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Abstract

The energy levels, observed spectral lines, and transition probabilities of singly ionized vanadium, V 11, have been
compiled. The experimentally derived energy levels belong to the configurations 3d*, 3d°ns (n = 4, 5, 6), 3d°np,
and 3d’nd (n = 4, 5), 3d°4f, 3d’4s”, and 3d°4s4p. Also included are values for some forbidden lines that may be of
interest to the astrophysical community. Experimental Land€ g-factors and leading percentages for the levels are
included when available, as well as Ritz wavelengths calculated from the energy levels. Wavelengths and transition
probabilities are reported for 3568 and 1896 transitions, respectively. From the list of observed wavelengths, 407
energy levels are determined. The observed intensities, normalized to a common scale, are provided. From the
newly optimized energy levels, a revised value for the ionization energy is derived, 118,030(60)cm ',
corresponding to 14.634(7) eV. This is 130 cm™ " higher than the previously recommended value from Iglesias
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1. Introduction

Detailed knowledge of atomic spectra is required to model
the Sun and other stellar objects (Heiter et al. 2015). Spectral
information is used to determine the relative abundances of
different elements, to model the energy balance in the
photosphere, and to determine the relative motion of stars.
The vanadium spectrum is very useful in such studies due to
both its relatively high abundance in the photosphere and its
very large number of observable lines. Also, the fusion energy
community is interested in vanadium. Its alloys are being
studied for use as structural material for fusion blanket
applications (Muroga 2005).

Spectral information is scattered among a number of
publications. Astrophysicists require accurate wavelengths of
spectral lines, energy levels, and transition probabilities with
good estimates of the uncertainties of the provided information.
Also needed are estimates of observed relative intensities of
various lines reported by different laboratory studies placed on
a common scale.

The composition of natural vanadium samples is dominated
by a single isotope 'V (99.75%, Berglund & Wieser 2011).
However, this isotope has a nuclear spin of 7/2 and a large
nuclear dipole moment, which leads to large hyperfine structure
(hfs) in many of its spectral lines. This makes precise
measurement of wavelengths difficult.

A number of critical compilations of V II spectral data have
been published. Meggers & Moore (1940) carried out an
analysis of spectral lines and atomic energy levels of this
spectrum based on their own wavelength measurements and a
spectrogram provided by Shenstone. They included 1700 V 11
lines, from which they determined 223 energy levels. Iglesias
et al. (1988) published a compilation of the work at Instituto de
Optica Madrid with 2950 V II line classifications, from which
they determined 404 V 1I energy levels. Sugar & Corliss (1978)
published a compilation with 277 levels. Sugar & Corliss
(1985) updated this work based on some work of the Madrid

group and provided 323 V II energy levels in their compilation
of the energy levels of iron-period elements. Thorne et al.
(2013) measured 1242 V1I lines, which they analyzed to
determine 313 levels and quoted 48 levels from Sugar &
Corliss (1985) and 46 levels from Iglesias et al. (1988), a total
of 407 levels.

For atomic transition probabilities of VI, a critical
compilation of the National Institute of Standards and
Technology (NIST) was published by Younger et al. (1978).
The NIST group updated and extended that critically evaluated
data set in their compilation of transition probabilities of
iron-period elements (Martin et al. 1988).

Much new data have been published since the compilations
of the 1980s. This information needs to be included in a
comprehensive recommended data set. The energy levels
determined directly by Thorne et al. (2013) were based solely
on their spectral line measurements and did not include a large
number of lines measured less accurately by other observers. It
is also necessary to accurately estimate uncertainties of
wavelengths and energy levels, especially because some of
the lines are broadened by unresolved hfs, and their wavelength
uncertainties are much larger than those for regular symmetric
lines. In addition, estimates of the log(gf") values for important
allowed and forbidden lines, useful for solar and stellar
abundance studies, need to be updated and extended. In the
present work, combining a critical compilation with our own
calculations, we intend to address all the above problems and
also put the intensities reported by the different authors for their
measured lines on a common scale to make them directly
comparable with each other.

For V11, the current online NIST Atomic Spectra Database
(ASD; Kramida et al. 2016) primarily contains energy levels
from Sugar & Corliss (1985) and transition probabilities from
Martin et al. (1988). The results reported in this work will be
added to ASD in the near future.
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Table 1
Sources of V 1I Spectral Lines

Number of Selected Classified

Source®  Lines Light Source/Spectrometers

Wavelength Range (;\) Uncertainty (A)

40MEG 105 Spark/various grating and prism spectrometers 1358-7016 0.01-0.06

86KAR" 1 Selective laser excitation 2920

88IGL 1739 Spark, continuous and pulsed hollow cathodes/various grating 1103-9286 0.006-0.03
spectrometers

89BIE 1 Laser-induced fluorescence of slow V II beam 4312 0.007

13THO 1243 Hollow cathode/0.2 m and 1.0 m Fourier transform spectrometer 1545-5791 0.0001-0.012

Notes.

4 Key to references: 40MEG—Meggers & Moore (1940); 89BIE—Biémont et al. (1989); 86K AR—Karamatskos et al. (1986); 13THO—Thorne et al. (2013); 88IGL

—Iglesias et al. (1988).

® Karamatskos et al. (1986) did not measure the wavelengths of the transitions they observed. The wavelength given in Table 2 is calculated from the energy levels.

2. Spectral Lines

A list of 3089 electric dipole allowed lines was compiled
from 5 references: Meggers & Moore (1940), Karamatskos
et al. (1986), Iglesias et al. (1988), Biémont et al. (1989), and
Thorne et al. (2013). In addition, Ritz wavelengths of 479
forbidden lines (magnetic dipole (M1), electric quadrupole
(E2), or mixed-type (M1+4E2) transitions) were calculated from
the determined energy levels and added to the line table. The
observed lines were compared to the best existing set of energy
levels (Thorne et al. 2013), and only lines identified as
transitions between specific levels were included. The reported
uncertainties for these lines were adjusted by determining how
well the complete set of lines from a given source used in our
fit of the energy levels matches the Ritz wavelengths
determined in the fit. Slight corrections were made to the
reported observed wavelengths of Meggers & Moore (1940)
and Iglesias et al. (1988) on the basis of how wavelengths in a
given spectral region matched the Ritz values in that region,
which are largely determined by accurate measurements from
Thorne et al. (2013). The air wavelengths referred to the latter
authors were obtained from their reported wavenumbers using
the three-term formula given in Equation (3) of Peck &
Reeder (1972).

A summary of the sources of spectral lines is given in
Table 1. This table provides the number of selected classified
lines, wavelength range, uncertainty range, light source, and
spectrometer information for the values taken from each
source. Information about the spectral lines is compiled in
Table 2. The table includes the observed and Ritz wavelengths
and their uncertainties for each line, their transition levels, and
transition probabilities, which will be discussed below. The
uncertainty of the Ritz wavelengths is the value returned by the
level optimization code LOPT (see Section 3 below).

We note that the intensities reported by Thorne et al. (2013)
for all their reported lines are not logiy of their observed
intensity as stated in their paper, but rather log, of the intensity
(J. C. Pickering 2016, private communication). This correction
is made in our work.

3. Energy Levels

We derived the values of the energy levels from the observed
spectral lines using the least-squares level optimization code
LOPT of Kramida (2011). Of all 3568 lines in Table 2, 3069
transitions were used in the level optimization procedure. None
of the predicted or masked lines were used. The energies of 407
levels were determined. The quoted uncertainty for these is the

uncertainty calculated by LOPT. The ¢ 'F3° level of Iglesias
et al. (1988) was dropped, in agreement with Thorne et al.
(2013), since it did not fit with the other levels in our theoretical
interpretation (see Section 5). The energy level results are
compiled in Table 3.

The column “A(TW-THO)” of Table 3 contains the
differences between the optimized energy levels determined
in this work from those reported previously by Thorne et al.
(2013). For all energy levels that were directly measured in
their Fourier Transform spectra (FTS), the new values agree
with those of Thorne et al. within combined uncertainties, the
differences being smaller than 0.01 cm™ . For levels that were
quoted by Thorne et al. from Sugar & Corliss (1985) and from
Iglesias et al. (1988), the differences are much larger, up to
1.2 cm_l, and in several cases amount to more than twice the
combined uncertainties.

Landé factors listed in Table 3 are quoted from Meggers &
Moore (1940), as in the previous compilation of Sugar &
Corliss (1985).

For levels having percentage compositions in Table 3, both
the designation and eigenvector composition are from our
calculations described in Section 5. In most cases, they agree
with those given by Thorne et al. (2013). However, we changed
the assignments for 11 levels on the basis of a comparison of
observed and calculated line intensities. These levels are
marked with“CD” in the “Notes” column of Table 3. For
example, designations of strongly mixed even levels with
J =2 at 20980.9260cm ™" and 25191.0356cm™" have been
interchanged. A similar interchange was made for the odd
levels with J = 3 at 77686.17 and 77841.906 cm™".

We note that a misprint in the designation of two high-lying
odd-parity levels in Sugar & Corliss (1985) had propagated to
Iglesias et al. (1988) and Thorne et al. (2013). The designation
3d°(*Fs)4f °[13/2]° (J =6, 7) should be 3d’(‘Fp)Af
2[13/21° (J = 6, 7).

4. Ionization Energy

Iglesias et al. (1988) derived the previously recommended
value of the ionization energy (IE), 117,900(30) cm™ !, from the
observed levels of three three-member series 3d°(*F)ns F
(n = 4,5, 6)withJ = 2, 3, and 4. They did not give any details
about their derivation, except for the particular form of the Ritz
formula they used, n* = n + a + bT, where n™ is the effective
principal quantum number, 7 is the term value (equal to the
difference between the IE and the level energy), and a and b are
the fitted coefficients. The problem with this derivation is that



Table 2
Spectral Lines of Singly lonized Vanadium (V 1m)*

Iobs o ° o
arb. u. Ch. Aos (A) Gops €M Ariez (A) Adops-ritz (A) Lower Level Upper Level m ns Ejow cm™' Eqypp cm™ ! Type AEh Acc TP Ref. Line Ref.
9700 h 1102.673(16) 90688.7 1102.66464(17) 0.008 3d* a’D, 3dPCFo )4 HT/21% 3 393 106.6421 90796.047 88IGL
15000 h 1102.860(16) 90673.3 1102.86459(15) ~0.005 3d* a°D, 3dCFopAf  219/21% 4 400 208.7901 90881.753 88IGL
1700 2143.7122(12) 46633.36 2143.71199(9) 0.0002 3d* a’D, 3d(*Pyap 23P°, 3 100 106.6421 46740.0100 13THO
750 bI(V I)?  2144.103(23) 46624.9 2144.09579(10) 0.007 3dP(*F)ss a’F, 3P (*G)ap 2 'H° 9 124 2968.3883 49593.4096 40MEG
150 h 8788.91(3) 11374.85 8788.885(21) 0.03 3d® (*F)sp F°, 3d(*F6s °F, 282 403 79853.67 91228.554 1.1e+07 D+ ™ 88IGL
330 h 8810.21(3) 11347.35 8810.244(20) —0.03 3d*('G)4sdp(CP°) u 3G 3d3(*F)6s 3F, 283 403 79881.247 91228.554 8.e4+06 D ™ 88IGL

1417630(30) 3d* a’D, 3d* a’D, 2 3 36.1017 106.6421 Ml 1.996e-05 A+ W

2770000(300) 3d* a D, 3d* a’D, 1 2 0.000 36.1017 Ml 2.55e-06 A+ W
Notes.

# Key to columns: I ,,—Observed intensity of a line placed on a common scale (arbitrary units). Ch.—Line description characters: bl—blended with another line that may affect wavelength and intensity; bl(X)—line
blended with a line from an atom or ion stage specified by X; D—double line; h—hazy line; H—very hazy line; m—masked by another line; m(X)—masked by a line from an atom specified by X; s—Iline shaded to
shorter wavelengths; “—intensity shared by two or more lines; :—the value given in the A\, column is a rounded Ritz value (observed wavelength was not reported); 2—observation of this line is questionable.
Aobs—Observed wavelength (Angstroms). Wavelength is in standard air for 2000 < A < 20000 A and in a vacuum otherwise. Conversion between air and vacuum was made with the five-parameter formula from Peck
& Reeder (1972). The uncertainty in the last digit of a value is enclosed in parentheses. oons—Wavenumber of an observed line (em™h). Aritz— Wavelength calculated from the energy levels (Angstroms). Wavelengths in
a vacuum above 50,000 cm~ ! and below 5000 cm ™. All the rest are in air. The uncertainty in the last digit of a value is enclosed in parentheses. A\, ri,—Difference between observed and calculated (Ritz)
wavelengths (Angstroms). Lower Level—Configuration, term, and angular momentum J of the lower level of the transition. Upper Level—Configuration, term, and angular momentum J of the upper level of the
transition. n;, n,—Index numbers for the lower and upper levels defined in the last column of Table 3. E;,,—Energy of the lower level (em™). E,pp—Energy of the upper level (cm™"). Type—Transition type (blank—
electric dipole, M1—magnetic dipole, E2—electric quadrupole, M1-+E2—mixed type). A—Transition probability of the line (s'). Acc—Uncertainty of the A value indicated by the accuracy code: A+ — < 2%,
A — <3%,B+ — <7%,B — < 10%, C+ — < 18%, C — < 25%, D+ — < 40%, D — < 50%, E — > 50%. TP Ref—Code for the reference to the transition probability value of a line: 88MAR—Martin et al.
(1988); 89BIE—Biémont et al. (1989);14WOO—Wood et al. (2014); 15 BOU—Bouazza et al. (2015); TW—This work. Line Ref—Code for the reference to the wavelength of a line: 40MEG—Meggers & Moore
(1940); 86KAR—Karamatskos et al. (1986); 88IGL—Iglesias et al. (1988); 89BIE—Biémont et al. (1989); 13THO—Thorne et al. (2013); TW—This work (Ritz wavelengths calculated from the energy levels).

(This table is available in its entirety in machine-readable form. A portion is shown here for guidance regarding its form and content. The format of the machine-readable table is slightly different from the shown sample.
Namely, the uncertainties are given in separate columns in the full table, the odd-parity symbol is replaced by an asterisk, periods are inserted in configuration designations to separate electronic shell notations, and the
J values of intermediate terms are enclosed in angular brackets.)

sn3ny £107 ‘(ddg) 61:1€7 ‘SA¥AS ININATIANS TYNINO[ TVOISAHIOULSY AH],
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Table 3
Energy Levels of V II*

Energy cm™ Unc. (cm™) N Lines Configuration Term J Perc Perc2 Configuration2 Term?2 Landé g A(TW—THO) (cm™) Notes Index number
0.000 0.003 5 3d* a’D 0 100 1
36.1017 0.0012 15 3d* a’D 1 100 0.000 2
106.6421 0.0010 24 3d* a’D 2 100 —0.001 3
208.7901 0.0008 27 3d* a’D 3 100 0.000 4
339.1256 0.0013 20 3d* a’D 4 100 0.001 5
2605.0400 0.0012 24 3dP(*F4s a’F 1 100 0.000 6
2687.2090 0.0009 31 3d°(*F)4s a’F 2 100 0.97 0.001 7
2808.9590 0.0008 33 3d3(*F)4s a’F 3 100 1.20 0.000 8
89053.345 0.013 8 3d*(CH)4d 'H 5 9 0.004 355
89082.770 0.005 5 3d*(*H)4d 3 7 98 0.001 356
90182.525 0.017 6 3d(*F30)4f 219/2)° 4 93 6 3d(*Fsj)Af 2[9/21° 0.16 357
90228.190 0.019 3 3dCF3 )4 219/2)° 5 80 16 3d*(*Fsp)Af 2[11/21° 0.14 358
90238.938 0.015 8 3dCF3))Af [5/21° 3 44 48 3dCF3))Af 217/21° 0.19 P2 359
90251.648 0.014 7 3d(*F3)Af 2[5/2)° 2 89 7 3d(*Fsp)Af 2[5/21° 0.17 360
90280.404 0.018 5 3dCF3))Af 2[7/21° 3 44 26 3d(CFs 0)4f 2[5/2]1° 0.18 361
90462.407 0.014 8 3dCFs))af 219/2)° 4 63 15 3dCFs)Af 217/21° 0.15 373
90498.128 0.017 5 3d(*F7 )Af 213/2)° 2 40 20 3d(*Fy j)Af 2[5/21° 0.23 CD 374
90529.790 0.019 3 3dCFq))Af 2113/21° 7 9 0.14 CD 375
90535.217 0.013 11 3d(CFs))Af [5/21° 3 12 40 3d(CFs))Af 217/21° 0.17 P3 376
90543.967 0.018 5 3d*(CH)4d 'G 4 52 21 3d*CD2)4d 'G —0.004 377
91711.733 0.021 8 3d3(*F)6s 3p 4 97 0.03 405
93806.17 0.08 3 3d3(*F)5d D 3 33 20 3dPCH)Ad 'F 0.07 CD 406
94041.892 0.006 2 3d*(CH)4d ' 6 81 9 3d*(CG)4d D 0.002 407
118030 60 Ionization Energy

Notes. A portion of this table is shown here for guidance regarding its form and content. The formats of the configuration and term designations in the machine-readable table are slightly different from those of the
shown sample. Namely, the odd-parity symbol is replaced by an asterisk, periods are inserted to separate electronic shell notations, and the J values of intermediate terms are enclosed in angular brackets.

 Key to columns: Energy—Excitation energy from the ground state. Unc.—Uncertainty D, of the energy as reported by the LOPT code, which approximately corresponds to the minimum uncertainty of separation from
other levels connected to the given one by observed transitions. For the exact definition of D, see Kramida (2011). To determine the uncertainty of excitation energies from the ground level, these values should be
combined in quadrature with the uncertainty of the ground level, 0.003 cm™'. N Lines —Number of connecting lines used in the least-squares fit for this level with LOPT. Configuration—Configuration of the leading
term except when it is the second or third term in cases when it is necessary to preserve the uniqueness of the designation of the level. Term—Term of Configuration corresponding to this level. Additional indexes 1 and
2 appearing in the designations of the repeating D terms of the 3d° sub-configuration are those defined by Nielson & Koster (1963). J—Total angular momentum of this level. Perc—Percentage of Configuration and
Term in the eigenvector of this level. Perc2—Percentage of Configuration2 and Term?2 in the eigenvector of this level. Configuration2—Configuration of the second leading term except when it is listed as the first term in
cases when it is necessary to preserve the uniqueness of the designation of the level. Term2—Term of Configuration2 corresponding to this level. See the note for Term (above). Landé g—The Landé g-factors quoted
from Meggers & Moore (1940) as given in the previous compilation of Sugar & Corliss (1985). A(TW-THO)—Change from the energy reported by Thorne et al. (2013). Notes: ?—Questionable identification; CD—
Changed designation compared to Thorne et al. (2013) P2, P3—Configuration and Term labels correspond to 2nd or 3rd percentage component, respectively. Index number—Sequential index number for the level used
in the line table (Table 2).

(This table is available in its entirety in machine-readable form.)
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the physical meanings of the limits of these three series are
unclear. If the levels of the 3d°ns configurations were pure in JJ
coupling, then the V III levels corresponding to these limits could
be unambiguously identified, and their excitation energies could
be subtracted from the limit values to yield three independent
determinations of the IE. However, our calculations (described
in the next section) showed that the 3d°ns n=4, 5, 6)
configurations are almost pure in LS coupling, with purity
varying between 92% and 100% for different levels. In JJ
coupling, the leading terms of the J = 3 and 4 members of the
3d**F)ns °F (n = 4, 5, 6) series have dominant contributions
from the 3d3(4F7 s2)ns and 3d3(4F9 s2)ns, respectively, with the
leading percentages varying between 61% and 92% and
increasing with increasing n. Thus, one can expect that these
two series converge to the V IIT 34 *F levels with J = 7/2 and
9/2, respectively. However, significant deviation from JJ
coupling may affect the limit values. Moreover, the levels of
the J = 2 series have almost equal contributions of the J = 3/2
and 5/2 parent terms, making it impossible to unambiguously
identify the V 111 levels to which they converge. In addition, it is
well known that fitting a Ritz quantum defect formula for an ns
series requires up to four terms in the expansion formula for IE
(see, for example, Martin 1980 and Martin 1987), and an exact
fit of a two-term formula, such as the one used by Iglesias et al.,
introduces a significant error in the derived IE.

To overcome these problems, we used a different approach.
We utilized the same 3d°(*F)ns (n = 4, 5, 6) series as Iglesias
et al., but instead of the fine-structure 3F2,3,4 levels, we used the
barycenters of the entire sub-configurations with the parent
term “F. The barycenter (spelled as “baricenter” by Cowan
(1981), p. 113) of a sub-configuration is defined as a weighted
average of its energy levels with weights equal to the statistical
weights of the levels (27 + 1). The convergence limit of this
series corresponds to the barycenter of the 3d° *F term of V III.
In each of the 3d°(*F)4s and 3d°(*F)5s sub-configurations, all
eight levels are known experimentally (see Table 3), and the
barycenters can be determined from them. In 3d3(*F)6s, only
the three °F levels are observed, and we used the calculated
energies for the five missing °F levels from our least-squares
parametric fitting (LSF) described in the next section. The rms
error of our LSF for the 19 observed levels of all 3 sub-
configurations is 27 cm ™!, leading to an uncertainty of 6 cm™"
in the 3d° (4F)6s barycenter (91237 cmfl). This translates to a
statistical uncertainty of 12cm™ ' in the series limit found by
fitting a Ritz quantum defect expansion formula. We used two
types of Ritz formulas implemented in the RITZPL code by
C. J. Sansonetti (2005, private communication): the so-called
extended Ritz formula and the modified Ritz formula, with two
expansion terms in each of them (for a description of the code
and formulas, see Kramida (2013a); the Ritz formulas are given
by Equations (1a) and (1b) of that reference). In both fits, three
free parameters were fitted with three input ener%ies. The
resulting limits are 118,320 cm~! and 118,287 cm™ ', respec-
tively, and their mean is 118,304(26) cm~!, where the
uncertainty is a combination in quadrature of the standard
deviation of the two values and the statistical uncertainty of
12cm™!' mentioned above.

To find a correction for the error introduced by truncation of
the expansion formula, we made similar calculations for three
other singly ionized atoms: Ca®, Sc*, and Cu", using the
barycenters of the three-member series of configurations
[3p6]ns, 3dns, and 3dns (n =4, 5, 6), respectively. In all

Saloman & Kramida

three cases, the resulting IE (found by subtracting the
barycenter of the corresponding configuration in the triply
ionized atom from the series limit) was lower than the more
accurate IE known from the literature (taken from Kramida
et al. 2016). For each spectrum, we determined a correction
factor equal to the ratio of the limit value found by fitting the
three-member series of barycenters to the correct limit
determined by subtracting the barycenter of the corresponding
configuration of the triply ionized atom from the recommended
IE value. These correction factors are equal to 1.00037(14),
1.00055(17), and 1.00058(20) for Ca®, Sc*, and Cu",
respectively, where the uncertainties are entirely due to the
differences between the limit values found with the extended
and modified Ritz formulas. The correction factor for VT,
determined as an average of these three values, is 1.00050(40),
where the uncertainty was doubled to account for possible
systematic variation of the correction factor between different
spectra.

Multiplying the limit value for the VI 3d°(*F)6s
barycenter series by the above correction factor, we obtained
118,363(54)cm™' for the corrected series limit. Subtracting
the barycenter of V III 3 4F . 337.3 cm”! (see Kramida et al.
2016) results in our new recommended value of the V1I IE,
118,030(60) cm ™", corresponding to 14.634(7) eV. The quan-
tities relevant to this determination are summarized in
Table 4.

5. Calculation of Energy Levels and Transition
Probabilities

A calculation using the Cowan (1981) codes was carried out
to determine the energy levels and transition probabilities for
interpreting the available spectral information and obtaining
transition probabilities. We used 47 even-parity configurations
and 44 odd-parity configurations in our calculations. The
configurations are listed in Table 5.

The least-squares fit (LSF) procedure of the Cowan codes
was used to fit the observed levels and obtain the parameters
listed in Table 6, which were used to calculate the energy
levels and transition probabilities. The complete Table 6 is
only available in the on-line journal. The quality of our LSF is
illustrated by the small standard deviations of the fit. In the
even-parity system, 175 known levels were fitted with 24 free
parameters with a standard deviation of 164 cm ™', while 232
known levels of odd parity were fitted with 26 free parameters
with a standard deviation of 101 cm™"'. In a similar LSF made
previously by Kurucz (2013), the standard deviations were
somewhat smaller, 122 cm ' and 88 cm™ . However, he used
larger numbers of free parameters, 31 and 30 for the even and
odd parity, respectively, and five of his calculated odd-parity
levels were assigned to incorrect experimental levels. We
detected it using the method described by Kramida (2013a)
based on a comparison of calculated transition rates with
observed line intensities.

6. Transition Probabilities

A summary of the sources for our compilation of transition
probabilities is given in Table 7. It provides the source
reference, the number of values from that source that were used
in our compiled list, and the method used to determine the
values. A large majority of the listed transition probabilities are
from our calculations using the Cowan codes (Cowan 1981).
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Table 4
Ionization Energy Determination”

Series (n = 4-6) Series Limit (cm™") Formula Type Mean Limit x>+ Energy (em™h X** Level IE (cm™ )
Ca™ ns 95726 E 95716(14) 0 Ca*" 3p° s 95751.87(3)

95706 M CF = 1.00037(14)
Sc™ 3dns 103312 E 103299(18) 118.584 Sc*t 3d 2D 103237.1(20) CF = 1.00055(17)

103286 M CF = 1.00055(17)
Cut 3d%ns 164426 E 164403(33) 828.676 Cu*" 348 *D 163669.2(5)

164379 M CF = 1.00058(20)

Mean CF = 1.00050(40)

V3P (*Fns 118320(12) E 118304(26) 337.3 V2t 34 4F 118030(60)

118287(12) M

Note.

? Key to columns: Series—Series of barycenters of the given configurations with n = 4, 5, 6. Series Limit—Series limit calculated by a fit to the two-term Ritz
formula with the RITZPL code of C. J. Sansonetti (2005, private communication). Statistical uncertainties of the fit resulting from uncertainties in the energy levels are
given in parentheses in the units of the last decimal place of the value (only if they are large enough to contribute to the final values). Formula Type—Extended (E) or
modified (M) expansion formula. Mean Limit—Straight arithmetic mean of the two limit values. Standard deviation of the mean is given in parentheses (in units of the
last decimal place of the value). x+ Energy—Barycenter of the configuration of the doubly ionized atom X (from data in Kramida et al. 2016) given in the next
column. X>* Level—Configuration and term of the doubly ionized atom to the barycenter of which the series converges. IE—Ionization energy of X*. For X = Ca,
Sc, and Cu, data are from Kramida et al. (2016) and for V*, data are from the present work. “CF” is the correction factor for the Series Limit derived from the data in
each row (see the text). For V™, the recommended value of IE (given in bold font) is derived by multiplying the Mean Limit by the mean CF.

Table 5

Configurations Used in the Cowan Code Calculations
Even Parity Odd Parity
3d*4s—9s 3d*4p—9p
3d*4s” 3d*4s4p—9p
3d*4555—9s 3d4s*4p—9p
3d4s>55—9s 3dP4f—9f
3d* 3d*4s4f—9f
3d°4d—9d 3d4sAf—9f
3d*4s4d—9d 3d°6h—9h
3d4s*4d—9d 3d*4s6h—9h
3d%5—9g
3d*4s5g—9g
3d*4p*

The rest are mostly taken from Wood et al. (2014), who
determined branching ratios with Fourier transform and echelle
spectrometer measurements of hollow cathode sources and
used lifetime measurements from Den Hartog et al. (2014) and
Biémont et al. (1989). A few more came from the compilation
of Martin et al. (1988), the measurements of Biémont et al.
(1989), and the calculations of Bouazza et al. (2015).

Uncertainties of transition probabilities were evaluated using
the method described by Wiese (1996) and Kramida (2013a).
Uncertainties are indicated in Table 2 using the accuracy
code: A+ — < 2%, A—<3%, B+ —<7%, B— <10%,
C+ - <18%, C—<25%, D+ — <40%, D — < 50%,
E — > 50%.

Transition probabilities were previously calculated by
Kurucz (2013) using a method similar to ours. In his
calculations, he scaled two electric-dipole (El) transition
integrals (for the 3d°4s-3d°4p and 3d*-3d°4p transitions) by a
factor of 0.913 to bring the calculated radiative lifetimes in
agreement with observations reported in the literature for the
first of these two transitions. We made a similar adjustment
using a factor of 0.914 determined as a weighted average for all

levels with observed lifetimes. However, we chose to apply the
same scaling factor to all E1 transition integrals. We found that our
calculated transition rates agree with a limited set of more accurate
reference data (the bulk of which is provided by the measurements
of Wood et al. 2014) somewhat better than those of Kurucz (2013).
However, we discarded a large part of our calculated A-values with
large estimated uncertainties (>50%). Most of those discarded
transition rates correspond to weak transitions, but a few were also
affected by the inaccuracy of the calculated eigenvectors indicated
by large discrepancies (>0.2) between the calculated and observed
Landé factors. Such discrepancies were noted for five odd-
parity levels at 46754.5327cm ' (J=1), 47420.2319cm '
(J = 4), 49898.2618 cm™' (J = 2), 50473.874cm ™" (J = 1), and
50738.861 cm ™' (J = 1). Some of the highly excited levels have
strongly mixed compositions caused by configuration interaction
(CI). In the cases where such strong CI involved closely located
levels of the same J and parity, our calculated transition rates were
also deemed too inaccurate and discarded. For allowed (electric-
dipole) transitions, we included in Table 2 only those A-values that
we believed to be accurate to better than 50%.

To estimate the accuracy of our calculated transition
probabilities for forbidden (magnetic-dipole and electric-
quadrupole) transitions, we used the method suggested by
Kramida (2014), based on comparison of results of 10
calculations made with Slater parameters randomly varied
around their values fitted in the LSF. Additional comparison
was made with the results published for a subset of those
forbidden transitions by Ruffoni & Pickering (2013). Their
calculations were made with a similar method, but with a much
smaller set of interacting configurations. Their results were
found to be much less accurate. Only about 35% of their data
agree with our calculations within 25%, and their transition
probabilities for magnetic-dipole transitions are systematically
too high by about 22%.

For levels with experimentally known lifetimes, the trans-
ition probabilities given in Table 2 have been renormalized to
match the observed lifetimes. These adjustments are in most
cases small and do not exceed 14%.
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Table 6

Least-squares Fitting Parameters for Singly Ionized Vanadium (V 1)*
Parity Configuration(s) Parameter LSF (cm™}) Uncert. (cm™) Group HF (cm™}) LSF/HF
e 3d%4s E.. 19982.8 32 0
e 3d%4s F?(3d, 3d) 56492.3 114 2 70764 0.7983
e 3d%4s F*(3d, 3d) 33601.3 193 4 43953.9 0.7645
e 3d%4s a(3d) 56.7 3 13 0
e 3d%4s «3d) 139.1 16 11 176.6 0.7877
e 3d%4s G*(3d, 4s) 8851.6 103 15 10275.4 0.8614
e 3d%5s E, 84754.7 38 64304.9 1.3180
e 3d%5s F*(3d, 3d) 57906.5 117 2 72535.4 0.7983
e 3d%5s F*(3d, 3d) 34508.8 199 4 45140.9 0.7645
e 3d%5s a(3d) 56.7 3 13 0
e 3d%5s «3d) 142.6 16 11 181 0.7878
e 3d%5s G*(3d, 55) 1668.1 19 15 1936.4 0.8614
e 3d%4s 3d4s°9s R%(3d3d, 459s) 880.7 fixed 1100.9 0.8000
e 3d%4s 3d* R3(3d4s, 3d3d) —5047.2 —177 —8239.9 0.6125
e 3d%4s 3d*4d R%(3d4s, 3dAd) 4360.2 283 9 5465 0.7978
e 3d%4s 3d%4d R%(3d4s, 3dAd) 1143.7 74 9 1433.5 0.7978
e 3d%4s 3d*5d R%(3d4s, 3d5d) 3016.8 196 9 3781.2 0.7978
e 3d%4s 3d%5d R*(3d4s, 3d5d) 904.9 59 9 1134.3 0.7978
e 3d%4s 3d°6d R%(3d4s, 3d6d) 22345 fixed 2793.1 0.8000
e 3d%4s 3d%6d R*(3d4s, 3d6d) 703.1 fixed 878.9 0.8000
Note.

4 Key to columns: Parity—Parity of the configuration(s): “e” for even, “o0” for odd. Configuration(s)—Configuration(s) for that parameter. LSF—Least-squares fit
value for that parameter from Cowan’s RCE code. Uncert.—Standard deviation in the LSF value from Cowan’s RCE code. Group—Parameters in each numbered
group are linked together in the fitting procedure with the same ratio LSF/HF. HF—The ab initio Hartree—Fock-Relativistic parameter values as computed by
Cowan’s codes (Cowan 1981). In this calculation, we included both relativistic and Breit corrections (in Cowan’s codes, the latter affect only the average energies of
configurations) and used the scaling factor of 1.0 for the exchange contribution. LSF/HF—The ratio of the LSF value to the Hartree-Fock value of the parameter.

(This table is available in its entirety in machine-readable form.)

Table 7
Sources of V 11 Transition Probabilities
Source®  Number of Data ~ Method”
88MAR 13 Compilation and renormalization of results from 86KAR, 73ROB, and 86WUJ
89BIE 10 Lifetimes by laser-induced fluorescence. Branching ratios by FTS measurements of hollow cathode and inductively coupled plasma
sources
14W00 203 Lifetimes from 14DEN and 89BIE. Branching ratios by FTS and echelle spectrometer measurements of hollow cathode sources
15BOU 6 Cowan code calculations
™ 1664 Cowan code calculations in this work
Notes.

# Transition probabilities (A-values) for all levels with experimentally known lifetimes were renormalized to those lifetimes. Key to references: 73ROB—Roberts et al.
(1973); 86KAR—Karamatskos et al. (1986); 86 WUJ—Wujec & Musielok (1986); 88MAR—Martin et al. (1988); 89BIE—Biémont et al. (1989); 14DEN—Den
Hartog et al. (2014); 14WOO—Wood et al. (2014); 15SBOU—Bouazza et al. (2015); TW—This work.

FTS—Fourier Transform Spectrometer.

7. Unified Intensity Scale temperature was found to be about 1.9eV for the data of
Thorne et al. (The effective excitation temperature for the data
of Iglesias et al. was found to be about 1.5eV and that for

Meggers & Moore was 1.3 eV.) Intensities reported by other

Intensities reported in separate publications have been
reduced to a common scale using the method explained in
detail in Kramida (2013a, 2013b, 2013c). Briefly, this method

is based on a crude modeling of level populations in the light
source with the Boltzmann distribution and assumes a smooth
dependence of sensitivity of the recording equipment on
wavelength. It ignores effects of radiation trapping, spatial non-
uniformity of the emitting medium, and possible deviations
from local thermodynamic equilibrium. As the base for the
intensity scale, we chose the intensities reported by Thorne
et al. (2013), from which we removed variations of the
recording efficiency with wavelength. The effective excitation

observers were analyzed in the same way and reduced to the
same temperature, so all relative intensities reported in Table 2
correspond to the same uniform scale. Transition probabilities
not included in Table 2 can be roughly estimated from these
intensities, assuming Boltzmann populations with the above
value of the excitation temperature. The accuracy of such
estimates is about a factor of three, on average. However, much
larger errors can be expected for many lines that might be
affected by self-absorption or selective collisional population



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 231:19 (8pp), 2017 August

transfer from various carrier gases (He, Ne, Ar, or mixtures of
them) used in different studies.

8. Conclusions

We have provided tables for singly ionized vanadium (V 1I)
that include the wavelengths of 3568 transitions, 407 energy
levels, and the transition probabilities of 1896 transitions. The
reported intensities of observed spectral lines have been put on
a common scale and are listed in our tables. Ionization energy
has been re-determined with a well-defined uncertainty.

This work was supported in part by the National Aeronautics
and Space Administration of the USA under interagency
agreement NNHI10AH38I. E. B. Saloman was working under
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