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PREFACE

This Special Issue on Astrophysical Spectroscopy: A&M DATA - Atmosphee
contains papers which were presented at the IV Meeting on Astrophysial Spec-
troscopy: A&M DATA - Atmosphere. The conference took place at the village
called Andrevlje at the foothill of the scenic Friska Gora mountain, in the north-
ern Serbia from May 30 to June 2, 2022. This conference is unique in that i
brings together astronomers and physicists from Serbia and other counigs to
review the current state of research with the goal of improving our knevledge
in this eld and better understanding the importance of spectroscopy for future
astrophysical investigations. Spectroscopy is considered to be an ingptant tool
for the study of plasmas in various elds: astronomy, fusion research, atro-
spheric research, applied physics and industry. Reliable atomic ata from well
veri ed sources are crucial for proper theoretical analysis, spectraynthesis and
modelling of both laboratory and astrophysical radiation sources. For instarce,
for the modeling of stellar atmospheres and opacity calculations a large amant
of atomic data is needed, since the chemical composition of stellar atmokpre is
not known a priori. Consequently, astroinformatics and development ofatomic
data databases are important for stellar spectroscopy. Similarly, invesgation of
laboratory plasma via emission spectroscopy requires the knowledge afomic
and molecular constants, line widths etc. For all these purposes, th&&M Data
meeting strives to make the connection between researches that gvide the
data, those that create and maintain databases, and the data users, both in
theory and experiment. The program was divided into several sessionspecial
mini-projects) dedicated to spectroscopy and data in laboratory and geeral
plasma. The IV Meeting on Astrophysical Spectroscopy was attended by 75
participants from 14 countries. They presented 17 invited talks, and22 posters.
In this Special Issue there are 12 papers. The organizers are grateful tine
Ministry of Education, Science and Technological Development of the Reublic
of Serbia for general support. We thank the members of the scienti cand local
organizing committees for their help in preparing and running this mnference.
Finally, we owe an enormous thank you to all the referees for their hard wrk
in peer-reviewing all contributions. Note here that all materials (programme,
talks, presentations, photos, etc.) from this and previous meetings a& available
at http://asspectro2022.ipb.ac.rs/

V. A. Srekovc, M. S. Dimitrijevt & N. Cvetanovc
the editors
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On the similarities of Stark broadening
parameters within a Fe XXV multiplet

M.S. Dimitrijeve 12", M.D. Christova 3" and S. Sahal-Bechot 2

1 Astronomical Observatory, Volgina 7, 11060 Belgrade, Serbia (E-mail
mdimitrijevic@aob.rs)
2 Sorbonne Universie, Observatoire de Paris, Universie PSL, CNRS,
LERMA, F-92190, Meudon, France
3 Department of Applied Physics, Technical University of So a, 1000 $ a,
Bulgaria

Received: July 23, 2022; Accepted: October 8, 2022

Abstract.  Stark broadening parameters, line widths and shifts, have been cd-
culated for spectral lines within Fe XXV 3s 2S;-3p?P$, multiplet, by using the
impact semiclassical perturbation theory. The obtained result s have been used
to demonstrate, that in spite of big di erences of line width va lues expressed as
usual in A, they are practically the same when expressed in angular frequercy
units. This con rms that in the case of Fe XXV spectral lines we ¢ an use the
known Stark broadening parameters, expressed in angular frequencyunits, to
obtain the unknown ones, for other lines in the same multiplet . The obtained
data are particularly interesting for neutron star atmospheres and environment
investigation and modelling as well as for inertial fusion plas ma.

Key words: Stark broadening { Fe XXV { spectral lines { line pro les

1. Introduction

Stark broadening parameters, spectral line widths and shifts originaing from
uctuating electric micro Ids created by surrounding charged part icles, are of
interest for di erent problems in astrophysics (see for exampleBeauchamp et al,
1997 Popovc et al., 2001 Dimitrijevc & Sahal-Bechot , 2014 Dimitrijevc &
Christova, 2021, Dimitrijevc et al. , 2021, laboratory, (Konjevt , 1999 Blago-
jeve et al., 1999 Torres et al., 2006, fusion (Griem, 1992 Iglesias et al, 1997,
laser produced plasma research@ornushkin et al., 1999 Nicolosi et al., 1978
Sorge et al, 2000, di erent plasmas in technology (Yilbas et al., 2015 Ho man
et al., 2006 Dimitrijevc & Sahal-Bechot , 2014 Dimitrijevc et al. , 2021), as
well as laser design and developmeniWang et al., 1992 Csillag & Dimitrijevc
2004 Dimitrijeve & Sahal-Bechot , 2014).

Stark broadening data are of interest for a number of astrophysical problms,
as for example radiative transfer calculations, abundance determinatios and in-
vestigation, stellar spectra analysis, modelling and synthesis, ahother research
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elds (see for example Dimitrijevc & Christova , 2021). In white dwarf atmo-
spheres, plasma conditions are favorable for Stark broadening, and therd is
usually the principal pressure broadening mechanism. For exampléhe in uence
of Stark broadening has been investigated in atmospheres of DCDjmitrijeve
et al., 2016 2018 Dimitrijevc & Chougule , 2018 Dimitrijevc et al. , 2021), DB
(Majlinger et al., 2017, 2018 202Q Dimitrijevc et al. , 2021), DA ( Majlinger
et al.,, 2017 2020 dwarfs and in B subdwarfs (Hamdi et al., 2017 Chougule
et al., 2020. It should be noted that such data may be also of interest in the
case of A and late B type stars Majlinger et al., 2017, 2020.

Another class of celestial objects where Stark broadening is of intergsare
neutron stars (see for exampleMadej, 1989 Paerels 1997 Majczyna et al.,
2005 Suleimanov et al, 2014 and their environments (van Peet et al, 2009.
We note as well that exist attempts to create neutron star plasma conditons
in laboratory (Moon et al., 2009 and that for diagnostic of such plasma, Stark
broadening data for Fe XXV spectral lines may be also of interest. For modlling
and investigation of their atmospheres, highly ionized iron lines are irportant.
They are observed in neutron star spectra, as e.g. byCottam et al. (2002,
who found a Fe XXV feature (n = 2-3 transition) in X-ray burst spectra of
EXO 0748676. We note as well thatWerner et al. (2007) performed spectrum
synthesis of neutron star atmospheres with iron lines from Fe XVII up to Fe
XXVII.

Our objective here is to examine Stark broadening parameters for partular
lines within the multiplet Fe XXV 3s 2S; -3p?PY,, of interest for neutron stars
and their environments, in order to investigate their similarities. We want to
check, if from values for one line, one could estimate Stark broadeninggrame-
ters for other lines in Fe XXV multiplets, in spite of eventual di er ences between
Stark broadening parameters.

2. Theory

For the calculations of Stark broadening parameters of helium-like Fe XXV pec-
tral lines, the impact semiclassical perturbation theory (Sahal-Bechot, 19693b;

Sahal-Bechot, Dimitrijevc, & Ben Nessib , 2014 has been employed. This the-
oretical method has been described in detail in above mentioned refences, and
only basic formulas will be given here. According to the semiclassicaheory, the

emitter is treated as quantum system and perturbers are examined aslassical
particles. The full width at half maximum (FWHM - W) and shift (d) of an

isolated spectral line are given in the case of non-hydrogenic ions as:

2 0 1

X X
W =N vf(v)dv@ i o(V) + ito(V)+ ah
i% i 08 f
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z Z g,

d= N vf(v)dv 2d sin2 p): 1)
R3

wherei and f denote the initial and nal level of the corresponding transition;

i%and f ° are perturbing levels; N perturber density; v perturber velocity, and

f (v) is the Maxwellian distribution of electron velocities. The inelastic cross
sections ko( ), k = i;f are presented here by an integration of the transition
probability Py o(; ), over the impact parameter as:

X 1_, Z Rp X
ko( )= RIT+ 2d Pko(; ): 2

2
k96 k Ri k96 k

The cross section for elastic collisions is given as:

D
e =2R3+ 2d sinP +
R>

=(" 2+ )" 3)
Here, denotes the phase shift with components , (r 4)and' 4 (r ), describ-
ing contributions due to polarization and quadrupole potentials, respetively.
The method of symmetrization and calculation of cut-o parameters Ry, Ry,
R3, and the Debye cut-0 Rp is explained in Sahal-Bechot (1969hH. The cal-
culation of the contribution of Feshbach resonances (;), is explained in detail
in Fleurier et al. (1977 and Sahal-Bechot (2021).

3. Results and discussion

For calculations of Stark broadening parameters, full width at half intensity
maximum (FWHM - W) and shift (d) we used the semiclassical perturba-
tion theory ( Sahal-Bechot, 19693ab; Sahal-Bechot, Dimitrijevt, & Ben Nessib ,
2014. The electron density is 13’ cm 2 and temperatures 300 000 K, 500 000
K, 1 000 000 K, 5 000 000 K, 10 000 000 K, and 20 000 000 K. The needed
set of atomic energy levels for Fe XXV, have been taken fronSugar & Corliss
(1989, Shirai et al. (2000 and Kramida et al. (2021). Oscillator strengths have
been calculated employingBates & Damgaard (1949 approach, the tables of
Oertel & Shomo (1969 and the method of van Regemorter et al. (1979 for
higher levels, in the cases when the approach dates & Damgaard (1949 is
not suitable.

The results, for Stark Full Width at Half intensity Maximum (FWHM) and
shift for three lines within the Fe XXV 3s2S; -3p?PY, multiplet broadened with
collisions with electrons are presented in Table 1.
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The wavelengths are calculated from atomic energy levels, so that theynay
be di erent from observed. If the correction of this di erence is needed, we can
do this for the width and similarly for the shift as:

2

—1 W: (4)

W1=

Here, W 1 is the corrected width, 1 is the experimental, the calculated wave-
length and W the width in A from Tablel in this paper.

The quantity C (Dimitrijevc & Sahal-Bechot , 1984 gives the maximal
perturber density for which the line may be considered as isolatedwhen it is
divided by the corresponding width (W).

In the obtained results we found that the largest Stark width value, expressed
as usual inA, for particular spectral lines within the investigated multiplet , is
up to 2.6 times bigger from the smallest one. In the case of the shift, th biggest
value is up to 3.0 times larger from the smallest. On the other hand, Wise and
Konjeve ( 1982 1992 examined regularities and similarities in experimental re-
sults for Stark widths and shifts and found that line widths in angular frequency
units in multiplets usually agree within a few per cent and shiftswithin ~ 10%.
These ndings were very useful to estimate unknown Stark broademg param-
eters of a line within a multiplet, if we have data for another line within the
same multiplet, as well as to critically estimate the published results or results
obtained during experiments or calculations. For this reason, in Tablel are
parallelly given and results in angular frequency units.

We can transform Stark width in A in angular frequency units by the
expression:

2
— 1
W(A) = 5—-W(s ) (5)
where c is the speed of light.

One can see from Table 1, that for Stark widths, for all considered tem-
peratures, the largest width is 2.6 times larger than the smallest oneFor shift
this ratio depends on temperature. ForT = 300 000 K, 500 000 K, 1 000 000
K, 5 000 000 K, 10 000 000 K and 20 000 000 K, the greatest Stark shift is
2.8, 3.0, 3.0, 2.9, 2.8, and 2.8 times greater from the smallest one respectively
However, if we look at di erences of Stark broadening parameters expssed in
angular frequency units, the largest Stark width is only 0.065% larger than he
smallest one, so that they are practically identical. This is even b#er than the
prediction of Wiese and Konjevt (1982 1992. On the other hand in the case of
the Stark shift small di erences exist and they are dependent on tenperature.
So, in the case of the Stark shift, the largest Stark shft is 6.1%, 13.8%, 15.0%,
12.0%, 5.6% and 5.5% larger than the smallest one, fofF = 300 000 K, 500 000
K, 1 000 000 K, 5 000 000 K, 10 000 000 K and 20 000 000 K, respectively. For
some temperatures the di erence is a little bit larger than the prediction of 10%
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Table 1. This table gives electron-impact broadening parameters for Fe XXV lines,
Stark FWHM W and shift d, expressed inA and in angular frequency units. Calculated
wavelength of the transitions (in A) and parameter C are also given. This parameter,
when divided with the corresponding Stark width, gives an estim ate for the maximal
pertuber density for which the line may be treated as isolated. R esults are for electron
density of 107 cm 2 and temperatures are from 300 000 K to 20 000 000 K. A positive
shift is towards the red part of the spectrum.

TRANSITION T[10 ® K] WI[A] d[A] W[10%%s 1] d[10%s 1]
35°S,-3p°P} 3. 1.98 -0.0422. 15.5 -0.330
1552.8A 5. 155 -0.0179 12.1 -0.140
C=1610% 10. 0.592 -0.0157 8.75 -0.123
50. 0.548 -0.0143 4.28 -0.112
100. 0.410 -0.0126 3.20 -0.0984
200. 0.311 -0.0101 2.43 -0.0789
35’S;-3p°PY 3. 172 -0.0363 15.4 -0.326
1449.3A 5. 135 -0.0154 12.1 -0.138
C=1410% 10. 0.976 -0.0133 8.75 -0.119
50. 0.478 -0.0123 4.29 -0.110
100. 0.358 -0.0109 3.21 -0.0977
200. 0.271 -0.00872 2.43 -0.0782
3s’S,-3p°P3 3. 0.754 -0.0151 15.5 -0.311
956.0A 5. 0.591 -0.00599 12.3 -0.123
C=03110% 10. 0.427 -0.00518 8.80 -0.107
50. 0.210 -0.00487 4.33 -0.100
100. 0.157 -0.00452 3.24 -0.0932
200. 0.119 -0.00363 2.45 -0.0748

of Wiese and Konjevt (1982 1992. One can see that in spite of di erences of
Stark broadening parameters within the multiplet, expressed inA we can use
these parameters in angular frequency units to obtain the unknown vale within
the considered multiplet from the known one. For this purpose one carse Eq.
7, whereW and are FWHM and wavelength of the known Stark width and
W1and 1 ofthe unknown one. For the shift the corresponding equation is anal-
ogous. This can be used to estimate the unknown Stark broadening paramets
within a multiplet of Fe XXV from the known ones.

4. Conclusion and future perspectives

The Stark broadening parameters, FWHM and shifts, have been calculate for
three lines within the Fe XXV 3s2S; -3p?P3, multiplet, by using the impact semi-
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classical perturbation theory. (Sahal-Bechot, 19693b; Sahal-Bechot, Dimitri-
jevt, & Ben Nessib, 2014). The obtained results have been used to demonstrate
that, in spite of di erences between Stark broadening parameters egressed inA,
when expressed in angular frequency units, we can use the knownaBk broad-
ening parameters to obtain the unknown ones, for other lines in the cosidered
multiplet. The obtained Stark broadening parameters will also be imgemented
in STARK-B database (http://stark-b.obspm.fr/ - Sahal-Bechot et al. (2015),
which is included in Virtual Atomic and Molecular Data Center (VAMDC)
(http://www.vamdc.org/ - Dubernet et al. (201Q 2016; Albert et al. (2020).
The obtained data are particularly interesting for neutron star atmospheres
and environment investigation and modelling as well as for inertial fugon plasma.
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Abstract. Our calculations for Stark broadening parameters of Si Il spectral
lines obtained using impact semiclassical perturbation theory are compared
with experimental data from the literature. Presented data are need ed for the
evaluation of the physical conditions of stellar plasma, siliciabundance deter-
mination, opacity calculations, stellar spectra analysis a nd synthesis, stellar
atmosphere modelling etc.

Key words: Stark broadening { Si Il { spectral lines

1. Introduction

Large cosmic abundance of silicon determines the great interest to itspgctra
for astrophysical and cosmological studies. From another side, it is a pnicipal
impurity chemical element in laboratory plasma and nuclear fusion, am its lines
are suitable for spectroscopic diagnostics. For the evaluation of the physal
conditions of stellar plasma, opacity calculations, etc. reliable data forsilicon
are necessary.

Silicon is one of the most experimentally investigated emitter afterhydrogen,
helium, and argon (see e.g. critical reviews akonjevt & Wiese 1990 and Lesage
2009. We note that the authors of NIST critical review for measured Stark
broadening parameters of spectral linesKonjevc & Wiese (1990, report a
large scatter in the results for Si Il lines from di erent papers.

Spectral analysis and interpretation of electromagnetic radiation ensue valu-
able information about our Universe. Various cosmic light sources also contai
silicon atoms and ions as emitters Peytremann, 1972. Thus, the ionized silicon
spectral lines play an important role in the plasma diagnostics within a wide
range of plasma conditions in many elds of astrophysics, technology and enwv
ronmental protection. Singly ionized silicon spectral lines are disavered in the
emission and absorption spectra in various cosmic light sources. We mgon
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here suitable papers emphasizing the importance of Si Il lines in véaous elds

of astrophysical plasma diagnostics. lonized silicon lines are used foolar pho-

tosphere study in Shi et al. (2009. Using width of Si Il lines, the diversity of

supernovae la is determined inArsenijevc et al. (2008. Emission spectra of the
rst helium nova V445 Puppis (lijima & Nakanishi, 2009 present prominent Si
Il lines. In atmospheres of A, B and O type stars, and white dwarfs, many ggly

charged ion lines are observedReytremann, 1972. The observations indicate
strong visible and ultraviolet lines of ionized silicon in the spetrum of stars

from type A 0 to B 3. It is known that silicon is signi cant in solar and ste llar

research. These lines provide valuable information for silicon aburahce, for sil-
icon absorption in the hot stars (Lanz et al. 1988and references therein). With
the development of space born astronomy, less intensive lines becoraecessible.
Such lines, which originated from high energy levels, are sensitivi® the plasma
broadening mechanisms. According toLanz et al. (1988, many spectra of Ap
Si stars reveal such lines. Their results show that Stark broadenig mechanism
is a dominant one for higher transitions.

Recently, we calculated Stark width of 13 Si Il multiplets for temperatures
from 5000 K up to 80 000 K, and for perturber density of 18” cm 2 using the
MSE - modi ed semiempirical method (Dimitrijeve & Konjeve , 198Q Dimitri-
jevt & Ksljanin , 1986 and Stark widths and shifts for 62 Si || multiplets, for
collisions with electrons, protons and ionized helium, for a grid of temperatures
and perturber densities (13* - 10°° cm 3). Semiclassical perturbation theory
(Sahal-Bechot, 1969gb; Sahal-Bechot, Dimitrijevc, & Ben Nessib , 2014 has
been used for calculations. The obtained results will be publisheelsewhere and
here they have been used for comparison with available experimentalata.

2. Theory

Broadening of spectral lines in a plasma is provoked by the interactins between
emitting particles (atoms/ions) and environments (electrons, protons, atoms,
ions, molecules). It is known in the literature as pressure broadeng. Stark

broadening of spectral lines arises due to interactions with electcally charged
particles as electrons, protons, and ions. There are several theories @able
to this type of pressure broadening, depending on the plasma conditns. The
data used for comparison with experimental data in this article have keen calcu-
lated by aplying the impact semiclassical perturbation theory (Sahal-Bechot,

1969ab; Sahal-Bechot, Dimitrijevt, & Ben Nessib , 2014. For better under-

standing how data for comparison have been obtained, we give here brig the

basics of the theory. According to the semiclassical theory, the emieér is treated

as quantum system and perturbers are examined as classical particleghe full

width at half maximum (FWHM) and shift of an isolated spectral line are given

by the expressions:
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Z 0x X -
W =N vf(v)dv@ i o(V) + ito(V) + oA
06 i £ 0g f
Z Zg,
d= N vf(v)dv 2d sin(2 p): D
R3

wherei and f denote the initial and nal level of the corresponding transition; i°
and f Care perturbing levels;N perturber density; v perturber velocity, and f (v)
is the Maxwellian distribution of electron velocities. The cross ctions xo( ),
k = i;f , concern inelastic interactions. It is presented here by an integation of
the transition probability Pyo(; ), over the impact parameter as:

X 1_, Z Ry X
kk°( ): E R 1t 2d Pkko( ; )Z (2)
R
K6 k 1 k06 k

The cross section of elastic collisions between emitting atoms (ionsand
charged particles could be estimated by:

D
d=2R3+ 2d siP +
R>

=( g+ ©)
Here, gives the phase shift which components , (r *) and ' 4 (r 3), de-
scribe emitter-perturber elastic interactions via polarization and quadrupole
potentials. Explanation of the symmetrization and procedure for cut-o param-
etersR1, Rz, Rg3, and the Debye cut-o Rp could be found in Sahal-Bechot
(1969h. Feshbach resonances, taken into account by the third term ,, could
be found in Fleurier (1977).

3. Results and discussion

In this paper, we compare our new calculations for Stark broadening widthand
shift of singly ionized silicon lines, using the semiclassical p&irbation theory

(Sahal-Bechot, 19693gb; Sahal-Bechot, Dimitrijevc, & Ben Nessib , 2014, with

measured ones. Comparatively with other chemical elements, there armany
experimental data for Stark broadening of neutral and ionized silicon Ihes. In
the next gures we present such comparison for four spectral lines wich are
studied in the experimental investigations, prominent in the obseved spectra of
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Figure 1. Comparison of the calculated temperature dependence (solid line) of Stark
width (up) and shift (down) with experimental results from the lit erature for spectral
line Si Il 3s24s 2S,., - 3¢ 4p 2P3., with = 6356.9 A. The perturber density is
1.10 cm 3. Symbols illustrate results from: Konjeve et al. (1970 (solid square);
Lesage et al.(1977) (dash); Chiang & Griem (1978 (plus); Lesage et al.(1983 (open
square); Rerez et al. (1993 (cross); Gonalez et al. (2002 (solid triangle) and Bukvt
et al. (2008 (solid circle).

astrophysical objects and suitable for plasma diagnostics. The perturer density
is 10" cm 3. One of the most measured spectral lines is Si |l 34s°S,_, - 35 4p
ng:2 with = 6356.9 A. The reported scattering of experimental Stark width
values in the publications that is noticed by Konjeve & Wiese (1990, is well
observable in Fig. 1 (upper part). Measurements are grouped in two pds, four
widths (Konjevt et al. , 197Q Lesage et al, 1977 Chiang & Griem, 1978 Bukvt
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Figure 2. Comparison of the calculated temperature dependence (solid ine) of Stark
width (up) and shift (down) with experimental results from the lit  erature for spectral
line Si 1l 3s? 4p ?PY_, - 3¢ 5s2S,., with = 5973.4 A. The perturber density is 1.10 *'
cm 3. Symbols illustrate results from: Kusch & Schroeder (1982) (solid square); Lesage
et al. (1983 (solid triangle); Gonalez et al. (2002 (dash) and Bukvc et al. (2008
(solid circle).

et al., 2008 are close to the calculated curve and other threel(esage et al, 1983
Rerez et al., 1993 Gonalez et al., 2002 are around two times smaller. All they
fall within the temperature interval where the Stark width decre ases noticeably
with the temperature. There is one reference Gonzalez et al., 2002 that we
found in the literature concerning shift measurements. For the rst examined
line both, measured and calculated values are negative. The measured val in
Fig. 1 (lower part) is approximately twice lower than calculated.

Fig. 2 illustrates results for spectral line = 5973.4 A, Si Il 3s? 4p ?P3_, -



30 M.S. Dimitrijeve, M.D. Christova and S. Sahal-Bechot

5
4
=3 F N
= N
& )
= 2
1
0
0 2 4 6 8 10 12
T[10% K]
2
1.6 \
°§ 1.2
< 0.8
0.4
0
0 2 4 6 8 10 12
T[10% K]

Figure 3. Comparison of the calculated temperature dependence (solid line) of Stark
width (up) and shift (down) with experimental results from the lit  erature for spectral
line Si Il 3s? 4p ?PS_, - 3¢ 4d ?Ds-, with = 5052.4 A. The perturber density is 1.10
cm 3. Symbols illustrate results from: Lesage et al.(1977) (cross); Kusch & Schroeder
(1982 (rhomb); Lesage et al.(1983) (solid triangle); Rerez et al. (1993 (solid square);
Gonalez et al. (2002 (dash) and Bukvt et al. (2008) (solid circle).

32 5s2S;.,. There are four width measurements that we found. Three of them
(Lesage et al, 1983 Gonzlez et al., 2002 Bukvt et al. , 2008 are grouped and
closer to the calculated value, a little bit lower. The Stark width reported by
Kusch & Schroeder(1982 is larger from all of them. The theory gives positive
(red) shift of this line, and the experiment con rms that. Measured value is
smaller again as in the previous case.
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T[10%K]

Figure 4. Comparison of the calculated temperature dependence (solid ine) of Stark
width (up) and shift (down) with experimental results from the lit  erature for spectral
line Si Il 3s® 3d ?Ds-, - 354 2FS_, with = 4130.9 A. The perturber density is 1.10 *’
cm 3. Symbols illustrate results from: Lesage et al.(1977) (cross); Lesage et al.(1983
(solid triangle); Rerez et al. (1993 (solid square); Gonzalez et al. (2002 (dash) and
Bukvc et al. (2008 (solid circle).

Next spectral line in our study is in the focus of experimental works The
line is originated from 4d level, corresponding to the transition Si |l 3> 4p 2ng2

- 3¢ 4d ?Ds-, with = 5052.4 A. Figure 3 demonstrate the behaviour of the
corresponding Stark broadening parameters and comparison with experiental
data. All measurements are made at close temperatures. There are six wid
measurements. Five results I(esage et al, 1977, 1983 Rerez et al., 1993 Gon-
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alez et al., 2002 Bukvt et al. , 2008 are close to each other and close to the
theoretical dependence except data byKusch & Schroeder (1982 which are
higher. The line shift is positive. The deviation of shift result of Gonalez et al.
(2002 is practically the same as for the previous line. Its value is lower han
calculated but the separation from the theoretical curve is smaller than that in
Fig. 2.

There are ve width measurements from di erent literature sources (Lesage
et al., 1977 Gonalez et al., 2002 Lesage et al, 1983 Rerez et al., 1993 Gon-
alez et al., 2002 Bukvt et al. , 2008 for line Si Il 3s? 3d ?Ds-, - 354f 2F9_,

with  =4130.9 A. (Fig. 4, upper part). They are placed in a vertical intercept
as they correspond to close temperature values. The width measuredyd_esage
et al. (1977 is laying on the curve, the value ofRerez et al. (1993 is close, those
of Lesage et al.(1983 and Gonalez et al. (2002 are relatively far and close to
each other, and the value ofBukvt et al. (2008 is in the middle of the interval
where are experimental values. Both predicted shift temperaturedependence
and measured value Gonalez et al., 2002 are negative, and they are relatively
close. Shift comparison in the four cases shows that the disagreemerst $maller
for higher transitions.

4. CONCLUSION

Recent new calculations for Stark broadening widths and shifts of singl ionized
silicon spectral lines for 62 multiplets, performed by using the emiclassical
perturbation method (Sahal-Bechot, 1969ab; Sahal-Bechot, Dimitrijeve, &
Ben Nessih 2014, have been tested by comparison with experimental data.
The agreement with experiments is acceptable in average and it is btdr for
widths than for shifts. In the case of shifts agreement with experinental values
is better for transitions involving higher angular momentum quantum numbers.
The new Stark broadening data for Si Il will be implemented in the Stark-B
database (http://stark-b.obspm.fr/), which is included in Virtual A tomic and
Molecular Data Center (VAMDC) (http://www.vamdc.org/).
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Abstract. Stark broadening parameters for four Sn Il spectral line obtained
by using semiclassical perturbation approach and Stark widths for this transi-
tions obtained by using modi ed semiempirical approach have b een compared
with available experimental and semiempirical data and used for the consid-
eration of the in uence of the Stark broadening e ect in A type st ellar atmo-
spheres.

Key words: Atomic data { Spectral lines { A type stars

1. Introduction

Data on Stark broadening are necessary for the study of astrophysical and th-
nological plasmas, and the need for them has also increased in the laboratory
and for fusion and lasers. Today, their application in spectroscopy is ecessary
for a better understanding of the spectrum of an element that is only pesent
in traces in stars.

One of the rst report made by Lunt (1907, announces that a strong tin line
occured on the ultraviolet side of the iron line in the spectrum of Scorpii. Some
spectral lines of tin have been speci cally measured such as 45258Iwhich
shows that it is more likely to coincide with Rowland’s solar line 4525.008
than with the line closer to the iron line 4525.11 with di erent intensities of
these two lines. It was also found that many of the tin lines occur in he longer
wavelength region.

Tin is an element in Group 14 (the carbon family) and has mainly metallic
properties. It has atomic number 50 and an atomic mass of 118.710 atomic mass
units. Its ground state electron con guration is noted with [Kr] 4 d'°5s?5p?. Its
presence in stellar atmospheres has been reported several timesy fexample
neutral tin in the spectra of A type star Equ (Adelman et al., 1979 single
ionized tin in Przybylski's star by Cowley et al. (2000. Spectral lines of Sn Il
registered in the NIST database reach the number of 259, most of which have
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a relative intensity below 500, while the others have a higher intesity of up
to 1000. Considering that these lines are of similar intensity and appear ¢én
with iron lines, they are often obscured by other lines and for now, tley are still
di cult to be seen in stellar spectra. Chayer et al. (2005 report the presence of
elements beyond the iron group in the atmospheres of the cool DO whitewlarfs
HD 149499 B and HZ 21, specially Sn IV.

Kieft et al. (2004) measured Stark widths and they also, obtained the rst
theoretical result by using semiempirical (Griem, 1968) approach. We sed this
results and compared them with our results for Sn 11l 6s'S,  6p P9 spectral
line (Simc et al., 2008. Here we add the following three spectral lines that are
compared with experimental and semi-empirical calculations.

Alonso-Medina & Cobn (2011 report on the calculated values of the Stark
broadening parameters for 171 lines of Sn Ill arising from d'°5sns (n = 69),
4d°5snp (n = 5;6); 4d'95p?; 4d'°5snd (n = 57); 4d05s4f and 4d°5s5g. Stark
widths and shifts are presented for an electron density of ¥m 2 and tempera-
ture range (11 00075 000) K. These have been calculated using a semi-emgi
approach, with a set of wavefunctions obtained from HartreeFock relativstic
calculations, including core polarization e ects. The results obtaired have been
compared with available experimental data.

2. Method

Stark broadening parameter values for doubly charged tin have been obtaid
using semi-classical method $ahal-Bechot, 1969ab), which is more accurate in
contrast to the modi ed semiempirical method (Dimitrijevc & Konjevt , 1980
that served us to determine the Stark widths for the same transitionthus en-
abling the comparison of these methods. Di erent later inovations andoptimiza-
tions of this theoretical method have been described in details irBahal-Bechot
(1974 1992); Fleurier et al. (1977; Dimitrijevc etal. (1991); Sahal-Bechot
et al. (2014. Within this theory the FWHM - Full Width at Half intensity
Maximum (W) and the shift (d) of an isolated line, originating from the tr an-
sition between the initial level i and the nal level f is expressed for an ionized
atom as:

0 1
N X X
W =N vf(v)dv@ i o(V) + iro(V)+ oA
%8 i f08f
z Zr,
d= N vf(v)dv 2d sin(2 p): (2)
R3

where i® and f © are perturbing levels, N and are the electron density and
the velocity of perturbers respectively, f ( ) is the Maxwellian distribution of
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electron velocities, and  the impact parameter of the free electron colliding
with the emitter.

The inelastic cross sections jo( ) (respectively ¢ o )), can be expressed
by an integration of the transition probability Pj o(; );j = i;f ;j%=i%f° over
the impact parameter as:

1, Z Ro X
iio()= §R1+ 2d Piio(; )Z (2)
- R -
i%8i 1 i%8 i

X

and the elastic contribution to the width is given by:

Zg,
e =2R3+ 2d st +
R2

=( R @3)

Here ¢ is the elastic cross section, whilé , (r #)and' 4 (r 3), are phase
shifts due to the polarization and quadrupolar potential respectively and are
de ned in Section 3 of Chapter 2 in Sahal-Bechot (19699. The cut-0s Rj, Ry,
R3, and the Debye radius Rp, as well as the symmetrization procedure are
described in Section 1 of Chapter 3 inSahal-Bechot (19691. The contribution
of Feshbach resonances,, is explained in Fleurier et al. (1977 and Sahal-
Bechot (2021).

Within the semiclassical perturbation theory is assumed that electons are
moving along hyperbolic paths due to attractive Coulomb force, while h the
case of ionic perturbers this force is repulsive, so that trajectaes are di erent.
For ion-impact broadening the formulae are analogous to Eqgs. (1) - (3) for
electron-impact broadening.

If the considered lines are isolated, the line pro leF (! ) has Lorentzian form
and can be expressed as:

W=(2 )

PO T aEe(wee

4)

where

. _E FE
if = h
and E;, E; are the energies of initial and nal state, respectively. Consequery,
if we know Stark width W and shift d it is easy to determine the prole of a
considered spectral line.

In addition to the semiclassical method, we also performed a calcul&in
using a modi ed semiempirical method (MSE) which is describé in details in
referenceDimitrijevc & Konjevt  (1980.
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Figure 1. Stark widths (sc-semiclasical and mse-modi ed semiempirical) and thermal
Doppler widths for Sn 111 5226.2 A spectral lines as a function of Roseland optical depth
for an A type model of stellar atmosphere T = 10000 K;log g = 4:5 (Kuruczs, 1979).

3. Results

For four doubly ionized tin spectral lines Stark broadening parameters the
full semiclassical perturbation approach Sahal-Bechot, 1969ab) as well as the
modi ed semiempirical approach (Dimitrijevc & Konjevc , 1980 have been ap-
plied. The needed energy levels have been taken froiMoore (1971). The oscil-
lator strengths have been calculated by using the method oBates & Damgaard
(1949, and the tables of Oertel & Shomo (1969. For higher levels, the method
of van Regemorter et al. (1979 has been used.

The tables 1 and 2 contain the results of our calculations of Stark broadenig
parameters for four lines of Sn Il and we specify a parameter CQimitrijevc
& Sahal-Bechot, 1984 which gives an estimate for the maximum perturber
density for which the line may be treated as isolated, when it is diided by the
corresponding full width at half maximum.

Experimental values by Kieft et al. (2004 have been obtained by arc dis-
charge through tin vapor. The Stark half-widths of doubly ionized tin have
been measured at an electron density of #0cm 2 and an electron tempera-
ture of 11604 K. All broadening mechanisms have been investigated. Natural
broadening is negligible. The Doppler broadening only becomes signiant at
30 times higher electron temperature values, but does not exceed ¢hvalue
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Figure 2. Stark and thermal Doppler widths and widths due to various collis ional
processes for Sn |11 5226.2A spectral lines as a function of Roseland optical depth for
an A type model of stellar atmosphere T. =10000 K;log g = 4:5 Kuruczs (1979).

of 0.25A. Broadening due to collisions with neutral atoms is far less than the
interaction with charged particles. Therefore, Stark broadening domnates all
the mentioned mechanisms. All measured Sn Il pro les show a Voight po le,
with a xed Gaussian contribution originating in the aperture pro le w hile the
Lorentzian contribution is entirely attributed to Stark broadening.

Experimental and theoretical values within the framework of semi-enpirical
approaches obtained byKieft et al. (20049 for spectral lines Sn Il for which we
also did the calculations enable us to compare the obtained results. Tére is a
good agreement with experimental value of both our results obtained by sing
semiclassical and modi ed semiempirical approach for Stark width forSn I,
see Table 3. Obviously, this ratio is better for our values than for semempirical
one obtained by Kieft et al. (2004 using Griem (1968 method, which uses
semiempirical Gaunt factor suitable for singly charged ions (see Dimiijevc &
Konjevt, 1980).

We used Kuruczs (1979 atmosphere model of A type star with e ective
temperature T, = 10000 K and logarithm of surface gravity log g=4:5. As
one can see from Fig 1. there are layers where Stark broadening is lesgrs cant
compared to the thermal Doppler e ect, but, if it is not su ciently small, it may
have in uence on the wings of the spectral line. For log 1 Stark broadening
e ect is more and more expressive and becomes the dominant. Contribiagns of
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Table 1. Stark broadening parameters for Sn Ill spectral lines for perturber de nsity
of 10cm 2 and temerature range from 10000 up to 150000 K, obtained by using the
semiclassical perturbation method (Sahal-Bechot, 1969ab)

Transition T W . de Wp dp W e ++ Ay ++
(K) (A (A (A (A (A (A
10000 1.39 -0.149 0.391E-01 -0.207E-01 0.507E-01 -0.189E- 01
Sn 1l 20000 1.05 -0.987E-01 0.615E-01 -0.339E-01 0.724E-0 1 -0.294E-01
6s'Sy 6p 'P¢ 30000 0.907 -0.886E-01 0.758E-01 -0.426E-01 0.794E-01 -0. 361E-01
5226.2 A 50000 0.788 -0.900E-01 0.869E-01 -0.513E-01 0.891E-01 -0 .423E-01
C= 0.24E+21 100000 0.676 -0.846E-01 0.102 -0.619E-01 0.101 - 0.505E-01

150000 0.626 -0.788E-01 0.111 -0.686E-01 0.106 -0.557E-01
10000 0.921 0.727E-02 0.338E-01 0.340E-02 0.460E-01 0.332 E-02

Sn lll 20000 0.692 0.121E-01 0.526E-01 0.673E-02 0.648E-01 0.619E-02
5d °D;  6p 3P‘f 30000 0.594 0.122E-01 0.640E-01 0.919E-02 0.712E-01 0.806 E-02
5292.7 A 50000 0.504 0.143E-01 0.722E-01 0.119E-01 0.783E-01 0.10 4E-01

C= 0.52E+21 100000 0.423 0.147E-01 0.817E-01 0.159E-01 0.87 1E-01 0.130E-01
150000 0.389 0.155E-01 0.870E-01 0.177E-01 0.902E-01 0.14 4E-01
10000 0.945 0.786E-02 0.347E-01 0.358E-02 0.471E-01 0.349 E-02

Sn 1l 20000 0.710 0.128E-01 0.539E-01 0.707E-02 0.664E-01 0.650E-02
5d D, 6p 3Pg 30000 0.610 0.129E-01 0.656E-01 0.964E-02 0.730E-01 0.843 E-02
5350.7 A 50000 0.517 0.150E-01 0.740E-01 0.125E-01 0.802E-01 0.10 9E-01

C= 0.53E+21 100000 0.434 0.155E-01 0.838E-01 0.166E-01 0.89 2E-01 0.135E-01
150000 0.399 0.163E-01 0.891E-01 0.185E-01 0.924E-01 0.15 1E-01
10000 0.948 0.791E-02 0.347E-01 0.371E-02 0.471E-01 0.361 E-02

Sn Il 20000 0.712 0.132E-01 0.539E-01 0.730E-02 0.665E-01 0.671E-02
5d °D; 6p 3P8 30000 0.612 0.133E-01 0.656E-01 0.995E-02 0.731E-01 0.868 E-02
5371.1 A 50000 0.519 0.154E-01 0.741E-01 0.129E-01 0.803E-01 0.11 2E-01

C= 0.53E+21 100000 0.434 0.172E-01 0.839E-01 0.170E-01 0.89 4E-01 0.140E-01
150000 0.399 0.167E-01 0.892E-01 0.190E-01 0.925E-01 0.15 5E-01

di erent collision processes to the total Stark width in comparison with Doppler
one, can be seen in Fig. 2. The behavior with log is similar for Full Stark width
as well as for strong, elastic, upper and lower level inelastic contribtions..

The investigated Stark broadening parameters for the Sn Il are of im-
portance for the study of astrophysical and technological plasmas. For the
four selected lines a comparison between semi-classical meth&hhal-Bechot
(1969ab) and the modied semi-empirical method Dimitrijevc & Konjevt
(1980 is carried out. The more precise, but also more time consuming semi
classical method and MSE have shown a good agreement of the calculatedtd.
The importance of the Stark broadening processes is analyzed with théelp
of the Kuruczs (1979 model. From the presented results it could be seen that
the use of modi ed semiempirical method is valid for the analyzed lhes and as
such could be a recommended one for the fast calculations for the broademj
parameters within the ranges of investigated plasma conditions. Therés a need
for further investigation of lines that could be observed in stellar andlabora-
tory plasma, and as such it is still an open eld for both theoretical as well as
experimental research and observations.
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Table 2. Stark widths obtained by MSE method ( Dimitrijevtc & Konjeve , 1980 for
Sn Il spectral lines for perturber density of 10 Y’cm ° and temperature range from
2500 do 50000 K. These values have been calculated separatelin order to compare
with the semiclassical results. Only for Sn 11l 6s 1Sy  6p 1P? spectral line results are
taken from Simc et al. (2008

Transition T(K) W( A) Prelaz T(K) W( A)
2500 2.217 2500 1.497

5000 1.567 5000 1.059

6s'S, 6plPY 10000 1.108 5d°D, 6p3P 10000 0.749
5226.2A 20000 0.784 5350.A 20000 0.529
30000 0.640 30000 0.432

50000 0.514 50000 0.339

2500 1.465 2500 1.500

5000 1.036 5000 1.061

5d®D; 6p°3P? 10000 0.732 5d°D; 6p 3PS 10000 0.750
5292.7A 20000 0.518 5371.6\ 20000 0.530
30000 0.423 30000 0.433

50000 0.332 50000 0.340

Table 3. Comparison between W, -experimental Stark widhts ( Kieft et al. , 2004 with
theoretical: W se-semiempirical (Kieft et al. , 2004), W sc-semiclasical i Wmse -modi ed
semiempirical. Results performed for an electron density of 10’cm 2 and an electron
temperature of 11604K.

Transition W m(A) Rel experror = Fm oo
Sn Il

6s's, 6p P 1.22 50% 1.70 092 1.15
5226.2 A
Sn 1l

5d ®D; 6p 3P 0.86 30% 143 0.98 1.23
5292.7A
Sn 1l

5d %D, 6p3PY 0.68 30% 1.13 0.76 0.96
5350.7 A
Sn Il

5d %D, 6p 3PS 0.64 30% 1.07 0.70 0.90

5371.1A
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Abstract. The atomic and transition parameters of carbon-like ions are sig-
ni cant for many important astrophysical researches, such as the modeling of
stellar atmospheres, the determination of stellar abundance, the analysis of
spectral lines for laboratory plasmas or astronomical objects. In this contri-

bution, we calculated the energy levels and lifetimes of the carbon-like vana-
dium ion (V XVIII) using the atomic structure codes AUTOSTRUCT URE
and GRASP2018. Weighted oscillator strengths and transition probabilities are

also calculated for the allowed transitions between the energy levels considered.
The calculations were carried out for the rst 17 con gurations: 2s 22p?, 2p*,
2522p3p, 2s20°3s, 252 3d, 2p°3p, 25°2pdp, 283d?, 2s2p°, 252p3s, 2€2p3d,
2s2[73p, 2p°3s, 2p°3d, 25 2p4s, 2¢2p4d and 2s2p3d.

Key words: energy levels { lifetimes { oscillator strengths { transition pro b-
abilities { AUTOSTRUCTURE { GRASP2018
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1. Introduction

A wide variety of astrophysical plasmas show emission lines resultmfrom tran-
sitions involving carbon-like (C-like) ions, such as planetary nelnlae (Aller,
1987 and the solar corona iding et al., 1986 Widing & Cook, 1987 as well
as being observed in the laboratory Keenan et al, 1988. For this reason, many
theoretical and experimental investigations of the spectra of C-likeions have
been performed. In the Opacity Project, atomic data for photoabsorptionfrom
a large number of bound states; energy levels, oscillator strengths anchptoion-
isation cross sections are computed for carbon like iond (o & Pradhan, 1989.
Fawcett (1987 used the HartreeFock pseudo-relativistic (HFR) code ofCowan
(198]) to calculate oscillator strengths and energy levels in C-like ions biveen
F IV and Ni XXIIl. Bhatia & Doschek (1993, used the SUPERSTRUCTURE
(SS) code to calculate electron impact collision strengths and spontaous ra-
diative decay rates for the C-like ion, Si IX. Zhang & Sampson (1996 and
Zhang & Sampson (1996 calculated values for a large number of states us-
ing GRASP (General purpose Relativistic Atomic Structure Program). Aggar-
wal et al. (1997, Aggarwal (1998 and Aggarwal et al. (2001 have obtained
rates between low-lying states using the CIV3 code for a number of dike ions.
Froese Fischer & Tachiev(2004) calculated energy levels and transition rates for
low-lying states using multi-con guration BreitPauli wave-func tions. Jensson
et al. (2011) used the relativistic con guration interaction (RCI) method to ob-
tain energy levels, transition rates, hyper ne structure parameters and Lande
gJ values in carbon like ions. RecentlyLi et al. (2022 performed a large-scale
Multi-Con guration Dirac-Hartree-Fock (MCDHF) calculations for the n 5
states in C-like ions from O Il to Mg VII.

Vanadium is an important element in physics laboratories and in technology
The rst C-like spectra of V XVIII in the range 16-22 A are reported by Gold-
smith et al. (1972. Jensson et al. (2011) used MCDHF to calculate energies,
electric dipole, magnetic dipole, and electric quadrupole transiton rates, hyper-
ne structures, and Lande gJ factors from relativistic con guration int eraction
calculations for the states of the (18)2s?2p?, 2s2p?, and 2p* con gurations in
all C-like ions between F IV and Ni XXIII. Ekman et al. (2014 have performed
Self-consistent MCDHF and subsequent RCI calculations using the RASP2K
program suite in the carbon isoelectronic sequence from Ar Xl to Zn XXV.
Most recently, Wu et al. (2022 presented a theoretical study of the transition
energies and the oscillator strengths gf for the C-like ions (with Z from14-36)
subject to plasma environment for atomic transitions.

In a rst work concerning the atomic structure in the C-like ions ( Al-Modlej
et al., 2018, we calculated excitation energies and oscillator strengths for the
28202, 252, 252p3s, 282p3p, 2€2p3d, 2$2p4s, 242p4p, and 282p5s con-
gurations in C-like ions from N Il to Ne V, using the three dierent co des:
Cowan (Cowan, 1981), SUPERSTRUCTURE ( Eissner et al, 1974, and AU-
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TOSTRUCTURE ( Badnell, 1986. The two latest codes use the Thomas-Fermi-
Dirac-Amaldi (TFDA) potential method.

After this purely ab initio calculations, we extended the same methods (HFR
and TFDA methods) to calculate ab initio and semi-empirical values in the
C-like sequence from Na VI to Ar XlII (Almodlej et al., 2027). We added the
calculation of the transition probabilities of these C-like ions. We al® calculated
atomic structure and transition parameters of the Ca XIV C-like ion (Alwadie
et al.,, 2020. The calculated parameters are produced by the suite of atomic
structure codes of GRASP2018 Eroese Fischer et al. 2019. The con guration
expansion of the basis set used consists of 4 even parity con gurations: 28p?
and 2¢ 2p np (n = 3 - 5) and 5 odd parity con gurations: 2s 2p3, 28 2p ns
(n =3 -5) and 2s? 2p 3d. The calculated values of energy levels and oscillator
strengths obtained with the GRASP2018 code have been compared with othe
theoretical methods and with data from NIST database (Kramida et al., 2021).

In this work, we extend our previous works to study the atomic structure and
transition parameters of the C-like ion V XVIII using the TFDA and MCDHF
methods. In section2, we present brie y the two methods of calculation used
for this work. In section 3, we present the results and discussion, and we nish
by concluding in section4

2. Theoretical methods

We will use two completely di erent methods TFDA and MCDHF:

2.1. Thomas-Fermi-Dirac-Amaldi (TFDA) potential method

In this method approximate Thomas-Fermi-Dirac-Amaldi (TFDA) potent ial
used in the Hamiltonian of the system. This potential is given as follows

V()= Z et (r nisl) _ % (x) (1)
where
"=eF+ 41 eF ;x=o
and ) - )
:% Ll = zzz 0:8853 % -~ z) =2

where Z is the atomic number and N the number of electrons.Z¢ is the
e ective charge function depending on  and r. | are the orbital scaling
parameters.

This theoretical method is used by the AUTOSTRUCTURE (AS) atomic
structure code (Badnell, 2011, 2022 .
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A con guration C is de ned by a set of one-particle orbitalsn; ;. It can be
represented byEissner et al. (1974):

W ~ ~ N ~ xr]
C (n )T =(n’)* (2 )%* i (m m)*™; g =N @
=1 =1

Each con guration gives rise to a set of terms SLM M| which de nes a
solution  of the system.

The TFDA potential is included in the Hamiltonian in any of the two cou-
pling models, Russell-Saunders (LS) or intermediate (LSJ). It isdiagonalized to
obtain eigenvalues and eigenvectors:

In LS coupling, the wave functions of anN electrons atom or ion, can be
written as:

= ( SMsLM _ jxi;:1:1XN) (3)

which are eigenvectors with the corresponding eigenvalues in thigate E(LS).
In intermediate coupling, the wave functions of anN electrons atom or ion,

can be written as:
= ( SLIM g jX1;iiiXN) (4)

which are eigenvectors with the corresponding eigenvalues in thisate E(LSJ).

2.2. Multi-Con guration Dirac-Hartree-Fock (MCDHF) method

The fully relativistic multicon guration Dirac-Hartree-Fock (MCD HF) method
described byFischer et al. (2016 for computing the atomic structures and radia-
tive parameters is used for C-like V XVIII ion, with the latest version of GRASP
(General Relativistic Atomic Structure Program), i.e. GRASP2018 (Froese Fis-
cher et al, 2019. In this approach, the atomic state functions (ASFs), , are
represented by a superposition of con guration state functions (CSF} , with
the same parity, P, total angular momentum, and total magnetic quantum num-
bers,J and M :

Nx¢sF

(PIM )= G ( jPIM); (5)

j=1
where the label ; represents all the other quantum numbers needed to uni-
voquely specify CSFs that arejj -coupled Slater determinants built from one-
electron spinorbitals. The con guration mixing coe cients ¢ are obtained
through the diagonalisation of the Dirac-Coulomb Hamiltonian

X X
Hoc = cipi+( i DE+V(I) + = (6)
i=1 > Y

whereV (r) is the monopole part of the electron-nucleus interaction. Finally,the
high-order relativistic e ects, i.e. the Breit interaction, QED self-energy and



48 L.Abu El Maati et al.

vacuum polarization e ects are incorporated in the relativistic con gur ation

interaction (RCI) step of the GRASP2018 package. In the present work, we
optimize the wave functions and the corresponding energy levels bgradually

increasing the basis of CSFs, and thus taking into account more correlad

orbitals.

In the present work valence, corevalence, and corecore correlation eces
were included, and the con guration expansions were obtained by singldouble-
excitations to active sets with principal quantum numbers n from 3 to 8 and
orbital quantum numbers ~ = 0,1,2,3 (i.e., angular symmetries s, p, d, f) from
all shells belongs to multireference (MR) con gurations of (1) 2s? 2p?, 2s2p,
2p*, 28 3d?, 2s 2p 3dF, 28 2p 3, 2s 2iF 3, 2p° 3 and 2% 2p 4 ("= s,p,d,f).

The multireference was chosen based on the criteria that it shouldantain the
con gurations that had the largest weights in the preceding self-constent eld
calculations (Jnsson et al, 2011). Among the states generated by single/double-
excitations from the multireference set, only those interacting vith the multiref-
erence states were kept. The self-consistent eld calculationsof each layer of
orbitals were followed by RCI calculations, including the Breit interaction. The
leading QED e ects vacuum polarization and self-energy were include in
the nal multireference RCI calculations. The total number of CSFs that are
included in the calculations in the di erent layers is shown in Tab.1

Table 1. The total number of CSFs that are included in the calculations in the
di erent layers of V XVIII.

Parity n 2Imin @~ 2Jmax  No. of CSF

Even MR 0 10 139
9730
27894
55573
92767
139476

O~NO O

Odd 0 12 222
12239
36725
74141
124646

188222

<
©~N o U
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3. Results and discussion

We used the v28.46.9 version of ASKadnell, 2022 and the GRASP2018 (Froese
Fischer et al,, 2019 of the GRASP atomic structure codes. The two codes are
applied to study the atomic structure (energy levels and lifetimes) and transition
parameters (oscillator strengths and transition probabilities) for the vanadium
C-like ion (V XVIII).

3.1. Atomic structure of the V XVIII ion

Table 2. Energy levels calculated by AS code (&,(AS) for ab initio and
Esit (AS) tted calculated values) and E(GRASP) for GRASP2018 code cal-
culated values, compared with NIST database values E(NIST). All energiesre
incm 1

No Level E(NIST) Ea(AS) Efx (AS) E(GRASP)
1 222p2(3P) 3P 0 0 0 0
2 292p2(3P) 3P, 37960 38494 38194 37771
3 292p2(3P) 3P, 68190 69636 67897 68088
4 2€2p2(1D) D, 160910 166591 161667 161161
5 292p2(3S) 1Sy 269000 272384 269025 268878
6 2s2p(4S)5S, 366870 355786 366944 366708
7 2s2p(2D) 3D, 623860 625808 624102 625018
8 2s2(2D) 3D; 625040 627032 625194 626316
9 2s2(2D) 3D; 634950 637632 635238 636125
10 2s2F(3P) 3P, 731870 733749 732154 733015
11 2s2f(3P) 3P, 735420 737632 735618 736611
12 2s2f(2P) 3P, 743350 746031 743584 744581
13 2s2(4S)3s, 897330 905012 897336 901381
14 2s28(2D) 1D, 908420 920421 909045 911791
15 2s2F(3P) 'P; 1014420 1026011 1015243 1017964
16 2 3P, 1358710 1363958 1358599 1362046
17 2 3P, 1410770 1416810 1411126 1413939
18 20 3Py 1416110 1422576 1415929 1419409
19 2¢f 1D, 1480330 1492832 1481175 1483705
20 2 1S, 1668300 1683630 1669640 1671963
21 282p2P 3s3P, 5741747 5726678 5727408
22 2€2p?P 3s3P; 5726000 5749002 5742005 5734362
23 2€2p?P 3s3P, 5786000 5808065 5787164 5795086
24 2€2p?P 3s1P; 5805000 5830422 5806629 5816030

25 222p%P 3p °D; 5893348 5893638 5879738
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Table 2. Continued.

et al.

No. Level E(NIST) Ea(AS) Egi (AS) E(GRASP)
26 282p2P 3p 1P, 5977494 5977784 5916694
27 2€2p?P 3p 3D, 5930946 5931236 5918275
28 222p2P 3p 3P, 5949954 5950244 5937593
29 222p2P 3p 3P, 5928975 5929265 5966188
30 2€2p2P 3p 3Ds 5980661 5980931 5969441
31 282p2P 3p 3S, 5994329 5994619 5083123
32 222p2P 3p 3P, 6000027 6000317 5088688
33 2€2p?P 3p 1D, 6050362 6050652 6036511
34 2s2B(3P) 4P 3s°P; 6070076 6070367 6068096
35 2€2p?P 3d 3F, 6073000 6089405 6076514 6074663
36 222p2P 3p 1S, 6105286 6100963 6091781
37 2s2B(3P) 4P 3s°P, 6097022 6097312 6095391
38 222p?P 3d 3F; 6114466 6105576 6099769
39 2€2p?P 3d D5:a 6122010 6112204 6106912
40 2€2p?P 3d 3D; 6100000 6140364 6137252 6124638
41 2s2B(3P) 4P 3s5P; 6127021 6115589 6125534
42 222p?P 3d 3F,4 6158858 6159148 6145669
43 2s2B(3P) 4P 3s°P, 6160881 6161166 6154005
44 222p?P 3d 1D,:b 6122010 6112204 6154936
45 2¢€2p?P 3d 3Dy 6157000 6187577 6182368 6173056
46  2s2p(3P) 4P 3s3P; 6174000 6182078 6176765 6176182
47 222p?P 3d 3P, 6197672 6187899 6183871
48 222p?P 3d 3P 6199099 6196301 6185563
49 222p?P 3d 3P, 6188000 6200763 6201012 6187517
50  2s2B(3P) 4P 3s3P, 6195000 6214599 6214889 6208761
51 2s2B(GP) 4P 3p 5D 6228663 6227959 6228586
52 2s2B(3P) P 3p 5D, 6230644 6230657 6230282
53 222p?P 3d 1F; 6250984 6249822 6233066
54 222p?P 3d 1P, 6247647 6231339 6234691
55  2s2B(3P) *P 3p %S, 6251025 6249834 6249320
56  2s2p(3P) 4P 3p5D, 6226000 6249551 6235938 6250264
57  2s2B(3P) 4P 3p 5D 6273475 6273762 6274627
58  2s2B(3P) “P 3p5P; 6234000 6280441 6280680 6281143
59  2s2B(3P) “P 3p 5P, 6281544 6281822 6282258
60  2s2B(3P) *P 3p °Dy4 6301934 6302224 6303229
61  2s2B(P) “P 3p 5P 6302997 6303373 6303696
62  2s2B(3P) *P 3p 3D, 6309608 6309867 6306719
63  2s2B(3P) *P 3p 3D, 6328832 6326594 6326082
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Table 2. Continued.
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No. Level E(NIST) Ea(AS) Efi (AS) E(GRASP)
64  2s2p(iD) 2D 3s 3D, 6355744 6351092 6343261
65  2s2B(iD) 2D 3s 3D, 6358922 6359212 6346527
66  2s2p3(iD) 2D 3s3D; 6363171 6363006 6350738
67  2s2B(3P) “P 3p5S, 6350807 6329120 6350784
68  2s2B(3P) *P 3p °P, 6356557 6356034 6353947
69  2s2B(3P) 4P 3p D3 6359071 6360638 6356703
70 2s2B(3P) “P 3p 3P, 6369204 6369478 6366732
71 2s2B(3P) “P 3p P, 6374857 6375142 6371960
72 2s2B(iD) 2D 3s!D, 6414931 6415220 6401195
73 2s2B(3P) *P 3d 5F, 6403691 6403981 6402335
74 2s23(3P) “P 3d 5F, 6323300 6409095 6409385 6407843
75 2s2B(3P) “P 3d 5F, 6419356 6419642 6418241
76 2s2B(3P) *P 3d °F, 6438472 6438762 6437440
77 2s2B(3P) 4P 3d °Dy 6449489 6448385 6449838
78 2s2B(3P) 4P 3d °D;, 6450163 6450453 6450333
79 2s2B(P) 4P 3d °D; 6451499 6451788 6451253
80  2s2B(3P) 4P 3d °Ds 6455729 6455984 6455234
81  2s2B(3P) “P 3d 5Fs 6462921 6463211 6461691
82 2s2p(3S) 2S 3s3S, 6478695 6478985 6468148
83  2s2B(3P) 4P 3d °D, 6475251 6475541 6475040
84  2s2B(3P) 2P 3s3P, 6492936 6490852 6479653
85  2s2B(P) *P 3d 3P, 6483543 6483831 6480330
86  2s2B(3P) *P 3d 5P, 6495315 6495523 6494621
87  2s2B(3P) *P 3d °F, 6506799 6504788 6500486
88  2s2P(iD) 2D 3p °F, 6515149 6510532 6503533
89  2s2B(3P) 4P 3d 5P, 6504472 6504762 6503941
90  2s2B(3P) 4P 3d P, 6510244 6509439 6507239
91  2s2B(3P) *P 3d 5P, 6509149 6507089 6508631
92 2s2B(iD) 2D 3p %F, 6531204 6531606 6520173
93 2s2B(3P) “P 3d 3F, 6526407 6515383 6520278
94  2s2B(3P) “P 3d 3P, 6500000 6527315 6526697 6524579
95  2s2B(iD) 2D 3p !D, 6540057 6540316 6528886
96  2s2p(iD) 2D 3p 3F4 6543104 6543394 6532562
97  2s2B(iD) 2D 3p 3D, 6546646 6546921 6535757
98  2s2B(3P) 2P 3s°P, 6548950 6549240 6537337
99  2s2B(iD) 2D 3p !F; 6674000 6555647 6557588 6543959

100  2s28(iD) 2D 3p 3D, 6557312 6564823 6546739

101 2s2B(3P) “P 3d %F, 6554550 6554840 6548724
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Table 2. Continued.

et al.

No. Level E(NIST) Ea(AS) Egi (AS) E(GRASP)

102 2s2B(3P) 2P 3s%P, 6565500 6565789 6551335
103 2s2B(iD) 2D 3p 3Ds 6565719 6569280 6555082
104  2s2B(iD) 2D 3p 1P, 6569041 6578319 6557794
105  2s2B(3P) 2P 3slP,; 6581583 6583350 6566792
106 2s2B(1S) 2S 3slS 6578032 6581873 6568288
107 2s2B(iD) 2D 3p 3P, 6584368 6587912 6573693
108  2s2B(iD) 2D 3p 2P, 6587703 6588169 6577037
109  2s2B(3P) *P 3d °D, 6583060 6583486 6577834
110  2s2B(3P) *P 3d °D, 6587880 6593843 6582363
111 2s2B(iD) 2D 3p 3P, 6594511 6634065 6584159
112 2s2B(3P) *P 3d 3D; 6593554 6594717 6587788
113 2s2B(3P) 2P 3p Pg:a 6633798 6655454 6622129
114 2s28(3P) 2P 3p 3D, 6655212 6669332 6643916
115 2s28(3P) 2P 3p °D, 6669119 6669376 6658714
116  2s2B(3P) 2P 3p 3P, 6670171 6670339 6660018
117 2s2B(iD) 2D 3d 3G 6700514 6700804 6687925
118 2s2B(GP) 2P 3p 1S, 6699942 6700164 6690409
119  2s2B(iD) 2D 3d 3G, 6705961 6706251 6693160
120  2s2B(iD) 2D 3d 3Gs 6712503 6712793 6699723
121 2s2B(iD) 2D 3d °F, 6718777 6719067 6703787
122 2s2B(iD) 2D 3d 3F; 6722518 6722808 6707516
123 2s2B(iD) 2D 3d 3F,4 6725204 6725494 6709918
124 2s2B(3S)2S 3ptP, 6723434 6723640 6713721
125  2s2B(iD) 2D 3d 3D, 6724936 6725226 6713897
126 2s2B(iS) 2S 3p3P, 6725654 6725867 6716788
127  2s2B(iD) 2D 3d 3D, 6728114 6728404 6717197
128 2s2B(3P) 2P 3p 3D; 6730742 6731273 6718506
129  2s2B(iD) 2D 3d 3Ds 6730983 6734379 6719585
130  2s2B(iD) 2D 3d 1F, 6743017 6743307 6730355
131 2s2B(P) 2P 3p 3P, 6725654 6725867 6730377
132 2s2B(3P) 2P 3p 3S, 6741704 6741964 6731167
133 2s2B(3P) 2P 3p 2Py:b 6742834 6742515 6731869
134 2s2B(4S) 2S 3p3P, 6745641 6745885 6736397
135  2s2B(iD) 2D 3d G, 6760536 6760826 6745195
136  2s2B(iD) 2D 3d 3P, 6759391 6759566 6745372
137  2s2B(iD) 2D 3d 3P, 6761523 6761813 6747918
138 2s2B(iD) 2D 3d 3P, 6763993 6764281 6750371
139 2s2B(iD) 2D 3d 3S; 6773976 6774266 6762330
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No. Level E(NIST) Ea(AS) Efi (AS) E(GRASP)
140  2s2B(iD) 2D 3d !D, 6786475 6786751 6770475
141  2s2B(iD) 2D 3d 1P, 6791180 6791470 6778053
142 2s28(3P) 2P 3p !D, 6795469 6795742 6778329
143 274S) 3s°S, 6791745 6792010 6797008
144 2s2B(3D) 2D 3d 1S, 6828378 6828554 6811372
145  2s2B(3P) 2P 3p 1P, 6832720 6832844 6816537
146  2s2B(3P) 2P 3d °F, 6836989 6837279 6822060
147 2s2B(3P) 2P 3d 3Fs 6897901 6898190 6827253
148 2s2B(3S) 2S 3d 3D, 6840140 6840430 6827349
149 2s28(3S) 2S 3d 3D, 6855839 6856129 6842158
150 20 (4S) 3s3S, 6890278 6890499 6885290
151 2s28(3S) 2S 3d3D; 6923450 6923739 6885411
152 2s2B(3P) 2P 3d 3F, 6901606 6901896 6885667
153  2s2B(3P) 2P 3d 3D, 6912061 6912351 6898769
154  2s2B(3P) 2P 3d P, 6912138 6912428 6898869
155  2s2B(3P) 2P 3d 3D; 6923450 6923739 6907325
156  2s28(3P) 2P 3d 3D, 6927015 6927305 6912222
157  2s2B(3S) 2S 3d!D, 6928253 6928542 6915637
158  2s2B(GP) 2P 3d 3P, 6940380 6940669 6924457
159  2s2B(3P) 2P 3d 3P, 6953789 6953815 6935785
160  2s2B(3P) 2P 3d 3P, 6954920 6955208 6936294
161 213(2D) 3s 3D, 6950261 6950503 6940370
162 213(2D) 3s 3D, 6951940 6952169 6941806
163 2p(4S) 3p 5P, 6943746 6944036 6950681
164  2s2B(3P) 2P 3d 1F, 6971686 6971976 6950784
165 2[7(2D) 3s °Ds 6962318 6962641 6952252
166 209(4S) 3p 5P, 6950971 6951261 6954357
167 257(4S) 3p °P; 6959208 6959440 6965811
168 2p%(2D) 3s !D, 6992832 6993090 6981197
169  2s28(3P) 2P 3d !D, 7018949 7019237 6992640
170 207 (4S) 3p 3Py 6999757 7000047 7001672
171 25(4S) 3p 2P, 7003762 7004051 7009236
172 257(4S) 3p 3P, 7010694 7010775 7013325
173 2p(2D) 3p 3D, 7074853 7075143 7067415
174 2P (3P) 3s 3P, 7083881 7084124 7074533
175 20 (2P) 3s 3P, 7090002 7089744 7080633
176 20(2D) 3p 3D, 7090247 7090537 7081966
177 27(2D) 3p D3 7101254 7101544 7092984
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No. Level E(NIST) Ea(AS) Egit (AS) E(GRASP)

178 2P (3D) 3p °F» 7104662 7104952 7095870
179 20°(2P) 3s P, 7110085 7109885 7101083
180 2p°(3D) 3p P,y 7109363 7109653 7102443
181 2p°(3D) 3p °F3 7115091 7115381 7106652
182 2p°(3D) 3p Fs 7123559 7123849 7113829
183 2p°(3D) 3p 3F4 7124032 7124322 7115274
184 2P (3S) 3d °Dg 7118129 7118419 7123530
185 2p°(4S) 3d °D, 7118329 7118615 7123677
186 2p°(4S) 3d °D, 7118574 7118849 7123824
187 2p°(4S) 3d °Ds 7118952 7119232 7124015
188 2p°(4S) 3d °Dy 7120699 7120989 7125760
189 20°(3P) 3s 1P, 7137295 7137044 7127552
190 2p°(3D) 3p 3Py 7179087 7179371 7167848
191 2p°(3D) 3p 2Py 7186048 7186337 7176347
192 2p°(4S) 3d 3D, 7178450 7178719 7177011
193 2p°(3D) 3p 3P, 7192508 7192797 7182120
194 20 (3S) 3d °Ds 7188146 7188428 7187396
195 2p°(4S) 3d 3D, 7188421 7188703 7187939
196 2p*(3D) 3p D> 7224525 7224812 7211136
197 20°(2P) 3p °D, 7235122 7235412 7225340
198 2p°(3P) 3p 35, 7248516 7248806 7241695
199 2p*(3D) 3d °F, 7251687 7251937 7243328
200 20°(3P) 3p °D> 7252630 7252920 7243842
201 2p°(3D) 3d 3F3 7258935 7259219 7250333
202 2p°(3D) 3d 3G, 7267143 7267433 7258224
203 2p°(3D) 3d 'Sy 7267287 7267577 7258336
204 2p°(3D) 3d 3G3 7269033 7269312 7260016
205 20°(2P) 3p °Ds 7268773 7269062 7260930
206 20 (3P) 3p 1P 7274720 7275010 7265566
207 2p°(3D) 3d 3F4 7276654 7276944 7267758
208 2p°(3D) 3d 3Gs 7281367 7281657 7272356
209 2p°(3D) 3d 1G, 7284361 7284651 7274780
210 2p(3P) 3p 3Pg 7293324 7293601 7282919
211 2p*(3D) 3d °D, 7290736 7290979 7283196
212 20°(3P) 3p 3Py 7300121 7300411 7290418
213 2p°(2P) 3p 3P, 7304161 7304451 7295131
214 2p°(2P) 3p 1D, 7323328 7323616 7310062
215 2p*(3D) 3d 3D, 7318862 7319113 7310196
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No. Level E(NIST) Ean(AS) Efir (AS) E(GRASP)

216 2p*(3D) 3d P 7319556 7319836 7311015
217 2p*(3D) 3d °Ds 7326383 7326665 7315245
218 2p(3D) 3d 3P, 7332437 7332706 7324495
219 2p°(3D) 3d 3Py 7334573 7334863 7326757
220 2p°3D) 3d 3P, 7337715 7337987 7329772
221 2p*(3D) 3d D, 7348934 7349205 7337502
222 2p*(3D) 3d 3S; 7359484 7359750 7346647
223 2p(3D) 3d 'F; 7380513 7381084 7366579
224 2p°(3P) 3d 3°F, 7411647 7411611 7402549
225 2p°(3P) 3d 3F3 7416885 7417141 7407777
226 2p°(3P) 3p 1S 7427895 7428172 7409852
227 2p°(3P) 3d 3F, 7426969 7427259 7418490
228 20°(3P) 3d 3P, 7436573 7436651 7427040
229 20°(2P) 3d 3Py 7436818 7437108 7430308
230 2p°(2P) 3d 3P, 7439845 7440051 7431960
231 2p°(3P) 3d 1D, 7486657 7486822 7440360
232 2p(3P) 3d 3D, 7465372 7465633 7452683
233 2p°4P) 3d °D3 7466444 7466518 7456489
234 2p°(3P) 3d °D, 7451816 7451960 7472850
235 2p°(3P) 3d 'F3 7493789 7493772 7478909
236 2p°(3P) 3d 1Py 7561443 7561290 7543791
237 282p?P 4s 3Py 7795381 7795670 7749456
238 282p%P 4s°P; 7797987 7798268 7752082
239 282p?P 4p °D; 7858690 7858980 7812720
240 282p%P 4s°P, 7863544 7863823 7817484
241 282p?°P 4s1P; 7869822 7870105 7823822
242 282p?P 4p 3P, 7873758 7874048 7828846
243 282p?P 4p °Dy 7875543 7875833 7830393
244 282p%P 4p 3Pg 7880856 7881146 7836188
245 282p%P 4d 3F, 7931974 7932255 7885404
246 282p?P 4p 1P, 7931877 7932167 7886477
247 282p°P 4p °D3 7934743 7935033 7889498
248 282p?P 4p 3P, 7938902 7939192 7893544
249 282p%P 4p %S, 7939643 7939933 7894058
250 282p%P 4d °Pj:a 8013799 8014088 7898263
251 282p%P 4d 3F3 7944931 7945220 7898372
252 222p?P 4d °D; 7950293 7950582 7904345
253 222p?P 4p 1Dy 7955151 7955441 7909857
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No. Level E(NIST) Ea(AS) Egi (AS) E(GRASP)
254 282p%P 4p 1Sy 7974259 7974549 7928738
255 282p2P 4f 3G 7980672 7980962 7937815
256 282p2P 4f 3F, 7982863 7983153 7939610
257 282p2P 4f 3G, 7982588 7982878 7939891
258 282p2P 4d 3F, 8001725 8002015 7955060
259 282p2P 4d 1D, 8003031 8003319 7956528
260 282p?P 4d 3Ds 8009038 8009327 7962650
261 282p?P 4d 3P,:b 8013799 8014088 7967552
262 282p%P 4d 3P, 8014529 8014819 7968190
263 282p2P 4d 3P, 8015398 8015688 7968989
264 282p2P 4d F; 8030100 8030388 7982900
265 282p%P 4d 1P, 8031033 8031320 7985215
266 282p2P 4f 3F, 8047872 8048162 8005173
267 282p%P 4f 3D, 8050954 8051244 8007598
268 282p2P 4f 3D, 8055435 8055725 8012289
269 282p2P 4f 1D, 8057313 8057603 8013991
270 2s2B(3P) 4P 4s3P, 8111191 8111481 8109236
271 2s2B(EP) 4P 4p 5Dy 8152227 8152517 8151980
272 2s2B(3P) 4P 4p 5D, 8153548 8153838 8152944
273 2s2B(3P) *P 4p °Dy:a 8162997 8163287 8163322
274 2s2B(3P) “P 4p 3S, 8176073 8176363 8174042
275  2s2B(3P) *P 4p 5P, 8183623 8183913 8183504
276 2s2B(3P) P 4p 5Ds 8187668 8187958 8188402
277 2s2B(P) 4P 4p 5Dy:b 8162997 8163287 8189522
278 2s2B(3P) 4P 4p °D; 8199262 8199552 8198102
279 2s2B(3P) “P 4p D, 8208095 8208385 8207330
280  2s2B(3P) “P 4p 5P; 8216544 8216834 8217080
281  2s2B(3P) *P 4p 3P, 8218277 8218564 8217719
282  2s2B(3P) 4P 4p 5D, 8217578 8217868 8218590
283  2s2B(3P) *P 4p°S, 8226239 8226529 8227146
284  2s2B(3P) “P 4p 3P, 8239826 8240116 8238638
285  2s2B(3P) “P 4p D3 8239693 8239983 8239229
286  2s2B(3P) *P 4p 3P, 8245703 8245993 8244974
287  2s2B(3P) 4P 4d 5Dy 8253408 8253698 8254194
288  2s2B(3P) *P 4f 5G, 8267517 8267807 8267688
289 2s2B(3P) “P 4f5G;a 8268250 8268540 8268616
290  2s2B(3P) “P 4f 5D, 8269290 8269580 8270118
201 2s2B(3P) “P 4f3Gsa 8272585 8272875 8272482
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No. Level E(NIST) Ea(AS) Efi (AS) E(GRASP)

202 2s2B(3P) P 4f 5G:b 8268250 8268540 8295909
203  2s28(3P) *P 4 5G, 8295260 8295550 8296354
294 2s2B(3P) 4P 4f 5F, 8297149 8297439 8297743
295  2s28(3P) *P 4f 5Gs 8298122 8298412 8299557
296 2s2B(3P) 4P 4f 3G 8272585 8272875 8299785
297  2s2B(3P) *P 4f 5F, 8300261 8300551 8301019
208  2s2B(3P) *P 4f 3G, 8301129 8301419 8301612
209  2s2B(3P) 4P 4f °F, 8304031 8304321 8304478
300  2s2B(3P) 4P 4f 5Dy 8327198 8327488 8328229
301  2s2B(3P) 4P 4f 5D, 8328019 8328309 8328907
302 2s2B(3P) *P 4f 5Gg 8327343 8327633 8330148
303 2s2B(3P) “P 415D, 8329593 8329883 8330524
304  2s2B(3P) *P 4f 3Gs 8333112 8333402 8331132
305  2s2B(3P) 4P 4f 5F, 8331046 8331336 8332023
306  2s2B(3P) 4P 4f 3D, 8331600 8331890 8332356
307  2s2B(3P) *P 4f 5F, 8331715 8332005 8333061
308 2s2B(3P) 4P 4f 5Fs 8329609 8329899 8334663
309  2s2B(3P) 4P 4f 3D, 8334495 8334785 8335018
310  2s2B(3P) “P 4f 3F, 8336429 8336719 8336780
311 2s2B(3P) *P 4f 3F, 8336641 8336931 8337257
312 2s2B(3D) 2D 4p 3F, 8432436 8432725 8422797
313 2s2B(iD) 2D 4p 3Fs 8439354 8439644 8430659
314  2s28(iD) 2D 4p 3D, 8439923 8440213 8431188
315 2s28(3D) 2D 4p 3D, 8443704 8443994 8434788
316 2s2B(iD) 2D 4p 3F, 8446787 8447077 8438803
317 2s2B(iD) 2D 4p 1D, 8450342 8450632 8439411
318 2s28(3D) 2D 4p F; 8449473 8449772 8439531
319  2s2B(iD) 2D 4p °Ds 8448117 8448416 8440871
320  2s2B(iD) 2D 4p 3P, 8453637 8453926 8443308
321 2s2B(AD) 2D 4p 3P, 8453845 8454128 8443942
322 2s2B(iD) 2D 4p 3P, 8463127 8463416 8453012
323 2s2B(iD) 2D 4p 1P, 8464465 8464754 8453409
324  2s2B(iD) 2D 4f 3G, 8539625 8539915 8532346
325  2s2B(iD) 2D 4f 3G, 8540911 8541201 8534340
326 2s2B(3D) 2D 4f 3F, 8543073 8543360 8535458
327 2s2B(iD) 2D 4f 3F, 8544386 8544676 8537297
328 2s28(3D) 2D 4f 3H, 8545576 8545866 8538613
329  2s2B(iD) 2D 4f 3Gs 8545639 8545929 8541462




58 L.Abu El Maati et al.

Table 2. Continued.

No. Level E(NIST) Ea(AS) Egi (AS) E(GRASP)

330 2s2B8(3S) 2S 4p3Py 8550727 8551016 8541948
331 2s2B(iD) 2D 4f 3F, 8549385 8549675 8542672
332 2s2B(iD) 2D 4f !F, 8550932 8551223 8543483
333 2s2B(lD) 2D 4f 3D, 8551576 8551866 8543758
334  2s2B(iD) 2D 4f G, 8551605 8551895 8544719
335  2s2B(1D) 2D 4f 3D, 8552597 8552883 8545004
336 2s2B(3D) 2D 4f 3Hs 8551201 8551491 8546910
337 2s2B(3P) 2P 4p °D;:a 8629504 8629794 8548860
338 2s28(3D) 2D 4f 3D 8556110 8556398 8548931
339  2s28(1D) 2D 4f 1D, 8557008 8557297 8549291
340  2s2B(iD) 2D 4f Hs 8557193 8557483 8552539
341  2s2B(iD) 2D 4f 3P, 8561243 8561531 8554302
342 2s2B(iD) 2D 4f 3P, 8562383 8562670 8554490
343 2s2B3(3D) 2D 4f 3Hq 8556169 8556459 8556266
344  2s2B(iD) 2D 4f 3P, 8564100 8564390 8556516
345 2s2B(3S) 2S 4p3P,a 8564356 8564643 8557699
346 2s2B(iD) 2D 4f 1P :a 8565732 8566017 8557866
347 2s2B(1D) 2D 4f 1Py:b 8565732 8566017 8559474
348 2s28(3P) 2P 4p 15 8622972 8623260 8617089
349 2s2B(P) 2P 4p 2Dy:b 8629504 8629794 8622145
350 2s2B(3S) 2S 4p3Pyib 8649315 8649603 8624138
351  2s2B(3P) 2P 4p 3P, 8638664 8638953 8629689
352 2s2B(3P) 2P 4p 3P, 8649315 8649603 8633308
353  2s2B(3P) 2P 4p °D; 8646398 8646687 8633453
354  2s2B(3P) 2P 4p D, 8660102 8660392 8647410
355  2s2B(3P) 2P 4f 3G, 8736401 8736690 8660666
356  2s2B(3S) %S 4f3F,a 8665287 8665577 8662200
357 2s2B(1S) 2S 4f1F, 8666624 8666913 8662705
358 2s2B(1S) 2S 4f3F; 8758923 8759212 8732041
359  2s2B(3S) 2S 4f3F4b 8760381 8760671 8733179
360  2s2B(3P) 2P 4f G, 8753252 8753542 8744359
361  2s2B(3P) 2P 4 3Gs 8752933 8753223 8745053

In Tab. 2, we present the calculated energy levels and compared to the NIST
database values. There are only 34 energy levels in the NIST database and the
corresponding ab initio and tted AS values and GRASP values dier from
the NIST values by 0.81 % , 0.25 % and 0.31 % respectively. For all 361 energy
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levels calculated by the TFDA and the MCDHF methods, the average di erence
between them is only 0.19 %.

Table 3. Lifetimes (| in s. in the length form) calculated by AS code |(AS)
and by GRASP2018 code |(GRASP) for V XV I

No. Level I(GRASP) (AS)

1 292p?P 3s3Pg 8.147E-13  8.246E-13

2 292p?°P 3s°P; 7.090E-13  7.325E-13

3 292p?P 3s°P, 7.773E-13  8.102E-13

4 282p°P 3s'P; 5.094E-13  5.243E-13

5 2g2p?P 3p 3D, 3.581E-11  2.963E-11

6 2g2p’P 3p P 1.344E-11  7.594E-12

7 282p?P 3p 3D, 2.643E-11  2.227E-11

8 2g2p’P 3p 3Py 5.564E-12  4.513E-12

9 292p?P 3p 3Py 9.245E-12  1.092E-11
10 222p?P 3p D3 3.189E-11  2.719E-11
11 282p°P 3p %S, 7.738E-12  6.269E-12
12 222p?P 3p ®P, 6.233E-12  4.996E-12
13 2$2p?P 3p D, 1.283E-11  1.135E-11
14 2s2B(3P) “P 3s°P;  1.076E-12  1.100E-12
15 222p?P 3d °F, 7.397E-13  1.053E-12
16 282p°P 3p 1Sy 4580E-12  3.896E-12
17 2s2B(3P) “P 3s°P,  1.042E-12  1.074E-12
18 2$2p?P 3d °F3 4.029E-13  3.183E-13
19 2$2p?P 3d 'Dja 1.386E-13  1.269E-13
20 222p’P 3d 3D, 7.826E-14  7.927E-14
21 2s2B(3P) “P 3s°P3  9.827E-13  1.078E-12
22 222p*P 3d °F4 8.721E-10  8.278E-10
23 2s2B(3P) “P 3s°Py  6.832E-13  7.158E-13
24 222p°P 3d 'D,b 1.277E-13  1.269E-13
25 222p’P 3d °Ds 8.248E-14  8.720E-14
26 2s2p(3P) “P 3s®P;  6.260E-13  6.448E-13
27 222p*P 3d °P, 9.776E-14  1.010E-13
28 2£2p?P 3d 3P, 1.078E-13  1.051E-13
29 222p?P 3d %Py 1.259E-13  1.243E-13

30 2s2B(3P) P 3s3P,  6.142E-13  6.324E-13
31 2s2B(3P) “P 3p5Dy 1.578E-10  3.426E-10
32 2s2B(3P) “P 3p5D; 9.416E-13  2.254E-13
33 222p%P 3d F; 5.733E-14  5.773E-14
34 222p%P 3d 1P, 9.543E-14  1.360E-13
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35 2s2(3P) “P 3p3%S;  5.074E-13  4.956E-13
36 2s2p(3P) “P 3p°D, 2.270E-10  2.284E-10
37 2s2p(3P) “P 3p°D3z  1.662E-10  1.120E-10
38 2s2p(3P) “P 3p°P;  9.980E-13  9.738E-13
39 2s2B(3P) ‘P 3p°P, 4.438E-12  5.307E-12
40 2s2B(3P) “P 3p°D; 6.430E-10  4.333E-10
41 2s2B(3P) P 3p°P;  2.856E-12  3.599E-12
42 2s2B8(3P) P 3p°D; 3.021E-13  2.871E-13
43 2s2B3(3P) P 3p 3D, 3.092E-13  2.948E-13
44 2s2p(3D) ?D 3s3D;  5.347E-13  5.264E-13
45 2s2p(3D) ?D 3s3D, 5.334E-13  5.256E-13
46 2s2p(3D) 2D 3s°Ds;  5.142E-13  5.114E-13
47 2s2B3(3P) P 3p5S,  7.317E-12  9.195E-12
48 2s2B(3P) P 3p 3P, 3.010E-13  3.029E-13
49 2s2p(3P) “P 3p3Ds  3.229E-13  3.057E-13
50 2s2p(3P) ‘P 3p°3P; 2.954E-13  2.895E-13
51 2s2(3P) “P 3p %P, 3.083E-13  2.993E-13
52 2s2p(3D) °D 3s'D, 1.132E-12  1.096E-12
53 2s2p(3P) “P 3d°F;  1.142E-11  1.126E-11
54 2s2p(3P) “P 3d°F, 3.905E-12  3.867E-12
55 2s2p(3P) “P 3d°F3  1.648E-12 1.618E-12
56 2s2p(3P) “P 3d°F; 1.696E-11  1.839E-11
57 2s2p(3P) “P 3d°Doy 6.379E-12  2.805E-12
58 2s2p(3P) “P 3d°D; 1.146E-12  1.194E-12
59 2s2p(3P) “P 3d°D, 4.356E-13  4.541E-13
60 2s2p(3P) “P 3d°Ds 2.253E-13  2.310E-13
61 2s2p(3P) “P 3d°5Fs  1.104E-09  1.029E-09
62 2s2p3(3S)?S 3s3S; 5.928E-13  5.799E-13
63 2s2p(3P) “P 3d°D4 5.981E-10  6.915E-10
64 2s2p(3P) 2P 3s°P,  6.013E-13  7.158E-13
65 2s2p(3P) “P 3d 3P,  2.100E-13 2.022E-13
66 2s2p(3P) “P 3d°P;  9.302E-14  9.035E-14
67 2s2p(3P) “P 3d°F, 1.972E-13  1.893E-13
68 2s2p(3D) °D 3p 3F, 7.139E-13  7.233E-13
69 2s2B(3P) “P 3d°P, 7.559E-14  7.408E-14
70 2s2B(3P) “P 3d3P;  1.729E-13  1.364E-13
71 2s23(3P) “P 3d°P;  6.909E-14  7.538E-14
72 2s23(3D) °D 3p 3F3  6.413E-12  8.862E-12

et al.
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Table 3. Continued.

No. Level (GRASP) |(AS)

73 2s2p(3P) 4P 3d 3F3  2.029E-13 1.942E-13
74 2s2B(3P) “P 3d 3P, 2.042E-13  3.095E-13
75 2s2B(iD) 2D 3p D, 3.421E-13  3.345E-13
76 2s2p(iD) 2D 3p3F, 1.817E-10  1.701E-10
77 2s23(iD) °D 3p3D; 6.621E-13  6.871E-13
78 2s2p3(3P) 2P 3s3P; 6.664E-13 6.660E-13
79 2s2p(iD) 2D 3p 'F; 2.739E-13  2.256E-13
80 2s2p(iD) 2D 3p 3D, 1.978E-12  1.903E-12
81 2s28(3P) “P 3d3F; 2.011E-13  1.941E-13
82 2s2pB(3P) 2P 3s3P,  7.563E-13  7.215E-13
83 2s2p(iD) ?D 3p 3Ds 1.394E-12  7.735E-13
84 2s2p(iD) 2D 3p 'P; 2.620E-13  2.524E-13
85 2s2p(3P) 2P 3s'P;  3.369E-13  2.763E-13
86 2s2P(3S)2S3sls,  9.777E-13  9.234E-13
87 2s2B(iD) 2D 3p 3P, 4.036E-12  4.776E-12
88 2s2p(iD) °D 3p3P; 1.951E-12  1.908E-12
89 2s2p(3P) 4P 3d3D; 1.323E-13 1.363E-13
90 2s28(3P) “P 3d3D, 1.319E-13  1.265E-13
91 2s2p(iD) 2D 3p 3P, 1.256E-12  1.285E-12
92 2s28(3P) “P 3d3D; 1.172E-13  1.122E-13
93 2s28(3P) 2P 3p3Ppa 1.254E-12  1.277E-12
94 2s28(3P) 2P 3p3D; 8.528E-13  8.534E-13
95 2s28(3P) 2P 3p 3D, 1.891E-12  1.903E-12
96 2s28(3P) 2P 3p3P;  7.336E-13  6.853E-13
97 2s2B(iD) 2D 3d 3G; 9.146E-12  1.000E-11
98 2s2p(3P) 2P 3p!Sy  3.905E-12  4.538E-12
99 2s2p(iD) 2D 3d 3G, 1.430E-12 1.889E-12
100 2s2p(3D) °D 3d 3Gs  2.761E-10 2.600E-10
101 2s2pB(iD) 2D 3d 3F, 7.954E-14  7.758E-14
102 2s2B(iD) 2D 3d °F; 8.212E-14  8.076E-14
103 2s2B(3D) 2D 3d 3F, 8.064E-14  7.720E-14
104 2s2B(3S)2S3plP;  3.932E-13  3.921E-13
105 2s2p(3D) °D 3d ®D; 8.086E-14 7.919E-14
106 2s2B(1S)2S3p3P,  2.022E-12  1.836E-12
107 2s2p(iD) 2D 3d %D, 8.141E-14  7.982E-14
108 2s2B(3P) 2P 3p3Ds; 1.016E-12  7.735E-13
109 2s2B(3D) 2D 3d °D; 1.130E-13  9.191E-14
110 2s2B(3D) 2D 3d 'F; 1.622E-13  1.760E-13

61
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Table 3. Continued.

No. Level (GRASP) | (AS)

111 2s28(3P) 2P 3p 3P, 9.197E-13 9.316E-13
112 2s2B(3P) 2P 3p 3S; 5.032E-13 4.956E-13
113 2s2B(3P) 2P 3p 3Pob 2.835E-12 2.341E-12
114 2s2B(%S) %S 3p3P, 7.738E-13 6.853E-13
115 2s2B(iD) °D 3d 'G; 5.452E-13  5.450E-13
116 2s2B(3D) °D 3d ®°P,  9.886E-14 9.521E-14
117 2s2B(3D) 2D 3d °P;  1.980E-13 9.681E-14
118 2s2B(3D) 2D 3d %P,  1.024E-13 9.965E-14
119 2s2B(3D) 2D 3d 3S;  1.464E-13 1.370E-13
120 2s2B(3D) °D 3d 'D, 9.973E-14  9.658E-14
121 2s2p(3D) 2D 3d 'P;  2.227E-13 2.202E-13
122 2s2p(3P) P 3p D, 2.309E-12 2.855E-12
123 2p'(4S) 3s°S, 1.251E-11 4.884E-12
124 2s2B(3D) D 3d 'Sy  1.665E-13 1.592E-13
125 2s2B(3P) 2P 3p 'P;  1.244E-12  1.269E-12
126 2s2p(3P) 2P 3d°F,  1.867E-13 1.893E-13
127 2s2B(3P) 2P 3d ®F3  1.598E-13 1.942E-13
128 2s2B(4S) %S 3d°D; 2.448E-13 2.332E-13
129 2s2B(3S) %S 3d°D; 2.822E-13 2.952E-13
130 2p(3S) 3s3S; 4,721E-13 4, 714E-13
131 2s2B(%S) %S 3d°3D3 2.292E-13 1.516E-13
132 2s28(3P) °P 3d°F;  4.453E-13 4.182E-13
133 2s28(3P) °P 3d %D, 1.467E-13 1.568E-13
134 2s2B(3P) 2P 3d'P;  1.061E-13 1.000E-13
135 2s2B(3P) 2P 3d°Ds  4.140E-13 3.757E-13
136 2s2B(3P) 2P 3d3D;  1.410E-13  1.427E-13
137 2s2p(4S) 2S 3d1D, 3.722E-13 3.201E-13
138 2s2B(3P) P 3d %P,  8.993E-14 9.749E-14
139 2s2B(3P) 2P 3d 3P,  7.422E-14 7.086E-14
140 2s2B(3P) 2P 3d3P;  7.817E-14 8.123E-14
141 2p(3D) 3s 3D, 9.982E-13 9.609E-13
142 2p(3D) 3s °D, 1.045E-12  1.500E-12
143 2p(3S) 3p°P; 5.943E-13 3.712E-13
144 2s2B(3P) 2P 3d 'F;  5.335E-14 5.031E-14
145 2p*(3D) 3s 3Ds 1.013E-12 9.875E-13
146 2p(3S) 3p °P, 6.503E-13 2.944E-13
147 2p(3S) 3p °P3 6.118E-13 6.364E-13
148 2p(3D) 3s 1D, 5.038E-13 4.865E-13
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Table 3. Continued.

No. Level (GRASP) |(AS)

149 2s2p(3P) °P 3d'D, 6.177E-14 5.877E-14
150 2p(4S) 3p 3P, 3.788E-13  3.745E-13
151 2p(4S) 3p 3P, 2.373E-13  2.251E-13
152 2p(4S) 3p 3Py 3.868E-13  3.899E-13
153 2p(3D) 3p 3D, 4.781E-13  4.631E-13
154 2p(2P) 3s 3Py 9.518E-13  9.070E-13
155 2p*(3P) 3s 3P, 8.375E-13 8.100E-13
156 2p(4D) 3p 3D, 6.467E-13  6.529E-13
157 2p(3D) 3p 3Ds 6.636E-13  6.713E-13
158 2p(3D) 3p 3F» 6.739E-13  7.354E-13
159 2p(3P) 3s°P, 7.907E-13  7.678E-13
160 2p(3D) 3p 1Py 4.257E-13  3.917E-13
161 2p(3D) 3p 3Fs 6.157E-13  6.521E-13
162 2p(3D) 3p Fs 6.900E-13  7.957E-13
163 2p(2D) 3p 3F4 7.624E-13  8.423E-13
164 2p(4S) 3d5Dy 1.100E-11  1.022E-11
165 2p(3S) 3d°D, 6.802E-12 8.466E-12
166 2p(4S) 3d°D, 1.050E-11  1.092E-11
167 2p(4S) 3d °Ds 1.989E-11  1.993E-11
168 2p(4S) 3d°D, 2.957E-11  2.721E-11
169 2p(3P) 3s'P; 4.840E-13  4.508E-13
170 2p(3D) 3p 3Py 5.332E-13  5.769E-13
171 2p(3D) 3p 3P, 4.967E-13  5.318E-13
172 2p(4S) 3d 3D, 4.649E-13  3.931E-13
173 2p(3D) 3p 3P, 3.808E-13  4.800E-13
174 2p(4S) 3d3Ds 3.687E-13  3.220E-13
175 2p(4S) 3d 3D, 3.441E-13  3.016E-13
176 2p(3D) 3p D, 5.182E-13  5.803E-13
177 2p(3P) 3p 3D, 5.454E-13  5.592E-13
178 2pP(3P) 3p 33 4.966E-13  4.912E-13
179 2p(2D) 3d 3F, 3.083E-12  3.120E-12
180 2p(2P) 3p 3D, 6.335E-13  6.529E-13
181 2p*(3D) 3d °F3 3.315E-12 3.519E-12
182 2p(3D) 3d 3G, 7.633E-11  7.700E-11
183 2p(4D) 3d 'S 3.132E-11  2.790E-11
184 2p(2D) 3d 3G3 3.783E-12  3.885E-12
185 2p(3P) 3p 3Ds 6.197E-13  6.459E-13
186 2p(3P) 3p P, 4.084E-13  3.917E-13
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No. Level (GRASP) |(AS)

187 2P(2D) 3d °F,4 7.424E-11  6.771E-11
188 2@(2D) 3d 3Gs 8.321E-11  7.752E-11
189 2F(2D) 3d 1G, 9.254E-11  8.679E-11
190 2p(2P) 3p 3P 3.710E-13  3.759E-13
191 2p(2D) 3d °D; 1.848E-13  1.769E-13
192 2P (3P) 3p 3P, 3.789E-13  3.745E-13
193 2p5(2P) 3p 3P, 5.799E-13  6.125E-13
194 23(2P) 3p 1D, 3.253E-13  3.162E-13
195 2p(2D) 3d °D, 1.212E-13  1.131E-13
196 2p(2D) 3d P, 1.640E-13  1.612E-13
197 2p(2D) 3d °Ds 8.239E-14  7.955E-14
198 2p(2D) 3d 3P, 7.729E-14  7.696E-14
199 2F(2D) 3d 3P, 1.486E-13  1.412E-13
200 2F(2D) 3d 3P, 1.180E-13  1.123E-13
201 2F(2D) 3d !D, 1.622E-13  1.572E-13
202 2F(2D) 3d 35, 7.458E-14  7.800E-14
203 2p(2D) 3d !F; 9.480E-14  9.268E-14
204 2F(2P) 3d 3F, 1.145E-12  1.194E-12
205 2F(2P) 3d 3F; 1.439E-12  1.155E-12
206 2F(2P) 3p 'S 3.390E-13  3.579E-13
207 2F(2P) 3d 3F, 3.437E-11  3.125E-11
208 2p(2P) 3d 3P, 1.965E-13  2.524E-13
209 2F(2P) 3d 2P, 1.368E-13  1.356E-13
210 2F(2P) 3d 3P, 1.576E-13  1.538E-13
211 2F(2P) 3d 1D, 2.042E-13  1.572E-13
212 2F(2P) 3d 3D, 7.814E-14  7.121E-14
213 2F(2P) 3d 3D 2.707E-13  2.520E-13
214 2F(2P) 3d 3D, 9.484E-14  1.131E-13
215 2F(2P) 3d F; 6.558E-14  5.779E-14
216 2F(2P) 3d 1P, 5.725E-14  5.220E-14

216 lifetimes are reported in Tab.3. There is no values to compare with, but
from the two di erent methods (TFDA and MCDHF), the di erence is

10 %.

less than
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3.2. Transition parameters of the V XVIII ion

rbon-like ion 65

Table 4. Weighted oscillator strengths and transition probabilities calculated by
the AS code @f (AS) and gA(AS)) and by the GRASP2018 code ¢f (GRASP)
and gA(GRASP)), compared with NIST database values gf (NIST ) and

gA(NIST)
No. L U of of gA gA of gA
(GRASP) (AS) (GRASP) (AS) (NIST) (NIST)
1 1 22 555E-02 b5.26E-02 1.22E+12 1.15E+12
2 1 24 1.84E-03 1.78E-03 4.15E+10 4.00E+10
3 1 40 1.25E+00 1.25E+00 3.14E+13 3.13E+13
4 1 48 4.27E-03 6.02E-04 1.09E+11 1.54E+10
5 1 55 449E-02 4.79E-02 1.17E+12 1.25E+12
6 1 58 7.92E-02 7.27E-02 2.08E+12 1.91E+12
7 1 62 206E-01 223E-01 5.46E+12 5.92E+12
8 1 70 4.43E-02 4.49E-02 1.20E+12 1.22E+12
9 1 97 273E-02 284E-02 7.77E+11 8.13E+11
10 1 114 1.11E-02 2.84E-02 3.26E+11 8.13E+11
11 1 116 5.98E-02 4.49E-02 1.77E+12 1.22E+12
12 2 21 568E-02 5.59E-02 1.23E+12 1.21E+12
13 2 22 3.36E-02 3.28E-02 7.28E+11 7.08E+11
14 2 23 7.51E-02 7.11E-02 1.66E+12 1.57E+12
15 2 24 7095E-03 7.46E-03 1.77E+11 1.66E+11
16 2 35 1.32E-02 3.30E-02 3.21E+11 8.02E+11
17 2 39 1.05E+00 1.10E+00 2.59E+13 2.75E+13
18 2 40 2.58E-01 2.16E-01 6.37E+12 5.36E+12
19 2 44 1.19E+00 1.10E+00 2.98E+13 2.75E+13
20 2 47 236E-01 1.76E-01 5.94E+12 4.45E+12
21 2 48 6.86E-01 7.22E-01 1.73E+13 1.83E+13 6.90E-01 1.70E%3
22 2 49 3.15E-01 3.18E-01 7.94E+12 8.05E+12
23 2 51 1.69E-04 8.00E-07 4.33E+09 2.04E+07
24 2 52 4.15E-02 4.01E-02 1.06E+12 1.67E+12
25 2 54 1.30E-02 9.79E-04 3.32E+11 2.51E+10
26 2 55 7.49E-02 7.86E-02 1.93E+12 2.02E+12
27 2 58 145E-02 2.12E-02 3.77E+11 5.50E+11
28 2 59 4.27E-02 3.53E-02 1.11E+12 9.18E+11
29 2 62 1.62E-01 1.64E-01 4.25E+12 4.29E+12
30 2 63 5.68E-01 5.95E-01 1.50E+13 1.57E+13
31 2 67 4.79E-03 3.81E-03 1.27E+11 1.01E+11
32 2 68 1.23E-01 1.23E-01 3.27E+12 3.24E+12
33 2 70 6.91E-02 7.21E-02 1.85E+12 1.93E+12
34 2 71 6.08E-02 6.13E-02 1.63E+12 1.64E+12
35 2 88 3.52E-03 3.49E-03 9.82E+10 9.76E+10
36 2 95 6.79E-03 6.19E-03 1.91E+11 1.75E+11
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Table 4. Continued.

No. L U of of gA gA of gA
(GRASP) (AS) (GRASP) (AS) (NIST) (NIST)
37 2 97 257E-02 2.67E-02 7.23E+11 7.56E+11
38 2 114 3.77E-02 2.67E-02 1.10E+12 7.56E+11
39 2 116 2.84E-02 7.21E-02 8.29E+11 1.93E+12
40 2 126 6.93E-02 6.13E-02 2.06E+12 1.64E+12
41 2 132 4.84E-03 2.04E-04 1.45E+11 2.90E+10
42 2 134 2.63E-02 7.21E-02 7.87E+11 1.93E+12
43 3 22 9.14E-02 8.99E-02 1.96E+12 1.92E+12
44 3 23 1.90E-01 1.82E-01 4.15E+12 3.98E+12
45 3 24 1.68E-03 1.59E-03 3.70E+10 3.48E+10
46 3 35 1.29E-01 8.89E-02 3.09E+12 2.14E+12
47 3 38 6.60E-01 8.48E-01 1.60E+13 2.07E+13
48 3 39 1.37E-01 1.56E-01 3.34E+12 3.87E+12
49 3 40 9.38E-03 1.54E-02 2.30E+11 3.78E+11
50 3 44 7.28E-02 1.56E-01 1.80E+12 3.87E+12
51 3 45 3.33E+00 3.10E+00 8.28E+13 7.72E+13 3.10E+00 7.70E+13
52 3 47 1.42E+00 1.35E+00 3.54E+13 3.37E+13
53 3 48 3.67E-01 3.58E-01 9.17E+12 8.97E+12 3.45E-01 8.70E%2
54 3 52 3.19E-02 2.61E-02 8.08E+11 6.61E+11
55 3 53 1.24E-01 1.45E-01 3.16E+12 3.67E+12
56 3 55 8.58E-02 8.98E-02 2.19E+12 2.29E+12
57 3 56 5.13E-04 2.87E-04 1.31E+10 7.32E+09
58 3 57 1.12E-03 1.87E-03 2.89E+10 4.81E+10
59 3 58 1.50E-02 1.77E-02 3.86E+11 4.55E+11
60 3 61 8.58E-02 6.64E-02 2.23E+12 1.72E+12
61 3 62 2.36E-03 1.80E-03 6.13E+10 4.69E+10
62 3 63 4.23E-02 447E-02 1.10E+12 1.17E+12
63 3 67 192E-02 1.49E-02 5.06E+11 3.91E+11
64 3 69 7.73E-01 7.91E-01 2.04E+13 2.09E+13
65 3 70 2.49E-01 2.50E-01 6.59E+12 6.63E+12
66 3 71 5.22E-01 5.34E-01 1.38E+13 1.42E+13
67 3 88 4.45E-02 4.52E-02 1.23E+12 1.25E+12
68 3 92 1.73E-02 2.24E-02 4.81E+11 6.23E+11
69 3 95 4.76E-02 5.19E-02 1.33E+12 1.45E+12
70 3 97 2.99E-02 2.87E-02 8.33E+11 8.03E+11
71 3 100 3.21E-02 4.47E-02 8.99E+11 1.17E+12
72 3 103 3.22E-02 4.45E-03 9.03E+11 1.99E+11
73 3 115 2.07E-02 4.47E-02 5.98E+11 1.17E+12
74 3 132 1.01E-01 8.98E-02 3.00E+12 2.29E+12
75 3 142 1.02E-02 3.89E-03 3.06E+11 1.73E+11
76 4 22 1.24E-02 1.23E-02 257E+11 2.54E+11
77 4 23 292E-02 2.98E-02 6.18E+11 6.28E+11
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Table 4. Continued.
No. L U of of gA gA of gA
(GRASP) (AS) (GRASP) (AS)  (NIST) (NIST)
78 4 24 199E-01 1.95E-01 4.25E+12 4.14E+12
79 4 35 143E-01 7.71E-02 3.34E+12 1.80E+12
80 4 38 b5.67E-02 5.56E-02 1.33E+12 1.31E+12
81 4 39 2.89E-01 3.34E-01 6.81E+12 8.02E+12
82 4 40 2.07E-03 3.09E-03 4.90E+10 7.36E+10
83 4 44 3.18E-01 3.34E-01 7.60E+12 8.02E+12
84 4 45 8.63E-02 1.27E-01 2.08E+12 3.05E+12
85 4 47 4.05E-01 4.70E-01 9.79E+12 1.14E+13
86 4 48 4.75E-02 4.81E-02 1.15E+12 1.17E+12
87 4 52 6.84E-03 1.77/E-03 1.68E+11 7.16E+10
88 4 53 4.84E+00 4.78E+00 1.19E+14 1.18E+14
89 4 54 5.00E-02 2.72E-02 1.23E+12 6.67E+11
90 4 55 2.75E-03 3.80E-03 6.80E+10 9.39E+10
91 4 57 9.66E-05 1.40E-04 241E+09 3.48E+09
92 4 58 3.68E-04 5.36E-04 9.19E+09 1.34E+10
93 4 59 1.07E-04 1.67E-04 2.67E+09 4.16E+09
94 4 61 8.29E-03 8.05E-03 2.09E+11 2.02E+11
95 4 62 4.79E-04 5.07E-04 1.21E+10 1.28E+10
96 4 63 1.83E-03 2.36E-03 4.65E+10 5.98E+10
97 4 67 7.98E-04 7.32E-04 2.04E+10 1.87E+10
98 4 69 4.90E-02 7.65E-02 1.25E+12 1.96E+12
99 4 70 1.35E-02 1.52E-02 3.47E+11 3.90E+11
100 4 71 1.92E-02 2.29E-02 4.94E+11 5.90E+11
101 4 88 2.09E-01 2.03E-01 5.60E+12 5.48E+12
102 4 92 2.09E-02 4.31E-03 5.62E+11 1.17E+11
103 4 95 4.79E-01 4.84E-01 1.30E+13 1.31E+13
104 4 97 7.37E-02 6.54E-02 2.00E+12 1.78E+12
105 4 100 5.10E-03 2.36E-03 1.39E+11 5.98E+10
106 4 103 1.47E-01 7.65E-02 4.02E+12 1.96E+12
107 4 108 1.59E-02 1.52E-02 4.36E+11 3.90E+11
108 4 111 8.75E-02 2.29E-02 2.41E+12 5.90E+11
109 4 114 3.09E-02 1.45E-02 8.67E+11 2.70E+11
110 4 115 8.03E-04 2.36E-03 2.26E+10 5.98E+10
111 4 128 7.01E-02 7.65E-02 2.01E+12 1.96E+12
112 4 131 6.86E-02 2.29E-02 1.97E+12 5.90E+11
113 4 132 4.01E-02 3.80E-03 1.16E+12 9.39E+10
114 5 22 3.52E-03 3.14E-03 7.01E+10 6.24E+10
115 5 24 6.74E-02 6.57E-02 1.38E+12 1.34E+12
116 5 40 1.28E-02 1.11E-02 2.92E+11 4.28E+11
117 5 48 4.95E-03 4.98E-03 1.16E+11 1.17E+11
118 5 52 2.19E-02 1.53E-02 5.20E+11 6.04E+11
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Table 4. Continued.

No. L U of of gA gA of gA
(GRASP) (AS) (GRASP) (AS) (NIST) (NIST)

119 5 54 1.25E+00 8.55E-01 2.97E+13 2.03E+13
120 5 55 2.26E-02 1.55E-02 5.40E+11 3.70E+11
121 5 58 b5.42E-03 5.18E-03 1.31E+11 1.25E+11
122 5 62 5.36E-03 6.55E-03 1.30E+11 1.59E+11
123 5 70 6.48E-04 8.26E-04 1.61E+10 2.05E+10
124 5 97 2.85E-03 3.02E-03 7.47E+10 7.94E+10
125 5 114 3.93E-02 6.55E-03 1.06E+12 1.59E+11
126 5 116 3.85E-02 8.26E-04 1.05E+12 2.05E+10
127 5 132 1.67E-02 1.55E-02 4.66E+11 3.70E+11
128 5 134 6.56E-02 8.26E-04 1.83E+12 2.05E+10

Oscillator strengths and transition probabilities are presented in Tab. 4. The
di erences between the calculated values and the NIST database valuesre less
than 5 %. In average the AS and GRASP oscillator strengths and transition
probabilities values di er by about 30 %.

Comparing our results of energy values, lifetimes, oscillator strendts and
transition probabilities using the TFDA and MCDHF methods with avai lable
values, we recommend our MCDHF data calculated using the GRASP atomic
structure code. The TFDA method gives data which are near the MCDHF
results.

4. Conclusions

In this work, we calculated energy levels of the vanadium carbon-likedn V
XVIII using two di erent methods: The TFDA and the fully relativi  stic MCDHF
methods using the AS and the GRASP2018 atomic structure codes. We obtaad
good values of energy levels, new lifetime values, weighted osciltat strengths
and transition probabilities for transitions from the fundamental con gu rations
levels. Our results are interesting for plasma and astrophysical agdfcations.
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Abstract. In this paper, ACol database for the collisional processes in atom
and Rydberg atom collisions is described. Database (DB) is hosted and is a
part of the Serbian Virtual Observatory (SerVO) and VAMDC project. Th e
database contains the rate coe cients for excitation and ioni zation collisional
processes in hydrogen, helium and alkali plasmas. The ACol dataset could help
with the investigation and modeling of laboratory low temperat ure plasmas as
well as weakly ionized layers in various atmospheres and cosmicobjects.

Key words: Atomic data { Modeling { Astrophysical plasma { Line pro le {
Planetary geochemistry { AGN

1. Introduction

Atomic and molecular (A&M) data and databases Sahal-Bechot et al. (2014;
Marinkove et al. (2017); Albert et al. (2020 have become essential for diagnos-
tics and development of models and simulations of complex physical poesses
and for the interpretation of data provided by measurements e.g. in laloratory
and astrophysical plasmas Christensen-Dalsgaard et al, 1996 Fontenla et al.,
2009 Sreckovt et al., 2017 Hauschildt & Baron, 201Q Husser et al, 2013.
Diagnostics and development of models and simulations of low temperater
laboratory and astrophysical plasmas (LTPs) requires usage of accurate A&M
data, both experimental and theoretical Jevremovt et al. (2020; Albert et al.
(2020.

It is shown Adamovich et al. (2017, 2022 that such data is very important
in the development of plasmas as an enabling technology for a vast range of
elds associated with modern society. From technological perspedte, this often
means heterogeneous e-ecosystem, consisting of di erent datasets af@mats
and various programming frameworks synchronized to work together, such as
in VAMDC (vamdc.org) project e orts ( Dubernet et al., 2016. Access to large
amounts of A&M data is now required by the plasma community, and VAMDC
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provides 30+ nodes, several of them containing recommended data refent to
modeling LTPs.

The A&M community revealed a grown maturity in the process of curating
(i.e. collecting, categorizing, archiving and distributing) dynamical data rele-
vant to the kinetic modeling of LTPs, moving from the cold gas approximation
to the state-to-state approach, in the perspective of deepening thé&nowledge
on elementary processes involving both electron and heavy speciesllisions
(Marinkovt et al. , 2017 Sreckovt et al. , 2018 Adamovich et al., 2022.

In this contribution, ACol database for heavy particle collisions i.e. for the
collisional processes in atom and Rydberg atom collisions is describeBatabase
is hosted and is a part of the Serbian Virtual Observatory (SerVO). It contains
the rate coe cients for excitation and ionization collisional processes in hy-
drogen, helium and alkali plasmas. ACol database (DB) is in the developmén
phase. The dataset could help with the investigation and modeling of labratory
low temperature plasmas as well as weakly ionized layers in various atmpbkeres
and cosmic objects Greckovt et al. , 2014 Klyucharev et al., 2007 Ignjatovt
et al., 2019.
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Figure 1. Left: Rate coe cients Kuau+ p(T) for the excitation processes H*(n) + H
=> H*(n=n+p) + H in hydrogen plasmas (n=4, 1 p 5, A=H in Eq.( 2)). Right:
Rate coe cients Kg:10+ p(T) for excitation processes H*(n) + H = > H*(n=n+p) +
H in hydrogen plasmas (n=10,1 p 5, A=H in Eq.( 2)).

2. The collisional processes

ACol database contains calculated data for excitation and ionization processs
in heavy particle collisions. In other words, the database consists ofddlisional
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ionization
Al
AN+ A) e+ A2+’ At 1)
and excitation
A(+A) AM’=n+p+A (2

data. Here A are atoms and their ions in the ground statesA (n) is the Rydberg
atom (RA), and A} their molecular ions.

2.1. DRM

The data are obtained within the DRM i.e., the collisional reactions have been
treated by the so-called dipole resonant mechanism (DRM). In this claracteriza-
tion, the processes are caused by the dipole part of the electrostatiateraction
between the outer highly excited i.e. Rydberg electron and the iner (ion-atom)
system. This method is especially e ective when used with theso-called decay
approximation. A detailed description can be found in paper of Mihajlov and
coworkers Mihajlov et al., 2011, Mihajlov et al., 2012 Sreckovt et al. , 2018.
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Figure 2. Left: Rate coe cient Ka(n; T) for ionization collisional processes Eg.(1a) in
potassium plasmas. Associative channel; Right: Rate coe c ient Kb(n; T) for ionization
collisional processes Eq.(b) in potassium plasmas. Non-associative channel

2.2. The obtained quantities

In the process of ACol DB creation, we collected needed data, made a cex
sponding model and we calculated rate coe cients. For the calculatiors, we
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developed sophisticated model for corresponding collision process We deter-
mined theoretically - calculated cross-sections and rate coe ciens for the ion-
ization and excitation processes for hydrogen, helium and alkali plasmasfor
conditions of interest of laboratory/astrophysical LTPs.

The gures 1 and 2 show heavy species collisions - rate coe cients from
the calculations we carried out (see e.gMihajlov et al. (2011); Sreckovt et al.
(2018).

Validation is also a crucial step in the development of databasesSreckove
et al., 2017. For instance, measurements of the rate coe cients of associative
ionization in collisions of metastable atoms necessitate meeting seartechnical
challenges as noted in the literature Boyd & Josyula, 2021). Perhaps the biggest
challenge of these measurements is isolating the associative ionizati in atomic
collisions (Adamovich et al., 2022

3. Software and Data

We wrote data model (shown in Fig 3) for our new atomic collisional data
node (ACol) as a subset of XSAMS (XML Schema for Atoms, Molecules and
Solids - https://vamdc-standards.readthedocs.io/en/latest/dataModel/
vamdcxsams/structure.html ) to set up a new VAMDC node for the LTP data
that could be useful for the laboratory and astrophysical community. After
translating data model into Django-Python models class, we generated MySQL
(MariaDB) database with object-relational mapping to tables. We converted
data from a textual source to the database. We customly t software for this
new VAMDC node, according to the NodeSoftware project bttps://github.
com/VAMDC/NodeSoftwaje

In Figure 3 is presented a class diagram for the ACol node (logical model).

The result is a new VAMDC node, hosted on Serbian virtual observatory
http://servo.aob.rs/acol/ . Establishing this database/node might be im-
portant for diagnostics and modeling of LTPs which are used for the modehg
astrophysical and laboratory plasmas. The node is in debug phase and will
need some time to be o cially included to VAMDC portal ( https://portal.
vamdc.eu/vamdc_portal/home.seam). Tap query already is available as a web
service (also via TAPValidator). Capabilities listed at http://servo.aob.rs/
acol/tap/capabilities ; sample query:servo.aob.rs/acol/tap/sync?LANG=
VSS2&amp;REQUEST=doQuery&amp;FORMAT=XSAMS&amp;QUERYAtsxect+*
we will host queries locally on the website which also deliver datdn XSAMS
format de ned by the VAMDC (servo.aob.rs/acol/).

4. Summary

Based on the foregoing, it can be inferred that examined collisional exci-
tion/ionization processes and data in ACol DB could play a important role in the
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Figure 3. Class diagram for the ACol node (logical model)

spectral exploration of many astrophysical environments and laboratory LTPs
(Wilson et al., 2002 Klyucharev et al., 2007 Ignjatovc et al. , 2019 Adamovich
et al., 2022 although it is in the development i.e. debug stage. Due to their rapd
expansion in the modern world, services like atomic databases and astromi-
cal virtual observatories must continue to be developed and o ered. Tlis is the
rationale behind SerVO's and VAMDC's ACol continued database developmat.
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Abstract. A complete set of cross sections for helium ions in a mixture of
helium and carbon tetra uoride is recommended. The transport propert ies for
He" ions in He/CF 4 mixtures required to model the discharge containing the
mentioned ions were calculated by the Monte Carlo method at a te mperature
of T = 300 K. In this paper we give the drift velocity, characterist ic energy,
reduced mobility and specially rate coe cients for low and mode rately reduced
electric elds E /N (E-electric eld, N-gas density) and accou nting for non-
conservative collisions. This paper is dedicated to the presentation of the set
for He™ ions scattering cross-sections in CR, which is estimated using available
experimental data for exothermic charge transfer cross-sections poducing CF;
and CF; ions and endothermic charge transfer cross-section producing CF ,
C* and F"ions. The aim of this paper is to determine how the addition of a
percentage for He in He/CF 4 mixtures a ects the separation of bulk and ux
transport parameters for He * ions.

Key words: He* { He/CF 4, mixtures { Monte Carlo simulations { cross sec-
tions { transport coe cients

1. Introduction

He-CF, mixtures are used in gaseous electronic multipliers for various imagm
purposes (X-rays, charged particles, thermal neutrons and dark matterdetec-
tion) (Fraga et al.,, 2003 Kaboth et al., 2008. After hydrogen, which makes up
about 90% of the cosmos, helium is the second most abundant element (about
9%).

We notice the importance of obtained results as atomic and molecular data
which are input parameters for modeling of various environments. Low ém-
perature can change the state of metals, gases, liquids and solids, causanu
age to organisms depending on length of exposure, and change the functional-
ity of mechanized processes. Electron multiplication bursts a et the produc-
tion of various ions that can a ect the time distribution of detected part icles
(Baznjakovt , 2016. The experimental transport coe cients required as input
data for He* ion transport models in He are existing {iehland et al., 2017
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Basurto et al., 200Q Helm, 1977 Stefansson et al. 1988 Viehland & Mason,
1995. Only bulk values in CF,4 of transport coe cients can be experimentally
determined (Robson 1991). Due to signi cant particle losses in He" in CF,, the
experimental transport coe cients were not measured. Although some eperi-
mental points for the cross sections of Heion scattering in CF4 were obtained
by (Fisher et al., 1990. A complete set of cross-sections for this system with
more details is given in the paper Nikitovt et al. , 2017). Quantum-mechanical
calculation of a certain cross-section is a required task that require knowledge
of the surface potential energy of ions and molecules to be constructedoim the
structure of the reactants. Less intensive computational methods, sch as the
Denpoh-Nanbu theory (Denpoh & Nanbu, 1998 Nikitovt et al. , 2014 Petrovt
et al., 2007, require knowledge of thermodynamic formation data and are ap-
plicable to a range of molecules. Although thermodynamic formation data are
known in this case, such an approach is dicult to apply, since the reaction
does not take place via the excited (HeCE *) complex but via the excited
CF, (CF, *) states. It is also more appropriate to select the limit energies for
the reaction products from the energy thresholds of the CF state (Motohashi
et al., 2005 than from the enthalpies of formation.

lon charge transfer reactions with molecules are important elementary -
cesses in modeling kinetics in all types of plasma. In many caseg,is known
that the cross section for these reactions represents the most impant part of
the set of cross section. From the observation of the line spectra of eited F
atoms obtained by spectrometric measurementsNlotohashi et al., 2005 in CF 4,
it can be concluded that the charge transfer reaction is the dominant pra@ess in
collisions with inert gas ions. This argument seems to be enough to ignorether
possible reactions. The aim of this paper is to report on a topic importantfor
both basic studies and application. We estimated the set of cross seaois for
He" in He/CF 4 using existing experimental data (Viehland et al., 2017 Basurto
et al.,, 200Q Helm, 1977 Stefansson et al. 1988 Viehland & Mason, 1995. In
the next section, we will discuss the compilation of existing data ad estab-
lish one possible set of cross-sections. We will then describe tlealculation of
transport parameters and nally discuss our results. The coe cients of velocity,
ux and bulk reduced mobilities, calculated from ux and bulk drift velocities
by Monte Carlo simulation are signi cantly di erent in the region of mod erate
E/N.

2. Cross section sets

Our goal in this section will be to establish a set of cross sections bause
only the set of cross sections contains relevant information for calculang the
transport properties of the selected ion in a given gas. In our chosen casthe
general knowledge of the total cross-section indicates that at low energs they
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Figure 1.: Cross section set for H& + CF 4.

would be a ected by attractive long-range forces, while at high energies ley
would be a ected by repulsive forces.

For low energies, when the interaction potential is very close to thenduced
dipole potential, it can be assumed that the total cross section of the momat
transfer is = 1.105 | where | is the Langevin cross section cDaniel
et al.,, 1970. The Langevin cross section was determined using the average gas
polarizability. The average polarizability of CF 4 is poorly determined (Fisher
et al., 1990 and can lead to deviations in the calculated ion mobility in CF4
(Stojanovt et al., 2014 Georgieva et al, 2003. As a consequence, this would
a ect the prediction of plasma parameters in modeling. The value of 3.86 1(B0
m3 used by Stojanovt et al. (2014 who found an excellent agreement between
the experimental and the calculated reduced mobility of CF ions in CF,.

From measurements of exothermic cross sectiorfSisher et al. (1990 for the
production of CF; and CF; from He* + CF 4 it can be concluded that the scat-
tering is appropriate to describe with induced polarization potential up to 0.2
eV. Thus, assuming that charge transfer reactions are the dominant intesction,
a cross section of elastic moment transmission can be obtained by dedimh of
experimental reactive cross sectionsKisher et al., 1990 from the assumed total
moment transfer.

Extrapolation of the behavior of the cross section of the transmission of
elastic moment outside the Langevin point of intersection to the cross action
of the soft sphere Fisher et al,, 1990 was done by smooth connection with
the trend 1=v® (Krstc & Schultz , 2009 Raspopovt et al., 2015 where v is the
center-velocity of mass (see Figurd). Extrapolation is performed in the energy
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Figure 2.: Cross section set for H& + He.

Figure 3.: Drift velocity for He * in He/CF 4 mixtures as a function of E/N.

81
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region where a repulsive interaction is expected to occur, whichs estimated
to be above about 3 eV. Finally, all exothermic and endothermic cross-sgions
of Fisher et al. (1990. Reactive cross sections were approximated by constant
values at all kinetic energies of ions above 50 eV using data for the prodtion
ratio between the observed ions as proposed inParker & El-Ashhab, 1983.

Figure 4.: Longitudinal characteristic energy for He" in He/CF 4, mixtures as a
function of E/N.

It was found that di erent extrapolations (short dot-dashed or dashed line
in Figure 1) of unusual low energy behavior observed by cross-sectional mea-
surement led to CF; formation (where exothermic reaction behavior is expected
regardless of, H& spin state) have negligible impact on mobility. In the case
of the system, He on He, the Phelps sections taken from the database were
used for (Phelps, 2011). The section consists of two components: Isotropic and
Backscat is given in Figure?2.

3. Transport parameters

Transport properties needed for modeling CR discharges containing Hé ions
are calculated by the Monte Carlo method. A code that properly takes ino ac-
count thermal collisions was used Ristivojevic & Petrovt , 2012. It has passed
all relevant benchmarksFisher et al. (1990 and was tested in our work on sev-
eral types of charged particles Petrovt et al. , 2007 de Urquijo et al., 2013.
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Figure 5.: Transversal characteristic energy for H& in He/CF 4 mixtures as a
function of E/N.

Figure 6.: The bulk and ux reduced mobility for He * in He/CF 4 mixtures as
a function of E/N.
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Swarm parameters of H& in He/CF 4, mixtures for a temperature of T=300 K
are presented.

The calculated transport parameters are the mean energy, characteristien-
ergy, drift velocity, di usion coe cients, ionization and attachme nt coe cients
and chemical reaction coe cients for ions (Petrove et al. , 2009. The excitation
coe cients are also measured but seldom used in modeling. Note that thse
transport parameters are the only information present in the literature up to
now and there are no published experimental data for the transport ce cients
of He" in He/CF 4, mixtures. The transport parameters of He" ions swarm in
neutral gases He and Ck, as well as in mixtures were calculated: (1) 5% He +
95% CF4 (2) 30% He + 70% CF, and (3) 70% He + 30% CFy.

Figure 7.: Rate coe cients for He*™ in He/CF 4, mixtures as a function of E/N:
momentum transfer.

The ux and bulk drift velocities ( Robson et al, 2005 Ness & Robson 1986
Nikitovt et al. , 2018 Nikitovc & Raspopovt , 2021) for He* in He/CF 4 mix-
tures as a function of E/N are given in Figure 3. The drift velocities obtained by
the Monte Carlo simulation are calculated in real space (bulk) and in vebcity
space (ux) values which are obtained asd < x > =dt and <v >, respectively.
At low energies, at E/N< 200 Td due to intense formation of CF, and CF; ions
in charge transfer reactions instead of Héions, the center of mass of the swarm
moves forward, so that the bulk velocity is greater than the ux. Wit h further
increase E/N>200 Td when the high-energy ions from the distribution function
increasingly have non-conservative collisions in which the CF, C* and F* be-
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Figure 8.: Rate coe cients for He* in He/CF 4 mixtures as a function of E/N:
production reactions.

coming He" ions disappear, shifting the center of mass of the swarm backward,
resulting in a bulk velocity less than the ux.

In Figure 4 we present the characteristic energies (di usion coe cient nor-
malized to mobility D/K in units of eV) determined in the direction of the elec-
tric eld. Figure 4) are shown that with increasing percentage of Ci molecules
in the mixture with He there is an increase in bulk and ux values of longitu-
dinal characteristic energy, except in the case of balk values of eDL/K at &4
concentrations higher than 95% for E/N>40 Td. Already 5% He" ions in a mix-
ture with CF 4 signi cantly reduces the di erences between balk and ux values
of longitudinal characteristic energy, and in a mixture with 30% He thesedi er-
ences are still noticeable. Figured) also includes the experimentally measured
values of eDL/K by Viehland et al. (2017 for the system He" + He (black
symbols).

The transversal characteristic energy also increases with increasy percent-
age of He/CF, mixtures (Figure 5). Smaller di erences between balk and ux
values are in transversal compared to longitudinal characteristic enagy. With
30% He in the mixture there is no di erence between bulk and eDT/K u x.
In Figure 5) the experimentally measured values of eDT/K by Stefansson et al.
(1988 and Viehland & Mason (1995 for the system He' + He (black symbols).

Reduced mobility for He* ions in CF4 as a function of E/N (E-electric eld
strength, N-gas number density) compared with bulk and ux values is $10wn
in Figure 6. Signicant peak in the bulk reduced mobility is obtained as a



86 Z.Nikitove and Z. Raspopovt

result of di erence in energy dependence of elastic and exothermicross sections
(Nikitovt et al. , 2019 . Let us remind the reader that the bulk drift velocity
(W = d < x > =dt) is reaction corrected ux drift velocity (w =< v >):
W = w+ S, whereS is the term representing a measure of the e ect of reactions
on the drift velocity. Di erence between bulk and ux reduced m obilities is a
consequence of energy dependent reactions. We found that the crosscsen
leading to formation of CF (where irrespective of the Hé spin state exothermic
behavior of reaction is expected) are negligible on mobility.

Mobility of He * + CF 4 depending on E/N has a pronounced maximum at
about 40 Td, while mobility of He* + He does not; has a plateau at low E/N that
immediately declines as a result of pronounced backs cat interactiorAt low E/N
higher values of Ko for the H&¢ + He system than those for He + CF 4 are due
to less the reduced mass of the ion neutral pair. At low E/N balk values ér Ko
are higher than ux values as a consequence of low-energy capture of H@ns
by CF, molecules in an exothermic reaction in which C% ion is formed. At
large E/N ux values are higher than the balk values due to higher ion capture
at high energies than at lower ones. With increasing He concentration in lie
mixture, the di erences between bulk and ux values are signi cantly reduced.
For a mixture of 30% He + 70% CF, these di erences can be clearly seen only
in the region of about 40 Td. In Figure 6 the experimentally measured values
of Ko by Viehland et al. (2017, Basurto et al. (2000 and Helm (1977 for the
system He¢ + He (black symbols).

In Figures 7 and 8 we show rate coe cients for elastic momentum transfer
and for all reactive processes as a function of E/N. The rate coe cients asnal
output of our calculations is needed as input in uid equations for desciption
of ion transport in He/CF 4, mixtures. The rate coe cients for all reactions
presented in the cross-section sets are signi cantly di erent than one that should
be obtained with cross sections obtained from statistical theories sutare those
obtained by Denpoh-Nanbu theory (Denpoh & Nanbu, 1998.

4. Conclusion

In this paper we have determined the cross section of elastic momeiansport as
a function of energy for He' scattering on CF, that can be used in modeling Hé
transport in He/CF 4 mixtures. We used the data for a simple theoretical cross-
section of the transmission of the total moment and obtained the cross-séion
of the transmission of the elastic moment by deduction of all experimetally
obtained cross-sections of the charge transfer. In doing so, we assumdtht the
measured cross-sections of the charge transfer were collisions withe highest
probability. Thus, in this paper, we have estimated the set of crosssections
for He" ions in He/CF4 that can be used as an independent input in modeling
He* ion transport. This estimation was performed using measured cross-sdons
of charge transfer.
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Since, according to our knowledge, there is no direct information irthe litera-
ture on how the mobility of high recombination energy ions, such as Htions, be-
have in He/CF4 mixtures, we calculated transport parameters using the Monte
Carlo simulation method (Nikitovt et al. , 2014 Nikitove et al. , 2016 2019.

In this work, we obtained and considered data on longitudinal and transver
sal characteristic energy, bulk and ux reduced mobility and rate coecients.
Data on swarm coe cients for positive and negative ions are required for lybrid
and uid codes (White et al., 2014 and the current focus on liquids or liquids in
rare gas mixtures dictates the need to produce data compatible with hese mod-
els. Given the current interest in liquid and / or liquid models in mixtures with
rare gases, data on swarm coe cients for positive and negative ions for hybd
and uid codes are needed. Atmospheric and near-atmospheric pressa glow
discharges generated in both pure helium and helium-air mixtures hee been
studied using a plasma chemistry code originally developed for siafations of
electron-beam-produced air plasmas.
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Abstract. We investigated the electron-impact processes involving hydrogen,
lithium and sodium molecular cations. Rate coe cients for th e dissociative re-
combination in domains of principal quantum numbers n 4 and temperatures
from 500 K to 10 000K are reported. Considered collisional processeshave an
impact on the ionization level and atom excited-state popul ations as well on
optical characteristics. The data are useful for the modeling of t he kinetics of
the Early Universe and for geocosmical plasma investigation.
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1. Introduction

In modern science researchers are very interested in collisiorrqresses that in-
volve hydrogen and alkali atoms and moleculeslécob et al., 2019 Ignjatovt
et al., 2019 202Q Coppola et al,, 2013 Klyucharev et al., 2007). The reason is
because of how they a ect the spectral properties of astrophysical andabo-
ratory plasmas (Sreckovt et al. , 2014 Tielens, 2013 Beuc et al,, 20183. The
ionization level, atom excited-state populations, and optical characterstics can
all be a ected by collisional events that involve electrons, atoms, ionsand small
molecule ions Schneider et al, 1991 Mihajlov et al., 2011, Sreckovt et al. , 2017,
Beuc et al, 2018k Majlinger et al., 2020.

Atomic hydrogen, helium, lithium, and their cations are said to have been
the rst species generated by the nucleosynthetic activity that occurred after
the Big Bang, according to theories of the early Universe Epee Epee et al.,
2022 Tielens, 2013. Later, simple molecules and their cations were created by
the reactions of atoms. Dissociative recombination a ects these moledas and
molecules ions Coppola et al,, 2011, Djuissi et al., 2020.
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For the examples involving lithium, sodium, and hydrogen, we obtainel rate
coe cients for dissociative recombination. For a wide range of parametes (500
K T 5000 K) and principal quantum numbers up to 20, the collisional data
are acquired. Our goal is to produce high-quality data that can be corredy
incorporated into current codes Hauschildt & Baron (2010; Hubeny & Lanz
(2017 and databases for modeling planetary atmospheres, laboratory plasma,
geocosmic plasma, and the ionospherélbert et al. (2020; Marinkovt et al.
(2017. The presented data may be of interest and for investigation and mod-
elling of sodium clous on lovian satellites loGrava et al. (2014 and Europa
Leblanc et al. (2005.

1.1. The method

We investigated the collisional processes i.e. electron driven pcesses involving
molecular cations

e+ Ay =) A (n)+ A 1)

Here A are hydrogen, lithium or sodium atoms in the ground states,A (n) are
highly excited atom i.e. Rydberg atoms,A; are the molecular ions in the ground
electronic states.

The calculations were performed within the DRM i.e., the collisioral reac-
tions (1) have been treated by the so-called dipole resonant mechanism (DRM)
In this characterization, the processes are caused by the dipole padf the elec-
trostatic interaction between the outer highly excited i.e. Rydberg electron and
the inner (ion-atom) system. This method is especially e ectivewhen used with
the so-called decay approximation. A thorough and detailed descriptiorncan be
discovered in paper of Mihajlov and coworkers ihajlov et al., 2012 Mihajlov
et al., 2003. Here, we present a brief description of the method with the basi
theory.

We use the DRM to obtain the rate coe cients for the principal quantu m
number 4 n 20 and for temperatures from 500 K to 10000 K. The data are
presented and discussed in details in Section 2.

1.2. The obtained quantities

Rate coe cients for the dissociative recombination can be expresse as

ZR
n U12(R) U]_(R) R4dR
Ky = Cq(T ex X(R;T 2
=G e SR S XRT) S @

in accordance with the theory from (Mihajlov et al., 2003 201J). Here U;2(R) =
Ux(R) Ui(R), R is the internuclear distance, andU;(R) and U,(R) are the
ground and rst excited electronic states of the molecular ion.R,, is the largest
root of the equation U12(R) = |, and Ry, is determined as inMihajlov et al.
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(2003. Quantity C,(T) is given by

(2 )°%2 (heag)? I'n

#2 (mkT)=2" P g7 )

Cn(T) = KT

I, denotes the ionization energy of the excited atom. ParametelX (R;T) can
be given by

8
< 3 U(R) _ 3 .

XRT)= 2 kr ~ 2 U<0 @)
"0 U 0

where and are incomplete gamma functions.

Various atmosphere modelsHauschildt & Baron (2010 and spectrum syn-
thesis codesHubeny & Lanz (2017 depend on the rate coe cients and cross
sections as input parameters. Our aim is to determine high quality da& in order
to be properly included in modern codes and databases for modellinglanetary
atmospheres, early Universe chemistry, geocosmic plasma, etélpert et al.,
202Q Jevremovc et al., 202Q Marinkovt et al. , 2017).

Figure 1. Left: Calculated values for rate coe cient Kr (cm® s 1) as a function of n
and T for lithium case (A=Li in Eq( 1)); Right: Calculated values for rate coe cient
Kr (cm® s 1) as a function of n and T for sodium case (A=Na in Eq( 1)).

2. Results and Discussion

The data i.e. the total recombination rate coe cients Kr (n; T), obtained by Eq.
(2), for lithium and sodium are presented in gure 1. The gs. 1a,b cover the
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regon 6 n 20 and 500 K T 5000 K. One can see that probability for
dissociative recombination is higher for lowern and lower temperature. Thus
apparently these collisions become one of the main reactions for the craah
of Rydberg atoms for investigated environment under these conditionsSimilar
behavior is for the case of hydrogen i.eA =H.

Table 1. The coecients in the Eq.( 5) for lithium case corresponding to the rate
coe cient obtained by Eq.( 2).

n 0 1 2

6 7.43209 -16.86487 2.03664
10 -11.4306 - 6.51424 0.57043
15 -16.69436 - 3.79753 0.18394
18 -17.92629 - 3.24067 0.10772
20 -18.19294 -3.16733 0.09762

To enable an easier use of data, we give for recombination rate coe cient a
simple logarithmic second-degree polynomial formula, with n-dependd coe -
cients ;(n). A straightforward analytical expression for the dissociative recom-
bination rate coe cient K,(n;T)

X _
log(K(n; T)) = i(n) (log(T))' ®)

i=0

is valid in region of investigated plasma parameters in this study.
The selected ts (for6 n  20) for lithium and sodium collisions are listed
in Tabs. 1 and 2. A=H ts (for 4 n 8) are listed in Tab. 3.

Table 2. The coe cients in the Eq.( 5) for sodium case corresponding to the rate
coe cient obtained by Eq.( 2).

n 0 1 2

6 6.30554 - 16.17964 1.93667
10 -11.24121 -6.63408 0.59369
15 -16.41778 -3.96127 0.21307
18 -17.73199 -3.33623 0.12335
20 -17.96593 - 3.2857 0.11752

The ts are valid within the temperature range 500 T 5000 K for lithium
and sodium collisions and 3000 T 10000 K for hydrogen case in reaction

(2).
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Table 3. The coe cients in the Eq.( 5) for hydrogen case corresponding to the rate
coe cient obtained by Eq.( 2).

0 1 2
61.86661 -42.61027 4.94202

-15.9987 - 4.15003 0.20879
-18.32435 -3.07864 0.07813
-19.66572 - 2.49104 0.00637
-20.04561 - 2.38883 -0.00388

0 ~NO 01 DS

3. Summary

In this paper we have calculated the rate coe cients for the dissoéative recombi-
nation in domains of principal quantum numbersn 4 and temperatures from
500 K to 10 000 K for the electron-impact processes involving hydrogen ¥,
lithium Li 5 and sodium Na&, molecular cations. The numerical data show that
the investigated processes have a considerable impact on the atom ébedl-state
populations and ionization levels and consequently on the optical properes in
the weakly ionized layers of atmospheres of various stars. Moreover th@ovided
collisional data are ready to be used in the early Universe chemistrymodeling
of interstellar medium and cold plasmas.
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Abstract.  Arti cial neural networks are gaining a momentum for solving com-
plex problems in all sorts of data analysis and classi cation m atters. As such,
idea of determining their usability on complex plasma came up. The choice
for the input data for the analysis is a set of stellar spectral data. It consists
of complex composition plasma under vast variety of conditio ns, dependent on
type of star, measured with calibrated standardized procedures and equipment.
The results of the analysis has shown that even a simple type of perceptron
arti cial neural network could lead to results of acceptable qua lity for the anal-
ysis of spectra of complex composition. The analyzed ANNs perfaomed good
on a limited data set. The results can be interpreted as a gure of m erit for
further development of complex neural networks in various applic ations e.g. in
astrophysical and fusion plasmas.

Key words:  Atomic processes{Line: pro les-astrophysical & fusion plasma s

1. Introduction

The usage of machine learning algorithms is a growing eld of researctIsanto
et al., 2016 Baron, 2019 Kates-Harbeck et al, 2019. Since the computer power
is constantly growing its usage is often found in a wide variety of appliations:
from determination of objects on a photograph all the way to expert systens
capable to determine adequate states and predicted outcomes of compleys-
tems; from di cult-to-maintain machines states and prediction of cond itions,
up to the assistance in human health monitoring.

Even the specic elds of spectroscopy rely deeply on arti cial neural net-
works, as is the case for instance with medical spectroscopy applicatiowang
et al. (2019, or for instance agricultural application Basile et al. (2022; Longin
et al. (2019. The material recognition in extraterrestrial spectroscopic probing
is also a very di cult task, since the limitations of the mass and resolving power
of the onboard instruments are a very di cult limiting factor ( Koujelev et al.,
201Q Bornstein et al., 2005.
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Usage of the arti cial neural networks (ANN) fell into focus of our interest
because of exibility of their application, as well as a variety of complex problems
that they have already solved.

All of the mentioned has been a factor for applying neural networks to the
decision process of determining a stellar spectral type as an examglbf appli-
cation on astrophysical data (Albert et al., 2020. Arti cial neural networks are
often used in astrophysics (e.g. for the integral eld spectral analyss of galaxies
in Hampton et al. 2017). There is an expectation of development of further focus
on convolutional neural networks application on spectroscopic data Castorena
et al., 2021). Also, even more complex predictions based on back-propagation
in neural networks as well as complex arti cial neural networks structures in
spectroscopic usage are knownlL( et al., 2017). In order to have insight of ap-
plicability of the ANN usage we have limited our research on simplest casas a
gure of merit.

Few random spectral curves from databaséickles (1998 are presented here
in results. Entire database set consists of spectra for 12 types of staf spectral
type O normal; B normal; A normal; F normal; F Metal rich; F metal weak; G
normal; G Metal rich; G metal weak; K normal; K Metal rich; K metal weak;
and M normal. Our aim was to create test case as a method of determining
a quality of specic ANN in various machine learning analysis, from stellar
and fusion spectra analysis, material analysis, up to extremely spéc cases
as enhancing a low resolution instrument performance for speci c aplications
(Marinkovt et al. , 2019 Albert et al., 2020.

2. ANN basics and principles

The usage of systems related to the functions of neural networks has beén
focus of investigation since mid-1940McCulloch & Pitts (1943, but the real
usage has evolved with the application of modern day digital computers, wich
enabled construction of networks of enlarged complexity. One of the siplest
neural networks, that could be seen more as a test case of validity of operan of
arti cial intelligence systems, is perceptron (Rosenblatt, 1958. The prediction
as well as sensitivity of the training data set is in favor of more compl& net-
works. It is the primary goal of our investigation, along with their applic ation
on spectral data sets and measurements.

The choice for the dataset was made on open access data les for the 131
stellar spectra published by Pickles (1998 (available at accompanying refer-
ence appended to the bibliographical entry, as seen in May 2022). The relis
are promising and further research on the eld is expected. The qualy of the
trained arti cial neural network prediction is related to the data se t as well as
its structure. An e ort of applying it on a large scale dataset or database shoud
be carried out.
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The problem of nding out a category of data subset is an inherent problem
for any sort of machine learning and as such for the arti cial neural networks
also. The arti cial neural network is a system of mathematical functions trying
to resemble a simpli ed animal brain. The network consists of arti cial neurons.

Inputs Weights

Output

Acrivation
function

Figure 1. The concept of a neuron. Schematic presentation.

A neuron is described as a function that adopts output value based on its
input values and bias value by the means of reaction function. The simpmst
neuron concept could be seen on a Figuré The neuron determines its output
state as an output of activation function based on a weighted sum of input
values and a bias value itself, and could be described by equation

!
_ X
You = fact Bias +  xjw; (1)
i=1
wheref o is a activation function, x; and w; are thei-th input value as well as
adequate input weight.

Sigmoidal tanh RelLU Leaky ReLU
l T T T l T T l T T T l T T T
05 | 1 05 1 05 - 1
05 - R 0 R 0 R 0 R
0.5 1 0.5 | 1 0.5 |- 1
0 | I I -1 I I -1 I I I -1 I I I
4 -2 0 2 4 4 -2 0 2 4 -1-05 0 05 1 -1-05 0 05 1

Figure 2. Four most common neuron reaction functions.

The neuron reaction on external stimulus is strongly dependent on itgeac-
tion function. In order to determine the neuron behavior on a micro <ale, the
reaction function as well as the method of adopting the weight values plgs a
determining role. Four most common reaction functions are shown on Figue 2.
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Input Hidden layers of the ANN Output

Figure 3. Concept of ANN of perceptron, feed forward and deep feed forward.The
shown ANN consist of M input neurons, two hidden layers of N and P neurons and
output layer of Q neurons.

A topology of the neural network as well as the learning method are de-
termining the global reaction of the neural network. For the goal of usability
analysis the simplest ANN topologies, perceptron, is chosen. The Feedkvard
and Deep Feed Forward topologies are based upon fully connected denseday
of neurons, see Figure3. The two speci c layers, input and output, have the
dimensionality of the input data and output states consequently and arethe
only limiting factors of the network. When there is more than one hidden layer,
the neural network is considered to be the deep one.

3. Results and discussion

In Figure 4 several random spectral curves from databas@ickles (1999 are
presented. Entire dataset consists of spectra for 12 types of starspectral type
O normal; B normal; A normal; F normal; F Metal rich; F metal weak; G normal;
G Metal rich; G metal weak; K normal; K Metal rich; K metal weak; and M
normal. Each epoch of the dataset was divided into 70% for training set and
30% for the test set.

As a test bench for the application of the ANN to the selection set of per-
ceptron, Feed Forward and Deep Feed Forward networks are used. As a reash
function ReLU (recti ed linear unit) was used, and the input data was normal-
ized to unit using standardization
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Figure 4. Several sample spectra. Spectra i.e. data is taken fromPickles (1998).

x0= . A= xi; A=t _——— (x MNZ )

No additional data preparation was imposed. The investigated neural net-
work topologies were let to train on the set of data for 200 epochs. Input lagr
consisted of 4771 input values of available data, output layer consisted of 12
types of stars, spectral type O normal; B normal; A normal; F normal; F Metal
rich; F metal weak; G normal; G Metal rich; G metal weak; K normal; K Metal
rich; K metal weak; and M normal. The hidden layers consisted of 5000 neu-
rons in rst, 1000 in second and 512 neurons in third layer. They were intuded
consequently in order to compare ANN behavior, see Figuré.

It is obvious, by the analysis of calculated data presented in Figureb, that
the deeper ANNs are capable to learn faster and have better predictions s
smaller epochs of learning. This capability is a winning solution in te case of
complex spectra. The ANN could fall into pseudo stable states and prodce
a non-minimal error. Such falls into local minimum state could be avoded by
several advanced methods one of which is providing an algorithm for forgéhg
of the learned state, e.g. algorithm that disturbs a learned state after ach
application.

Also, there are probably better methods for the input dataset preparation,
from pure mathematical procedures up to convolutional ANN (CNN) incorpo-
ration. It is proven that, even in its simplest forms, ANN could be useal for such
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ANN convergence by learning epochs
80 T T T T

Prediction [%]
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Figure 5. Convergence of ANN of perceptron, feed forward and deep feed forward,
on analyzed dataset.

tasks. It is to expect that there are better ANN topologies for such a task,and
this is a eld for further investigation.

From the above it is obvious that even in its crudest form articial neu-
ral networks are capable to successfully deal with the spectra classation. It
is con rmed that this case could be used as a gure of merit for the further
development of ANN and machine learning applications in general.

4. Conclusions and future possibilities

The results are promising and the further research on the eld is epected. The
rst goal of analysis of a single set of complex spectral data recorded undesim-
ilar conditions is achieved with reasonably good prediction. Concermig minute
di erences in comparison to each other it is considerable result for e basic
ANN structure.

Since the quality of the trained arti cial neural network prediction is related
to its structure as well as the dataset quality and volume, an e ort on a large-
scale database collection should be carried out. One of the rst steps shld
be inclusion of pre-trained convolutional ANN for the purpose of input data
pre-processing before entering of selector ANN.

Commercial packages as well as some speci ¢ open-source solutions for the
analysis of the spectra with the help of prede ned ANN exist. Their application
is usually very speci c and does not allow the opportunity to t the b est ANN
nor to perform unique mathematical procedures during input data preparation
that could be best suited for the sought purpose. This possibility isthe winning
factor in each speci c case. Such approach should enable systems for mage-
cialized problem solutions, from stellar and fusion spectra analysis uto more
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speci ¢ expert systems related to technical solutions. The furher development
in both ANN structures as well as data preparation should be carried out wih
the speci ed problem in mind.
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Abstract.  Solar activity during solar minimum between 23 " and 24" solar
cycle was inspected, based on solar X-ray radiation listings from Geostationary
Operational Environmental Satellite (GOES) database. Period s of quiet solar
conditions with low background X radiation are particularly favou rable for
analysis and exploration of low intensity solar are events an d their e ects on
lower ionosphere. Low intensity solar are events were monitore d and examined
through Very Low Frequency (VLF) radio signals (3-30 kHz), recorde d by
the use of Absolute Phase and Amplitude Logger system (AbsPAL) operating
at the Institute of Physics Belgrade, Serbia. For the purposes of numerical
modeling of low ionospheric response to low class solar are evats, the Long
Wave Propagation Capability (LWPC) software, based on Wait's t heory, was
applied. Main results are presented in this paper.

Key words:  Solar activity { Solar X-ray ares { radio signal perturbations

1. Introduction

During quiet solar conditions, ionization i.e. production of electron content
within lower ionospheric D-region, within altitude range 50-90 km, is in gen-
eral related to photoionization processes caused by UV Lyman- spectral line
121.6 nm, EUV spectral lines ranging from 102.7 nm to 118.8 nm and galactic
cosmic rays. One of frequent extraterrestrial causing agents, that ecome major
source of electron density perturbations within D-region, are X-ray ®lar are
events (0.1-0.8 nm) Whitten & Poppo , 1965 Wang et al., 2020 Hayes et al,
2021). Due to additional ionization, electron density height pro le of the | ower
ionosphere changesNitra , 1974). Such perturbations a ect propagation of Very
Low Frequency (VLF) radio signals within Earth-ionosphere waveguide,caus-
ing deviations from their regular propagation patterns stable at unperturbed
solar conditions (Thomson, 1993 McRae & Thomson, 2000. Since electron
production rate coe cients can be considered directly proportional to intensity
of incident X-radiation ( Ratcli e et al. , 1972, perturbations of VLF radio sig-
nals induced by solar ares can be used as diagnostic tool for exploration of
lower ionospheric electron content behavior during such eventssgeBarta et al.,
2022 and references therein).
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Utilization of VLF radio signals, as the remotesensing technique for expi-
ration of the lower ionosphere Thomson et al., 2011, McRae & Thomson, 200Q
McRae & Thomson, 2004 Thomson et al,, 2005, is widely adopted and exten-
sively used by many research groups over several decades, e §illfer & Price,
2017 and references therein. Response of the lower ionosphere to anadglzso-
lar are events, numerically was modeled by the use of Long Wave Propagatin
Capability (LWPC) ( Ferguson 1998 software relying on application of Wait's
theory (Wait & Spies, 1964).

E ects of low intensity solar are events of C and B classes, during 23/24
solar minimum, between descending branch of 28 and ascending branch of
24" solar cycle, were inspected by monitoring recordings of VLF radio signals
recorded in Belgrade (44.85 N, 20.38 W) Serbia, within time period from 2008
to 2010. Data related to solar X-rays is obtained from Geostationary Oper-
ational Environmental Satellite (GOES) archive database (https://satdat.
ngdc.noaa.gov/sem/goes/data/avg/ ).

2. Observations

Periods of quiet solar activity, like during solar minimums, are of great interest
for studying quiet ionospheric conditions and accompanying quiet i.e unper-
turbed states within Earth-ionosphere waveguide related to VLF radio signals'
transmission. In addition, since solar background X radiation during sud peri-
ods is of small amount, low class solar are events, like those of lower Class
and moderate B class, when occur, are easily noticeable and recognizaptearly
distinguishing themselves from surrounding sections of unperttbed VLF radio
signals. This gives a unigque opportunity to examine characteristicof low class
solar are events, which are otherwise masked by high solar background X rde
ation during periods of usual more intense solar activity. An example of ative
Sun during solar maximum in April 2014 and quiet Sun during solar minimum
in December 2019 are given in Figurel, left and right, respectively. In 23/24
solar minimum, during 2008 there were 8 C class and 1 M class solar are even
reported, with X-ray background ux up to A8.1, while during 2009 there were
28 C class solar are events reported, with X-ray background ux up to B1.4
(Figure 2).

VLF radio signal recordings obtained from the Absolute Phase and Ampli-
tude Logger receiving station (AbsPAL), located and operating at the Institute
of Physics in Belgrade, Serbia, was used as instrumental setup. With inspected
time period from 2008 to 2010, several VLF radio signals were simultaneously
recorded by AbsPAL station in Belgrade. Geographical position and transmit-
ter's characteristics of VLF radio signals propagating towards Belgrade are gien
in Table 1.
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Figure 1. Active Sun during solar max. in April 2014 (left) and quiet Sun du ring
solar min. in December 2019 (right) (taken from https://www.nasa.gov/ ).

Figure 2. Solar are events reported in period 2008-2010.

3. Results and discussion

Inspection of low intensity solar are events of C and B class, on recorde VLF
radio signals, was done according to provided solar X radiation listings fom
GOES database. During inspected period 2008-2010, low class solar are event
exhibited expected behavior, with amplitude perturbations of absolute amount
in general of several tenth parts of dB up to few dB and with phase delay
perturbations of absolute amount of few degrees to up to 16 Some typical
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Table 1. VLF radio signals registered in Belgrade during 23/24 solar cycle minimum.

VLF Transmitter Broadcast GCP*
signal Power Distance
(kHz) (kW) (km)
GQD/22.1 Skelton, UK (54.72N; 2.88W) 500 1982
NAA/24.0 Maine, USA (44.63N; 67.28W) 1000 6547
NWC/19.8 H. E. Holt, Australia (27.2S; 114.98E) 1000 11975
DHO/23.4 Rhauderfehn, Germany (53.08N; 7.62E) 800 1301
ICV/20.27 Isola di Tavolara, Italy (NATO) (40.92N; 9.73E) 20 970
HWU/18.3 Rosnay, France (NATO) (46.71N; 1.24E) 400 1493

*Great Circle Path (GCP)

examples of low intensity solar are events and accompanied VLF radio signal
perturbations registered in Belgrade are given in Figures3-4. However, in some
cases, relatively weak solar are events induced amplitude perturbtions of as
much as 5 dB and 13, while from relatively stronger ones, perturbations reached
as much as 5 dB and 1% (Figures 5-8). Particularly interesting case was solar
are event of B class B8.35 which induced amplitude perturbation in NAA/24.0
kHz radio signal of 1.5 dB and phase delay perturbation of 19 (Figures 9-10,
rounded by oval and enlarged in Figuresl1-12).

ST i N
e W ] M

Figure 3. GQD signal perturbation dur- Figure 4. GQD signal perturbation dur-
ing C2.8 class X-ray solar are event. ing C3.4 class X-ray solar are event.

Electron density height pro le within Earth's lower ionosphere changes due
to the incident solar X-ray radiation during solar are events, causing in gen-
eral descending and "sharpening" of the ionospheric lower boundary. Mael
of VLF radio signals propagation within Earth-ionosphere waveguide (Vait &
Spies 1964, that describes the electron density by re ecting edge sharpnss,
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Figure 5. GQD signal perturbation dur- Figure 6. NAA signal perturbation dur-
ing C3.7 class X-ray solar are event. ing C3.7 class X-ray solar are event.

Figure 7. GQD signal perturbation dur- Figure 8. NAA signal perturbation dur-
ing C6.5 class X-ray solar are event. ing C6.5 class X-ray solar are event.

denoted by (km ') and re ecting edge height, denoted byH ° (km), was used
for purposes of numerical simulations of VLF radio signal propagation through
Earth-ionosphere waveguide. Obtained results through simulations a& in good
agreement with VLF signal amplitude and phase delay data measured in Bel-
grade. Electron density height pro les N¢(z), within altitude range 50-90 km,
were obtained through the equation (Vait & Spies, 1964):

Ne(z;H® )=1:43 10'%e 0:15H%( 0:15)(z HY) . (1)

Numerical simulations were conducted for the entire time evolution ofcho-
sen solar are events, with parameter pairs (/H9 held constant along VLF
radio signal's GCPs, depicting "average" ionospheric conditions wittin waveg-
uide. VLF radio signal's amplitude and phase delay perturbations A (dB) and

P (°), were determined by comparing measured perturbed to the meased
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Figure 9. GQD signal perturbations dur- Figure 10. NAA signal perturbations
ing October 27" | 2009. during October 27™ , 2009.

Figure 11. GQD signal perturbation dur-  Figure 12. NAA signal perturbation dur-
ing B8.35 class X-ray solar are event. ing B8.35 class X-ray solar are event.

unperturbed amplitude and phase delay values and are calculated as: A =
Atiare - Aunpert and P = Priare - Punpert - During simulations through itera-
tive process, the goal was to achieve as close as possible to measured datzth
absolute values of simulated amplitude and phase delay and relative amouin
of perturbations. Results obtained through numerical simulations are h good
agreements with measured data. Calculated electron density height rles dur-
ing maximum of X-ray solar irradiance, in case of NAA/24.0 kHz signal trace,
are given in (Figure 13), for some chosen examples of solar are events: a) low
intensity C class solar are event C3.7 that occurred on December 16, 2009,
at 13:02UT with | max =3:73 10 8 Wm 2, with measured Ajae =5 dB and
Prare =13° and through simulations obtained parameter pair ( /H9 (0.43
km 1/69.7 km) with calculated electron density Ne(74 km)=1.37 10° m 3, b)
moderate intensity C class solar are event C6.5 that occurred on Deamber
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2392009, at 10:17UT with | max = 6:4910 ® Wm 2 with measured Afjae =5
dB and Pjae =6° and through simulations obtained parameter pair ( /H9
(0.43 km 1/70.1 km) with calculated electron density N¢(74 km)=1.17 10° m 3
and c) moderate intensity B class solar are event B8.35 that occurred onOc-
tober 27", 2009, at 13:11UT with | max = 8:35 10 7 Wm 2 with measured

Afiare =1.5 dB and P4e =10° and through simulations obtained parame-
ter pair ( /H9 (0.33 km 1/72.3 km) with calculated electron density N¢(74
km)=3.79 10° m 3. Obtained electron density height pro les in are state, with
Ne(74 km) increase of about one order of magnitude in case of C class ares,
with slight increase of about 75% in case of B class are, are realistic and itine
with other studies (Zigman et al., 2007 Grubor et al., 2008 McRae & Thomson,
2004 Kolarski et al., 2011 Nina et al., 2011, 2012 Kolarski & Grubor, 2014
Kolarski et al., 2022 Sreckovt et al. , 20213b).

Figure 13. Electron density height pro les during C3.7 (dashed line), C6. 5 (solid line)
and B8.35 (dotted line) class X-ray solar are events.

It is possible to draw conclusions about the intensity of the causig X-ray
solar are events, based upon perturbation amounts obtained from VLF radio
signal recordings, when taking into consideration single VLF radio signal tace.
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However, same solar are event can produce perturbations di erent boh in
pattern and in intensity, when observed on dierent VLF radio signal tr aces.
Typical examples are in general perturbations induced by solar are evets
of moderate and lower intensity classes as recorded in Belgrade dugnactive
solar periods on NAA and GQD radio signals. In such cases, NAA signal's both
amplitude and phase delay follow in pattern incident X-ray solar irradiance,
while in case of GQD signal, amplitude and phase delay follow incidenX-ray
solar irradiance in pattern, but like mirrored images and only in some casg of
higher class solar are events this feature is more or less mitigated4igman et al.,
2007 Grubor et al., 2008 Kolarski & Grubor, 2014. Aside to main factor of
solar are intensity ( Grubor et al., 2008 Kolarski & Grubor , 2014, this behavior
is also strongly under the in uence of VLF GCP trace characteristics (Kolarski &
Grubor, 2015 Sult & Sreckove , 2014 Sult et al. , 2016. For example, measured
absolute perturbation as observed on GQD radio signal trace, in case of C3.7
solar are event was Aggre =1 dB and  Psae =11.5%, in case of C6.5 solar
are event was  Afjare =1.2 dB and  Pjge =15.5° and in case of B8.35 solar
are event it was  Agare =0.4 dB and  Pyjae =3.3°.

4. Summary

Two year time period of VLF radio signal recordings from Belgrade AbsPAL
database, corresponding to 23/24 solar minimum, was examined in order of
getting better insight of e ects that low intensity solar are event s of C and
B classes have on the lower ionospheric region and transmission of VLF radio
signals within Earth-ionosphere waveguide. According to GOES databasedur-
ing inspected period 2008-2010, 38 solar are events of C and M class were
reported, with X-ray background ux in range up to A8.1 for 2008 and B1.4 for
2009. Low intensity solar are events of C and B class were monitored on all
recorded VLF radio signals. Depending on solar are occurrence time an&/LF
radio signal's GCP towards Belgrade receiver station, some ares wereirsul-
taneously observed on several VLF radio signals, however, detailed analgsin
this paper was conducted for cases of NAA/24.0 kHz and GQD/22.1 kHz signal
traces.

As expected, majority of low class solar are events in general revealeder-
turbations of absolute amount of several tenth parts of dB up to few dB and
of few degrees to up to 18, following the manner of incident solar X-ray ux.
However, there were also cases that fall out of the pattern, when relatiely weak
solar are events such as C3.7, produced perturbations of 5 dB and 23 while
relatively stronger ones, such C6.5 gave perturbations of similar amountas 5 dB
and 12°. Due to low X-ray background ux, in some cases even B class solar are
events induced noticeable perturbations, as in case of B8.35 with pautbation
of 1.5 dB and 10.
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Numerical simulations were conducted using LWPC software package, wit
goal of achieving simulated VLF data as close as possible to measured VLF
data in Belgrade, both in case of absolute values and in case of relative amount
of perturbations. Results obtained through iterative numerical simulations are
in good agreements with real VLF data measured in Belgrade{igman et al.,
2007 Grubor et al., 2008 Kolarski et al., 2011, Nina et al., 2011). In case of
NAA/24.0 kHz signal, perturbations induced by low class solar are events
produced "sharpening" and descending of the lower ionospheric boursdy, as
in cases of presented solar are events re ection height went from unprturbed
value of 74 km to 72.3, 70.1 and 69.7 km, while become "sharper" compared to
unperturbed value of 0.3 km ! reaching 0.33 and 0.44 km?. Estimated N¢(74
km) are realistic and in line with other studies (McRae & Thomson, 2004 Nina
et al.,, 2012 Kolarski & Grubor, 2014 Kolarski et al., 2022 Sreckovt et al. ,
20213b).
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Abstract. Recent research indicates that the in uence of the ionospheric D-
region on the propagation of satellite signals cannot be ignored during the
intense X-radiation emitted during solar X-ray ares. In this pa per, we inves-
tigate the in uence of changes in the solar hydrogen Ly radiation, which is
manifested in variations of the D-region electron density and, co nsequently, the
total electron content in this region, on the propagation of the Global Naviga-
tion Satellite System (GNSS) signals. We consider changes diring a solar cycle
and year, represented by the smoothed daily sunspot number and the day of
year. The obtained results indicate that the in uence of the D-re gion on these
signals is not negligible for positioning with a single signal recorded by a single
receiver during the period around the maximum of a solar cycle.

Key words: solar hydrogen Ly radiation { total electron content { ionosphere
{ GNSS signal delay

1. Introduction

The terrestrial atmosphere is constantly exposed to the in uence ofsolar radia-
tion, which signi cantly a ects the characteristics of its upper par t. The conse-
guence of that in uence is the formation of the ionized layer called tke ionosphere
(50 km - 1000 km) in which ionization processes occur in collisions of atmo-
spheric particles with di erent kinds of particles and photons. Photo-ionization
processes depend on the incident photons wavelengths and the comsied lo-
cation. Namely, solar photons in the upper ionosphere, which play a domiant
role in photo-ionization processes in these altitude domain, have walengths
in the soft X-domain of the electromagnetic spectrum, while, during qliet solar
conditions, the solar hydrogen Ly photons are the most signi cant source of
these processes in the lowest ionospheric layer called the Dgien.

Free electrons produced in the photo-ionization processes play agsi cant
role in the propagation of electromagnetic waves, including the satelte signals
emitted by the Global Navigation Satellite System (GNSS). This systen refers
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to any constellation of satellites used to provide accurate and threelimensional
positioning and navigation on a global or regional scale. The United States De-
partment of Defense has been established NAVSTAR GPS (Global Positionig
System) as the very rst system of its kind. Following that lead, v e other posi-
tioning systems were built during the last two decades, includig Russia's Global
Navigation Satellite System (GLONASS), China's BeiDou (or COMPASS), the
Navigation with Indian Constellation (NavIC) (or the Indian Regional Naviga-
tion Satellite System (IRNSS)), Japanese Quasi-Zenith Satellite $stem (QZSS),
and the European Union's GALILEO (Hofmann-Wellenhof et al., 2008.

GNSS signals play a very important role in modern life, which is whythe
study of the ionospheric electron density changes also has practical afipa-
tions. The in uence of the atmosphere on their propagation is signi cant in the
ionosphere and troposphere. At the same time, the ionospheric e ect osignal
propagation is more important in the upper ionosphere due to a signi cantly
higher electron density than at its lower altitudes. However, recat research in-
dicates that the in uence of the perturbed D-region cannot be ignored (Nina
et al., 2020. Bearing in mind that even in the absence of sudden disturbances,
the characteristics of this ionospheric layer change signi cantly die to changes
in the intensity of incoming Ly radiation during a solar cycle, year and time
of day, the question arises as to how these changes a ect the propagation of a
GNSS signal. The aim of this paper is to investigate the in uence of change
in Ly radiation during a solar cycle on the delay of the GNSS signal during
a year. In this study, we analyse the maximum daily in uence of the D+egion
on the signals, which occurs at noon. This analysis is based on Wait's medl of
the ionosphere Wait & Spies, 1964, which describes the ionosphere with two
parameters: the "sharpness”, and the signal re ection height, H® and on the
Quiet lonospheric D-Region (QlonDR) model (Nina et al., 2021, which pro-
vides these parameters at noon of the selected day. According to the IghDR
model, White's parameters are counted as functions of the ordinal numeér of
this day in year (Day of Year, DOY) and the smoothed daily sunspot numbe,

, relevant for the considered day.

2. Modelling

The solar ionizing radiation (particles and photons in the soft X and UV do-
mains) produces the free electrons in the ionosphere in su cientquantities to
directly a ect the radio waves propagation (from 3 kHz up to 300 GHz). The
ionospheric parameter which has a signi cant role in quanti cation of the iono-
sphere's state impact on the electromagnetic wave propagation is the Total
Electron Content (TEC). It represents the total number of electrons in a col-
umn with a 1 m? cross-section area along the signal path from a transmitter
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(satellite) to the receiver. Thus, it can be expressed by the snple line integral
(Seeber 2003 Hofmann-Wellenhof et al,, 2008:

z R
TEC(t) = Ne dh; (1)
S
in which N, stands for the electron density,R and S are the upper and lower
ionosphere boundary, andh is the altitude. TEC is expressed in the Total Elec-
tron Content Units (TECU), which amounts to 10 *° free electrons per m.
TEC delays signal propagation from satellite to receiver. Relationshipbe-
tween TEC and signal delay Pion ) is de ned by following equation (Hofmann-
Wellenhof et al., 2008:

' z R
PION = @ Nedh:
fz g

40:3
Tz TEC; (2
wheref denotes frequency of the considered electromagnetic wave, i.e.dhused
satellite signal.

In this paper, we focus attention on the D-region inuence on the sig-
nal propagation. For this reason, we modify Equations () and (2) such that
they only apply to this ionospheric region. If we slightly modify int egration
boundaries, by setting the upper and lower bounds of the D region ingad, i.e.
S = hiow = 60km and R = hyy, = 90km, Equation (1) can be rewritten as
follows:

Nupp
TECpH(t) = Ne dh; (3)
hIow
where indexD in TECp indicates that the TEC value is for ionospheric D-
region. In a manner that is analogous to the example given earlier, we are going
to refer to the signal delay in the D-region asPp:

TE
Pp =40:3 fSD ; 4)

It is necessary to point out that Equations (1) and (3) represents the TEC
calculation for the electromagnetic wave that is coming in from the zernth di-
rection (signal path goes perpendicular to the D-region boundary). In he case
that the satellite signal does not arrive from the zenith direction, dant TEC
(STEC or STECp for D-region only) is introduced. STEC can be calculated
using the vertical TEC value and the mapping function S( ) corresponding to
the actual zenith angle :

TECoh (1),

STECp(t)= S( ) TECp(t) = i)

(5)
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As can be seen Equation §), the TEC in both the vertical and slant di-
rections is a function of the electron densityN.. Equation that can be used to
calculate the electron density is as follows Thomson, 1993:

Ne(;H %h)=1:43 108 e H° d 018, (6)

where the "sharpness”, , and the signal re ection height, H® are given in
km ! and km, respectively. For quiet solar conditions, these parameters an
be determined using the expressions developed ifN{na et al., 202]) for the
Central Europe using the Quiet lonosphere D-region (QlonDR) Model. can
be obtained from:

(; )=0:2635+0:002573 9:024 10 8 2

+0:005351 : : %
: cog2 ( 0:4712)).

while H° can be calculated as:
HY; )=74:74 002984 +0:5705 cog2 ( 0:4712)+ ): (8)

As one can see in previous expressions, both, and H® depend on the two
parameters which represent dependency on a solar cycle period, stgibed in
terms of the smoothed daily sunspot nhumber, , and dependency on the season
parameter = DOY =365, where DOY is the day of year Nina et al., 2021).

The following expression, derived from Equations 8) and (6), can be used
to calculate the TEC value in the D-region (Todorovt Drakul et al. , 2016:

Ne(;H a,ht) Ne(; H O;ht).

TECp (t) = 1000 ) G5

9

As one can see, the signal delay’p, is a function of the seasonal parameter,

, smoothed daily sunspot number, , zenith angle from which electromagnetic
wave reached ionospheric layer,, and frequency of the considered signdl . In
this study, we analyse the dependencies on and for the three xed values
of , and the two f which are used for satellite signals important for the GNSS
positioning.

In addition to analysis of Pp dependencies of the indicated parameters, we

also provide analysis of its changes with (i.e. changes of derivative —2-)
depending on the same parameters.

3. Results and discussion

In this contribution, we calculated signal delay Pp for TEC values as function
of DOY and the smoothed daily sunspot number. The values of the zenitlangles
are chosen to cover the best and worst case scenarios regarding the applion
of GNSS technology - zenith angle values of =0 and =70 , as well as
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their mean value = 35 . Calculations of TEC values are performed to cover
all seasons and values of smoothed daily sunspot numberin the range of 20 to
120. Fig. 1 illustrates vertical TEC values. It shows that TEC reaches its peak
during the summer months (summer solstice), and increases with .

TECp (TECU)

. 0.035

0.030
0.025
0.020
0.015

0.010

. 0.005

Figure 1. Dependency of vertical TECp on the day of year and  values.

Calculations of the slant TEC are performed based on verticall EC values
and Equation (5). Fig. 2 illustrates those values for zenith angle of =35 and
= 70 , respectively. The maximum TEC values for values of 0, 35, and
70 are respectively 0.04, 0.05, and 0.11 TECU. According to those, we shown
that values grow as the zenith angle increases (e.g. as satellite reachigsrizon).

=35° =70°
-‘ 0.10
0.08 |-_|-||
(@]
006 2
_|
004 M
(@]
i 002 S
DOY DOY

Figure 2. Dependency of the slant TECp on the day of year, DOY, and the smoothed
daily sunspot number, , for the zenith angles =35 (leftyand =70 (right).

In addition to the TEC values, we analyse the signal delay due to in uence of
the ionospheric D-region. We consider the frequencies used to broeast satellite
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signals of the satellite systems mentioned in Introduction which ae in the range
of approximately 1.2 GHz to 1.6 GHz (Hofmann-Wellenhof et al., 2008. In this
study we provide calculations forf,; = 1.2 GHz and f, = 1.6 GHz.

The calculated delays are presented in Fig3. In the case of the frequency
f,, signal delay reached values of 6 mm, 8 mm, and 18 mm for=0 , 35, and
70 . Within the same spirit, for the frequency f;, correspondent delay values
are 11mm, 13 mm, and 32 mm. The comparison of the signal delays for the used
frequencies are given in the third row of Fig.3. Analysing this comparison, we
can conclude that, even in a relatively small considered frequencyange of 0.4
GHz, di erences reaches 5 mm, 6 mm, and 14 mm for Q 35, and 70 .

The obtained results indicate that even with the most intense impads of
solar hydrogen Ly photons on the ionospheric D-region, changes in the prop-
agation of the GNSS signal are signi cantly smaller than in periods of inteng
perturbations of this ionospheric layer caused by e.g. solar X-ray areswhen
Pp can exceed 1 m Nina et al., 2020. However, for large values of parame-
ter, the obtained Pp exceed 1 cm, which represents the minimum value that is
included in the total signal delay in Wautelet (2013. For this reason, as well as
the fact that the sunspot number can be higher than 120 (the maximum value
of  considered in this analysis), one can conclude that the positioning eor
that a quiet D-region at solar cycle maxima can cause is not negligible. Irother
words, variations in the hydrogen Ly photons that arrive in this layer can pro-
vide enough large changes in propagation of a single GNSS signal that using of
one GNSS signal and one receiver is not relevant for precise positioning, amg
others, due to the in uence of the quiet D-region during intense adiation from
the Sun.

Table 1. The signal delay Po modelled for Waits parameters presented in Ferguson
(1998 (Long Wavelength Propagation Capability (LWPC) numerical m odel), Bilitza
(2018 (International Reference lonosphere (IRI) model), Thomson et al. (2005, Han
et al. (2011), McRae & Thomson (20000 and Thomson et al. (2017 for the signal
zenith angle, , of 0°, 35°, and 70°, and GNSS signal frequencies,f, of 1.2 GHz and
1.6 GHz.

source of Wait's parameters Pp ( =0°) Pp ( =35°) Po ( =70°)
(mm)
f =1.2/1.6 GHz
Ferguson (19998 0.44/0.25 0.54/0.30 1.29/0.72
Bilitza (2018 1.59/0.89 1.94/1.09 4.65/2.61
Thomson et al. (2005 3.77/2.12 4.61/2.59 11.04/6.21
Han et al. (2011) 8.98/5.05 10.97/6.17 26.27/14.78
McRae & Thomson (2000 4.48/2.52 5.47/3.08 13.11/7.37

Thomson et al. (2017) 1.06/0.59 1.29/0.73 3.09/1.74
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Figure 3. Dependencies of the GNSS signal delay logarithm (logo(Pp ) in the iono-
spheric D-region on the day of year, DOY, and the smoothed daily sunspot number
Here, P, = Pp=1cm. The considered zenith angle of the signal are =0 (rst col-
umn), =35 (second column), and =70 (third column). First two rows represent
the signal delay for the specic frequencies f1 = 1:2GHz and f, = 1:6 GHz, and the
third one represents the di erence between those delays.

The obtained values of Pp are in good agreement with those modelled by
the presented procedure for the values of Wait'a parameters given ifrerguson
(1998 (Long Wavelength Propagation Capability (LWPC) numerical model),
Bilitza (2018 (International Reference lonosphere (IRI) model), Thomson et al.
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(2009, Han et al. (2011), McRae & Thomson (2000 and Thomson et al. (2017).
Namely, based on the data given in the Tab.1, it can be seen that all the stated
values are within the corresponding ranges obtained in this study.

=0° =35° =70°

APpg, *
log 10—~

.
log 10 %’-‘

logyo 22" 175_150 o~ s - oeo E
Figure 4. Dependencies of logarithm of the derivative of the GNSS signal delay in
the ionospheric D-region with the smoothed daily sunspot number (log Po ) on the
day of year, DOY, and . The considered zenith angle of the signal are =0 (rst
column), =35 (second column), and = 70 (third column). The rows represent
the considered quantities for the speci ¢ frequencies f1 = 1:2GHz and f, = 1:6 GHz.

In order to examine the in uence of the changes in the solar hydrogen Ly
radiation intensity on changes inPp , we present an analysis of the dependencies
of —P2 on DOY and . In Fig. 4, where this dependence is presented for the
previously observed values of andf , it can be seen that the in uence of changes
in the sunspot number, i.e. the observed Ly radiation, on the propagation of
the GNSS signal is the greatest during the summer solstice and that itricreases
with . Also, it is important to emphasize that this in uence is much more
pronounced in the maximum than in the minimum of a solar cycle.
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4. Conclusions

In this study, we present a study of the in uence of a solar cycle (epresented
as the smoothed daily sunspot number) and season (represented as theyd
of year) period, on propagation of the GNSS signals, with the xed frequeng
and incident zenith angle, in the ionospheric D-region. We perform tle total
electron content and signal delay in this ionospheric layer in order ¢ investigate
if in uence of the quiet D-region can be ignored under all conditions.

The most important conclusion of this study is that variations in the hy-
drogen Ly photons arriving in this layer can provide enough large changes in
propagation of a single GNSS signal that using of one GNSS signal and one
receiver is not relevant for precise positioning.

In addition, the obtained results show the following:

{ The total electron content and signal delay increase with the zenith agle
and the daily smoothed sunspot number. They are larger in the summer
than in the winter months, and reached their maximum values during the
summer solstice.

{ The obtained signal delays are smaller than in periods of intense peutba-
tions of this ionospheric layer caused by e.g. solar X-ray ares.

Furthermore, various initial conditions a ect the ionospheric D-region di er-
ently, which consequently a ects the propagation of the satellite sigrals. These
in uences will be the subject of future research.
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Physics Belgrade and the Faculty of Civil Engineering, Univers ity of Belgrade, through
the Ministry of Education, Science, and Technological Develo pment of the Republic
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Analysis of laser induced plasma plume in
atmosphere using deep learning
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Abstract. The regression analysis of spectra of laser initiated electricdischarge
spark in atmosphere is presented here. Spectral images of opticalemission of
atmospheric plasma are obtained by a streak camera and integrated in time
to obtain sample spectra of plasma with di erent apparent tempe ratures. We
already have analyzed such spectra using principal component aralysis and
classi cation techniques. Now, we have advanced research thraugh the ANN
and deep learning technique. Namely, large set of measured spetca are used to
train the arti cial neural network to obtain the estimation of ap  parent plasma
temperature. For machine learning approach to data analysis we use Solo+Mia
software package (Version 9.0, Eigenvector Research Inc, USA).

Key words:  Machine learning { Deep learning { Laser induced breakdown
spectroscopy

1. Introduction

Various machine learning (ML) techniques are used more and more for analis
of LIBS data. The combination of the popular machine learning algorithms
(PCA and LDA, unsupervised and supervised techniques, respeately) with
LIBS are used to complete rapid and precise classi cation of di erent amples
Bellou et al. (2020; Diaz et al. (2020; Pazka et al. (2018; Yang et al. (2020);
Zhang et al. (2022. An arti cial neural network (ANN) algorithm is also used
for the determination of electron temperature and electron number dasity in
LIBS Borges et al. (2014; D'Andrea et al. (2015 The advantage of ANNS is
in the possibility of reproducing nonlinear relations between theinputs and the
output(s).

In our recent work we have combined several machine learning techqies,
such as K-nearest neighbors classi cation together with clustering ajorithms
in supervised manner which is possible in SOLO software, in order testimate
apparent plasma temperature Rabasovic et al. (2022. In that study we have
analyzed the possibilities of using ML for analysis of optical spectra mitted by
laser induced breakdown and electric discharge spark in atmosphere.
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Now, we have advanced research through the ANN and deep learning tech-
nigue. Namely, set of measured spectra, of copper plasma in air, similgrob-
tained as in Rabasovic et al. (2022, are used to train the arti cial neural net-
work to achieve the estimation of apparent plasma temperature. For machie
learning approach to data analysis we use Solo+Mia software package (Version
9.0, Eigenvector Research Inc, USA)Wise et al. (20089.

2. Methods

Our experimental set-up for obtaining the training spectra for dee learning
ANN (ANNDL) is explained in detail in Rabasovic et al.(2022. Shortly, spec-
tral images of optical emission of atmospheric plasma are obtained by a streak
camera and integrated in time to obtain sample spectra of plasma with derent
temperatures. It should be pointed out that, because streak images aressolved
in time, we were capable to select time windows for integrating spetra in such
a way that intensive optical emission of initial plasma was not includel.The
apparent electron temperature was calculated using the well known Bltzman
plot technique, assuming a local thermal equilibrium (LTE) and also that the
plasma is optically thin (absorption and scattering can be neglected)Asamoah
& Hongbing (2017); Shaikh et al. (2006. The measured copper atomic lines at
wavelength of 510, 515 and 522 nm were used to calculate the electron temper-
ature.

For training the ANNDL we have used the set of 55 copper spectra for input
vectors. As output vector we have used the set of calculated apparent ettron
temperatures of plasma, corresponding to those 55 input vectors.

3. Results and discussion

Measured (calculated by Boltzman plot) temperatures of training set ae shown
in Fig. 1. Plot of predicted temperatures looks much the same, so we omit to
present it here.

The general idea of estimating the electron temperature using ANNDL igo
train the network using sample spectra for which the temperature § calculated
using Boltzman plot. Through training phase the network iteratively m inimizes
errors between the calculated and predicted temperatures.

Residuals (di erences) between the calculated (used for trainig) and pre-
dicted temperatures obtained by deep learning neural network modeare shown
in Fig. 2. Errors for the samples inside the training set are relatively small
about 1.25 % is the largest one.

After feeding the network with samples with known, calculated tempera-
tures, and if we were satis ed that residuals are acceptably small, te network
could be fed by spectra not seen before.
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Figure 1. Measured (calculated by Boltzman plot) temperatures of trainin g set.
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Figure 2. Residuals (di erences) between the calculated (used for training) and pre-
dicted temperatures obtained by deep learning neural network mod el.
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Table 1. Calculated (using Boltzman plot) and by deep learning neural n etwork pre-
dicted temperatures of test samples and their di erences.

Temperature [K]
Test sample Calculated Predicted Dierence

1 11595 11748 -152
2 9400 9221 178
3 8609 9014 -405
4 7331 7283 49

5 6631 6610 21

Fig. 3 shows the predicted temperatures of 5 test samples. Tablé shows
calculated (using Boltzman plot) and by deep learning neural network pedicted
temperatures of test samples and their di erences.
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Figure 3. Predicted temperatures of 5 test samples.

Systematic errors when using Boltzman plot come mainly from the uncer
tainties in the transition probabilities and the measurement of the intensity of
spectral lines Shaikh et al. (2006, where uncertainties are estimated to be at
least 10 %, so estimation errors visible in Tablel look fully acceptable. The
largest error is about 4.7 %.
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4. Conclusions and Discussion

We have used deep learning ANN to estimate the electron temperatureof
plasma. We have proved that, instead of using the usual way of identifing
the spectral peaks and calculating their intensity ratio, it is possble to train
the computer by feeding the ANNDL by known spectra with calculated tem-
peratures to estimate the temperature of the spectra not seen befer
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Abstract. The hydrogen Ly radiation emitted from the Sun is the main
source of photo-ionization processes and, consequently, oftie free electron pro-
duction in the ionospheric D-region. Variations in the intensit y of the incoming
Ly radiation a ect changes in the electron density and they show u p as peri-
odic daily and seasonal changes, and changes during a solar @fe. The Quiet
lonospheric D-Region (QlonDR) model describes these periodic changes. In
this study, we analyse how changes during a year and changes irthe smoothed
daily sunspot number (both processes a ect the intensity of i ncoming radiation
in the D-region) a ect the electron density changes related to qu iet conditions.
The presented modelling is based on the results of the QlonDR model obtained
for the part of Europe de ned by the positions of the very low frequen cy (VLF)
signal transmitters ICV (Sardinia, Italy) and DHO (Lower Saxony , Germany),
and the AWESOME (Atmospheric Weather Electromagnetic System for Ob-
servation Modeling and Education) receiver position (Belgrad e, Serbia) in ap-
plication of the QlonDR model on real signals.

Key words: solar hydrogen Ly line { ionospheric D-region { QlonDR model
{ VLF signals

1. Introduction

Study of the electron density dynamics in the ionosphere is of cruel importance
for scienti c research of many plasma parameters, and physical and cheital
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processes in this atmospheric layer, as well as for modelling of thenospheric in-
uence on di erent kinds of electromagnetic waves. Variations in the ionospheric
electron density occur as a result of numerous permanent in uencgcoming from
the outer space Basak & Chakrabarti, 2013 Chakraborty & Basak, 202Q Nina,

2022 and terrestrial layers (Kumar et al., 2017 Nina et al., 2020, and their in-

uence can be both periodical and aperiodical.

The most important source of the free electron production in the ionospere
is the solar radiation. Depending on the wavelength of the photons of thiga-
diation, the e ciency in the considered photo-ionization processesdepends on
the altitude. Thus, the most signi cant parts of the spectrum that ion ize the
ionospheric D-region are the Ly (121.6 nm) during quiet conditions and X-
radiation generated by solar X-ray ares.

In this paper we analyse periodical variations of the ionospheric D-regin
electron density induced by local variations in the intensity of the solar hydrogen
Ly radiation at the considered area. We perform calculations based on Wait's
model (Wait & Spies, 1964 by considering the ionosphere as a horizontally
uniform medium with the electron density increasing exponentialy with height
according to an expression described by two independent, the sald Wait's,
parameters: the "sharpness”, and the signal re ection height.

There are several procedures for the quiet ionosphere parameterstdemina-
tion. Generally, they are based on the broad-band detection of radio atmodper-
ics in periods of lightning activities (Han et al., 2011, Ammar & Ghalila, 2020
and detection of the narrow-band very low frequency (VLF) signals Thomson,
1993 McRae & Thomson, 200Q Thomson et al., 2011, Nina et al., 2021). In this
paper, we analyse variations of the D-region electron densityN depending on
the smoothed daily sunspot number, , and on its variations in time (t) and
on the day of year (DOY). We apply the Quiet ionospheric D-region (QlonDR)
model (Nina et al., 2027 that provides dependencies of Wait's parameters on

and DOY for the part of Europe de ned by the positions of the VLF sig-
nal transmitters ICV (Sardinia, Italy) and DHO (Lower Saxony, Germany),
and the AWESOME (Atmospheric Weather Electromagnetic System for Ob-
servation Modeling and Education) receiver (Belgrade, Serbia) whie are used
to develop this model. The mentioned dependences of these paranees in the
QlonDR model were obtained by tting relevant values calculated in process-
ing of observational data during perturbations caused by 9 solar X-ray ares
that occurred during all four seasons in the midday periods from 2009 t®2016.
The application of the obtained functions enables the modelling of Whie's pa-
rameters and, consequently, the electron density in the D-region dring quiet
midday conditions without observational data only by DOY and (it can be
obtained based on the appropriate data available on the Internet) enteng into
the calculations for the considered day.



134 A.Nina, V.M. Cade, L. C.Popovt and M. Radovanove

2. Modelling

The electron density modelling is based on Wait's model of the ionodpere,
which involves a horizontally uniform ionosphere described by twomdependent
Wait's parameters, the "sharpness" ( ) and the signal re ection height (H9)
and the expression fromThomson (1993:

N(: :h)=1:43 108 (:)IHCi)d (i) 0:sh. 1)

whereN, and HCare givenin m 3, km ! and km, respectively.
The dependencies of Wait's parameters on and the seasonal parameter
are calculated using the QlonDR model (Nina et al., 2021):

0 =0:2635+0:002573  9:024 10 ® 2+0:005351cos(2 (  0:4712)) (2)

and
HO=74:74 0:02984 +0:5705 cos(2 (  0:4712)+ ): (3)

These equations were obtained in the aforementioned study based on olrsa-
tional data of the DHO and ICV signals emitted in Germany (53.08 N, 7.61E)
and ltaly (40.92 N, 9.73 E), respectively, and recorded in Serbia (44.8 N, 20.4
E). For this reason, they are relevant for the area between these trammitters
and receivers, i.e. approximately for the D-region above Central Eunpe.

Here, we point out that the uncertainties of the mentioned procedureare
caused both by the approximations related to the White model of the iorosphere
and by the approximations applied in the QlonDR model. These approximations
primarily refer to considering the D-region as a horizontally uniform medium
and the electron density distribution as an exponential function of heght. In
addition, the functional dependences of Wait's parameters on DOY and in the
QlonDR model were obtained by tting the relevant values of observational data
for 9 analysed cases that met the analysis criteria. In speci ¢ cases,ediations
of the relevant values from those given by these tted functions are epected
due to the constant in uence of a large number of events and processem the
ionosphere.

The absolute variations of electron density due to changes in the obseed
and DOY are calculated based on the expressions:

N( (i); (G)h) _ 1

=5 (NCGA+D7 5y NCG 1) ch); (4)

and

N(C (), ()h) _ 1

g S(INC Q) G+Dih)y NCGO): (G 1) 4
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where the i-th value of (i) is calculated using the expression (i) = 19 + i
(i =1;2;3;:::;101 ), and the value of (j) = j/NDY ( j=1,2,3,...,NDY, where
NDY is the number of days in a year).

In this paper, the relative changes of the electron density with and DOY
are analysed. They are calculated by dividing Egs. 4) and (5) with the corre-
sponding value of the electron density, respectively.

3. Results and discussion

In this Section, we present the results of modelling the electsn density changes
with  (Section 3.1) and with DOY (Section 3.2). In both cases, we observe
absolute and relative changes in the electron density at heights H= 60 kmy70

km, 80 km and 90 km for all combinations of DOY and ranging between 20
to 120.

3.1. Solar cycle variations

The electron density changes during a year and solar cycle. Consequ8n vari-
ations in the solar hydrogen Ly radiation do not have the same e ect on the
D-region characteristics at di erent periods. To examine how changs in a ect
changes in electron density under di erent conditions, we study he dependen-
cies of the derivatives - versus DOY and . The results of this modelling,
based on the expressions given in Sectio®, are shown in Fig.1. Based on the

obtained panels we can conclude the following:

{ The tendencies of the absolute changes dfl are the same for all D-region
heights.

{ The intensity of these changes increases with altitude. For obsereeheights
that di er by 10 km, the values on the scales di er by more than one order
of magnitude.

For small values of at 70 km, the obtained values of N are below 10 ©
m 3. Because of approximations taken in the QlonDR model, these values
can be considered approximately equal to 0. By decreasing the heighthe
maximum values of to which this approximation is applied increase (the
exact value depends on DOY).

{ Changes in the electron density for the same DOY increase with .

{ The most pronounced changes in—Y- for all values of occur in the period
around the summer solstice.

Bearing in mind that the electron density changes with height, we anayse
its relative changes with sigma to determine the local signi cance ofthanges in
emitted solar hydrogen Ly radiation. For this reason, we apply the procedure
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Figure 1. Ratio of variations N and —Nversus DOY and at heights h= 60,

70, 80 and 90 km.

shown in the previous case to determine the dependenciesLTN. Based on
the obtained results visualized in Fig. 2, the following characteristics ofiTN
changes can be observed:

{ The maximum values ofiN—N at all D-region heights are within one order
of magnitude for the observed values of , and they increase with height;

{ The maximum considered relative changes occur in the summer solsg pe-
riod.

{ The maximum relative changes ofN with the smoothed daily sunspot num-
ber occur at smaller values of with increasing height.

{ As a consequence of the small values efY- in the lower part of the D-region
for lower values of , it can be concluded that the relative changes in these
parameters are negligible.
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Figure 2. Dependencies of the relative changes in the electron density wth the
changes of the smoothed daily sunspot number, N—N on DOY and at h = 60,
70, 80 and 90 km.

3.2. Seasonal variations

The analysis of the electron density absolute and relative changes witlDOY is
shown in a similar way as in the previous case.

Based on the obtained 3D dependencies of the electron density absolute
changes shown in Fig.3, the following conclusions can be drawn:

{ The intensity of these changes increases with the height, and theimaxima
at the lower and upper boundaries of the D-region di er by about 4 orders
of magnitude.

{ From the winter to summer solstice —'g is positive, while going from a sum-
mer to a winter solstice, this parameter is negative. Changes in thelectron
density with DOY are most pronounced during equinoxes.

{ The inuence of on w increases with height.

The relative changes of the electron density (presented in Figd4) show the
following characteristics:
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Figure 3. Dependencies of the absolute changes in the electron density vith the day
—%. versus DOY and

{ The values of -1; V- for the same and for the same day are within one
order of magnitude in the entire D-region.

{ The inuence of on the observed changes is not expressed. It is most
pronounced during the summer and winter solstices.

{ As in the case of absolute change,%ldTN is positive in the period between
the winter solstice and summer solstice, while going from the sumnreto
winter solstice it is negative.

4. Conclusions

In this paper, the absolute and relative changes of the mid-day D-regiorlectron
density during a year and a solar cycle were analysed. The analyses araded
on modelling the undisturbed ionospheric D-region by the QlonDR malel. The
obtained results show the following:
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Figure 4. Dependencies of the relative changes in the electron density with the day
5, versus DOY and

{ Both, the absolute and relative changes in the electron density with he

smoothed daily sunspot number and with the day of year increase with
altitude.

{ The maximum absolute changes at the upper and lower limits di er by abou
four orders of magnitude, while the corresponding maximum relative canges
di er by about 2 times.

{ Due to the small values of changes in the electron density with the smothed
daily sunspot number at the lower altitudes of the D-region, it can be onsid-

ered that they are negligible for smaller values of the smoothed daily suspot
number.

{ The maximum values of the observed changes in the electron density thi the
smoothed daily sunspot number are in the period of the solstices, vile those
changes with the day of year are most intense in the periods of equines.
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{ The resulting assessment of the in uence of the smoothed daily swgpot
number on the observed changes in the electron density based on the @JiDR
model has more complex characteristics than in the case of seasonal changes

{ The absolute changes in the electron density with the smoothed daily
sunspot number increase with this number at all altitudes throughou a
year.

{ The maximum relative changes of the electron density with the smootled
daily sunspot number occur during the period of the summer solstie.
The smoothed daily sunspot number corresponding to these maximum
changes decrease with the D-region heights.

{ Athigher altitudes, the absolute changes in the electron density wih days
at higher altitudes increase with the smoothed daily sunspot number

{ The relative changes in the electron density with days increase wh the
smoothed daily sunspot number at all altitudes.

Finally, it should be emphasized that it is not possible to check theob-
tained dependencies on the basis of other models. Namely, some of the eth
existing models do not give dependences on both observed parameteishile
some expressions use dependences on the Zdrich sunspot numbesich has
been replaced by the international sunspot nhumbers since 1980. Thewak, it is
necessary to verify the obtained conclusions in the future.
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