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Abstract:



Stark broadening parameters are of interest for many problems in astrophysics and laboratory plasmas investigation. Ar II spectral lines are observed in many kinds of stellar atmospheres such as the atmospheres of B-Type stars and subdwarf B stars. In this work, we present theoretical Stark widths for Ar II spectral lines. We use the impact semiclassical perturbation approach. Our results are compared with the available experimental values. Finally, the importance of the Stark broadening mechanism is studied in atmospheric conditions of subdwarf B stars.
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1. Introduction


Argon in different ionization stages is important for modelling and investigating stellar atmospheres. For example, Werner et al. [1] used Ar VII [image: there is no content] = 1063.55 Å spectral line for abundance determination of argon in the extremely hot helium-rich white dwarf PG [image: there is no content]. In [2], the discovery of argon in hot evolved stars and white dwarfs has been reported. Rauch et al. [3] have identified Ar VI absorption lines in the spectrum of a hydrogen-rich central star using high-resolution, high signal to noise observations obtained with Far Ultraviolet Spectroscopic Explorer (FUSE) and Space Telescope Imaging Spectrograph (STIS) aboard the Hubble Space Telescope (HST). In [4], the Ar III [image: there is no content] = 1002.097 Å spectral line has been used in the determination of abundance in hydrogen-rich subdwarf B stars. Ar III spectral lines were also observed by O’Toole and Heber [5] in the spectra of subdwarf B stars. Based on lines of Ar II, Heber and Edelmann [6] have reported abundances of argon in B subdwarfs. Keenan et al. [7] have determined the abundance of argon from stellar absorption lines of Ar II in the optical spectra of main-sequence early-type stars. Recently, Ar II spectral lines were observed by kupfer et al. [8] in extreme helium stars.



Stark broadening is an important broadening mechanism for modelling and investigating stellar atmospheres and for the determination of abundance of chemical elements. For example, the importance of the Stark broadening effect in stellar atmospheres of A and B type stars was studied by Popović et al. [9] and Simić et al. [10]. Based on Si VI lines, Hamdi et al. [11] demonstrated that the Stark broadening mechanism is dominant in broad regions in the studied atmospheres of DO white dwarfs. The influence of Stark broadening in DO white dwarf atmospheres was also studied by Dimitrijević et al. [12] using Xe VIII spectral lines and similar conclusions were found. Hamdi et al. [13] studied the importance of Stark broadening in the atmospheres of subdwarf B stars using Ar III spectral lines. It was demonstrated that this mechanism is important, especially for atmospheres with high values of log g.



In this paper, we have reported Stark widths of 34 spectral lines of Ar II ions belonging to the 3d–4p transition array. Calculations were performed using the semiclassical perturbation approach (SCP) in impact approximation [14,15]. Energy levels and oscillator strengths needed as input parameters for Stark width calculation were calculated using the Hartree–Fock relativistic approach using Cowan code [16]. We use an atomic model including 24 configurations. Our results are compared with the experimental values. In the last section of this paper, we have studied the importance of the Stark broadening mechanism in the atmospheres of subdwarf B Stars. Stark and Doppler widths are compared as a function of the temperature of the atmospheric layers and as a function of optical depth.




2. The Impact Semiclassical Perturbation Method


In the semiclassical perturbation approach, the full width at half maximum (W) can be expressed in terms of the inelastic cross-section and elastic processes as:


[image: there is no content]








where N is the density of colliding perturbers, f(υ) is the Maxwell distribution of the relative atom-perturber velocity [image: there is no content], [image: there is no content] and [image: there is no content] are the inelastic cross-sections between the initial level i (resp. f the final level) and the perturbing levels [image: there is no content] (resp. [image: there is no content]) of [image: there is no content] transition. [image: there is no content] represents the contribution of elastic collisions and includes Feshbach resonances when ion–electron impacts are studied.



The main input data used in the semiclassical perturbation calculation of Stark broadening parameters are energy levels and oscillator strengths. The set of atomic data needed for the semiclassical method is relatively large. In this paper, the set of energy levels and oscillator strengths needed for the SCP calculation of Stark widths is calculated using the multiconfiguration Hartree–Fock method with relativistic correction (HFR) [16]. We use an atomic model including 24 configurations: 3s2 3p5; 3s2 3p4[image: there is no content] ([image: there is no content] = 4p, 4f, 5p, 5f, 6p, 6f, 6h, 7p, 7f, 7h) (odd parity) and 3s 3p6; 3s2 3p4[image: there is no content] ([image: there is no content] = 3d, 4s, 4d, 5s, 5d, 5g, 6s, 6d, 6g, 7s, 7d, 7g) (even parity).



In order to introduce a correction to the widths due to the difference between calculated and experimental wavelengths, we have used Equation (8) of Hamdi et al. [17].




3. Stark Widths


Our Stark widths calculated as described above are presented in Table 1 along with the experimental results of [18,19,20,21,22,23]. Table 1 is organized in the following way: In the first five columns of Table 1, we give the transition array, transition, wavelength, electron temperature (T) and electron density (Ne). In column 6 of Table 1, we show the experimental Stark widths (Wm). In columns 7 and 8, we present our electron impact Stark widths (Wi) and ion impact Stark widths (We) calculated using the semiclassical perturbation approach as described in Section 2. Ionic Perturbers are Ar+ ions. The ratios (Wm/W) between the experimental and our calculated Stark widths are shown in column 9, where W = We + Wi is the total width. Finally, in the last two columns, we give the accuracies and the references of the experimental results. For the estimates, we use code letters used by Konjević et al. [24] which indicate the following:

	
A = uncertainties within 15%



	
B+ = uncertainties within 23%



	
B = uncertainties within 30%



	
C+ = uncertainties within 40%



	
C = uncertainties within 50%



	
D = uncertainties larger than 50%








Table 1. Our electron impact Stark widths (FWHM) (We) and ion impact Stark width (Wi) calculated using the semiclassical perturbation (SCP) approach in impact approximation [14,15] compared with experimental Stark widths (Wm). Transitions, wavelengths, electron temperature (T) and electron density (Ne) are also given. All wavelengths are taken from the NIST database [25].







	
Transition Array

	
Transition

	
[image: there is no content] (Å)

	
T (103 K)

	
Ne([image: there is no content] cm−3)

	
Wm

	
We (pm)

	
Wi (pm)

	
Wm/W

	
Acc.

	
Ref.






	
(3P) 3d– (3P) 4p

	
4D7/2–4P5/2o

	
4400.99

	
22.0

	
1.00

	
34.3

	
25.2

	
3.78

	
1.18

	
B

	
[20]




	

	
4D5/2–4P3/2o

	
4371.33

	
22.0

	
1.00

	
32.4

	
25.0

	
3.77

	
1.13

	
B

	
[20]




	

	
4D5/2–4P5/2o

	
4431.00

	
22.0

	
1.00

	
28.6

	
25.3

	
3.84

	
0.98

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
31.3

	
26.8–24.0

	
3.71–3.93

	
1.02–1.12

	
B

	
[21]




	

	
4D3/2–4P3/2o

	
4400.10

	
22.0

	
1.00

	
30.7

	
25.1

	
3.82

	
1.06

	
B

	
[20]




	

	
4D1/2–4P1/2o

	
4352.20

	
22.0

	
1.00

	
35.0

	
24.9

	
3.78

	
1.22

	
B

	
[20]




	

	
4D3/2–4P5/2o

	
4460.56

	
22.0

	
1.00

	
26.6

	
25.4

	
3.89

	
0.91

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
36.8

	
27.0–24.1

	
3.78–4.00

	
1.19–1.31

	
B

	
[21]




	

	
4D1/2–4P3/2o

	
4420.91

	
22.0

	
1.00

	
24.4

	
25.6

	
3.65

	
0.83

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
33.8

	
27.2–24.3

	
3.76–3.97

	
1.09–1.20

	
C+

	
[21]




	

	
4D7/2–4D7/2o

	
4013.86

	
26.0

	
1.76

	
34.0

	
38.3

	
6.04

	
0.77

	
B

	
[18]




	

	

	

	
10.88

	
2.03

	
46.7

	
60.4

	
5.89

	
0.70

	
B+

	
[19]




	

	

	

	
11.52

	
1.79

	
35.3

	
52.1

	
5.29

	
0.62

	
B+

	
[19]




	

	

	

	
12.20

	
0.74

	
22.4

	
21.0

	
2.04

	
0.96

	
B+

	
[19]




	

	

	

	
13.03

	
1.10

	
25.6

	
30.5

	
3.37

	
0.76

	
B+

	
[19]




	

	

	

	
13.88

	
1.39

	
26.7

	
37.6

	
4.29

	
0.64

	
B+

	
[19]




	

	

	

	
22.0

	
1.00

	
25.2

	
23.0

	
3.36

	
0.96

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
21.5

	
24.4–21.6

	
3.26–3.45

	
0.77–0.86

	
B+

	
[21]




	

	

	

	
43.0

	
4.50

	
100

	
85.7

	
16.2

	
0.98

	
B

	
[22]




	

	

	

	
43.0

	
7.20

	
160

	
137

	
25.9

	
0.98

	
B

	
[22]




	

	

	

	
43.0

	
9.00

	
160

	
171

	
32.3

	
0.79

	
B

	
[22]




	

	

	

	
22.0

	
1.00

	
23.34

	
23.0

	
3.36

	
0.86

	
B

	
[23]




	

	
4D5/2–4D5/2o

	
3968.36

	
22.0

	
1.00

	
23.6

	
22.6

	
3.33

	
0.91

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
29.4

	
24.0–21.4

	
3.24–3.43

	
1.08–1.18

	
B+

	
[21]




	

	

	

	
43.0

	
4.50

	
80

	
84.8

	
16.1

	
0.79

	
B

	
[22]




	

	

	

	
43.0

	
7.20

	
100

	
136

	
25.7

	
0.62

	
B

	
[22]




	

	

	

	
43.0

	
9.00

	
160

	
169

	
32.1

	
0.80

	
B

	
[22]




	

	
4D3/2–4D3/2o

	
3914.77

	
22.0

	
1.00

	
20.7

	
21.7

	
3.30

	
0.83

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
20.9

	
23.1–20.6

	
3.20-3.40

	
0.79–0.87

	
B+

	
[21]




	

	

	

	
22.0

	
1.00

	
18.39

	
21.7

	
3.30

	
0.74

	
B

	
[23]




	

	
4D7/2–4D5/2o

	
3944.27

	
22.0

	
1.00

	
22.0

	
22.5

	
3.29

	
0.85

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
24.0

	
23.8–21.2

	
3.19–3.38

	
0.90–0.98

	
B+

	
[21]




	

	

	

	
22.0

	
1.00

	
23.25

	
22.5

	
3.29

	
0.90

	
A

	
[23]




	

	
4D3/2–4D1/2o

	
3875.26

	
22.0

	
1.00

	
19.2

	
22.0

	
3.26

	
0.76

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
27.5

	
23.4–20.6

	
3.17–3.36

	
1.04–1.15

	
B+

	
[21]




	

	

	

	
22.0

	
1.00

	
17.62

	
22.0

	
3.26

	
0.70

	
B

	
[23]




	

	
4D5/2–4D7/2o

	
4038.80

	
22.0

	
1.00

	
24.1

	
23.2

	
3.41

	
0.91

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
29.9

	
24.6-21.9

	
3.31–3.51

	
1.07–1.18

	
B

	
[21]




	

	

	

	
22.0

	
1.00

	
24.05

	
23.2

	
3.41

	
0.90

	
C

	
[23]




	

	
4D3/2–4D5/2o

	
3992.05

	
22.0

	
1.00

	
21.9

	
22.9

	
3.38

	
0.83

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
32.4

	
24.3–21.7

	
3.27–3.47

	
1.18-1.29

	
B+

	
[21]




	

	
4D1/2–4D3/2o

	
3931.24

	
22.0

	
1.00

	
19.1

	
21.9

	
3.33

	
0.76

	
B

	
[20]




	

	
4D7/2–2D5/2o

	
3786.38

	
22.0

	
1.00

	
20.3

	
22.4

	
3.17

	
0.79

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
23.7

	
23.8–21.3

	
3.08–3.27

	
0.88–0.96

	
B+

	
[21]




	

	

	

	
22.0

	
1.00

	
23.49

	
22.4

	
3.17

	
0.92

	
A

	
[23]




	

	
4D5/2–2D5/2o

	
3808.57

	
22.0

	
1.00

	
18.7

	
22.8

	
3.19

	
0.72

	
B

	
[20]




	

	

	

	
22.0

	
1.00

	
22.53

	
22.8

	
3.19

	
0.87

	
C

	
[23]




	

	
4D5/2–4S3/2o

	
3499.48

	
22.0

	
1.00

	
29.03

	
17.5

	
2.90

	
1.42

	
C

	
[23]




	

	
4F7/2–2D5/2o

	
6243.12

	
18.4–26.5

	
1.00

	
60.3

	
68.7–61.4

	
8.64–9.14

	
0.78–0.85

	
B+

	
[21]




	

	
4F5/2–2D3/2o

	
6138.66

	
18.4–26.5

	
1.00

	
58.6

	
67.0–59.6

	
8.57–9.07

	
0.78–0.85

	
B+

	
[21]




	

	
4F5/2–2D5/2o

	
6399.21

	
18.4–26.5

	
1.00

	
49.5

	
72.4–64.6

	
9.07–9.59

	
0.61–0.68

	
B+

	
[21]




	

	
2P1/2–2D3/2o

	
6808.53

	
22.0

	
1.00

	
75.3

	
77.1

	
10.9

	
0.86

	
B

	
[20]




	

	
2P3/2–2P3/2o

	
6861.27

	
18.4–26.5

	
1.00

	
62.6

	
74.9–67.1

	
11.4–12.02

	
0.73–0.80

	
B+

	
[21]




	

	
2P1/2–2P1/2o

	
6666.36

	
18.4–26.5

	
1.00

	
62.4

	
70.3–62.8

	
10.7–11.3

	
0.77–0.84

	
B+

	
[21]




	

	
2P1/2–2P3/2o

	
6437.60

	
18.4–26.5

	
1.00

	
65.0

	
65.6–58.6

	
9.98–10.5

	
0.86–0.94

	
B+

	
[21]




	

	
2P3/2–2S1/2o

	
6483.08

	
18.4–26.5

	
1.00

	
65.2

	
71.1–64.2

	
10.35–10.9

	
0.80-0.87

	
B+

	
[21]




	

	
2P1/2–2S1/2o

	
6103.54

	
22.0

	
1.00

	
65.3

	
59.2

	
9.36

	
0.95

	
B

	
[20]




	

	

	

	
18.4–26.5

	
1.00

	
61.3

	
62.6–56.3

	
9.14–9.65

	
0.85–0.93

	
B+

	
[21]




	

	
4P3/2–4S3/2o

	
7380.43

	
18.4–26.5

	
1.00

	
76.7

	
87.6–76.1

	
13.2–13.9

	
0.76–0.85

	
B+

	
[21]




	

	
4P1/2–4S3/2o

	
7233.54

	
22.0

	
1.00

	
61.9

	
83.2

	
13.0

	
0.64

	
C+

	
[20]




	

	
4F3/2–4D3/2o

	
6756.55

	
18.4–26.5

	
1.00

	
62.8

	
73.5–65.5

	
9.89–10.5

	
0.75–0.83

	
B+

	
[21]




	

	
4F5/2 - 4D5/2o

	
6863.54

	
18.4–26.5

	
1.00

	
55.4

	
76.5–68.1

	
9.98–10.56

	
0.64–0.70

	
A

	
[21]




	

	
4F7/2–4D5/2o

	
6684.29

	
18.4–26.5

	
1.00

	
61.6

	
72.5–64.6

	
9.50–10.1

	
0.75–0.82

	
B+

	
[21]




	

	
4F7/2–4D7/2o

	
6886.61

	
18.4–26.5

	
1.00

	
69.5

	
76.2–67.2

	
9.88–10.5

	
0.81-0.89

	
A

	
[21]




	

	
4F9/2–4D7/2o

	
6643.70

	
18.4–26.5

	
1.00

	
71.8

	
72.3–64.0

	
9.20–9.70

	
0.88–0.97

	
B+

	
[21]










Generally, for the (3P) 3d–(3P) 4p transitions, our Stark widths agree well with the experimental results. The difference between our Stark widths and Pellerin et al. [20] ones does not exceed 31% except for two transitions: 4D5/2–2D5/2o ([image: there is no content] = 3808.57 Å) and 4P5/2–4S3/2o ([image: there is no content] = 3499.48 Å) for which the differences are 39% and 56% respectively. We note that for the transition 4D5/2–2D5/2o ([image: there is no content] = 3808.57 Å), the ratio [image: there is no content] is equal to 0.87 when we compare with Djurović et al. [23]. Our results underestimate the experimental values of Pellerin et al. [20] for four transitions. For the other sixteen transitions, the values of Pellerin et al. [20] are overestimated.



On average, our Stark width agrees with Aparicio et al. [21] and Djurović et al. [23] within 20%. The largest difference found with Djurović et al. [23] is for 4D5/2–4S3/2o([image: there is no content] = 3499.48 Å) transition for which the ratio [image: there is no content] is equal 1.42. We note here that the value is measured with an error between 30% and 50%. The values of Aparicio et al. [21] are underestimated for seven transitions and overestimated for the other eighteen transitions.



Our Stark widths are compared with Iglesias et al. [22] for two transitions. Results of Iglesias et al. [22] are given for three values of electron densities: 4.5 × 1017 cm−3, 7.2 × 1017 cm−3 and 9.0 × 1017 cm−3. Comparing with Iglesias et al. [22], the average difference is 21% but a large difference is found for the transition 4D5/2–4D5/2o ([image: there is no content] = 3968.36 Å) for the value measured at 7.20 × 1017 cm−3 electron density. In fact, for this value, the ratio [image: there is no content] is equal to 0.62. On the other hand, for the values measured at 4.5 × 1017 cm−3 and 9.0 × 1017 cm−3 electron densities, the ratio [image: there is no content] is equal 0.80.



Our Stark widths are compared with Dzierzega and Musiol [19] for the transition 4D7/2–4D7/2o ([image: there is no content] = 4013.86 Å). Dzierzega and Musiol [19] have measured Stark widths for different values of temperature and electron densities. All our Stark widths overestimate those of Dzierzega and Musiol [19]. The average ratio [image: there is no content] is equal to 0.74. Better agreement with Dzierzega and Musiol [19] ([image: there is no content] = 0.96) is found for the width measured at the temperature 12,200 K and the electron density 0.74 × 1017 cm−3. The largest disagreement is found for the width measured at the temperature 11,520 K and the electron density 1.79 × 1017 cm−3.



In Figure 1, we present our electron impact Stark width as a function of temperature for the interval from 5000 to 60,000 K along with the experimental values of [18,19,20,21,22,23] for the transition (3P) 3d 4D7/2–(3P) 4p 4D7/2o ([image: there is no content] = 4013.86 Å). All the experimental results are normalized to an electron density of [image: there is no content] cm−3. Figure 1 shows that our Stark widths are close to the experimental results. The closest values to our widths are those of Djurović et al. [23] and of Dzierzega and Musiol [19] measured at the temperature of 12,200 K and the electron density of 0.74 × 1017 cm−3. Figure 1 shows also that our Stark widths overestimate the result of Iglesias et al. [22] measured at the electron density equal to 9.0 × 1017 cm−3 and underestimate values of Iglesias et al. [22] measured at the electron densities equal to 4.5 × 1017 cm−3 and 7.2 × 1017 cm−3.


Figure 1. Electron impact Stark width (FWHM) obtained using the semiclassical perturbation approach [14,15] for (3P) 3d 4D7/2–(3P) 4p 4D7/2o ([image: there is no content] = 4013.86 Å) spectral lines as a function of electron temperature compared with experimental results. Electron density is [image: there is no content] cm−3.



[image: Atoms 05 00026 g001]







4. Stark Broadening Effect in sdB Stars


Subdwarf B stars are low-mass (roughly half a solar mass) helium burning stars with extremely thin hydrogen envelopes. They behave as helium main sequence stars. The sdB stars have a high effective temperature (20,000 K ≤ Teff ≤ 40,000 K) and gravities (log g ≃ 5–6) (see e.g., [26]). Ar II spectral lines are observed in the atmospheres of sdB stars. For example, Heber and Edelmann [6] have reported abundance of argon in B subdwarfs using Ar II spectral lines.



Beside broadening by collisions with electrons (Stark broadening), Doppler broadening is also important in stellar atmospheres. The intensity distribution function is Lorentzian in the case of Stark broadened lines and Gaussian in the case of Doppler broadened lines. In order to study the importance of Stark broadening in the atmospheric conditions of subdwarf B stars, we have compared Stark and Doppler widths for Ar II (3P) 3d 4D5/2–(3P) 4p 4P3/2o ([image: there is no content] = 4371.33 Å) spectral lines. We used the atmospheric models of Jeffery et al. [27] which are plane-parallel line-blanketed model atmospheres for hot stars in local thermal, radiative and hydrostatic equilibrium. The considered atmospheres have the following composition: 0.001 helium, 0.99741 hydrogen and 0.00047 carbon and nitrogen.



In Figure 2 and Figure 3, we present Stark and Doppler widths for Ar II (3P) 3d 4D5/2–(3P) 4p 4P3/2o ([image: there is no content] = 4371.33 Å) spectral lines as a function of the temperature of the atmospheric layers and as a function of optical depth respectively. Figure 2 shows that for the atmospheres with log g = 6.00 and log g = 5.75, Stark width become larger than Doppler width from the atmospheric layer with temperature T = 55,000 K and T = 60,000 K respectively. For the atmosphere with log g = 5.50, Stark width is comparable to Doppler width only for the dipper layers of the atmosphere. For the atmospheres with log g = 5.25 and log g = 5.00, Stark width is dominated by Doppler width in all atmospheric layers. Due to the different behavior of Gaussian and Lorentzian distributions, Stark broadening may be important in the line wings even when Doppler width is larger than Stark width.


Figure 2. Stark and Doppler widths for Ar II (3P) 3d 4D5/2–(3P) 4p 4P3/2o ([image: there is no content] = 4371.33 Å) spectral lines as a function of atmospheric layer temperature. Stark widths are shown for five values of model gravity log [image: there is no content], Teff = 22,000 K.



[image: Atoms 05 00026 g002]





Figure 3. Stark and Doppler widths for Ar II (3P) 3d 4D5/2–(3P) 4p 4P3/2o ([image: there is no content] = 4371.33 Å) spectral lines as a function of optical depth. Stark widths are shown for five values of model gravity log [image: there is no content], Teff = 22,000 K.



[image: Atoms 05 00026 g003]







5. Conclusions


Using the Hartree–Fock approach with relativistic corrections for the calculations of energy levels and oscillator strengths, and the semiclassical perturbation approach in impact approximation, we have determined Stark widths for 34 spectral lines of Ar II ion. All studied lines belong to the 3d–4p transition array. The comparison of our results shows that they are, generally, in good agreement with the experimental values. Our study will be extended to other transition arrays. Stark shift will also be studied. Our investigation on the importance of Stark broadening in the atmospheres of subdwarf B stars, shows that Stark broadening is an important broadening mechanism for the atmospheres with high surface gravity. So, Stark widths obtained here may be useful for modeling and investigating those kind of stars.
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