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ABSTRACT

The spectrum and extended term analysis of Vi1 are presented. Fourier transform spectrometry was used to
record high resolution spectra of singly ionized vanadium in the region 1492-5800 A (6702017260 cm™") with
vanadium—neon and vanadium-argon hollow cathode lamps as sources. The wavenumber uncertainty for the
center of gravity of the strongest lines is typically 0.002 cm~!, an improvement of an order of magnitude over
previous measurements. Most of the lines exhibit partly resolved hyperfine structure. The V 11 energy levels in the
1985 compilation of Sugar and Corliss have been confirmed and revised, with the exception of the high-lying 4f
levels and eight of the lower levels. Thirty-nine of the additional eighty-five high levels published by Iglesias et al.
have also been confirmed and revised, and three of their missing levels have been found. The energy uncertainty of
the revised levels has been reduced by about an order of magnitude. In total, 176 even levels and 233 odd levels are
presented. Wavenumbers and classifications are given for 1242 V 11 lines.

Key words: atomic data — line: formation — line: profiles

Online-only material: machine-readable tables

1. INTRODUCTION

This paper presents accurate energy level values and wave-
lengths for V11, which complement our recent publication on
the spectrum and term analysis of V1 (Thorne et al. 2011). The
need to improve the atomic database, particularly for the 3d
(iron group) elements for astrophysics applications, was dis-
cussed fully in the introduction to that paper, and the arguments
will not be repeated here. A recent paper by Armstrong et al.
(2011) has focused on the role of the relative abundance of
V11 in understanding the history of nucleosynthesis in the early
universe.

The importance of accurate wavelengths and energy values
should be emphasized. Most lines in stellar spectra are blended,
and it is impossible to disentangle the blends without accurate
wavelengths, obtained either experimentally or as Ritz wave-
lengths from experimentally determined energy levels. Kurucz
(2002) pointed out that one half of the lines in the solar spec-
trum are not identified and all of the features are blended. He
recently emphasized again the importance of both accuracy and
completeness in the database (Kurucz 2011). Each new atomic
spectrum analysis can affect thousands of features in a stellar
spectrum. The elements of the 3d (iron) group are particularly
important in this respect because of their high relative abundance
and line-rich spectra.

High resolution Fourier transform spectrometry (FTS) has
the potential to improve significantly the accuracy of the old
wavelength, and hence also the energy level, database. The
Imperial College group has over the past 20 years used this
technique in the visible and ultraviolet regions, supplemented
by infrared observations from Kitt Peak National Observatory,
to study the spectra of many of the neutral and singly ionized
elements of the iron group. Summaries are given by Pickering
(2002) and Pickering et al. (2011). In general, the accuracy of
energy level values and wavelengths has been improved by at
least an order of magnitude.

For V 11, the most recent complete, generally available com-
pilation of energy level data is that of Sugar & Corliss (1985),
hereafter referred to as SC. SC present a table of 139 even and
184 odd energy levels for V 11, and these energy levels are based

on the analysis of Meggers & Moore (1940), who recorded the
arc and spark spectra of vanadium from 2000 A to 2800 A with a
quartz spectrograph and from 2500 A to 8500 A with a concave
grating. The analysis of the spectrum was continued in Madrid,
initially by Velasco & Gullén (1968) and then by Iglesias and her
co-workers (Iglesias 1977; Iglesias et al. 1984, 1987; Iglesias &
Cabeza 1988). This group used new observations to find many
new levels and to improve the accuracy of the older work. For
the region 8800—2500 A, their light source was a hollow cath-
ode discharge, run in DC mode for V1 and pulsed to favor the
excitation of V 11. A spark source was used for the vacuum ultra-
violet region down to 1100 A. All spectra were photographically
recorded with a grating spectrograph. The results from the first
two papers (1977 and 1984) are incorporated in SC. A mono-
graph by Iglesias et al. (1988, hereafter ICL) presents all of the
results of the Madrid group, for both the energy levels and the
classified line list.

The hyperfine structure of a number of V1 lines in the
wavelength region 420—460 nm has recently been measured by
laser fluorescence spectroscopy on a fast ion beam (Armstrong
et al. 2011). They determined the magnetic dipole constants of
24 even and 31 odd energy levels. Such measurements, however,
do not require accurate absolute values of wavelengths or energy
level values.

Using FTS, we have recorded the visible and ultraviolet
regions of the vanadium spectrum with much higher resolution
than was possible with the older grating measurements, resulting
in about an order of magnitude improvement in wavelength
accuracy. These new measurements have then been used to
revise most of the known levels of ViI. As the monograph
by ICL is not easily accessible, we include in our energy level
tables the levels that we were not able to confirm as well as
those we have revised.

2. EXPERIMENTAL DETAILS

The laboratory spectra used in this analysis were recorded
with the f/25 vacuum UV Fourier transform (FT) spectrom-
eter at Imperial College (Thorne et al. 1987) over the re-
gion 16000-67000 cm~" (6320-1500 A). The infrared spectra
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Table 1
V11 Linelist of Observed Transitions

Int w S/N A o o-C Lower Level Upper Level Bl

T A) (em™h) (cm™h) Configuration Term, J Configuration Term, J
8.94 141 5 5791.4838 17261.946 022 3d3 (b D)ds d'D, - 3d3(2F)4p x 1D,
7.82 107 5 5045.8376 19812.790 —.008 3d3(2P)4p y3Ds - 3d3(*F)5s 3Fy
7.75 125 8 5019.8569 19915.332 —.006 3d3(F)4s b'F; - 3d3(2H)4p y Gy
7.27 121 5 4965.3894 20133.789 .008 3d* d3F; - 3d3CP)dp y3D,
7.13 98 6 4947.5559 20206.361 —.004 3d3(F)ds c3F - 3d3(2P)p y 3Dy
7.59 137 7 4884.0386 20469.142 —.014 3d3(2F)4s c3F; - 3d3CP)dp y3D,
6.65 131 3 4618.5210 21645.890 —.023 3d?4s? c'Dy - 3d3CF)p x 1P
7.07 137 5 4605.3344 21707.868 —.015 3d* a3D, - 3d3(*F)dp 3P
8.97 317 18 4600.1709 21732.234 —.006 3d* a3D; - 3d3(*F)dp 723F,
8.41 180 8 4565.1190 21899.096 012 3d3(2G)4p y3Gy - 3d3(*F)5s 3F
9.31 117 68 4564.5779 21901.692 —.004 3d* a’D, - 3d3(*F)dp 73F3
8.80 261 8 4534.8080 22045.469 —.005 3d3(2G)4p y3Gs - 3d3(*F)5s 3Fy
9.58 245 19 4528.4829 22076.260 .000 3d* a’D; - 3d3(*F)4p Z23Fy
7.37 95 10 4518.3798 22125.622 016 3d* d3F; - 3d3(*P)dp x3D;3
7.10 114 7 4475.6787 22336.712 .003 3d3(F)4s c3F - 3d3(* P)dp x 3D

Notes. Columns are as follows: Int, intensity in arbitrary units given as loglo(mtensny) W, width, a guide to the line pattern width in 0.001 cm~!; S/N, the observed
signal-to-noise ratio of the transition; A, wavelength in air for A longer than 2000 A and in vacuum below 2000 A; o, center-of-gravity vacuum wavenumber of the
transition; O — C, the difference between the observed wavenumber and the wavenumber calculated from the energy levels in this work; and Lower Level and Upper
Level, the levels involved in the transition. The final column, BI., indicates blends and doubly identified lines where D designates a doubly identified line with another
V1 transition; D1 a line doubly identified with a V1 line; B is a blend with another nearby line; and U is a line blended with an unknown feature.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)

recorded for us with the FT spectrometer at the National Solar
Observatory (NSO), Kitt Peak, Tucson, Arizona (Brault 1976),
and used in the V1 analysis as described in our previous paper
(Thorne et al. 2011), were included in the initial fitting, but al-
most all of the lines corresponding to possible V 11 transitions
were doubly identified with strong V1 transitions and therefore
contributed very little to the V 11 analysis.

A water-cooled hollow cathode lamp with a vanadium cath-
ode, run in either neon or argon, was used as a light source. This
source gives spectra of V1 and V11 as well as the neutral and
singly ionized spectra of the particular carrier gas. The cathode
of the lamp was an open-ended cylinder of vanadium, 35 mm
long and 8 mm in bore, and the metal case of the lamp formed
the anode. We found that the optimum running pressures and
currents were 0.8 mbar, 600 mA in Ar and 4 mbar, 750 mA
in Ne. The spectral resolution ranged from 0.05 cm™! in the
UV spectral region to 0.036 cm™! in the visible, sufficient to
achieve Doppler limited resolution. Further details are given in
Semeniuk (1996).

The spectra were put on a consistent relative intensity scale
by calibrating the spectrometer response with tungsten and deu-
terium lamps in the visible and UV spectral regions, respec-
tively, with an overlap region used to place the two calibrations
on the same scale. The relative intensities given in the line lists
of this work should be regarded as a rough guide only, and
we stress that they are not suitable for the determination of
branching fractions.

A linelist of the observed lines was made using the
GREMLIN programs developed by J. W. Brault (1994, pri-
vate communication) to give line wavenumber, wavelength, in-
tegrated intensity, and signal-to-noise ratio (S/N). The nuclear
spin of vanadium is 7/2, and most of the lines show hyper-
fine structure that is only partially resolved. The overall width
of a hyperfine multiplet containing many components is typ-
ically 0.200-0.400 cm~!, whereas the Doppler width in the
visible-UV range is 0.100-0.250 cm™', so it was not possible
to fit Voigt profiles to the lines. The center-of-gravity (COG)

wavenumber of each line pattern was therefore determined. It
has been shown by Brault (1987) that the error in the position
of the center of a properly resolved line is given by the FWHM
of the line divided by twice the S/N. The uncertainty in the
COG wavenumber of a hyperfine pattern is still given approxi-
mately by the width divided by the S/N, but this relation tends
to underestimate the uncertainty for very weak lines. Actual
uncertainties can be estimated from the differences between ob-
served wavenumbers and those derived from the fitted energy
level system (see Table 1).

The absolute wavenumber scale was established from 26 Ar 11
reference lines originally measured by Norlén (1973; see also
Learner & Thorne 1988) and subsequently remeasured more
accurately by Whaling et al. (1995), as described in Thorne
etal. (2011). The spectra in the visible region taken with Ar as a
carrier gas were calibrated from these lines, and the calibration
was transferred to the spectra taken with Ne and extended to
shorter wavelengths by exploiting the intrinsic linearity property
of FT spectra, using vanadium lines in the overlap region
of successive spectra to carry the calibration through. The
combined uncertainty for the absolute wavenumber of a strong
isolated line is 0.001-0.002 cm™! in the visible, but rises to
0.004 cm~! in the UV due to cumulative errors arising from
carrying the wavenumber calibration through three overlapping
spectra.

It is noticeable that the weak lines recorded by Meggers &
Moore (1940) and by the Madrid group do not appear above
the noise in our spectra. The earlier work used sparks and
pulsed hollow cathode discharges as sources to excite the ionic
spectrum preferentially. In addition, there is the usual noise
penalty to be paid for higher resolution, and the fact that the FT
spreads the noise almost uniformly over the spectrum militates
against the observation of very weak lines.

3. THE ENERGY LEVEL STRUCTURE OF V1

As with V1, the observed energy levels in V1 belong to
two configuration systems: the “normal,” or “singly excited,”
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Figure 1. The gross structure of the “normal” system of configurations,
3d*(ML)nl, in V1 relative to the term structure of the parent configuration
3d® in VL

system built on the parent term of the next highest ion, and the
“doubly excited” system built on the grandparent term of the
second highest ion (see Thorne et al. 2011). For V 11, the normal
system, consisting of 3d@>(M L)nl subconfigurations, dominates
the doubly excited system, consisting of the subconfigurations
3d*(M L)4snl built on the (¥ L) grandparent terms in V 1v.

Schematic diagrams of both term systems are shown in
Figures 1 and 2. The top part of the diagram in each figure
displays all terms of the parent configuration, 3d* in V 11 and
3d%in Vv, respectively, as a function of energy. Vertical lines
from each of these parent terms lead down to boxes representing
levels in the daughter subconfigurations. The height of these
boxes indicates the energy span of these subconfigurations. For
the 3d* configuration, shown at the far left of Figure 1, terms
are not assigned to a particular parent term.

Although the LS coupling scheme is used as a convenient
description, there is in fact considerable configuration mixing
for V11, as was also the case for V1. The AL and AS selection
rules for transitions are not strictly observed, and there are many
intercombination lines in the spectrum.

In contrast with V1, almost all of the energy levels of both
systems up to about 80000 cm~! in V11 are known. The only
missing level in this energy range in the normal system is
3d* 18y, predicted by Kurucz (2009) to lie at 60687 cm™!.
In the doubly excited system, the missing levels are 3d*(' G)4s?
1G, at 53756 cm™!, 3d*('S)4s? 'S, at 77095 cm~', and
3d’CP)4s4p 38y, 38, at 75672, 75537 cm™!, respectively,
where the energies quoted are again the Kurucz predictions.
The first of these doubly excited levels is actually problematic
rather than definitely missing: it appears in SC as 3d?4s? d'G4
with an energy of 53607.2? cm~!, and in ICL at 53607.1? cm ™.

Taking into account all of the higher levels reported in ICL,
the identified levels can be summarized as follows. In the normal
system, all levels (except the one singlet noted above) are known
for the 3d* configuration. For the 3d*(™ L)nl subconfigurations,
for levels built on the ground state *F of Vi, all of the
4s, 5s, 4d, and 4 p levels are known, together with the 6s and 5p
triplet terms. In addition, 44 of the 48 3d3(* F)4 f levels were
found by the Madrid group and are included in SC; these lie
between 90182 and 90881 cm~!. For the next highest parent
term, 4 P, the 4s, 5s, 4 p, and 4d subconfigurations are complete
except for the 4d°F and 4d° D terms. For the >G parent, the
4s,5s, and 4p subconfigurations are complete, and 4d lacks

THORNE, PICKERING, & SEMENIUK

©]E p VIV 3d s
40 (X10 cm ) —_r

1 3
20 D P

ALY

100 o ,
| 4s4p('P)

60 ] 4s4p(°P) TT ]

4s4p(°P) ——

2

4s

60

40 4 —l

1 VII 38 MLy nln'l
20 4

0
Figure 2. The system of doubly excited configurations, 3d>(M L)nln'l’, in V i1
where ML is the grandparent term in V1v.

only *F, ' D, and part of > H. The next parents, 2P, %D, ?H, and
2F all have 4s and 4 p complete, and 2H has in addition the 5s
and some of the 4d terms.

Most of the lower terms of the doubly excited system are also
known. The lowest even configuration is 3d%45s2, for which the
possible terms, in order of increasing energy, are 3F.ID, 3P,
'G, and 'S; of these, 'S is missing and possibly ' G, as noted
above. The lowest odd terms result from combining 4s4p (* P)
with the above grandparent terms. Eight of the nine terms built
on the 3 F grandparent are known (with ! G missing) and seven
of the nine terms built on the 3P grandparent are known (with
3§ and ! P missing). The three triplet terms built on ' D and 'G
are all known, but not those built on 'S. The only known terms
arising from 4s4p(' P) are the three triplet terms built on 3F
(3G,3F,3D) and the singlet (' D)4s4p(' P)'F.

4. RESULTS AND DISCUSSION

The spectra taken in Ne and Ar were merged to give a
single linelist. Previously published energy levels in SC and
ICL were used to derive wavenumbers (Ritz wavenumbers)
for comparison with the newly measured wavenumbers for
the initial line identification. A least-squares fitting program,
ELCALC (Radziemski & Kaufman 1969), was then used to
revise the energy levels, obtaining a best fit to the observed
transitions. In this process each line is given a weighting
inversely proportional to the square of the uncertainty in the
COG wavenumber. For the V11 level fitting, the uncertainty is
obtained by replacing the precision criterion for a single isolated
line (Brault 1987) with the overall width of the hyperfine pattern
divided by the S/N. The process was repeated through several
iterations, during which chance coincidences were eliminated
from the fit and doubly identified lines were noted.

4.1. The Classified Linelist

Table 1 gives the classified lines of V 11 in the visible and UV
regions. The full version of Table 1 is available in the online
journal, and also by contacting author J.C.P. In the first column,
the logarithm of the integrated intensity of each line is given to
two decimal places. The second column, W, is a rough measure
of the overall width of the line pattern in units of 0.001 cm~!,
but should not be taken strictly as the FWHM. The third column
gives the observed S/N of the line. Wavelengths determined
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from the observed wavenumbers are given in the fourth column.
For wavelengths greater than 2000 A air wavelengths are given,
the conversion being carried out using the formula of Edlén
(1966) for the dispersion of air:

8

10 15997
Aair) = — x (1 +8342.13 x 1078 +
o

3.89 x 10% — o2

2406030  \~'
T 13 x 1010 —02) ’

where o is the vacuum wavenumber and A(air) the air
wavelength in A. The fifth column gives the observed COG
wavenumbers. The sixth column gives the differences between
the observed wavenumbers and the wavenumbers derived from
the revised energy levels (see below). The configuration, term
designation, and J value of each energy level involved in the
transition is shown in the next column. Any blends with other
lines are noted in the final column of the table. In total, 1242
classified V 11 lines are presented. The wavenumber uncertainty
(approximately given by W divided by S/N) ranges from 0.001
to 0.002 cm™~! for the strongest lines to about 0.03 cm™! for
weak lines, an order of magnitude more accurate than that of
previous measurements.

4.2. Revision of Previously Known Energy Levels

Nearly all of the SC levels were confirmed in this work. Of the
even levels, the exceptions are 3d* ! D in the normal system and
3d%4s% 3P and 'G in the doubly excited system. These levels
were all found by ICL, although the last, 1G, is uncertain, as
noted above; a separate search for this proved unsuccessful. Of
the odd levels in SC, we were unable to find 3d>(?P)4p z' S, at
48258 cm™! (confirmed by ICL). We were also unable to confirm
the high-lying levels of the 3d*(*F)4f configuration, which
were found by Iglesias et al. (1984), from infrared transitions to
the 3d3(*F)4d configuration; in our spectra most of these strong
IR lines are doubly identified with V1 transitions and the weak
lines are absent.

Two of the odd SC levels do not appear in the ICL list, and we
too were unable to find them. These are w! G4 at 72292.4 cm™!
and the level labeled 2*(J = 3) at 76504.4 cm™!. Meggers &
Moore (1940) established w! G4 from five lines, of which three
are very weak and one is doubly identified, and 2* from six
lines, of which three are doubly identified and the other three
very weak. None of these lines appear in our spectra. We have
followed ICL in rejecting these two levels.

Two changes in the SC level assignations should be noted.
The 13 F levels between 76220 and 76643 cm ~', which had no
classification in SC, were assigned by ICL to 3d*>(' D)4s4p(* P),
and the #>D levels between 75716 and 75847 cm~! were
changed from 3d%( D)4s4p(3P) to 3d3(2D)4p by ICL. Our
transitions confirm these ICL assignations.

The additional levels published in ICL and not included in SC
all lie at high energy, above 84000 cm™~! for the even levels and
above 74000 cm™! for the odd levels. We were able to confirm
18 out of 34 even levels and 21 out of 51 odd levels.

Most of our revised energy level values lie within 0.2 cm ™! of
the ICL values, although a few (seven) differ by 0.5to 1.2 cm™".
In two cases, CH)4d 'Is and CF)4s4p(' P) s3F,, we found a
completely different value for the energy; these levels are labeled
as “new” in Tables 2 and 3, and they replace the levels found
by ICL. In both cases, the new level is determined from the two
strongest expected transitions, which agree well with each other;
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Figure 3. Difference between the energy level values of this work and those of
Sugar & Corliss (1985).

in the case of s> F» they are also consistent with the transitions
determining the other s3 F levels.

In addition, we found three new even energy levels missing
from ICL: (*G)4d 3H, 5 at 85159, 85301 cm™"! and (*H)4d 315
at 88939 cm~!. These levels complete their respective triplet
terms and are also labeled as “new.”

Table 2 (even levels) and Table 3 (odd levels) list all the levels
for which energies were published in ICL, plus our five new
levels. The configuration, term designation, J-value, and energy
level value are given for each level. For the levels revised in
this work the energy uncertainty (cm™') relative to the ground
state and the number of transitions determining the level are
also given. The relative energy level uncertainties are given in
Column 5 of Tables 2 and 3, and these range from 0.001 cm™!
to about 0.005 cm™! for the well-determined lower levels. Many
of the higher levels are determined by only two or three weak
lines and have correspondingly larger uncertainties of up to
0.02 cm~!. There is an additional 0.003 cm~! uncertainty in
the absolute energy values because the ground state 3d* > Dy
is linked to the rest of the system by only four lines, of which
two are doubly identified with another V 11 transition and a V1
transition, respectively.

The levels that we were unable to confirm are marked either
SC, if they appear in Sugar & Corliss, or ICL, if they belong
to the set of additional levels reported in that work, although in
both cases the energies are the ICL values, given to two places
of decimals. The level eigenvector compositions are taken from
the Kurucz database (Kurucz 2009), as there was nothing to be
gained by repeating the Cowan code calculations with only very
small changes to the input data.

We have included in our revised levels in Tables 2 and 3 four
levels for which we have only one transition that is not doubly
identified. Each of these levels is well established by additional
weaker lines in ICL so that one relatively strong line in our
spectra is adequate to confirm it.

Figure 3 plots the differences between our level values and
those of SC and ICL. The revised values are slightly higher, with
a mean difference of 0.084 cm™! from 307 levels and a standard
deviation 0.15 cm™!.

Ritz wavenumbers were derived from the optimized energy
levels, and it is the difference between these and the observed
wavenumbers that is shown in the sixth column of the linelist of
Table 1. For the strong lines the discrepancies are mostly less
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Table 2
V11 Even Energy Levels

Assigned Term J Energy Unc. NL Eigenvector Componentst
Configuration T (cm™) (cm™) (%)
3d* a’D 0 0.000 .003 4 100
3d* a’D 1 36.102 .002 10 100
3d* a’D 2 106.643 .001 15 100
3d* a’D 3 208.790 .001 14 100
3d* a’D 4 339.125 .001 10 100
3d3(*F)4s a’F 1 2605.040 .001 11 100
3d3(*F)4s a’F 2 2687.208 .001 18 100
3d3(*F)4s a’F 3 2808.959 .001 17 100
3d3(*F)4s a’F 4 2968.389 .001 18 100
3d3(*F)4s a’F 5 3162.966 .002 12 100
3d3(* F)4s a’F 2 8640.362 .002 17 94 3d*3F 5
3d3(*F)4s a’F 3 8842.050 .001 23 94 3d*3F 6
3d3(*F)4s a’F 4 9097.889 .001 17 93 3d*3F 6
3d* a3p 0 11295.513 .005 9 54 3d*3P 37 (“P)4s 3P 5
3d* a’p 1 11514.784 .002 18 54 3d*3p 37 (“P)ds 3P 4
3d* a3p 2 11908.261 .002 21 54 3d*3P 37 (“P)4s 3P 4
3d* a’H 4 12545.100 .002 9 98 ((H)4s *H 1
3d* a3H 5 12621.485 .001 10 99 CH)4s 3H 1
3d* a’H 6 12706.078 .001 9 99 ((H)4s *H 1
3d* b3F 2 13490.883 .002 10 69 3d*3F 24 *F)4s 3F 5
3d* b3F 3 13542.645 .001 14 69 3d*3F 24 AF)4s 3F 6
3d* b3F 4 13608.939 .001 14 68 3d*3F 23 *F)4s 3F 6
3d3(* P)4s a’pP 1 13511.799 .002 13 99
3d3(* P)4s a’pP 2 13594.723 .004 12 99
3d3(* P)4s a’pP 3 13741.640 .002 10 100
3d* a3G 3 14461.748 .002 23 60 (2G)as 3G 39
3d* a3G 4 14556.068 .001 28 61 CGys 3G 38
3d* a3G 5 14655.607 .001 21 64 CGys 3G 35
3d3(2G)ds b3G 3 16340.981 .002 18 61 3d*3G 39
3d3(CG)ds b3G 4 16421.528 .001 21 61 3d* 3G 37
3d3(2G)ds b3G 5 16532.983 .002 16 64 3d* 3G 35
3d* alG 4 17910913 .002 13 44 CGyus'G 34 3d* G 20
3d* a3D 1 18269.514 .003 15 47 (2D)4s 3D 30 (2P)4s 3P 12
3d* a’D 2 18293.871 .002 21 42 (®D)4s 3D 26 (2P)s 3P 21
3d* a3D 3 18353.827 .002 18 65 (2D)4s 3D 34
3d3(*G)as b'G 4 19112.929 .001 13 59 3d*'G 35 3d* G
3d3(2P)4s b3P 2 19132.791 .003 17 64 3d*3D 20 (“P)ds3p 9
3d3(2P)4s b3P 0 19161.422 .003 12 95 3d*3p 2 (“P)ds 3P 2
3d3(2P)4s b3P 1 19166.314 .003 18 79 3d*3D 10 (“P)ds 3P 5
3d* all 6 19191.326 .002 3 99
3d* als 0 19902.608 .004 4 73 3d* s 24 (“P)ds 3P 1
3d3(* P)4s c3P 1 20089.650 002 17 80 3d*3Pp 5 CPys'p 4
3d3(*P)4s c3p 0 20156.670 .003 5 90 3d*3P 6 3d* s 1
3d3(* P)4s c3P 2 20343.046 .002 17 73 3d*3D 7 (2P)s 3P 6
3d3(2H)4s b3H 4 20242.382 .003 9 92 CGys'G 5 3d*3H 1
3d3(*H)4s b3H 5 20280.251 .003 15 98 3d*3H 1
3d3(2H)4s b3H 6 20363.335 .002 10 99 3d*3H 1
3d3(a?D)4s b3D 1 20522.147 .004 11 39 3d*3D 37 (2D)s 3D 14
3d3(a®D)4s b3D 2 20617.073 .003 16 28 3d*3D 22 3d*'D 13
3d3(a?D)4s b3D 3 20622.983 .003 12 50 3d*3D 33 (2D)4s 3D 16
3d3(a®D)4s alD 2 20980.927 .003 9 28 (¢D)s 'D 25 ((D)s 3D 12
3d3( P)4s alP 1 22273.636 .002 7 92 “P)4s 3P 3 ((D)s 3D 2
3d3(2H)4s a'H 5 23391.150 .002 7 99
3d* b'D 2 25191.035 .003 8 37 3d*'D 32 ((D)s 'D 17
3d* al'F 3 26839.749 .004 6 90 (*F)s 'F 9
3d3(3F)4s c3F 2 30267.511 .005 11 42 3d43F 29 3d*3F 16
3d3(*F)4s c3F 3 30306.389 .003 14 51 3d*3F 24 3d*3F 13
3d3(F)4s c3F 4 30318.528 .003 12 61 3d43F 18 3d*3F 11
3d* d3F 4 30613.910 .003 12 42 (*F)4s 3F 37 3d*3F 12
3d* d3F 3 30641.767 .003 17 47 3d*3F 35 3d*3F 10
3d* d3F 2 30673.088 .005 8 56 3d*3F 30 3d*3F 8
3d* d3p 2 32040.635 .005 4 53 3d*3Pp 41 45s23p 2
3d* d3p 1 32299.257 .006 6 53 3d*3P 41 4523 p 2
3d* d3p 0 32420.050 010 3 53 3d*3p 41 4523 p 2
3d3(2F)4s b'F 3 34228.852 .002 7 90 3d*'F 8
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Table 2
(Continued)

Assigned Term J Energy Unc. NL Eigenvector Componentst
Configuration T (cm™) (cm™) (%)
3d* cl'G 4 36424.870 004 3 58 3d* G 36 452 1G 2
3d?4s? e3F 2 37937.694 .007 5 78 3d*3F 14 d’p*3F 5
3d%4s? e3F 3 38193.021 .005 5 79 3d*3F 13 d*p?3F 5
3d?4s? e’F 4 38517.080 .004 6 80 3d*3F 12 d’p*3F 5
3d3(b*D)4s c3D 3 44098.473 .009 4 75 (?D)4s 3D 23
3d3(b* D)4s c3D 2 44159.460 .007 7 75 (*D)4s 3D 24
3d3(b*D)4s c3D 1 44201.640 .009 5 74 (?D)4s 3D 24
3d%4s? c'D 2 44658.020 020 2 58 3d4 1D 23 3d*'D 12
3d3(b*D)4s d'D 2 47324.288 .006 6 67 (?D)s 'D 23 452D 7
3d?4s? e3P 0 ICL 48898.01 92 d’p*3p 4 3d*3p 2
3d%4s? e3p 1 ICL 48975.70 92 d*p?3p 4 3d*3P 2
3d%4s? e3P 2 e 49204.65 91 d*p?3p 4 3d*3p 2
3d* e'D 2 Ne 50951.66 48 4521p 30 3d*'D 12
3d%4s2 d'c 4 e 53607.2 93 d*p? G 4 3d* G 2
3d3(*F)5s SF 1 69146.385 .005 6 100
3d3(*F)5s SF 2 69228.318 .004 6 99
3d3(*F)5s SF 3 69352.530 .002 8 99 (*F)5s 3F 1
3d3(*F)5s SF 4 69518.528 .003 6 99 (*F)5s 3F 1
3d3(*F)5s SF 5 69724.236 .003 5 100
3d3(*F)5s 3F 2 70415.542 .003 5 99
3d3(*F)5s 3F 3 70629.831 .002 11 99 (*F)5s °F 1
3d3(*F)5s 3F 4 70898.570 .003 9 99 (*F)55 °F 1
3d3(*F)4d e H 3 72448.600 .002 2 98 (*F)4d °G 1 (*F)5d °H 1
3d3(*F)4d e H 4 72551.297 .002 3 97 (*F)4d G 2 (*F)5d S H 1
3d3(*F)4d e H 5 72680.856 .003 3 97 (*F)4d °G 2 (*F)5d S H 1
3d3(*F)4d e H 6 72837.581 .002 3 97 (*F)4d >G 2 (*F)5d H 1
3d3(*F)4d e H 7 73021.143 .003 1 99 (“F)5d°H 1
3d3(*F)4d edp 1 72518.626 004 4 98 (“F)5d>P 1
3d3(*F)4d edp 2 72674.924 .003 7 97 (*F)4d 3D 1 *F)5d>P 1
3d3(*F)4d e3P 3 72908.997 .002 5 95 (“F)4d 3D 2 *F)4d 3G 1
3d3(*F)4d SF 1 72839.345 .002 8 85 (“F)4d 3D 13 *F)5d°F 1
3d3(*F)4d SF 2 73027.311 .002 8 62 (*F)4d>G 32 *F)4d *D 4
3d3(*F)4d SF 3 73146.343 .003 10 64 (*F)4d>G 33 (*F)4d 3D 1
3d3(*F)4d SF 4 73279.343 .002 7 66 (*F)4d °G 32
3d3(*F)4d SF 5 73417.330 .001 6 71 (*F)4d °G 27
3d3(*F)4d 5G 2 72878.056 .001 8 67 (*F)4d °F 31 (*F)4d *D 1
3d3(*F)4d 5G 3 72951.558 .002 8 64 (*F)4d °F 32 *F)4d>pP 1
3d3(*F)4d 5G 4 73063.719 .001 8 65 (*F)4d °F 32 (*F)4d °H 1
3d3(*F)4d 5G 5 73223.351 .003 5 69 (*F)4d °F 27 (*Fy4d H 2
3d3(*F)4d 5G 6 73499.773 .002 2 97 (“F)4d °H 2
3d3(*F)4d 3D 1 73181.639 .003 4 83 (*F)4d°F 13 (“P)4d D 2
3d3(*F)4d 3D 2 73310.069 .002 5 89 *F)4d°F 6 (“P)4d 3D 2
3d3(*F)4d 3D 3 73530.712 .002 7 92 (“F)4d 3P 2 (“P)4d *D 2
3d3(*F)4d 3p 0 74949.580 .008 2 94 CP)ad 3P 2 ((D)4d 3P 1
3d3(*F)4d 3p 1 75080.741 .004 4 94 CP)4d 3P 2 ((D)4d 3P 1
3d3(*F)4d 3ip 2 75335.879 .003 4 93 CPyd3p 2 ((D)4d 3P 1
3d3(*F)4d 3H 4 75140.638 .003 3 93 CH)4d *H 2 *F)4d 3G 2
3d3(*F)4d SH 5 75346.306 .003 2 93 (CH)Ad*H 2 (*F)4d 3G 2
3d3(*F)4d 3H 6 75592.481 .003 1 95 CH)4d *H 2 (2G)4d *H 2
3d3(*F)4d 3G 3 75422.910 .003 2 922 (“F)4d *F 2 (2G)4d 3G 2
3d3(*F)4d 3G 4 75615.397 002 2 90 (*F)4d 3F 3 2G)4d 3G 2
3d3(*F)4d 3G 5 75854.219 .002 2 93 (2G)ad 3G 2 (*Fy4d 3H 2
3d3(*F)4d 3F 2 75813.489 004 4 92 (2G)4d 3F 3 “P)4d 3F 1
3d3(*F)4d 3F 3 75966.119 .003 6 89 (2G)4d 3F 3 (*F)4d 3G 2
3d3(*F)4d 3F 4 76143.052 .002 4 89 (2G)4d 3F 3 *F)4d 3G 3
3d3(*F)4d 5D 0 76281.366 .003 3 90 (“P)4d>D 6 *F)5d °D 1
3d3(*F)4d 5D 1 76322.694 004 8 90 (“P)4d>D 6 *F)5d °D 1
3d3(*F)4d D 2 76403.674 .002 6 90 (“P)4d>D 6 *F)5d°D 1
3d3(*F)4d 5D 3 76521.357 .003 8 90 (¢P)4d>D 6 *F)5d°D 1
3d3(*F)4d D 4 76673.101 .003 6 90 (“P)4d>D 6 *F)5d°D 1
3d3(* P)5s Sp 1 80542.337 .004 8 99
3d3(* P)5s Sp 2 80623.249 .004 7 99 (2P)5s 3P 1
3d3(* P)5s Sp 3 80782.426 .003 5 99
3d3(2G)5s 3G 3 81263.626 .008 3 100
3d3(2G)5s 3G 4 81343.015 .005 3 96 (2G)5s 'G 3
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Table 2
(Continued)

Assigned Term J Energy Unc. NL Eigenvector Componentst
Configuration i (cm™") (em™) (%)
3d3(2G)5s 3G 5 81483.278 .006 4 99
3d3(* P)5s ip 0 81669.529 014 4 99 (2P)5s 3P 1
3d3(* P)5s 3p 1 81736.141 .006 7 98 CP)sstp 1
3d3(* P)5s ip 2 81914.328 .005 7 99
3d3(2G)5s G 4 82025.721 .002 8 96 ((G)5s 3G 3
3d3(*P)4d 3D 1 ICL 84359.49 46 (?G)4d 3D 25 *P)4d°F 24
3d3(*P)ad 3D 2 ICL 84406.21 49 (G)ad 3D 26 “P)4dSF 18
3d3(* P)dd 3D 3 84459.916 .008 54 (2G)4d 3D 26 “P)4d SF 14
3d3(2G)ad ' 3 84643.381 011 3 81 2G)ad 3G 12 CP)4d 'F 1
3d3(G)ad 3 5 ICL 84742.17 97 (CH)4d 31 2 (CG)5d 31 1
3d3(G)ad 3 6 ICL 84859.58 97 (CH)4d 31 2
3d3(G)ad 3 7 ICL 85004.88 98 (CH)4d 31 1
3d3(G)ad 'H 5 84896.899 .007 3 88 (*Gyad 3H 5 2G)4d 3G 2
3d3(*P)4d Sp 3 84999.355 .007 3 95 2G)4d 3D 1 *P)4d °D
3d3(*P)4d Sp 2 85045.572 .008 2 96 (*P)4d °D 2
3d3(*P)4d Sp 1 85096.450 .009 2 97 *P)4d °D 1
3d3(G)ad 3G 4 85060.717 007 2 84 (2G)ad *H 5 (2H)4d 3G 3
3d3(2G)ad 3G 3 ICL 85076.72 76 CG)ad 'F 14 ((D)4d 3G 2
3d3(G)ad 3G 5 85140.362 .008 2 81 (2G)4d *H 6 (CH)4d 3G 4
3d3(2G)ad 3H 4 new 85159.641 .006 2 85 CH)4d *H 5 2G)4d 3G 5
3d3(G)ad 3H 5 new 85301.914 .005 3 78 (2G)4d 'H 6 2G)4d 3G 5
3d3(2G)ad 3H 6 85415.904 .004 2 89 CH)4d *H 5 CH)5s *H 1
3d3(* P)4d 3F 2 86001.530 014 2 39 (2G)4d 3F 33 2G)4d 'D 8
3d3(*P)4d 3F 3 86113.793 010 2 37 ((G)ad 3F 36 ((D)5s 3D 12
3d3(* P)4d 3F 4 86211.050 .006 4 44 “P)ad3F 41 CH)Ad *F 6
3d3(2H)5s 3H 4 86028.099 .005 4 98 (2G)4d *H 1
3d3(2H)5s 3H 5 86091.728 .004 5 96 (CH)5s 'H 2 (2G)4d 3H 1
3d3(2H)5s 3H 6 86191.750 .004 4 98 (2G)4d *H 1
3d3(G)ad 1y 6 86453.764 .005 2 86 (CHyd '1 12 ((G)4d *H 1
3d3(2H)5s 'H 5 86766.880 .004 4 95 (CH)5s *H 2 2G)ad 'H 2
3d3(*P)ad 3p 1 ICL 87184.95 64 GPyd'p 13 CP)ad3p 11
3d3(* P)4d 3p 2 ICL 87215.75 73 (2P)4d 3P 12 ((D)4d 3P 5
3d3(* P)dd 3p 0 ICL 87230.30 76 (2P)yd3P 13 (2D)4d 3P 4
3d3(G)ad e, 4 ICL 87457.98 71 (’D)4d 'G 18 (’D)4d 'G 4
3d3(H)4d 3 5 new 88939.995 010 2 96 CG)4d 31 2 (CH)5d 31 1
3d*(CH)4d 3 6 89005.580 .005 2 97 2G)ad 31 2 (CH)5d 31 1
3d3(CH)4d 3 7 89082.769 .005 2 97 CG)4d 31 1 (CH)5d 31 1
3d*(CH)4d 'H 5 89053.341 .009 2 95 (*Gyad 'H 2 (*H)5d 'H 1
3d3(CH)4d I 3 ICL 90381.37 60 D)Yd'F 24 CD)Ad 'F 6
3d*(CH)4d e, 4 90543.971 011 2 58 (?D)4d 'G 19 (?D)4d 'G 7
3d3(*F)6s 3’F 2 ICL 91228.44 95 (*F)6s °F 3
3d3(*F)6s 3F 3 ICL 91445.69 94 (“F)6s F 4 (CH)4d 3F 1
3d3(*F)6s 3F 4 ICL 91711.70 94 (“F)6s°F 2 (CH)4Ad 3F 2
3d3(2D)4d 1 3 ICL 93806.10 31 ((D)4d 'F 27 CP)d'F 15
3d3(CH)4d 1y 6 new* 94041.890 004 2 80 CGyad ' 10 CG)5d 1 4

Notes. Assigned configuration, term, and J value of each even level are given, together with energy (cm~') and Unc., uncertainty (cm~'), in level energy. 1 Level
annotations indicate: new, a new level; new*, that the ICL energy is discarded and replaced with a newly found level energy; SC or ICL, that the energy level was
reported by SC or ICL but is unconfirmed in this work. Where level energies were reported in both SC and ICL but unconfirmed in this work, the ICL values are given.
The number of lines used to determine the energy level value in the energy level least-squares fitting is indicated by NL. i The theoretically calculated eigenvector
composition of this work is presented in Columns 7—11: Column 7 gives the percentage contribution of the leading eigenvector component, from which the level
label is assigned; Columns 8 and 10 are the second and third most significant eigenvector components with their percentage contribution given in Columns 9 and 11,

respectively.

(This table is also available in a machine-readable form in the online journal.)

than 0.003 cm™!, but for weaker lines they are of course greater.
Discrepancies significantly larger than expected are probably
due to blends with unknown lines.

Searches for the remaining 45 unconfirmed ICL levels proved
inconclusive, as did searches for the missing levels noted above.
This is unsurprising because the high levels in V11 were not
strongly excited in our dc hollow cathode lamp, and the weak

lines listed in the earlier work with pulsed hollow cathode and
spark sources did not appear in our spectra.

5. SUMMARY

The spectrum of Vi has been recorded by FTS with a
wavelength accuracy an order of magnitude better than that
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Table 3

V11 Odd Energy Levels
Assigned Term J Energy Unc. NL Eigenvector Components’
Configuration T (em™1) (em™h) (%)
3d3(*F)4p 3G 2 34592.843 .001 10 99
3d3(*F)4p 3G 3 34745.828 .001 12 100
3d3(*F)dp 723G 4 34946.637 .001 10 100
3d3(*F)4p 3G 5 35193.182 .001 10 100
3d3(*F)4p G 6 35483.606 .002 7 100
33 F)4p 2D 1 36489.437 .001 18 50 (*F)dp3D 44 “Pyp3D 2
33 F)dp 2°D 2 37041.179 001 25 44 “F)pSF 36 “F)pSD 15
3d3(“F)dp 23D 3 37205.021 .001 23 )] (“F)y4p D 39 (“Fyp F 15
33 F)4p 2°F 2 36673.584 001 25 62 (“F)4p3D 31 4F)pSD 4
3d3(*F)dp z°F 3 36919.266 .001 24 84 (F)4p3D 10 (F)4p°D 4
33 F)4p 2°F 1 36954.686 002 16 48 “F)4p3D 42 “F)4p 5D 5
33 Fyap 2°F 4 37150.615 001 18 98 CFypSF 1 “F)4pSD 1
3d3¢*Fyp Z°F 5 37352.464 001 12 98 CFspSF 1 (*F4p 3G 1
33 (“F)dp 2D 0 37201.538 002 6 98 “P)p D |
3d3*F)ap %D 1 37259.529 .001 17 91 (“F)4p3D 6 (“P)4pSD 1
3d3(*F)4p 723D 2 37369.154 .001 25 78 (“F)dp3D 17 “P)p D 1
3d3F)ap 23D 3 37520.665 001 25 55 (“F)4p3D 39 (“P)p3D 2
3d3(4F)dp z°D 4 37531.132 .001 14 96 ¢P)4p°>D 1 F)Ap F 1
3d3*F)dp 23G 3 39234.086 .001 8 92 (CGyp3G 6 CH)4p3G 1
3d3(4Fydp 723G 4 39403.787 .001 13 91 2G)p 3G 6 CH)4p 3G 1
3d3(4F)dp 723G 5 39612.964 .001 10 91 G)p 3G 6 CF)pSF 1
3d3(*F)4p Z3F 2 40001.754 .001 14 94 (?D)4p3F 2 CF)sp3F 1
3d3(*F)4p z3F 3 40195.567 .001 19 94 (®D)4p3F 2 CF)sp3F 1
3d3(*F)4p Z3F 4 40430.087 .002 18 94 (?D)4p3F 2 CF)sp3F 1
3d3¢*Pyip y3D 0 46586.480 004 7 54 ¢Pyp3p 35 @Pyp's 3
3d3(*P)dp y3D 1 46690.495 .002 14 63 (“P)p 3P 30 (Pyp3pP 3
3d*¢*Pyip y3D 2 47101.932 002 14 55 ¢Pyp3p 34 (CDyp3pP 3
3d*¢*Pyip yD 3 47181.237 .003 9 95 CF)sp3D 1 (“P)pSp 1
3d3(* P)dp y3D 4 47420.230 .002 6 97 GF)sp>D 1 (“F)4p°>D 1
3d3(*P)ap 3P 2 46740.008 .002 18 42 ¢“P)4p>D 41 (“P)apdp 6
3d3(* Pap z3P 0 47028.032 004 7 43 ¢Pyp3p 41 CpPyp's 7
3d3(*P)dp 3P 1 47108.079 .002 15 54 ¢“Pyp°D 34 CDyp3p 5
3d3(*P)dp 3P 1 46754533 002 10 98 ¢Pyp3p 1
3d3(*P)dp P 2 46879.911 002 10 90 (P)yp3P 7 CDyp3p 1
33 Pydp 3P 3 47051.889 002 10 98 “P)pSD 1
3d3CGHp Z3H 4 47056.319 .005 9 86 CH)4p3H 14
3d*G)4p z3H 5 47297.114 .002 7 85 (CH)4p3H 14 CGyp3G 1
3d3(Gdp 73H 6 47607.820 .002 7 85 CHYp3H 14
3d3CP)dp z1s 0 SC 48258.22 87 ¢“Pyp3p 10 CPyspls 2
3d3CG)ap y3G 3 48579.993 .001 14 82 ¢F4p3G 6 CG)p'F 5
3d3(Gyap y3G 4 48730.747 .002 15 88 (*Fyp 3G 6 (G)ap3F 2
3d3(CG)ap y3G 5 48853.096 .002 14 85 ¢F4p3G 7 CG)p'H 3
3d*G)dp y3F 2 49201.715 .002 7 73 CDyp3F 11 CDyp3F 7
3d3CG)ap y3F 3 49210.843 .002 14 59 CG)p'F 18 G)ap 3G 8
3d*(G)dp y3F 4 49268.616 .002 13 68 CG¥p'c 18 CDyp3F 6
3d3(CG)ap z'F 3 49568.466 .001 10 62 G)p3F 20 CDyp'F 7
3d3(Gap z'H 5 49593.409 .001 12 72 CHysp'H 23 (Gyp3G 4
3d3(2G)4p z'G 4 49723.675 .002 11 78 CG)p3F 15 CH)4p3H 1
3d3(*P)dp z°8 2 49731.390 .005 8 95 CP)sp3s 2 CP)p'D 1
3d*CP)ip 2D 2 49898.262 002 7 48 CDyp'D 24 (CG)p3F 8
3d3C P)dp y3D 1 50473.875 .004 10 42 CPyp3p 21 “P)p3D 14
3d°(CPyp y3D 2 50775.548 002 12 59 ¢Pyp3D 25 ¢F)ap3D 5
3d3(P)4p y3D 3 51085.772 .002 14 58 ¢P)4p3D 29 “F)4p3D 5
3d°CPy4p y3iP 0 50662.362 .003 4 65 CDyp3P 22 (CDyp 3P 12
3d°CP)4p y3P 1 50738.862 004 8 40 CP)4p3D 22 CDyp 3P 14
3d°CPy4p y3p 2 51123296 006 7 60 CDyp 3P 24 CDyp’p 12
3d3(CH)4p y3H 4 52082.881 .003 9 84 (*G)4p3H 14 CG)ap G 2
3d3CH)p y*H 5 52153.507 002 8 85 CGyp3H 14
3d3(CH)4p y3H 6 52252.646 .002 8 85 (*G)4p3H 14
3d3CP)p z38 1 52181.205 .003 6 84 (“P)ap3s 10 CP)sp3s 2
3d3(a?D)4p x3F 2 52245.730 .003 6 52 (CD)p3F 17 G)ap3F 14
3d3(@®D)4p x3F 3 52391.963 .002 8 34 CD)p3F 32 CD)p3F 10
3d3(a®>D)4p x3F 4 52657.486 .003 7 64 (?D)4p 3F 20 (*Gyp3F 11
3d3¢Pyap x3D 1 52604.220 .003 11 57 CP)yp3D 19 CDyp3D 7
3d3(*P)ap x3D 2 52700.066 .003 13 53 CPyp3D 26 (CDyp 3D 7
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Assigned
T
Co . T able 3
:‘Zguratlon erm J (Continued)
3d3( P)4p T Eﬂergy U
3d*(a*D)4p x3D 3 (ecm™") nf- NL
3d3CH 2P (em™")
s Y4p 5 1 52767.374 Eigenv:
3d°CHMD LS e e ector Components*
3d3CHYp 231 6 52878, 005 28 2 (%)
3d3(@® D)4 231 s 028 005 8 51 (Pyp D
33 p w3D 7 3076.832 4 CDyip P 26 CPyp?
3d3(“2g)4p 3D 1 53319.538 003 4 99 CGyp 'H 20 (ZP)4P ‘ID 24
a”Dydp ‘ 2 53751.5¢ 003 99 2 1 CPyp P
) 1
3dCHMp w*D 3 53868 62; 003 ;‘ 100 CH)M4p’H CHYpH g
3d (azD)4P y'G 4 53927. .003 64 2
3d3(a? ¥3p 197 13 D)p 3D
a’D)4p 5 54144 .003 67 2 19
3d3(a? ¥3 190 9 D)p 3D CPyp 3
3[pg“zDMp 3P 1 54715.685 .002 10 71 CDyip D 19 (ZP)4P D 3
*(a®D)p x-p 0 54717, 003 83 ol 1 )4p D
9 9 2
3d°CH)p vIF 3 54813 2 .005 8 41 CExp 'G 11 CPyp°D 6
3d3(2H)4p x 3G 5 55142-386 012 8 39 (2P)4p 3p 2 CHYp 3G 3
. 4
e Mmoo HOI R :
3CH)4p x3G 3 55304 .002 76 S P 29 )ap 3P
3BCHY iy 4.387 0 14 (CDyp'F “Pyp3 12
D 4 6 55349.7 .002 69 2y 12 ) p°P 1
3d‘:(‘2‘P)4p y'H 5 55403 4(1);’ 003 1; 89 ((3F)4l’ :H 18 CD)p Lp j
3d3CPyap y3s ] 55499, 002 53 (Fsp G 4 CGyp'H
3d3(a2 1 .367 5 Dyp'F CF 3 6
3d3§(21 Dyp Y 1 P 1 55663.381 002 13 ot CHyp3H 17 (2H34P G 2
(“F)dp y'D 2 5617 ’ .003 57 5 0 4p 3G
3d3CF)4 wiF 1.509 0 8 6 CH)4p3G CGp 3 16
P 2 57342.63 003 8 2 22 O H
3432 F)4 w3F 635 0 3 6 (2P)4p3s CGyp ! 0
% 3 62085.0: 004 9 4 10 s 0P H 1
32CF) wiF .063 4 4 (P)p3s CPyp! 8
s4pCP 4 62133.3 .004 1 2 12 ) p P
3423 F)4 ) 5G 33.354 5 CP)p'D CDyp ! 8
s4pC P 2 62176.2 003 72 3 38 JDyp P 1
3d°(F)4 ) 5G 229 9 CF)sp>G CDyp ! 1
s4pC P 3 62285.9 003 86 3 18 p'D |
3423 F)4 ) 5G 957 8 CFsp*F CFysp 3 5
s4pCP 4 624443 006 89 3 5 p3F
32 F)4 ) 5G 365 0 4 CF)sp3F CFsp? 4
s4pCP 5 62682.21 004 81 2 Yy 3 4 e G 3
gdz(iF Ysdp( P; °G 6 62987.303 004 ; % EzFﬁp o 17 CPyspF 3
3 G PYisdpCh) yro 1 6008 o0d > 0o piE 3
édz(%F)4s4p(3P) Yy SF ) 63549 397 .004 1 100
°F 3 yoF ’ .0 9
3d3(2F;jS4p(zP) y Sp 4 63816.797 Ogi 3 92 (4F)4p Sp
3 d3(2F)4P 23 5 24026.299 003 3 08 (“F)4pSF 1
33 p w3 3 4286.397 ' 3 CFypSF 1
F)4p G 1 64057 .004 97 4 1
3B3CF)p w3G s 64130.362 006 2 84 (2 F)ipSF X
; 82 ; 2
A xpo2 co1s 002 > St Chwpc 1
3d3(2F)4p v3D 3 64586, 002 93 5 ¥p 3G 5 CGF)pSF
343 v3 212 4 CH)p3G (Gsp 3 1
(“F)dp D 2 64603 .004 82 3 2 )sp °G
3d2(3 v 3D 492 5 ( F)Sp 5F (1 G) 3 1
3d2(311::)4541’(3f’) 5D 1 64804.177 003 8 80 CDyp 'D 14 e H):p G i
3F)4sapC P ) 0 64930 004 88 3 12 p°>G
382G F)4 ) 5D 748 8 GP)sp 3D CPyp! 2
s4p(CP 1 65782.4 008 87 3 3 “Pyp D
382G F)4 ) 5D 457 5 GP)sp 3D CDyp 3 2
s4pC P 2 65815.6 012 83 3 4 Dytp D
32CF)4 ) 5D .698 2 GP)sp3D CDyp 3 3
s4pC P 3 65884.9 008 93 3 4 D)p D
33 F) ) 5D .905 0 4 9 GP)sp3D CFsp? 3
p 4 65995.8 004 3 3 5 5P D
3d3CF s .890 0 5 9 CP)sp>D “GPyp S 3
3d%¢ " x'F 4 66157.778 o 4 ; CPysp>D 4 (4P)4p - !
3d2(3§;4s417(3P) i 3 65790.301 '805 3 22 GPyspSD 4 (4P)4p b 1
4sdp(C P 2 66303 003 3 3o 4 p°D
3d2C P4 ) v3F .933 5 GP)sp>D “4Pyp3 1
s4pCP) 3 67737 003 86 2 4 p3D
2 37.75 H 4 1
gZZSFMS“P@P) vIF 4 67904996 004 ) » ((3F);tp 1(; - ((1?4[) D 1
F)4sdp(3P u’D 68147, 004 48 5P ysp G
2 ) 1 147.17 1 3 3 20 1 2
idz(iFM”p@P) ; ZD 2 68759.422 003 (9) 48 E}gw o 34 (G F 1
3d2(3F)4s4 (P w' D 3 68797.595 .005 5 49 3 F)‘P b 34 ( Disp 3F 7
3dz(3F )sap( P) v G 3 68945.046 005 8 42 (3F)Sp$F 34 (Dysp*F 7
332§3F)4S4P(3P) v 4 69644.191 003 6 4 é F)zl7 33 38 ((zl?))sl) °F 7
F)sap(C P w6 S 69912. 004 43 N 37 4p 2D
332G P ) iIp 2.027 5 GF)sp3D CFyp3 5
S4p(3P 2 70227.7 .003 66 3 37 p°D
323 P)4 ) lp 797 9 CF)sp 3G GPysp > 4
s4pC P 3 70923 4 002 66 3 27 sp D
342G P ) wSD 444 6 CF)sp 3G (Gsp 3 4
s4pC P 1 70936.1 003 65 3 28 sp *G
3d2C P ) wdD ICL 129 0 4 CPsp3G (‘Gsp? 2
s4p(P 2 75280.0 003 80 3 29 sp°G
3d2C Py ) w’D ICL 00 5 CPyp'D (Gysp? 3
s4pCCP 3 75401.0 75 2 10 sp G
3423 P ) w3D ICL .00 (F)4p1F (2F4 1 3
3d3( ’ )4sdp( P) 5 4 IC 75573.90 94 CFsp? 17 @ )4p D 2
(b"D)p xS 1 L 75824.80 o1 CF) D > (4D)4p - 2
t°D : sp > D F)5 5
1 74723.159 8 ('Dysp 3 3 (1D) D 1
75716.020 009 6 80 ) b 3F 5 3 )sp °F 1
010 49 R )sp *F > CGF)spSD
4 GP)sp3s GF)sp 3 4
64 (2D pg 46 ) )Sp D 4
)4p>D 19 CP)Mp3s
CPysp 3D g
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Table 3

(Continued)
Assigned Term J Energy Unc. NL Eigenvector Cornponentsi
Configuration i (cm™) (em™) (%)
3d3(b*DY4p 13D 2 75758.169 .006 5 57 (?D)p 3D 16 (D)sp 3F 7
3d3(b?D)4p 13D 3 75847.965 .005 5 61 (*D)4p 3D 17 GP)p3D 5
3d*(C P)4s4p(CP) yls 0 ICL 75820.80 82 (D)sp3pP 15 CP)p'ls 2
3d%(' D)4s4p( P) u3F 2 76220.217 014 3 74 (GF)sp3F 7 (?D)4p3D 7
3d*(Y D)4s4p(C P) u3F 3 76385.171 011 3 74 CF)sp3F 7 D)p3D 4
3d*(! D)4s4p(C P) u3F 4 76643.538 013 3 68 GCP)sp3D 14 CF)sp3F 5
3d*(' D)4s4p( P) w3p 2 ICL 76252.30 92 (?Dy4p 3P 2 ('Dy)sp 3D 2
3d*(! D)4s4p(C P) w3P 1 ICL 76454.70 91 ((D)p3pP 2 S)sp3pP 1
3d*(' D)4s4p( P) w3P 0 ICL 76521.80 80 CPyspls 15 (?D)4p 3P 2
3d*(' D)4s4p(’ P) s3D 1 ICL 77555.10 69 GP)sp3P 9 CF)sp3D 6
3d*(' D)4s4p( P) 53D 2 ICL 77640.00 29 GP)sp3P 25 (?D)4p3F 17
3d*(' D)4s4p( P) 53D 3 ICL 77685.00 33 GP)sp3P 30 (?D)4p3F 16
3d3(b2D)4p v'D 2 77603.400 012 2 51 (¢D)4p'D 21 CFyp'D 8
3d3(b®D)4p t3F 3 77841.900 011 3 44 (?D)4p3F 17 ('Dy)sp 3D 15
3d3(b2D)4p t3F 2 77856.996 018 4 36 ('D)sp 3D 21 (CD)4p3F 14
3d3(b®D)4p t3F 4 77968.917 .008 2 61 (?D)4p3F 24 ('Dy)sp 3F 5
3d*(C P)4s4p(3P) y3P 1 ICL 77853.60 89 ('D)sp 3D 7 GCF)sp3D 1
3d*(C P)4s4p(3P) yoP 2 78006.871 024 2 65 ('D)sp 3D 26 CF)sp3D 2
3d*( P)4s4p(3P) yoP 3 78301.088 021 2 59 ('D)sp 3D 34 GCF)sp3D 2
3d3(b2 D)4 p vip 2 78416.821 014 4 62 (?D)4p 3P 19 GP)sp3P 10
3d3(b* D)4 p v3p 1 78569.194 022 3 63 (*Dy)4p 3P 20 GP)sp3P 11
3d3(b2D)4p v3p 0 78644.186 016 2 63 (2D)ap 3P 20 GP)sp3P 12
3d3(*F)5p 3D 1 ICL 79259.09 64 (*F)5p°F 21 (*F)5p>D 5
3d3(*F)5p 3D 2 ICL 79435.03 51 (4F)5p°F 24 (*F)5p>D 17
3d3(*F)5p 3D 3 ICL 79696.98 51 (*F)5p°D 32 (“F)5p3F 5
3d3(b*DY4p ul'F 3 79327.622 .005 3 73 CDyp'F 19 (G)sp 'F 3
3d3(*F)5p 3F 2 ICL 79853.58 75 (GF)sp3F 8 CF)sp3F 4
334 F)sp 3F 3 ICL 80057.61 70 CF)sp3F 8 *F)5p3D 5
3d3(*F)5p 3F 4 ICL 80298.06 75 (GF)sp3F 8 (*F)5p 3G 4
3d*(1G)4s4p(C P) u3G 3 79881.244 .009 4 50 ¢F)s5p3G 32 CF)sp3G 7
3d>(1G)4s4p( P) u3G 4 80013.125 .007 4 67 (“F)sp3G 19 CF)p3G 8
3d*(1G)4s4p(C P) u3G 5 80155.576 011 4 78 ¢F)s5p3G 9 CF)sp3G 8
3d3(*F)5p 3G 3 ICL 80463.03 64 ('Gsp 3G 32 (*F)5p3F 2
334 F)sp 36 4 ICL 80595.56 74 Gysp 3G 18 ¢F)sp3F 5
3d3*F)sp 36 5 ICL 80767.64 88 Gy)sp 3G 10 ¢F)5p3F 1
3d3(b>D)4p x'p 1 ICL 82366.50 39 GP)sp3D 16 GP)ysp P 16
3d*(C P)4s4p(CP) r3D 1 82497.794 013 2 36 Dyp'pP 18 GCPysp3D 15
3d*(CP)4s4p(3P) r3D 2 82593.242 .006 2 52 GP)sp3D 22 CF)sp3D 11
3d*(C P)4s4p(CP) r3D 3 82715.112 .007 3 52 GCP)sp3D 24 CFsp3D 11
3d>(*G)4s4p( P) x3H 4 ICL 83962.90 99 (CH)p3H 0 CF)p3G 0
3d*(1G)4s4p(C P) x3H 5 ICL 84137.30 99 CH)Ap3H 0
3d%('G)as4p(PP) x3H 6 ICL 84342.90 99 (CH)ysp*H
3d*C F)4s4p(l P) 13G 3 84395.922 013 2 58 CF)sp3G 21 (G)sp 3G 8
3d*(CF)4sdp(' P) 13G 4 84668.080 007 4 58 (GCF)sp3G 22 (G)sp 3G 7
3d*C F)4s4p(l P) 13G 5 84996.347 .006 4 59 CF)sp3G 24 (G)sp 3G 6
3d*(CP)4s4p(3P) u3p 0 ICL 84875.00 64 GP)sp?3P 23 (?D)4p 3P 8
3d*(C P)4s4p(CP) ul3p 1 ICL 84959.50 64 CP)sp3P 23 CD)p3P 8
3d*(CP)4s4p(3P) u3p 2 ICL 85102.70 60 GP)sp?3P 23 (2D)4p 3P 7
3d*C F)4s4p(l P) s3F 2 new* 85127.821 010 2 42 CF)sp3F 29 ¢F)5p3F 15
3d*(CF)4sdp(' P) s3F 3 85374.535 .006 2 42 CF)sp3F 29 (*F)5p3F 14
3d*(CF)4s4p(' P) s3F 4 85691.913 .005 2 42 CF)sp3F 30 (“F)5p3F 13
3d%(C P)4s4p(3P) u'bD 2 85632.991 .009 2 72 CF)sp'D 11 (?D)ap'D 4
3d*(CF)4sdp(' P) q3D 1 86056.131 013 2 43 GF)sp3D 29 GP)sp3D 7
3d*(CF)4sdp(' P) q3D 2 86306.360 .009 1 43 (GF)sp3D 28 GP)p3D 7
3d*(CF)4sdp(' P) q3D 3 ICL 86651.70 43 GF)sp3D 28 GP)sp3D 7
3d%('G)as4p(C P) r3F 4 87789.705 014 2 9] (2D)4p3F 3 ('Dy)sp *F 2
3d*('G)4s4p(PP) r3F 3 87933.472 014 2 91 (?D)4p3F 3 ('Dysp 3F 2
3d%('G)as4p(C P) r3F 2 88042.260 011 2 91 (2D)4p3F 3 ('Dysp 3F 2
3d3(*Fis5)4f 2[4.5] 4 Ne 90182.36
3d3(*Fi5)4f 2[4.5] 5 e 90228.05
3d3(*Fis5)4f 2[2.5] 3 Ne 90238.75
3d3(*Fis5)Af 2[2.5] 2 Ne 90251.48
3d3(*Fis5)4f 2[3.5] 3 Ne 90280.22
3d3(*Fis5)Af 2[3.5] 4 Ne 90310.26
3d3(*Fas5)4 f 2[5.5] 6 Ne 90355.34

10



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 207:13 (12pp), 2013 July

THORNE, PICKERING, & SEMENIUK

Table 3

(Continued)
Assigned Term J Energy Unc. NL Eigenvector Components’
Configuration + (cm™) (cm™) (%)
3d3(AFrs)df 2[5.5] 5 e 90375.68
3¢ Fs)df 210.5] 1 SC 90369.29
3d3(AFrs)df 2[0.5] 0 Ne 90424.58
3d3(*Frs)Af 2[1.5] 1 e 90379.25
3d3(AFrs)df 2[1.5] 2 Ne 90386.74
33 Fas)Af 2[3.5] 3 e 90412.89
33 Frs)af 2[3.5] 4 e 90433.15
3d3(*Fas)Af 2[4.5) 5 e 90429.32
3d3(AFrs)af 2[4.5] 4 e 90462.26
3d3(*Fas)Af 2[2.5] 2 e 90497.90
3d3(*Fas5)4 f 2[2.5] 3 e 90535.05
3d3(*Fys5)df 2[6.5] 7 Ne 90529.65
3d3(*Fas5)df 2[6.5] 6 e 90610.53
3d3(*F35)Af 210.5] 1 e 90552.45
3d3(*F35)4f 2[0.5] 0 e 90584.6
3d3(*F35)4f 2[5.5] 6 e 90580.25
3d3(*F35)4f 2[5.5] 5 SC 90666.22
3d3(*Fs35)4f 2[1.5] 2 e 90608.51
3d3(*F35)4 f 2[1.5] 1 e 90668.46
3d3(*F35)Af 212.5] 2 e 90611.82
3d3(*F35)4f 2[2.5] 3 e 90613.31
3d3(*F35)4f 2[3.5] 4 Ne 90615.78
3d3(*F35)4 f 2[3.5] 3 e 90709.33
3d3(*F35)4f 2[4.5] 5 e 90630.16
3d3(*F35)4 f 2[4.5] 4 SC 90657.34
3d3(*Fys5)Af 2[7.5] 8 Ne 90745.99
3d3(*Fys5)df 2[7.5] 7 Ne 90846.30
3d3(*Fys5)af 2[1.5] 2 Ne 90792.4
3d3(*Fys5)df 2[2.5] 3 SC 90795.91
3d3(*Fys5)af 2[3.5] 3 Ne 90845.61
3d3(*Fys5)df 2[3.5] 4 e 90853.28
3d3(*Fys5)af 2[6.5] 7 Ne 90846.25
3d3(*Fys5)4f 2[6.5] 6 e 90917.12
3d3(*Fys5)af 2[5.5] 6 Ne 90860.90
3d3(*Fys5)df 2[5.5] 5 SC 90932.73
3d3(*Fys5)Af 2[4.5] 5 Ne 90874.76
3d3(Fas)df 2[4.5] 4 SC 90881.62

Notes. Assigned configuration, term, and J value of each odd level are given, together with energy (cm~') and Unc., uncertainty (cm~!), in level energy.  Level
annotations indicate: new, a new level; new*, that the ICL energy is discarded and replaced with a newly found level energy; SC or ICL, that the energy level was
reported by SC or ICL but is unconfirmed in this work. Where level energies are reported in both SC and ICL, the ICL values are given. The number of lines used
to determine the energy level value in the energy level least-squares fitting is indicated by NL. { The theoretically calculated eigenvector composition of this work is
presented in Columns 7—11: Column 7 gives the percentage contribution of the leading eigenvector component, from which the level label is assigned; Columns 8 and
10 are the second and third most significant eigenvector components with their percentage contribution given in Columns 9 and 11, respectively.

(This table is also available in a machine-readable form in the online journal.)

of previous measurements, enabling a revision of the known
energy level values, also with an improvement of an order of
magnitude in accuracy. With the exception of the high-lying
3d34 f levels and two levels that have been discarded, all but
six of the levels in the 1985 compilation of Sugar & Corliss
have been revised. Thirty-nine of the additional eighty-five high
levels reported by Iglesias and her co-workers in Madrid in 1988
have also been revised, and three of their missing levels have
been found. Five new levels are given. In total, 409 V11 levels
and 1242 classified lines are presented in the range 154-580 nm.

We thank Geoff Cox for technical support during the experi-
mental work. We thank STFC (PPARC of the UK) for financial
support of our research. We gratefully acknowledge the valuable
contribution of the late Dr. Richard Learner, who initiated this
research and was the PhD supervisor of Jaroslaw Semeniuk.
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