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Abstract: The aim of this paper is to analyze the various uses of Stark broadening data for
non-hydrogenic lines emitted from plasma, obtained with the modified semiempirical method
formulated 40 years ago (1980), which are continuously implemented in the STARK-B database.
In such a way one can identify research fields where they are applied and better see the needs
of users in order to better plan future work. This is done by analysis of citations of the modified
semiempirical method and the corresponding data in international scientific journals, excluding
cases when they are used for comparison with other experimental or theoretical Stark broadening
data or for development of the theory of Stark broadening. On the basis of our analysis, one can
conclude that the principal applications of such data are in astronomy (white dwarfs, A and B
stars, and opacity), investigations of laser produced plasmas, laser design and optimization and
their applications in industry and technology (ablation, laser melting, deposition, plasma during
electrolytic oxidation, laser micro sintering), as well as for the determination of radiative properties of
various plasmas, plasma diagnostics, and investigations of regularities and systematic trends of Stark
broadening parameters.

Dataset: Stark broadening parameters for isolated lines of non-hydrogenic atoms and ions calculated
by using the impact semiclassical perturbation method and modified semiempirical method are
available online in the STARK-B database at https://stark-b.obspm.fr/. This is one of 38 databases
that can be searched and through the Virtual Atomic and Molecular Data Center (VAMDC) at
https://portal.vamdc.eu/vamdc_portal/home.seam

Dataset License: CC BY 4.0.

Keywords: atomic data; Stark broadening; line profiles

1. Introduction

Stark broadening of spectral lines in plasmas is the broadening under the influence of the electric
field of particles surrounding an emitter or absorber [1,2]. For isolated non-hydrogenic lines, if the
impact approximation [1] is valid, a line profile is characterized by full width at half intensity maximum
(FWHM-W) and shift d, so-called Stark broadening parameters. Such parameters may be useful for
different problems in astrophysical, laboratory, laser produced, fusion, and technological plasma
investigation, modeling, and analysis. For example, in astrophysics, with spectrographs on board or
on class 10 m and larger terrestrial telescopes, a huge quantity of spectroscopic data with excellent
resolution, for all kinds of space plasmas within various spectral ranges, is collecting. There is a
consequent interest for a very extensive list of different atomic data for various atoms and ions, as well as
for the corresponding database increases, because of the need for interpretation, synthesis, and analysis
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of high resolution spectra with well-resolved line profiles, in particular that obtained during different
space missions, for example the Far Ultraviolet Spectroscopy Explorer (FUSE), the Goddard High
Resolution Spectrograph (GHRS) on the Hubble Space Telescope, and many others.

Conditions in astrophysical plasmas, where the Stark broadening data are of interest,
are incomparably more various. The illustration of such extreme temperature and electron density
ranges of interest in astrophysics is the plasma in the clouds of interstellar molecular hydrogen,
with temperatures around 30 K and electron densities of 1-5 electrons/cm?. Here, electrons in distant
orbit with principal quantum number values of several hundred or larger are weakly bounded with
the core, so that even very weak electric microfields can have a non-negligible influence. They are
deexciting in cascades emitting in the radio domain, lines with profiles influenced by Stark broadening.
This broadening mechanism may be dominant in white dwarf atmospheres and may contribute to the
line profile of hot stars of A and B type.

In the cases, when this broadening mechanism cannot be neglected, Stark broadening parameters
for different spectral lines are needed for synthesis, analysis, and interpretation of stellar spectra;
investigations of radiative transfer through stellar atmospheres; determination of chemical abundances;
modeling and investigation of subphotospheric layers; stellar opacity determination; radiative
acceleration in stellar atmospheres; nucleosynthesis; etc.

Stark broadening data are needed and for laboratory plasma diagnostics, laser produced plasma
and inertial fusion plasma investigation and modeling, the investigations of lasers, and for research
of different technological plasmas, such as those used in laser welding and piercing, as well as for
light sources.

Different calculation methods of Stark broadening parameters for non-hydrogenic lines exist.
The most advanced is the quantum mechanical strong coupling approach (see, e.g., [3]), but in many
cases, the impact semiclassical perturbation method [4,5] is the most efficient for Stark broadening
parameter calculations, providing the largest set of existing theoretical results implemented in the
STARK-B database [6-8]. For complex atoms, where there are not enough data for full semiclassical
calculations, the modified semiempirical theory [9-11] has been used, and the obtained data are also
implemented in the STARK-B database.

As of 14th of July 2020, Stark line widths and in some cases shifts of spectral lines of the following
non-hydrogenic emitters, obtained by using the modified semiempirical (MSE) method, have been
implemented in the STARK-B database:

Agll, Ar1Il, AsII, Aull, Ball, BiIl, Br II, Ca II, Cd II, Co II, Eu II, Fe II, Ga II, I II, Kr II, La II, Mg II,
MnIl, NI, NdIL, OII, PtII, RaIl, SII, Sb II, Sc I, Si I, Sr I, Ti I, VII, Xe I, Y II, Zn II, Zr 11,

AlTII, Ar III, As III, B III, Be III, Bi I1I, C III, C1 III, Cu III, Eu III, F III, Ga III, Ge III, Kr III, La III,
Mg III, N III, Na III, Nb III, Ne III, O III, P III, S 111, Se III, Si ITI, Sn III, Sr I0I, Ti IIL, V 111, Zn 111, Zr 111,

Ar1V,BIV,CIV,ClIV,CulV,GelV, Mg IV,N1V,NeIV,O1V,P1V,S1V,Si 1V, VIV,

AlV,CV,FV,NeV,0V,6GiV,

Cl VI, F VI, N VI, Na VI, Ne VI, P VI, i VI,

Ne VII, Ne VIII, Si XL

The modified semiempirical method was formulated 40 years ago, in 1980. The obtained Stark
broadening data for non-hydrogenic ions as well as the method have been used and cited many
hundred times for various applications and investigations. The set of Stark broadening parameters for
non-hydrogenicions, accumulated during the 40 years since the first publication, allows an examination
how and for what purposes such data and the MSE method have been used. Such analysis shows not
only the possibilities of applicability of this set of data, continuously implemented in the STARK-B
database, but also that the needs of its principal users could be seen and understood, so that the
presentation of results as well as the plans for future calculations and research could be adapted to the
needs of the users of these data. We exclude from this analysis numerous citations where these data
and this method have been used for comparison with experimental or theoretical Stark broadening
data or cited in different reviews on Stark broadening, doctoral theses, or conference proceedings and
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local journals and consider only different applications in other research fields in articles published in
different international journals.

2. Modified Semiempirical Method
Stark full width at half maximum (FHWM) of an isolated non-hydrogenic ion line, within the
modified semiempirical (MSE) method, [9-11] is:
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where the initial atomic energy level of the transition is denoted with i, final with f, k is the Boltzmann
constant, ¢ speed of light, m mass of electron, /i reduced Planck constant, n principal, I orbital and
L total orbital quantum numbers, while j and | are quantum numbers of angular and total angular
momentum. The sum of squares of coordinate vector matrix elements Ry (k = i,j) for An # 0 in the
Coulomb approximation is:
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where E = (3/2)kT is the kinetic energy of the colliding free electron, and AE;, ; = |Elk - Elk,| is the
energy difference between atomic energy levels with I and Iy + 1 (k = i,f).
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All perturbing atomic energy levels where An # 0 are lumped together and replaced with an
average energy level [12]. The difference between the energies of initial or final energy level (1, k =i f)
and this averaged level (1 + 1) is approximated as [12]:
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where
. Enz2 |7
K [(Eion _Ek)}

is the effective principal quantum number, while the residual ionic charge Z is 1 for atoms, 2 for singly
charged ions, 3 for doubly charged ions, etc.; Ey is ionization energy of hydrogen and E;,, of the
considered spectral series; N is electron density T temperature; g(x) [12] and g(x) [7] are Gaunt factors
for width and g, (x) [12] and gsh (x) [9] for shift; g(x) = 0.2 for x < 2 and g(x) = 0.24, 0.33, 0.56, 0.98, 1.33
for x =3, 5,10, 30, and 100 [12]. §(x) =0.7 = 1.1/Z + g(x) [9]. For high temperature (or large x) limit:
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For

x=1,2,3,4,5,6,7,8,9,10, 20, 30, 40, 60, 80, 100

gsn = 0.20, 0.25, 0.32, 0.41, 0.45, 0.51, 0.56, 0.60, 0.63, 0.66, 0.78, 0.82, 0.84, 0.85, 0.86, 0.87
§sh, Z=20.350.40 0.47 0.53 0.58 0.61 0.64 0.66 0.68 0.70 0.78 0.82 0.84 0.85 0.86 0.87

Z =30.530.54 0.57 0.59 0.62 0.64 0.66 0.67 0.69 0.70 0.78 0.82 0.84 0.85 0.86 0.87
Z=40.620.620.63 0.64 0.65 0.66 0.67 0.68 0.69 0.70 0.78 0.82 0.84 0.85 0.86 0.87
Z>40.88 -1.1/Z + 0.01x/Z 0.87

The derivation of gsh(x) is described in detail in Reference [11]. In the equation for the shift:
o = (Ex» — Ex)/|Ey — Exl

here, Ex and Ej are energies of the considered level and of its perturbing level, respectively.

If perturbing levels exist where the assumed approximations are strongly violated, i.e., if they are
much closer to the considered level than the averaged perturbing level, this can be taken into account
by adding for each such level in the equation for the shift:

E
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where the lower sign corresponds to AEy; < 0.

The advantage of the modified semiempirical method is that the set of atomic data needed for
calculations is smaller than in the case of more sophisticated methods, for example the semiclassical
perturbation one. Consequently, it is applicable particularly for complex atoms, where the reliable
atomic data are not complete. It is also of interest when Stark broadening parameters are needed for a
large number of spectral lines and an average accuracy is sufficient so that the big accuracy for each
particular line is not critical.

3. Applications of the Modified Semiempirical Method and Data Obtained by It

3.1. Astrophysics

The Modified semiempirical method and data on Stark broadening of non-hydrogenic spectral
lines, obtained by using this approach, were cited and used in astrophysics for different purposes.
For the stars on main sequence, the influence of Stark broadening may be significant for stars of A and
B spectral type.
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For the research of B stars, the MSE method and the corresponding data were used, for example
for non-LTE (Local Thermodynamical Equilibrium) calculations of silicon-line strengths [13] and
determination of magnesium, aluminum, and silicon abundances in normal late-B stars from co-added
IUE spectra [14] and nitrogen and oxygen abundances in early B-type stars [15].

In the case of A-type stars, the MSE method and data have been used, e.g., for determination of
magnesium, aluminum, and silicon abundances in HgMn stars from co-added IUE spectra [14]. In stars
of this type, the abundance of xenon has been determined [16] using the corresponding MSE Stark line
widths [17], and MSE data for Pt II [18] have been used for an investigation of isotopic anomalies of
platinum in the HgMn star HR-7775 [19]. MSE data for Stark broadening parameters of doubly and triply
charged non-hydrogenic ion lines [20] have also been used for quantitative spectroscopy of hot stars [21].

Stark broadening is the most important pressure broadening mechanism, usually dominant in
white dwarf atmospheres. Examples of the use of the MSE method and the corresponding data are
investigation of equilibrium abundances of heavy elements supported by radiative levitation in the
atmospheres of hot white dwarfs of type A (DA) [22] and radiative levitation in hot white dwarfs [23].

MSE theory and the corresponding Stark broadening data have been used as well for studies of
radiative acceleration in stellar envelopes [24,25] and investigations of radiative acceleration on carbon,
nitrogen, oxygen [26], and iron [27,28].

An interesting citation of the MSE data and method is in the article dealing with the calculation of
thermodynamic and optical properties of the vapors of cosmic bodies, which enter into the Earth’s
atmosphere [29]. MSE data [17] for Stark broadening in plasma of spectral lines of ionized xenon were
also used in a study with the aim of obtaining wavelengths and oscillator strengths for singly charged
xenon from the UVES spectra of four HgMn stars [30].

A particularly important application of MSE theory and the corresponding data is for stellar [31-36]
and solar [37] opacity calculations as well as for investigations and determination of opacity of different
plasmas [38—47]. Accordingly, the MSE method and data have been used to determine opacities for
classical Cepheid models [31], to calculate Rosseland mean opacities [36] and produce radiative atomic
Rosseland mean opacity tables [33], for calculations of the radiative opacity of laser-produced [38,39] and
hot and solid-dense [43] aluminum plasmas, for investigations of radiative opacities and configuration
of interaction effects of hot Fe plasma [40], diagnostics for hot Br plasma by the open M-shell opacity [41],
radiative opacity of plasmas studied by detailed term (level) accounting approaches [43], tin plasmas
in the extreme-ultraviolet region [44], and dense C plasmas based on the detailed fine-structure level
accounting formalism [45].

The corresponding formulae for Stark width of spectral lines are included in codes for radiative
opacity calculations like OPAL [32] and DAVROS [46] and in RAPCAL code, a flexible package to
compute radiative properties for optically thin and thick low- and high-Z plasmas across a wide range
of density and temperature [47].

3.2. Regularities and Systematic Trends

Stark broadening data obtained by the MSE method [10,20,48-50], especially those in the STARK-B
database, are widely used for investigations of regularities and systematic trends for Stark broadening
parameters [51-77].

Dependences of Stark widths on the upper level ionization potential have been investigated for N
I-N V [51,68], OI-O VI [53,68], Ne I-Ne VI [65,68], Ar III, Ar IV [65], CLII, C11II, C11V, FI-F IV [66,69],
KrI-Kr1V, Xe I, Xe II, Xe Il [67], S5i I-5i IV [68,69], and C IV [69] spectral lines, within different spectral
series of neutral beryllium [60], lithium [62,64], and sodium [63,64] isoelectronic sequences. These data
were used for the consideration of general regularities of Stark broadening parameters for ion lines [70],
Stark parameter regularities of multiply charged ion spectral lines originating from the same transition
array [73], and for checking the dependence on the upper level ionization potential of electron impact
widths using quantum calculations [75].
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The mentioned MSE Stark broadening data have been used for the investigation of regularities
and systematic trends in isoelectronic sequences. Besides the already mentioned dependence on the
ionization potential of the upper energy level of transition, MSE data were used for the investigation
of the dependence on the emitter charge for the Stark broadening of lithium [52,54], boron [56],
beryllium [57], and carbon [58] isoelectronic sequences.

Another topic is the investigation of regularities and systematic trends of Stark broadening
parameters for spectral lines of non-hydrogenic homologous ions. Stark halfwidth trends along the
homologous sequence of singly [74] and doubly ionized noble gases [61] have been investigated.

Additionally, the MSE approach and the corresponding Stark broadening data have been used in
articles dealing with regularities in experimental Stark shifts [55], the effect of line-broadening on the
overall width of transition arrays in dense plasmas [59], Stark broadening parameter prediction and
regularities in the spectra of Pb Il [71] and Sn II [72], core polarization effect for the Stark broadening of
spectral lines of doubly charged lead, and predictions and regularities [77] and irregularities of Stark
parameters of Xe Il spectral lines [76].

3.3. Lasers and Laser Produced Plasma

An important topic for the application of the MSE method and data is laser produced plasma and
lasers, where data from [10,20,78-86] and in particular [87] on Stark broadening of spectral lines of
ionized copper have been used for various purposes. We took as examples References [88-121].

Here we present the most interesting cases in which MSE data have been used for investigation of
laser produced plasmas. They were used for spectroscopic diagnostics of laser-induced plasmas [90],
ultrafast laser produced zinc plasma investigation [91], and an experiment for verification of a radiative
model of plasma induced by a laser that expands into a vacuum [95]. Of particular interest were
data on Stark broadening of Cu II lines [87]. They were used in articles considering dependence of
laser fluence on dynamics of emission of copper plasma induced by ultrafast laser [109], the effect
of uniform magnetic field on it and the particles deposited on the surface of target [110], studies of
time-integrated optical emission for Cu plasma in air at atmospheric pressure with magnetic field [112],
radiation decay constant dependence on focal position for copper plasma [116], the effect of hyperfine
structure on Stark broadening in the case of three blue-green Cu spectral lines in plasma induced
by laser [118], enhancement of signal intensity using cavity confinement of plasma produced by a
laser [114], the study of temporal evolution of plasma induced by CO; pulsed laser on targets made
of titanium oxides [99], the mechanism of effect of distance between a lens and a sample on plasma
induced by laser [100], and the effect of ambient pressure on titanium plasma induced by a femtosecond
laser [101].

Laser ablation is the process of irradiation of a solid surface with a laser beam in order to remove
material from it. At high laser flux, the evaporated material is typically converted to a plasma,
in which case MSE Stark broadening data also might be useful. Examples where such data are used are
papers dealing with diagnostics and comparison of cadmium [96] and zinc plasma produced by laser
ablation [103], diagnosis of plasma and nanostructure of deposits during laser ablation and deposition
in the case of wide bandgap semiconductors [104], plume plasma characteristics and their influence
on ablation depth during ultrashort laser ablation of Cu in air [105], melt ejection from Cu target
by nanosecond pulsed laser ablation in air and with a magnetic field present [111], the quantitative
elemental analysis of a silver alloy using laser-ablation spark-induced breakdown spectroscopy [119],
and laser—plasma interaction and plasma enhancement using ultrashort double-pulse ablation [108].

Another research field where MSE Stark broadening data are needed is laser-induced breakdown
spectroscopy (LIBS), a type of atomic emission spectroscopy where a highly energetic laser pulse is
focused to form a plasma, which atomizes and excites samples. Examples of articles where MSE Stark
broadening data have been used and cited are on LIBS using mid-infrared femtosecond pulses [107],
fiber-optic LIBS of zirconium metal in air [97], investigation of self-absorption of Mn emission lines
in LIBS measurements [98], optimization of the temporal window for employment of calibration
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free-LIBS on Cu alloys in air using a single line study [117], investigation of the matrix effect on
the plasma characterization of heavy elements in soil sediments with LIBS and a portable echelle
spectrometer [102], femtosecond double pulse LIBS-investigation of intensity enhancement [113],
calibration-free analysis of immersed metal alloys with long-pulse-duration LIBS [115], and influence
of correction for self-absorption on LIBS measurements using a calibration curve and an artificial
neural network [120].

Additionally, the considered MSE data have been used for laser design and development,
e.g., for XUV (high-energy X ultraviolet radiation) lasers driven by femtosecond pulse and excited
by electrons in noble gases charged eight times [92] and at 41.8 nm in Xe IX [93,94], designs for a
compact Ni-like-wolfram X-ray laser [89], as well as for consideration of photoresonant X-ray laser
pumping [88], for the study of spectra of plasma in selective laser micro sintering copper-based metal
powder [106], and for experimental investigation of near-resonance-Rayleigh scattering on Ba plasma
driven by a laser [121].

3.4. Radiative Properties

MSE Stark broadening data from [10,49,78,82,122,123] have been used in papers with the aim of
determining transition probabilities in the spectra of C III [124]; N III, N IV, and N V [125]; V III [126];
Co III [127]; Cd I [128]; Cd II [128,129]; Zn II [130,131]; Au II [132,133]; Eu II and Eu III [134];
and Si IV and Ti IV [131]. Oscillator strengths have also been determined for Eu II and Eu III [134],
Zn 11 [130,131,135], and Si IV and Ti IV [131] as well as radiative lifetimes for Cd I and Cd II [128],
Aull[132], EuIl and Eu Il [134], Zn 11 [130,131,135,136], and Si IV and Ti IV [131].

The considered data have been useful for articles with radiative emission and absorption as
the subject. Examples of such papers consider a line-by-line approach of determining emission
coefficients for thermal plasmas consisting of monoatomic species [137]; theoretically obtained results
for radiative emission for argon and copper thermal plasmas [138]; net emission coefficients for
Ar-Fe thermal plasmas [139,140]; complex thermal plasmas, which are used in single-wall carbon
nanotube synthesis [141]; net emission coefficients at atmospheric pressure for argon-aluminum,
argon-iron, and argon-copper mixtures in welding processes using plasmas [142]; research of the L-shell
absorption of open-M-shell Ge plasmas and its effect of autoionization resonance broadening [143];
and autoionization widths of open-M-shell Ge ions and their influence on inner-shell absorption [144].

There are also papers on photoabsorption in Zn II [145], Zn II1 [146], Ga III, Ge IV [145] and Ge
V [146] using MSE data as well as on photoionization of Fe’*, Feb* [147], and O III [148]; nuclear
excitation by electron transition rate confidence interval in 2! Hg local thermodynamic equilibrium
plasma [149]; electron-impact excitation of the (5d1%6s)2s; /2—(5d106p)2P°1 /2,3/2 Tesonance transitions in
gold atoms [150]; chemi-ionization processes in slow collisions of Rydberg atoms with ground state
atoms [151]; and XUV amplification considering recombination in clusters [152].

3.5. Plasma Diagnostics

Stark broadening data are also useful for spectroscopic diagnostics of various plasmas. For these
purposes MSE data have been used, for example, for spectroscopic diagnostics of railgun plasma
armatures [153], electron density diagnostics [154-157], spectroscopic consideration of plasma during
electrolytic oxidation of aluminum [158], and MSE data from [87] have been used for investigation of
plasma near the implosion of a shockwave created by an underwater electrical explosion of a spherical
wire array [159].

3.6. Other Applications of MSE Data

Finally, MSE data have been useful for investigations like initiation of a formation of an arc
at a plasma-wall contact [160] and quick creation of approximate spectra of dense cool plasmas
in the optical wavelength range [161]. Data from [87] have been used in papers dealing with
propagation distance-resolved characteristics of filament-induced Cu plasma [162], heterogeneous
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(Cu-Ti) colliding plasma dynamic [163] and initiation process of vacuum breakdown between copper
u and copper-chrome electrodes [164]. Data from [17] have been used in a paper dealing with the
zone of compression of a magnetoplasma compressor as a source of extreme ultraviolet radiation [165].
Data from [123] have been used for an atomic spectral line free parameter deconvolution procedure [166],
and data from [167] have been used for the determination of expectation values of the neutral chromium
radius [168].

4. Conclusions

From the analysis of applications of the modified semiempirical method [9-11] and of Stark
broadening data calculated using this approach, it can be seen that the main applications of these data
are in astronomy, investigations of laser produced plasmas, laser design and optimization and their
applications in industry and technology, as well as in the determination of radiative properties of
various plasmas and the corresponding research.

In astronomy, the main applications are the investigation of stars of A and B spectral type and
white dwarfs. We note that in the case of atmospheres of white dwarfs, Stark broadening dominates the
thermal Doppler broadening, and for problems like modeling of atmospheres, analysis and synthesis
of stellar spectra, abundance determinations, different calculations of radiative transfer, and studies of
radiative acceleration in stellar envelopes diagnostics of white dwarf plasma, Stark broadening data
are essential. For stars of A type, the principal pressure broadening mechanism is Stark broadening,
the neglecting of which may introduce errors, for example in abundance determinations. For stars of B
type, Stark broadening data are needed, since this broadening mechanism may be non-negligible for
some lines. Another very important astronomical application is for opacity calculations, so that the
corresponding codes like OPAL include the modified semiempirical formula for calculation of Stark
broadening data.

Investigation of laser produced plasma, lasers, and their use in industry is also a research field
where MSE data are widely used. These data are particularly useful for modeling and diagnostics of
laser produced plasma, laser ablation, deposition and melting, laser—plasma interaction, laser-induced
breakdown spectroscopy, and for laser design and development.

Concerning determination and investigation of radiative properties of various plasmas, MSE Stark
broadening data may be useful for investigations of oscillator strengths, transition probabilities,
radiative lifetimes, emission coefficients, photoabsorption, and photoionization.

MSE Stark broadening data are also widely used for plasma diagnostics and for investigations of
regularities and systematic trends of such quantities.

We performed a similar analysis [169] of Stark broadening data for non-hydrogenic atoms and ions
obtained by using the semiclassical perturbation method (SCP) [4,5]. If we compare the conclusions for
SCP data, obtained by a more sophisticated method that needs more atomic data and more complex
calculations, and for MSE Stark broadening data, we can see that SCP data are much more frequently
used in astronomy, while MSE data are more common for calculations where such data for a lot of
lines are needed and an average accuracy is more important than a high accuracy of data for each
particular spectral line. MSE data are more often used when a high degree of precision is not required,
such as for laser produced plasma, especially in technology and industry. Additionally, users of SCP
data, due to the difficulty of calculation, use only data, while users of MSE data, which are simpler to
calculate, use not only data but include the corresponding MSE formulas in their computer codes or
calculate data for spectral lines that do not exist in the literature.

MSE data discussed here, as with SCP data, are continuously implemented in the STARK-B
database [6-8,170,171] and are available online. STARK-B is also a part of the Virtual Atomic and
Molecular Data Center (VAMDC) [172,173] and may be accessed through its portal [174].
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