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Abstract: A Q-switched Nd:YAG laser was focused on the Pb–Ti alloy samples in several laser-
induced breakdown experiments in order to measure the Stark parameters of several spectral lines
(58) of singly ionized titanium, including the 3504.89 Å and 3510.83 Å lines (where we achieved new
experimental and theoretical values). The diagnostics of the laser-induced plasmas (electron density
and electron temperature) were performed using Balmer’s H alpha line (6562.7 Å). The temperatures
were obtained by the Boltzmann plot technique with spectral lines of Pb I (after correction for
its evident self-absorption). Subsequently, the calculations by the Griem approach of the Stark
broadening parameters for several spectral lines were performed using the Gaunt factors proposed by
van Regemorter and those proposed by Douglas H. Sampson. In the latter case, the values obtained
were very close to the experimental values. This enables us to assume that the calculations performed
for the spectral lines of Ti II, without experimental information, are more accurate using the Gaunt
factors proposed by Sampson.

Keywords: atomic data; atomic processes

1. Introduction

Knowing the properties of the chemical elements belonging to the iron period
(Z = 21– 30), it is necessary to understand the core synthesis in the different types of
supernovae: titanium (along with vanadium and scandium) is produced by the explosive
combustion of silicon and oxygen in the SN phase of core collapse [1].

Information on the different titanium species (especially Ti I and Ti II) is needed to im-
prove the accuracy of their stellar abundance determination. In the work of Wood et al. [2]
on Ti II abundance in the photospheres of the Sun and metal-poor star HD 84937, the
interest aroused by these species can be observed. In this work, the authors published
improved Ti II atomic parameters for 364 spectral lines (present in the photospheres of the
Sun and metal-poor star HD 84937) and the abundance determinations for 43 spectral lines
(3263–5418 Å) present in the photospheres of the Sun. This is an important contribution,
but one potential problem is that, in this last wavelength range, there are 377 Ti II lines
(1683 if we include Ti I [3]). Some of these 377 lines are too close to those studied and
even more intense. The presence of V II in the solar spectrum contributes to complicate
the analysis and identification of the spectral lines. It is necessary to know how these lines
can overlap with each other, affecting the published results, and for this it is necessary to
analyze what their line broadening parameters are by collision with electrons.

In addition, titanium alloys are considered the most attractive metallic materials for
industrial and biomedical applications. The Ti6Al4V alloy, developed before 1955, is the
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best-known and most widely used titanium alloy. About half of the world’s titanium
production is for Ti6Al4V alloy applications. The Ti6Al4V alloy, due to its low density,
high specific strength, and excellent performance, is one of the main materials used to
manufacture aviation engine blades [4–6].

There are several experimental and theoretical papers on Ti II published recently due
to the importance of titanium and its alloys in industry and astrophysics.

In 2016, using time-resolved laser-induced fluorescence, the experimental radiative
lifetimes of six 3d2(3F)5s levels in singly ionized titanium with energy around 63,000 cm−1

and four odd-parity 3d2(3F)4p levels were measured by Lundberg et al. [7]. Combining the
new 5s lifetimes with the branching fractions measured previously by Pickering et al. [8],
they also reported 57 experimental log gf values for the transitions from the 5 s levels.

In 2022, a very complete theoretical work on the energy levels and transition proba-
bilities for the Ti II ion was published by Alkallas et al. [9]. In addition to the calculations,
a compilation of the experimental energy levels of Ti II collected at NIST appears in that
paper, which represents great added value to the contributions of the paper.

In the bibliography, there is experimental and theoretical information related to the
Stark broadening and displacement parameters for the lines of Ti II (Hermann et al. [10],
Tankosi’c et al. [11], Sahal-Bréchot et al. [12], Manrique et al. [13], and in the Stark-B
database [14]). Unfortunately, in our range of study, data have only been provided for 16
lines. The data gap should be compensated by our study.

The objective of this work is, therefore, to provide the broadening and displacement
parameters of the profiles of 58 of these spectral lines, ranging between 3075–5418 Å and
9432.15 Å, to facilitate their identification and avoid possible errors and discrepancies.

Using the semiempirical formalism [15], the Stark broadening parameters (line widths
and shifts) have been calculated for 58 singly ionized titanium spectral lines in this work.
As in our work on ionized vanadium [16], we have performed two sets of calculations:
some using the Gaunt factors provided by [15] and others using those provided by [17]. We
have also conducted some experimental measurements that have served to contrast with
the previous experimental data present in the literature and add new original experimental
value in this work.

In the following sections, we present our experimental measurements and calculations
of the final results for the Stark broadening parameters. For the lines of astrophysical inter-
est on which we focus our experimental measurements, we show their Stark broadening
parameters versus the temperature in a graphical representation. This representation in-
cludes the previous calculations, the final calculations, and the experimental measurements,
both our own and those from the literature.

2. Experimental Setup

Different fluoride–lead-diluted titanium glass samples were prepared in our laboratory.
The mixtures were heated at 700 ◦C in ceramic crucible in an air atmosphere for 12 h. The
glass sample was not prepared with silica due to probable UV radiation silicate absorption.
Fundamental wavelength (1.06 µm) of a Q-switched Nd:YAG laser (Quanta-Ray PRO-350
de Spectra-Physics) was focused on these samples in several laser-induced breakdown
(LIB) experiments to obtain several spectral lines of singly ionized titanium (including
the 3504.89 Å, 3510.83 Å, and 3587.13 Å spectral lines), neutral lead, and the Hα line. The
energy per pulse (10 ns width) was measured at the target surface and was found to be 2.5 J.
To avoid self-absorption of the titanium spectral lines, the titanium content in the samples
was about 0.07–0.02%.

A picture of the experimental setup is shown in Figure 1 and is analogous to the one
used by those authors in a recent work [16].



Atoms 2024, 12, 35 3 of 16

Figure 1. Photographic view of the LIB (and LSP) irradiation experimental setup.

A simple lens (f = 20 cm, biconvex) focuses the laser light on the sample. There is
also a vessel with water supply system via hose connection, which provides a confined
environment in permanent circulation (used only in LSP experiments) and a programmable
3D positioning system; the sample is over it, which allows us to control the distances
between the lens and the sample and thus the spot size. The emission spectra were
acquired using a spectrograph (Horiba Jobin Ybon FHR1000) equipped with a CCD cam-
era (Andor, model iStar 334T). This camera’s CCD is bidimensional, 1024 × 1024 pixels
(26 × 26 µm2 size per pixel), which allowed us to study the plasma spatially. The camera
was time-controlled in both gate and delay with a maximum resolution of 100 ns. The
spectrometer is equipped with a diffraction grating of 1800 groves/mm and covers a wave-
length region from 200 to 700 nm. The emitted light was transferred to the spectrograph
through a quartz fiber cable of 0.5 mm diameter. The data were taken by placing the optical
fiber in the direction normal to the plasma emission and at a distance of 2 mm from the
target surface (where the best signal-to-noise ratio was found). The spectra obtained were
stored in a computer for further analysis. The analysis of the spectral lines was performed
by fitting the observed line shapes to numerically generated Voigt profiles, which consist
of the convolution obtained with the Lorentz and Gauss profiles. The identification of the
lines was performed using the NIST Tables (Kramida et al., 2014) [3].

A procedure analogous to the one described in Moreno-Díaz et al. [18] was used
to perform plasma diagnostics. Using the Stark width of the Hα line, we estimated the
electron density numbers. In Figure 2, we display a sample of the Hα line on density
was performed by fitting a Voigt profile to the experimental Halpha line emission. We
have used the numerical facilities of the Microcal Origin program itself, where we analyze
the spectral lines. This profile was analyzed two times: first by means of the tables for
plasma diagnostics using the Lyman and Balmer hydrogen lines [19]; second, the following
expression (1) (Ashkenazy et al. [20]) was used to obtain the electron number density, Ne,
from the width of the H alpha line:

Ne = 8.02 · 1012 ·

 λ1/2
ff1/2


3/2

cm−3 (1)



Atoms 2024, 12, 35 4 of 16

where λ1/2
is the FWHM (full width at half maximum) of the line in Å and ff1/2

is half

the width of the reduced Stark profiles in Å, and their precise values can be found in
Kepple and Griem [21]. A value between 10,000 and 20,000 K was used (values compatible
with the redshift of the line Hα) to choose the value of ff1/2

from the table included in the

above-mentioned paper.
The electron density values obtained for both procedures in our experiments for a

delay from the laser pulse of 3 µs were compatibles of a value of (2.31 ± 0.60)·1017 cm−3.
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Figure 2. Fitting of a Voigt profile to the experimental Hα line emission from the plasma with a gate
time of 500 ns at 3 µs delay time with a wavelength range from 6530 to 6590 Å.

The plasma temperatures at the different time windows were determinated from
Boltzmann plots using several Pb I lines (see Figure 3) with upper level energies in the
range 4.4–6.1 eV and well-known transition probabilities [3]. The resulting temperature
before a self-absorption correction at 3.0 µs was (12,500 ± 1500) K. The self-absorption
correction was obtained using the procedure described by [22]. In this procedure, we
used our experimental lorentzian FWHM for the spectral lines and the experimental Stark
broadening parameters of [23]. The resulting temperature after a self-absorption correction
at 3.0 µs was (11,700 ± 1 500) K.
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Figure 3. (a) Spectral emission of Ti–Pb sample at 3 µs after laser pulse in the 3630 at 3755 Å range.
(b) Plasma temperature, at 3 µs after the laser pulse, estimated by a Boltzmann plot from the lines
displayed in (a).

3. Theoretical Calculations

In the same way as in our previous studies, the Stark broadening parameters were
calculated using the semiempirical Griem approximation [15]. The procedure involved
Equations (2) and (3), where Griem incorporated Baranger’s work [24]. The Stark line
width (HWHM), ωse, and shift, d, in angular frequency units, were determined using these
equations. Initially, the effective Gaunt factors by [25] and van Regemorter [26], denoted as
gse and gsh, were used.

ϖse ≈ 8
(π

3

)3/2 h̄
ma0

Ne

(
EH
kT

)1/2
×

∑
i′

∣∣〈i′∣∣⃗ r |i⟩|2gse

(
E

∆Ei′i

)
+ ∑

f ′

∣∣〈 f ′
∣∣⃗ r | f ⟩|2gse

(
E

∆E f ′ f

) (2)

d ≈ −8
(π

3

)3/2 h̄
ma0

Ne

(
EH
kT

)1/2
×∑

i′

(
∆Ei′i
|∆Ei′i|

)∣∣〈i′∣∣⃗ r |i⟩|2gsh

(
E

∆Ei′i

)
− ∑

f ′

 ∆E f ′ f∣∣∣∆E f ′ f

∣∣∣
∣∣〈 f ′

∣∣⃗ r | f ⟩|2gsh

(
E

∆E f ′ f

) (3)
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Additionally, EH and E = 3/2 kT represented the hydrogen ionization energy and
the perturbing electron’s energy, respectively, with k as the Boltzmann constant. The free
electron density and electron temperature were denoted as Ne and T. The transitions’ initial
and final levels were labeled as i and f , with i’ and f ’ representing the levels of Ti II with
optical transitions corresponding to i and f. The energy differences between levels i’ and i
and levels f ’ and f were denoted as ∆Ei′i and ∆E f ′ f , respectively. The expressions of the
type |⟨i′ |⃗ r |i⟩|2 are the square of matrix elements of the optical transitions.

To facilitate the spectroscopic use of our results, the conversion of angular frequency
obtained in Griem’s expressions into units of wavelength was essential. This conversion
was achieved using the equation ∆λ = ωseλ2/πc. In this equation, ∆λ represents the Stark
broadening (full width at half maximum, FWHM), λ denotes the wavelength, and c stands
for the speed of light.

In this study, the matrix elements required for Equations (2) and (3) were derived using
Cowan’s code [27] based on energy levels from a previous work by Alkallas et al. [9]. Since
our goal was a good set of matrix elements and not a very tight fit to the experimental energy
levels, which is almost always achieved at the cost of worsening the fit of the transition
probabilities (or, in other words, of the matrix elements), we have used in our calculations a
reduced number of configurations, and, following Cowan’s recommendations, we have not
forced the fits more than 1%. We have considered the interaction of seven configurations of
even parity, namely 3d3-3d24s-3d25s-3d26s-3d24d-3d25d-3d4s2, and five configurations of
odd parity, namely 3d24p-3d25p-3d24f-3d4s4p-3d4s5p.

As in our previous work, we have performed two sets of calculations: the first using
van Regemorter’s Gaunt factors and the second using the calculations of these factors,
expression (4), and the tables provided by [17].

g(x) =
√

3
2π

{
ln x + Hi

[(
∆Eii′

Ii

)ri

+ Ai

(
∆Eii′

Ii
− 1
)](

1 − 1
x

)}
+

√
3

2π

{
1.12

(
∆Eii′

Ii

)
1
x

}
(4)

where Ii is the ionization energy for level i and the Hi, ri, and Ai values were tabulated by
Sampson and Zhang.

Both approaches coincide with high values of the Gaunt factor. The main difference is
that Sampson’s calculations provide lower values than the threshold value of 0.2 proposed
by van Regemorter, which extends their validity to lower energy differences. It is because
Sampson’s expression for Gaunt’s factors was derived from a complete study of collision
cross-sections. His Gaunt factor was essentially an adaptation of these sections to Griem’s
expression and enables the use of sets of matrix elements calculated by Cowan’s code.

4. Discussion

In Table 1, we show our experimental and theoretical values (using Sampson’s Gaunt
factors) for the Stark broadening parameters of four spectral lines of titanium II. In Figure 4,
we show an example of our experimental measurements. By the simple inspection of
Table 1, it can be seen that our values agree well with the experimental results of other
authors.
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Table 1. Ti II line widths (FWHM) and line shifts, ω (pm) and d (pm) at 13,000 K, normalized to Ne
= 1017cm−3.

Wavelength Transition Levels
This Work Bibliography

ω d
Ref b Ref c

λ ( Å) a Upper Lower ω d ω d

3461.49 3d 24p 4Go
9/2 3d3 4F7/2 13.03 −3.97 10.6 ± 1.6 3.6 ± 0.5 6 ± 1 −2 ± 1

3465.54 3d24p 2Po
1/2 3d24s 2P3/2 4.96 −1.89 10.5 ± 1.6 0.5 ± 0.1

3504.89 3d24p 2Go
9/2 3d24s 2G9/2 20.83

16.8 * ± 3.6
−7.45 10.7 ± 1.6 0.8 ± 0.1 6 ± 1 0.4 ± 0.3

3510.83 ** 3d24p 2Go
7/2 3d24s 2G7/2 16.73

16.9 * ± 3.8
−5.99

Note: A negative shift is towards the red. a NIST. b Manrique et al., 2016 [13]. c Hermann et al., 2010 [10].
* Experimental value. ** New in the bibliography. Our experimental and theoretical values for the 3504.89 Å
and 3510.83 Å lines are displayed at 11,700 K.
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Figure 4. (a) Fitting of a Voigt profile to the experimental 3504.89 and 3510.83 Å emission lines from
the plasma with a gate time of 500 ns at 3 µs delay time. (b,c) Stark width (FWHM) normalized to
Ne = 1017 cm−3 vs. temperature for 3504.89 and 3510.83 Å spectral lines of singly ionized titanium.
On average, our measurements include a 30 percent error. Hermann et al. [10], Manrique et al. [13].

Table 2 presents the results obtained in our calculations using the Gaunt factors
provided by van Regemorter and Sampson. The second column indicates the wavelength
of each line and provides information about the multiplets of these lines’ upper and
lower levels. The third column provides the temperatures used in the calculations. In
the remaining columns, we show, in pm, our theoretical values of the Stark line widths
compared with the experimental values presented in the bibliography and normalized at
an electron density of 1017 cm−3. The calculations of Dimitrijevic’s semiclassical approach
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considering the classical trajectories instead of a quantum treatment of them appear in
the last column of Table 2. The main results, that is, the values obtained with the Gaunt
factors of van Regemorter, differ from the experimental values by a factor between 5 and 7,
while the calculations performed with the expression proposed by Sampson and Zhang
are very close to the experimental values. The raw comparison has problems because, in
Dimitrijevic’s calculations, there are no lines where the 3d3 level is involved, which is why
there are gaps in that seventh column. We are waiting for new work from Dimitrijevic to
compare with our results. It is observed that the calculations with the Gaunt factors of
van Regemorter differ from the experimental values by a factor between 5 and 7, while
the calculations performed with the expression proposed by Sampson and Zhang are
very close to the experimental values of [13] (see as an example the lines of 3241.98 and
4443.80 Å) and our experimental value for the 3510.83 Å line. For this last line, both the
experimental and theoretical values are new in the literature. We believe that this result
should be extrapolated to the calculations conducted for the spectral lines in our study,
from 3075.22 to 5418.76 Å, for many of which there are no experimental data. The shifts are
too dependent on the transition probabilities used (there are contributions of both signs in
Equation (3). To facilitate the reading of Table 2, we preferred not to include them in the
text. We can provide them upon request.

Table 2. Ti II line widths (FWHM), ω (pm), normalized to Ne = 1017cm−3.

Wavelength
T (103 K)

ω (pm)

This Work Bibliography

λ ( Å) a Reg Samp Ref c Ref d

1 3075.22 5 31.6 6.48

Upper 3d24p 4Do
3/2 10 22.35 4.58

Lower 3d24s 4F5/2 13 19.60 4.02 7.27 10.35

20 15.8 3.24

50 10.01 2.3

2 3202.53 5 71.97 14.75

3d24p 2Fo
5/2 10 50.89 10.43

3d24s 2D3/2 20 35.99 7.38

50 22.7 5.41

3 3218.26 5 81.43 16.69

3d24p 2Go
7/2 10 57.58 11.8

3d3 2 H9/2 13 50.50 10.35 9.18

20 40.72 8.34

50 25.89 6.96

4 3241.98 5 55.95 11.47

3d24p 4Fo
3/2 10 39.56 8.11

3d24s 4F3/2 13 34.7 7.11 7.74 9.95

20 27.97 5.73

50 17.69 3.63
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Table 2. Cont.

Wavelength
T (103 K)

ω (pm)

This Work Bibliography

λ ( Å) a Reg Samp Ref c Ref d

5 3276.772 b 5 42.19 8.65

3d24p 4So
3/2 10 29.83 6.12

3d3 4P5/2 20 21.09 4.32

50 13.38 3.27

6 3276.99 b 5 70.48 0.1445

3d24p 2Fo
7/2 10 49.83 0.1022

3d3 4F5/2 20 35.31 0.0744

50 22 0.0777

7 3278.288 b 5 56.16 0.1151

3d24p 4Do
3/2 10 39.71 0.0814

3d24s 4P3/2 20 28.08 0.0576

50 17.75 0.0375

8 3278.92 5 66.53 13.64

3d24p 2Po
3/2 10 47.04 9.64

3d24s 2D5/2 20 33.27 6.82

50 21.05 4.77

9 3318.023 b 5 72.3 14.82

3d24p 4Fo
7/2 10 51.13 10.48

3d3 4F5/2 13 44.84 9.19 9.21

20 36.15 7.41

50 22.87 4.69

10 3409.808 b 5 54.78 11.23

3d24p 4Go
5/2 10 38.74 7.94 12.0

3d44s 4F7/2 20 27.39 5.62

50 17.32 3.57

11 3452.465 b 5 30.2 6.19

3d24p 2Po
1/2 10 21.35 4.38

3d24s 2P1/2 20 15.1 3.1

50 9.68 2.67

12 3533.854 b 5 64.56 13.23

3d24p 2Do
3/2 10 45.65 9.36

3d24s 2P3/2 20 32.28 6.62

50 20.48 6.23
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Table 2. Cont.

Wavelength
T (103 K)

ω (pm)

This Work Bibliography

λ ( Å) a Reg Samp Ref c Ref d

13 3535.407 5 88.12 18.06

3d24p 2Do
5/2 10 62.31 12.77

3d24s 2P3/2 13 54.65 11.2 12.3

20 44.06 9.03

50 27.96 8.66

14 3561.576 b 5 97.22 19.93

3d24p 4Do
5/2 10 68.75 14.09

3d24s 2F5/2 20 48.64 10.07

50 30.43 9.26

15 3565.96 5 26.43 5.42

3d24p 2So
1/2 10 18.69 3.83

3d24p 4P3/2 20 13.22 2.71

50 8.41 2.47

16 3706.21 5 51.93 10.65

3d24p 2Do
3/2 10 36.72 7.53

3d32D3/2 13 32.21 6.6 12.9

20 25.97 5.32

50 16.41 4.23

17 3741.638 5 79.79 16.36

3d24p 2Do
5/2 10 56.42 11.57

3d32D5/2 20 39.9 8.18

50 25.22 6.49

18 4307.866 5 71.71 14.7

3d24p 4Do
3/2 10 50.71 10.4

3d34P3/2 13 44.47 9.12 14.9

20 35.86 7.35

50 22.76 5.79

19 4316.794 b 5 44.46 9.12

3d24p 2Po
1/2 10 31.44 6.45

3d24s 2P1/2 20 22.23 4.56

50 14.1 3.3

20 4320.95 5 41.27 8.46

3d24p 4Do
1/2 10 29.18 5.98

3d34P3/2 20 20.64 4.23

50 13.1 3.51
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Table 2. Cont.

Wavelength
T (103 K)

ω (pm)

This Work Bibliography

λ ( Å) a Reg Samp Ref c Ref d

21 4330.238 b 5 73.43 15.05

3d24p 2Do
3/2 10 51.92 10.64

3d24s 2P1/2 20 36.72 7.53

50 23.09 5.74

22 4337.91 5 35.39 19.95

3d24p 2Do
3/2 10 25.03 14.11

3d24s 2D3/2 20 17.7 10.16

50 11.18 7.73

23 4421.938 b 5 65.3 13.39

3d24p 2Po
3/2 10 46.17 9.47

3d24s 2P3/2 20 32.65 6.69

50 20.7 4.45

24 4443.801 b 5 134.04 27.48

3d24p 2Fo
5/2 10 94.78 19.43

3d24s 2D3/2 13 83.1 17.19 16.3

20 67.09 13.98

50 41.92 13.51

25 4444.554 b 5 146.89 30.12

3d24p 2Fo
7/2 10 103.87 21.29

3d3 2G7/2 20 73.56 15.46

50 45.84 16.54

26 4450.482 b 5 153.61 31.49

3d24p 2Fo
5/2 10 108.62 22.27

3d24s 2D5/2 20 76.88 15.99

50 48.1 14.98

27 4468.492 5 131.05 26.86

3d24p 2Fo
7/2 10 92.67 19

3d3 2G9/2 20 65.64 13.84

50 40.9 14.45

28 4469.151 b 5 188.07 38.55

3d24p 4Fo
7/2 10 132.98 27.26

3d24s 2D5/2 20 94.03 19.28

50 59.44 12.83
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Table 2. Cont.

Wavelength
T (103 K)

ω (pm)

This Work Bibliography

λ ( Å) a Reg Samp Ref c Ref d

29 4488.324 b 5 216.77 44.44

3d24p 2Fo
7/2 10 153.28 31.42

3d4s22D5/2 20 108.59 22.87

50 69.46 18.08

30 4501.26 5 117.09 24

3d24p 2Fo
5/2 10 82.8 16.97

3d32G7/2 13 72.6 15.04 18.6

20 58.62 12.25

50 36.5 13.25

31 4518.332 b 5 105.42 21.61

3d24p 4Fo
3/2 10 74.54 15.28

3d24s 2D3/2 20 52.71 10.81

50 33.32 7.29

32 4533.96 5 113.23 23.21

3d24p 2Do
5/2 10 80.07 16.41

3d32P3/2 20 56.65 11.76

50 35.74 10.44

33 4545.133 b 5 158.28 32.45

3d24p 2Go
9/2 10 111.92 22.94

3d3 2G7/2 20 79.14 16.23

50 49.96 11.77

34 4549.22 5 214.83 44.04

3d24p 2Go
9/2 10 151.91 31.14

3d3 2 H11/2 13 133.23 27.31 19.6

20 107.41 22.02

50 68.5 18.93

35 4563.76 5 74.22 15.21

3d24p 2Do
3/2 10 52.48 10.76

3d3 2P1/2 13 46.03 9.44 16.5

20 37.15 7.81

50 23.76 6.29

36 4571.97 5 174.49 35.77

3d24p 2Gº7/2 10 123.38 25.3

3d3 2 H9/2 13 108.21 22.18 18.7

20 87.24 17.88

50 55.67 15.42
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Table 2. Cont.

Wavelength
T (103 K)

ω (pm)

This Work Bibliography

λ ( Å) a Reg Samp Ref c Ref d

37 4583.409 b 5 114.06 23.38

3d24p 2Fº5/2 10 80.65 16.53

3d3 4P3/2 20 57.1 11.95

50 35.63 12.79

38 4589.94 5 80.37 16.47

3d24p 2Dº3/2 10 56.83 11.65

3d3 2P3/2 20 40.22 8.45

50 25.73 7.07

39 4779.97 5 51.88 10.64

3d24p 2Sº1/2 10 36.68 7.52

3d24s 2P1/2 20 25.94 5.32

50 16.44 4.27

40 4805.09 5 68.9 14.12

3d24p 2Sº1/2 10 48.72 9.99

3d24s 2P3/2 20 34.45 7.06

50 21.84 5.68

41 4865.61 b 5 132.2 27.1

3d24p 4Gº5/2 10 93.48 19.16

3d3 2G7/2 20 66.1 13.55

50 41.73 9.96

42 4874.009 b 5 108.34 22.21

3d24p 2Pº1/2 10 76.61 15.7

3d4s2 2D3/2 20 54.31 11.55

50 34.98 10.03

43 4911.194 b 5 186.64 38.26

3d24p 2Pº3/2 10 131.98 27.06

3d4s2 2D5/2 20 93.57 19.92

50 60.41 17.52

44 5005.167 b 5 98.23 20.14

3d24p 4D3/2 10 69.46 14.24

3d3 2Dº3/2 20 49.11 10.07

50 31.27 7.68
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Table 2. Cont.

Wavelength
T (103 K)

ω (pm)

This Work Bibliography

λ ( Å) a Reg Samp Ref c Ref d

45 5069.09 b 5 201.31 41.27

3d24p 2Dº3/2 10 142.35 29.18

3d4s2 2D5/2 20 100.92 21.48

50 64.68 19.91

46 5072.286 b 5 249.94 51.24

3d24p 2Dº5/2 10 176.74 36.23

3d4s2 2D5/2 20 125.24 26.46

50 80.11 24.93

47 5154.06 5 147.29 30.2

3d24p 2Dº5/2 10 104.15 21.35

3d3 2D3/2 20 73.71 15.33

50 47.11 12.01

48 5185.902 b 5 300.11 61.52

3d24p 2Go
7/2 10 212.21 43.5

3d24s 2G7/2 20 150.06 30.77

50 95.23 23.05

49 5188.68 5 156.63 32.11

3d24p 2Do
5/2 10 110.75 22.7

3d32D5/2 20 78.38 16.29

50 50.14 12.94

50 5226.54 5 105.75 21.68

3d24p 2Do
3/2 10 74.77 15.33

3d32D3/2 20 52.93 11.11

50 33.96 9.01

51 5336.786 b 5 211.2 43.3

3d24p 2Fº7/2 10 149.34 30.62

3d3 2D5/2 20 105.77 22.22

50 66.26 23.2

52 5381.022 b 5 158.84 32.56

3d24p 2Fº5/2 10 112.32 23.03

3d32D3/2 20 79.53 16.64

50 49.75 17.46
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Table 2. Cont.

Wavelength
T (103 K)

ω (pm)

This Work Bibliography

λ ( Å) a Reg Samp Ref c Ref d

53 5418.768 b 5 169.1 34.66

3d24p 2Fº5/2 10 119.57 24.51

3d3 2D5/2 20 84.65 17.69

50 53.06 18.55

54 9432.151 b 5 667.96 136.94

3d24p 2Fº7/2 10 472.32 96.83

3d3 2F7/2 20 334.46 70.59

50 209.25 80
a NIST . b Line of Ti II in the Sun. Ref c Manrique et al., 2016 [13]. Ref d Tankosić et al., 2001 [11].

5. Conclusions

In this work, we have performed Stark broadening measurements of the 3504.89
and 3510.83 Å spectral lines of singly ionized titanium, which confirmed the previous
measurements of 2016 obtained by others authors. Also, we have calculated the Stark
broadening parameters, using the procedure suggested by Sampson to obtain the Gaunt
factors, of 54 spectral lines of Ti II. In this way, we have obtained results very close to
the experimental values for 12 of these spectral lines. They have allowed us to assume
that the calculations performed for 42 lines ranging between 3075 and 5419 Å (present in
the photospheres of the Sun and the metal-poor star HD 8493), and without experimental
information, are accurate using the Gaunt factors proposed by Sampson.
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