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Abstract. We present in this paper Stark shifts as a function of temperature
for 20 spectral lines of Ar II belonging to 4p - 4d transition array. Calculations
are made using semiclassical perturbation approach in impact approximation.
Atomic data used in this calculation are carried out using Hartree-Fock method
with relativistic corrections. Singly charged argon (Ar II) spectral lines are
observed in many astrophysical plasmas. Ar II spectral lines are also important
for laboratory plasmas and laser physics and technology.
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1. Introduction

Inert gas such as argon produces very favorable conditions for stable discharges.
For this reason argon plasmas are very attractive for testing the methods of
plasma spectroscopy (Wiese, 1988). Singly charged argon (Ar II) spectral lines
have been widely observed and studied in laboratory plasma. For example, Bel-
monte et al. (2014) measured transition probabilities for same UV lines of Ar
II. Djurovié¢ et al. (2013) reported Stark broadening parameters measurements
of Ar IT UV lines. Gajo et al. (2013) measured Stark widths and shifts of Ar II
spectral lines in the visible part of the spectrum. Ar II spectral lines are also
used in plasma diagnostic. Alonso-Medina & Colén (2007) used Ar II spectral
lines for the determination of temperature and electron density of laser induced
lead plasma. Beside laboratory plasmas, singly charged argon spectral lines are
also of interest for argon laser (Dimitrijevié¢ & Csillag, 2006). Ar II spectral lines
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are also observed in stellar atmospheres. Vennes et al. (2018) performed abun-
dance analysis of hot subdwarfs, they found a remarkable excess of argon with
respect to oxygen in the hot subdwarf J2205-3141. Based on high resolution,
high signal to noise observations of Ar II absorption lines, Brown et al. (1992)
obtained abundances of argon in main-sequence B-type stars.

Stark broadening parameters are of interest for a number of applications
such as laser physics, laser produced plasmas, modelling and investigation of
stellar atmospheres in particular determination of chemical abundance. Stark
broadening data are also useful for laboratory plasmas diagnostic. Corfdir et al.
(2019) used Stark shift as a temperature diagnostic of Cu dominated plasma.

In this paper, we present Stark shifts for twenty Ar II spectral lines belonging
to 4p - 4d transition array. Our Stark shift are given as a function of temperature
for collisions with electrons, protons singly charged helium and singly charged
argon. Our calculation are carried out using semiclassical perturbation approach
(Sahal-Bréchot, 1969a,b) (SCP). SCP method need a set of atomic data suffi-
ciently compleat. In this work the needed set of atomic data is calculated using
Hartree-Fock method with relativistic corrections (Cowan, 1981).

2. The method

Our Stark shifts are calculated using semiclassical perturbation approach. A
detailed description of this formalism with all the innovations is given in Sahal-
Bréchot (1969a,b, 1974, 1991); Fleurier et al. (1977); Dimitrijevié et al. (1991);
Dimitrijevi¢ & Sahal-Bréchot (1996); Sahal-Bréchot et al. (2014) and earlier
papers.

The shift (d) (in angular frequency units) of an electron-impact shifted spec-
tral line can be expressed as:

Rp
d = N/vf(v)dv/ 2 pdp sin(2¢,) (1)

Rs3

where N is the electron density, f(v) the Maxwellian velocity distribution func-
tion for electrons, p denotes the impact parameter of the incoming electron.

The phase shift ¢, due to the polarization potential (r—*), is given in Section
3 of Chapter 2 in Sahal-Bréchot (1969a) and Rp is the Debye radius. The cut-off
R3 is described in Section 1 of Chapter 3 in Sahal-Bréchot (1969a).

SCP calculation of Stark shift need a relatively large number of atomic data
comparing to modified semi-emperical method (Dimitrijevié¢ & Konjevié, 1980).
In this work, atomic data needed for SCP calculation are determined using
Hartree-Fock method with relativistic corrections (Cowan, 1981). We use as for
the width calculations an atomic model including 24 configurations: 3s? 3p®; 3s2
3p* nl (nl = 4p, 4f, 5p, 5f, 6p, 6f, 6h, 7p, 7f, Th) (odd parity) and 3s 3p%; 3s?
3p* n'l' ('l = 3d, 4s, 4d, 5s, 5d, 5g, 6s, 6d, 6g, Ts, 7d, Tg) (even parity). We use
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an ab initio procedure. In Tab. 1, we compare our wavelengths and oscillator
strengths with the values taken from NIST database (Kramida et al., 2018). We
can see from Tab.1 that our wavelengths and oscillator strengths are in good
agreement with NIST values. Only electric dipole transitions (E1) are taken into
account in our calculations. We have checked that the use of magnetic dipole
(M1) and electric quadrupole (E2) transitions have no influence on the results.

3. Results and discussion

Table 1. Our calculated wavelengths and oscillator strengths compared with the val-
ues taken from NIST database (Kramida et al., 2018).

Lower level (i) Upper level (j) X (A) A (A) fi; fij
This work  NIST This work  NIST
(P)4p 'P5,,  (°P) 4d "Ds;p  3465.74 3514.39  0.377 0.378
(°P) 4p “PS,,  (°P) 4d "Dsjp  3484.51 3535.32  0.265 0.21
(°P) 4p *Pg,,  (°P) 4d D5 3428.10 3467.75  0.220 0.227
(°P) 4p ‘P, (°P) 4d *Dyjp 346375 3509.78  0.373 0.471
(°P) 4p ‘P, (°P) 4d "Dsjp  3406.92 3454.09  0.0385 0.0375
(°P) 4p *Pg,,  (°P) 4d *P;5,»  3108.72 3139.02  0.0796 0.077
(°P) 4p *P§,,  (°P) 4d *P3,  3180.37 3212.52  0.0108 0.0081
(°P) 4p ‘PS,,  (°P) 4d *Pyjp 325151 3281.71  0.0730 0.068
(°P) 4p *Pg,,  (°P) 4d *P3»  3148.64 3181.04  0.0454 0.037
(°P) 4p *P§,,  (°P) 4d *Pyjp 321628 3243.69  0.0888 0.0833
(°P) 4p *P5,,  (°P) 4d "P5,»  3139.64 3169.67  0.104 0.11
(°P) 4p ‘P, (°P) 4d °F7/2  3091.66 3146.42  0.000438  0.00059
(°P) 4p ‘D5, (°P) 4d "Dsjp 377217 3872.17  0.0367 0.034
(°P) 4p ‘D%,,  (°P) 4d “D7/2  3686.67 3780.84 0.184 0.17
(°P) 4p *Dg,,  (°P) 4d ‘Ds;p  3734.16 3826.81  0.0693 0.0617
(°P) 4p ‘DY,,  (°P) 4d 'Dyjp 378232 3880.33  0.0453 0.0524
(°P) 4p 'Dg,,  (°P) 4d ‘D52 3670.06 3763.50  0.0328 0.0284
(°P) 4p “Dg,,  (°P) 4d *D7/» 375135 3844.73  0.014 0.0137
(°P) 4p ‘D3,,  (°P) 4d 'Ds;p  3798.15 3900.36  0.0295 0.025
(®P) 4p ‘D3,  (°P) 4d “D3»  3807.09 3911.58  0.0432 0.035

Our calculated Stark shifts are presented in Tab. 2 (see appendix) for twenty
spectral lines belonging to 4p-4d transition array for a perturber density of
107 cm™3 and for a set of temperatures from 5 000 K to 60 000 K. Stark
shifts are given for electron- proton- singly ionized helium and singly ionized
argon impact broadening, in this way we take into account the most important
perturbers in stellar atmospheres and laboratory plasmas as well as for example
for argon lasers. Since our results are obtained using calculated energy levels, a
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correction to the shifts due to the difference between calculated and observed
wavelengths is introduced using Eq. (8) of Hamdi et al. (2013). All wavelengths
given in Tab. 2 are taken from NIST database (Kramida el al., 2018). The impact
approximation is valid for all values given in Tab. 2 since the collision volume
(V) multiplied by the pertureber density (N) is much less than one. When the
impact approximation reaches its limit of validity (0.1<N V' <0.5), the value is
preceded by an asterisk.

104 —— Electron-impact Stark shift

Figure 1. Electron-impact Stark shift for Ar IT (°P) 4p 4P§/2 - (®°P) 4d "D 52 (A=
3514.39 A) spectral line as a function of logarithm of Rosseland optical depth (log 7).
Electron-impact Stark shift is shown for an atmospheric model (Kurucz, 1979) with
surface gravity log g = 4.5 and effective temperature Tey; = 10 000 K.

In Hamdi et al. (2019), we have compared our Stark shifts with experimental
results (Djenize et al., 1989; Dzierzega & Musiol, 1994; Aparicio et al., 1998;
Djurovi¢ et al., 2013) for Ar II spectral lines. We found good agreement with
experimental results except for some transitions. For example, the agreement
with Djurovi¢ et al. (2013) was 27% for 4p-4d transitions except for four tran-
sitions. Concerning Stark widths, the comparison with experiments is made in
Hamdi et al. (2017, 2018) for 212 spectral lines and we found an agreement
generally good. For example, the average agreement for 4p-4d transitions was
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10% comparing with Djurovié et al. (2013) and 20% comparing with Pellerin et
al. (1997).

In Fig. 1, we present the electron-impact Stark shift for Ar II (3P) 4p 4P§/2
- (°P) 4d *D 5/2 (A= 3514.39 A) spectral line as a function of logarithm of
Rosseland optical depth (log 7) for an A-type star. Electron-impact Stark shift
is shown for an atmospheric model (Kurucz, 1979) with surface gravity log g
= 4.5 and effective temperature T, = 10 000 K. Fig. 1 shows that the value
of the electron-impact Stark shift in the deeper atmospheric layer is about 0.1
A. The theoretical resolving power of the high-resolution echelle spectrometer
for the Keck TenMeter Telescope is of the order of > 250,000, but practical
realizations may be approximately 36,000. For A = 3514.39 A, this resolving
power enables to register shifts of 0.08 A. Since new generations of terrestrial
telescopes, as for example European Extremely Large Telescope of 39.3 m will
have even greater resolving power, shifts from deepest layers in Fig. 1 will be
measurable with such telescopes in the near future.

4. Conclusion

We have presented Stark shifts for twenty 4p-4d spectral lines of Ar II ion
calculated using semiclassical perturbation approach and a set of atomic data
calculated using Hartree-Fock method with relativistic corrections. The accu-
racy of our method was checked in our previous work (Hamdi et al. 2019). The
accuracy of the atomic data used as input parameters for SCP calculation of
Stark shifts is also verified by comparing our wavelengths and our oscillator
strengths with the values of NIST database. We hope that our results will be of
interest for the investigation of laboratory and astrophysical plasmas.
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A. Stark shifts results

Table 2. Electron-, proton-, singly charged helium and singly-charged argon-impact
Stark shifts for Ar II lines calculated using semiclassical perturbation approach (Sa-
hal-Bréchot 1969a,b) and a set of atomic data is calculated using Cowan code (Cowan
1981), for a perturber density of 10'” ¢cm™ and temperatures of 5000 to 60 000 K.
Wavelength of the transitions (in A) and parameter C' (Dimitrijevié & Sahal-Bréchot
1984) are also given. This parameter when divided with the corresponding Stark width
gives an estimate for the maximal pertuber density for which the line may be treated
as isolated. de: electron-impact Stark shift, dg+: proton-impact Stark shift, dg.+:
singly charged helium-impact Stark shift, d4,+: singly charged argon-impact Stark
shift. Cells preceded by an asterisk mean that the impact approximation reaches its
limit of validity (0.1<N V'<0.5). Empty cells mean that the impact approximation is
not valid.

Transition T (K) de () dy+ (A)  dy+ (A) dy+ (A)

(3P) 4p 4Pg/2 - (®P) 4d D 5,5 5000. 0.344  0.206E-01  *0.171E-01
3514.39 A 10000. 0.265 0.321E-01  *0.259E-01  *0.185E-01
C= 0.56E+20 20000. 0.207 0.423E-01  0.347E-01  *0.253E-01

30000. 0.184  0.478E-01 0.388E-01  *0.284E-01
40000. 0.167  0.522E-01 0.431E-01  *0.314E-01
60000. 0.147  0.580E-01 0.465E-01  *0.335E-01

(®P) 4p 4P? (®P) 4d D 39 5000. 0.342  0.205E-01  *0.169E-01

1/2 ~
3535.32 A 10000. 0.261 0.319E-01  *0.257E-01  *0.191E-01
C= 0.54E420 20000. 0.206  0.421E-01 0.346E-01  *0.263E-01

30000. 0.183  0.473E-01 0.388E-01  *0.292E-01
40000. 0.166  0.519E-01 0.426E-01  *0.324E-01
60000. 0.146  0.577E-01 0.459E-01  *0.347E-01

(®P) 4p 4Pg/2 - (®P) 4d “Ds o 5000. 0.316 0.192E-01  *0.159E-01
3476.75 A 10000. 0.241 0.301E-01  *0.243E-01  *0.181E-01
C= 0.55E+20 20000. 0.188  0.398E-01 0.325E-01  *0.248E-01
30000. 0.169  0.447E-01 0.367E-01  *0.278E-01
40000. 0.152  0.491E-01 0.400E-01  *0.307E-01
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Transition T (K) de (A) dy+ (A) dy.+ (A) dy,+ (A)
(®P) 4p 4P‘1’/2 - (3P) 4d “Dy /o 5000. 0.343  0.205E-01  *0.170E-01

3509.78 A 10000. 0.264 0.320E-01  *0.258E-01  *0.192E-01

C= 0.55E+20 20000. 0.206  0.422E-01  0.346E-01  *0.265E-01

30000. 0.184 0.477E-01  0.387E-01  *0.295E-01

40000. 0.166  0.521E-01  0.429E-01  *0.326E-01

60000. 0.147 0.578E-01  0.463E-01  *0.350E-01
(°P) 4p *Pg , - (°P) 4d *D3/  5000.  0.326  0.195E-01  *0.161E-01

3454.09 A 10000. 0.250  0.304E-01  *0.246E-01  *0.183E-01

C= 0.52E+20 20000. 0.196  0.402E-01  0.330E-01  *0.252E-01

30000. 0.176  0.452E-01  0.371E-01  *0.280E-01

40000. 0.159  0.495E-01  0.407E-01  *0.310E-01

60000. 0.140 0.551E-01  0.439E-01  *0.331E-01
(3P) 4p 4Pg/2 - (®P) 4d “P35 5000. 0.288  0.206E-01  *0.173E-01
3139.02 A 10000. 0.222  0.322E-01  *0.254E-01

C= 0.16E+20 20000. 0.174  0.425E-01  *0.347E-01  *0.264E-01

30000. 0.154  0.475E-01  0.388E-01  *0.293E-01

40000. 0.140  0.525E-01  0.430E-01  *0.323E-01

60000. 0.122 0.573E-01  0.464E-01  *0.347E-01

60000. 0.134 0.538E-01  0.431E-01  *0.328E-01
(®P) 4p 4P§/2 - (3P) 4d *P3/s 5000. 0.308 0.217E-01  *0.183E-01
3212.52 A 10000. 0.239  0.340E-01  *0.267E-01

C= 0.21E+20 20000. 0.188  0.449E-01  *0.365E-01  *0.279E-01

30000. 0.166  0.501E-01  0.408E-01  *0.308E-01

40000. 0.151  0.555E-01  0.455E-01  *0.341E-01

60000. 0.134  0.605E-01  0.490E-01  *0.365E-01
(3P) 4p 4P‘1’/2 - (3P) 4d Py 5 5000. 0.348  0.245E-01  *0.205E-01
3281.70 A 10000. 0.272  0.380E-01  *0.301E-01

C= 0.28E+20 20000. 0.214 0.504E-01  *0.410E-01  *0.313E-01

30000. 0.189  0.565E-01  0.458E-01  *0.349E-01

40000. 0.173  0.625E-01  0.504E-01  *0.381E-01

60000. 0.151  0.679E-01  0.544E-01  *0.417E-01
(3P) 4p 4Pg/2 - (®P) 4d “P3/5 5000. 0.302 0.212E-01  *0.180E-01
3181.04 A 10000. 0.234  0.334E-01  *0.262E-01

C= 0.20E+20 20000. 0.184  0.440E-01  *0.358E-01  *0.274E-01

30000. 0.163 0.491E-01  0.400E-01  *0.302E-01

40000. 0.148  0.544E-01  0.446E-01  *0.334E-01

60000. 0.131 0.593E-01  0.480E-01  *0.357E-01
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Transition T (K) de (A) dp+ (A) dpet (A) d g+ (A)
(°P) 4p 4Pg/2 - (PP) 4d *Py 5 5000.  0.341 0.239E-01  *0.200E-01
3243.69 A 10000.  0.265 0.371E-01  *0.294E-01

C= 0.28E+20 20000.  0.210 0.492E-01  *0.401E-01  *0.305E-01

30000.  0.185 0.552E-01  0.447E-01  *0.340E-01

40000.  0.169 0.610E-01  0.492E-01  *0.372E-01

60000.  0.148 0.663E-01  0.531E-01  *0.407E-01
(3P) 4p 4P<;/2 - (®P) 4d *P3,» 5000. 0.315 0.222E-01  *0.187E-01
3249.80 A 10000.  0.244  0.349E-01  *0.274E-01

C= 0.21E+20 20000.  0.191  0.459E-01 *0.374E-01  *0.285E-01

30000.  0.170 0.513E-01  0.417E-01  *0.315E-01

40000.  0.153  0.567E-01  0.465E-01  *0.349E-01

60000.  0.136 0.619E-01  0.501E-01  *0.373E-01
(®P) 4p 4Pg/2 - (3P) 4d P59 5000. 0.294 0.210E-01  *0.176E-01
3169.67 A 10000.  0.226  0.329E-01  *0.259E-01

C= 0.16E+20 20000.  0.177 0.435E-01  *0.354E-01  *0.269E-01

30000.  0.157 0.485E-01  0.395E-01  *0.299E-01

40000.  0.142 0.536E-01  0.439E-01  *0.329E-01

60000.  0.125 0.585E-01  0.473E-01  *0.354E-01
(3P) 4p 4Pg/2 - (3P) 4d %F75 5000. 0.347  0.268E-01  *0.222E-01
3146.42 A 10000.  0.271  0.406E-01  *0.323E-01

C= 0.22E+20 20000.  0.215 0.544E-01  *0.441E-01  *0.340E-01

30000.  0.189  0.604E-01  *0.497E-01  *0.376E-01

40000.  0.173  0.675E-01  0.544E-01  *0.414E-01

60000.  0.151 0.733E-01  0.583E-01  *0.444E-01
(3P) 4p 4Dg/2 - (®P) 4d *D3,o  5000. 0.404  0.245E-01  *0.202E-01

3872.14 A 10000.  0.309 0.382E-01  *0.308E-01  *0.229E-01

C= 0.63E+20 20000.  0.240 0.504E-01  0.414E-01  *0.314E-01

30000.  0.214 0.567E-01  0.466E-01  *0.349E-01

40000.  0.194 0.620E-01  0.510E-01  *0.387E-01

60000.  0.171 0.689E-01  0.549E-01  *0.413E-01
(3P) 4p 4D<;/2 - (®P) 4d *D7,5  5000. 0.376  0.231E-01  *0.191E-01

3780.84 A 10000.  0.286 0.361E-01  *0.291E-01  *0.218E-01

C= 0.65E+20 20000.  0.221 0.478E-01  0.391E-01  *0.298E-01

30000.  0.196 0.537E-01  0.441E-01  *0.330E-01

40000.  0.177 0.586E-01  0.482E-01  *0.367E-01

60000.  0.155 0.649E-01  0.520E-01  *0.391E-01
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Table 2. continued

Transition T (K) de (A) dp+ A) dpe+ (A) d g+ (A)

(®P) 4p 4Dg/2 - (3P) 4d “Dj 5 5000. 0.382 0.235E-01  *0.194E-01
3826.81 A 10000. 0.290 0.366E-01  *0.296E-01  *0.221E-01
C= 0.65E+20 20000. 0.226  0.485E-01  0.397E-01  *0.302E-01

30000. 0.201  0.545E-01 0.447E-01  *0.337E-01
40000. 0.182  0.597E-01 0.487E-01  *0.373E-01
60000. 0.159  0.657E-01 0.527E-01  *0.399E-01

(3P) 4p DS, - (®°P) 4d *Dy/5  5000. 0.413  0.250E-01  *0.207E-01

1/2 ~
3880.33 A 10000. 0.317  0.390E-01  *0.313E-01  *0.234E-01
C= 0.65E+20 20000. 0.246  0.514E-01 0.422E-01  *0.323E-01

30000. 0.219  0.581E-01 0.472E-01  *0.359E-01
40000. 0.198  0.634E-01 0.523E-01  *0.398E-01
60000. 0.174  0.706E-01 0.564E-01  *0.426E-01

(®P) 4p “Dg , - (°P) 4d “D5;»  5000.  0.363 0.225E-01  *0.185E-01

7/2
3763.50 A 10000. 0.274  0.350E-01  *0.284E-01  *0.210E-01
C= 0.63E+420 20000. 0.212  0.463E-01 0.378E-01  *0.289E-01

30000. 0.189  0.521E-01 0.428E-01  *0.323E-01
40000. 0.170  0.573E-01 0.467E-01  *0.357E-01
60000. 0.149  0.627E-01 0.501E-01  *0.381E-01

(3P) 4p 4Dg/2 - (®P) 4d *D7/5 5000. 0.395 0.242E-01  *0.199E-01
3844.73 A 10000. 0.301 0.377E-01  *0.305E-01  *0.227E-01

C= 0.67TE+20 20000. 0.234  0.498E-01  0.408E-01  *0.312E-01

30000. 0.207 0.561E-01  0.459E-01  *0.345E-01

40000. 0.187 0.612E-01  0.504E-01  *0.384E-01

60000. 0.164  0.683E-01 0.543E-01  *0.410E-01

(®P) 4p DS, - (°P) 4d “Dg;5  5000. 0.391 0.241E-01  *0.199E-01

3/2
3900.36 A 10000. 0.297 0.377E-01 *0.305E-01 *0.226E-01
C= 0.67TE+20 20000. 0.230  0.500E-01 0.408E-01 *0.310E-01

30000. 0.204 0.562E-01 0.461E-01  *0.348E-01
40000. 0.186  0.617E-01 0.502E-01  *0.383E-01
60000. 0.162  0.675E-01 0.540E-01  *0.410E-01
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