10 09:17 2.2658*
6 September 2017 X9.3 2673 11:53 12:02 12:10 9.3293
7 September 2017 X1.3 2673 14:20 14:36 14:55 1.3880
10 September 2017 X8.2 2673 15:35 16:06 16:31 8.2808

* GOES13 data

2. Observations

Year of 2017 belongs to the descending branch of the SC 24, the cycle character-
ized by morphology notably decreased compared to several previous cycles, and
with the intensity that is fourth smallest since the solar cycle 1 (Kolarski et al.,
2022; Grodji et al., 2022). Even though it is placed close to the solar minimum
between SCs 24 and 25, regarding solar flare activity year of 2017 stands out
from other surrounding years from this descending branch, especially taking into
consideration very active periods during months of September (when in total
99 SFs occurred, with 27 M-class and 4 X-class events, from which 2 of them
were the strongest of SC 24) and April (when in total 52 SFs occurred, with 7
M-class and without X-class events). Solar conditions during September 2017
are mainly related to active region 2673 (AR12673) from which the strongest, 4
X-class SFs of intensity in range X1.3-X9.3 occurred during days of 06, 07 and 10
September (with X2.2 & X9.3 on 06 September, X1.3 on 07 September and X8.2
on 10 September). This active region with complex evolution appeared on 29
August on the south-eastern limb of the Sun and on 11 September disappeared
from the Earth-view of the Sun, producing in total 77 SFs, of which 1 B (B9.8),
45 C in range C1-C9.8, 27 M in range M1-M8.1 and 4 X-class flares in range
X1.3-X9.3. It is important to note that all M- and X-class SFs from September
2017 are related to this active region. Regarding the rest of the September, only
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Figure 1. GQD signal perturbations registered in Belgrade during period of high solar

activity from 06-10 September 2017 and GOES solar X-ray flux data as shown in the

panels from lower to upper, respectively. Detected strong solar flares are marked with

red rectangle.

weak flare activity of B- and C-class related to active regions 2677, 2680, 2681,
2682 (re-designated former active region 2673 which reappeared on 24 Septem-
ber and became again visible at the eastern limb of the Sun) and 2683 was
reported, with total of 38 SFs in range B1-C3, with just 5 B-class SFs in range
B2.2-B4.2 from active region 2682. There were also some days without reported
flare activity, of which 6 days in a row 14-19 September and 2 days of 21-22
September. Main characteristics of X-class SFs from September 2017 are given
in Table 1, with solar soft X-ray flux (0.1-0.8 nm) taken from Geostationary
Operational Environmental Satellite (GOES) archive database (https://satdat.
ngdc.noaa.gov/sem/goes/data/avg/).

Solar flare event of class X9.3, that occurred during solar cycle’s declining
branch relatively close to the solar minimum, particularly is interesting since
event of X-class was not occurred as far back as on 05 May 2015 (X2.7), and
of similar strength as far back as on 05 December 2006 (X9). If we exclude
some weaker X-class SFs (e.g. as on 06 August 2011 (X6.9), 06 December 2006
(X6.5), 09 September 2005 (X6.2) and 08 September 2005 (X5.4)) and some
significantly stronger SFs (e.g. as on 07 September 2005 (X17+), 04 November
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Figure 2. Variations of GOES X-ray flux (in violet) and Ne (h = 74 km) in function

of UT on 06 September 2017 obtained by FlarED and easyFit methods (in blue and

red, respectively) on the left and from ML method (in green) on the right.

Figure 3. Variations of GOES X-ray flux (in violet) and Ne (h = 74 km) in function

of UT on 07 September 2017 obtained by FlarED and easyFit methods (in blue and

red, respectively) on the left and from ML method (in green) on the right.
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Figure 4. Variations of GOES X-ray flux (in violet) and Ne (h = 74 km) in function

of UT on 08 September 2017 obtained by FlarED and easyFit methods (in blue and

red, respectively) on the left and from ML method (in green) on the right.

Figure 5. Variations of GOES X-ray flux (in violet) and Ne (h = 74 km) in function

of UT on 09 September 2017 obtained by FlarED and easyFit methods (in blue and

red, respectively) on the left and from ML method (in green) on the right.
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Figure 6. Variations of GOES X-ray flux (in violet) and Ne (h = 74 km) in function

of UT on 10 September 2017 obtained by FlarED and easyFit methods (in blue and

red, respectively) on the left and from ML method (in green) on the right.

2003 (X28+), 28 October 2003 (X17.2+), 02 April 2001 (X20+) and 15 April
2001 (X14.4)), SF of similar strength as X9.3 from September 2017 occurred
about two decades in the past i.e. on 06 November 1997 (X9.4). During 06, 07
and 10 September R3 radio blackouts related to X-class SFs were reported.

3. Results and discussion

VLF signal’s response to strong solar X-ray flare events from September 2017
was monitored in Belgrade (44.85°N; 20.38°E) on signal transmitted from UK
(GQD/22.1 kHz), using recordings from BEL AWESOME (Atmospheric Weather
Electromagnetic System for Observation Modeling and Education) receiving sys-
tem operating in narrow-band mode (Šulić et al., 2016). Response of GQD signal
to these X-class SF together with corresponding solar X-ray irradiances during
the most active days in September 2017 are given in Figure 1. Under strong solar
X-ray radiation in soft range, GQD signal’s amplitude and phase responded by
following incident X-ray flux with time delay corresponding to the sluggishness
(e.g. Mitra, 1974; Hayes et al., 2021; Žigman et al., 2023), with perturbations
of complex morphology, characteristic for this signal as recorded in Belgrade
(Kolarski & Grubor, 2014; Grubor et al., 2008). Amplitude and phase pertur-
bations induced by these 4 X-class SFs reached up to 8 dB in amplitude and
up to a few tens of degrees in phase, compared to unperturbed ionospheric con-
ditions. Based on recorded GQD signal’s amplitude and phase perturbations,
modeling of propagation parameters (Wait & Spies, 1964) was conducted using
Long Wave Propagation Capability (LWPC) software (Ferguson, 1998), with
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goal that modeled and real conditions within waveguides match as close as pos-
sible. Aside LWPC, for obtaining lower ionospheric plasma parameters, three
other numerical techniques were applied: FlareED and easyFit (Srećković et al.,
2021a,b) and also novel method based on Machine Learning (ML) approach.

Table 2. Analyzed intense SF events from September 2017.

(dd/mm/yy)
Class
Ixmax time (UT)

NeLWPC

(m−3)
NeeasyFit

(m−3)
NeFlarED

(m−3)
NeML

(m−3)

06/09/17
X2.2
09:10

2.06 ·1011 3.49 ·1011 1.12 ·1011 1.23 ·1011

06/09/17
X9.3
12:02

1.15 ·1012 7.67 ·1012 1.12 ·1011** 1.33 ·1011*

07/09/17
M7.3
10:15

1.11 ·1011 4.45 ·1010 2.85 ·1010 1.44 ·1010

07/09/17
X1.3
14:36

1.76 ·1010 1.37 ·1011 1.12 ·1011 2.52 ·1010

08/09/17
M8.1
07:49

6.59 ·1010 5.25 ·1010 4.17 ·1010 1.66 ·1010

10/09/17
X8.2
16:06

2.12 ·1011* 5.79 ·1012 1.12 ·1011** 6.44 ·109∗

*Unreliable result
***Saturation

In contrast to other energetic SFs reported within this active period, which
were directed towards the Earth, main difference of X8.2 SF is in terms of geo-
effective potential, since this event was the only one SF that erupted almost on
the far side of the Sun’s surface and did not directly affected the Earth. How-
ever, since this event was highly energetic, Earth was still affected in great deal,
which can be clearly seen in perturbations of subionosphericaly propagating
GQD signal. Another specific feature related to this event is that during the oc-
currence of X8.2 SF on GQD signal recorded in Belgrade there was a transition
period from stable daytime to stable nighttime ionospheric conditions related
to terminator period of sunset. Although process of modeling lower ionospheric
response related to high class SFs based on VLF parameters is challenging by
itself, some special circumstances, such as e.g. SF’s occurrence during stable
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daytime ionospheric conditions (such in case of e.g. X2.2 SF) and relatively not
so high absolute amount of amplitude and/or phase perturbations (such in cases
of some mid class SFs) etc., can go in favor especially when classical approach
using LWPC software is employed. However, in conditions related to terminator
periods modeling of SFs is especially challenging, which is emphasized in much
greater deal when energetic ones are processed. Since classical approach in cases
like X8.2 SF event is far from an ideal choice giving unreliable results, applica-
tion of other numerical techniques, such as e.g. FlareED and easyFit methods,
can be beneficial providing needed data.

FlareED and easyFit methods are already proven as efficient both in cases
of moderate and high-class SF events (Barta et al., 2022; Kolarski et al., 2023).
Together with this two methods, a novel technique employing ML procedures is
developed and applied to the same cases of chosen energetic SFs from inspected
period 06-10 September 2017, with aim to be tested and verified in conditions of
strong solar X-ray radiation. Output results from FlareED and easyFit methods
of electron density variations (at the arbitrary reference height of 74 km) cov-
ering entire days including cases of energetic SFs from inspected period 06-10
September 2017 are given on the left in Figures 2-6, with soft X-ray flux in violet
and electron densities in blue and red for FlareED and easyFit methods, respec-
tively. Results from novel technique relying on ML procedures are presented on
the right in Figures 2-6, with soft X-ray flux in violet and electron density vari-
ations in green. Both FlareED and easyFit methods are sensitive to X-ray flux
variations related to moderate and high-class SF events, with main difference
that in case of very energetic SFs, like X9.3 and X8.2, FlareED method gave
electron density that went into saturation, compared to output from easyFit
method that successfully mimics input X-ray irradiance and gives much higher
electron density values as well. Method relying on ML has also proven itself to
be an efficient in cases of strong SFs, as other two methods, but also gave some
results that went into saturation (especially related to X8.2 and in some sense
to X9.3). Comparison between results, in cases of strongest SFs from inspected
active period, obtained with applied different numerical methods is given in
Table 2.

EasyFit method (Srećković et al., 2021a) gave electron densities higher than
FlarED (Srećković et al., 2021b), while ML results are closer to these from
FlarED than to easyFit. When compared to LWPC results, it can be said that
easyFit method works better than other applied methods, except in the cases of
X1.3 where results differ for about an order of magnitude and M7.3 about half
an order of magnitude. Unfortunately in the case of M8.2 results from LWPC
approach are not reliable, while results from FlarED and ML methods both went
into saturation, just as in the case of X9.3, so only available result is from easyFit
method. EasyFit gave result for X8.2 of the same order of magnitude but slightly
lower than in the case of X9.3. In general, technique relying on ML procedures
gives promising results, but also requires some further adjustments in order to
provide correct output especially in cases of very strong SF events, like X9.3 and
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X8.2. Developing novel numerical techniques that successfully represent lower
ionospheric responses especially in cases of very strong SF events is of great
importance since classical techniques such as LWPC has model limitations on
one hand and VLF parameters are not always favourable on the other.

4. Conclusions and future studies

In this contribution numerical modeling of lower ionospheric response to en-
ergetic SF events during September 2017, in relation to subionospheric VLF
propagation perturbations with analyzed GQD signal recordings from BEL VLF
station, was conducted by employing four different numerical procedures: by
classical approach using LWPC software, by approximate FlareED and easy-
Fit methods and by novel procedure relying on ML techniques. Focus was on
period 06-10 September 2017 covering especially active solar conditions with 4
X-class SFs in range X1.3-X9.3 and also including 2 strongest M-class SFs, of
intensity M7.3 and M8.1, from September 2017. Results related to electron den-
sity variations obtained by FlareED, easyFit and ML methods are compared to
each other and to these from classical approach using LWPC software. In gen-
eral, when compared with LWPC output electron densities, best results were
obtained by easyFit method. ML procedures gave promising results, but further
work is necessary in order to provide better results just in cases of very energetic
SFs, like these X9.3 and X8.2.
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Abstract. The first significant Forbush decrease of the solar cycle 25 was
recorded on November 4th, 2021. The Forbush decrease was observed with
numerous ground based cosmic rays stations including Belgrade cosmic rays
muons’ station. Series of coronal mass ejections during October 28–November
4 2021. produce conditions for this Forbush decrease. We discuss here the vari-
ation of cosmic rays’ flux detected with ground-based detectors and connection
with conditions, measured in-situ, in interplanetary space around Earth, flux
of solar wind protons measured with SOHO probe to assess implication for
solar-terrestrial coupling processes.

Key words: Cosmic rays – Forbush decrease – Space weather – muon detector

1. Introduction

One of the methods of researching solar-terrestrial coupling processes is observ-
ing the response of the flux of cosmic rays (CR) to various types of disturbances
(or drivers) in the heliosphere. Transient phenomena detected in CR flux due
to modulation in the heliosphere is the Forbush decrease: a sudden drop in CR
flux followed by a gradual return to the previous level. It occurs as CR interact
with irregularities in the interplanetary magnetic field (IMF), usually connected
with the emission of coronal plasma known as a coronal mass ejection (CME)
and its interplanetary counterpart (ICME) (Yermolaev et al., 2021). In recent
decades, space probes have measured IMF parameters in-situ as well as par-
ticle flux. The detected particles can be fast-moving particles, known as solar
energetic particles (SEPs), related to violent eruptions from the Sun that can
cause a sudden increase in measured CR flux at the surface - a ground level
enhancement (GLE). The other particles detected with probes, aside from solar
wind particles and SEPs, are energetic storm particles (ESP) accelerated locally
by shocks driven by fast ICMEs (Desai & Giacalone, 2016) and low-energy CR
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(Veselinović et al., 2021). It has been shown (Koldobskiy et al., 2019; Savić et al.,
2023; Kolarski et al., 2023) that parameters measured in-situ correlate with the
magnitude and time evolution of FD. The end of October and the beginning of
November 2021 marked extreme activity with a strong X-class solar flare (CIT),
accompanied by the first Ground Level Enhancement (GLE) event in this cycle
on October 28th, measured by several ground stations (Papaioannou, A. et al.,
2022). There were several typical CMEs during this period. Most pronounced
were two halo CMEs on October 28th and November 2nd. The second halo CME,
due to its speed, caught up with previous ICMEs and produced a CME-CME
interaction (Li et al., 2022).These disturbances created additional modulation
of CR, producing the first strong FD in the present solar cycle, detected by
multiple ground stations around the globe (Chilingarian et al., 2022).

The present case-study combines in-situ measurements of solar wind param-
eters and proton flux in near-Earth space with measurements on the ground to
analyze how these parameters affect parameters of the FD detected on Novem-
ber 4th, 2021.

2. Ground level cosmic ray observations

The most widely method of detecting CR use detectors that are part of the
worldwide network of Neutron Monitors (NM) (https://www.nmdb.eu/nest/).
One of the other species of these secondary CR that can be detected and used
for monitoring primary CR are muons.

2.1. Belgrade muon detector

The ground level Belgrade muon station (GLL) is a part of the Low-Background
Laboratory for Nuclear Physics at the Institute of Physics, Belgrade, Serbia. The
energy range of the observed primary CR extends and complements the energy
ranges detected by the NM network, but is still sensitive to CR modulation
of the heliosphere. Details of the experimental setup, as well as the calculated
response function of the detectors, are presented in (Veselinović et al., 2017).

2.2. Ground level data analysis

Both NM and muon detectors measure integral flux over different energy ranges,
so the median energy of the detected primary CR is used in the analysis of the
measured data. Another property of the detector system is Cut-off rigidity, the
minimal magnetic rigidity that the CR must have in order to penetrate the
IMF and geomagnetic field. To determine the amplitude of the FD for each
station, which differs in median energy and asymptotic direction, a baseline was
established using the average hourly count rate during mid-October 2021 when
solar activity was low. For this study, we utilized 1-hour time series of CR flux
detected at 17 NM stations and GLL data (Table 1).

https://www.nmdb.eu/nest/
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Table 1. Cut-off rigidity (Rc) and median energy (Em) of primary CR for several

stations.

Stations Rc (GV) Em (GeV) Stations Rc (GV) Em (GeV)
Belgrade 5.3 63 Kerguelen 1.14 10.4
Athens 8.53 17.8 Oulu 0.8 10.3

Guadalajara 6.95 15.4 Apatity 0.65 10.3
Baksan 5.6 13.7 Norilsk 0.63 10.3

Jungfraujoch 4.5 12.6 Tixie Bay 0.5 10.2
Lomnicky st́ıt 3.84 12 Fort Smith 0.3 10.2

Dourbes 3.18 11.5 Inuvik 0.3 10.2
Kiel 2.36 11 S. Pole bare 0.1 10.1

Yakutsk 1.65 10.6 S. Pole 0.1 10.1

Median energy for NM was found using formula given in Li et al. (2023) and
median energy for GLL was found using Monte Carlo method of CR transport.
Dependence of FD amplitude on CR median energy is given by power law (Cane,
2000)

∆N

N
= E−a (1)

Here N is CR flux, E is median energy and a is power exponent that depends
on heliospheric conditions.

A scatter plot of the selected event is given (Figure 1) plotted in log-log scale
and it show clear median rigidity dependence of the amplitude of FD.

Steeper spectrum during this event shows greater modulation of primary
CR. If GLL data is included in the plot, the power exponent is not so large so
that can be interpreted as stronger modulation of the lower energy CR due to
CME-CME interaction. Linear regression is performed to found power indices
correspond to November 2021 event. Power index for NM only is 1.23±0.22 and
for NM and GLL power index is 0.62±0.10. This is, in general, in good agreement
with some previous studies (Lingri et al. (2016) and references within).

3. Relation to in-situ measured data

In this study we used measured in-situ parameters relevant for heliospheric stud-
ies which are available at GSFC/Space Physics Data Facility, in the form of 1-
hour resolution OMNI data (https://spdf.gsfc.nasa.gov/pub/data/omni/
lowresomni/ ). Also we used proton flux date gathered by SOHO probe with
two detectors, ERNE and EPHIN, onboard SOHO probe (Torsti et al., 2000;
Kühl & Heber, 2019) at Lagrange point 1 in vicinity of Earth. Comparison be-
tween 1-hour time series of selected parameters of IMF from OMNI data and

https://spdf.gsfc.nasa.gov/pub/data/omni/low res omni/
https://spdf.gsfc.nasa.gov/pub/data/omni/low res omni/
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Figure 1. Rigidity spectrum of FD from November 4th 2021. Points represent the

amplitude of the Forbush decrease as seen by 18 NMs and Belgrade GLL muon station.

relative detected CR flux of NM with low cut-off rigidity at South Pole and
Belgrade muon detector and similar comparison for the same time interval be-
tween CR flux detected with two ground level detectors and selected channels
of SOHO/ERNE and SOHO/EPHIN proton flux data is shown in Figure 2.

The discrepancies between time series of CR flux detected with ground sta-
tions and parameters of the IMF shows that CR was influenced by complex in-
teractions in the heliosphere where low energy proton flux detected in-situ with
detectors on board SOHO does not contribute substantially either to condition
in heliosphere or CR flux.Increase of SEP flux, apparent in all detected proton
flux from SOHO/ERNE and SOHO/EPHIN, produce GLE event detected with
NM with low cut-off rigidity. Shape of detected FD on different stations varied,
as expected due to difference cut-off rigidity, median energy, detector design,
and sensitivity.

Correlation between respective time series was found using Pearson correla-
tion coefficient using 2-tail test for significance is given at Table 2.

As expected correlation of CR flux is greater for NM detector at South Pole
due to lower energy of detected CR which are more sensitive to disturbances of
IMF. Inverse correlation of average magnetic field and solar wind plasma speed
with CR flux is expected due to scattering of CR on turbulent magnetic field
that produce a decrease in detected CR flux. The lack of correlation between
proton fluxes and higher energy CR flux detected with GLL shown that monitor
only some of the proton energy channel is not sufficient to model FD over range
of CR energies during complex event with CME-CME interaction. Modeling of
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Figure 2. Left: Time series for plasma parameters (taken from OMNI database)

and cosmic ray flux ( measured at South Pole NM and GLL) from October 20th until

November 20th, 2021. Right: Hourly time series for different proton energy channels

from SOHO/ERNE and SOHO/EPHIN and two CR detectors time series for the same

period.

this complicated shock-associated ICME disturbance where multiple shocks and
transient flows merged is challenging and other studies (Zhao & Zhang, 2016;
Werner et al., 2019) showed similar complex dependence of CR flux on different
parameters of the IMF condition.

4. Summary

In this work we studied the FD occurred in November 4th, 2021, using data from
Belgrade muon station and other multiple sources. Increased solar activity at
the begging of the November 2021 had a measurable effect on CR, observed as a
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Table 2. Pearson correlation coefficients for the correlation between CR flux detected

at Belgrade CR station (GLL), at South pole (SOPO), flux of protons of different

energies from SOHO/ERNE and SOHO/EPHIN and plasma parameters (from OMNI

database) for the period from October 20th until November 20th, 2021.

SOPO GLL
Pearson Corr. p-value Pearson Corr. p-value

SOPO 1 0.52 <10−5

GLL 0.52 <10−5 1
|B| Average -0.55 <10−5 -0.48 <10−5

Bz −0.4 <10−5 −0.15 <10−4

Proton temperature -0.18 <10−5 -0.23 <10−5

Proton Density 0.23 <10−5 0.14 <10−4

Plasma (Flow) speed -0.61 <10−5 -0.53 <10−5

7.3-25.0 MeV p 0.17 <10−5 -0.12 0.002
4.3-7.8 MeV p 0.01 0.67 -0.29 <10−5

25.0-40.9 MeV p 0.21 <10−5 0.02 0.5
40.9-53.0 MeV p 0.21 <10−5 0.03 0.45
80-100 H Mev p 0.22 <10−5 0.03 0.37

decrease in measured flux by all relevant CR stations. Energy range of affected
primary CR was wide enough so effect was detected by neutron monitors but
also muon detectors. Rapid decrease was detected with CR detectors around
the world and it was one of the consequence, along with the strong G3-class
geomagnetic storm, auroras and GLE event, of series of overlapping CMEs. We
showed that based on measured amplitude of FD of the range of ground station
that higher energy CR was less affected with heliospheric disturbance. Cross
correlations between time series of CR flux and IMF and solar wind charac-
teristics during these strongly disturbed heliospheric conditions were presented.
Lack of strong correlation is also apparent for higher energy CR flux time series
and time series of the heliospheric parameters and proton flux of certain energy
ranges. This proves that, in order to better understand solar-terrestrial coupling
processes, particularly its effect for higher energy particles requires more data
from various sources and various probes and this analysis can be done in the
future.
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Abstract. In presented work we further explore previously indicated possibil-
ity of the existence of two classes of Forbush decrease events, established by the
prior analysis of the correlation between the shape of energetic proton fluence
spectra and Forbush decrease properties. In an attempt to increase statistical
robustness of the analysis and potentially reduce the uncertainties, we have de-
veloped an alternative classification procedure that employs machine learning
and utilizes space weather parameters as input variables. Based on the overall
performance, efficiency and flexibility of different machine learning methods we
selected the best performing algorithm and established the optimal boundary
value of Forbush decrease intensity to be used for class separation. A subset of
good input variables was selected based on their predictive power.

Key words: cosmic rays – Forbush decrease – coronal mass ejection – solar
energetic particles

1. Introduction

The dynamic activity of the Sun’s coronal magnetic field can give rise to com-
plex space weather events. These events may include solar flares (SFs), coronal
mass ejections (CMEs), their interplanetary counterparts known as interplan-
etary coronal mass ejections (ICMEs), the emission of solar energetic particles
(SEPs), and similar phenomena (Kahler, 1992; Yashiro & Gopalswamy, 2008;
Gopalswamy, 2022).

One such complex event can produce a number of effects in the heliosphere,
one of which is the acceleration of solar wind particles. There is a distinction
between particles accelerated by a SF in the lower Sun’s atmosphere and those
accelerated locally by the CME shock. The later are often referred to as energetic
storm particles (ESPs) (Desai & Giacalone, 2016).

Additionally, the passage of a CME can affect the primary cosmic rays (CRs)
potentially resulting in a sudden drop in the observed CR flux, followed by a

https://orcid.org/0000-0003-4368-0248
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recovery phase that takes place over the several following days. This effect is
known as a Forbush decrease (FD) and can be observed by Earth-based CR
detectors.

A previous study of the relationship between transient modulations in the
fluxes of energetic protons and cosmic rays (measured near and at Earth respec-
tively) indicated an existence of two classes of FD events (Savić et al., 2023). The
main objective of this work is to expand this analysis and investigate whether a
specific set of space weather (SW) parameters can be successfully used as input
parameters for classification. The proposed procedure would aim to separate FD
events into classes as indicated by the aforementioned analysis, while increasing
the statistical significance and potentially the reliability of the analysis. Addi-
tional positive outcome of a successful classification would be the selection of a
subset of SW parameters that prove to be good input variables. These variables
could then be further used for the prediction of FD magnitudes utilizing some
regression algorithm.

2. Motivation

As simultaneous ESP and FD events are very likely a consequence of the passage
of an ICME, a relationship between them was assumed. To establish this possi-
ble connection, correlation of characteristics of proton fluence spectra and FD
parameters was investigated (as described in more detail in Savić et al. (2023)).

The proton fluence spectra were calculated from in situ measurements at L1
by SOHO/ERNE instrument (Torsti et al., 1995), and fitted by a double-power
law, as shown for one selected event on Figure 1.

Exponents obtained from these fits were used to parameterize the spectra
shape, and some degree of correlation between these exponents and FD magni-
tudes was established. However, this analysis also indicated a possible existence
of two classes of FD events, as illustrated in Figure 2. The plot shows the depen-
dence of the FD magnitude corrected for the magnetospheric effect on one of the
proton fluence spectra exponents. The green oval indicates a supposed class of
events that exhibit a stronger correlation between these two variables, while the
red oval indicates a class of events where this correlation is apparently weaker.
One possible way to define the boundary between these two classes could be by
introducing a cut on the intensity of the event.

Due to relatively low statistics of events where proton fluence can be reliably
determined, one idea for extending this analysis is to try and utilize other space
weather parameters in order to increase statistics and more strongly establish
the assumed existence of two classes of FD events.
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Figure 1. Proton fluence spectra at L1 for one event during October 2001, in linear

(left) and logarithmic scale (right).

Figure 2. The dependence of the FD magnitude corrected for the magnetospheric

effect (MM ) on one of the exponents used to parameterize the proton fluence spectra

(α). Two assumed classes of FD events are indicated by the green and red ovals.
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3. Methods and Results

IZMIRAN catalogue of Forbush effects (IZMIRAN, 2016) was used as the source
of SW related data, as it contains an extensive list of FD events and associated
SW parameters. The parameters selected from the IZMIRAN catalogue to be
used in the analysis presented here fall into several cathegories: parameters de-
scribing the source (Otype, Stype) or the characteristics of the CME (Vmean,
CMEwidth); solar wind parameters (Vmax, KTmax, KTmin); parameters de-
scribing interplanetary or geomagnetic field (Bzmin, Kpmax, Apmax, Dstmin);
and parameters related to the associated solar flare (Xmagn, Sdur, SSN).

Several machine-learning-based classification methods implemented in the
TMVA analysis network (Hoecker et al., 2007) were employed in order to es-
tablish the optimal FD magnitude for the separation of two classes (boundary
criteria mentioned in Section 2), as well as to determine the optimal classifi-
cation algorithm. Comparing the efficiency of various methods available in the
TMVA (shown of Figure 3), it was found that the optimal separation between
two classes is achieved with FD magnitude cut set to 6%, as separation efficiency
seems to drop-off beyond that for most methods. Support vector machine (SVM)
(Cortes & Vapnik, 1995) was identified as the overall best-performing algorithm.

Figure 3. Comparison of the classification efficiency of various TMVA methods de-

pendence on the FD magnitude cut used for class separation.

SVM implementation in the scikit-learn package (Pedregosa et al., 2011) was
utilized to identify which of the SW parameters could reliably classify FD events.
Third-degree polynomial kernel was found to have the most flexible and efficient
performance.
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Figure 4. Example of SVM classification using some of SW parameters (mean CME

velocity, maximum Kp index and minimal Dst index over the event’s duration) that

proved to be good input variables for FD classification.

Obtained results appear to confirm the assumption regarding the existence of
two classes of FD events. Furthermore, a subset of SW parameters that provide
a more reliable classification of FD events was determined. These include mean
CME velocity (Vmean) and geomagnetic indices (Kpmax, Apmax, Dstmin),
with a possible inclusion of the solar wind speed (Vmax) and minimal hourly
component of the interplanetary magnetic field (Bzmin). Decision boundaries
between some pairs of mentioned good input variables are showed on Figure 4.
Other SW variables proved to be less well suited for classification (as illustrated
in Figure 5, for KTmin and KTmax).
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Figure 5. Example of SVM classification using some of SW parameters (KTmax,

KTmin) that proved to be less well suited input variables for FD classification.

The identified good variables could prove useful in a potential future exten-
sion of the analysis. More specifically, they could serve as an input for a regres-
sion procedure that would potentially allow the prediction of FD magnitudes.
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This prediction would provide either estimates of FD magnitude as measured
by Earth-based detectors or, more importantly, estimates of FD magnitudes
corrected for the magnetospheric effect.

4. Conclusions

The potential existence of two classes of FD events was investigated. To increase
statistical robustness and reduce uncertainties, the analysis was expanded to
include a wider set of various space weather parameters. Machine learning tech-
niques were employed in an attempt to separate FD events into two assumed
classes, using a number of selected SW parameters as input variables. We com-
pared the efficiency of different machine learning algorithms, and established
the optimal boundary value of FD intensity to be used for class separation. The
SVM algorithm was selected for the analysis based on its overall performance,
efficiency and flexibility, and used to select a subset of space weather variables
to be used for reliable classification of FD events. This subset of good variables
variables could prove useful for a future extension of the analysis, where they
would provide an input for a regression procedure used to predict FD magni-
tudes.
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Abstract. Using the lidar (Light Detection And Ranging) technique atmo-
spheric probing and observations of atmospheric aerosol optical properties
may be conducted remotely with high spatial and temporal resolution. As
an EARLINET (the European Aerosol Research LIdar Network) joining lidar
station, Belgrade Raman lidar system has provided aerosol profiling data for
potential atmospheric and climatological studies as well as assessment of plane-
tary boundary layer evolution and conducting dedicated measurements during
airborne hazard. A comprehensive quality-assurance program and self-testing
check-up tools have been developed to examine the performance and tempo-
ral stability of a lidar system. The capabilities of the Belgrade Raman lidar
system, as well as its experimental characterization related to zero bin assess-
ment, analog to photon-counting signal delay, Rayleigh-fit and telecover tests
to evaluate system accuracy, are presented in this study.

Key words: Remote sensing – Atmosphere – Optical properties – Data –
Quality assurance

1. Introduction

For more accurate weather predictions and a better understanding of climate
change and solar influence, it is essential to quantify the impact that clouds
and atmospheric aerosols play in the Earth’s radiation budget (Stocker et al.,
2013; Boucher et al., 2013). Depending on aerosol composition and size distribu-
tion the amount of scattered and absorbed radiation (both incoming solar and
outgoing terrestrial) can differ significantly. Aerosol radiative forcing has been
identified as one of the biggest climate change unknowns due to its short lifes-
pan and high spatial and temporal variability (Stocker et al., 2013). To quantify
the influence of aerosols on the climate system using an integrated approach of
ground-level and airborne in-situ measurements, ground-based remote sensing,
and space-based observations combined with numerical modeling are required.
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Change in the incoming solar radiation flux induces disturbances in different at-
mospheric layers (Aplin & Harrison, 2003; Maurya et al., 2014). Several studies
have investigated the effect of solar eclipse on various atmospheric properties
(Ilić et al., 2018; Kolarž et al., 2005; Nymphas et al., 2009). Atmospheric lidar
(Light Detection And Ranging) can be used to determine heights of planetary
boundary layer (PBL) using aerosols as tracers, providing opportunity to inves-
tigate PBL evolution-based processes. Decrease in height and evolution change
of PBL during a solar eclipse have been observed (Ilić et al., 2018; Amiridis
et al., 2007; Kolev et al., 2005).

Lidar, an active remote sensing technique, has proved itself to be the op-
timal tool for profiling height-resolved atmospheric aerosol optical parameters.
Various aerosol lidar techniques have been developed during the last several
decades operating at one or multiple wavelengths. The lidar principle is based
on laser emission of short-duration light pulses into the receiver field of view.
The intensity of the light backscattered by atmospheric molecules and particles
is measured versus time (through the telescope receiver, collimating optics, a
bandpass filter for daylight suppression) by an appropriate detector. The signal
profile is recorded by an analog-to-digital converter or by a photon-counting de-
vice and accumulated for a selected integration period spanning time intervals
from seconds to minutes. In order to establish a comprehensive and quantita-
tive statistical data base of the horizontal and vertical distribution of aerosols
on the continental scale the lidar network called EARLINET (the European
Aerosol Research LIdar Network) was founded in 2000 (Pappalardo et al., 2014).
The development of the quality assurance strategy (Freudenthaler et al., 2018),
the optimization of instruments and data processing (Wandinger et al., 2016),
and the dissemination of data have contributed to significant improvement of
the network towards a more sustainable observing system. With the addition
of new stations EARLINET has significantly enhanced its observation capac-
ity during the past few years. Additionally, the Single Calculus Chain (SCC)
was developed eliminating inconsistencies in the optical products retrieval pro-
cesses and in the signal error calculation, automating the data evaluation, and
enabling near real time (NRT) data processing (D’Amico et al., 2015, 2016;
Papagiannopoulos et al., 2020; Mattis et al., 2016). Such network development
allowed its contribution to calibration and validation of optical products re-
trieval from satellite missions (Abril-Gago et al., 2022).

In this study the capabilities of the EARLINET joining Belgrade Raman
lidar system combined with its experimental characterization using self-testing
check-up tools developed across the network to evaluate system accuracy are pre-
sented. Aerosol optical properties retrieved from such lidar measurements can
be used to evaluate aerosol satellite measurements, e.g., Earth Clouds, Aerosols
and Radiation Explorer (EARTHCARE) mission (Illingworth et al., 2015), and
to improve aerosol representation in climate models.
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Figure 1. Zero bin assessment for elastic 355 nm (above) and Raman 387 nm (be-

low) channels. Different color lines represent successive average signals from diffuse

reflections of twenty laser shots.

2. Methodology

Raman lidar system at the Institute of Physics Belgrade (IPB), Serbia (44.860
N, 20.390 E) is bi-axial lidar system (telescope-laser axes distance is 200 mm)
with combined elastic and Raman detection designed to perform continuous
measurements of aerosols in the lower free troposphere (Ilić et al., 2018). Trans-
mitter unit is based on the third harmonic frequency of a water cooled, pulsed
Nd:YAG laser, emitting pulses of 65 mJ output energy at 355 nm with a 20 Hz
repetition rate. In order to improve the maximum range and the precision of the
system the beam expander is used to reduce the laser beam divergence (0.33
mrad) expanding the beam’s diameter by 3 times. The optical receiving unit
consists of two sub-units, a receiving telescope and wavelength separation unit.
The optical receiver is a Cassegrain reflecting telescope with a primary mirror of
250 mm diameter and a focal length of 1250 mm. Photomultiplier tubes Hama-
matsu R9880U-110 (PMT) are used to detect elastic backscatter lidar signal at
355 nm and Raman signal at 387 nm (Nitrogen vibrational scattering).
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Figure 2. Analysis of the relative delay between zero-bin-corrected analog RCS and

the PC RCS for 355 nm (left column) and 387 nm (right column) channels. Mea-

surements of 30 1-minute profiles with 1200 shots each were used. A linear regression

between AN and PC data was performed in the gluing region. Correlation coefficient as

a function of relative delay between analog and photon counting signals (above). Cor-

relation coefficient as a function of relative delay between analog and photon counting

mean signals (center). Fit between the PC RCS and AN RCS channels (below).
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Figure 3. Relative deviations of signals collected in the four telescope sectors com-

pared to the mean analog (above) and photon counting 355 nm signal (below), nor-

malized in the 1500-2500 m range.

Interference filters with 0.96 nm and 0.45 nm FWHM before each PM tube
are used to reduce the background noise. The detectors are operated both in
the analog and photon-counting mode and the spatial raw resolution of the
detected signals is 7.5 m. Averaging time of the lidar profiles is of the order of 1
min corresponding to 1200 laser shots. The Licel transient recorder is comprised
of a fast transient digitizer with on board signal averaging, a discriminator for
single photon detection and a multichannel scaler combined with preamplifiers
for both systems. For analog detection, the signal is amplified according to the
input range selected and digitized by a 12-Bit-20 MHz A/D converter. At the
same time the signal part in the high frequency domain is amplified and a 250
MHz fast discriminator detects single photon events above the selected threshold
voltage.
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Figure 4. Relative deviations of signals collected in the four telescope sectors com-

pared to the mean analog (above) and photon counting (below) 387 nm signal, nor-

malized in the 1500-2500 m range.

In order to monitor and improve the quality of the lidar systems and their
optical products, the quality assurance methods for both hardware and retrieval
algorithms (Freudenthaler et al., 2018; D’Amico et al., 2015, 2016) have been
established through the lidar network. System alignment is one of the funda-
mental setup tests because the partial overlap between the laser beam and the
receiver field of view has a substantial impact on lidar measurements of par-
ticle optical characteristics (Freudenthaler et al., 2018). The fact that the ray
bundles from various telescopic aperture regions go through the optical setup
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in various ways and with various incidence angles on the optical components
can be used to assess the lidar system alignment i.e., full overlap between laser
beam and telescope field of view. It is necessary to do a series of measurements
using a telescope that is only partially covered so that each measurement ac-
tually represents the collection of backscattered light by a specific sector of the
telescope in order to evaluate the alignment. Following the procedure described
in Freudenthaler et al. (2018), a version of so-called telecover test using the
set up of the telescope with four sectors was conducted in this study. For the
fine alignment of the system in the far field, the range-corrected lidar signal is
compared to the attenuated Rayleigh backscatter coefficient at a range interval
which is considered aerosol free. To determine the lidar signal distortions due to
the electronic noise the so-called dark measurement was performed. Dark signal
was measured with fully covered telescope so that no light from the atmosphere
and laser backscattered pulses could be detected. The lidar signals were prepro-
cessed taking into the account 3 min dark signal (for both analog and photon
counting channels) corresponding to 3600 laser shots. Such temporal averaged
dark measurement with sufficient signal-to-noise ratio was subtracted from the
lidar signals to improve the accuracy. In addition, experimental verification of
the zero range of the signal detection was conducted (Barbosa et al., 2014).

3. Results and Discussion

3.1. Zero bin test

A trigger-delay between the actual laser pulse emission and the backscatter
signal recording’s presumed zero range (zero bin) can introduce notable inac-
curacies in the near range signal. Particularly, the inversion of Raman signals
can be significantly distorted since the signal slope in the near range varies
considerably when the zero bin for range correction is changed (Freudenthaler
et al., 2018). The signal peaks obtained from light reflected from a diffuse scat-
tering target placed right above the emission part of the lidar system in order
to block the laser path are presented in Figure 1. In order to prevent signal
saturation the telescope was covered so that only a portion of the diffused light
can enter the telescope. The first bin of the signal peak is the assessed zero bin.
Since the analog to photon counting (AN-PC) signal delay might be different
among LICEL transient recorder modules, the AN-PC delay should be further
calculated for each module separately. In this paper the cross-correlation of the
two range corrected signals was used to calculate the analog-pc delay (Barbosa
et al., 2014). Analysis of the relative delay between zero-bin-corrected analog
RCS and the PC RCS signals is presented in Figure 2 with the same system
alignment as in Figure 3. For measurement of this delay, 30 profiles of 1200 shots
each were used. A linear regression between AN and PC data was performed as
a function of time delay from -10 to 10 bins. A distinct peak at -2 relative delay
bins is clearly exhibited for elastic channel (with respect to zero-bin-corrected
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AN signal). The main peaks for relative delay in the case of Raman channel are
distributed between two range-bins, but the best assessment for relative delay
corresponds also to -2 bins.

3.2. Telecover test

To check the laser-telescope alignment the telecover test using quarters of the
telescope was used. This quadrant test used four sectors named North (N)-
oriented from the telescope optical axis towards the laser optical axis, East
(E), West (W) and South (S). The North2 (N2) signals were acquired using
the same telecover sector as the N signals, but at the end of the measurement
time sequence, thus deviations in the N and N2 signals reveal the effect of
the changing environment during the measurements. Figure 3 and Figure 4
show relative deviations of signals collected with quadrant telescope sectors
under stable atmospheric conditions on April 27, 2020 for both 355 nm and 387
nm channels, respectively. Signals obtained with a partly covered telescope are
examined in terms of each sector deviation relative to the average of all signals
in order to verify lidar response in the near field. The threshold for the accepted
relative deviation of each sector signal is adopted to be 0.05. From the obtained
results it can be seen that the Raman lidar response in the near field is below
threshold and well alligned starting from 300 m. Although the telecover test is
useful for the assessment of the far range response of the lidar system usually
the additional test called Rayleigh fit should be applied.

3.3. Rayleigh fit test

To test the lidar alignment in the far range the Rayleigh fit procedure was used.
For that purpose, the fitting of normalized lidar signal to the calculated attenu-
ated Rayleigh backscatter coefficient (βattn

m ) in a range where we assume clean
conditions (aerosol-free atmosphere) was performed. In Figure 5 and Figure 6
Rayleigh fit and corresponding relative deviations from the calculated Rayleigh
signal for the elastic 355 nm and Raman 387 nm channels are presented. The
30 min measurements were performed during the night on the same day and
with the lidar setup as presented in Figure 3. Molecular signals were calculated
from the obtained Global Data Assimilation System (GDAS) profiles for the
same day at 23UT following Bucholtz (1995)(Bucholtz, 1995). From Figure 5
it can be seen that the lidar system is well aligned up to the 14 km for elastic
channel with the relative error less than 1% of the attenuated Rayleigh backscat-
ter signal while Raman channel signal to noise ratio is acceptable up to the 8
km. Once the system is properly aligned it can be used for systematic aerosol
measurements.
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Figure 5. Photon counting 355 nm lidar signal (red) averaged over 30 minutes and

calculated Rayleigh signal (black) from local radiosonde data of the same night, both

normalised between 5 and 10 km range (above). Relative deviation from the calculated

Rayleigh signal (below).
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Figure 6. Photon counting 387 nm lidar signal (red) averaged over 30 minutes and

calculated Rayleigh signal (black) from local radiosonde data of the same night, both

normalised between 5 and 10 km range (above). Relative deviation from the calculated

Rayleigh signal (below).

4. Summary

Lidar systems are optimal tools for providing range-resolved aerosol optical pa-
rameters and information on the atmospheric structure not only for climatolog-
ical purposes but also in emergency situations when near real time delivery of
the data and fast data processing is required. Although several lidar instrument
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intercomparison campaigns have been conducted within the network, it is not
possible to evaluate all systems in their specific setup due to the constant techno-
logical development and subsequently systems upgrade together with improving
measurements experiences. To overcome limited capacity for providing direct in-
tercomparisons a complementary quality-assurance procedures and tools have
been developed for regular internal system check-ups across the lidar network.
In this paper the capabilities of the Belgrade Raman lidar system is assessed
and characterization related to zero bin assessment, analog to photon-counting
signal delay, Rayleigh-fit and telecover tests to evaluate system accuracy, are
presented. Under described system setup the full overlap of the telescope field
of view and laser beam is measured and the system alignment is assessed in the
near field starting from 300 m. In the far range the Rayleigh fit procedure for
elastic 355 nm channel exhibited good signal to noise ratio and alignment up
to 14 km, but Raman channel at 387 nm demonstrated significant signal noise
above 8 km. In addition, the cross correlation of the two range corrected analog
and photon count signals was used to assess the analog-pc delay characteristic
for each transient record module.

As a unique system in the region capable to perform remote monitoring of
atmospheric aerosols it is expected to perform systematic measurements on a
regular schedule in the near future and contribute to the collection of aerosol
vertical distribution database in Europe. Lidar measurements of aerosol opti-
cal properties can be used for model evaluation (Meier et al., 2012; Binietoglou
et al., 2015). Furthermore, the assimilation of lidar observations of aerosol ver-
tical distribution (Cheng et al., 2019) can improve model estimation of aerosol
impact on climate. In addition, changes in atmospheric properties caused by spe-
cific events, like solar eclipse-induced planetary boundary layer height changes
or airborne particles transport can be observed. Having in mind geographical
distribution of currently active lidar stations in Europe, Belgrade Raman lidar
station can provide valuable data for intercomparison and validation of optical
products for future satellite missions, but automatization of the measurement
process and the upgrade to the multiwavelength lidar system are essential to
develop in the future.
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Abstract. Solar flares, as strong explosions on the Sun’s surface, are well
known driving agents that severely affect the near-Earth environment, produc-
ing additional ionization within the sunlit Earth’s atmospheric layers. X-ray
solar flares can be classified regarding their effects on the lower ionosphere
and its electron density profile. The focus of this research is on the study of
disturbances induced by X-ray solar flares in order to predict the impact of
possible weak solar events. In this paper we examined solar activity of lower
intensity by conducting numerical modeling using several models and based
on data obtained by very low frequency radio signals and from the Geosta-
tionary Operational Environmental Satellite (GOES) database on solar X-ray
radiation.

Key words: Solar activity – Solar X-ray flares – Radio signal perturbations –
GOES

1. Introduction

Solar flares (SFs) are powerful bursts of electromagnetic radiation originating
from the Sun’s surface Bothmer et al. (2007). Among the categories of SF from
A to X-class, B-and C-class SFs represent a low to low-to-moderate level of
intensity (Grubor et al., 2008; Hayes et al., 2021). Although B-and C-class flares
are considered to have low level intensity, they still possess the potential to
cause disruptions in communication and navigation systems, if they are directed
towards the Earth and especially during periods of quiet solar activity such as
periods of solar minimum(s). During periods of solar minimum, which refers
to the phase of the 11-year solar cycle with minimal solar activity, B- and C-
class SFs become significant, as they often constitute the majority of solar flares
observed in these periods.

Low class SFs, especially during periods of solar minimum, can induce dis-
turbances in the ionosphere, leading to noticeable effects on terrestrial com-
munication. The primary effect of SFs, in general, on the ionosphere is the
augmentation in electron density. The intense X-ray and ultraviolet radiation
released during SFs can ionize the upper atmosphere, creating additional free
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electrons (Šulić et al., 2016; Curto, 2020; Žigman et al., 2007). These free elec-
trons can affect radio wave propagation by altering the refractive properties of
the ionosphere. As a result, the density of the ionosphere increases temporarily,
influencing the behavior of radio signals passing through it (Kelly, 2009).

Very Low Frequency (VLF) technology plays a crucial role in studying solar
flares and their effects on the lower ionosphere. VLF technology utilizes a range
of electromagnetic waves with frequencies from 3 to 30 kHz, with the ability
to propagate over long distances without losses and penetrate through both
soil and water, making them bounce within the Earth-ionosphere waveguide
(Ratcliffe et al., 1972; Silber & Price, 2017). VLF technology finds particular
relevance in the study of solar flares due to its ability to capture and analyze
the effects of SFs and to indirectly provide data of relevance to ionopsheric
plasma property variations during these events (Kolarski et al., 2011; Šulić &
Srećković, 2014; Srećković et al., 2017; Arnaut et al., 2023). By observing such
alterations, valuable insights into the Sun-Earth “connection” can be gained and
an enhanced overall understanding of space weather phenomena. The study of
SFs of low intensity during solar minimum and their impact on the ionosphere
provides valuable insights into the complex interactions between Sun and Earth’s
upper atmosphere (Barta et al., 2022; Grodji et al., 2022).

2. Observations

Transit between solar cycle (SC) 23 and 24 implies the period of solar activ-
ity is characterized by quiet Sun, i.e., solar minimum. The solar minimum of
the 23/24 solar cycle often refers to the period mainly related to years 2008
and 2009, i.e. a period with quiet Sun between the descending branch of the
SC 23 and the ascending branch of the SC 24. During this period there were
not many SFs reported. More precisely only 8 C class SF events occurred in
January, April, November and December and 1 M class SF occurred in March
during 2008. Likewise 28 C class SF events occurred in July, September, Octo-
ber and December of 2009. When mutually compared in terms of background
solar radiation, year 2008 was a bit calmer with X-ray background flux up to
A8.1 compared to 2009 with X-ray background flux up to B1.4, but both of
low background solar radiation conditions enabled studying of low class SFs
and their influence on Earth’s ionosphere. Results of monitoring solar activity
during the 23/24 solar minimum using VLF technology and the European mid-
latitude lower ionospheric response to some of the low class SFs from this period
based on records obtained by BEL VLF station in Belgrade (Serbia) and esti-
mated electron densities using the Long Wave Propagation Capability (LWPC)
methodology can be found in Kolarski et al. (2022a).

In this paper focus is on the utilization of two numerical methods, so called
FlareED and easyFit that were developed by Srećković et al. (2021a,b) on the
cases of low intensity SFs (lower C- and upper B-class SFs). Moreover the aim
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of present paper is to test methods’ efficiency and sensitivity when applied to
cases of SFs from the lower part of the soft X-ray irradiance spectrum. We note
that initially FlareED and easyFit methods were developed for SF events of
mid to high intensity (upper C-, M- and lower X-class SFs, e.g. Srećković et al.
(2021b); Kolarski et al. (2022b)).

Table 1. Estimated electron densities at nominal height of 74 km by employed different

approaches: classical using LWPC, FlarED, easyFit and ML methods.

dd/mm/yyyy 27/10/2009 16/12/2009 23/12/2009
SF class B8.3 C3.7 C6.4
max X-ray flux time (UT) 13:11 13:02 10:17
Ne LWPC (m−3) 3.79 ·108 1.37 ·109 1.17 ·109

Ne easyFit (m−3) 4.20 ·108 1.01 ·109 2.33 ·109

Ne FlarED (m−3) 3.47 ·108 9.64 ·108 1.64 ·109

Ne ML (m−3) 4.20 ·108 1.02 ·109 2.28 ·109

Along with these two methods that were already used for purposes of ex-
ploring the influences of stronger SFs on mid-latitude lower ionospheric plasma
properties and are used in this study as well, here we also present results from a
novel numerical method relying on machine learning (ML) techniques that is ap-
plied to low intensity SFs. Machine learning (ML) techniques have demonstrated
extensive applicability in various domains, including research, engineering, and
industry. Therefore, these techniques offer significant informational value that
is not readily identifiable through other statistical methods, thereby offering
a novel perspective on the data. One prominent category of widely used algo-
rithms comprises tree, or forest-based techniques, such as Random Forest (RF)
(Breiman, 2001) or XGBoost (XGB) (Chen & Guestrin, 2016). A typical ML
workflow involves the initial preparation of the training and testing datasets,
which include both the features and the target variables. Subsequently, the
model is trained using the train dataset, following which the evaluation phase
can be initiated using the test dataset, i.e., testing the trained model on a test
dataset and constructing evaluation metric statistics. Once satisfactory model
(hyper)parameters have been obtained, the model can be utilized for predicting
the target variable on other datasets. The XGB algorithm was utilized in this
study to derive the β and H ′ parameters (the so called Wait’s parameters, Wait
& Spies 1964) (target variables; multi-output ML task) from X-ray irradiance
data and other features that were derived from the statistical properties of the
X-ray irradiance data (feature data). The XGB model was fine-tuned in relation
to the number of trees and the learning rate.

From period 2008 - 2009 several days with reported X-ray solar activity
were singled out and inspected in detail: 03 November 2008, 05 July 2009, 27
October 2009, 10 December 2009, 16 December 2009, 21 December 2009 and
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23 December 2009. Days were primarily chosen for analysis based on reported
X-ray SFs that were “visible” on BEL VLF recordings, in order to provide it
possible to compare results related to estimated electron densities obtained by
the classical approach (such as Kolarski et al. 2022a) and by using FlareED and
easyFit methods for interpretable cases, on the one hand and to avoid cases of
stronger C-class events on the other (like M1.7 on 25 March 2008 with max.
X-ray flux at 18:56UT or C7.6 & C7.2 on 18 & 22 December 2009, with max.
X-ray flux at 18:55UT & 04:56UT respectively).

Figure 1. X-ray flux from GOES-15, and Ne (h = 74 km) as a function of UT during

05 July 2009. The dashed line with circles shows results acquired by FlarED and

easyFit methods.

During 03 November 2008, there were only 3 SFs reported with 2 of them
of B-class with intensities in the range B2.4-2.9 and 1 of C-class of intensity
C1.6, background flux was of A0.0 and sunspot number was 18. During 05 July
2009, there were 14 SFs reported with 13 of them of B-class with intensities
in the range B1-5.9 and 1 of C-class of intensity C2.7, background flux was of
A2.2 and sunspot number was 26. During 27 October 2009, there were 23 SFs
reported with 18 of them of B-class with intensities in the range B1-8.4 and 5
of C-class with intensities in the range C1.1-1.7, background flux was of A4.2
and sunspot number was 29. During 10 December 2009, there were only 3 SFs
reported with 2 of them of B-class with intensities in the range B1.4-6 and 1
of C-class of intensity C3.4, background flux was of A0.0 and sunspot number
was 13. During 16 December 2009, there were 9 SFs reported with 6 of them of
B-class with intensities in the range B3-8.6 and 3 of C-class with intensities in
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the range C1.4-5.3, background flux was of B1.2 and sunspot number was 30.
During 21 December 2009, there were 12 SFs reported with 10 of them of B-
class with intensities in the range B1.6-8.6 and 2 of C-class with intensities in the
range C1-2.5, background flux was of A9.3 and sunspot number was 42. During
23 December 2009, there were 5 SFs reported with 4 of them of B-class with
intensities in the range B1.6-8.6 and 1 of C-class of intensity C6.4, background
flux was of A7.5 and sunspot number was 23.

Figure 2. X-ray flux from GOES-15, and Ne (h = 74 km) as a function of UT during

16 December 2009. The dashed line with circles shows results acquired by FlarED and

easyFit methods.

3. Results and discussion

As previously mentioned, the factor of flare induced perturbation “visibility”
on BEL VLF recordings was of prime significance. However, numerical methods
FlareED and easyFit were conducted for chosen days in 24h continuity man-
ner, in order to explore these events that were not “visible” in Belgrade due
to nocturnal conditions. Figures 1-5 give an overview of the obtained results
by application of numerical methods FlareED (blue) and easyFit (red) to the
cases chosen for analysis. Aside from all previously mentioned factors, differ-
ence between the X-ray flux (violet) characteristic in terms of standalone SF
events separated by periods with no activity and numerous back-to-back SFs
was subject of interest in the conducted analysis as well. Solar soft X-ray flux is
taken from Geostationary Operational Environmental Satellite (GOES) archive
database (https://satdat. ngdc.noaa.gov/sem/goes/data/avg/).
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Figure 3. X-ray flux from GOES-15, and Ne (h = 74 km) as a function of UT during

21 December 2009. The dashed line with circles shows results acquired by FlarED and

easyFit methods.

Figure 4. X-ray flux from GOES-15, and Ne (h = 74 km) as a function of UT during

23 December 2009. The dashed line with circles shows results acquired by FlarED and

easyFit methods.
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Figure 5. X-ray flux from GOES-15, and Ne (h = 74 km) as a function of UT during

27 October 2009. The dashed line with circles shows results acquired by FlarED and

easyFit methods.

In general, the easyFit method provided significantly more detailed insight
in processed data in terms of sensitivity when applied on cases of low intensity
X-ray SFs, in range of low B-class SFs to moderate C-class SFs of B1-C6.4, in
terms of mimicking solar soft X-ray flux variation as compared to the FlareED
method. FlareED method proven not to be sensitive to very low intensity SFs,
giving practically unperturbed parameters as output in such cases. However, in
cases of higher intensity SFs, FlareED method gave better results in terms of
reaching maximal values in relation to peaks of solar soft X-ray flux variation. On
the other hand, both methods gave either some false and/or positive-exaggerated
output results. Both methods have proven to be more efficient in cases of more
standalone SFs than these of high back-to-back occurrence, with the easyFit
method superior in efficiency of recognizing X-ray flux outages, compared to
FlareED method that showed no ability at all.

Results regarding electron densities at a nominal height of 74 km, as ob-
tained by the application of classical approach based on NAA/24.0 kHz signal
recordings from the Belgrade VLF database in the case of three X-ray SF events
of low intensity: a) low intensity C-class solar flare event C3.7 from the 16 De-
cember 2009 at 13:02UT, b) moderate intensity C-class solar flare event C6.5
from the 23 December 2009 at 10:17UT and c) moderate intensity B-class solar
flare event B8.35 from the 27 October 2009 at 13:11UT (Kolarski et al., 2022a)
are compared with the results obtained by application of numerical methods the
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Figure 6. X-ray flux from GOES-15, β and H ′ parameters and Ne (h = 74 km) as

a function of UT during 16 December 2009 as results acquired by method relying on

ML.

FlareED and the easyFit in the case of these SF events and presented in Table
1. In the case of the B8.3 SF, the lowest in intensity of these three SFs, both
methods gave electron density of the same order of magnitude, with the result
from the easyFit method slightly overestimated and from the FlarEd method
slightly underestimated compared to one from the classical approach, with the
result from the FlarEd method closer in absolute value. In the case of C3.7 SF,
medium in strength of these three SFs, both methods gave electron density un-
derestimated compared to one from classical approach, with the result obtained
from the easyFit method closer in absolute value. In the case of C6.4, the high-
est in strength of these three SFs, both methods gave electron density of the
same order of magnitude, with the result from the easyFit method significantly
overestimated and from the FlarEd method much overestimated compared to
one from classical approach, with the result from the FlarEd method closer in
absolute value. In all the cases, the FlareED method gave the results lower in
absolute value compared to corresponding from the easyFit, for approximately
17.4%, 3.7% and 29.6% for these SFs, from lowest to highest in intensity, respec-
tively. The results obtained based on the applied ML technique are in general
very close to those obtained from the easyFit numerical method (Table 1),
proving that this novel approach is as efficient as other two applied numerical
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Figure 7. X-ray flux from GOES-15, β and H ′ parameters and Ne (h = 74 km) as

a function of UT during 23 December 2009 as results acquired by method relying on

ML.

methods in the cases of low intensity SFs. The ML based approach gave the
same electron density value in the case of B8.3 SF, slightly higher (for 0.99%)
value in the case of C3.7 SF and somewhat lower value (for 2.15%) in the case
of C6.4 SF. Figures 6-8 present output results from the applied ML workflow for
these three SFs, with X-ray flux in violet, sharpness in green, reflection height
in orange and estimated electron density in black.

4. Summary

Overall, B - and C-class SFs occurring during solar minimum have a significant
impact on the ionosphere. Impacts on the lower ionosphere of B - and C-class SFs
during the 23/24 solar minimum has shed some light on the complex relationship
between solar activity and Earth’s upper atmosphere. Low class solar flares,
although considered notably weaker in comparison to more powerful flares, still
have the potential to significantly affect ionospheric dynamics especially during
solar minimum periods. Understanding the ionospheric response to low intensity
SFs during solar minimum is essential for understanding the potential adverse
effects that such events can have on terrestrial communication systems and
enhancing our overall space weather prediction capabilities.
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Figure 8. X-ray flux from GOES-15, β and H ′ parameters and Ne (h = 74 km) as a

function of UT during 27 October 2009 as results acquired by method relying on ML.

Numerical methods FlareED and easyFit were applied to SFs of low inten-
sity ranging from B1 to C6.4 during seven selected days from period covering
solar minimum between SCs 23 and 24, with the aim to test these two meth-
ods’ efficiency and sensitivity when going through calculations related to SFs
of low intensity, mainly from upper B-class and lower C-class solar X-ray flux.
Both methods gave satisfactory results in terms of efficiency in cases of events
stronger in intensity, with the easyFit method absolutely superior in cases of
X-ray flux variations of very low intensity. A novel ML based approach gave
results very similar to these obtained by easyFit method, giving great potential
for applications in future studies.

When compared with results obtained from the classical approach using the
LWPC methodology, in case of three SFs that cover the entire analyzed soft
X-ray flux range (B8.3, C3.7 and C6.4) and can be taken as typical examples
from their range, results obtained from FlareED method are lower in value
compared to ones from easyFit. Compared to classical approach, in case of a)
B8.3 SF Ne(easyFit) and Ne(FlarED) are for approximately 11% higher and
9% lower compared to Ne(LWPC), respectively. In case of b) C3.7 Ne(easyFit)
and Ne(FlarED) are for approximately 20% lower and 30% lower compared to
Ne(LWPC), respectively. In case of c) C6.4 SFNe(easyFit) andNe(FlarED) are
for approximately 99% higher (almost twice higher) and 40% higher compared
to Ne(LWPC), respectively.
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The findings from this research can potentially contribute to the development
of improved forecasting models, enabling better prediction and preparedness for
ionospheric disruptions caused by low class SFs. The study of low class SFs dur-
ing solar minimum and their impact on the ionosphere highlights the need for
continued research and monitoring of such events to enhance our understand-
ing of space weather phenomena and protect technological infrastructure from
potential disruptions.
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Kolarski, A., Srećković, V. A., & Mijić, Z. R., Monitoring solar activity during 23/24
solar cycle minimum through VLF radio signals. 2022a, Contributions of the Astro-
nomical Observatory Skalnate Pleso, 52, 105, DOI: 10.31577/caosp.2022.52.3.105
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Abstract. Here we investigate the giant radio galaxy DA 240, which is a FR
II source. Specifically, we investigate its flux density, as well as the spectral
index distribution. For that purpose, we used publicly available data for the
source: Leahy’s atlas of double radio-sources and NASA/IPAC Extragalactic
Database (NED). We used observations at 326 MHz (92 cm) and at 608 MHz
(49 cm) and obtained spectral index distributions between 326 and 608 MHz.
For the first time we give spectral index map for these frequencies. We found
that the synchrotron radiation is the dominant radiation mechanism over most
of the area of DA 240, and also investigated the mechanism of radiation at
some characteristic points, namely its core and the hotspots. The results of
this study will be helpful for understanding the evolutionary process of the DA
240 radio source.

Key words: galaxies: active – galaxies: jets – galaxies: nuclei – radio contin-
uum: galaxies – galaxies: individual: DA 240

1. Introduction

Double Radio sources Associated with Galactic Nuclei (DRAGNs) are clouds of
radio-emitting plasma which have been shot out of active galactic nuclei (AGN)
via narrow jets. More precisely, a DRAGN would be a radio source containing
at least one of the following types of extended, synchrotron-emitting structures:
jet, lobe, and hotspot complex (Leahy, 1993).

AGNs are emitting the most radiation from galaxies, and in case of radio
galaxies, a lot of their radiation is emitted at radio wavelengths. Giant radio
galaxies (GRGs) belong to a unique class of objects with very large radio struc-
tures. Originally, they were defined to be the radio galaxies with projected linear
sizes greater than 1 Mpc (Willis et al., 1974). This limit applied to a spatially
flat (Ωκ = 0) Friedmann cosmological model with the Hubble constant H0 = 75
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km s−1 Mpc−1, deceleration parameter q0 = 0.5 and zero cosmological constant
(ΩΛ = 0). Nowadays, the GRG size limit is equivalent to 700 kpc (Tang, 2021) in
a ΛCDM cosmology with the parameters by Planck Collaboration from 2016, i.e.
in the flat cosmological model with H0 = 67.8 km s−1 Mpc−1 and Ωm = 0.308
(Planck Collaboration, 2016). Due to this comparatively large angular extent of
the GRG population, astronomers can observe their fine structures with detailed
imaging.

DRAGN DA 240 was among the first GRGs to be recognized as such (more
precise, 3C 236 and DA 240 are the first two discovered GRGs, both identified
as Fanaroff-Riley II types). A study of its environment can be found in Peng et
al. (2004). It consists of two radio clouds about 40′ long, and a comparatively
weak central core (Artyukh & Ogannisyan, 1988). This giant radio source, with
linear size spanning over 1.3 Mpc, is placed at a distance of 215 Mpc. There are
also other researchers who investigated radio source DA 240 (Mack et al., 1997;
Chen et al., 2011a,b, 2018a,b; Peng et al., 2015; Milley, 2019).

2. Data and method

Regarding Earth-space (and also space-Earth) communication ranges, there is a
wide spectral window in radio band in which Earth’s ionosphere does not reflect
extraterrestrial radio waves and where atmosphere is transparent for them. This
range of radio frequencies, observable from Earth, spans from ∼10 MHz (30 m)
to ∼1 THz (0.3 mm). Particularly, for DA 240 there are freely available ground-
based observational data at the following frequencies: 326, 608, 2695, 4750 and
10550 MHz. Among these, for this paper we choose observations only at 326 and
608 MHz because of their completeness, and due to good visibility of this source
over the whole its area, as well. This is not the case for other three frequencies,
where only the regions around hotspots and jets are clearly visible, while the
radio lobes are pretty faint at these frequencies.

For our calculations, 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 a chosen
radio source. We described the structure of FITS format, as well as what is
useful for our investigation, in our previous paper Borka Jovanović et al. (2023).
Besides its flexibility and storage efficiency, here we want to point out the long
term archiving i.e. all versions of the FITS format are backwards-compatible,
so one can compare data from more observations (details at https://heasarc.
gsfc.nasa.gov/docs/heasarc/fits_overview.html).

The observed data are available in An Atlas of DRAGNs i.e. the ”3CRR”
sample of Laing, Riley & Longair (1983). Besides FITS files, this sample gives the
readers very useful information from the literature on the DRAGNs, with tables
and references, too. 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, i.e. NED database - a comprehensive
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database of multiwavelength data for extragalactic objects, with the information
and bibliographic references regarding these objects.

Hence, the easily searchable and accessible data are provided at:

– J. P. Leahy, A. H. Bridle, R. G. Strom, An Atlas of DRAGNs (2013): http:
//www.jb.man.ac.uk/atlas/ (Leahy, Bridle & Strom, 2013),

– NASA/IPAC Extragalactic Database: http://ned.ipac.caltech.edu/

(Mazzarella & the NED Team, 2002).

The observations of DA 240 at 326 and 608 MHz were carried out using ”The
Westerbork Synthesis Radio Telescope” (WSRT) radio telescope. It is located
in Netherlands, previously ran by Netherlands Foundation for Research in As-
tronomy, underwent more upgrades and a major (phased array upgrade of the
WSRT) was completed in 2019, resulting in the WSRT-Apertif system. Nowa-
days, WSRT-Apertif telescope is operated as a survey instrument by ASTRON
– the Netherlands Institute for Radio Astronomy.

It is useful here to notice that we used the calibrated data, i.e. the data
and images after they are processed using analysis techniques and programs
like CLEAN algorithm (see Strom, Baker & Willis (1981) and references therein).
Particularly, regarding the resolutions of the processed data used here, their
values are: 20′′ at 326 MHz and 9.2′′ at 608 MHz.

We used observations of DA 240 at two frequencies, 326 MHz (Willis &
O’Dea, 1990) and 608 MHz (Willis et al., 1974). The calculation method, which
we have developed, was first published in Borka (2007), with the most detailed
explanation given in Borka Jovanović (2012), and further elaborated in Borka
Jovanović et al. (2012), also. The area of the investigated radio source, as well as
the flux densities, are determined in these three ways: I - flux density contours
(isolines Sν); II - flux density 2D profiles, for constant declination; III - 3D
profiles (by doing the procedure in all three ways, it can easily be checked
whether the results and analysis are good).

As a telescope is most sensitive to extended emission at long wavelengths
(i.e. smaller frequencies), the WSRT could provide detailed and sensitive maps
of DA 240 at long wavelengths. So, it had a resolvong power sufficient to separate
this large object from unrelated confusing sources. As noted in original discovery
paper by Willis et al. (1974), a remarkable feature is the huge range of surface
brightness over the intensity map, as well as the prominence of the eastern
component. Also, it has strong linear polarization: an integrated percentage
polarization at 49 cm of 8.3%.

3. The flux density distribution of giant radio galaxy DA
240

The radio source DA 240 (cross-identifications: DA 240; CGCG 262-029; CGCG
0744.6+5556; MCG +09-13-057; 4C +56.16; 2MASX J07483682+5548591) is an

http://www.jb.man.ac.uk/atlas/
http://www.jb.man.ac.uk/atlas/
http://ned.ipac.caltech.edu/
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example of Classical Double radio sources. Its projected linear size is about 1350
kpc.
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Figure 1. 2D plot (left) and 3D plot (right) of DA 240 flux density distribution (in

Jy), presented in Equatorial coordinate system (α, δ), at 326 MHz.
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Figure 2. The same as in Fig. 1, but for 608 MHz.

From the observations of DA 240 at two frequencies, 326 MHz (92 cm)
and 608 MHz (49 cm), we determined the contours which represent the lower
boundaries of the source. We found that the minimal fluxes are the following:
Sν,min = 0.016 Jy at 326 MHz, and Sν,min = 0.0023 Jy at 608 MHz. The
areas of DA 240, with the flux density distributions (in Jy) over these areas,
we presented by two-dimensional and three-dimensional plots in Figs. 1 and 2.
From these radio maps, the spherical radio lobes can be clearly seen, as well as
their hotspots at the end of each beam.

We also give an examples of flux profiles for some constant declinations,
at the both frequencies. In Fig. 3 we give the profile for δ = 56◦.03 containing
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north-eastern hotspot (left) and for δ = 55◦.87 containing south-western hotspot
(right), at 326 MHz; while in Fig. 4 we give profiles for the same δ but at 608
MHz.
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Figure 3. The 326 MHz flux profiles for constant declinations δ = 56◦.03 (left) and

δ = 55◦.87 (right), containing northern and southern hotspots.
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Figure 4. The same as in Fig. 3, but for 608 MHz.

4. Spectral index distribution between 326 and 608 MHz

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

Sν ∼ ν−α, (1)

where α is a constant, called the ”radio spectral index”.
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The radio spectral index α can be obtained using the flux density at different
frequencies and taking the negative slope of the relation (1). Therefore, we
calculate it by the following equation:

α = −
log

(
Sν1
Sν2

)
log

(
ν1

ν2

) . (2)
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Figure 5. Spectral indices between 326 and 608 MHz over the area of DA 240.

To obtain the radio spectral index α between two frequencies, in each point
over the area of the source, we need values of fluxes at the same coordinates
(α, δ). As we have used data with different resolutions, first we had to reduce
them to the same resolution, and then to apply Eq. (2). For that purpose we
used bilinear interpolation for resampling observations with higher resolution
(608 MHz) to the nearest existing coordinates at lower resolution (326 MHz).
In that way, the data were comparable, and we were able to calculate spectral
index.

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.
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We calculated spectral indices between 326 and 608 MHz, over the whole
area of DA 240, and we show how they change over this area in Fig. 5.

From the colorbar in Fig. 5 we can read the values of radio spectral index α,
and we can notice that over the area of DA 240 it ranges from ≈ 0 to positive
values, meaning this: α > 0 corresponds to non-thermal mechanism of radiation
while α < 0 corresponds to thermal mechanism of radiation. When the spectral
index is zero, the flux density is independent of frequency, and the spectrum is
said to be flat.

As is it can be seen from the presented radio-index map, the spectral index
is almost always higher than zero, except in only few small parts where it is
around zero. As expected, the largest values of spectral index are in the regions
around hotspots (especially eastern one), while the lowest values are in vicinity of
AGN, which is dominated by thermal radiation mechanism. This indicates that
the non-thermal (synchrotron) emission is by far the most dominant radiation
mechanism over the whole source (except at AGN).

5. Discussion and conclusions

We used the available flux densities of DA 240 at 326 and 608 MHz to provide
the spectral index distribution derived between these two frequencies. At both
frequencies, the flux structure is characterized with obvious hotspots and the
core. We can notice a large variations of flux density over the intensity map, with
its highest value at the eastern component, which is dominant high brightness
region. In the spectral index map this tendency is even more pronounced.

For the first time we give spectral index map of DA 240 between 326 and 608
MHz. We show that synchrotron radiation is the dominant emission mechanism
over the majority of the area of the source, except in the central core.

Our investigation of the giant radio galaxy DA 240, i.e. of the flux density
and spectral index distribution, is leading to the following conclusions:

– by using publicly available data (Leahy’s atlas of double radio-sources, as
well as the NED database), we were able to investigate flux densities at 326
MHz (92 cm) and 608 MHz (49 cm),

– although we have developed method of calculation for main Galactic radio
loops I-VI, it is applicable (and also rather efficient) to all SNRs, end to
extragalactic radio sources, as well,

– from our results, a remarkable feature can be noticed: the huge range of
flux density over the intensity map, as well as the prominence of the eastern
component,

– there are two lobes, with a prominent hotspot in the north-east component,
and a weaker one to the south-west,
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– the distribution of spectral index α enables to follow how α varies over the
area, to read its values, and also to determine the origin of the radiation,

– synchrotron radiation is the dominant emission mechanism over the whole
area of the source.
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Dr. Nikola Cvetanović
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