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Abstract. The dfects of upper level ionization potential on Stark widths tffet-
ent spectral series of neutral potassium have been studidiscussed in this paper.
Proton impact contribution to the Stark broadening showilamdependences as that
of electron impact contribution. It is also shown that theretructure influences the
Stark widths. Higher correlation between the empiricabpagters were found when
the temperature was increased. The deviation of the lowassition from 4prd se-
ries trend can be explained by absence of close perturbaigssto the emitting state.
After establishing these dependences, the relations faugmd used for prediction of
Stark widths for the missed lines, thus avoiding complidatalculation procedures.
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1. Introduction

There has been an increase in the experimental and thednetloes of Stark braodening data in
the last forty years (Puriet al. 2008; Elabidi & Sahal-Bréchot 2011). Nevertheléssie is still

a lack of data for many of the observed spectral lines and lised in modelling dierent objects
of astrophysical interest. Such data are used in analyseslatfve abundances of chemical
elements, opacity calculations, radiative transfer tghostellar atmospheres anffects of line
profiles on synthetic spectra (Zhang et al. 2006; Thomas ;1B8&ows & Volobuyev 2003;
Chéfee & White 1982; Takeda et al. 2012). Therefore, it is of indete exploit any possible
theoretical approach which can provide simple relatiomgtie acquisition of new data and for
the evaluation of available theoretical and experimersiiits.
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For these purposes the regularities of Stark parameters baen analysed usingfidirent
approaches. All approaches tend to use the least numberahpgers and variables due to the
unavailability of essential data required for evaluatimgnplicated dependences. The primary
difference was in the choice of a parameter that describes astragture influence and conse-
guently dfects spectral line broadening. For instance, some papeesdevoted to investigate
the Stark parameters’ dependence on the principal quantumber (Colén & Alonso-Medina
2002; Dimitrijevic & Sahal-Brechot 1984), the others offieetive quantum number (Sarandaev
& Salakhov 1996) or on atomic number and the ionization piaéfiom the ground level (Putj
Cuk & Lakicevic 1985). A series of papers were devoted to the study of thé prameter
dependences on the upper level ionization potential ¢Puakicevic & Glavonjic 1980; Puit
et al. 1985; Pufi & Scepanové 1999; Puid et al. 2008, 1988; Puric, Miller & Lesage 1993;
Scepanow & Puric 2003). It is very convenient for studying Stark broadernpagameters reg-
ularities by defining the binding energy of the electron ugdeng transition. The upper level
ionization potential ¥) used in those papers reflects the exposure of electron gmidgrtransi-
tion to plasma electric micro-field. The Stark broadenifig& is dependent on electric field and
therefore it is expected for to convey that influence on the Stark broadening parameters.

This dependence was successfully used recently in a sénpegpers devoted to the study of
regularities within spectral series of Mflapalaga, Ddjinovit & Puri¢ 2011), Be (Dojcinovit,
Tapalaga & Pufi 2011), He(Doj€inovic, Tapalaga & Puti 2012) and Ca(Tapalaga et al. 2012)
where cofficients obtained suggested that the upper level ionizatbenpialy is an appropriate
parameter for studying the Stark broadening dependen&éwgimilar spectra.

The aim of this paper is to analyse functional dependencdark Svidths of spectral lines
(FWHM) on the upper level ionization potentigl, of the corresponding transition within spectral
series of K. Using the proposed simple model, one can provide Starkderiag data for transi-
tions that have not yet been calculated due to the lack ohpeters needed in more complicated
models.

Stark broadening data used for the analysis presentedsrptiper was taken from Griem
(1974) and Dimitrijevt & Sahal-Bréchot (1987, 1990). Most of this data are avielaim-line
(Sahal-Bréchot, Dimitrijed & Moreau 2012). The experimental data of Were found in the
works of Hohimer (1985) and Puret al. (1976) and are used for verification of theoreticsilites.
Data for ionization potential of Kspectral lines were taken from NIST database (Ralchenko et
al. 2011). A total of 50 spectral lines ofilkave been collected and analysed. Within these data
the following series have been investigated:rigd2), 4dnp (2), 4pnd (2), 4pns (2), 4shp (2),
5dp (2), 5phs (2), 5shp (2). Next to the series notation there is a number in passeth (2)
indicating doublet spectral lines.

2. Theory

Similar behaviour of Stark broadening data antve been found by PuariLakicevic & Glavon-
ji€ (1979). This discovery was followed by investigation oabtic relation between Stark widths
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Table 1: The appropriate fitting parameters a and b are giwe £ 5 000 K together with
corresponding cd&cient of determinatiofR? for the electron and proton impact contributions to
the Stark widths for all studied serieNg=10?2 m-3).

Spectral Electron impact broadening Proton impact broaden
series a b R a b R

3dnp(2) 2.19911 2.289 1.0000 7.143E0 2.190 0.9994
4dp (2) 2.458E-11 2.201 0.9999 5.634E0 2.392 0.9991
4pnd (2) 2.966E-11 2.334 0.9997 7.598H0 2.275 0.9996
4pns (2) 2.539E11 2.146 0.9999 5.543E0 2.275 0.9996
4snp (2) 2.019E11 2.388 0.9987 7.689H0 2.137 0.9998
5pnd (2) 2.931E11 2.344 0.9996 6.855E0 2.344 0.9989
5pns (2) 2.558E11 2.145 0.9999 5.683E0 2.056 0.9998
5snp (2) 2.061E11 2.354 0.9997 7.609810 2.139 0.9998

Table 2: The appropriate fitting parameters a and b are gioef £ 25 000 K together with
corresponding cdcient of determinatioR? for the electron and proton impact contributions to
the Stark widths for all studied serield=10?> m=3).

Spectral Electron impact broadening Proton impact bromaden
series a b R a b R

3dnp(2) 3.283E11 2.271 1.0000 7.758HA0 2.207 0.9995
4dnp (2) 4.704B11 1.969 0.9987 551480 2.513 0.9983
4pnd (2) 3.672E11 2.337 0.9997 9.230H0 2.288 0.9996
4pns (2) 3.296E11 2.183 0.9994 7.143H0 2.074 0.9998
4snp (2) 3.062E-11 2.339 0.9999 8.336H0 2.153 0.9998
5pnd (2) 4.171F11 2.251 1.0000 8.35HA0 2.357 0.9988
5pns(2) 3.701r11 2.112 0.9987 7.01380 2.098 1.0000
5snp (2) 3.513B11 2.214 0.9997 7.97H40 2.188 0.9996

andy in paper of Pui et al. (1980). The quantum theoretical basics for thidimiaare given by
Griem (1968). The final form of Stark width dependence is gibg:

w(rad/s) = a (v(eV))™® (1)

In this equationiw is Stark width in rads, y is the upper level ionization potential taken in eV,
anda, b are the fitting cofficients independent gf.

Explicit dependence of Stark width on the upper level ioticrapotential, as presented by
equation (1), has the form that is unsuitable for analysestduvide range of available data.
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Stark widths in a single series carffér up to 10 000 times. Due to this fact we have used the
form that displays the data linearly:

log(w) = log(a) + b- log(y ™) (2)

The available Stark broadening data is given fdfedent plasma conditions and cannot be used
in this analysis and compared directly without normalimatio the same plasma conditions. The
data can be normalized to the saMgby linear scaling due to the linear dependence of Stark
widths for non-hydrogenic atoms d¥e. In this paper the data were normalizedNg = 10
cm 3. Temperature of plasma also influences Stark broadeningagtcommonly expected for
Stark width broadening to be a weak function of temperatk.ion spectral lines dependence
was found to be of the formv ~ T2, However, the whole spectrum offtrent temperature
dependences has to be used in this case instead in orderdb thatdata more precisely (Piri
& Scepanovi 1999; Purt et al. 2008). Temperature dependence in the case of reehérsito be
of the form:

f(T)=A+B-T° 3)

In a series of articles (Tapalaga et al. 2011, 2012¢Dayic et al. 2011, 2012) it was shown that
this dependence was appropriate for every spectral lineffiCents A, B and C are independent
of temperature. Temperature range, in which equation (Syitable for application, is defined
by Griem (1974) and it lies between 0 yo andyo.

3. Resultsand discussion

Normalization of source data was done by custom made sadtaegording to the above equa-
tions. This software enables the normalization to any edaalensity or temperature and provides
codficient of determination that is used to evaluate the cratitof proposed theoretical mod-
els. By definition, the cd@icient of determination is a measure of how well a regressioa |
approximates the real data poink®. = 1 indicates that the regression line perfectly fits the data.
Additionally the software analyses Stark broadening ddpane on the upper level ionization
potential and compares the data with theoretical modehgdyeequation (2).

For all the studied series it was found that the relation gibg equation (2) is appropriate
for temperature 5 000 K and 25 000 K in the case of electron aobp impact contributions
to the Stark widths. The dependences of the Stark width omiplper level ionization potential
were verified for 46 out of 50 Kspectral lines belonging to 8 from 10 spectral series studie
here. In Table 1 and Table 2 the appropriate best-fittingfimients a and b are given for 5 000
K and 25 000 K temperature together with correspondingfment of determinatiofir? for the
electron and proton impact contributions to the Stark wsdibr 8 studied series. The best fit
codficients (a) and (b), given in Tables 1 and 2, are obtained wdate taken from Dimitrije\a
& Sahal-Bréchot (1987, 1990). The appropriate dependeaggessed by equation (2) for all
studied series are given graphically by straight lines Ircatresponding four figures. It was
found that deviation of the used data from these dependemedsss then 56.2% in all studied
cases.
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Figure 1. The electron (solid line) and proton impact (dask)l contributions to Stark widths
(in rad/s) and Griem’s data versus inverse upper level ionizatidarpial (in eV) presented in
log-log scale for dierent K spectral series with principal quantum number of lower legpial
ton=3 at temperatures 5 000 K and 25 000 K. The number 2 in brackditsaites doublets, letters
e, p and G indicate electron, proton and theoretical Griatata, respectively.

The electron and proton impact contributions to the Stadkthg dependences versus inverse
value of the upper level ionization potential given for aéstigated spectral series fofférent
K1 spectral series with principal quantum number of lower legual ton=3 is presented in
Fig. 1, with principal quantum number of lower level equalnte4 in Fig. 2 and withn=5 in
Fig. 3, all of them at electron temperature of 5 000 K and 25 ROValues taken from Griem
(1974) are also included in figures for the sake of comparig@meement was found to be within
20% at temperature 5 000 K and 25% at 25 000 K. One can mentarthé proton impact
contribution to Stark widths is significantly smaller thdretelectron impact contribution, but
nevertheless it cannot be neglected. The average relatiteloution of proton impact is 26% of
electron contribution at 5 000 K, and 23% at temperature df@5K. It is interesting to note that
dispersion of Stark widths data is decreasing with increagmperature. It has been found that
temperature increment reduceffdiences in Stark broadening data of investigated speetiiaks
by 8%. The &ect can be noticed if charts belonging to the same figure argaced. Similar
behaviour was noticed in preceding papers (Tapalaga e0al;Doginovic et al. 2011, 2012;
Tapalaga et al. 2012).

When the studied spectral series were treated separatelyajority of the corresponding
codficients of determinationB? were better than 0.99, except for seriesnth-The reason for
low R? value for this series lies in low Stark width for transitiop-8d because 3d state has no
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Figure 2: The electron and proton impact contributions t@riStvidths (in rads) and Griem’s
data versus inverse upper level ionization potential (i) @ésented in log-log scale forftkrent
K1 spectral series with principal quantum number of lower legual ton=4 at temperatures
5000 K and 25 000 K. The number 2 in brackets indicates doaildigtters e, p and G indicate
electron, proton and theoretical Griem’s data, respdygtive

close perturbing f or any other state. For seriesnBdnd 4dnf coefficients of determination
R? were not available for only two lines per series existingwiéts found, as well, that for 3d-
3f and 4d-3f there are no close perturbing states for 3f iti@nsand so lines obtained were
narrower than expected. Therefore those two series wetaded from further analysis but they
are presented along with other series studied in Figs. 1 &od sake of comparison. If 4p-3d
transition is excluded from trend analysis, obtaiféd/alues for electron contribution are much
better, namely, 0.9997 instead of 0.9879 for temperatueQifO K. Average relative error for all
spectral transitions is 3.10% a£h 000 K and 2.86% at3¥25 000 K. Maximum relative error was
56.2% obtained for 4p-3d transition at® 000 K. Analysing electron and proton contribution, as
well as the Griem’values for transition 4p-3d the same bihawvas noticed. Lowering of Stark
widths for the lowest transition in one of the series was janesty observed in works devoted to
Mgr by Tapalaga et al. (2011) (3 triplet), Ha by Dojcinovic et al. (2011) (2% singlet and
triplet) and Caby Tapalaga et al. (2012) (4mt singlet and triplet).

The total Stark width (sum of electron and proton impact dbations) dependences on the
upper level ionization potential together with the cori@sging experimental values are graph-
ically presented in Fig. 4 at 5 000 K and 25 000 K. By comparimgptetical values of total
line width with experimental ones, we found good agreemenibéth investigated temperatures,
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Figure 3: The electron and proton impact contributions t@riStvidths (in rads) and Griem’s
data versus inverse upper level ionization potential (i) @ésented in log-log scale forftkrent
K1 spectral series with principal quantum number of lower legual ton=5 at temperatures
5000 K and 25 000 K. The number 2 in brackets indicates doaildigtters e, p and G indicate
electron, proton and theoretical Griem’s data, respdygtive

namely, 20% (Hohimer 1985) for temperature 5 000 K and 55%i¢Rai al. 1976) for tempera-
ture 25 000 K.

In addition to trend analysis, the obtained Stark width deleaces on the upper level ion-
ization potential can be used for prediction of Stark widtlaga for the lines of interest in astro-
physics as well as in atomic physics not investigated umtil.nStark widths data for 18 lines
missing so far from 8 spectral series studied here are pgestiand given in Table 3. Based on the
above described analysis it is possible to predict Starkthgidt any temperature but the results
in this paper are given only faf = 5 000 K andT = 25 000 K.

4. Conclusions

Searching for dferent types of regularities and systematic trends whichsgaplify complicated
theoretical calculations is of great interest. Therefdwe aim of this paper was to establish as
precisely as possible the Stark parameters dependence oppler level ionization potential for
K1 spectral series and to demonstrate capabilities of destrifethod.

In this work the existence of the functional dependencegafkSwvidths on the upper level
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Figure 4. The total Stark widths (expressed in/sdversus inverse upper level ionization po-
tential (expressed in eV) for fierent K spectral series with principal quantum number of lower
level equal tan=4 are presented at temperatures 5 000 K and 25 000 K. The n@bbrackets
indicates doublets. The corresponding experimental gatuwe included at 5 000 K (Hohimer
1985) and 25 000 K (Puriet al. 1976).

ionization potential was shown for the lines originatingrfr the 8 studied series. These depen-
dences were obtained and found to be of the form given by emué?). Electron and proton
impact contribution to Stark width broadening have the s&pe of behaviour, but the proton
contribution is significantly smaller. They can be used taleate the results of Stark broaden-
ing data that is already measured or calculated or for priediof the Stark widths values not
measured or theoretically calculated until now.

Temperature dependence is very important in Stark parasetgularities studies and there-
fore we have used theoretical values obtained Iffedint authors for 50 Kspectral lines orig-
inating from 10 diferent series through the introduced fimgents A, B and C (equation 3). It
was found that high temperatures tend to eliminafieténces in Stark broadening for all other
parameters except for upper level ionization potential.

The best precision can be obtained using the same equati@mygparticular series sepa-
rately. In order to achieve better linear fitting for 8d-series, transition 3p-3d has to be neglected
in the further analysis.
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Table 3: The calculated values for the total impact contiiinuto i the Stark widths (FWHMp
(nm) of Ki spectral lines; al =5 000 K andT = 25 000 K normalized to an electron density of
Ne = 10?2 m~3 are given.

. w (nm) w (Nm)
lon A(A) Transition T-5000K T=25 000K
K1 8421.47 3d-10p 0.429 0.591
K1 8419.83 3d-11p 0.430 0.592
K1 8041.68 3d-12p 1.045 1.434
K1 7867.34 5s-11p 0.653 0.837
K1 7724.60 5s-12p 1.009 1.267
K1 18034.76 4d-9p 1.102 1.476
Ki 16633.17 4d-10p 1.669 2.143
K1 15776.97 4d-11p 2.507 3.109
K1 15209.89 4d-12p 3.698 4.453
K1 11745.0 4p-3d 0.008 0.010
K1 4805.67 4p-10d 0.414 0.516
K1 4758.70 4p-11d 0.640 0.797
K1 2992.99 4s-10p 0.057 0.077
K1 2964.08 4s-11p 0.096 0.128
K1 2943.53 4s-12p 0.153 0.202
K1 10951.10 5p-10d 2.178 2.611
Ki 10710.23 5p-11d 3.291 3.892
K1 10927.36 5p-12s 1.281 1.736
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