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Abstract

Context. We provide structure, electron collision, and Stark broadening parameters of the Rb-like niobium ion Nb V. These data are mandatory for the spectral analysis of hot star spectra after the discovery of many lines of trans-iron elements in hot white dwarfs. To the best of our knowledge, the present results are the first to be published.

Aims. Recently, and for the first time, several lines of trans-iron elements with ionization stages IV through VII from Zn to Ba (Z = 30–56) have been discovered in the ultraviolet spectra of the atmospheres of a DAO-type white dwarf BD-22∘3467, a DA-type white dwarf G191–B2B and a DO-type white dwarf RE 0503–289. This finding motivates us to evaluate the atomic and Stark broadening data of the Nb V ion (Z = 41), required to investigate its abundance and to interpret and analyze the observed spectra.

Methods. We used our quantum method to calculate the Stark widths. The first step of the method consisted in calculating the structure and collision parameters. In a second step, these parameters entered our codes of line broadening calculations to provide the Stark line widths. Since the accuracy of the line width results is related to the accuracy of the collision parameters, we checked the convergence of our collision results during the calculation.

Results. We provide the widths of 30 Nb V lines at different electron temperatures and at an electron density Ne = 1017 cm−3. We compare our result with those obtained using the approximate formula of Cowley and find that rigorous calculations must be performed to obtain accurate Stark widths. We mention also that the Stark broadening mechanism is preponderant for almost all the physical conditions of the considered plasma.
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1 Introduction
Atomic data, such as energy levels, oscillator strengths, radiative decay rates, and broadening of spectral lines of elements, are crucial tools in astrophysical and laboratory plasma studies, offering valuable insights for various research purposes. For laboratory plasmas, line broadening can be a powerful tool in the modeling of laser-produced and inertial fusion plasma. In astrophysics, they are used in the investigations of radiative transfer, determination of chemical abundances, and stellar opacity calculations. Data for heavy elements, unlike those for light elements, are particularly significant due to their limited availability and the difficulty of their calculations. Many papers (Rauch et al. 2017; Werner et al. 2018; Löbling et al. 2020) and recently (Landstorfer et al. 2024) point out the existence of heavy elements (trans-iron elements: Zn, Ga, Ge, Se, Br, Kr, Sr, Zr, Mo, In, Te, I, Xe, and Ba; and iron-group elements: from calcium to nickel) in white dwarfs and their importance in plasma diagnostics. The atomic data and Stark broadening data of these heavy ions must be taken into account for the spectral analysis; otherwise, restricting ourselves to the atomic data of hydrogen and helium will compromise the results and limit the precision of synthetic spectra.
The continuous development of powerful and high-capacity computers enables precise and advanced calculations of more complex atomic systems, making the theoretical evaluation of atomic and line broadening data for heavy elements (highly ionized elements with high nuclear charges Z) possible. In parallel with computer developments, instruments of astrophysical observations such as the Goddard High Resolution Spectrograph (GHRS) on the Hubble Space Telescope and the Far Ultraviolet Spectroscopic Explorer (FUSE) have enabled the collection of a broad range of spectroscopic data at different physical conditions that can be compared with the theoretical ones.
The broadening of spectral lines is due to many effects: Natural broadening is a consequence of the Heisenberg uncertainty principle. Doppler broadening is due to the distribution of velocities of atoms or molecules. The broadening resulting from the charged particles in a plasma is called Stark broadening; and that resulting from neutral atoms is called Van der Waals broadening. If the neutral atoms are the same, the phenomenon is called resonance broadening. It has been shown that Stark broadening is the most important in many astrophysical objects (Aloui et al. 2022; Elabidi 2021a; Sahal-Bréchot & Elabidi 2021; Dimitrijević 2020; Aloui et al. 2019) because it occurs under widely different plasma physical conditions.
Lines of elements with high ionization stages (IV-VII) have been detected in the spectra of white dwarf (G191–B2B, RE 0503–289, and BD-22°3467) and subdwarf (HZ 44 and HD 127493) stars (Rauch et al. 2016; Rauch et al. 2017; Dorsch et al. 2019). In this work, we focus on the element niobium, and specifically on the Stark broadening and atomic data of the Nb V ion. It is obvious that precise and reliable atomic data are the principal input for any atmosphere modeling. Oscillator strengths and transition probabilities are required for the complete model atoms, not only for the lines identified in an observation (Rauch et al. 2020; Landstorfer et al. 2024). The estimation of the electron collisional rate coefficients and photoionization cross sections requires a complete knowledge of oscillator strengths (Orban et al. 2006). Line strengths and oscillator strengths are required for Stark broadening evaluation (Alonso-Medina & Colón 2014). Even though there are many atomic databases, such as NIST (Kramida et al. 2024), CHIANTI (Del Zanna et al. 2021), the Opacity Project (Seaton et al. 1994), and Kurucz (Kurucz 2018), atomic data are missing, especially for higher ionization stages. Regarding the Stark broadening parameters, the problem is worse for these ions, since their calculations depend on the availability of these preliminary atomic data (energy levels, oscillator strengths, and line strengths). Atomic data for the Nb V ion are scarce, and Stark broadening data are totally missing from the literature, even though research on this ion began very early: we can cite the work of Lindgård & Nielson (1977), in which transition probabilities, oscillator strengths, and lifetimes of Nb V were calculated using a numerical Coulomb approximation. Migdalek & Baylis (1979) calculated oscillator strengths for the lowest [image: equation] transitions for Rb-like ions, including Nb V. Zilitis (2007, 2009) calculated new oscillator strengths for the Nb V transitions 5S–5P, 5P–4,5 D, 4D–nP, and 4D3/2–nF5/2 using the Dirac-Fock method. Das et al. (2018) calculated lifetimes and oscillator strengths for Y III to Tc VII transitions. The more recent spectroscopy data can be found in Jyoti et al. (2021), in which line strengths, transition probabilities, and oscillator strengths for the allowed transitions involving the levels [image: equation], and n′D3/2,5/2, with n = 5 to 10 and n′ = 4 to 10 of the Rb-like ions Zr IV and Nb V were calculated.
We concentrate on Stark broadening in this work and calculate the Nb V line widths using our quantum formalism (Elabidi et al. 2004, 2008) and semiclassical perturbation (SCP) formalism. The SCP theory, which involves hyperbolic trajectories for ionized radiating atoms, has been developed and updated by Sahal-Brechot (1969a,b); Sahal-Bréchot (1974); Fleurier et al. (1977); Sahal-Bréchot (2021). The resulting SCP code has been continually improved and used since 1984 (for example, Dimitrijević et al. (2011)). The theory was revisited by Sahal-Bréchot et al. (2014); Sahal-Bréchot & Elabidi (2021). The two results are compared and presented at various temperatures, which are useful for many astrophysical purposes. The SCP method was shown to be sufficiently precise for the needs and agrees with other theoretical methods and experimental results. The uncertainty in the SCP results is due to the use of the perturbation theory in the evaluation of the close collision contribution to the line widths. Our quantum method has been applied in recent years to several ions (Aloui et al. 2024a,b,c; Elabidi et al. 2023a,b; Aloui et al. 2022; Elabidi 2021a,b; Sahal-Bréchot & Elabidi 2021), and whenever experimental or other theoretical results are available, we have achieved good agreement in almost all cases. This motivates us to extend our calculations to determine missing line broadening data for the Nb V ion, which will be useful for astrophysicists. Since Stark broadening parameters for the considered ion are totally missing from the literature, the only way to check their accuracy is to verify the reliability of the data used to calculate the line widths, such as energy levels, oscillator strengths, and wavelengths, and to test the convergence of the collision parameters, such as collision strengths or cross sections, with the electron energy. So, besides the final Stark broadening data, we show a comparison between our preliminary data and those of Jyoti et al. (2021), and we present an extensive study of the convergence of our results. We also use the approximated formula of Cowley (1971) to produce the Stark broadening of the 30 lines and compare them with our rigorous calculations. The agreement between the two results is not conclusive, indicating that when exact calculations can be performed, it is not recommended to use the approximated formula of Cowley (1971).
Our paper is structured as follows: Section 2 is dedicated to a brief description of the method used for the evaluation of Stark broadening data. Results of the atomic data and their comparisons are presented in Sect. 3 together with a discussion about the convergence of our collision strengths. Results for the line widths are presented in Sect. 4, along with comparisons to the Cowley formula. Finally, we summarize our results and conclude in Sect. 5.
2 Description of the theory and computational procedure
Our quantum method for electron impact broadening is well described in Elabidi et al. (2004, 2008); Aloui et al. (2018). Here, we present only an overview. In Elabidi et al. (2004, 2008), we considered fine structure effects and relativistic corrections resulting from the nonvalidity of the LS coupling approximation for the target by using the intermediate coupling scheme. We derived the formula of the full width at half maximum (FWHM), W, expressed in angular frequency units of a spectral line arising from a transition from an upper level, i, to a lower level, f, (Elabidi et al. 2008) with
[image: equation](1)
where the integral is performed using a trapezoid method with an increasing energy step. Here, m is the electron mass, kB the Boltzmann constant, Ne the electron density, T the electron temperature, ϵ the incident electron energy, and
[image: equation](2)
where Lj+Sj =Jj, Jj+ℓ =Kj and [image: equation] (j = i or f). L and S are the orbital and spin momenta of the emitter; ℓ and s are those of the perturber (electron); and all the parameters denoted by T refer to the system of electron+ion. 𝕊j, ℜ(𝕊j), and ℑ(𝕊j) are the scattering matrix elements and their real and imaginary parts for the level j (j = i or f). These matrices are written in the basis of the intermediate coupling scheme and evaluated at the same perturber energy, [image: equation]. In addition, [image: equation] are the 6–j symbols.
To evaluate the expression (2) of [image: equation], we need to calculate ℜ(𝕊) and ℑ(𝕊) for the initial i and final f levels. This task is performed using the UCL codes: SUPERSTRUCTURE (SST) of Eissner et al. (1974) for the structure calculations (energy levels, oscillator strengths, etc.), in addition to the term coupling coefficients (TCCs), which will be used in the scattering part (Elabidi et al. 2004) through the codes DISTORTED WAVE (DW) of Eissner (1998) and JAJOM (Saraph 1978). In the present work, we transformed JAJOM into JAJPOLARI (Elabidi & Dubau, unpublished results) and RTOS (Dubau, unpublished results) to produce the real ℜ(𝕊) and the imaginary ℑ(𝕊) parts of the scattering matrix entering our code to evaluate the expression (2). We included in our calculations Feshbach resonances using the Gailitis method (Gailitis 1963). The factor, [image: equation], was extrapolated below the threshold energy for the corresponding inelastic process. It was shown in Elabidi et al. (2009) that including Feshbach resonances in the calculation of line widths leads to better agreement with experimental results, especially at low temperatures.
Table 1 
Energies (E1) in cm−1 of the 14 lowest Nb V levels compared with RMBPT(a) (E2) and NIST(b) results.

3 Atomic structure and electron–ion scattering
3.1 Atomic structure
For the study of the structure and collision of the Nb V ion, we used eight electronic configurations: [Kr] 4d, 5s, 5p, 5d, 4f, 6s, 6p, and 6d. The structure calculations were performed using the SST code of Eissner et al. (1974), where the wave functions are determined by the diagonalization of the nonrelativistic Hamiltonian using orbitals calculated in scaled Thomas–Fermi–Dirac–Amaldi (TFDA) potentials. Relativistic corrections (spin–orbit, mass, Darwin, and one-body) were introduced according to the Breit–Pauli approach (Bethe & Salpeter 1957) in LSJ coupling. The wave functions were used to determine the energies and other radiative atomic data. The absorption oscillator strengths, fl→u, and the radiative decay rates, Aul, of the allowed transitions (E1) between the upper (u) and lower (l) levels are given by
[image: equation](3)
where S[E1] is the line strength defined as the square of the transition moment ⟨ψl|μ|ψu⟩, μ is the electric dipole moment operator for permitted transitions, g refers to the statistical weights, and λ is the wavelength in Å.
The SST code takes into account configuration interactions and relativistic corrections (spin–orbit, mass, Darwin, and onebody) introduced according to the Breit–Pauli approach (Bethe & Salpeter 1957) in LSJ coupling. However, it does not account for core-polarization and core-penetration effects. Quinet et al. (1999) mentioned that for complex ions, these effects must be introduced to obtain more accurate oscillator strengths. Meléndez et al. (2007) showed that polarization interaction affects the oscillator strengths by up to 12% and affects the lifetimes and effective collision strengths by about 20%. Concerning Stark broadening, which is the aim of this work, Hamdi et al. (2013) calculated SCP Stark widths for the Pb IV ion using three sets of wighted oscillator strengths (g * f). They performed an extensive comparison of the results obtained with different oscillator strengths. The three methods used to calculate g * f are the following: the HFR correction approach using the Cowan code (Cowan 1981), the third-order many-body perturbation theory (Safronova & Johnson 2004) with core-polarization effects from Chou & Johnson (1997), and the relativistic Hartree-Fock calculations in intermediate coupling (Alonso-Medina et al. 2011) including the core-polarization effects from Migdalek & Baylis (1979). They also compared their results to previous SCP ones (Dimitrijević & Sahal-Bréchot 1999) obtained using the oscillator strengths of Bates & Damgaard (1949). They found that the effect of oscillator strengths is about 20%. This value is not crucial, since it is roughly of the same order of magnitude as the accuracy of the SCP method. Furthermore, in our quantum method, Stark widths are less sensitive to oscillator strengths than in the SCP method. So, we can conclude that neglecting core polarization in the evaluation of oscillator strengths slightly reduces their accuracy but does not significantly affect the accuracy of our quantum Stark widths.
We present in Table 1 the fine structure levels obtained from the eight configurations together with the results measured by Kagan et al. (1981) and taken from the National Institute of Standards and Technology (NIST) database (Kramida et al. 2024), as well as those from Jyoti et al. (2021), obtained using the relativistic many-body perturbation theory (RMBPT). The average relative error between the NIST results and the present ones is about 1.27%, while that with the RMBPT results is about 4.18%. This indicates a difference of about 3% between our energies and those of the RMBPT. The radiative data (wavelengths λ, absorption oscillator strengths fl→u, radiative decay rates Aul, and line strengths S) for the possible electric dipole transitions involving the 14 levels are presented in Table 2. The obtained results are compared only with the RMBPT data (Jyoti et al. 2021), since no NIST radiative data are available. The wavelengths of the two calculations are in good agreement for all the transitions with an average error of about 1.4%. For the oscillator strengths, radiative decay rates, and line strengths, the average relative error is around 22%. Important discrepancies (40–70%) have been reported for six transitions with high energy differences ΔEij (λ ≈ 40–70 nm). These values are marked by an asterisk in Table 2. If we exclude these from the comparison, we obtain an acceptable average error (of about 11%).
Table 2 
Wavelengths (λ1), oscillator strengths (f1), radiative decay rates (A1), and line strengths (S1) compared with RMBPT results (a).

3.2 Electron–ion scattering
In our method, collision is a primary part in the evaluation of the line widths, since Stark broadening is principally caused by collisions between the emitter (ion) and the surrounding electrons. This is why we present here a detailed description of how the collision is treated. This collision calculation was performed using the DW code (Eissner 1998) and the JAJOM code (Saraph 1978). In DW, the collision is treated in LS coupling, with the angular momentum of the colliding electron set up to ℓ = 19. The JAJOM code transforms the reactance matrices, ℝLSπ, from LS coupling (obtained in DW) into JK coupling according to the expression,
[image: equation](4)
We combined all the quantum numbers (same definition as in expression 2, with π referring to the parity) that define the state in JK coupling and those in LS coupling in the form, [image: equation], and [image: equation], where ΓjSjLj refers to the configuration j. The recoupling terms, C, are related to the Racah coefficients, W, by (Racah 1943):
[image: equation](5)
Finally, we calculated the reactance matrices in intermediate coupling [image: equation] by using the TCCs, fJ, obtained from the SST code, through the relation,
[image: equation](6)
where Δj replaces the set ΓjSjLj indexing the configuration j. These reactance matrices were used to produce the scattering matrices 𝕊 entering the expression of the line widths (2):
[image: equation](7)
Equations (7) guarantee the unitarity of the scattering matrices, 𝕊.
In general, we present collision parameters as cross sections, [image: equation], where ϵi is the energy of the incident electron relative to the level i, expressed in Rydbergs, and Ω(i, i′) is the collision strength. Unlike cross sections, collision strengths are symmetric with respect to the levels i and i′. They are given by the following expression using the transition matrices 𝕋 = 1 − 𝕊:
[image: equation](8)
The collision strength, ΩLS, is a sum of the partial collision strengths, ΩJ, according to the expression,
[image: equation](9)
This relation is used as a tool to check the convergence of the collision results as well as the accuracy of our calculated line widths.
We present in Table 3 the collision strengths, Ω(i, i′), for the transitions involving the levels i = 1, 2, 3 and i′ = 2–14 at incident electron energies E = 5, 10, 20, 30, 40 and 60 Ryd. To the best of our knowledge, there are no other results of collision strengths to compare with. However, as seen in Fig. 1, the collision strengths converge for all the illustrative transitions. In Fig. 1 (panel a), we display the optically forbidden transitions: 4d 2D3/2−4d 2D5/2 (1–2), 4d 2D3/2−5s 2S1/2 (1–3), and [image: equation] (3–8). As expected, their collision strengths easily converge at low energies. In Fig. 1 (panel b), we display the collision strengths of the optically allowed transitions [image: equation] (1–8), [image: equation] (2–9), and [image: equation] (3–4), which converge at higher energies (about 30 Ryd). As mentioned above, expression (9) can serve as a verification tool for collision strength convergence. This is achieved here by studying the behavior of the partial collision strengths, Ω(J, J′), as a function of the total angular momentum, JT. The results are displayed in Fig. 2 at different incident electron energies for the forbidden transition, 4d 2D3/2−4d 2D5/2 (panel a), and the allowed transition, 4d 2D3/2−4f 2F5/2 (panel b). We can see that for the forbidden transition, the convergence of the collision strength occurs for JT = 13 at energy E = 5 Ryd, and for JT = 23 at energy E = 40 Ryd. Convergence for the allowed transition requires the inclusion of higher total angular momentum. At an energy of 5 Ryd, collision strengths converge for JT = 16, while at E = 40 Ryd, a trend toward convergence begins at JT = 21. The above examination reveals that our collision strengths, as well as the scattering matrices 𝕊, converge for the considered energies and angular momenta. This conclusion helps us have an idea about the convergence and accuracy of our line broadening results, since we use the scattering matrices (related to the collision strengths) in the calculation of line widths.
Table 3 
Collision strengths, Ω(i, i′), between the lowest three levels i = 1, 2, 3 and the remaining levels i′ = 2–14 of the Table 1.

	[image: thumbnail]	Fig. 1 Collision strength as a function of the incident electron energy, E. Panel a: three forbidden transitions 1–2 (∘), 1–3 (•), and 3–8 (*); Panel b: three allowed transitions 1–8 (•), 2–9 (∘), and 3–4 (*).



4 Stark broadening results
4.1 Quantum and semiclassical perturbation results
In this section, we present our calculated quantum (Q) and SCP Stark widths for 30 spectral lines. The results, displayed in Table A.1, are calculated at an electronic density, Ne = 1017 cm−3, and at five temperatures between 105−106 K. This range of temperature is suitable for astrophysical applications. Spectral lines between fine structure levels are grouped in the table according to their corresponding multiplets. We also present in Table A.1 the relative error between the Q and SCP results. When averaged over all the lines and all the considered temperatures, we find a mean value of about 26%, with a maximum of 60%. We note that, for almost all the lines, the least agreement between the two calculations is found at low temperatures. Furthermore, at these low temperatures, the Q widths are higher than the SCP ones. This is because at low temperatures, elastic collisions and, therefore, close collisions are more important, and the perturbation theory is no longer valid. That is why for this region of energy (temperature), more sophisticated calculations—such as the quantum ones—must be performed to obtain more accurate results. An exception to this conclusion is found for the d–f transitions, where, for all the temperatures, the SCP results are higher than the quantum ones. Furthermore, we find the least agreement between the two results at high temperature. As an illustration of the behavior of the line widths with temperature, we display in Fig. 3 our calculated Q and SCP widths for the two lines: [image: equation] (1–8) in panel a, and [image: equation] (3–4) in panel b, at an electron density Ne = 1017 cm−3. We chose the following lines to show the above conclusions: Panel a displays a d-f transition, where the SCP results are higher than the quantum ones at all the considered temperatures, contrary to the usual behavior observed for the s–p line in the panel b.
	[image: thumbnail]	Fig. 2 Partial collision strength as a function of the total angular momentum, JT + 1, for the forbidden transition 1–2 (panel a) and for the allowed transition 1–8 (panel b) at four energies: 5 Ryd (Δ), 10 Ryd (×), 20 Ryd (∘), and 40 Ryd (⋆).



	[image: thumbnail]	Fig. 3 Quantum (∘) and semiclassical perturbation (•) Stark widths of the two transitions [image: equation] (panel a) and [image: equation] (panel b) at an electron density, Ne = 1017 cm−3.



4.2 Estimation of Stark widths using the Cowley formula
We calculate the Stark widths of the 30 Nb V lines using the Cowley approximate formula (Cowley 1971). The approximate formula is proposed for one electron temperature T = 104 K, and Cowley (1971) mentioned that the formula is not recommended when detailed calculations or experimental results are available. The Stark width WC, expressed in Å, is given by the formula (Cowley 1971)
[image: equation](10)
where Ne is the electron density in cm−3 λ is the wavelength of the considered transition in centimeters, and [image: equation] is the effective principal quantum number of the upper level of the transition, defined by
[image: equation](11)
Z is the effective charge (Z = 1 for neutral atoms, Z = 2 for singly charged ions,...), EH = 13.606 eV is the ionization energy of the hydrogen, Eu is the energy of the upper level of the transition, and Eion is the ionization energy of the emitter. All energy values are expressed in eV.
Our quantum widths W and those of Cowley WC are presented in Table for two electronic temperatures of 104 K and 2.5 × 104 K, and an electron density of N = 1017 cm−3. Results for T = 2.5 × 104 K are obtained from those at T = 104 K, supposing that widths are proportional to T−1/2 as in our formula 1 and as used in several previous works (Majlinger et al. 2017; Hamdi et al. 2024). Regarding the ratio of our results and those obtained from the Cowley formula (W/WC), we see two groups of lines: a first group where the Cowley approximation overestimates the line widths, with W/WC = 0.28–0.97, and a second group where the approximate formula presents acceptable agreement with our quantum results, with W/WC = 1.01–1.24. This shows that we cannot decide about the accuracy and the applicability of the formula (10), even though we have used this formula at the temperature proposed by Cowley (1971). Consequently, the approximated formula must be used, if necessary, with high caution, especially for temperatures far away from 104 K. We also present in Fig. 4 the spectral shapes of the [image: equation] line (1218.54 Å) using our quantum widths and those obtained from the approximate formula of Cowley (Cowley 1971).
	[image: thumbnail]	Fig. 4 The [image: equation] (1218.54 Å) line profile at an electron temperature of 2.5 × 104 K and an electron density of 1017 cm−3. The solid line indicates quantum results, while the dashed line indicates the Cowley approximation results.



5 Conclusion
In this work, we calculated the Stark broadening of 30 spectral lines of the niobium ion Nb V using both our quantum mechanical method and the semiclassical perturbation method. We presented the results at different electron temperatures and at an electron density of Ne = 1017 cm−3. The comparisons show an overall agreement of about 26%, with higher values reaching 60%. The main reason for this disagreement may be the evaluation of the contributions of the elastic (close) collisions to the line widths by the semiclassical perturbation approach. These contributions occur at low energies (temperatures), which explains why high disagreement is found for almost all the lines at low temperatures. Structure (energy levels and radiative atomic data) and collision strengths used for Stark broadening calculations were also presented. We compared our energies and those of Jyoti et al. (2021) with the results from the NIST database (Kramida et al. 2024). We find that our energies agree with the NIST values within about 1.3%, while those of Jyoti et al. (2021) agree within about 4%. The radiative atomic data (wavelengths, oscillator strengths, radiative decay rates, and line strengths) are compared with the RMBPT results, and a relative error of about 22% is found. A larger difference in radiative atomic data is reported for six transitions with high energy differences, ΔEij (λ ≈ 40–70 nm). If we eliminate these values from the comparison, we find a relative error of about 11%. We also calculate collision strengths at several incident electron energies and are unable to perform comparisons due the lack of available results in the literature. An alternative method to assess the accuracy of these collision data is to check their convergence with respect to the electron energy and the total angular momentum, JT. The results of this test show that collision strengths converge well even at high energies. Since the structure and collision data represent the preliminary input to the Stark broadening calculations, their accuracy is important for obtaining accurate Stark broadening results. We show that Cowley's approximate formula (Cowley 1971) gives results that are not always in good agreement with our rigorous calculations: the ratio, W/WC, varies from 0.28 to 1.24 for the temperatures T = 104 K proposed by (Cowley 1971) and for T = 2.5 × 104 K. A value of 0.28 is found for the d–f transitions. We confirm the statement of Cowley (1971) that his approximate formula is not recommended when more rigorous calculations are performed. Our results, especially the Stark broadening data, will help fill the gap in the STARK-B database (Sahal-Bréchot et al. 2025), which is accessible to astrophysicists. New experimental or theoretical results are welcome to further assess the accuracy of the present calculations.
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Appendix A  Additional tables
Table A.1 
Our quantum Stark widths (WQ) and our semiclassical perturbation widths (WSCP) of Nb V lines at a density Ne = 1017 cm−3.

Table A.2 
Our Nb V line widths (W) and those from the Cowley (1971) approximation at a density Ne = 1017 cm−3. T is expressed in 104 K.
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      Table 1 

      Energies (E1) in cm−1 of the 14 lowest Nb V levels compared with RMBPT(a) (E2) and NIST(b) results.

      
        


	i
	Level
	E1
	E2
	NIST
	ΔE1
	ΔE2
	i
	Level
	E1
	E2
	NIST
	ΔE1
	ΔE2





	1
	4d 2D3/2
	0
	0
	0
	−
	−
	8
	[image: equation]
	220767.28
	−
	215259.1
	2.6
	−



	2
	4f 2D5/2
	1753.65
	1741.83
	1867.4
	6.07
	6.7
	9
	[image: equation]
	220785.49
	−
	215397.5
	2.5
	−



	3
	5s 2S1/2
	77316.84
	72113.24
	75929.6
	1.82
	5.0
	10
	6s 2S1/2
	227207.66
	219451.86
	228496.3
	0.56
	4.0



	4
	[image: equation]
	129420.95
	123581.01
	129195.2
	0.17
	4.3
	11
	[image: equation]
	249053.23
	241153.11
	250506.5
	0.58
	3.7



	5
	[image: equation]
	132982.30
	126972.64
	132800.0
	0.14
	4.4
	12
	[image: equation]
	250377.42
	242602.26
	252023.3
	0.65
	3.7



	6
	5d 2D3/2
	211486.59
	203904.11
	211694.0
	0.10
	3.7
	13
	6d 2D3/2
	285519.24
	277515.63
	287163.6
	0.57
	3.4



	7
	5d 2D5/2
	211877.74
	204434.63
	212238.4
	0.17
	3.7
	14
	6d 2D5/2
	285692.39
	277515.77
	287425.6
	0.60
	3.4





      

      
Notes. [image: equation] is the relative error (in percent) between the NIST values and the X ones (X = E1; E2). (a) Jyoti et al. (2021) (b) Kramida et al. (2024).




    

  
    
      Table 2 

      Wavelengths (λ1), oscillator strengths (f1), radiative decay rates (A1), and line strengths (S1) compared with RMBPT results (a).

      
        


	i
	j
	λ1 (nm)
	λ2 (nm)
	Δλ
	f1
	f2
	Δf
	A1 (s−1)
	A2 (s−1)
	ΔA
	S1
	S2
	ΔS





	4
	1
	77.267
	77.402
	0.17
	1.42E–01
	1.32E–01
	7.0
	3.18E+09
	2.94E+09
	7.6
	1.44
	1.45
	0.69



	4
	3
	191.923
	187.738
	2.2
	3.82E–01
	3.00E–01
	22
	6.19E+08
	5.67E+08
	8.4
	4.83
	3.88
	20



	5
	1
	75.197
	75.301
	0.14
	2.90E–02
	2.58E–02
	11
	3.42E+08
	3.04E+08
	11
	0.287
	0.267
	7.0



	5
	2
	76.2028
	76.375
	0.23
	1.76E–01
	1.58E–01
	10
	3.03E+09
	2.71E+09
	11
	2.64
	2.57
	2.7



	5
	3
	179.644
	185.838
	3.5
	8.17E–01
	6.42E–01
	21
	8.44E+08
	6.92E+08
	18
	9.66
	7.824
	19



	6
	4
	121.854
	121.214
	0.5
	1.35E+00
	1.13E+00
	16
	3.02E+09
	2.57E+09
	15
	10.8
	9.33
	14



	6
	5
	127.381
	126.752
	0.49
	1.33E–01
	1.14E–01
	14
	5.48E+08
	4.72E+08
	14
	2.24
	1.95
	13



	7
	5
	126.750
	125.884
	0.68
	1.20E–01
	1.02E+00
	15
	3.32E+09
	2.87E+09
	14
	20.0
	17.5
	13



	8
	1
	45.297
	−
	−
	8.48E–01
	−
	−
	1.84E+10
	−
	−
	5.058
	−
	−



	8
	2
	45.659
	−
	−
	4.07E–02
	−
	−
	1.30E+09
	−
	−
	0.367
	−
	−



	8
	6
	1077.5
	−
	−
	1.54E–01
	−
	−
	5.89E+06
	−
	−
	21.84
	−
	−



	8
	7
	1124.9
	−
	−
	7.00E–03
	−
	−
	3.69E+05
	−
	−
	1.556
	−
	−



	8
	13
	154.435
	−
	−
	1.84E–02
	−
	−
	7.73E+07
	−
	−
	0.562
	−
	−



	8
	14
	154.023
	−
	−
	1.28E–03
	−
	−
	3.59E+06
	−
	−
	0.039
	−
	−



	9
	2
	45.655
	−
	−
	8.13E–01
	−
	−
	1.95E+10
	−
	−
	7.334
	−
	−



	9
	7
	1122.6
	−
	−
	1.40E–01
	−
	−
	5.57E+06
	−
	−
	31.11
	−
	−



	9
	14
	154.067
	−
	−
	1.92E–02
	−
	−
	7.18E+07
	−
	−
	0.777
	−
	−



	10
	4
	102.263
	100.704
	1.5
	1.74E–01
	1.92E–01
	10
	1.11E+09
	1.27E+09
	14
	1.17
	1.32
	13



	10
	5
	106.128
	104.497
	1.5
	1.91E–01
	2.09E–01
	9.4
	2.27E+09
	2.55E+09
	12
	2.67
	2.95
	11



	11
	1
	40.152
	39.919
	0.58
	1.65E–02
	9.57E–03
	42*
	1.36E+09
	8.01E+08
	41*
	0.087
	0.056
	36*



	11
	6
	266.193
	257.649
	3.2
	2.93E–01
	2.84E–01
	3.1
	5.52E+08
	5.71E+08
	3.4
	10.3
	9.85
	4.4



	11
	10
	457.759
	454.335
	0.75
	5.22E–01
	4.64E–01
	11
	1.66E+08
	1.50E+08
	9.6
	15.7
	14.2
	9.6



	12
	1
	39.940
	39.679
	0.65
	3.82E–03
	2.11E–03
	45*
	1.60E+08
	8.94E+07
	44*
	0.020
	0.012
	40*



	12
	2
	40.221
	39.975
	0.61
	2.25E–02
	1.28E–02
	43*
	1.39E+09
	8.03E+08
	42*
	0.179
	0.111
	38*



	12
	6
	257.130
	247.959
	3.6
	5.84E–02
	5.61E–02
	3.9
	5.98E+07
	6.09E+07
	1.8
	1.98
	1.88
	5.1



	12
	7
	259.742
	251.352
	3.2
	3.51E–01
	3.39E–01
	3.4
	5.21E+08
	5.37E+08
	3.1
	18.0
	17.3
	3.9



	12
	11
	431.597
	425.044
	1.5
	1.10E+00
	9.85E–01
	10
	1.96E+08
	1.82E+08
	7.1
	31.2
	28.2
	9.6



	13
	4
	64.062
	63.304
	1.2
	8.61E–02
	2.52E–02
	71*
	6.99E+08
	2.10E+08
	70*
	0.363
	0.101
	72*



	13
	5
	65.558
	64.782
	1.2
	5.83E–03
	1.92E–03
	67*
	9.05E+07
	3.06E+07
	66*
	0.050
	0.016
	68*



	13
	11
	274.228
	272.798
	0.52
	1.68E+00
	1.51E+00
	10
	7.44E+08
	6.78E+08
	8.9
	30.3
	27.6
	8.9



	13
	12
	284.561
	274.574
	3.5
	1.62E–01
	1.53E–01
	5.6
	1.34E+08
	1.26E+08
	6.0
	6.08
	5.78
	4.9



	14
	5
	65.484
	64.672
	1.2
	5.45E–02
	1.90E–02
	65*
	5.65E+08
	2.02E+08
	64*
	0.470
	0.154
	67*



	14
	12
	283.166
	282.468
	0.25
	1.46E+00
	1.37E+00
	6.2
	8.11E+08
	7.65E+08
	5.7
	54.5
	51.6
	5.3





      

      
Notes. ΔX is the relative error between the two results. Transitions with high discrepancies are marked by an asterisk *. (a) Jyoti et al. (2021).




    

  
    
      Table 3 

      Collision strengths, Ω(i, i′), between the lowest three levels i = 1, 2, 3 and the remaining levels i′ = 2–14 of the Table 1.

      
        


	i
	i′
	5 Ryd
	10 Ryd
	20 Ryd
	30 Ryd
	40 Ryd
	60 Ryd





	1
	2
	0.768771
	0.630568
	0.556269
	0.519574
	0.489084
	0.435440



	1
	3
	0.663941
	0.621476
	0.565302
	0.505397
	0.448834
	0.358283



	1
	4
	3.170805
	3.580549
	3.023949
	2.360156
	1.835690
	1.142032



	1
	5
	0.809058
	0.860765
	0.745537
	0.601677
	0.483184
	0.319570



	1
	6
	1.444110
	1.386275
	1.325093
	1.284414
	1.256175
	1.215088



	1
	7
	0.104866
	0.072548
	0.054500
	0.043331
	0.035066
	0.025127



	1
	8
	7.409805
	10.34226
	11.30050
	10.05398
	8.622219
	6.249023



	1
	9
	0.274894
	0.150944
	0.124964
	0.115586
	0.106779
	0.089212



	1
	10
	0.045239
	0.039721
	0.040322
	0.040306
	0.039022
	0.033708



	1
	11
	0.212982
	0.284922
	0.322991
	0.300627
	0.263824
	0.190328



	1
	12
	0.094133
	0.087648
	0.094367
	0.088538
	0.078990
	0.059082



	1
	13
	0.304441
	0.274040
	0.250586
	0.234286
	0.221762
	0.206469



	1
	14
	0.044565
	0.024102
	0.019042
	0.016098
	0.013385
	0.009340



	2
	3
	1.000664
	0.939977
	0.856818
	0.766291
	0.680552
	0.543305



	2
	4
	0.153188
	0.129612
	0.126781
	0.116497
	0.103955
	0.081179



	2
	5
	5.792576
	6.523865
	5.520411
	4.313793
	3.358322
	2.094770



	2
	6
	0.105612
	0.074647
	0.056884
	0.045396
	0.036783
	0.026347



	2
	7
	2.295092
	2.181932
	2.075156
	2.005466
	1.957259
	1.887350



	2
	8
	0.831388
	0.912350
	0.955177
	0.854955
	0.741424
	0.549914



	2
	9
	10.84387
	14.92398
	16.00881
	14.08742
	11.99075
	8.603890



	2
	10
	0.066809
	0.058466
	0.059428
	0.059539
	0.057729
	0.049897



	2
	11
	0.035877
	0.017908
	0.017116
	0.016910
	0.016092
	0.013425



	2
	12
	0.440865
	0.572308
	0.646925
	0.601510
	0.527295
	0.379765



	2
	13
	0.043551
	0.023958
	0.019262
	0.016390
	0.013672
	0.009574



	2
	14
	0.510584
	0.447705
	0.406148
	0.378693
	0.358007
	0.333146



	3
	4
	16.76466
	13.99217
	9.473415
	6.773727
	5.032885
	3.030085



	3
	5
	33.44029
	27.90381
	18.86952
	13.47616
	10.00367
	6.01596



	3
	6
	1.610056
	1.555510
	1.202243
	0.941152
	0.771232
	0.585173



	3
	7
	2.405910
	2.321193
	1.791073
	1.400896
	1.147477
	0.870404



	3
	8
	0.616014
	0.596764
	0.558128
	0.485897
	0.416391
	0.308666



	3
	9
	0.821352
	0.795685
	0.744171
	0.647863
	0.555188
	0.411555



	3
	10
	1.220738
	1.288546
	1.299357
	1.289242
	1.262607
	1.167631



	3
	11
	0.164959
	0.173770
	0.171670
	0.166731
	0.156969
	0.126632



	3
	12
	0.418996
	0.428098
	0.420674
	0.404775
	0.376048
	0.297482



	3
	13
	0.174533
	0.198430
	0.193421
	0.168138
	0.140683
	0.102248



	3
	14
	0.266217
	0.301951
	0.293556
	0.254840
	0.213094
	0.154846





      

    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Collision strength as a function of the incident electron energy, E. Panel a: three forbidden transitions 1–2 (∘), 1–3 (•), and 3–8 (*); Panel b: three allowed transitions 1–8 (•), 2–9 (∘), and 3–4 (*).

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Partial collision strength as a function of the total angular momentum, JT + 1, for the forbidden transition 1–2 (panel a) and for the allowed transition 1–8 (panel b) at four energies: 5 Ryd (Δ), 10 Ryd (×), 20 Ryd (∘), and 40 Ryd (⋆).

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Quantum (∘) and semiclassical perturbation (•) Stark widths of the two transitions [image: equation] (panel a) and [image: equation] (panel b) at an electron density, Ne = 1017 cm−3.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        The [image: equation] (1218.54 Å) line profile at an electron temperature of 2.5 × 104 K and an electron density of 1017 cm−3. The solid line indicates quantum results, while the dashed line indicates the Cowley approximation results.

      

    

  
    
      Table A.1 

      Our quantum Stark widths (WQ) and our semiclassical perturbation widths (WSCP) of Nb V lines at a density Ne = 1017 cm−3.

      
        


	Transition
	T
	WQ(Å)
	WSCP(Å)
	Δ
	Transition
	T
	WQ(Å)
	WSCP(Å)
	Δ





	[image: equation]
	1.0
	5.848E–03
	4.03E–03
	45
	[image: equation]
	1.0
	1.326E–03
	1.71E–03
	22



	
	2.5
	3.754E–03
	2.76E–03
	36
	
	2.5
	8.035E–04
	1.18E–03
	32



	1–4
	5.0
	2.617E–03
	2.18E–03
	20
	2–9
	5.0
	5.458E–04
	9.21E–04
	41



	77.267 nm
	7.5
	2.077E–03
	1.94E–03
	7
	45.655
	7.5
	4.310E–04
	8.09E–04
	47



	
	10
	1.745E–03
	1.81E–03
	4
	
	10
	3.619E–04
	7.43E–04
	51



	[image: equation]
	1.0
	5.491E–03
	4.22E–03
	30
	[image: equation]
	1.0
	2.834E–02
	1.89E–02
	50



	
	2.5
	3.529E–03
	2.91E–03
	21
	
	2.5
	1.691E–02
	1.38E–02
	23



	1–5
	5.0
	2.461E–03
	2.32E–03
	6
	4–10
	5.0
	1.104E–02
	1.14E–02
	3



	75.197 nm
	7.5
	1.954E–03
	2.07E–03
	6
	102.263 nm
	7.5
	8.401E–03
	1.03E–02
	18



	
	10
	1.641E–03
	1.93E–03
	15
	
	10
	6.828E–03
	9.71E–03
	30



	[image: equation]
	1.0
	5.639E–03
	4.34E–03
	30
	[image: equation]
	1.0
	3.047E–02
	2.11E–02
	44



	
	2.5
	3.624E–03
	2.99E–03
	21
	
	2.5
	1.818E–02
	1.54E–02
	18



	2–5
	5.0
	2.527E–03
	2.38E–03
	6
	5–10
	5.0
	1.188E–02
	1.27E–02
	6



	76.203 nm
	7.5
	2.006E–03
	2.13E–03
	6
	106.129 nm
	7.5
	9.039E–03
	1.16E–02
	22



	
	10
	1.685E–03
	1.98E–03
	15
	
	10
	7.347E–03
	1.09E–02
	33



	[image: equation]
	1.0
	5.440E–02
	3.39E–02
	60
	[image: equation]
	1.0
	3.748E–03
	2.51E–03
	49



	
	2.5
	3.520E–02
	2.36E–02
	49
	
	2.5
	2.228E–03
	1.84E–03
	21



	3–4
	5.0
	2.445E–02
	1.89E–02
	29
	1–11
	5.0
	1.450E–03
	1.53E–03
	5



	191.923 nm
	7.5
	1.927E–02
	1.70E–02
	13
	40.152 nm
	7.5
	1.106E–03
	1.40E–03
	21



	
	10
	1.606E–02
	1.58E–02
	2
	
	10
	9.045E–04
	1.32E–03
	31



	[image: equation]
	1.0
	4.769E–02
	3.21E–02
	49
	[image: equation]
	1.0
	3.709E–03
	2.81E–03
	32



	
	2.5
	3.088E–02
	2.24E–02
	38
	
	2.5
	2.205E–03
	2.11E–03
	5



	3–5
	5.0
	2.149E–02
	1.80E–02
	19
	1–12
	5.0
	1.435E–03
	1.77E–03
	19



	179.645 nm
	7.5
	1.697E–02
	1.62E–02
	5
	39.940 nm
	7.5
	1.095E–03
	1.63E–03
	33



	
	10
	1.416E–02
	1.51E–02
	6
	
	10
	8.949E–04
	1.54E–03
	42



	[image: equation]
	1.0
	2.533E–02
	2.06E–02
	23
	[image: equation]
	1.0
	3.761E–03
	2.85E–03
	32



	
	2.5
	1.617E–02
	1.47E–02
	10
	
	2.5
	2.236E–03
	2.14E–03
	4



	4–6
	5.0
	1.099E–02
	1.19E–02
	8
	2–12
	5.0
	1.455E–03
	1.80E–03
	19



	121.854 nm
	7.5
	8.547E–03
	1.07E–02
	20
	40.221 nm
	7.5
	1.110E–03
	1.65E–03
	33



	
	10
	7.054E–03
	9.94E–03
	29
	
	10
	9.076E–04
	1.56E–03
	42



	[image: equation]
	1.0
	2.751E–02
	2.36E–02
	17
	[image: equation]
	1.0
	9.577E–03
	6.29E–03
	52



	
	2.5
	1.757E–02
	1.68E–02
	5
	
	2.5
	5.632E–03
	4.61E–03
	22



	5–6
	5.0
	1.195E–02
	1.37E–02
	13
	3–11
	5.0
	3.624E–03
	3.85E–03
	6



	127.382 nm
	7.5
	9.294E–03
	1.23E–02
	24
	58.229 nm
	7.5
	2.740E–03
	3.52E–03
	22



	
	10
	7.672E–03
	1.15E–02
	33
	
	10
	2.222E–03
	3.33E–03
	33



	[image: equation]
	1.0
	2.682E–02
	2.33E–02
	15
	[image: equation]
	1.0
	9.420E–03
	6.89E–03
	37



	
	2.5
	1.713E–02
	1.67E–02
	3
	
	2.5
	5.539E–03
	5.16E–03
	7



	5–7
	5.0
	1.166E–02
	1.35E–02
	13
	3–12
	5.0
	3.563E–03
	4.34E–03
	18



	126.750 nm
	7.5
	9.064E–03
	1.22E–02
	26
	57.783 nm
	7.5
	2.694E–03
	3.98E–03
	32



	
	10
	7.481E–03
	1.13E–02
	34
	
	10
	2.184E–03
	3.76E–03
	42



	[image: equation]
	1.0
	1.314E–03
	1.67E–03
	21
	[image: equation]
	1.0
	2.000E–01
	1.50E–01
	33



	
	2.5
	7.961E–04
	1.15E–03
	31
	
	2.5
	1.209E–01
	1.11E–01
	9



	1–8
	5.0
	5.407E–04
	9.02E–04
	40
	6–11
	5.0
	7.752E–02
	9.21E–02
	16



	45.297 nm
	7.5
	4.270E–04
	7.93E–04
	46
	266.19 nm
	7.5
	5.798E–02
	8.41E–02
	31



	
	10
	3.585E–04
	7.28E–04
	51
	
	10
	4.644E–02
	7.92E–02
	41



	[image: equation]
	1.0
	1.340E–03
	1.69E–03
	21
	[image: equation]
	1.0
	1.859E–01
	1.53E–01
	22



	
	2.5
	8.118E–04
	1.17E–03
	31
	
	2.5
	1.122E–01
	1.15E–01
	2



	2–8
	5.0
	5.514E–04
	9.16E–04
	40
	6–12
	5.0
	7.195E–02
	9.68E–02
	26



	45.659 nm
	7.5
	4.354E–04
	8.06E–04
	46
	257.13 nm
	7.5
	5.379E–02
	8.85E–02
	39



	
	10
	3.655E–04
	7.40E–04
	51
	
	10
	4.308E–02
	8.34E–02
	48



	[image: equation]
	1.0
	1.866E–01
	1.56E–01
	20
	[image: equation]
	1.0
	1.937E–01
	1.86E–01
	4



	
	2.5
	1.127E–01
	1.17E–01
	4
	
	2.5
	1.191E–01
	1.41E–01
	16



	7–12
	5.0
	7.221E–02
	9.87E–02
	27
	12–13
	5.0
	7.660E–02
	1.19E–01
	36



	259.74
	7.5
	5.397E–02
	9.02E–02
	40
	284.56 nm
	7.5
	5.693E–02
	1.10E–01
	48



	
	10
	4.320E–02
	8.50E–02
	49
	
	10
	4.526E–02
	1.04E–01
	56



	[image: equation]
	1.0
	7.865E–03
	6.81E–03
	15
	[image: equation]
	1.0
	1.836E–01
	1.85E–01
	1



	
	2.5
	4.975E–03
	4.91E–03
	1
	
	2.5
	1.130E–01
	1.40E–01
	19



	4–13
	5.0
	3.399E–03
	4.05E–03
	16
	12–14
	5.0
	7.272E–02
	1.19E–01
	39



	64.062 nm
	7.5
	2.671E–03
	3.70E–03
	28
	283.17 nm
	7.5
	5.406E–02
	1.09E–01
	50



	
	10
	2.229E–03
	3.50E–03
	36
	
	10
	4.298E–02
	1.04E–01
	59



	[image: equation]
	1.0
	8.237E–03
	7.40E–03
	11
	[image: equation]
	1.0
	5.749E–02
	4.37E–02
	32



	
	2.5
	5.210E–03
	5.34E–03
	2
	
	2.5
	3.533E–02
	3.17E–02
	11



	5–13
	5.0
	3.560E–03
	4.41E–03
	19
	8–13
	5.0
	2.274E–02
	2.60E–02
	13



	65.558 nm
	7.5
	2.797E–03
	4.03E–03
	31
	154.44 nm
	7.5
	1.690E–02
	2.37E–02
	29



	
	10
	2.334E–03
	3.81E–03
	39
	
	10
	1.344E–02
	2.23E–02
	40



	[image: equation]
	1.0
	8.000E–03
	7.43E–03
	8
	[image: equation]
	1.0
	4.074E–02
	4.38E–02
	7



	
	2.5
	5.066E–03
	5.35E–03
	5
	
	2.5
	2.425E–02
	3.16E–02
	23



	5–14
	5.0
	3.466E–03
	4.42E–03
	22
	8–14
	5.0
	1.594E–02
	2.60E–02
	39



	65.484 nm
	7.5
	2.726E–03
	4.04E–03
	33
	154.04 nm
	7.5
	1.228E–02
	2.36E–02
	48



	
	10
	2.275E–03
	3.82E–03
	40
	
	10
	1.012E–02
	2.22E–02
	54



	[image: equation]
	1.0
	1.813E–01
	1.58E–01
	15
	[image: equation]
	1.0
	4.040E–02
	4.40E–02
	8



	
	2.5
	1.114E–01
	1.18E–01
	6
	
	2.5
	2.402E–02
	3.17E–02
	24



	11–13
	5.0
	7.168E–02
	9.90E–02
	28
	9–14
	5.0
	1.579E–02
	2.61E–02
	40



	274.23 nm
	7.5
	5.329E–02
	9.11E–02
	42
	154.07 nm
	7.5
	1.216E–02
	2.37E–02
	49



	
	10
	4.237E–02
	8.65E–02
	51
	
	10
	1.002E–02
	2.23E–02
	55





      

      
Notes. T is given in 105 K and [image: equation] is the relative error between the quantum and semiclassical results.




    

  
    
      Table A.2 

      Our Nb V line widths (W) and those from the Cowley (1971) approximation at a density Ne = 1017 cm−3. T is expressed in 104 K.

      
        


	Transition
	T
	W(Å)
	WC(Å)
	W/WC
	Transition
	T
	W(Å)
	WC(Å)
	W/WC





	[image: equation]
	1
	1.825E–02
	4.181E–02
	0.44
	[image: equation]
	1
	1.152E–02
	1.140E–02
	1.01



	
	25
	3.754E–03
	8.362E–03
	0.45
	
	25
	2.236E–03
	2.279E–03
	0.98



	[image: equation]
	1
	1.712E–02
	3.961E–02
	0.43
	[image: equation]
	1
	2.966E–02
	2.388E–02
	1.24



	
	25
	3.529E–03
	7.921E–03
	0.45
	
	25
	5.632E–03
	4.777E–03
	1.18



	[image: equation]
	1
	1.758E–02
	4.067E–02
	0.43
	[image: equation]
	1
	2.918E–02
	2.352E–02
	1.24



	
	25
	3.624E–03
	8.134E–03
	0.45
	
	25
	5.539E–03
	4.704E–03
	1.18



	[image: equation]
	1
	1.668E–01
	2.579E–01
	0.65
	[image: equation]
	1
	6.182E–01
	4.991E–01
	1.24



	
	25
	3.520E–02
	5.159E–02
	0.68
	
	25
	1.209E–01
	9.983E–02
	1.21



	[image: equation]
	1
	1.462E–01
	2.260 E–01
	0.65
	[image: equation]
	1
	5.743E–01
	4.658E–01
	1.23



	
	25
	3.088E–02
	4.521E–02
	0.68
	
	25
	1.122E–01
	9.315E–02
	1.20



	[image: equation]
	1
	7.864E–02
	1.044E–01
	0.75
	[image: equation]
	1
	5.764E–01
	4.753E–01
	1.21



	
	25
	1.617E–02
	2.088E–02
	0.77
	
	25
	1.127E–01
	9.505E–02
	1.19



	[image: equation]
	1
	8.541E–02
	1.141E–01
	0.75
	[image: equation]
	1
	2.438E–02
	2.896E–02
	0.84



	
	25
	1.757E–02
	2.282E–02
	0.77
	
	25
	4.975E–03
	5.792E–03
	0.86



	[image: equation]
	1
	8.325E–02
	1.130E–01
	0.74
	[image: equation]
	1
	2.553E–02
	3.033E–02
	0.84



	
	25
	1.713E–02
	2.259E–02
	0.76
	
	25
	5.210E–03
	6.066E–03
	0.86



	[image: equation]
	1
	4.047E–03
	1.443E–02
	0.28
	[image: equation]
	1
	2.479E–02
	3.026E–02
	0.82



	
	25
	7.961E–04
	2.887E–03
	0.28
	
	25
	5.066E–03
	6.052E–02
	0.84



	[image: equation]
	1
	4.126E–03
	1.467E–02
	0.28
	[image: equation]
	1
	5.448E–01
	5.307E–01
	1.03



	
	25
	8.118E–04
	2.933E–03
	0.28
	
	25
	1.114E–01
	1.061E–01
	1.05



	[image: equation]
	1
	4.085E–03
	1.466E–02
	0.28
	[image: equation]
	1
	5.822E–01
	5.714E–01
	1.02



	
	25
	8.035E–04
	2.933E–03
	0.27
	
	25
	1.191E–01
	1.143E–01
	1.04



	[image: equation]
	1
	8.940E–02
	7.358E–02
	1.21
	[image: equation]
	1
	5.503E–01
	5.659E–01
	0.97



	
	25
	1.691E–02
	1.472E–02
	1.15
	
	25
	1.130E–01
	1.132E–01
	1.00



	[image: equation]
	1
	9.612E–02
	7.926E–02
	1.21
	[image: equation]
	1
	1.728E–01
	1.683E–01
	1.03



	
	25
	1.818E–02
	1.585E–02
	1.15
	
	25
	3.533E–02
	3.366E–02
	1.05



	[image: equation]
	1
	1.148E–02
	1.136E–02
	1.01
	[image: equation]
	1
	1.292E–01
	1.674E–01
	0.77



	
	25
	2.228E–03
	2.271E–03
	0.98
	
	25
	2.425E–02
	3.348E–02
	0.72



	[image: equation]
	1
	1.136E–02
	1.124E–02
	1.01
	[image: equation]
	1
	1.280E–01
	1.675E–01
	0.76



	
	25
	2.205E–03
	2.248E–03
	0.98
	
	25
	2.402E–02
	3.350E–02
	0.72





      

    

  OEBPS/aa54230-25-eq27.png
QLS 3 TILS]) = Z QLS iJis TILS 1)),

i





OEBPS/aa54230-25-eq26.png
QLS J TS () :% der+n
I
x Z [T/7(TGLiS Ji €K T LS W6 KT )P

sLiko
73
KK





OEBPS/aa54230-25-eq29.png
2—4f ZFg/z
/:
4d “Dj,





OEBPS/aa54230-25-eq28.png
58 “Syp—4f°F





OEBPS/aa54230-25-eq23.png
RIASLK NTOK) = ) iR ks Vi
SLS'L





OEBPS/aa54230-25-eq22.png
By 1k Y s €0)





OEBPS/aa54230-25-eq100.png
4d “D.
3/2—6)
p “PS,
3/2





OEBPS/aa54230-25-eq25.png





OEBPS/aa54230-25-eq101.png
e
4f °F3 ,—6d “Ds





OEBPS/aa54230-25-eq24.png
1+ { RE) =1 -RHA+RH!

CI-R I(S) = 2R(1 + K2





OEBPS/aa54230-25-eq21.png
CSLJSiLidi, tK) =W(LLS j: LiK)W(LJS is: S K)
x[(2S + DL + DK + DQJ; + 1)]'2,





OEBPS/aa54230-25-eq20.png
(YissVigs€) = (LS :Lils, IS [Lil"s: €)









OEBPS/aa54230-25-eq38.png





OEBPS/aa54230-25-eq37.png





OEBPS/aa54230-25-eq39.png
° —5d°Ds)s
5p “P{,—5d°Ds





OEBPS/aa54230-25-eq34.png
4d “Dspp—4f °F





OEBPS/aa54230-25-eq33.png
58 “S12=5p “P]





OEBPS/aa54230-25-eq36.png
We = 1.54 x 107N, A%,





OEBPS/aa54230-25-eq35.png
58 “S12=5p “P]





OEBPS/aa54230-25-eq30.png





OEBPS/aa54230-25-eq32.png
2] 2F0
4d “D3pp—4f “F





OEBPS/aa54230-25-eq31.png
5s “S12=5p “P{,





OEBPS/aa54230-25-fig1_small.jpg





OEBPS/aa54230-25-eq49.png
55 “S1/2—5p “P§,,





OEBPS/aa54230-25-eq48.png
4d “D:
32—6p “P{
12





OEBPS/aa54230-25-eq45.png
4d ©
D
52—5p “P§
22





OEBPS/aa54230-25-eq44.png
5p “PY,,—6s *Sy2





OEBPS/aa54230-25-eq47.png
55 “Sy/»=5p “|
s “Sy12-5p Py,





OEBPS/aa54230-25-eq46.png
5p “P§,,—6s “Sip2





OEBPS/aa54230-25-eq41.png
4d “Ds3;2—5p “PY,





OEBPS/aa54230-25-eq40.png
° —5d°Ds)s
5p “P{,—5d°Ds





OEBPS/aa54230-25-eq43.png
4d “D3/,—-5p “P§





OEBPS/aa54230-25-eq42.png
4d “Dsj—4f °F5





OEBPS/aa54230-25-eq50.png
4d “D3/,—6p P”Z





OEBPS/aa54230-25-eq59.png
4f ZFZ/Z
“Dsjr—
4d





OEBPS/aa54230-25-eq56.png
55 “S1/2—6p “PS,





OEBPS/aa54230-25-eq55.png
5p “P§,,—5d “D3»





OEBPS/aa54230-25-eq58.png
5d “D3;2—~6p P}






OEBPS/aa54230-25-eq57.png
4d “D3p—4f °FY





OEBPS/aa54230-25-eq52.png
4d “D:
5/2—6p “PS
32





OEBPS/aa54230-25-eq51.png





OEBPS/aa54230-25-eq54.png
55 2S1/2—6p ZP;’/Z





OEBPS/aa54230-25-eq53.png
p °PS,—5d °Ds)





OEBPS/aa54230-25-eq61.png
5d “Ds;;—6p°P3,





OEBPS/aa54230-25-eq60.png
5d “D3,—6p “P3,





OEBPS/aa54230-25-eq8.png





OEBPS/aa54230-25-eq9.png





OEBPS/aa54230-25-eq4.png
QK+ DRI} + DEKy + DRI +1)

FNCEDY 2
T
KK,

2 T o\2
Jikie [ KT
SUARIRVAA

x[1- (REIRE) + 3E)IE)|,






OEBPS/aa54230-25-eq5.png
Kj+s =J.





OEBPS/aa54230-25-eq6.png





OEBPS/aa54230-25-eq7.png
abc
def





OEBPS/aa54230-25-eq67.png
5p “P§,,—6d “Ds





OEBPS/aa54230-25-eq66.png
4f “F2 ,—6d “D3»





OEBPS/aa54230-25-eq69.png
p P}
?,,—6d °D;
3/2





OEBPS/aa54230-25-eq68.png
4f °F2 ,—6d “Ds)»





OEBPS/aa54230-25-eq63.png
p *P{,,—6d °D3 )





OEBPS/aa54230-25-eq62.png
2]
6p “P5,,—6d “D3;





OEBPS/aa54230-25-eq65.png
2]
5p “P§,—6d “Ds)





OEBPS/aa54230-25-eq64.png
6p Px/rﬁd “Dsp





OEBPS/aa54230-25-eq70.png
2
4f °F9 ,—6d “Ds);





OEBPS/aa54230-25-eq72.png
4d *D3,—5p “PY,





OEBPS/aa54230-25-eq71.png
Wo-#
Weer

A =100 x | Ho





OEBPS/aa54230-25-eq1.png
5S1/2-5P7 5 3/





OEBPS/aa54230-25-fig2_small.jpg





OEBPS/aa54230-25-eq2.png
nS51/2:nPY 5 55





OEBPS/aa54230-25-eq3.png
B\ mr |\ r w —€ €
v=an (3] () [ oen(iE ol





OEBPS/aa54230-25-eq78.png
55 *S;
2=5p 7
p °P) ),





OEBPS/aa54230-25-eq77.png
5s “S1/2—6p ZP‘S’/Z





OEBPS/aa54230-25-eq79.png
5d *Ds
3/2—6p *
p °PY





OEBPS/aa54230-25-fig1.jpg
0,8

0,7

T
0 <
0

T
©
=) =)

yibuans uoisijjon

0,3+

18

T
©
4

T
<
-

T T T
N o ©
-~ -

yibuans uoisij0n

60

50

40

30

20

10

E(Ryd)





OEBPS/aa54230-25-eq74.png
4d *D3/—5p °P5,





OEBPS/aa54230-25-fig2.jpg
Partial collision strengths

Partial collision strengths

0,15+

0,10 +

0,05

0,00

14

1,2

1,0 -

0,8

0,6 -

0,4+

0,24

0,0






OEBPS/aa54230-25-eq73.png
4d “Ds;,—6p “P§





OEBPS/aa54230-25-fig3.jpg
12

12

T

(@)

10

(b)

10

18

16 -

14 -

12 -
10+

(Y . 0DM

T(10° K)





OEBPS/aa54230-25-eq76.png
4d “D:
52=5p “P§,
3/2





OEBPS/aa54230-25-fig4.jpg
Normalized intensity

1218,48

1218,52






OEBPS/aa54230-25-eq75.png
55 *S12—6p nglz





OEBPS/aa54230-25-eq81.png
5d “D3;2—6p “P5





OEBPS/aa54230-25-eq80.png
5s “Si2=5p “P5,





OEBPS/aa54230-25-eq83.png
5d “Ds;,—6p “P§





OEBPS/aa54230-25-eq82.png
2z
5p “P{,,—5d “Dj)





OEBPS/dash.png





OEBPS/aa54230-25-eq89.png
a
5p “P§,,—6d “Ds





OEBPS/aa54230-25-eq88.png
4d *D3j—4f °F¢





OEBPS/aa54230-25-eq85.png
2]
5p “P{,,—6d °D3/;





OEBPS/aa54230-25-fig4_small.jpg





OEBPS/aa54230-25-eq84.png
5p “P3,,—5d “Ds





OEBPS/aa54230-25-eq87.png
“Ds
5p “P§,,—6d “Dj)





OEBPS/aa54230-25-eq86.png
5p “P§,,

—5d “Ds





OEBPS/aa54230-25-eq92.png
4d *Dsj—4f °F5





OEBPS/aa54230-25-eq91.png
6p “P{,,—-6d “Dj)





OEBPS/aa54230-25-eq94.png
2]
5p “P{,,—6s “S112





OEBPS/aa54230-25-eq93.png
a
6p “P3,,—6d D3/





OEBPS/aa54230-25-eq90.png
4d “Dsj—4f °F7





OEBPS/aa54230-25-eq19.png
(YokYip-€) = (S LK TS L' K", €)





OEBPS/aa54230-25-fig3_small.jpg





OEBPS/aa54230-25-eq16.png
—NIST |
NIST






OEBPS/aa54230-25-eq15.png
6p “P3 ),





OEBPS/aa54230-25-eq18.png
R (o Vi &) = ), CS LIS iLidi, (LIRS (15,7, 5. €0)
LS

x C(SLJL,S!LJ,C'K").





OEBPS/aa54230-25-eq17.png
3.
fipe = 20 7553,,,] and szozalzwxlo StEn
gid g3





OEBPS/aa54230-25-eq12.png





OEBPS/aa54230-25-eq11.png
Fo
772





OEBPS/aa54230-25-eq99.png
2
4f *F ,—6d *Ds 2





OEBPS/aa54230-25-eq14.png
5p 1P§’/2





OEBPS/aa54230-25-eq13.png
6p “PY,,





OEBPS/aa54230-25-eq96.png
2
5p “P§,,—6s “Sy





OEBPS/aa54230-25-eq95.png
6p ng’/z—ﬁd “Ds2





OEBPS/aa54230-25-eq10.png





OEBPS/aa54230-25-eq98.png
4d *D3/,—6p °PY,





OEBPS/aa54230-25-eq97.png
Ea
4f Ff;lfedﬁ)]/2





