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Abstract: Using Griem’s semi-empirical approach, we have calculated the Stark broadening
parameters (line widths and shifts) of 35 UV–Blue spectral lines of neutral vanadium (V I). These lines
have been detected in the Sun, the metal-poor star HD 84937, and Arcturus, among others. In addition,
these parameters are also relevant in industrial and laboratory plasma. The matrix elements required
were obtained using the relativistic Hartree–Fock (HFR) method implemented in Cowan’s code.
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1. Introduction

Chemical elements belonging to the iron group, from Scandium to Zirconium (Z = 21–30),
are critical for an understanding of nucleosynthesis in different super-nova types. In particular,
Vanadium (together with Scandium and Titanium) is produced by explosive silicon burning and
oxygen burning in the core-collapse supernova (SN) phase [1]. In recent works, this element has been
analyzed in detail, especially in metal-poor stars [2]. In particular, Cowan et al. [3]—and references
therein—find a correlation among Scandium, Titanium, and Vanadium in metal-poor stars. Therefore,
the interest in Vanadium spectra has increased, and information about them is relevant for improving
its abundance determination accuracy.

Among all the effects that have an impact on atomic spectral lines, the knowledge of the
broadening and shift produced by charged particles is essential. Accurate measurements of Stark
broadening and shift parameters are required to properly analyze astrophysical data. In the case of
Vanadium, Manrique et al. [4] have provided experimental information related to the Stark broadening
and shift parameters of the spectral lines of ionized Vanadium (V II).

In addition, the neutral Vanadium has been studied in detail. Infrared spectral lines of neutral
vanadium (V I)—7363.1, 8027.3, 8255.8, 9037.6 Å, and so on—have been detected in the Solar spectrum,
the spectrum of the metal-poor star HD 84937, and the spectrum of Arcturus ([5–7], respectively).

The levels of V I have been the subject of both experimental and theoretical studies. The earliest
works were compiled by [8,9]. The most recent works [10–12] were collected in an exhaustive
compilation, revision, and expansion of the V I levels that was carried out by Thorne et al. [13].

As this is an element of great interest, there are relatively recent publications in the literature
with transition probabilities that are both theoretical and experimental. A critical analysis of these
parameters can be found in [14].
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A similar situation is found in the case of other parameters: There are excellent works devoted to the
level lifetimes. The most recent are those of Hartog et al. [15], Wang et al. [16], and Holmes et al. [17].

However, despite its interest, we have not found data on the parameters of broadening and
displacement of the spectral lines of neutral Vanadium by collision with electrons (Stark parameters)
in the National Institute of Standards and Technology (NIST) database [18], nor in the Stark-B
database [19].

In addition to its astrophysical interest, the role of vanadium in the corrosion protection of alloys
of high industrial interest, as in the case of Ti-6Al-4V [20], is well known. In laser-generated plasma in
Laser Sock Process (LSP) experiments with samples of the material mentioned above, intense spectral
lines of neutral vanadium and single ionized vanadium can be seen [21,22].

Therefore, electron impact line widths and shifts of V I are relevant in the diagnostics of the plasma
of stellar atmospheres, but they are also necessary in the analysis of the plasma in industrial processes.

In this work, electron impact line widths and shifts for 35 spectral lines of neutral vanadium have
been calculated using a semi-empirical formalism [23]. The parameters are presented at an electron
density of 1015 cm−3. We have chosen that electron density because of its proximity to the densities
that appear in the LSP experiments. To use them with other densities, they must be multiplied by
the appropriate factor; the Stark parameters scale proportionally with the electron density in the
semi-empirical approximation.

In the next section, we present our theoretical calculations, which, unlike in previous works,
have used previous results of other authors. Below, we present our results for several level lifetimes
(comparing them with experimental values obtained from the literature) and Stark broadening
parameters. Regarding some lines of astrophysical interest, we show their Stark broadening parameters
versus temperature in a graphical representation.

2. Materials and Methods

The semi-empirical formalism in which Griem considered the 1958 Baranger formulation [24] uses
Equations (1) and (2), where vse and d represent the Stark line width (half-width at half-maximum,
HWHM) and the Stark line shift, respectively, in angular frequency units, EH is the hydrogen ionization
energy, E=(3/2) kT means the energy of the perturbing electron, Ne is the free electron density, and T
is the electron temperature. The initial and final levels of the transitions are denoted by i and f,
respectively. In these equations, gse and gsh are the effective Gaunt factors proposed by Seaton [25]
and Van Regemorter [26], respectively.
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The expression ∆λ = ωseλ2/πc was used to convert the units of angular frequency (obtained in
Griem’s expressions) into wavelength units. In this equation, ∆λ is the Stark broadening (full-width at
half maximum, FWHM), λ is the wavelength, and c is the light speed.

Cowan’s Code [27] was used to obtain the necessary matrix elements included in the
Equations (1) and (2). This code is a relativistic Hartree–Fock (HFR) approach that uses an intermediate
coupling scheme (IC). It allows us to get a complete set of transition probabilities (Aij) of the V I spectral
lines by obtaining through them the required matrix elements.

Since the neutral vanadium is an element with a large number of known levels (346 odd levels
and 198 even levels in the previously cited work [13]), we preferred not to repeat the very tedious
calculations that had already been carried out successfully by this last author Thorne et al. [13]. We used
the energies from Thorne et al. [13] and the transition probabilities from Cowan’s code to determine
the necessary matrix elements in Equations (1) and (2).
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The calculations of the present authors were made using the following configurations: even
parity, 3d34s2 + 3d44s + 3d45s + 3d46s + 3d44d+3d45d+3d5+3d34s5s+3d34s6s+3d34s4d+3d34s5d +
3d34p2, and odd parity, 3d44p +3d45p +3d34s4p +3d34s5p + 3d44f + 3d34s4f + 3d24s24p. The atomic
parameters that were derived from these calculations and that were used (as input) in our work can be
found in Table 6 of Thorne et al. [13].

As there are no previous experimental or theoretical data on the Stark broadening parameters
of the spectral lines of the V I, we can only compare atomic data without the effects of the plasma
environment, i.e., the intermediate results obtained for the transition probabilities or the level lifetimes.
In this case, there are a lot of spectral lines with experimental transition probabilities to include in the
comparison (which was made successfully) in our text. We preferred to test the lifetimes of the upper
levels of the 35 spectral lines that we considered.

3. Results

Our results for the lifetimes of the upper levels corresponding to the 35 spectral lines with the
Stark broadening parameters calculated in this work are presented in Table 1. The first three columns
show the level energy, the configuration (as it appears in the NIST databases: using spin-orbit coupling
notation and keeping the component with the highest weight), and the wavelengths of the transitions
studied. The remaining columns show the values of the experimental level lifetimes found in the
literature and the theoretical values obtained in our calculations.

As can be seen, the theoretical values obtained are close to the experimental values, with the
noticeable exception of the lifetime value of 3d44p4Io

9/2, which is experimentally (25.8 ns) a factor of
two greater than the theoretical value (12.37 ns) obtained in our calculations. This result contrasts with
the results obtained for levels of the same multiplet, such as the 3d44p4Io

15/2 level, in which the results
obtained are 12.3 and 11.9 ns, respectively.

A possible explanation is found by observing the theoretical values obtained with Cowan’s code
(ab initio) before adjusting the parameters with the experimental values of the energy levels. For the
level 3d44p4Io

9/2, 17.04 ns was obtained, and for the level 3d44p4Io
15/2, 13.85 ns was obtained. This is a

known effect: In this case, the energy-optimized Cowan method produces an undesired effect on the
result of the transition probabilities for level 3d44p4Io

9/2. It is clearly observed that, in the 37,285 cm−1

level, the relative weight of the vectors (in the spin–orbit coupling notation) 3d44p4Io
9/2 , 3d44p2Ho

9/2
and 3d34s4p2Ho

9/2 changes slightly when adjustments have been made to the experimental levels,
significantly affecting the level lifetime.

However, as noted above, our results for the transition probabilities and the oscillator strengths
are close to the experimental results in almost all the experimental spectral lines. Stark broadening
calculations that depend on all transition probabilities (as can be seen from Equations (1) and (2)) will
certainly reflect this effect beyond the effect of any particular transition probability.

Our results for the Stark broadening parameters calculated in this work are presented in Table 2.
The first column presents the wavelength and the experimental transition probability of the spectral
line. Columns two and three present the transition levels’ configurations. The remaining columns
show the Stark line widths and shifts at 5, 10 , 20 and 30 · 10 3K and at an electron density of 1015 cm−3.
It should be noted that Stark’s change parameters could be poorly evaluated. This is due to the fact that
the different addends in Equation (2) sometimes carry different signs and are, therefore, very sensitive
to possible inaccuracies in the calculations of the matrix elements. This does not happen with the Stark
magnification parameter when all terms are positive.
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Table 1. Lifetimes of upper levels corresponding to spectral lines with the Stark broadening parameters
calculated in this work.

Energy Level (cm−1) a Configuration Wavelength in Å a Lifetimes (ns)

Expt. b Expt. c This Work

28,368 3d34s4p6Do
3/2 3823.21 35.9 37.8

29,202 3d34s4p6Po
3/2

3690.27
6.7 10.03695.86

3705.03

29,296 3d34s4p6Po
5/2

3692.21
6.7 6.9(5) 10.03704.69

29,418 3d34s4p6Po
7/2 3688.06 6.7 7.0(5) 9.98

32,846 3d34s4p4Fo
5/2 3056.33 4.1 4.78

32,988 3d34s4p4Fo
7/2

3060.45
4.2 4.794095.47

40,001 3d34s4p4Go
9/2 3207.40 3.3 5.3

43,706 3d34s4d 6H7/2 3667.73 5.9 6.4

24,648 3d44p6Po
3/2 4444.20 28.4 22.2

24,770 3d44p4Po
1/2 4412.14 24.7 24(1) 23.6

24,830 3d44p6Fo
3/2

4400.57
9.2 10.44421.56

24,838 3d44p6Po
7/2

4419.93
28.1 22.54437.83

24,898 3d44p6Fo
5/2 4408.19 9.1 10.38

25,253 3d44p6Fo
11/2 4379.23 9.0 10.26

26,122 3d44p4Fo
7/2 4182.58 18.0 14.2

26,249 3d44p4Do
3/2 3808.51 12.5 13.5

26,397 3d44p6Do
1/2 4116.55 8.2 9.1

26,505 3d44p6Do
5/2

4105.16
8.1 9.04116.47

26,604 3d44p6Do
7/2

4099.78
8.0 9.14115.17

26,738 3d44p6Do
9/2 4111.78 8.0 9.1

38,115 3d44p4Do
7/2

3400.39
5.5 6.53533.67

37,285 3d44p4Io
9/2 4468.00 25.8 12.37

37,518 3d44p4Io
15/2 4452.00 12.3 11.9

37,644 3d44p4Go
9/2 4560.71 12.3 13.9

39,391 3d44p4Fo
9/2 4232.45 9.5 5.7(4) 8.0

41,860 3d44p4Go
9/2 4050.95 7.5 7.3

aNIST , b Hartog et al. [15], c Wang et al. [16].

As an example, we present the Stark broadening parameters versus temperature for three intense
spectral lines of neutral vanadium in Figure 1.
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Figure 1. Calculated Stark width (full-width at half maximum (FWHM)) ω (pm), and shifts
(d(pm)) normalized to Ne = 1015 cm−3 vs. temperature for spectral lines of neutral vanadium of
astrophysical interest.
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Table 2. Neutral vanadium (V I) line-widths (FWHM), ω (pm), and shifts (d(pm)) normalized to
Ne = 1015 cm−3.

Wavelength λ (Å) a Transition Levels
T (103K) ω (pm) d (pm)

Aij (108 s−1) a Upper Lower

3056.33 3d34s4p4Fo
5/2 3d34s24F5/2 5 1.61 −1.32

Aij =1.33 10 1.22 −1.01

20 0.82 −0.69

30 0.69 −0.60

3060.45 3d34s4p4Fo
7/2 3d34s24F7/2 5 2.15 −1.76

Aij =1.46 10 1.63 −1.35

20 1.10 −0.92

30 0.94 −0.82

3207.40 3d34s4p4Go
9/2 3d34s24F9/2 5 2.94 −2.56

Aij = 0.218 10 2.02 −1.74

20 1.34 −1.15

30 0.92 −0.76

3400.39 3d44p4Do
7/2 3d44s4D7/2 5 2.30 −1.78

Aij = 0.191 10 1.46 −1.0

20 0.99 0.60

30 1.03 −080

3533.67 3d44p4Do
7/2 3d34s24P5/2 5 2.39 −1.83

Aij = 0.63 10 1.51 −1.02

20 1.19 −0.78

30 1.09 −0.84

3667.73 3d34s4d 6H7/2 3d34s4p6Go
5/2 5 3.34 −2.81

Aij = 1.46 10 1.89 −1.52

20 2.37 −2.10

30 2.24 −2.19

3688.06 3d34s4p6Po
7/2 3d44s6D7/2 5 2.20 −1.63

Aij = 0.32 10 1.43 −1.17

20 1.01 −0.71

30 0.56 −0.37

3690.27 3d34s4p6Po
3/2 3d44s6D1/2 5 0.89 −0.60

Aij = 0.44 10 0.57 −0.43

20 0.40 −0.25

30 0.23 −0.14

3692.21 3d34s4p6Po
5/2 3d44s6D5/2 5 1.47 −1.04

Aij = 0.55 10 0.95 −0.75

20 0.67 −0.44

30 0.39 −0.25

3695.86 3d34s4p6Po
5/2 3d44s6D7/2 5 1.11 −0.82

Aij = 0.62 10 0.72 −0.59

20 0.51 −0.36

30 0.27 −0.18

3704.69 3d34s4p6Po
3/2 3d44s6D3/2 5 1.70 −1.27

Aij = 0.77 10 1.11 −0.91

20 0.78 −0.56

30 0.43 −0.28

3705.03 3d34s4p6Po
3/2 3d44s6D5/2 5 1.34 −1.05

Aij = 0.418 10 0.89 −0.75

20 0.62 −0.47

30 0.31 −0.21
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Table 2. Cont.

Wavelength λ (Å) a Transition Levels
T (103K) ω (pm) d (pm)

Aij (108 s−1) a Upper Lower

3808.51 3d44p4Do
3/2 3d44s4F3/2 5 1.54 −1.31

Aij = 0.143 10 1.01 −0.85

20 0.68 −0.61

30 0.61 −0.55

3823.21 3d34s4p6Do
3/2 3d44s6D5/2 5 1.31 −1.26

Aij =0.164 10 0.91 −0.88

20 0.60 −0.58

30 0.21 −0.20

4050.95 3d44p4Go
9/2 3d44s4G9/2 5 5.30 −3.37

Aij = 0.70 10 3.82 −1.91

20 3.18 −1.41

30 2.93 −1.44

4095.47 3d34s4p4Fo
7/2 3d44s4D5/2 5 3.37 −2.67

Aij = 0.42 10 2.58 −2.08

20 1.55 −1.22

30 1.50 −1.29

4099.78 3d44p6Do
7/2 3d44s6D5/2 5 2.81 −2.18

Aij = 0.391 10 1.99 −1.54

20 1.08 −0.76

30 0.82 −0.73

4105.157 3d44p6Do
5/2 3d44s6D3/2 5 2.03 −1.56

Aij = 0481 10 1.44 −1.10

20 0.77 −0.53

30 0.60 −0.53

4111.778 3d44p6Do
9/2 3d44s6D9/2 5 3.92 −3.12

Aij = 1.0 10 2.77 −2.20

20 1.55 −1.16

30 1.11 1.0

4115.17 3d44p6Do
7/2 3d44s6D7/2 5 3.11 −2.47

Aij = 0.57 10 2.20 −1.75

20 1.22 −0.91

30 0.87 −0.78

4116.47 3d44p6Do
5/2 3d44s6D5/2 5 2.32 −1.84

Aij = 0.215 10 1.64 −1.30

20 0.91 −0.67

30 0.64 −057

4116.55 3d44p6Do
1/2 3d44s6D1/2 5 0.79 −0.63

Aij = 0.276 10 0.56 −0.44

20 0.31 −0.23

30 0.22 −020

4182.58 3d44p4Fo
7/2 3d44s6D5/2 5 3.06 −2.40

Aij =0.012 10 2.06 −1.60

20 1.33 −1.17

30 1.18 −1.0

4232.45 3d44p4Fo
9/2 3d44s4F9/2 5 5.37 −3.47

Aij = 0.69 10 3.37 −2.37

20 2.75 −1.50

30 2.45 −1.34
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Table 2. Cont.

Wavelength λ (Å) a Transition Levels
T (103K) ω (pm) d (pm)

Aij (108 s−1) a Upper Lower

4379.23 3d44p6Fo
11/2 3d44s6D9/2 5 4.82 −3.64

Aij = 1.15 10 3.41 −2.58

20 1.75 −1.16

30 1.27 −1.06

4400.57 3d44p6Fo
3/2 3d44s6D1/2 5 1.41 −1.01

Aij = 0.347 10 1.0 −0.72

20 0.48 −0.28

30 0.39 −0.32

4408.19 3d44p6Fo
5/2 3d44s6D5/2 5 2.59 2.00

Aij = 0.51 10 1.83 −1.41

20 0.96 −0.66

30 0.66 −0.55

4412.136 3d44p4Po
1/2 3d44s6D1/2 5 0.93 −0.71

Aij = 0.0426 10 0.59 −0.44

20 0.36 −0.33

30 0.31 −0.23

4419.93 3d44p6Po
7/2 3d44s6D5/2 5 3.10 −1.73

Aij = 0.0122 10 2.17 −1.24

20 1.52 −0.38

30 1.15 −0.06

4421.56 3d44p6Fo
3/2 3d44s6D5/2 5 2.06 −1.66

Aij = 0.133 10 1.46 −1.17

20 0.80 −0.60

30 0.50 −0.42

4437.83 3d44p6Po
7/2 3d44s6D7/2 5 3.45 −2.06

Aij = 0.0836 10 2.42 −1.48

20 1.69 −0.54

30 1.21 −0.11

4444.20 3d44p6Po
3/2 3d44s6D3/2 5 1.50 −1.29

Aij = 0.148 10 1.23 −0.74

20 0.85 −0.27

30 0.62 −006

4452.00 3d44p4Io
15/2 3d44s4H13/2 5 6.75 −5.37

Aij = 0.81 10 4.72 −3.75

20 2.42 −1.72

30 1.94 −1.70

4468.00 3d44p4Io
9/2 3d44s4H7/2 5 3.97 −3.11

Aij =0.174 10 2.78 −2.18

20 1.39 −0.97

30 1.16 −1.0

4560.71 3d44p4Go
9/2 3d44s4F7/2 5 4.0 −3.09

Aij = 0.58 10 2.80 −2.15

20 1.39 −0.96

30 1.07 −0.88

Note. A negative shift is towards the red, aNIST.
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4. Conclusions

In this work, we presented theoretical Stark broadening parameters of 35 spectral lines of V I
of astrophysical and industrial interest in the ultraviolet–blue range. It is the first time that these
values, for which there are no experimental measurements, have been calculated. To get the required
matrix elements, we used the transition probabilities obtained from Cowan’s code (around 190,000).
The theoretical lifetimes of the upper levels of these transitions are also shown.
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