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1. W I

Ground state
1s22s22p63s23p63d104s24p64d104 f 145s25p65d46s2 5D0

Ionization energy 63 427.7�0.8 cm�1

(7.864 04�0.000 10 eV)
The most complete list of energy levels and spectral lines

of neutral tungsten was published by Laun and Corliss1 in
1968. Since then, very few new data on this spectrum have
appeared. Shadmi and Caspi2 in 1968 made the first and the
only available theoretical interpretation of the system of even
energy levels of W I. Based on this analysis, Corliss3 in 1969
found ten new even energy levels and classified 160 lines
that were previously listed by Laun and Corliss1 as uniden-
tified. Wyart4 in 1978 has made more elaborate calculations

based on his generalized least-squares fitting procedure. Al-
though he confirmed and extended the analysis of Shadmi
and Caspi,2 he did not publish the level compositions. The
system of odd levels has not received adequate interpretation
so far. Our preliminary calculations showed that the term
labels given by Laun and Corliss1 often do not reflect the
actual nature of the states. This is due to strong mixing be-
tween the 5d46s6p , 5d56p , and 5d36s26p configurations.
Tables 1 and 2 present the complete lists of currently known
even and odd energy levels of W I. Where available, percent-
age compositions for the even levels are taken from Shadmi
and Caspi.2 In the level designations given by Shadmi and
Caspi,2 the designations of the repeated terms of the dn sub-
shells were not supplemented by an additional quantum
number such as seniority. Hence, these designations in many
cases were ambiguous. For example, the d4 shell has two
different LS terms named 3F, and it is not possible to distin-
guish between them in Shadmi and Caspi.2 In order to find
the missing additional quantum numbers, we made a least-
squares fitting calculation of the even levels with Cowan’s
codes.5 In this calculation, in addition to the 5d6, 5d46s2,
and 5d55s configurations treated by Shadmi and Caspi,2 we
included the 5d57s , 5d58s , 5d46s7s , 5d46s6d , 5d46s7d ,
5d46p2, and 5d36s6p2 configurations. The percentage com-
positions obtained in our fitting agree fairly well with the
results of Shadmi and Caspi.2 In Table 1, we give percentage
compositions resulting from our calculations for some of the
levels of the 5d46s7s configuration �this configuration was
not included in calculations of Shadmi and Caspi2�. The per-
centage compositions of odd levels �see Table 2� were ob-
tained by means of an ab initio Hartree–Fock calculation
with electrostatic and configuration–interaction parameters
scaled by a factor of 0.8. The percentage compositions are
given in Tables 1 and 2 only for the levels that are easily
identified with the calculated ones, i.e., if they are well sepa-
rated from other levels with the same J , or when LS cou-
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pling is pure enough. The repeated terms of the dn shells are
supplemented in Tables 1 and 2 with the sequential index
defined by Martin et al.6 The values of this index coincide
with those produced by Cowan’s codes.5

Two of the new even levels given in Corliss3 as
31 077.79 cm�1 (J�2) and 32 217.95 cm�1 (J�3) had to
be corrected. The ‘‘obs.�calc.’’ values in the line list �Table
2� of Corliss3 do not exactly match the level values given in
Table 1 of the same paper. It appears that small corrections
were applied to the level values to produce the best fit to the
observed wave numbers in Table 2, but these corrections
were not included in Table 1. To correct the discrepancies, in
our Table 1 we increased the energy of the level at
31 077.79 cm�1 by 0.01 cm�1 and decreased the energy of
the level at 32 217.95 cm�1 with J�3 by 0.04 cm�1.

The high-n even Rydberg levels in Table 1 are cited from
Campbell-Miller and Simard.7 The levels were measured us-
ing a resonance laser spectroscopy technique. From these
measurements Campbell-Miller and Simard7 derived the first
ionization limit of W I at 63 427.7�0.8 cm�1 (7.864 04
�0.000 10 eV).

Except for these highly excited levels from Campbell-
Miller and Simard,7 all other levels in Tables 1 and 2 were
derived from lines given in the list of Laun and Corliss.1 This
line list is reproduced here in Table 3 with a number of
corrections and additions. The corrections mainly consist of
correcting clear misprints. In a few cases we changed the
identifications based on the same criteria that were used by
Laun and Corliss1 and Corliss.3 That is, if several possible
assignments are found for a certain observed line, the most
favorable assignment will be the one that has smaller ‘‘obs.
�calc.’’ value. If two assignments are possible, but one of
them involves the upper level which is significantly higher
than the upper level of the second assignment, the assign-
ment with the lower upper level is preferred. For the two
lines at 4897.718 and 5921.87 Å, the classification given in
Laun and Corliss1 was discarded because the observed wave
number did not fit to the energy interval between the two
levels of the assigned transition. Classifications were made
for 63 previously unclassified lines. All of these classifica-
tions involve already known energy levels. The identifica-
tions made by Corliss3 for approximately 160 lines are also
included in Table 3. The upper and lower levels of the tran-
sitions are denoted in Table 3 by the integer part of the en-
ergy with the J value of the level given as a subscript. Mea-
surement uncertainties were not explicitly given in Laun and
Corliss.1 However, judging by the ‘‘obs.�calc.’’ values in
Table 2 of Laun and Corliss,1 we conclude that the measure-
ment uncertainty was about 0.08 cm�1 for most of the lines
between 2300 and 10 000 Å. Outside of this range, especially
for the shorter wavelengths, the wave number uncertainty
can be as large as 1 cm�1. In Table 3, we give a more elabo-
rate estimate of the observed wavelength uncertainty for each
line. These values are derived from root mean square �RMS�
deviations of observed wave numbers from the Ritz values
using a sliding 400 Å wavelength interval. They do not take

into account the various individual line characteristics
�blended, wide, etc.�.

Based on the above mentioned line measurement uncer-
tainties, we have verified that the uncertainty of the energy
levels in Tables 1 and 2 in most cases does not exceed
0.1 cm�1. The uncertainty of the wave numbers calculated
from the energy levels in Tables 1 and 2 also does not exceed
0.1 cm�1 over the whole spectral range.

The experimental Lande g values given in Tables 1 and 2
are taken from Tables 1 and 2 of Laun and Corliss.1

Wyart4 noted that one of the two even J�5 levels at
33 201 and 33 291 cm�1 must have J�6, because there is
only one J�5 level predicted between 31 350 and
36 250 cm�1. The level at 33 201.61 cm�1 was found by
Corliss.3 It has more combinations with J�4 levels �twelve
versus eight� than the level at 33 291.80 cm�1 found by Laun
and Corliss.1 Furthermore, the two most intense lines as-
signed by Laun and Corliss1 to transitions involving the level
at 33 291.80 cm�1 �those at 6943.68 and 5498.622 Å� were
doubly classified, and their alternate classification is much
more favorable from the point of view of lesser ‘‘obs.
�calc.’’ deviation and lower excitation energy. Another line
at 7497.96 Å can be assigned to a transition between the
levels at 33 291.80 cm�1 (J�3, even� and 46 625.05 cm�1

(J�3, odd�. The difference ‘‘obs.�calc.’’ is �0.11 cm�1 for
this combination. This leaves the level at 33 291.80 with only
five connections to J�4 levels, all by weak lines. In addi-
tion, analysis of possible combinations reveals that some
possible connections with J�7 levels may be masked by
more intense transitions for the level at 33 291.80 cm�1,
while no such possibility was found for the level at
33 201.61 cm�1. Based on all these considerations, we have
changed the J value of the level at 33 291.80 cm�1 to 6 and
identified it, as suggested by Wyart,4 with the 5d5(2I)6s 1I
character. Having done this, we dismissed assignments of all
combinations between the level at 33 291.80 cm�1 and the
J�4 levels. Five of these weak lines �with wavelengths
5883.17, 5326.77, 3992.756, 3922.606, and 3539.588 Å�
now became unclassified. It should be mentioned that the
density of observed lines and energy levels is such that
Corliss3 treated 6–8 combinations as ‘‘noise level.’’

We did not include the lines involving the high-n Rydberg
states from Campbell-Miller and Simard7 in Table 3 because
they can be observed only under very special conditions.

The hyperfine structure and isotope shifts are small in neu-
tral tungsten. In most cases, they are not resolved in the
observed spectra, but only broaden the lines. Results of stud-
ies of these effects are summarized by Laun and Corliss.1

Transition probabilities of W I lines were measured by a
number of authors. The most recent and extensive sets of
measurements were made by Den Hartog et al.8 and Kling
and Kock9 using Fourier-transform spectroscopy. In these
two papers, radiative lifetimes were accurately measured for
81 levels of odd parity, and absolute transition probabilities
were measured for more than 500 lines originating from
these levels. According to Kling and Kock,9 the identifica-
tions of two lines from Laun and Corliss1 have been
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changed. The line at 3930.474 Å is now classified as the
transition between levels 14 976.18 (J�2, even� and
40 411.12 cm�1 (J�1, odd�, and the line at 3751.422 Å as
the transition from 19 253.56 (J�2, even� to
45 902.48 cm�1 (J�2, odd�. In Table 3, we have added four
lines for which Kling and Kock9 measured transition prob-
abilities, but which were not listed by Laun and Corliss.1

These lines are at 4260.220, 4282.377, 4773.845, and
4186.071 Å. According to Kling and Kock,9 the measure-
ment uncertainty should not be greater than 0.1 cm�1 �0.02
Å� for these lines.

We discarded the transition probability measured by Den
Hartog et al.8 for the line at 6621.7 Å because the wave-
length �given to a tenth of an Angstrom� cannot be identified
with a line in the list of Laun and Corliss.1 Den Hartog et al.
classify this line as a transition from 19 256.24 to
34 354.08 cm�1, but there is no line in the list of Laun and
Corliss that would match this transition. The nearest line
listed by Laun and Corliss1 is 6621.74 Å, but it is given as a
transition between 19 535.01 and 34 632.60 cm�1 and cannot
be classified as suggested by Den Hartog et al. In Table 3,
we have included transition probabilities only for the lines
that are unambiguously classified.

Our analysis, based on a comparison with accurately mea-
sured transition probabilities from Den Hartog et al.8 and
Kling and Kock,9 confirmed the high quality of data mea-
sured by Shukhtin et al.10 and Obbarius and Kock.11 We in-
cluded transition probabilities (A values� from Obbarius and
Kock11 for the lines at 4700.422 and 5054.596 Å that were
not superseded by Den Hartog et al.8 and Kling and Kock.9

The A value for the line at 2896.442 Å was obtained by
normalizing the relative values given in Shukhtin et al.10 us-
ing the absolute values from Den Hartog et al.8 and Kling
and Kock9 for the other lines.

As shown by Obbarius and Kock,11 the earlier experimen-

tal works on W I transition probabilities12–14 suffered from
large experimental errors. We have not made use of them
here.

Apart from the studies of the emission spectrum of W I
included in the present paper, photoabsorption experiments
in the extreme ultraviolet range made by Costello et al.15

demonstrated the presence of a number of autoionizing reso-
nances in the range of photon energies 30–55 eV. These
resonances correspond to excitation of 5p and 4 f electrons
from inner shells. Their theoretical interpretation and com-
parison with the absorption spectrum of solid-state tungsten
metal is discussed in Costello et al.15

1.1. References for W I

1 D. D. Laun and C. H. Corliss, J. Res. Nat. Bur. Stand. Sect. A 72, 609
�1968�.

2 Y. Shadmi and E. Caspi, J. Res. Nat. Bur. Stand. Sect. A 72, 757 �1968�.
3 C. H. Corliss, J. Res. Nat. Bur. Stand. Sect. A 73, 277 �1969�.
4 J.-F. Wyart, Phys. Scr. 18, 87 �1978�.
5 R. D. Cowan, The Theory of Atomic Structure and Spectra �University of
California Press, Berkeley, CA, 1981�.

6 W. C. Martin, R. Zalubas, and L. Hagan, Nat. Bur. Stand. Monograph 60
�U.S. Department of Commerce, Washington, D.C., 1978�.

7 M. D. Campbell-Miller and B. Simard, J. Opt. Soc. Am. B 13, 2115
�1996�.

8 E. A. Den Hartog, D. W. Duquette, and J. E. Lawler, J. Opt. Soc. Am. B 4,
48 �1987�.

9 R. Kling and M. Kock, J. Quant. Spectrosc. Radiat. Transfer 62, 129
�1999�.

10 A. M. Shukhtin, G. A. Plekhotkin, and V. G. Mishakov, Opt. Spectrosc.
�USSR� 45, 247 �1978�.

11 H. U. Obbarius and M. Kock, J. Phys. B 15, 527 �1982�.
12 C. H. Corliss and W. R. Bozman, Nat. Bur. Stand. Monograph 53 �U.S.

Government Printing Office, Washington, D.C., 1962�.
13 N. N. Kirsanova, J. Appl. Spectrosc. �USSR� 10, 444 �1969�.
14 J. E. Clawson and M. H. Miller, J. Opt. Soc. Am. 63, 1598 �1973�.
15 J. T. Costello, E. T. Kennedy, B. F. Sonntag, and C. L. Cromer, J. Phys. B

24, 5063 �1991�.

425425ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 1. Even levels of W I

Configuration Term J Level (cm�1) Lande g Leading percentagea 2nd percentageb

5d46s2 5D 0 0.00 69
1 1670.29 1.51 84
2 3325.53 1.48 88
3 4830.00 1.50 85
4 6219.33 1.49 77

5d5(6S)6s 7S 3 2951.29 1.98 94

5d46s2 3P2 0 9528.06 47 24 5D
1 13307.10 1.32 67
2 19253.56 1.18 23 20 5d5(4G)6s 5G

5d46s2 3H 4 12161.96 0.99 42 19 3G
5 15069.93 1.05 61
6 17008.50 1.4 80

5d46s2 3G 3 13348.56 0.92 49 23 3F2
4 16431.31 1.02 48 19 3H
5 19826.04 1.20 48 5d5(4G)6s 5G 24 5d46s2 3G

5d46s2 3F2 2 13777.71 1.09 33 28 3D
4 17107.01 1.19 43 22 3H
3 17701.18 1.02 52 23 3G

5d46s2 3D 2 14976.18 1.06 11 46 3F2
3 15460.01 1.17 36 20 5d5(2D3)6s 3D
1 18082.83 0.7 46 21 5d5(2D3)6s 3D

5d5(4G)6s 5G 2 18116.84 1.08 57 15 5d46s2 3P2
3 18974.51 1.06 61
4 19256.24 1.20 82
5 19535.01 1.21 46 22 5d46s2 3G
6 19648.54 1.32 92

5d5(6S)6s 5S 2 18280.48 1.43 52

5d5(4P)6s 5P 3 19827.68 1.28 36 23 5d5(4G)6s 5G
1 20427.84 2.1 65
2 20983.02 24 5d46s2 3P 23 5d5(6S)6s 5S

5d46s2 1S2 0 20174.20 60

5d5(4D)6s 5D 4 22476.68 1.48 61
0 22773.78 85
1 23455.02 56 28 5d5(4P)6s 5P
3 23930.08 1.4 43 29 5d5(4P)6s 5P
2 23982.80 41 37 5d5(4P)6s 5P

5d46s2 1G2 4 22852.80 1.2 38 16 3F2

5d46s2 1I 6 23484.78 78

5d46s2 1F 3 24610.88 48 16 5d5(2F1)6s 1F

5d46s2 1D2 2 24789.66 36 26 3P2

5d5(2F1)6s 3F 2 26861.64 22 16 5d46s2 3P1
4 27213.82 37 33 5d5(4F)6s 5F
3 28291.88 36 16 5d5(4G)6s 3G

5d5(4F)6s 5F 1 27670.48 74
2 28204.20 62
5 28233.44 75
3 28347.60 56 12 5d5(2F2)6s 3F
4 29853.66 33 5d5(4G)6s 3G 20 5d5(4F)6s 5F

5d5(2I)6s 3I 5 27849.80 66
6 28392.70 80
7 29460.98 98
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TABLE 1. Even levels of W I—Continued

Configuration Term J Level (cm�1) Lande g Leading percentagea 2nd percentageb

5d5(4P)6s 3P 1 28720.88 41 37 5d46s2 3P1

5d46s2 3P1 2 28898.96 26 28 1D2

5d46s2 3F1 3 29430.50 25 26 5d5(4G)6s 3G
4 29479.32 34 17 5d5(4F)6s 5F
2 30374.20 19 15 3P1

2 31077.80 28 5d5(4D)6s 3D 24 5d5(4F)6s 3F

5d5(4G)6s 3G 5 31389.08 58 20 5d5(2I)6s 3I
4 32135.94 35 16 5d46s2 1G1

3 32217.91 22 5d5(2G2)6s 3G 16 5d5(2D3)6s 3D

5d5(2D3)6s 3D 1 32378.40 56 18 5d5(4D)6s 3D

5d5(2G2)6s 3G 3 32826.63 52 22 5d5(2D3)6s 3D
5 33201.61 37 28 5d5(2H)6s 3H
4 34302.04 31 20 5d5(2F1)6s 3F

5d5(2I)6s 1I 6 33291.80 46 34 5d5(2H)6s 3H

4 33569.53 25 5d46s2 1G1 22 5d5(2H)6s 3H

5d5(4D)6s 3D 3 33952.85 50 16 5d5(4F)6s 3F

3 34465.83 32 5d5(2F2)6s 3F 30 5d5(2G2)6s 3G

4 35299.82 46 5d5(2G2)6s 3G 40 5d5(2H)6s 3H

3 37414.11 42 5d5(2F2)6s 1F 19 5d5(2D2)6s 3D

5d46s(6D)7s 7D 1 43451.98 2.83 87
2 44919.84 1.9 90
3 46496.62 1.74 89
4 47975.54 1.68 90
5 49354.68 1.7 88

5d46s(6D)7s 5D 0 45225.22 86
1 46458.30 82
2 48078.32 1.55 71
3 49656.04 1.66 74
4 51123.14 1.4 71

2 50525.35
1 50906.20
1 50949.07
0 51285.46
2 51936.84
3 52002.25
1 52057.80
2 52183.20
3 52284.76
4 52378.22
1 52956.92
4 53786.00
3 53916.90
5 53974.10
3 54657.56
4 55333.12 1.45
5 55381.00
6 55420.88
5 56573.54
5 56768.06
6 56832.90

5d46s(6D)31d �1/2,3/2� 63288.0

5d46s(6D)32d �1/2,3/2� 63297.4

5d46s(6D)33d �1/2,3/2� 63306.0

5d46s(6D)34d �1/2,3/2� 63313.6
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TABLE 1. Even levels of W I—Continued

Configuration Term J Level (cm�1) Lande g Leading percentagea 2nd percentageb

5d46s(6D)36d �1/2,3/2� 63327.0

5d46s(6D)38d �1/2,3/2� 63338.2

5d46s(6D)39d �1/2,3/2� 63343.1

5d46s(6D)41s �1/2,1/2� 63344.5

5d46s(6D)40d �1/2,5/2� 63346.7
�1/2,3/2� 63347.7

5d46s(6D)42s �1/2,1/2� 63349.1

5d46s(6D)41d �1/2,5/2� 63351.1
�1/2,3/2� 63351.7

5d46s(6D)43s �1/2,1/2� 63353.0

5d46s(6D)42d �1/2,5/2� 63354.8
�1/2,3/2� 63355.6

5d46s(6D)44s �1/2,1/2� 63356.8

5d46s(6D)43d �1/2,5/2� 63358.4
�1/2,3/2� 63359.2

5d46s(6D)45s �1/2,1/2� 63360.3

5d46s(6D)44d �1/2,5/2� 63361.6
�1/2,3/2� 63362.4

5d46s(6D)46s �1/2,1/2� 63363.4

5d46s(6D)45d �1/2,5/2� 63364.7
�1/2,3/2� 63365.6

5d46s(6D)47s �1/2,1/2� 63366.4

5d46s(6D)46d �1/2,5/2� 63367.6
�1/2,3/2� 63368.4

5d46s(6D)48s �1/2,1/2� 63369.2

5d46s(6D)47d �1/2,5/2� 63370.2
�1/2,3/2� 63371.1

5d46s(6D)49s �1/2,1/2� 63371.8

5d46s(6D)48d �1/2,5/2� 63372.8
�1/2,3/2� 63373.5

5d46s(6D)50s �1/2,1/2� 63374.5

5d46s(6D)49d �1/2,5/2� 63375.0
�1/2,3/2� 63375.9

5d46s(6D)50d �1/2,5/2� 63377.0
�1/2,3/2� 63378.2

5d46s(6D)51d �1/2,5/2� 63379.3
�1/2,3/2� 63380.2

5d46s(6D)52d �1/2,3/2� 63382.1

5d46s(6D)53d �1/2,3/2� 63383.9

aIf configuration and term names are not given, they are the same as in the first and second columns.
bIf configuration name is not given, it is the same as in the first column.
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TABLE 2. Odd levels of W I

Configuration Term J Level (cm�1) Lande g Leading percentagesa Lifetime �ns�b Ref.c

5d46s(6D)6p 7F° 0 19389.43 77
1 20064.30 1.54 70 1880�140� 7
2 21448.76 1.48 77
3 23047.31 1.53 89
4 24763.39 1.50 93 1800�180� 7
5 26676.48 1.46 89 1230�80� 7
6 29643.06 89

5d46s(6D)6p 7D° 1 21453.90 2.51 39 20 5P° 275�14� 7
2 23964.67 1.93 51 250�13� 7
3 26189.20 1.80 54 14 7P° 161�8� 7
4 28797.24 1.61 77 185�9� 7
5 29773.34 1.55 69 695�35� 7

5d46s(6D)6p 5F° 1 25983.60 0.54 860�43� 7
2 27662.52 1.21 182�9� 7
3 29139.12 1.06 257�13� 7
4 31432.91 1.32 449�22� 7
5 33370.04 1.39 439�22� 7

5d5(6S)6p 7P° 2 26229.77 1.84 76.1�23� 8
3 27488.11 1.72 86�4� 7
4 27889.68 1.71 67 59.4�18� 8

2 26367.28 0.87 315�16� 7

5d46s(6D)6p 5D° 0 26629.46
1 27778.50 1.25 715�36� 7
2 29195.84 1.28 301�15� 7
3 29912.85 1.31 168�8� 7
4 32828.12 1.7

5d46s(6D)6p 5P° 1 28198.90 132�7� 7
2 29393.40 1.83 71�4� 7
3 30586.64 1.64 50�3� 7

1 30683.54 1.39
1 31323.48 0.86 158�8� 7
2 31817.63 1.52
3 32238.02 1.3
0 32386.56
3 32957.58 1.43
2 33141.38 1.51 115�6� 7
2 33944.06
4 34121.68 1.5 188�9� 7
3 34228.60
1 34342.44 1.56 90�3� 8
3 34354.08 0.71 305�15� 7
2 34485.86 0.82 66�3� 7
4 34632.60 0.89
1 34719.33 0.15 22.1�7� 8
4 35116.78 1.2 84�4� 7
2 35311.56 1.0
3 35499.15 1.0 166�8� 7
5 35507.07
2 35731.96 1.5 25.7�13� 7
3 35943.17 1.4 282�14� 7
4 36082.30 1.24 58�3� 7
1 36190.49 1.62 18.4�6� 8
5 36275.10 1.27
0 36588.32
2 36673.70 1.50
3 36874.36 1.50 11.0�3� 8
2 36904.16 1.57 8.6�4� 8
4 37146.36 1.1 89�5� 7
5 37309.16 1.25 42.4�21� 7
2 37466.30 1.28
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TABLE 2. Odd levels of W I—Continued

Configuration Term J Level (cm�1) Lande g Leading percentagesa Lifetime �ns�b Ref.c

3 37674.08 1.13
1 37773.96
4 38001.12 1.1 111�6� 7
3 38053.05 1.11
6 38203.12
3 38206.38
4 38259.40 16.4�6� 8
1 38355.84
0 38576.14
4 38748.44
2 39030.25 15.8�5� 8
1 39183.20 1.01 4.44�13� 8
5 39361.01 1.13 82�4� 7
5 39614.05 1.20
1 39636.62 1.44 11.7�5� 8
3 39646.41 1.46 8.11�24� 8
2 39707.02 1.00

5d46s(4H)6p 5H° 7 39709.04

4 39719.96 1.17 19.7�6� 8
2 40011.50 1.0 15.5�5� 8
4 40233.97 1.53 11.7�4� 8
3 40269.35 1.03
1 40411.12 1.58 6.85�21� 8
5 40476.42 1.04
4 40583.07 11.8�4� 8
3 40665.85 0.96 46.1�14� 8
1 40770.78 1.28 8.09�24� 8
2 40868.40 1.26 7.71�23� 8
5 40911.98 1.03
3 40923.83 1.32
2 41104.52 1.5
0 41127.38 10.3�4� 8
6 41171.44
4 41198.14 1.22
6 41417.52 1.23
3 41499.43 1.11 13.6�4� 8
2 41583.20 1.06 8.5�3� 8
3 41694.34 1.28 14.4�4� 8
2 41734.13 1.1 12.6�4� 8
4 41871.94 1.11
0 41965.24
2 41978.62 0.8 12.3�4� 8
6 42239.06
3 42251.51 1.32 8.28�25� 8
1 42262.30 1.5
2 42449.60
4 42450.24
3 42514.14 1.22
4 42532.62
1 42573.49 1.3 3.81�11� 8
3 42601.19 1.12 15.2�5� 8
5 42866.00 1.11
4 42910.74 1.18
5 43034.10 39.6�12� 8
0 43053.88
1 43217.33 1.3 9.6�3� 8
2 43227.66 1.3 7.62�23� 8
4 43251.00 1.14 14.4�4� 8
7 43411.50 1.20
3 43478.58 1.3
2 43514.68 0.9
4 43720.87
5 43741.37 1.09
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TABLE 2. Odd levels of W I—Continued

Configuration Term J Level (cm�1) Lande g Leading percentagesa Lifetime �ns�b Ref.c

3 43850.84 1.17 7.80�23� 8
1 43892.62 1.05 6.57�20� 8
5 43924.25 1.2
2 43975.22 1.15 4.06�12� 8
4 43985.41 1.24
3 44021.00 1.2 10.8�3� 8
1 44353.46 1.02
2 44367.50 1.1
6 44390.42 1.28
3 44447.02 1.38 8.31�25� 8
5 44546.76 1.3
2 44596.28 1.11
1 44737.21 1.1
6 44923.90 1.23
4 44940.57 1.20
7 44970.82 1.20
3 45014.54 1.3
2 45019.02
4 45116.77 1.2
4 45262.55 1.1 24.8�7� 8
0 45306.89
1 45374.00
2 45422.26 0.63
5 45451.65 1.16
3 45551.32 1.30 10.1�3� 8
3 45677.69 1.24
1 45760.80
5 45789.14 1.19
4 45869.10 1.36 3.86�12� 8
2 45902.48 0.5 7.60�23� 8
3 46068.02 1.46 9.0�3� 8
1 46104.62
6 46106.20
1 46291.63
2 46327.75 0.8
3 46385.46 1.4
5 46506.37 1.38 5.79�17� 8
0 46613.70
4 46625.05 1.14 7.63�23� 8
6 46672.22 1.18
2 46806.45 1.1
5 46854.80 1.21
4 46931.84 1.0 6.24�19� 8
2 47079.40 1.3
1 47255.55
2 47337.79 0.9
4 47360.19
3 47361.74 1.3
2 47442.53
3 47483.68 1.29
6 47541.56 1.23
3 47593.44 1.2
4 47689.33 1.4
1 47819.94
5 47850.84
4 47968.62 1.23
5 48138.38 1.2
3 48170.55
2 48244.29 1.4
7 48250.70
0 48264.62
2 48318.84 1.4
3 48326.41
1 48389.96
0 48603.44
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TABLE 2. Odd levels of W I—Continued

Configuration Term J Level (cm�1) Lande g Leading percentagesa Lifetime �ns�b Ref.c

4 48676.08 1.20
6 48684.68
1 48788.06
3 49072.14 1.26
5 49073.88
4 49147.95
2 49151.94
5 49187.92 1.25
2 49270.16
3 49417.90
1 49443.70
3 49514.34 1.3
2 49517.26
4 49636.52
2 49699.56 1.9
4 49788.58
0 49798.48
3 49966.03
5 50137.55 1.11
3 50185.70
4 50284.64 1.03
3 50303.78
6 50429.18
2 50494.54
1 50533.55
2 50718.90
3 50800.44 1.0
5 50806.07
3 50894.12
4 50909.47 1.2
6 50951.86
3 51072.18
2 51182.38
1 51260.68
5 51290.73
7 51296.92
4 51473.04
3 51600.52
2 51606.78
2 51693.85
1 51763.44
4 51856.10
6 51978.68
3 52015.28
4 52059.78
2 52064.08
5 52081.09
2 52152.62
0 52233.10
3 52255.80
5 52395.50
4 52436.44
1 52477.57
2 52503.41
2 52653.58
5 52774.10
3 52806.56
6 52855.98
2 52885.50
3 52943.48
4 52992.69
2 53003.72
1 53042.00
4 53118.29
5 53194.25 1.3
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TABLE 2. Odd levels of W I—Continued

Configuration Term J Level (cm�1) Lande g Leading percentagesa Lifetime �ns�b Ref.c

1 53227.03
6 53228.42
4 53238.41
2 53284.92
3 53345.52
3 53390.42
2 53669.36
4 53848.63
5 53862.72
1 53875.26
2 53912.55
2 53959.28
3 54117.36
4 54118.78
3 54269.77
0 54295.64
5 54310.30
1 54374.80
1 54419.67
3 54556.43
6 54733.38
2 54859.15
6 54895.96
3 54900.90
4 54911.61
1 54941.01
5 55009.22
2 55032.67
4 55043.34
2 55084.02
4 55346.20
1 55384.38
3 55389.30
2 55390.16
5 55455.35
5 55492.22
3 55546.06
4 55596.90
2 55619.66
7 55690.82
5 55795.48
2 55835.12
6 55847.68
1 55859.32
4 55867.24
4 55955.36
5 55987.90
2 56037.28
3 56108.44
4 56174.63
4 56255.65
5 56280.45
3 56332.00
3 56484.33
4 56502.10
6 56526.57
7 56557.20
3 56717.13
7 56790.60
4 56831.67
2 56999.30
3 57131.78
5 57143.48
6 57148.98
4 57315.25
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TABLE 2. Odd levels of W I—Continued

Configuration Term J Level (cm�1) Lande g Leading percentagesa Lifetime �ns�b Ref.c

3 57352.32
4 57471.80
5 57560.83
3 57619.36
6 57702.30
3 57732.46
4 57803.66
6 57919.17
3 58091.58
5 58179.38
3 58206.00
1 58290.18
4 58316.46
4 58330.13
3 58487.52
5 58562.68
2 58595.42
3 58644.10
2 58655.72
6 58760.96
4 58777.80
4 58848.90
5 58903.98
6 59128.80
5 59149.60
4 59171.71
2 59211.47
5 59263.63
7 59346.98
3 59399.74
6 59410.52
2 59422.00
5 59673.32
2 59999.10
4 60158.32
5 60229.18
4 60385.09
6 60414.83
5 60741.40
7 61180.86
5 61476.60
4 61535.50
5 62154.50
6 62524.02
6 62687.50
6 63532.78

aThe percentages of the first and second components are given, followed by the term label of the second component.
bThe observed radiative lifetime is given. The number in parentheses is the measurement uncertainty in the units of the last given decimal figure.
cReference number of the paper from which the lifetime value was taken.
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TABLE 3. Observed lines of W I
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TABLE 3. Observed lines of W I—Continued.
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TABLE 3. Observed lines of W I—Continued.
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TABLE 3. Observed lines of W I—Continued.
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TABLE 3. Observed lines of W I—Continued.
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TABLE 3. Observed lines of W I—Continued.

447447ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

448448 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

449449ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

450450 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

451451ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

452452 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

453453ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

454454 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

455455ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

456456 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

457457ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

458458 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

459459ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

460460 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

461461ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

462462 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

463463ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

464464 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

465465ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

466466 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.
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603603ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

604604 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

605605ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

606606 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

607607ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

608608 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

609609ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

610610 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 3. Observed lines of W I—Continued.

611611ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



2. W II
Ground state

1s22s22p63s23p63d104s24p64d104 f 145s25p65d46s2 6D1/2

Ionization energy 132 000�1200 cm�1 (16.35�0.15 eV)
An extended analysis of the W II spectrum in the wave-

length region 1850–5800 Å was done by Ekberg et al.1 in
2000. They published a list of approximately 2500 precisely
measured W II lines they observed in emission of a Penning
discharge by means of Fourier transform spectroscopy
�FTS�. Besides the Penning discharge, Ekberg et al.1 also
observed the W II spectrum emitted by a hollow-cathode
discharge. However, due to the lower intensity of the W II
lines in the hollow cathode spectra, these observations were
used only as a means to separate the ionization stages and
were not used in the determination of the energy levels. Be-
low, whenever we refer to the FTS measurements of Ekberg
et al.,1 we mean the Penning discharge observations, unless
otherwise stated. The analysis made in Ekberg et al.1 was
based on the previous work of Laun2 and theoretical inter-
pretation made by Wyart3 and Wyart and Blaise.4 Ekberg
et al.1 also gave identifications of several hundreds of lines
observed by Cabeza et al.5 in emission of a low-voltage slid-
ing spark. These new identifications are in the wavelength
region 1520–2660 Å. Both even and odd parity level sys-
tems were analyzed in Ekberg et al.1 by means of Cowan’s
codes6 and were derived entirely from the FTS lines. We
have reproduced the Cowan-code calculations made in Ek-
berg et al.1 and used them to derive the spectroscopic de-
scriptions of the levels. The complete lists of known even
and odd levels of W II are presented in Tables 4 and 5. In
these tables, we use the additional sequential index produced
by Cowan’s codes6 to distinguish between the repeating
terms of the dn parent configurations �see discussion for W
I�. All known even levels �Table 4� belong to the strongly
mixed 5d46s , 5d36s2, and 5d5 configurations. Similarly,
the odd levels in Table 5 belong to the strongly mixed 5d46p
and 5d36s6p configurations. Interaction with the 5d26s26p
configuration is significant but not as strong as interaction
between the 5d46p and 5d36s6p configurations. Because of
the very strong configuration interactions, only a few of the
lower levels can be reasonably labeled as certain LS states.
All energy levels were derived by Ekberg et al.1 from the
lines they measured by FTS. To produce the spectrum, Ek-
berg et al.1 used samples made of natural tungsten that con-
sists of a mixture of five isotopes with atomic weights 180,
182, 183, 184, and 186 having abundances 0.12%, 26.3%,
14.28%, 30.7%, and 28.6%, respectively.7 Hence, the ener-
gies given in Tables 4 and 5 �cited from Ekberg et al.1� rep-
resent the average values over all isotopes present in natural
tungsten. Our analysis based on consistency with the ob-
served lines shows that the values of the level energies in
Tables 4 and 5 have uncertainties varying from 0.001 cm�1

for the lowest 22 even and 30 odd levels to 0.01 cm�1 for the
highest levels, confirming the uncertainty values given in
Ekberg et al.1 The average uncertainty of the energies is
0.003 cm�1. The isotopic shifts between the most abundant
isotopes, 184W and 186W, can be greater than 0.1 cm�1 �see

Aufmuth et al.8�. This should be taken into account when
dealing with samples having isotopic composition that dif-
fers from natural tungsten.

The experimental Lande g values given in Tables 4 and 5
are cited from Laun.2 As noted by Ekberg et al.,1 they are in
excellent agreement with the g values calculated by means of
Cowan’s codes,6 except for the odd-parity level at
54 704.585 cm�1 with J�5/2. For this level, the experimen-
tal g factor is 0.623, while the calculated value is 1.24.1

Since this level is involved in 19 combinations, it is probably
real. The theoretical interpretation1,4 is also well justified.
Wyart and Blaise4 suggested that the experimental g factor
value is in error for this level.

The list of classified lines of W II presented in Table 6
includes the lines listed in Tables 1 and 4 of Ekberg et al.1 In
this list, following the designations used in Ekberg et al.,1 we
label the levels using the integer part of their energy and the
J values. The lines taken from Table 1 of Ekberg et al.1 were
measured by Ekberg et al.1 using FTS. Their uncertainties
given in Table 6 herein were derived from the signal-to-noise
ratios and linewidths given in Ekberg et al.1 This derivation
was based on the general formula of the statistical uncer-
tainty of the central wave number of a well resolved sym-
metrical line,9 ���kW/(Nw

1/2S/N), where W is the full line-
width at half maximum in the same units as the wave
number, Nw is the number of statistically independent mea-
surement points within W , S/N is the signal-to-noise ratio at
line maximum, and k is a scaling factor depending on the
line shape and the line-finding algorithm. It should be noted
that the usage of this formula in Ekberg et al.1 is somewhat
obscured. Equation �1� in Ekberg et al.1 treats the quantity
Nw as the number of statistically independent measurement
points per line profile rather than per linewidth.9 The number
of points per line profile is typically twice as large as the
number of points per linewidth at half maximum. However,
this difference is almost exactly offset by the omission of the
scaling factor k , the typical value of which is about 0.75.9

Thus, the estimate of uncertainty of weak lines of 0.05 cm�1

for the Penning discharge spectrograms1 appears to be cor-
rect. From the linewidths given in Table 1 of Ekberg et al.1 it
can be seen that the typical linewidth was ��/��5.7
�10�6. Assuming that this value represents the Doppler
broadening, we conclude that the lines having relative widths
larger than 5.7�10�6 might have been blends of two or
more unresolved features. Some of the lines were consider-
ably broader. In many cases this broadening was caused by
unresolved isotopic structure. The isotopic structure was re-
solved only for a few lines of W II in the spectra of hollow
cathode discharges.8,10 The largest isotopic shifts were ob-
served for the line at 3641.4075 Å (87113/2�361651/2

° ). For
this line, the shift between the 184W and 186W isotopes
amounts to 0.135 cm�1.8,10 For broad lines specified in Ek-
berg et al.1 as blended or perturbed, we increased the value
of uncertainty by W�5.7�10�6 � to account for the uncer-
tainty caused by blending.

Apart from the lines identified in their FTS spectra, Ek-
berg et al.1 identified several hundreds of W II lines in the
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line list given in Cabeza et al.5 These new identifications
were given in Table 4 of Ekberg et al.1 We have analyzed the
measurement uncertainties of these lines by comparing the
wavelengths of the lines observed both in Cabeza et al.5 and
Ekberg et al.1 From this comparison, it is seen that the lines
measured in Cabeza et al.5 have a systematic shift of
�0.005 Å relative to the lines measured in Ekberg et al.1

The cause of this shift is not known. It might have been
caused by the difference of the physical conditions in the
emitting plasma �low-voltage sliding spark5 versus Penning
discharge1�, as well as by possible calibration errors in Ca-
beza et al.5 We have not removed this shift from the wave-
lengths measured in Cabeza et al.5 Apart from this system-
atic shift, the wavelengths measured in Cabeza et al.5 display
a random scatter of 0.013 Å relative to wavelengths of the
same lines precisely measured in Ekberg et al.1 In Table 6,
we give the value of this random error as the uncertainty of
the wavelengths cited from Cabeza et al.5 These lines were
not included in the level optimization procedure in Ekberg
et al.1 That is, the energy levels were derived only from the
lines measured by FTS.

The identification of the lines cited from Cabeza et al.5

was made by Ekberg et al.1 based on the match between the
observed wavelengths and the wavelengths calculated from
the differences between the upper and lower energy levels.
The assignments were made when the difference between the
observed and calculated wavelength was less than 0.040 Å
and the calculated transition probability of the combination
exceeded 105 s�1. We omitted 66 of these lines because they
were actually observed in the FTS spectrum �Table 1 of Ek-
berg et al.1� with only slightly different wavelength and were
already assigned to combinations having much larger calcu-
lated transition probabilities. The last line in Table 4 of Ek-
berg et al.1 �2656.378 Å� was incorrectly assigned to the
24 8047/2– 62 4379/2

° transition. The calculated �Ritz� wave
number of this transition is 37 632.474 cm�1. This wave
number contradicts the Ritz air wavelength 2656.374 Å
given for the same line in Ekberg et al.1 For this wave num-
ber, the Ritz air wavelength should be 2656.489 Å. There is
no line close to this wavelength in the list of Cabeza et al.5

We have reclassified the line at 2656.378 Å as the
23 95511/2– 61 58911/2

° transition. According to our calcula-
tions with Cowan’s codes �reproducing the parametric fitting
done in Ekberg et al.1�, the calculated gA value for this tran-
sition is 1.87�107 s�1, which is greater than the gA value
of the 24 8047/2– 62 4379/2

° transition given in Ekberg et al.1

by a factor of 20.
The line at 2230.634 Å quoted in Table 4 of Ekberg et al.1

from Cabeza et al.5 is a misprint, since there is no such line
in Cabeza et al.5 Apparently, the line that Ekberg et al.1 is
referring to is the one at 2229.634 Å given in Cabeza et al.5

This line was measured by Ekberg et al.1 at 2229.6288 Å.
Therefore, we have dropped the 2230.634 Å line.

Based on the same criteria as those used by Ekberg et al.,1

we added a second classification to the line at 2599.180 Å,5

the 22 1947/2– 60 6565/2
° transition with the calculated gA

value 5.50�106 s�1 and Ritz wavelength 2599.158 Å.

Blending with this transition explains the rather large devia-
tion of the observed wavelength of this line from the Ritz
wavelength of the originally assigned 24 8047/2– 63 2667/2

°

transition �2599.202 Å�.
In Table 6, there are 22 lines cited from Cabeza et al.5 that

have large deviations of observed wavelength from the Ritz
wavelength. We have noted these lines as questionable.

The relative intensities of the lines given by Ekberg et al.1

represent the measured signal-to-noise ratio. They are not
corrected for wavelength dependence of the apparatus re-
sponse. By comparing the lines observed both by Ekberg
et al.1 and Cabeza et al.,5 we found that the intensity scale
used in Cabeza et al.,5 consisting of integer values 0, 1, 3, 5,
8, 10, 20, 50, 100, and 200, roughly corresponds to intensi-
ties 3, 5, 7, 9, 11, 15, 25, 50, 150, and 250 on the scale of
Ekberg et al.1 This correspondence can be approximated by
the linear dependence I1�3�1.2 I5 , where I1 is intensity on
the scale of Ekberg et al.1 and I5 is intensity on the scale of
Cabeza et al.5 In Table 3, we have converted all intensities to
the uniform scale of Ekberg et al.1

According to our analysis, the Ritz wave numbers given in
Table 6 are, on average, more accurate than the observed
wavelengths by a factor of 3 �not counting the lines from
Cabeza et al.5�. However, it should be taken into account that
the calculated wavelengths, as well as the observed ones,
represent centers of gravity of unresolved lines belonging to
the five tungsten isotopes present in natural tungsten. The
hyperfine structure �existing only for the odd isotope 183W)
is also unresolved. The observed central wavelengths and
asymmetry of the line profiles may be different if the isotopic
composition is different from natural tungsten.

The Zeeman effect was observed and studied for some
lines by Laun.2 It was used as a means to identify the upper
and lower energy levels.

It should be noted that the air wavelengths of the FTS-
measured lines cited from Ekberg et al.,1 as well as all Ritz
air wavelengths in Table 6, were calculated from the ob-
served and Ritz wave numbers, respectively, using the five-
parameter formula of Peck and Reeder.11 The uncertainties of
the observed and Ritz air wavelengths do not include pos-
sible uncertainties of this conversion formula.

Transition probabilities (A values� given in Table 6 are all
cited from Kling et al.10 They were measured using the
branching ratios derived from the same Fourier transform
spectrograms as those on which Ekberg et al.1 made their
analysis. To convert the measured branching ratios to the
absolute transition probabilities, Kling et al.10 used the life-
times precisely measured by Schnabel et al.12 According to
Kling et al.,10 the overall measurement uncertainty of these
A values is typically 7%–9%, but can be as large as 50%. In
Kling et al.,10 along with the measured A values, there are
some lines for which only the calculated A value is given,
either because the line was not observed or it had a very low
signal-to-noise ratio. We did not include these calculated A
values in Table 6. It should be noted that the calculated gA
values are given in Ekberg et al.1 for all identified transi-
tions. As it was mentioned above, we reproduced the Cowan-

613613ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



code calculations of Ekberg et al.1 using their fitted param-
eter values. From these calculations, it follows that most of
these calculated gA values are expected to be correct to only
1 order of magnitude, because of large cancellations in form-
ing the transition integrals.6 As a consequence of the small
values of the cancellation factor �0.07 on average�, the accu-
racy of the calculated branching ratios is much lower than
the accuracy of the calculated radiative lifetimes. With em-
pirical scaling of the radial dipole moments applied in Ek-
berg et al.,1 the calculated lifetimes agree with the measured
lifetimes of 21 levels12,13 within 25%.

The line list presented in Table 6 is not complete. Apart
from the lines classified in Ekberg et al.,1 there exist a large
number of weak lines that were assigned to W II by Laun.2

In particular, half of the lines for which Kling et al.10 listed
only a calculated gA value and Ekberg et al.1 did not give an
observed wavelength are present in the line list of Laun.2

Also, Ekberg et al.1 mentioned that there remain about 400
unidentified lines with signal-to-noise ratios 5 or higher in
their FTS wavelength list.

The ionization potential �IP� of W II was experimentally
determined by Montague and Harrison14 by measuring the
absolute ionization cross section of W II with crossed ion
and electron beams. They obtained the value 16.1�1.0 eV
(130 000�8000 cm�1). In order to determine a more accu-
rate value of the IP, we applied the semiempirical technique
developed by Reader �see Churilov et al.15�. This technique
consists of finding a suitable empirical scaling factor for the
binding energies calculated by means of Cowan’s Hartree–
Fock code.6 The essence of it is that the IP can be repre-
sented as a combination of the binding energy of an outer
electron and the average energies of the ground configura-
tions of the two successive ionization stages. The average
energies can be empirically corrected by making a least-
squares fitting of the known energy levels, while the binding
energy remains the main source of the uncertainty in the
calculated IP. If a suitable correction factor is found for the
binding energy, then the IP can be calculated with a much
greater accuracy than is possible with an ab initio Hartree–
Fock calculation. To find the scaling factors for the binding
energies of the 6s and 6p electrons outside the 5d4 shell of
W II, we compared the experimental and calculated 6s and
6p binding energies for a similar ion, Hg II, having the 5d10

core. Applying the same approximation �relativistic correc-
tions including the Breit energy� to the Hg II and III spectra,
we obtained the calculated binding energies 143 970 and
89 641 cm�1 for the 5d106s and 5d106p configurations, cor-
respondingly. Using the measured value of the Hg II ioniza-
tion potential, 151 284.4�0.3 cm�1, the fitted values of the
average energies of Hg II 5d106s and 5d106p configurations,
898�370 and 59 324�439 cm�1 �see Sansonetti and
Reader16�, and the fitted value of the average energy of the
Hg III 5d10 configuration, 2618�842 cm�1 �found by mak-
ing the least-squares fitting of the even configurations of Hg
III based on the known levels from the atomic energy level
�AEL� compilation17�, we found the experimental binding
energies 153 004�920 and 94 578�950 cm�1 for the Hg II
5d106s and 5d106p configurations, respectively. Thus, the ab

initio calculated binding energies are too low by the factors
of 1.063�0.006 and 1.055�0.011 for the 6s and 6p elec-
trons of Hg II, respectively. Applying the same correction
factors to the calculated binding energies of the W II 5d46s
and 5d46p configurations �119 299 and 79 726 cm�1, corre-
spondingly�, we obtain the scaled binding energies 126 785
�760 and 84 117�850 cm�1 for the 6s and 6p electrons,
respectively, of W II. Adding the fitted W II 5d46s and
5d46p average energies (27 543�38 and 69 948
�98 cm�1) to the corresponding scaled binding energies
and subtracting the fitted average energy of the W III ground
configuration 5d4 (22 339�140 cm�1, see Iglesias et al.18�,
we arrive at two very close values of the W II ionization
potential: 131 990�800 and 131 730�850 cm�1. In addi-
tion to the uncertainties resulting from the accuracy of the
fitted average energies, the accuracy of the described method
is further limited by the degree of similarity between the
different cores of W II and Hg II. The error resulting from
the differences of these cores might affect the scaling factors
applied to the binding energy. Based on comparisons with
scaling factors found in similar calculations with other �less
similar� cores, such as the W III 5d46s , we assume that this
additional error in the scaling factors should not be larger
than �0.01. As a result, our adopted value of the W II IP is
132 000�1200 cm�1.
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TABLE 4. Even levels of W II

Configuration Term J Level (cm�1) Lande g Leading percentage 2nd percentage

5d4(5D)6s 6D 1/2 0.000 3.186 80 5d4(5D)6s 6D 8 5d4(3P2)6s 4P
3/2 1518.829 1.839 90 5d4(5D)6s 6D 4 5d4(3P1)6s 4P
5/2 3172.473 1.639 95 5d4(5D)6s 6D 1 5d4(3P1)6s 4P
7/2 4716.278 1.563 94 5d4(5D)6s 6D 2 5d4(3F2)6s 4F
9/2 6147.085 1.522 88 5d4(5D)6s 6D 7 5d4(3F2)6s 4F

5d5 6S 5/2 7420.261 1.913 81 5d5 6S 11 4P

5d36s2 4F 3/2 8711.274 0.624 54 5d36s2 4F 12 5d4(3F2)6s 4F
5/2 11301.024 1.084 55 5d36s2 4F 19 5d4(3F2)6s 4F
7/2 13411.939 1.186 40 5d36s2 4F 26 5d4(3F2)6s 4F

1/2 8832.728 2.383 30 5d4(3P2)6s 4P 16 5d4(5D)6s 6D
3/2 10592.485 1.471 29 5d4(3P2)6s 4P 17 5d36s2 4P

5d4(5D)6s 4D 1/2 13173.337 0.455 62 5d4(5D)6s 4D 10 5d5 4D

3/2 14634.336 1.183 55 5d4(5D)6s 4D 15 5d5 4D

5/2 13434.070 1.526 25 5d4(3P2)6s 4P 15 5d36s2 4P

9/2 14857.160 1.234 24 5d4(3F2)6s 4F 22 5d36s2 4F

5/2 14967.745 1.013 25 5d4(5D)6s 4D 18 5d4(3G)6s 4G

5d4(3H)6s 4H 7/2 15146.977 0.872 46 5d4(3H)6s 4H 12 5d36s2 4F

9/2 16553.087 1.137 39 5d4(3H)6s 4H 20 5d36s2 4F

11/2 17436.932 1.181 53 5d4(3H)6s 4H 32 5d4(3G)6s 4G
13/2 19442.466 90 5d4(3H)6s 4H 10 5d4(1I)6s 2I

5/2 16234.715 0.995 28 5d4(3G)6s 4G 18 5d5 4G

7/2 16589.603 1.153 22 5d4(5D)6s 4D 19 5d4(3G)6s 4G
7/2 18000.627 1.098 20 5d4(3G)6s 4G 19 5d4(3H)6s 4H
3/2 18990.929 0.90 19 5d36s2 2D2 11 5d4(3D)6s 2D
9/2 19070.550 1.102 26 5d4(3G)6s 4G 24 5d5 4G

5/2 19276.431 0.997 19 5d4(3F2)6s 2F 12 5d4(3D)6s 4D
1/2 19403.991 0.64 21 5d4(3D)6s 4D 21 5d4(3P2)6s 2P
5/2 19637.309 1.102 12 5d4(3D)6s 2D 11 5d36s2 4F

7/2 20039.682 1.107 20 5d4(3D)6s 4D 17 5d4(3H)6s 4H

5d4(3F2)6s 4F 3/2 20455.888 0.51 38 5d4(3F2)6s 4F 21 5d36s2 4F

5/2 22139.861 1.06 38 5d4(3F2)6s 4F 18 5d4(3F1)6s 4F

11/2 20534.191 1.197 39 5d4(3H)6s 4H 39 5d5 4G

9/2 20780.358 1.065 32 5d4(3H)6s 4H 14 5d36s2 2G

7/2 22194.031 1.119 33 5d36s2 2G 21 5d4(3D)6s 4D

5d4(3D)6s 4D 3/2 22502.951 1.22 41 5d4(3D)6s 4D 18 5d5 4D

5/2 23450.418 1.297 41 5d4(3D)6s 4D 26 5d4(5D)6s 4D
1/2 25045.238 0.32 41 5d4(3D)6s 4D 20 5d4(5D)6s 4D

1/2 22535.610 2.2 29 5d36s2 4P 19 5d4(3P1)6s 4P
7/2 23046.724 0.86 21 5d4(3G)6s 2G 17 5d36s2 4F

9/2 23234.778 1.249 28 5d4(3G)6s 2G 28 5d4(3H)6s 2H
7/2 23803.702 19 5d5 4G 17 5d5 2F1

11/2 23955.349 1.10 39 5d4(3H)6s 2H 18 5d36s2 2H

7/2 24804.612 1.10 13 5d4(3F2)6s 2F 11 5d4(3D)6s 4D
3/2 24991.591 0.9 20 5d5 2D3 18 5d4(3D)6s 2D
3/2 25169.877 1.64 30 5d4(3P1)6s 4P 24 5d5 4P

9/2 25209.233 27 5d36s2 4F 25 5d36s2 2H
5/2 25672.099 0.9 23 5d5 4G 14 5d4(3G)6s 4G

5d5 4G 9/2 26158.581 49 5d5 4G 21 5d4(3G)6s 4G

5/2 26226.897 1.04 28 5d5 4G 13 5d5 4P

5d5 4P 1/2 26526.710 39 5d5 4P 19 2S
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TABLE 4. Even levels of W II—Continued

Configuration Term J Level (cm�1) Lande g Leading percentage 2nd percentage

5d4(1I)6s 2I 11/2 26929.008 50 5d4(1I)6s 2I 21 5d5 2I

13/2 28187.578 75 5d4(1I)6s 2I 16 5d5 2I

7/2 27273.753 31 5d5 4G 23 5d4(3G)6s 4G

5d4(3P1)6s 4P 5/2 28118.836 40 5d4(3P1)6s 4P 10 5d36s2 4P

11/2 28377.585 37 5d5 4G 31 5d4(3G)6s 4G

3/2 28490.920 19 5d4(1D2)6s 2D 19 5d36s2 2P

7/2 28631.688 15 5d5 4D 14 5d4(3F2)6s 2F

9/2 29341.426 22 5d4(3F2)6s 4F 21 5d5 2G2

3/2 30223.744 20 5d36s2 4P 16 5d5 4P

5/2 30618.045 20 5d4(1F)6s 2F 18 5d4(3F2)6s 2F

9/2 30632.927 27 5d4(3H)6s 2H 17 5d36s2 2H

5d5 2I 11/2 31100.286 56 5d5 2I 26 5d4(1I)6s 2I

13/2 31347.087 84 5d5 2I 15 5d4(1I)6s 2I

7/2 31446.928 29 5d5 4F 15 5d5 4D

5/2 31538.785 20 5d5 4D 14 5d5 4F

3/2 32486.525 29 5d5 4D 16 5d4(3D)6s 4D

3/2 32950.226 21 5d4(3F1)6s 4F 18 5d5 4F

7/2 32950.460 21 5d4(1G1)6s 2G 16 5d4(3G)6s 2G

11/2 33910.548 44 5d4(3H)6s 2H 40 5d36s2 2H

5d5 4F 9/2 34090.867 38 5d5 4F 12 5d4(3H)6s 2H

5/2 34447.663 15 5d5 4F 15 5d5 4D

7/2 35315.585 32 5d4(1F)6s 2F 17 5d4(3F2)6s 2F

9/2 35826.644 24 5d4(3F1)6s 4F 16 5d5 2H

5/2 35925.336 31 5d5 4F 18 5d4(3D)6s 2D

7/2 37312.218 20 5d5 4F 14 5d4(3F1)6s 4F

9/2 41583.988 22 5d5 2G2 20 5d4(3G)6s 2G
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TABLE 5. Odd levels of W II

Configuration Term J Level (cm�1) Lande g Leading percentage 2nd percentage

1/2 36165.356 0.678 17 5d4(5D)6p 6F° 10 5d4(3P1)6p 4D°

5d3(4F)6s(5F)6p 6G° 3/2 37971.528 79 5d3(4F)6s(5F)6p 6G° 5 4F°
5/2 39936.842 0.889 82 5d3(4F)6s(5F)6p 6G° 5 4F°
7/2 42390.287 1.161 73 5d3(4F)6s(5F)6p 6G° 4 5d4(5D)6p 6F°
9/2 46493.356 1.311 53 5d3(4F)6s(5F)6p 6G° 8 5d4(5D)6p 4F°

11/2 48332.758 50 5d3(4F)6s(5F)6p 6G° 12 6F°
13/2 53641.254 87 5d3(4F)6s(5F)6p 6G° 11 5d3(2G)6s(3G)6p 4H°

1/2 38576.313 1.614 21 5d4(5D)6p 4P° 17 5d4(5D)6p 6F°
3/2 42298.223 1.498 23 5d4(5D)6p 6D° 17 5d4(5D)6p 4P°
5/2 44354.784 1.390 22 5d4(5D)6p 6D° 13 5d3(4F)6s(5F)6p 6D°

5d4(5D)6p 6F° 3/2 39129.460 1.147 34 5d4(5D)6p 6F° 12 5d3(4F)6s(5F)6p 4D°
5/2 42049.478 1.292 45 5d4(5D)6p 6F° 11 5d3(4F)6s(5F)6p 6F°
7/2 44877.209 1.277 44 5d4(5D)6p 6F° 15 5d3(4F)6s(5F)6p 6G°
1/2 45457.066 0.519 32 5d4(5D)6p 6F° 10 5d3(4F)6s(5F)6p 6F°
9/2 50863.106 1.194 31 5d4(5D)6p 6F° 9 5d4(3G)6p 4H°

11/2 54229.082 35 5d4(5D)6p 6F° 17 5d3(4F)6s(5F)6p 6F°

5d3(4F)6s(5F)6p 6F° 1/2 44455.212 �0.217 43 5d3(4F)6s(5F)6p 6F° 24 5d4(5D)6p 6F°
7/2 51045.292 35 5d3(4F)6s(5F)6p 6F° 19 5d4(5D)6p 6D°

9/2 44758.095 1.270 29 5d3(4F)6s(5F)6p 6G° 12 5d4(5D)6p 6F°
3/2 44911.659 1.221 25 5d3(4F)6s(5F)6p 6F° 17 5d4(5D)6p 4P°
3/2 45553.652 1.033 31 5d4(5D)6p 6F° 5 5d3(2P)6s(3P)6p 4D°
7/2 46175.395 1.452 17 5d3(4F)6s(5F)6p 6D° 15 5d4(5D)6p 6D°
5/2 46355.404 1.236 22 5d4(5D)6p 6F° 10 5d4(5D)6p 4P°
1/2 46625.281 1.70 23 5d4(5D)6p 6D° 20 5d3(4F)6s(5F)6p 6D°
3/2 47179.941 1.007 29 5d3(4F)6s(5F)6p 6F° 13 5d4(5D)6p 4F°
5/2 47413.270 1.111 16 5d4(5D)6p 6P° 10 5d4(5D)6p 4P°

5d4(5D)6p 6P° 3/2 47588.647 2.00 46 5d4(5D)6p 6P° 9 5d3(4P)6s(5P)6p 6P°

5/2 48284.498 1.366 21 5d3(4F)6s(5F)6p 6F° 10 5d4(5D)6p 6P°
7/2 48830.701 1.008 20 5d4(5D)6p 6F° 14 5d4(5D)6p 6P°

5d3(4F)6s(5F)6p 6D° 3/2 48982.939 1.72 35 5d3(4F)6s(5F)6p 6D° 12 5d4(5D)6p 4P°
5/2 50292.354 1.334 32 5d3(4F)6s(5F)6p 6D° 13 5d4(5D)6p 4F°

7/2 49124.508 1.499 26 5d4(5D)6p 6P° 12 5d3(4F)6s(5F)6p 6F°
1/2 49154.484 2.78 22 5d3(4F)6s(5F)6p 6D° 19 5d3(4P)6s(5P)6p 6D°
9/2 49181.034 1.409 25 5d4(5D)6p 6F° 20 5d3(4F)6s(5F)6p 6D°
5/2 49242.042 1.510 30 5d3(4F)6s(5F)6p 6F° 27 5d4(5D)6p 6P°
3/2 50430.999 0.93 14 5d4(5D)6p 4F° 11 5d4(5D)6p 6D°
3/2 51254.429 1.58 17 5d4(5D)6p 6D° 15 5d3(4P)6s(5P)6p 6D°
5/2 51438.064 1.301 15 5d4(5D)6p 4F° 14 5d4(5D)6p 4P°

11/2 51495.054 1.054 44 5d4(5D)6p 6F° 32 5d3(4F)6s(5F)6p 6G°
1/2 51536.621 22 5d4(5D)6p 6D° 14 5d3(4P)6s(5P)6p 6D°
7/2 51862.999 0.937 24 5d4(3H)6p 4H° 17 5d4(3H)6p 2G°
5/2 52087.110 12 5d4(5D)6p 6D° 11 5d3(4F)6s(5F)6p 4D°
7/2 52275.291 1.297 17 5d3(4F)6s(5F)6p 6D° 13 5d4(5D)6p 4F°

5d4(5D)6p 4D° 1/2 52355.250 0.981 33 5d4(5D)6p 4D° 10 5d4(3P2)6p 4D°

9/2 52567.276 26 5d3(4F)6s(5F)6p 6F° 15 5d3(4F)6s(5F)6p 6D°
1/2 52593.766 1.56 19 5d3(4P)6s(5P)6p 6D° 16 5d3(4F)6s(5F)6p 6D°
3/2 52803.012 12 5d4(5D)6p 4D° 12 5d4(5D)6p 6P°
7/2 52901.794 1.374 16 5d3(4F)6s(5F)6p 4D° 9 5d3(4F)6s(5F)6p 6D°
5/2 53113.533 1.262 19 5d4(5D)6p 6D° 6 5d3(4P)6s(5P)6p 6D°
3/2 53329.762 1.357 12 5d4(5D)6p 6D° 9 5d4(5D)6p 4D°
7/2 53338.075 0.968 14 5d4(3G)6p 4H° 12 5d3(2G)6s(3G)6p 4H°
9/2 53370.011 1.086 14 5d4(3H)6p 4H° 12 5d4(3H)6p 4I°
3/2 53423.050 0.976 18 5d3(4F)6s(5F)6p 6D° 7 5d3(4P)6s(5P)6p 6D°
1/2 53440.213 2.038 29 5d4(5D)6p 4P° 18 5d4(5D)6p 6D°
5/2 54026.309 12 5d4(5D)6p 4P° 8 5d3(4F)6s(5F)6p 4F°
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TABLE 5. Odd levels of W II—Continued

Configuration Term J Level (cm�1) Lande g Leading percentage 2nd percentage

9/2 54056.594 1.123 21 5d3(4F)6s(5F)6p 6F° 14 5d3(2G)6s(3G)6p 4H°
3/2 54137.225 1.608 13 5d3(4P)6s(5P)6p 6P° 12 5d3(4P)6s(5P)6p 6D°
5/2 54375.859 1.51 15 5d3(4F)6s(5F)6p 6D° 10 5d3(4P)6s(5P)6p 6D°
1/2 54485.701 1.46 11 5d3(2P)6s(3P)6p 2S° 6 5d4(3P1)6p 2S°
7/2 54498.608 17 5d4(5D)6p 6D° 7 5d4(5D)6p 4D°
5/2 54704.585 0.623 10 5d4(5D)6p 6D° 6 5d4(5D)6p 4F°
11/2 54958.573 1.141 26 5d4(3H)6p 4I° 26 5d4(3H)6p 4H°
7/2 55022.932 22 5d4(5D)6p 6D° 10 5d3(4F)6s(5F)6p 6D°
5/2 55162.390 1.00 23 5d4(5D)6p 4D° 8 5d3(4F)6s(3F)6p 4D°
9/2 55392.446 1.061 15 5d4(3H)6p 4H° 15 5d3(4F)6s(5F)6p 6D°

5d3(4P)6s(5P)6p 6P° 3/2 55488.134 45 5d3(4P)6s(5P)6p 6P° 5 5d4(3P2)6p 4P°
5/2 56544.508 31 5d3(4P)6s(5P)6p 6P° 12 6D°

3/2 56084.326 1.021 17 5d4(5D)6p 4F° 10 5d4(5D)6p 4D°
11/2 56376.569 23 5d3(4F)6s(5F)6p 6F° 16 5d3(2G)6s(3G)6p 4H°
9/2 56413.649 30 5d4(5D)6p 6D° 16 5d4(3H)6p 4I°

5d4(3H)6p 4H° 13/2 56439.643 34 5d4(3H)6p 4H° 17 4I°

7/2 56612.836 1.22 10 5d4(5D)6p 4D° 9 5d3(4F)6s(3F)6p 4D°
7/2 56768.602 1.147 12 5d3(2H)6s(3H)6p 4H° 10 5d3(2G)6s(3G)6p 4H°
5/2 56874.983 0.815 8 5d3(4F)6s(5F)6p 4G° 7 5d4(5D)6p 4F°
3/2 56932.345 1.06 10 5d3(4F)6s(3F)6p 4D° 8 5d4(5D)6p 4D°
9/2 57089.482 15 5d3(2G)6s(1G)6p 2H° 11 5d3(2H)6s(3H)6p 4I°
5/2 57252.138 12 5d3(4F)6s(5F)6p 4F° 9 5d4(3H)6p 4G°
7/2 57729.994 1.184 15 5d4(5D)6p 4F° 7 5d4(3G)6p 4F°
5/2 57856.759 1.36 14 5d3(4P)6s(5P)6p 6P° 9 5d4(3D)6p 4D°
9/2 57986.939 15 5d4(3G)6p 4H° 15 5d3(2G)6s(3G)6p 4H°
3/2 58007.690 1.20 12 5d3(4P)6s(5P)6p 6D° 9 5d4(3P2)6p 2D°
1/2 58308.799 20 5d4(5D)6p 4D° 13 5d3(2P)6s(3P)6p 4D°
5/2 58337.096 10 5d3(4P)6s(5P)6p 6D° 8 5d3(4F)6s(3F)6p 4G°
7/2 58537.630 18 5d3(4P)6s(5P)6p 6P° 16 5d3(4P)6s(5P)6p 6D°
9/2 58687.965 21 5d3(4F)6s(5F)6p 4F° 17 5d4(3G)6p 4F°
7/2 58709.614 10 5d3(4P)6s(5P)6p 6D° 8 5d3(4F)6s(5F)6p 4G°
3/2 58748.042 0.78 8 5d3(2G)6s(3G)6p 4F° 7 5d4(3F2)6p 4F°
11/2 58891.742 1.144 25 5d4(3H)6p 4I° 18 5d4(3H)6p 4G°
7/2 59276.854 1.102 11 5d3(4F)6s(5F)6p 4F° 9 5d4(3H)6p 4G°
3/2 59370.490 19 5d3(2D2)6s(3D)6p 4F° 10 5d4(3G)6p 4F°
9/2 59399.339 1.179 26 5d4(5D)6p 4F° 6 5d3(4F)6s(5F)6p 6D°
5/2 59443.051 20 5d3(4P)6s(5P)6p 6P° 20 5d3(4P)6s(5P)6p 6D°
3/2 59816.385 12 5d3(4P)6s(5P)6p 4P° 10 5d3(4F)6s(3F)6p 2D°
7/2 59869.150 1.125 15 5d4(3G)6p 4G° 12 5d3(4F)6s(3F)6p 4G°
7/2 59933.692 9 5d4(3G)6p 2F° 8 5d4(3G)6p 4F°
5/2 59992.379 5 5d4(3G)6p 4G° 5 5d4(5D)6p 4D°
11/2 60219.015 1.130 16 5d4(3H)6p 2I° 11 5d4(3F2)6p 4G°
7/2 60256.547 16 5d3(4P)6s(5P)6p 6P° 9 5d3(4P)6s(5P)6p 6D°
9/2 60278.726 15 5d4(3H)6p 2G° 9 5d4(5D)6p 4F°
7/2 60424.237 14 5d3(4P)6s(5P)6p 6P° 9 5d3(2G)6s(3G)6p 4F°
5/2 60474.732 8 5d4(3P2)6p 2D° 7 5d4(3F2)6p 4F°
5/2 60656.540 19 5d4(3G)6p 4F° 7 5d3(2G)6s(3G)6p 4F°
3/2 60665.356 11 5d4(3G)6p 4F° 9 5d4(3P2)6p 4S°
5/2 60901.023 0.92 17 5d3(2G)6s(3G)6p 4G° 8 5d3(2G)6s(3G)6p 4F°
9/2 61055.849 13 5d4(3H)6p 4G° 12 5d3(4F)6s(5F)6p 4G°
3/2 61117.662 15 5d3(4F)6s(3F)6p 4F° 14 5d4(3G)6p 4F°
11/2 61240.813 1.120 21 5d4(3H)6p 4H° 17 5d4(3H)6p 4I°
7/2 61326.281 11 5d4(3G)6p 4H° 9 5d4(3H)6p 4G°
9/2 61360.578 12 5d4(3H)6p 4G° 10 5d4(3G)6p 4G°
7/2 61550.649 10 5d4(3F2)6p 4G° 6 5d4(3G)6p 2G°
5/2 61566.854 1.07 11 5d3(2G)6s(3G)6p 4G° 6 5d4(3F2)6p 4F°
11/2 61589.457 1.149 15 5d4(3H)6p 4G° 14 5d4(3H)6p 2I°
13/2 61602.268 30 5d4(3G)6p 4H° 21 5d4(3H)6p 4I°
1/2 62131.107 23 5d3(4P)6s(3P)6p 2P° 14 5d4(3P2)6p 2P°
9/2 62330.855 17 5d3(4P)6s(5P)6p 6D° 11 5d4(3F2)6p 4G°
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TABLE 5. Odd levels of W II—Continued

Configuration Term J Level (cm�1) Lande g Leading percentage 2nd percentage

5/2 62333.247 8 5d4(3G)6p 4G° 7 5d3(2D2)6s(3D)6p 4F°
9/2 62437.086 18 5d3(2H)6s(3H)6p 4I° 13 5d4(3F2)6p 4F°
3/2 62454.559 13 5d3(2P)6s(3P)6p 4D° 12 5d4(3P2)6p 4D°
7/2 62561.090 14 5d4(3D)6p 4D° 9 5d3(2D2)6s(3D)6p 4D°

13/2 62714.675 30 5d4(3H)6p 4H° 18 5d4(1I)6p 2K°

5d3(4P)6s(5P)6p 6D° 9/2 62716.159 63 5d3(4P)6s(5P)6p 6D° 7 5d3(4F)6s(5F)6p 6D°

3/2 62724.690 10 5d3(4P)6s(3P)6p 2P° 8 5d4(3P2)6p 2P°
11/2 62966.514 12 5d4(3H)6p 2I° 11 5d4(1I)6p 2I°
5/2 62989.639 13 5d4(3F2)6p 4G° 6 5d4(3D)6p 4D°

13/2 63087.934 29 5d4(3H)6p 4I° 21 5d3(2H)6s(3H)6p 4I°
3/2 63134.773 26 5d4(3D)6p 4D° 11 5d4(3D)6p 4F°
7/2 63266.459 13 5d4(3G)6p 4H° 7 5d3(2G)6s(3G)6p 4H°
7/2 63788.242 11 5d4(3H)6p 4H° 9 5d4(3F2)6p 4F°

5d4(3H)6p 4I° 15/2 63875.361 81 5d4(3H)6p 4I° 13 5d4(1I)6p 2K°

5/2 63880.265 12 5d3(4F)6s(3F)6p 4G° 9 5d3(2G)6s(3G)6p 4G°
5/2 64030.511 17 5d4(3D)6p 4P° 8 5d4(3P2)6p 4P°
9/2 64207.585 9 5d4(3F2)6p 4F° 8 5d4(3H)6p 2H°
3/2 64255.162 11 5d4(3D)6p 4F° 10 5d3(2P)6s(1P)6p 2D°
5/2 64310.114 7 5d4(1F)6p 2D° 6 5d4(3F2)6p 2D°
7/2 64356.750 11 5d4(3F2)6p 4F° 9 5d3(2G)6s(3G)6p 4F°
9/2 64516.226 14 5d4(3G)6p 4F° 13 5d4(3D)6p 4F°
3/2 64804.173 8 5d4(3F2)6p 2D° 7 5d3(2G)6s(3G)6p 4F°
7/2 64896.325 14 5d4(1F)6p 2G° 7 5d3(2F)6s(1F)6p 2G°
11/2 64969.172 18 5d4(3G)6p 4G° 15 5d3(2H)6s(3H)6p 4I°
5/2 64990.383 9 5d4(3F2)6p 2F° 6 5d4(3G)6p 4G°
9/2 65003.292 23 5d3(2H)6s(3H)6p 4I° 9 5d3(2G)6s(3G)6p 4G°
3/2 65299.715 9 5d4(3D)6p 4P° 9 5d3(4P)6s(5P)6p 4D°
11/2 65326.546 20 5d3(2G)6s(3G)6p 4G° 10 5d3(2H)6s(1H)6p 2H°
7/2 65455.496 12 5d3(2H)6s(3H)6p 4H° 11 5d3(2G)6s(3G)6p 4H°

5d3(4P)6s(5P)6p 6S° 5/2 65481.012 49 5d3(4P)6s(5P)6p 6S° 7 4P°

7/2 65643.968 13 5d3(4F)6s(3F)6p 2F° 9 5d4(3F2)6p 2F°
11/2 65684.866 14 5d4(3H)6p 2I° 10 5d4(3H)6p 2H°
7/2 66026.803 10 5d3(2H)6s(3H)6p 4H° 8 5d3(4F)6s(3F)6p 4G°
5/2 66144.496 11 5d26s2(3F)6p 4G° 8 5d3(4F)6s(3F)6p 2F°
9/2 66271.003 14 5d3(4F)6s(3F)6p 4G° 13 5d4(3H)6p 2H°
11/2 66703.457 14 5d4(1I)6p 2H° 14 5d3(2H)6s(3H)6p 4I°
9/2 66816.290 16 5d4(3G)6p 4G° 13 5d3(2H)6s(3H)6p 4G°
7/2 66898.059 11 5d4(3G)6p 4G° 7 5d4(3D)6p 4F°
9/2 67028.654 17 5d4(3D)6p 4F° 10 5d3(2D2)6s(3D)6p 4F°
5/2 67173.555 17 5d4(3D)6p 4F° 12 5d4(3G)6p 4G°
9/2 67847.271 24 5d3(2H)6s(3H)6p 4H° 9 5d4(3G)6p 2G°
11/2 68012.627 29 5d3(2G)6s(3G)6p 4H° 10 5d3(2H)6s(3H)6p 4H°

5d4(1I)6p 2K° 13/2 68079.006 47 5d4(1I)6p 2K° 31 5d4(3H)6p 2I°
15/2 72821.142 59 5d4(1I)6p 2K° 22 5d3(2H)6s(3H)6p 4I°

7/2 68362.322 11 5d4(3G)6p 2F° 9 5d4(3G)6p 4H°
5/2 68443.785 14 5d4(3F2)6p 4D° 9 5d3(2D2)6s(3D)6p 4D°
3/2 68499.486 8 5d4(3D)6p 4F° 7 5d4(3F2)6p 4D°
7/2 68619.990 7 5d3(4P)6s(5P)6p 4D° 6 5d4(1F)6p 2F°
9/2 68734.663 16 5d4(3G)6p 4H° 12 5d4(3G)6p 2H°

5d3(2H)6s(3H)6p 4I° 13/2 69035.063 42 5d3(2H)6s(3H)6p 4I° 11 5d4(3H)6p 4H°
15/2 70845.790 72 5d3(2H)6s(3H)6p 4I° 28 5d4(1I)6p 2K°

5/2 69060.711 8 5d4(1D2)6p 2F° 6 5d3(2H)6s(3H)6p 4G°
9/2 69105.775 9 5d3(2H)6s(3H)6p 4H° 8 5d4(3F2)6p 4G°
5/2 69481.712 11 5d4(3G)6p 2F° 6 5d4(3D)6p 2F°
7/2 69580.334 6 5d3(2H)6s(3H)6p 4G° 5 5d4(3G)6p 2F°
11/2 69587.792 14 5d4(3G)6p 4G° 10 5d3(2H)6s(3H)6p 4I°
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TABLE 5. Odd levels of W II—Continued

Configuration Term J Level (cm�1) Lande g Leading percentage 2nd percentage

5d3(2H)6s(3H)6p 4H° 13/2 70000.529 40 5d3(2H)6s(3H)6p 4H° 19 5d4(1I)6p 2I°

7/2 70211.800 7 5d3(2D2)6s(3D)6p 4D° 7 5d4(1G2)6p 2F°
7/2 70674.184 8 5d3(4F)6s(3F)6p 2F° 8 5d4(1G2)6p 2F°
9/2 70902.470 14 5d4(3G)6p 4G° 10 5d4(3G)6p 2G°
11/2 71164.174 25 5d4(1I)6p 2I° 13 5d3(2H)6s(3H)6p 4H°

5d4(1I)6p 2I° 13/2 71220.067 41 5d4(1I)6p 2I° 11 5d4(3H)6p 2I°

9/2 71245.032 12 5d4(3H)6p 2H° 10 5d3(2H)6s(1H)6p 2G°
9/2 71785.392 20 5d4(1I)6p 2H° 11 5d4(1F)6p 2G°
11/2 72180.632 20 5d4(3G)6p 2H° 16 5d4(3H)6p 2H°
9/2 72401.581 11 5d4(1G1)6p 2G° 11 5d3(4F)6s(3F)6p 2G°
9/2 72557.895 11 5d4(1I)6p 2H° 7 5d4(3G)6p 2H°
7/2 72597.303 10 5d3(2D2)6s(3D)6p 4F° 9 5d3(2D1)6s(3D)6p 4F°
11/2 73266.317 25 5d3(2H)6s(1H)6p 2I° 16 5d4(3G)6p 2H°
7/2 73427.537 19 5d3(2F)6s(3F)6p 4G° 11 5d3(2H)6s(3H)6p 4G°
9/2 73705.965 27 5d3(2H)6s(1H)6p 2H° 9 5d3(2G)6s(1G)6p 2H°
9/2 74446.931 10 5d4(1G2)6p 2G° 9 5d4(3D)6p 4F°
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TABLE 6. Observed lines of W II

621621ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.

638638 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.

661661ATOMIC SPECTRA FOR W I AND W II

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 6. Observed lines of W II—Continued.

662662 A. E. KRAMIDA AND T. SHIRAI

J. Phys. Chem. Ref. Data, Vol. 35, No. 1, 2006



TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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TABLE 6. Observed lines of W II—Continued.
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