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Abstract

Energy levels and wavelengths of the second spectrum of beryllium (Be II)
were critically compiled. Energies of the levels involving excitation of the
valence electron were re-optimized using the new data on transition wavelengths
or calculated using precise semi-empirical formulas. Energies of the doubly-
and triply-excited terms were taken from the recently published compilation
[Kramida, A. E., Physica Scripta 57, 66 (1998)] or obtained from recently
published Auger electron spectra. Observed wavelengths and wavelengths
calculated from the differences of the upper and lower levels are given together
with their uncertainties.

1. Energy levels with no core excitation

Doubly ionized beryllium is the second member of the Li I
isoelectronic system. Its ground state is 1s>2s. The spectrum
of Be™ divides into two very different parts: the singly-excited
spectrum originating from energy levels lying below the first
ionization limit, and the core-excited spectrum which is due to
the energy levels involving excitation of one or both inner 1s
electrons.

Study of the Be II singly-excited spectrum began with the work
of Paschen and Kruger [1] who used arc emission to observe the
2s — np, 2p — ns, 2p — n'd, 3p — n’d, and 3s — n’p series up to
n=7n=8,n =6inthe 725A to 2300 A wavelength region.
The energy levels included in C. E. Moore’s AEL compilation [2]
were based on this work.

This early analysis was extended by Johansson [3] who re-
determined most of the levels with higher accuracy and added
the 3p — ns, 4p — nd, 4d — nf and 4f — ng series by measuring
lines emitted by a vacuum spark in the region 1500 A to 12100 A.
Most of the energy levels listed in Ref. [3] had an uncertainty of
0.05cm™! relative to the 1s*3s 2S; /5 level. Their position relative
to the ground state was determined by the two 2p — 3s and 2p — 3d
doublets at 1512A and 1776 A. Uncertainty of these lines was
about 0.3cm™!. From Paschen and Kruger’s term list [1], only
the 1s7s 2S and 1s>7p 2P° terms remained unchanged.

Applying semi-empirical polarization formulas to the highly-
lying hydrogen-like terms, Johansson [3] determined the first
ionization limit at 146882.86cm™'. Although he declared an
accuracy of +0.05 cm™! for this value, this uncertainty refers only
to the position of the limit relative to the n = 3 levels. The overall
uncertainty of the ionization potential (IP) is further restricted
by the uncertainty of the connection of the n = 3 levels with the
ground state.

The later observations of several 4s — np, 4p — ns, 4d — np,
Sp-nd, 5g — nh, 3p — nd, 3d — np, 3d — nf, 4d — nf, and
4f — ng series members by Holmstrom and Johansson [4]
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and Jupén et al. [5] did not alter the value of the IP. Thus,
the adopted value of the IP remains 146882.86 +0.35cm™!
(18.21115 £ 0.000043 V).

Holmstrom and Johansson [4] resolved the fine-structure
splitting of the 5p 2P° term and determined the position of the
6p 2P° term.

Esteva et al. [6] observed the n = 8 and 9 members of the
1s?np series in the absorption spectrum of a vacuum spark. Their
method involved the usage of two vacuum sparks, one of them
providing the background continuum, and the other one serving
as the absorbing medium. In this work, the uncertainty of the
measured energy levels was about 60cm™".

Using laser spectroscopy of Be™ ions stored in a Penning trap,
Bollinger et al. [7] determined the 2s %S » — 2p ?P; 1232 intervals
as 31928.7436 & 0.0040cm~! and 31935.3198 £ 0.0045cm !,
respectively, and the 1s*2p°P{,,,, fine-structure splitting as
197150 4 64 MHz. They also measured the hyperfine structure
(HFS) constant A/, of the 2p2P‘1’/2 state, Ay, = —118.6 &
3.6 MHz, and obtained a rough estimate of the 2p A3/, constant,
Az = —19.2 £28.6 MHz. The HFS constant of the ground
state was precisely measured by Wineland et al. [8]: A =
—625.008837048(10) MHz.

Denne et al. [9] measured the fine-structure intervals for the
4d 2D, 5d 2D, 4f 2F°, 5f 2F°, and 6f 2F° terms using the fast-
beam level-crossing spectroscopy technique. They found that the
splittings for n > 5 agree within the experimental uncertainties
(5 MHz) with the hydrogenic splittings defined by the formula:

Ep = Re* Zeie* /0101 + 1)),

where n is the principal quantum number, Z. is the effective
nuclear charge (Z.s = 2 for Be II).

The HFS measurements refer to the isotope 9Be, which
constitutes almost 100% of the composition of natural beryllium.
Another isotope, '°Be, is present in natural beryllium only at a
trace level [10]. It does not have HFS. The HFS effects, as well
as the isotopic shifts, do not contribute to the observed spectra
discussed in this compilation. However, they are significant for
determination of the properties of the Be™ nucleus and high-
precision atomic clock applications. We refer to them to ensure
completeness of the presented materials about the Be™ ion.

The line wavelengths and fine-structure intervals measured in
Refs. [4, 7, and 9] deviated slightly but noticeably from the values
calculated using the energy levels given by Johansson [3] and
Holmstrom and Johansson [4]. In order to improve the consistency
between the energy levels and observed lines, we re-optimized
the set of energy levels using the least-squares fitting program
LOPT [11]. The resulting set of levels is presented in Table
I. These new energy level values agree within 0.03cm™! with
the values from Refs. [3] and [4], except for the 5s 25, 2 level
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Table I. Energy levels of Be II.

Splitting
Uncert.® I3 Splitting uncert.
Configuration® Term J Level® (cm™) (em™h) percentage (em™h) (cm™h)
1s22s 28 1/2 0.000 0.3 100
1s22p 2pe 1/2 31928.744 0.3 100
3/2 31935.320 0.3 100 6.5764 0.002
1535 s 1/2 88231.915 - 100
1s%3p p° 1/2 96495.360 0.014 100
3/2 96497.288 0.014 100 1.93 0.02
1s23d ’D 3/2 98054.57 0.10 100
5/2 98055.10 0.10 100 0.53 0.06
1s%4s 28 1/2 115464.44 0.07 100
1s%4p 2p° 1/2 118760.51 0.09 100
3/2 118761.32 0.09 100 0.81 0.03
1s24d ’D 3/2 119421.20 0.06 100
5/2 119421.44 0.06 100 0.24327° 0.00013
1s24f 2F° 5/2 119446.59 0.12 100
7/2 119446.72 0.12 100 0.1224¢ 0.0002
15255 ’s 1/2 127335.12 0.09 100
1s25p 2pe 1/2 128971.62 0.08 100
3/2 128972.05 0.08 100 0.43 0.06
1s25d ’D 3/2 129310.13 0.09 100
5/2 129310.25 0.09 100 0.1244¢ 0.0003
1s25f 2F° 5/2 129323.85 0.06 100
7/2 129323.92 0.06 100 0.0624¢ 0.0002
1s%5g G 129325.46 0.14 100
15265 s 1/2 133556.44 0.10 100
1s26p 2pe 1/2 134485.37 0.12 100
3/2 134485.61 0.12 100 [0.251F 0.03
1s26d ’D 134681.15 0.10 100
1s26f 2F° 5/2 134689.20 0.12 100
7/2 134689.23 0.12 100 0.0359° 0.0002
1s%6g G 134690.16 0.2 100
1s26h 2H° [134690.451" 0.12 100
1s27s s 12 [137218.7818 0.12 100
1s%7p 2pe 12 [137795.9718 0.12 100
3/2 [137796.1218 0.12 100 [0.151F 0.03
1s27d D 137919.17 0.09 100
1s27f 2p° 137924.31 0.2 100
1s%7g G 137925.11 0.2 100
1s27h 2H° 137925.13 0.2 100
1528s 28 1/2 [139555.1612 0.12 100
1s28p 2pe 1/2 [139938.0818 0.2 100
3/2 [139938.1918 0.2 100 [0.101 0.03
1s28d ’D [140020.58]F 0.08 100
1s28f 2F° [140024.12]F 0.08 100
1s%8g G 140024.58 0.3 100
1s28h ZH° 140024.70 0.2 100
1s29s s 1/2 [141136.31]8 0.12 100
1s29p 2pe 1/2 [141403.2518 0.12 100
3/2 [141403.3118 0.12 100 [0.071 0.03
1s29d ’D [141461.15]F 0.08 100
1s29f 2pe [141463.65] 0.08 100
1s29g G [141463.951F 0.08 100
1s29h 2H° [141464.021F 0.12 100
1s210s s 12 [142255.8418 0.12 100
1s210p 2pe 12 [142449.3118 0.12 100
312 [142449.3512 0.12 100 [0.051F 0.03
1s210f 2pe [142493.331F 0.06 100
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Splitting

Uncert. % ond Splitting uncert.
Configuration® Term J Level® (cm™!) (cm™) percentage percentage (cm™) (cm™)
1s210g G [142493.551" 0.12 100
1s210h 2H° [142493.601F 0.12 100
Be IIT 1s% 'Sg Limit 146882.86 0.05
15252 s 1/2 922000 a 800 88 12 1s2p? s
1s2s2p 4po 934593.0 +x 30 100
15(>S)2s2p(3P°) 2pe 957768 a 100 95 5 1s(>S)2s2p(' P°) 2pe
1s(>S)2s2p('P°) 2pe 975800 a 300 94 5 15(>S)2s2p(3P°) 2pe
1s2p? 4p 977597.9 +x 30 100
1s2p? ’D 987370 a 100 96
1s2p? ’p 993109 100 100
1s2p? s 1/2 1014700 a 400 85 11 15252 2s
152s3s 4s 3/2 1032653.6  +x 7 92 7 1s2p3p 4s
152s(3S)3s EN 1/2 1039000 a 1600 86 12 1s2p(PP°)3p s
1s2s3p 4pe 1043670 +x 30 98
1525(3S)3p 2pe 1044600 a 200 86 10 1s2p(CP°)3s 2pe
1s2s3d ‘D 10499083  +x 1.0 95
1525(3S)3d ’D 1053600 a 500 94
1525(18)3s 28 1/2 1058400 a 1600 86 13 1s2p(1P°)3p s
1s2p3s 4pe 1064092.3  +x 7 96
1s2s(1S)3p 2pe 1064600 a 300 53 24 1s2p(PP°)3s 2pe
1s2s4s 4s 3/2 1067182 +x 30 91 5 1s2p3p 4s
152s(S)4p 2pe 1070300 a 300 58 30 152s('S)3p 2pe
1s2p3p ‘D 1070336 +x 20 91 5 152s3d ‘D
152p(3P°)3p 2p 1070900 500 95
1s2s4p 4p° 1071660 +x 7 96
1s2s4f 4F° 1072999.0  +x 0.8 66 33 1s2p3d B o
1s2p(PP°)3s 2pe 1073400 a 600 46 21 1s2p('P°)3s 2pe
1s2s(1S)3d D 1073500 a 500 58 18 1s2s(3S)4d D
1s2p3p 4s 3/2 1074186 +x? 20 85 7 1s2s4s 4s
1s2s4d ‘D 1074522 +x 30 97
1s2p3p 4P 1074607.6  +x 20 99
1s2p(PP°)3p ’D 1076100 a 400 48 48 152s(3S)4d ’D
1s2p(3P°)3d 2p° 1077320 100 99
152s(3S)4d ’D 1077700 a 800 32 32 1s2p(PP°)3p ’D
1s2p3d 4pe 1078386.0  +x 1.0 60 34 152s4f 4p°
1s2p3d 4pe 1079485.0  +x 0.5 100
1s2p(3P°)3p N 1/2 1080800 a 500 47 35 1525(3S)5s s
1s2p3d 4pe 1081700 +x 6 80 13 1s2s5p 4pe
1s2s5d ‘D 1085071 +x 40 99
152s5f 4pe 1086065 +x 10 95 5 1s2p3d 4pe
1s2p('P°)3p ’D 1087000 a 300 84 8 152s('S)3d ’D
1s2p('P°)3p 2p 1088900 ? 300 89 5 1s2p(CP°)dp 2p
1s2p('P°)3d 2p° 1092460 100 99
1s2p('P°)3d 2pe 1092600 a? 500 54 36 1525(3S)6f 2p°
1s2pds 4pe 1096291 +x 30 97
1s2pdp ‘D 1098622 +x? 11 70 25 152s9d ‘D
1s2p(CP°)dp 2p 1098900 400 93 6 1s2p('P°)3p 2p
1s2pdp 4s 3/2 1099980 +x? 12 58 23 152s10s 43
1s2pdp ‘p 1100118 +x? 20 98
1s2p(CP°)4d 2pe 1101320 100 99
1s2p4d 4pe 1102105 +x 20 100
1s2pCP°)4f 2F [1102341] 100 99
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Table I. Continued.

Splitting
Uncert. 1% ond Splitting uncert.
Configuration® Term J Level® (cm™!) (cm™) percentage percentage (cm™) (cm™)
1s2p4f 4F [1102356.0] +x fixed 99
1s2p4f ‘D 1103136 +x 6 70 25  1s2snd ‘D
Be III 1525 3S; Limit 1103388.5 0.2
1s2p5d 4pe 1112385 +x 40 100
1s2p(3P°)5f ’F 1112455 100 98
1s2p5f 4F 1112474 +x 12 98
1s2p('P°)dp ’p 1112700 700 77 15 1s2pCP°)5p %P
1s2p6d 4pe 1117612.6 +x? 20 100
1s2p6f 4F 1117947 +x? 7 98
1s2p('P°)5p ’p 1124040 ? 130 96
Be Il 1525 'Sy Limit 1128058.3 0.5
Be III 1s2p 3P° Limit 1130251.1 0.4
Be III 1s2p 'P§ Limit 1144335.1 0.5
15(38)3s3p(°P°)  2P° 1195600 a 400 95
1s(38)3s3p('P°)  2P° 1210900 a? 400 44 43 1s3pCP°)3d  2P°
25%2p 2pe 2167800 a 600 88 1 2p 2pe
252p> 4p 2171400 a+x? 1000 100
252p> ’D 2199100 a 600 99
2p? 4s° 3/2 2214500 +x 500 100
2s2p? s 1/2 2220700 a? 1000 98
2s52p? 2p 2225200 a 600 100
2p° 2pe 2225900 a 600 98
2p? 2pe 2249500 a 300 86 11 2s%2p 2pe
2s23p 2pe 2301900 a? 300 47 37 2s2pCP°)3s  2P°
2s52p3p 4p 2314900 atx 800 100
2s23d ’D 2317100 a? 300 65 16 2p*('S)3d ’D
2s2p(*P°)3d 2p° 2323700 a 300 91 6  2p*CP)3p 2D

2 Configuration and term labels for many of the doubly- and triply-excited levels are somewhat arbitrary because of the strong configuration
mixing.

b Energies in square brackets are calculated values. The various symbols next to the energy values have the following meaning: a — The level has a fast autoionization
decay channel; +x — The quantity x denotes the unknown shift between the quartet and doublet term systems. According to Ref. [20], the value of x is restricted by
+50cm™!; ? — Identification of this level is uncertain.

¢ Uncertainties of all doublet terms are given relative to the 1523s 2S; /2 level. Uncertainty of the 15%2p levels relative to the ground state is 0.005 cm™'. Uncertainties
of all quartet terms are given relative to the 1s2p4f *F term that was fixed in the level optimization process [20]. Uncertainty values of 130cm™! and less of the

doubly-excited levels are determined relative to the 152p(3PO )4f 2F term that was fixed based on the small 2F — *F interval [20)].

4 The 1s>2p ZP‘I’ n- ng P splitting was measured in Ref. [7].
€ The 1s24d, 5d, 4f, 5f, and 6f fine-structure splittings were measured in Ref. [9].

f The lsznp (n > 6) fine-structure splittings and centers of gravity of the 1s%6h, 8d, 8f, 9d, 9f, 9g, 9h, 10f, 10g, and 10h configurations were calculated using Edlén’s

interpolation formulas [13] with corrected 1s22p ZP‘]’ n- 2P§ /2 splitting.

2 The energies of the 1527s, 8s, 9s, and 10s levels and centers of gravity of the 1s>7p, 8p, 9p, and 10p configurations were calculated using empirical polarization

formulas given in Ref. [3].

deviating by —0.07cm™' and 4s >S;; and 5p *Py, levels
deviating by 40.04cm~!. Thus, there is no change in the
IP value.

Johansson [3] provided a set of very accurate semi-empirical
Ritz formulas from which the term values of the ns, np, and
nd levels can be calculated. Edlén [12, 13] obtained another
set of semi-empirical formulas by means of least-squares fitting
along the Li I isoelectronic sequence. Edlén’s Ritz formulas [13]
for the energies of the ns levels and centers of gravity of the np
terms produce slightly greater deviations from the observed Be 11
energies than Johansson’s formulas [3], so we used the latter to
obtain the energies of these two series for n > 7. These calculated
energies are expected to be more accurate than experimental
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values derived from transitions observed by Paschen and Kruger
[1], Jupén et al. [5], and Esteva et al. [6]. The np P° fine-structure
splittings for n > 6 were calculated using Edlén’s semi-empirical
formula:

Ac,, = 1L.OI(T,,/ T2p)** Acay,

where T,,, and T, are ionization energies of the np and 2p terms,
respectively, and Aay, is the splitting of the 2p *P° term (see
Ref. [13], footnote for Table XI).

For the nd, nf, and ng series, Edlén’s polarization formulas
[12, 13] reproduce the observed energies within the experimental
uncertainties. We used these formulas to calculate the energies of
the 6h, 8d, 8f, 9d, 9f, 9g, 9h, 10f, 10g, and 10h terms. In these
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calculations, we used Johansson’s value of the IP [3] and the
precisely known 2p splitting [7]. All calculated energies (given
in Table I in square brackets) are expected to be accurate to
+0.05cm™! relative to the ionization limit, which is significantly
more accurate than can be obtained using the observed lines.
We do not give the fine-structure splittings for the highly-
lying hydrogenic levels that were not resolved experimentally.
If needed, they can be easily calculated using the formula for the
hydrogenic splitting given above.

The uncertainties of the energies listed in Table I are
given relative to the 1s?3s level. In order to obtain the uncer-
tainties relative to the ground state, they must be combined with
the uncertainty of the connection of the n = 3 levels with the
ground state (0.3cm™"). The exception is for the 1s*2p *P{ ; 5
levels which are determined with uncertainty +0.005cm™!
relative to the ground state.

In the level optimization procedure, we used only the observed
wavelengths and their experimental uncertainties. The only level
that was fixed in the optimization procedure was the ground state.

In Table I, the fine-structure splitting intervals measured in
Ref. [9] were converted from units of MHz to cm™! using the
accepted value for the speed of light [14].

Radiative lifetimes of a number of singly-excited terms of Be II
were measured in Refs. [15] and [16] (see also references therein).
We refer to them only for completeness of the presented material.

The values of the Be III 1s2s '3S and 1s2p *P° limits given
in Table I were derived from the energy levels of Be III found by
Jupén et al. [17] combined with the IP value given above.

All percentage compositions included in Table I were
calculated by means of a least-squares parametric fitting
procedure using Cowan’s codes [18].

2. Core-excited energy levels

The core-excited spectrum of Be II has been investigated by
a large number of authors since 1970. The main experimental
techniques used in these studies were beam-foil spectroscopy
and absorption spectroscopy using dual laser-produced or
vacuum-spark plasmas. Some energy levels were measured in
Auger-electron spectra. A brief review of the experimental (beam-
foil) and theoretical works on the doubly and triply excited terms
of Be II and other lithium-like ions up to year 1989 can be found
in the paper of Mannervik [19]. The present author has previously
re-evaluated and summarized all experimental and theoretical data
on energy levels and line identifications of the Be II core-excited
spectrum [20]. Values of energies and percentage composition of
singly core-excited levels given in Table I are taken from this
paper.

The fine-structure splittings in the core-excited terms of
Be II are smaller than 10cm™' and were not resolved in
experiments [20].

The position of the quartet term system relative to the ground
state was determined in Ref. [20] on the basis of very accurate
calculations of non-relativistic energies of quartet terms done
by Galan and Bunge [21], combined with relativistic and QED
corrections accurately computed by other authors. In combination
with the energy of the Be III ground state from Lindroth et al. [22]
and IP of Be II from Ref. [3], this yielded the excitation energy
of the 1s2p4f *F term at 1102356cm™!, which was considered
to be accurate to £50cm™~". This determination of the position
of the quartet system is much more accurate than the only
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experimental measurement made by Rgdbro et al. [23] with
uncertainty +800cm™!.

The availability of very accurate theoretical calculations of
the quartet terms, along with the possibility to determine the
doublet-quartet separation for some of the core-excited terms
on the basis of theoretical considerations [20], leads to a
very unusual situation: the position of the doublet core-excited
level sub-system of Be II is determined more accurately from
its (theoretical) separation from the quartet sub-system (also
localized theoretically) than from the experimentally observed
spectral lines connecting it directly to the ground state 1s>2s 2S.
The very small 1s2p(*P°)4f 2F—*F interval predicted in Ref. [20]
enabled fixing of the 1s2p(*P°)4f F term at 1102341 cm™!, that
is, 15+ 50cm™! below the 1s2p4f*F term. This uncertainty of
+50cm™!, even combined with the uncertainty of the quartet
level 1s2p4f “F (also £50cm™"), still is much smaller than the
experimental uncertainties of the wavenumbers of the observed
lines connecting the doublet terms to the ground state. The
most important of these lines are those at 100.55 A, 104.01A,
104.40A, and 104.65A [24-28]. The Ritz wavelengths of
these lines, resulting from fixing of the 1s2p(*P°)4f2F term,
100.563 £0.010A, 104.039 £ 0.010 A, 104.409 £ 0.010 A, and
104.664 + 0.010 A, are systematically longer than the measured
wavelengths, the largest deviation being 0.03 A for the 104.01 A
line. This deviation is outside of the measurement uncertainty
(£0.01A) claimed in [26]. The wavelengths of this line, as
measured in two other papers (103.98 + 0.02A [24], 103.98 +
0.03A [25]), are also well outside the claimed error limits. The
only measurement that agrees with the predicted wavelength
is 104.05 £ 0.02A [27] (or 104.05 +0.03 A [28]). It appears
that the measurement uncertainties were underestimated by the
authors of Refs. [24-26]. It should be pointed out that acceptance
of these underestimated uncertainties given by the authors and
derivation of the energy levels from their observations would lead
to an anomaly in the position of both the doublet and quartet
levels, as they would lie (150-300)cm™" above the theoretical
rigorous upper bounds (with relativistic and QED corrections
applied). Relativistic corrections to the excitation energies of
the core-excited terms are of the order of 500cm™—!, while the
largest QED correction, arising from the Lamb shift of the 1s
electron, is approximately 45 cm™! [20]. The total uncertainty of
the calculations of these corrections is estimated in Ref. [20] as
+50cm™!. The upper bounds of the positions of the core-excited
terms are defined with approximately the same uncertainty.
These upper bounds strongly support our conclusion that the
measurement uncertainties were underestimated in Refs. [24-26].

Due to a very strong mixing between configurations, the term
labels given in Table I for the core-excited levels often do not
reflect their physical nature. The percentage compositions are
cited from Ref. [20] where they were determined by means of
a parametric fitting using Cowan’s codes [18]. A number of
core-excited levels listed in Ref. [20] as questionable are omitted
here.

In the recent work of Verbockhaven and Hansen [29], the
energies of several doubly-excited 2p°, 28, and 2D terms of
Be II were accurately calculated using B-spline expansions
of wavefunctions. These calculations are generally in very good
agreement with our energies listed in Table I. There are some
disagreements in term labels, indicating that the percentage
compositions in Table I (calculated using Cowan’s codes [18])
are not very accurate. However, these disagreements do not lead
to decisive conclusions about possible misidentifications. Taking
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into account the high degree of mixing between configurations,
the overall agreement is almost perfect. Based on the disagreement
between our values of energies of the 1s(>S)2s2p(*P°) 2P°
and 1s2p? 2D terms and their energies calculated with the B-
splines method, the authors of Ref. [29] concluded that the
accuracy of our estimate of the 1s2p4f “F° energy (based on
the calculations of Galan and Bunge [21]) could be somewhat
overestimated. However, this disagreement of the energies is only
—100 4 100cm™! and —190 4 100cm™! for these two terms
(the error limits resulting from the combined uncertainties of the
1s2p4f *F energy and the predicted 2F —*F interval). Taking into
account the energy differences for two other terms, 1s2s(*S)3p 2P°
(+190 & 200cm ') and 1s2p('P*)3p 2D (—240 £ 200cm™"), we
conclude that there are not enough data to decide whether these
differences indicate underestimated uncertainties in the energies
obtained in Ref. [20] or in the B-splines calculation of Ref. [29],
or both.

The only large discrepancy between the term assignments in
Ref. [20] and [28] is for the 1s2p('P°)3p %S term. The energy
of this term given in Ref. [29] almost exactly coincides with the
energy of the 1s2p(*P°)3p 2S term determined in Ref. [20]. As
it was found in Ref. [20], this term has a very little admixture of
1s2p('P°)3p 28 character. The 1s2p('P°)3p %S term is predicted to
be located about 9000cm™" above 1s2p(*P°)3p 2S. Since almost
all of the other terms of the 1s2p(*P°)3p sub-configuration were
firmly established in Ref. [20], it is virtually impossible that the
ls2p(3PO)3p 2P° term was misidentified in Ref. [20], even taking
into account the strong mixing with the 1s2sns series.

In Table I, the value of x determining the position of the quartet
term system relative to the (doublet) ground state is restricted
to +50cm~". Uncertainties of the quartet terms relative to the
1s2p4f*F term vary from 0.5cm ™" to 1.0cm ™! for the 1s2p3d “D°,
4F°, 1s2s4f *F° and 1s2s3d *D terms, from 6cm~! to 30cm™~! for
most of the other 1s2/3/" and 15214/’ terms, and up to 500 cm~!
for the 2p? #S° term.

The 1s2s(3S)3s 2S and 1s2s('S)3s %S terms were observed
only in Auger-electron spectra [23] and thus have a very large
uncertainty 1600cm™".

The doublet core-excited terms that were observed in beam-
foil experiments quoted in Ref. [20] have uncertainties as small as
4cm~! to 20cm™! relative to each other, but they are connected
to the ground state only by the short-wavelength absorption
lines discussed above, measured with uncertainties 300cm™" to
1000cm™!. Fixing the 1s2p(*P°)4f °F term as suggested in Ref.
[20] leads to more accurate predicted Ritz wave numbers of these
lines with typical uncertainties of about 100cm™~".

Radiative decay lifetimes measured for several tens of doubly-
excited terms were compiled in Ref. [20] and used therein as an
additional support for line identifications.

3. Doubly core-excited energy levels

The levels of configurations involving excitation of both 1s
electrons, 2s22p, 2s2p?, 2p°, 2s23p, 2s2p3p, 25%3d, and 2s2p3d,
given in Table I were derived from the high-resolution Auger
electron spectra measured by Bruch et al. [30], except for the
exotic state 2p® *S3 1»- The latter state, in a non-relativistic
approximation, has no allowed channels of autoionization decay.
However, it can decay radiatively to the states of the opposite
parity. The strongest emission line originating from this state
was unambiguously identified in the beam-foil spectrum observed
by Agentoft et al. [31]. We denoted the 2s2p*> “P, 2s2p® 28,
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2523p 2P°, and 2s?3d ’D terms as questionable because the
strong configuration mixing does not allow to assign the
corresponding observed peaks in the Auger electron spectrum [30]
unambiguously. We determined the percentage composition of the
multiply excited states using Cowan’s codes [18].

4. Observed lines of Be 11

The list of observed lines of Be II is given in Table II. The
references are given to the source of the observed wavelength.
If the line was observed in only one work, the reference to this
work is given. Many of the lines belonging to the doubly-excited
spectrum were observed by two or more groups of authors. In
such cases, the reference is given to the compilation [20] where
these observations were analyzed.

The observed intensities given in Table II are rough visual
estimates, not taking into account variations of detection
efficiency with wavelength and different excitation conditions.
They should be used only for qualitative comparison of relative
intensities. Estimated intensities reported by different authors are
converted in Table II to a uniform scale. To do that, intensities
from Ref. [1] were multiplied by 50, intensities from Ref. [3] were
converted using the formula /ey, = 100 Iy, + 10, and intensities
from Ref. [5] were divided by 20. Intensities of the lines listed in
Ref. [20] are cited as given there.

The observed and Ritz wavelengths below 2000 A are given
in vacuum, otherwise in standard air. To convert the Ritz wave
numbers (differences between the upper and lower energies) to
standard-air wavelengths, we used the five-parameter formula of
Peck and Reeder [38].

Uncertainties of the observed wavelengths correspond to the
estimates given in the cited wavelength sources. Uncertainties of
the lines belonging to the doubly-excited spectrum were discussed
in Ref. [20] and are cited from there. Uncertainties of the lines
observed in Ref. [5] are based on the authors’ statement that the
new level energies derived from these lines have uncertainties
about 1cm~!. The observed wave number 44964.3cm™! given
in Ref. [5] for the 3p—9d line at 2223.10A was a misprint.
According to the authors’ correction, it should read 44968.3 cm™ L,
Assignment of this line to the 3d 2D — 9f 2F transition was also a
misprint.

Johansson [3] noted that the observed 4f — 7g line at 5410.206 A
must have been slightly affected by the forbidden transition 4f — 7h
that was made possible by the Stark effect. Similarly, Holmstrom
and Johansson [4] mentioned that the lines at 4858.22 A,
9343.891&, and 11625.16 A must be considered as mixtures of
several transitions that may appear because of the Stark effect.
However, deviations of the observed wavelengths of these lines
from the positions calculated by means of Edlén’s polarization
formulas [12, 13] are in all cases smaller than 0.1cm™!.

Uncertainties of the calculated (Ritz) wavelengths are
produced by the level-optimization code LOPT [11]. For the lines
belonging to the doubly-excited spectrum, uncertainties of the
Ritz wavelengths have been slightly increased compared to the
values given in Ref. [20] to account for possible systematic shifts
between measurements of different authors. The ability to account
for this effect was added to the LOPT code after Ref. [20] was
published.

The line at 5415.70 A was assigned to the 4p 2P° — 7s 2§
transition in Ref. [5]. As communicated by the authors, the large
deviation of this line from the predicted wavelength 5416.28 +
0.15A of the 4p 2P° — 7s 2S transition was probably caused by
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Table I. Observed lines of Be II.

Critical Compilation of Wavelengths and Energy Levels of Singly Ionized Beryllium (Be II)

Obs. Calc. Obs. —
Jops*(A) Unc. (A) Intensity® JrizS(A) Unc. (A) Levelsd Calc.6(A) Ref.
80.85 0.03 1s2p? 4p -2p? 450 3,2 s 31
82.58 0.03 a 1522s 2S 172 - 1s(3S)3s3p('P°) 2P° 7 s 36
83.64 0.03 a 1522s %S 1/2-15(>S)3s3p(°P°) 2P° s 20
91.49 0.04 a 91.566 0.011 1s22p 2p° 1/2 - 1s2p(*P°)5p ’p 2 —0.08 20
91.566 0.011 1s22p 2p° 372 1s2p('P°)5p 2p 2 —0.08 20
92.53 0.06 4a 1s22p 2p° 3/2 - 1s2p('P°)dp 2p s 20
1s%2p 2p° 172 - 1s2p('P°)dp 2p s 20
93.16 0.03 lla 1s22s 2S 172 - 1s2p(PP°)3s 2pe s 20
93.43 0.03 1la 1s22s 2S 172 - 1s25(3S)4p 2pe s 20
93.71 0.04 Ta 93.72 0.04 1s22p 2p° 172 - 1s2p(CP°)4p ’p —-0.01 20
93.72 0.04 1s22p 2p° 3/2 - 1s2p(3P°)4p ’p —0.01 20
93.93 0.03 2a 1s22s %S 1/2-1s2s('S)3p 2pe s 20
94.56 0.04 8a 94.61 0.02 1s22p 2p° 3/2 - 1s2p('P°)3p ’p 2 —0.05 20
94.61 0.02 1s22p 2p° 172 - 1s2p("P°)3p 2p 2 —0.05 20
94.79 0.03 2la 94.78 0.02 1s22p 2p° 372 - 1s2p('P°)3p ’D 0.01 20
94.78 0.02 1s22p 2p° 1/2-1s2p('P°)3p ’D 0.01 20
95.34 0.04 8a 1s22p 2p° 372 - 1s2p(CP°)3p s 12 s 20
1s22p 2p° 1/2 - 1s2p(3P°)3p 2512 s 20
95.62 0.05 20a 1s%2p 2p° 372 1s2s(°S)4d ’D 5 20
1s22p 2p° 172 - 1s2s(3S)4d ’D s 20
95734  0.02 25a 1s22s 28 1/2-1s25CS)3p 2pe s 20
95.77 0.03 20a 1s22p 2p° 372 - 1s2p(PP°)3p ’D s 20
1s22p 2p° 1/2 - 1s2p(3P°)3p ’D s 20
96.02 0.07 5a 96.01 0.05 1s22p 2p° 372 - 1s2s('S)3d ’D 0.01 20
96.01 0.05 1s22p 2p° 172 - 1s2s(1S)3d ’D 0.01 20
96.25 0.04 15a 1s22p 2p° 3/2 - 1s2p(*P°)3p 2p s 20
1s22p 2p° 1/2-1s2p(3P°)3p ’p s 20
97.88 0.04 Ta 1s22p Zp° 3/2 - 1s2s(°S)3d D 5 20
1s22p 2p° 172 - 1s2s(3S)3d ’D s 20
100.55 0.03 25 100.55 0.05 1s23d D 3/2-1s2p('P°)3d 2pe ? 0.00 26
100.55 0.05 1s23d D 5/2-1s2p('P°)3d 2pe ? 0.00 26
100.563 0.010 1s23d D 3/2-1s2p('P°)3d 2pe —0.01 26
100.563 0.010 1s23d D 5/2-1s2p('P°)3d 2pe —0.01 26
100.778  0.02 25a 100.77 0.03 1s23p 2p°e 372 - 1s2p('P°)3p 2p ? 0.008 27
100.77 0.03 1s23p 2p° 172 - 1s2p('P°)3p 2p ? 0.008 27
100.949  0.02 40 100.96 0.03 1s23p 2p° 372 - 1s2p('P°)3p ’D —0.011 20
100.96 0.03 1s23p 2p° 172 - 1s2p('P°)3p ’D —0.011 20
101.75 0.03 10 1s%2p 2p° 172 - 1s2p? s 12 s 20
1s22p 2p° 372 — 1s2p® s 12 s 20
102.35 0.06 Sw 102.35 0.06 1s23p 2p° 3/2 - 1s2s(1S)3d D 0.00 26
102.35 0.06 1s23p 2p° 172 - 1s2s('S)3d ’D 0.00 26
102.49 0.03 5 102.48 0.03 1s22s 25 172 - 1s(®S)2s2p('P°) 2p° 0.01 20
104.01 0.03 15 104.039 0.009 1s22p 2p° 1/2 - 1s2p® ’p —0.03 20
104.039 0.010 1s22p 2p° 3/2 - 1s2p® ’p —0.03 20
104.40 0.03 50 104.409 0.010 1s22s 2S 172 - 1s(®S)2s2p(°P°) 2P° —0.01 20
104.65 0.03 35 104.664 0.010 1s22p 2p° 1/2 - 1s2p? ’D —0.01 20
104.664 0.010 1s22p 2p° 3/2 - 1s2p? D —0.01 20
601.5 0.3 1 601.4 0.3 1s(®S)2s2p(°P°) 2P° — 1s2p('P°)5p ’p ? 0.1 34
604.1 0.4 1 604.14 0.10 152s2p 4pe — 1s2pdp 4p ? 0.0 34
m 604.64 0.10 1s2s2p 4pe — 1s2pdp s 3/2? 34
609.6 0.3 1 609.65 0.10 1s2s2p 4p° — 1s2p4p ‘D ? 0.0 34
664.5 0.2 1 664.5 0.2 152s2p 4pe — 152s5d ‘D 0.0 32
707.2 0.3 a 707.197 0.002 1s22s %S 1/2-1s*9p 2p° 32 0.0 6
707.197 0.003 1s22s 2§ 1/2-1s*9p Zpe 12 0.0 6
714.2 0.2 5bl 714.21 0.13 1s2s2p 4p° — 1s2p3p 4p 0.0 20
714.21 0.13 1s2p? ‘p — 1s2p6d 4D° ? 0.0 20
714.6 0.3 a 714.601 0.003 1s22s %S 1/2-1s%8p 2pe 32 0.000 6
714.602 0.002 1s22s %S 1/2-1s%8p 2p° 12 —0.001 6
714.6 0.2 5bl 714.65 0.13 152s2p 4pe — 1s2s4d ‘D 0.0 20
716.4 0.2 3 716.37 0.14 1s2s2p 4p° — 1s2p3p s 3/2? 0.0 32
725.71 0.05 250 725.710 0.002 1s22s 2S  1/2-1s*7p 2pe 372 0.00 1
725.711 0.003 1s22s %S 1/2-1s*7p 2pe 12 0.00 1
736.4 0.3 5 736.69 0.14 1s2s2p 4pe — 1s2p3p ‘D -0.3 20
742.0 0.3 3 741.9 0.2 1s2p? 4p — 1s2p5d 4pe 0.1 32
743579  0.03 150 743.574 0.002 1s22s 2§ 1/2-1s%6p 2p° 32 0.005 1
743.575 0.002 1s22s %S 1/2-1s%6p 2pe 1/2 0.004 1
754.4 0.2 3 754.2 0.2 152s2p 4pe — 1s2s4s s 3,2 0.2 20
775375  0.03 200 775.362 0.002 1s22s %S 1/2-1s%5p Zpe 3/2 0.013 1
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Table II. Continued.

Obs. Calc. Obs. —
Jobs™(A) Unc. (A) Intensity® JRiS(A) Unc. (A) Levelsd Calc.t(A) Ref.
775364  0.002 1s22s %S 1/2-1s%5p 2p° 1/2 0.011 1
803.1 0.2 3 803.2 0.2 1s2p? 4p — 1s2p4d 4pe —0.1 20
813 3 3 812 3 1s(>S)2s2p('P°) 2P° — 1s2p(PP°)dp %P 1 35
842.057  0.05 350 842.025  0.002 1s22s %S 1/2-1s%4p 2p° 32 0.032 1
842.031  0.002 1s22s 2§ 1/2-1s%4p 2pe 12 0.026 1
867.1 0.2 17 867.2 0.2 152s2p 4pe — 1s2s3d ‘D —0.1 20
877.5 0.5 1 877.6 0.4 1s2p? ’D — 1s2p(PP°)4d 2D° —0.1 25
923.8 0.5 3 924.1 0.3 1s2p? 2p —1s2p(P°)4d 2D° -03 25
m 925.139  0.004 1s22p Zpe 1/2-1s%8d 2D
925.246  0.05 250 925.196  0.004 1s22p 2pe 3/2-1s%8d ’D 0.050 1
m 943.481  0.003 1s22p 2pe 1/2-1s%7d ’D
943.559  0.05 200 943.540  0.003 1s22p 2pe 3/2-1s%7d ’D 0.019 1
m 949.757  0.004 1s22p 2P 1/2-15%Ts S 1/2
949.746  0.05 50 949.817  0.004 1s22p 2pe 3/2-1s%7s s 12 —0.071 1
960.0 0.4 3 960.6 0.2 1s2p? 4p — 1s2p3d 4pe —0.6 32
m 973213  0.003 1s22p 2p° 1/2-1s%6d ’D
973.266  0.05 250 973.276  0.003 1s22p 2pe 3/2-1s%6d ’D —0.010 1
981.7 0.2 7 981.5 0.2 1s2p? 4P — 1s2p3d 4pe 0.2 20
m 983.984  0.003 1s22p 2pe 172 —1s%6s s 172 1
984.025  0.05 100 984.047  0.003 1s22p 2pe 3/2-1s%6s s 12 —0.022 1
1006.5 0.5 3 1006.5 0.5 1s2p? 2p —1s2p('P°)3d 2D° 0.0 25
1020.1 1.0 3 1019.8 0.3 152s2p 4pe — 1s2s3s s 3.2 0.3 20
1026.926  0.05 300 1026.890  0.003 1s22p 2p° 1/2-1s%5d D 3/2 0.032 1
1026.958  0.003 1s22p 2pe 3/2-1s%5d D 5)2 —0.033 1
m 1026.960  0.004 1s22p 2pe 3/2-1s%5d D 32 1
1036.271  0.05 400 1036.299  0.004 1s22s S 1/2-1823p 2p° 32 —0.028 1
m 1036.319  0.003 1s22s %S 1/2-15%3p 2p° 1/2 1
1048.148  0.003 1s22p 2pe 172 —1s%5s s 172 1
1048234  0.05 300 1048220  0.003 1s22p 2pe 3/2-1s%5s s 12 0.014 1
1111.8 0.5 9 1111.7 0.5 1s2p? ’D —1s2p(P°)3d 2D° 0.1 25
1142.956  0.05 350 1142.956  0.004 1s22p 2p° 1/2-1s%4d D 32 0.000 1
1143.03 0.05 350 1143.038  0.004 1s22p 2pe 3/2-1s%4d D 52 —0.01 1
1143.042  0.004 1s22p 2pe 3/2-1s%4d D 32 —0.01 1
1155.9 1.0 40 1156.1 0.4 1s2p? 4p — 1s2p3s 4pe —0.2 20
1187.5 0.3 9 1187.5 0.3 1s2p? ’p —1s2p(P°)3d 2D° 0.0 25
m 1197.093  0.004 1s22p 2p° 1/2-1s%4s s 12 1
1197.19 0.05 500 1197.187  0.004 1s22p 2p° 3/2—15%4s s 12 0.00 1
1512258  0.012 810 1512.268  0.007 1s22p 2pe 1/2-1s%3d D 32 —0.010 3
1512412 0.012 960 1512.407  0.007 1s22p 2pe 3/2-1s%3d D 52 0.005 3
1512.419  0.007 1s22p 2pe 3/2-1s%3d D 32 —0.007 3
1776.100  0.008 610 1776.099  0.008 1s22p 2p° 1/2-153s S 12 0.001 3
1776307  0.008 810 1776306 0.008 1s22p 2p° 3/2-1s%3s s 12 0.001 3
2161275  0.06 50 2161.311  0.006 1s23s 25 1/2-1s%6p 2pe 32 —0.036 1
2161.322  0.006 1s23s %S 1/2-1s%6p 2pe 12 —0.047 1
2223.10 0.3 222322 0.03 1s23p 2p° 1/2-1s%9d ’D 0.08 5
2223.32 0.03 1s23p 2p° 3/2-1s%9d ’D —0.02 5
2296.97 0.10 250 2296.81 0.03 1s23p 2pe 1/2-1s%8d ’D 0.16 1
2296.91 0.03 1s23p Zpe 3/2-1s%8d 2D 0.06 1
2324.60 0.03 40 2324.60 0.08 1s2p3p 4p — 1s2p6d 4pe ? 0.00 20
2324.60 0.04 1s2s2p 4po — 1s2p? 4p 0.00 20
2382.02 0.10 2381.95 0.03 1s23d D 3/2-1s%8f 2pe 0.07 5
2381.98 0.03 1s23d D 5/2-1s%8f 2p° 0.04 5
2387.12 0.10 2386.85 0.03 1s23d 2D 3/2-1s28p 2pe 12 0.27 5
2386.87 0.03 1s23d D 5/2-1s%8p 2pe 32 0.25 5
2413340  0.010 10 2413337  0.005 1s23p 2pe 1/2-1s%7d ’D 0.003 3
2413455  0.010 210 2413.449  0.005 1s23p 2p°e 3/2-1527d ’D 0.006 3
2453.844  0.02 310 2453.839  0.005 1s23s 2S  1/2-1s%5p 2pe 32 0.005 3
2453.865  0.005 1s23s 25 1/2-1s%5p 2pe 12 —0.021 3
2507.429  0.02 210 2507.413  0.011 1s23d D 3/2-1s%7f 2pe 0.016 3
2507.446  0.011 1s23d D 5/2-15%7f 2pe —0.017 3
2562.9 0.2 5 2562.9 0.2 152s3s 4 3/2-1s2sdp 4pe 0.0 20
2599.2 0.5 11 1s2p3d 4D° — 1s2p6f 4F 7 s 37
2617.985  0.010 110 2617.994  0.007 1s23p 2p° 1/2-1s%6d ’D —0.009 3
2618.133  0.010 310 2618.126  0.007 1s23p 2pe 3/2-1s%6d ’D 0.007 3
2697.455  0.010 110 2697.448  0.008 1s23p 2p° 1/2-15%6s s 12 0.007 3
2697.585  0.010 310 2697.588  0.007 1s23p 2p° 3/2-1s%6s s 12 —0.003 3
2728.877  0.02 310 2728.850  0.011 1s23d D 3/2-1s%6f 2F° 572 0.027 3
2728.887  0.010 1s23d D 5/2-1s%6f 2F° 17/2 —0.010 3
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Critical Compilation of Wavelengths and Energy Levels of Singly Ionized Beryllium (Be II)
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Obs. Calc. Obs. —

Jobs*(A) Unc. (A) Intensity® JRiS(A) Unc. (A) Levels? Calc.t(A) Ref.
2728.889 0.010 1s23d D 5/2-1s%6f ZF° 5/2 —0.012 3
2764.2 1.0 3 2764.9 0.8 1s2s3d ‘D — 1s2s5f 4pe —0.7 20
2775 1.0 1 2775.0 1.0 1s2p3s 4pe — 1s2pdp 4p 0.0 34
2828.8 0.5 1 2828.7 0.5 15(3S)2s2p(°P°) 2P° — 1s2p? ’p 0.1 25
2845.3 0.3 3 1s2p(*P°)3d 2pe° —1s2p(3P°)5f 2F s 20
2895 1.0 2895.2 0.8 1s2p3s 4pe — 1s2pdp ‘D —02 34
3031 1.0 3030.4 1.0 1s2p3d 4p° — 1s2p5f 4F 0.6 33
3046.524 0.010 210 3046.522 0.008 1s23p 2pe 1/2-1s%5d D 32 0.002 3
3046.691 0.010 410 3046.690 0.009 1s23p 2pe 3/2-1s%5d D 5,2 0.001 3
3130.4219  0.0005 2360 31304219  0.0004 1s22s S 1/2-1s%2p Zpe 3/2 0.0000 7
3131.0667  0.0004 2160 3131.0667  0.0004 1s22s s  1/2-1s%2p 2pe 12 0.0000 7
3179.87 0.06 25 3179.87 0.06 152s3s 4S  3/2-1s2p3s 4pe 0.00 20
3197.103 0.010 310 3197.102 0.010 1s23d D 3/2-1s%5f 2F° 5/2 0.001 3
3197.149 0.010 410 3197.150 0.010 1s23d 2D 5/2-1s%5f 2F° 772 —0.001 3
m 3197.157 0.010 1s23d D 5/2-1s%5f 2F° 5/2 3
3231 1.0 20b1 3231.4 0.9 152s3p 4pe - 1s2p3p 4p —0.4 32
m 3233.48 0.02 1s23d D 3/2-1s%5p 2pe 32 3
3233.519 0.02 10 3233.528 0.014 1s23d D 3/2-1s%5p 2p° 12 —0.009 3
3233.538 0.015 1s23d D 5/2-1s%5p 2pe 372 —0.019 3
3240 1.0 20b1 3240.3 1.0 1s2s3p 4pe — 1s2s4d ‘D -03 32
3241.625 0.010 210 3241.632 0.009 1s23p 2p° 172 - 1s%5s 2512 —0.007 3
3241.827 0.010 410 3241.834 0.009 1s23p 2p° 3/2-1s%5s s 12 —0.007 3
3274.584 0.010 610 3274.587 0.009 1s23s 2S  1/2-1s%4p 2pe 32 —0.003 3
3274.670 0.010 410 3274.674 0.009 1s23s 2S  1/2-1s%4p 2pe 1/2 —0.004 3
3276 1.0 3276.0 1.0 1s2s3p 4pe — 1s2p3p s 3,2 0.0 20
3379.9 0.2 9 3380.07 0.11 1s2s3d ‘D — 1s2p3d 4p° -0.2 20
3405.4 0.10 9 3405.37 0.10 1s2s4f 4pe — 1s2paf 4F 0.0 20
3435 1.0 5 3434.4 1.0 1s2s4s 4S  3/2-1s2p4s 4pe 0.6 20
3510.52 0.05 50 3510.52 0.05 152s3d ‘D —1s2p3d 4pe 0.00 20
m 3513 2 1s2sdp 4pe — 1s2pdp 4p 20
3530 1.0 5 1s2s4p 4pe — 1s2pdp s 32 s 20
3624 1.0 5 3624.4 1.0 1s2s4d ‘D — 1s2p4d 4pe —0.4 32
3636 1.0 5 3635.7 1.0 1s2p3p 4p — 1s2p4d 4pe 0.3 32
3660 1.0 3 3660.1 1.0 152s5d ‘D — 1s2p5d 4p° —0.1 32
3708 1.0 5 3707.9 1.0 1s2s4p 4pe — 1s2p4p ‘D 0.1 20
3749.3 1.0 20 3749.0 0.9 152s3p 4pe — 1s2p3p ‘D 0.3 20
3785 1.0 3785.5 1.1 152s5f 4pe — 1s2p5f 4F -0.5 33
3852 1.0 3851.7 14 1s2p3p ‘D — 1s2pds 4pe 0.3 34
3995.5 0.3 11 3995.5 0.3 1s2p(PP°)3d 2pe — 1s2p(PP°)4f 2F 0.0 20
4039.4 0.9 4039.3 0.9 1s2p3d 4pe — 1s2p4f ‘D 0.1 20
4252.1 0.3 11 4252.0 0.3 1s2s3p 4pe — 1s2s4s s 32 0.1 20
4329.55 0.07 40 4329.53 0.07 152s3d ‘D — 1s2s4f 4pe 0.02 20
4333.17 0.2 5 4333.01 0.09 1s24d D 3/2-1s%10f 2p° 0.16 5
4333.06 0.09 1s24d 2D 5/2-1s%10f 2pe 0.11 5
4360.663 0.010 810 4360.665 0.010 1s23p 2pe 1/2-1s%4d D 32 —0.002 3
4360.988 0.010 960 4360.986 0.010 1s23p 2pe 3/2-1s%4d D 5,2 0.002 3
m 4361.032 0.011 1s23p 2pe 3/2-1s%4d D 32 3
4371.10 0.10 17 4371.12 0.10 1s2p3d 4p° — 1s2p4f 4F —0.02 20
4404.01 0.2 12 4403.93 0.10 1s24p 2pe 172 -1s%9d ’D 0.08 5
4404.08 0.10 1s24p 2p° 3/2-1s%9d ’D —-0.07 5
4467.78 0.2 12 4467.86 0.10 1s24p 2pe 1/2-1s%9s 2s 12 —0.08 5
4468.02 0.10 1s24p 2p° 3/2-1s%9s s 12 —0.24 5
4476.54 0.2 24 4476.69 0.10 1s24s 2s  1/2-1s%7p 2pe 3)2 —0.15 5
4476.72 0.10 1s24s S 1/2-1s*7p 2pe 1/2 —0.18 5
4535.40 0.2 22 4535.43 0.10 1s24d D 3/2-1s%9f 2pe —0.03 5
4535.48 0.10 1s%4d D 5/2-1s%9f 2pe —0.08 5
4540.53 0.2 24 4540.60 0.10 1s24f 2F° 5/2-1s%9g G —-0.07 5
4540.62 0.10 1s24f 2F° 7/2-1s%9g 2G —0.09 5
4547.78 0.2 2 4547.88 0.10 1s24d D 3/2-1s*9p 2pe 32 —0.10 5
4547.89 0.10 1s24d D 3/2-15%9p 2pe 12 —0.11 5
4547.93 0.10 1s24d D 5/2-1s*9p 2pe 32 —0.15 5
4596 1.0 4596.1 1.0 152s3d ‘D — 1s2sdp 4pe —0.1 32
4610 1.0 4610.5 1.0 1s2p3p 4p — 1s2p4s 4pe -0.5 34
4663.74 0.6 4663.7 0.6 1s2p3d 4pe — 1s2p4f ‘D 0.04 20
4673.329 0.010 1060 4673.332 0.010 1s23d D 3/2-1s%4f 2F° 5/2 —0.003 3
4673.423 0.010 1160 4673.420 0.010 1s23d D 5/2 - 1s%4f 2F° 17/2 0.003 3
m 4673.449 0.014 1s23d 2D 5/2 - 1s%4f 2F° 5/2 3
4702.57 0.2 38 4702.34 0.11 1s24p Zp° 1/2-1s%8d ’D 0.23 5
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Table II. Continued.

Obs. Calc. Obs. —

Jobs (A) Unc. (A) Intensity® JRiS(A) Unc. (A) Levelsd Calc.t(A) Ref.
470252 0.11 1s24p 2P° 3/2-1s?8d 2D 0.05 5

4807.78 0.2 14 4807.59  0.12 1s24p 2P° 1/2-1s%8s 2S 12 0.19 5
4807.77  0.11 1s24p 2P° 3/2-1s’8s 2S 1/2 0.01 5

m 482799  0.04 1s23d 2D 3/2-1s*4p 2P° 3)2 3

4828.159  0.04 710 4828.12  0.04 1s23d 2D 5/2-1s%4p 2P° 3/2 0.039 3
4828.18  0.04 1s23d 2D 3/2-1s%4p 2P° 1/2 —0.031 3

4852.19 0.2 60 485232 0.12 1s24d ’D  3/2 - 1s°8f 2F° —0.13 5
485238  0.11 1s?4d 2D 5/2-1s28f 2F° —0.19 5

4858.22 0.04 110d 485820  0.05 1s24f 2F° 5/2-1s28g 2G 0.02 4
485823  0.05 1s24f 2F° 7/2-1s’8g 2G —0.01 4

5218.115  0.02 110 5218.12  0.02 1s24p 2P° 1/2-1s*7d 2D —0.005 3
5218326 0.02 310 5218.34  0.02 1s24p 2P° 3/2-1s*7d 2D —0.014 3
5255.86 0.04 210 5255.84  0.04 1s%4s 28  1/2-1s%6p 2P° 3/2 0.02 4
525590  0.04 1s24s 2S  1/2-1s%6p 2P° 1/2 —0.04 4

5270.284  0.02 810 527027  0.02 1s23p 2P° 1/2-1s%4s 2S 1/2 0.014 3
5270.811  0.02 960 5270.81  0.02 1s23p 2P° 3/2-1s%4s 2S 1/2 0.001 3
5403.040  0.04 310d 5402.99  0.04 1s?4d 2D 3/2-1s*7f 2F° 0.050 3
5403.07  0.04 1s24d 2D 5/2-1s27f 2F° —0.030 3

5410206  0.04 310d 5410.19  0.05 1s24f 2F° 5/2-1s*7g 2G 0.016 3
541022  0.05 1s24f 2F° 7/2-1s*7g 2G —0.014 3

5415.70 0.3 bl 5416.12  0.15 1s24p 2P° 1/2-1s27s %S 1/2 72 —04 5
541636  0.15 1s24p 2P° 3/2-1s*7s 2S 1/2 72 —0.7 5

5440.90 0.3 5440.69  0.15 1s?4d 2D 3/2-1s27p 2P° 3/2 0.21 5
5440.73  0.15 1s?4d 2D 3/2-1s*7p 2P° 1/2 0.18 5

5440.76  0.14 1s?4d 2D 5/2-1s*7p 2P° 3/2 0.14 5

6279.427  0.02 210 6279.42  0.02 1s24p 2P° 1/2-1s%6d 2D 0.007 3
6279.730  0.02 410 6279.74  0.02 1s?4p 2P° 3/2-1s*6d 2D —0.010 3
6547.886  0.04 510d 6547.84  0.05 1s24d 2D 3/2-1s%6f 2F° 5/2 0.046 3
6547.93  0.05 1s24d 2D 5/2-1s*6f 2F° 17/2 —0.044 3

6547.94  0.04 1s24d 2D 5/2-1s%6f 2F° 5)2 —0.054 3

6558.365  0.04 510d 6558.33  0.05 1s24f 2F° 5/2-1s%6g 2G 0.04 3
6558.39  0.05 1s24f 2F° 7/2-1s%6g 2G —0.02 3

6636.44 0.05 110d 6636.33  0.05 1s24d ’D 3/2-1s*6p 2P° 3/2 0.11 4
6636.43  0.05 1s?4d 2D 3/2-1s%6p 2P° 1/2 0.01 4

6636.44  0.05 1s24d ’D 5/2-1s%6p 2P° 3/2 0.00 4

6756.72 0.03 10 6756.75  0.03 1s24p 2P° 1/2-1s%6s 2S 1/2 —0.03 4
6757.13 0.02 110 6757.12  0.02 1s24p 2P° 3/2-1s%6s 2S 12 0.01 4
7401.20 0.02 210 740120  0.02 1s24s %S  1/2-1s*5p 2P° 3/2 0.00 4
7401.43 0.02 110 740143 0.02 1s24s 2S  1/2-1s%5p 2P° 12 0.00 4
9343.89 0.10 10d 1s25g 2G — 1s’8h 2H° s 4
9476.426  0.03 10 9476.42  0.03 1s24p 2P° 1/2-1s25d ’D  3/2 0.006 3
9477.029  0.02 210 9477.03  0.02 1s24p 2P° 3/2-1s25d *D 5/2 —0.001 3
m 9477.14  0.03 1s24p 2P° 3/2-1s25d ’D 3/2 3

10095.52 0.02 210 10095.53  0.02 1s24d 2D 3/2-1s25f 2F° 5/2 —0.01 3
10095.73 0.02 310 10095.72  0.02 1s24d 2D 5/2-1s>5f 2F° 7/2 0.01 3
10119.92 0.06 510 10119.84  0.07 1s24f 2F° 5/2-1s%5g 2G 0.08 3
10119.97  0.07 1s24f 2F° 7/2-1s*5g 2G —0.05 3

m 11173.18  0.08 1s25p 2P° 1/2-1s*7d 2D 4

11173.73 0.03 10 1117372 0.03 1s25p 2P° 3/2-1s>7d 2D 0.01 4
11625.16 0.06 110d 1s25g %G —1s®7h 2H° s 4
m 11659.14  0.05 1s24p 2P° 1/2-1s25s 2S 12 4

11660.25 0.02 110 11660.25  0.02 1s24p 2P° 3/2-1s*5s 2S  1/2 0.00 4
12095.36 0.02 610 1209536 0.02 1s23s 28  1/2-1s23p 2P° 3/2 0.00 3
12098.18 0.02 410 12098.18  0.02 1s23s 28  1/2-1s*3p 2P° 1/2 0.00 3

2 Observed wavelengths below 2000 A are given in vacuum, above that in standard air.

b Observed intensities are given in arbitrary units. The numerical values of intensities were converted to a uniform scale as described
in the text. The line characters are denoted as follows: @ — line was observed in absorption; w, d — wide or diffuse; b/  — blended
with another line that may affect the wavelength and/or intensity (includes “shoulder”, “affected” etc.); m  — masked by another line
(no wavelength measured).

¢ Ritz wavelengths and their uncertainties are computed by means of the LOPT code [11]. Wavelength above 2000 A were converted
from the vacuum wavelengths using the five-parameter formula of Peck and Reeder [38].

9 Question mark after the upper level means that identification of this line is uncertain.

¢ Symbol s in this column means that the upper level was determined from this line alone.
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blending with an impurity line. The predicted position of this line
was erroneously given in Ref. [5] as 5415.99 A.

The line at 714.6A is a blend of several transitions. The
15%2s 2S — 1s%8p 2P° transition was observed in absorption by
Esteva er al. [6] at 714.6 £ 0.3 A. The 152s2p “P° — 1s2s4d “D
transition was observed in emission by several authors using the
beam-foil method (see discussion of this line in Ref. [20]). The
measured wavelength derived from emission spectra was 714.6 +
0.2A. These features observed in absorption and emission are
completely unrelated to each other. The transition belonging to the
doubly-excited spectrum could not contribute to the absorption
line observed in Ref. [6]. The emission line observed in beam-
foil spectra had radiative lifetime of 1.3 £ 0.2ns [20], in good
agreement with the predicted lifetime of the 1s2s4d *D term. The
predicted lifetime of the 1s?>8p 2P° term is 43 ns (calculated with
Cowan’s codes [18]). Hence, the 1s?2s 2S — 1s28p 2P° transition
did not give any noticeable contribution to the feature observed
in beam-foil spectra.
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