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ABSTRACT

Radiative lifetime measurements have been performed, with a time-resolved laser-induced fluorescence technique, for 12 levels of Os I and for
9 levels of Os II. For 9 levels of Os I and 4 levels of Os II, there were no previous experimental data available. From a comparison with new
theoretical calculations, taking configuration interactions and core-polarization effects into account, it has been possible to deduce oscillator
strengths for 129 transitions of Os I and 137 transitions of Os II of astrophysical interest appearing in the wavelength range 180.0-870.0 nm.
These results have allowed us to revise the abundance of osmium in the solar photosphere (log £os = 1.25 + 0.11). The newly derived oscillator

strengths have been applied as well to derive the osmium abundance in the carbon-rich metal-poor star HD 187861.

Key words. Sun: abundances — atomic data — atomic processes

1. Introduction

Osmium was discovered by S. Tennant, in London, in 1803.
This heavy (Z = 76) element has seven stable isotopes in the
solar system i.e. 192, 190, 189, 188, 187, 186 and 184 with
abundances of 41.0, 26.4, 16.1, 13.3, 1.6, 1.6 and 0.02%, re-
spectively. In addition, 12 unstable isotopes and isomers are
known. In astrophysics, the most abundant isotopes (192, 190
and 189) are produced by the r process (rapid capture of neu-
trons). '¥70s and '3°Os are generated by pure s process (slow
capture of neutrons) while '%80s is produced by both the r and
S processes.

Os I has been identified in stellar spectra a long time
ago. It has been observed in M 2 III stars (Davis 1947) and
both Os I and Os II have been identified in some peculiar
Ap stars (see e.g. Guthrie 1969; Brandi & Jaschek 1970;
Cowley 1987). Recently, the Os I spectrum was reinvestigated
in the star CS 31082-001 (Ivarsson et al. 2003) and Os II was

* Based on observations obtained with the ESO VLT under ESO
programme ID 90.D-0063A.
** Tables 5 and 6 are only available in electronic form at
http://www.edpsciences.org

http://www.edpsciences.org/aa

studied in the spectrum of the HgMn y Lupi star (Ivarsson et al.
2004).

At low-metallicity, a large variety of heavy element abun-
dance patterns is observed: some stars are found to be en-
riched either in r-elements, or in s-elements, or even in both.
Osmium is a key element since it is predominantly synthetized
by the r-process. For pure r-process-enriched stars, investigat-
ing the osmium content is thus of great significance in ra-
dioactive cosmochronology and for imposing constraints on
the structure and nucleosynthesis yields of supernovae from
the first stellar generation (Ivarsson et al. 2003). Even for
s-process-enriched stars, it is interesting to derive the osmium
abundance, since it traces the r-component and allows one to
identify new members of the emerging class of s-r-enriched
stars. In fact, testing nucleosynthesis models of the heaviest
elements in low-metallicity stars places strong demands on the
radiative parameters required to convert measured equivalent
widths of stellar lines into accurate absolute abundances.

Transition probabilities in Os I and Os II spectra are still
very sparse. In Os I, the only f values available are those of
Corliss & Bozman (1962) (arc measurements), those derived
from the lifetime measurements of Kwiatkowski et al. (1984)

http://dx.doi.org/10.1051/0004-6361:20053852
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and a recent determination for 18 transitions by Ivarsson et al.
(2003). Some compilations have also been reported by Doidge
(1995, 1996) for resonance lines and by Morton (2000, 2001)
for transitions of astrophysical interest longward of the Lyman
limit. In Os II, the Corliss & Bozman (1962) measurements
have been superseded by more accurate results obtained by
Leckrone et al. (1999) and, more recently, by Ivarsson et al.
(2004). In the latter case, oscillator strengths of 27 Os II tran-
sitions have been determined by combining radiative life-
times using the laser-induced fluorescence (LIF) technique
with branching fractions (BF) determined from Fourier trans-
form spectrometer emission line intensities.

In view of this gap of transition probabilities and of the
need in astrophysics for investigating the chemical composi-
tion of some peculiar stars, we present a new set of results
in both Os I and Os II. In the present paper, radiative life-
time measurements have been performed with a LIF approach
for 12 levels of Os I and for 9 levels of Os II. From a com-
bination of theoretical BFs and experimental lifetime values,
new oscillator strengths have been deduced for a set of tran-
sitions of astrophysical interest appearing in the wavelength
range 180.0-870.0 nm.

The new results have allowed us to review the solar photo-
spheric abundance of osmium.

2. Atomic structure and spectra of Os I and Os Il

Partly in relation with the low cosmic abundance of os-
mium, our knowledge of the spectrum of this element is still
rather fragmentary. Some regularities in Os I were observed
very early by Meggers & Laporte (1926). The NBS com-
pilation of Os I energy levels (Moore 1958) was based on
early measurements by Albertson (1934, 1938) registered at
the Massachussetts Institute of Technology (MIT) (4500 lines
among which 2169 were classified as combinations among
234 levels). Additional measurements were made at the MIT
by Van den Bosch who made Zeeman spectrograms and who,
in collaboration with van Kleef, extended the spectrum of Os I
(Van den Bosch 1955; Van den Bosch & van Kleef 1956) (about
6000 lines among which 2387 were classified as belonging to
combinations from 257 levels). For Os II, the NBS compila-
tion (Moore 1958) was also based on van den Bosch’s unpub-
lished material (1956). A further revision of the Os I spectrum
analysis led Van Kleef (1960) to reject 14 levels from the level
list and to add 18 new levels. A summary of the data avail-
able in Os I and Os 1II spectra was published by Van Kleef &
Klinkenberg (1961). About 40% of the total of the lines of Os I
and only 15% of the total of the lines of Os II have been clas-
sified. Level designation (at least partial designation) was pro-
vided for 263 Os I and 43 Os II levels. A parametric study of
the (5d + 6s)® configurations, performed by Gluck et al. (1964)
and Gluck (1965), has allowed the identification of the low-
est term F of the 5d% configuration and the assignement of
a prominent configuration to the 49 low even levels. The fine-
structure parameters, as determined with the Slater-Condon
method, by Gluck et al. (1964), agree with those provided by
Wyart (1978) and Blaise & Wyart (1989). The MIT Wavelength
Tables (Harrison 1939) contain 1745 osmium lines in the
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domain 200.0 to 804.2 nm and 1036 lines have been listed by
Meggers et al. (1975) in the emission spectrum of a copper arc.

The nuclear spin I = 1/2 for "¥0s (Murakawa 1955;
Guthorhlein et al. 1961), 3/2 for '¥°0s (Murakawa & Suwa
1952; Loeliger & Sarles 1954) and I = 0 for the even iso-
topes, indicate that hyperfine structure effects are likely to ap-
pear only for the first two isotopes. Hyperfine structure mea-
surements, with natural abundances of the isotopes, have been
published by Kawada (1938), Suwa (1951), Murakawa & Suwa
(1952), Murakawa (1955), Murakawa & Kamei (1957) and
Blaise (1957, 1958). Further measurements, using radiogenic
Os-enriched samples, were performed by Guthorhlein et al.
(1961, 1969) and by Himmel (1968). The hyperfine structure
and isotope shifts of many levels and lines in Os I were inves-
tigated by Kroger et al. (2002) using LIF spectroscopy.

Isotope shifts are indeed present in the Os spectrum.
Measurements with natural osmium are due to Kawada (1938),
Suwa (1951), Murakawa & Suwa (1952) and Murakawa
(1955). Later on, measurements with isotopically enriched os-
mium were reported by Guthorhlein et al. (1961), Hines & Ross
(1962), Noldeke & Saksena (1962), Noldeke et al. (1962) and
Aufmuth & Wobker (1985). More detailed discussions on both
hyperfine structures and isotope shifts have been provided by
Blaise & Wyart (1989).

3. Experimental method

In the present work, some lifetime measurements were per-
formed with a method of selective excitation of an atomic or
ionic plasma by a tunable laser radiation and time-resolved
detection of the fluorescence emitted from the decaying lev-
els. The experimental apparatus used in the present work is
schematically shown in Fig. 1. Free neutral and singly ion-
ized osmium atoms were obtained by focusing a pulsed 532 nm
Nd:YAG laser (Continuum Surelite) (Laser A in Fig. 1) beam
onto a pure Os foil, rotating in a vacuum chamber with about
107°-1073 mbar background pressure. The pulse of the abla-
tion laser had a duration of 10 ns and a repetition rate of 10 Hz.
The pulse energy was in the range of 2—10 mJ. After the hitting
of the laser pulse on the osmium foil, a plasma containing neu-
tral as well as ionized atoms was produced and expanded from
the foil for subsequent laser excitation. The laser-produced
plasma has the advantage of high atomic and ionic populations
in ground as well as in metastable states, which can be used
as a starting point for laser excitation, as presented in Tables 1
and 2. Another advantage of this technique is that the plasma
density and temperature can be easily controlled and adjusted
by changing the pulse energy and beam size on the foil, and
also the delay time between the ablation and the excitation
pulses.

In order to obtain the excitation radiation, a 532-nm laser
pulse, emitted from the second Nd:YAG laser (Continuum
NY-82) (Laser B in Fig. 1) with an 8-ns pulse duration, a sin-
gle pulse energy of 400 mJ and a repetition rate of 10 Hz,
was first sent into a stimulated Brillouin scattering (SBS)
cell to compress the pulse duration (Schiemann et al. 1998;
Xu et al. 2004). The pulse duration of the output from the
SBS temporal compressor could be shortened to about 1 ns.
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Fig. 1. Experimental device.

The compressed laser pulse was then employed to pump
a dye laser (Continuum Nd-60), in which a DCM dye was op-
erating. The radiation from the dye laser was frequency dou-
bled in a KDP crystal and then mixed with the fundamental
frequency in a BBO crystal, to generate the third harmonic of
the dye laser frequency. The second or the third harmonic of the
dye laser beam was focused onto a Hj cell at 10 bars, in which
different orders of stimulated Stokes and anti-Stokes scatter-
ing were obtained. Depending on the excitation requirements,
the appropriate frequency component of the output from the
H; cell was selected with a CaF, prism, and was then hori-
zontally sent into the vacuum chamber. The excitation beam
interacted with the neutral or singly ionized Os atoms about
1 cm above the foil. The fluorescence, emitted from the ex-
cited levels, was collected by a fused-silica lens and focused
onto the entrance slit of a 1/8 m focal length monochroma-
tor. The fluorescence was detected by a Hamamatsu 1564U
micro-channel-plate (MCP) photomultiplier tube (PMT) with
a risetime of 0.2 ns. The MCP PMT was connected to a tran-
sient recorder (Tektronix Model DSA 602), which had a 1 GHz
bandwidth and a 2 G samples/s real-time sampling rate. The
temporal shape of the excitation pulses was also recorded for
short-lived states of Os I and Os II with the same detection sys-
tem by inserting a metal rod into the interaction zone of the
excitation laser and the plasma while the ablation beam was
blocked.

4. Measurements and results

The ground state configurations of Os I and Os II are 5d°6s?
and 5d%6s, respectively. The laser excitation was performed us-
ing a single-step process from the ground or from the low lying
metastable states of Os I and Os II, and the excitation lines
emitted from the studied states were located in the spectral
range 213-443 m, which can be covered by different non-linear
processes (2w +285, 2w +S, 2w +A, 3w +S and 3w) using the
DCM dye. Twelve odd-parity levels of Os I in the energy range
from 22615 to 46777 cm™! and 9 odd levels of Os II in the
range 39389 to 54446 cm™' were measured. They belong to
the 5d°6s6p and 5d’6p configurations (Os I) and to the 5d>6s6p
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Table 1. Measured levels and excitation schemes in Os II.
Config. Term J  E(cm™!)  Origin Obs.
Aair(nm)
5d°6s(’S)ep  *P° 7/2  39389.49 0.0 317
5d°(°D)6p D 72 43802.36 0.0
5d°(°D)6p °D° 972 44315.40 0.0 321
5d°(°D)6p °D° 52 46373.51 3593.15 287
5d°6s(’S)ep  °P° 7/2  49149.39  3593.15 242
5d°(°D)6p OFe 9/2 51951.61 3593.15 258
5d°(°D)6p e 7/2 5220648 3928.94 256
5d°(°D)6p 4p° 7/2 5437927 7891.93 258
5d°(°D)6p ‘D° 52 5444519 7891.93 242
Table 2. Measured levels and excitation schemes in Os 1.
Config. Term J E(cm™') Origin  Exc. Obs.
Ayir(nm)  Ayir(nm)
5d%6s(°D)6p 'D° 4 22615.69 0.0 442.05 442
5d%6s(°D)6p "P° 4 28331.77 0.0
5d°6s(°D)6p P° 3 28371.68 0.0 352.36 352
5d°6s(°D)6p P° 4 3059145 0.0 326.79 378
5d%6s(°D)6p "P° 3 33124.48 2740.49 329.03 302
5d%6s(°D)6p SF° 5 34365.33 0.0
5d°s(°D)6p F° 4 34803.82 0.0 287.24 326
5d°6s(°D)6p °P° 3 3561592 0.0 280.69 304
5d°6s(°D)6p °D° 4 36826.39 8742.83 355.98 271
5d%6s(“D)6p SD° 4 37908.77 0.0 263.71 263
5d%6s(‘D)6p F° 4 40361.92 4159.32 276.14 284
5d7(*F)ép  D° 3 4677629 0.0 213.72 227

and 5d°6p configurations (Os II). Tables 1 and 2 summarize the
measured levels and the excitation schemes.

The lifetimes are reported in Tables 3 (Os I) and 4 (Os II)
where they are compared with previous experimental results as
well as with the theoretical values calculated in this work (see
further). In Os I, our LIF measurements agree very well (within
the error bars: see Table 3), as expected, with the previous laser
measurements by Kwiatkowski et al. (1984) and Ivarsson et al.
(2003). A very nice agreement (within the experimental uncer-
tainties) with the measurements of Ivarsson et al. (2004) is also
observed for Os II (see Table 4).

Different fitting procedures were adopted for the evaluation
of the lifetimes. For the lifetimes longer than 10 ns, a least-
squares exponential fitting procedure was applied to the decay
curves when the excitation pulse had vanished, as shown in
Fig. 2. On the other hand, for lifetimes shorter than 10 ns, the
evaluation process was performed by fitting the experimental
fluorescence decay curve to a convoluted profile resulting from
the detected excitation pulse and a pure exponential function,
as shown in Fig. 3. In this process, the effects of the finite du-
ration of the excitation pulse and the limited time-response of
the detection system could be taken into account because the
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Table 3. Experimental and theoretical radiative lifetimes (in ns) for odd-parity levels of Os I.

E (cm™) Config. J Expt Expt HFR¢ HFR + CP¢
Previous This work
22615.69 5d%6s(°D)6p 'D° 4 400 + 50 411 540
28331.77 5d°6s(°D)6p "P° 4 238 + 124, 230 +20 149 200
265 +20°

28371.68 5d°6s(°D)6p "P° 3 390 + 50 374 538

30279.95 5 93+ 7"

30591.45 5d%6s(°D)6p "P° 4 98 + 8¢ 98 +8 106 135

32684.61 4 28 + 2F

33124.48 5d°6s(°D)6p "P° 3 514 65 85

34365.33 5d%6s(°D)6p SF° 5 24 + 200 25+2 18 23

34 803.82 5d%6s(°D)6p SF° 4 58+5 46 59

35615.92 5d%6s(°D)6p SP° 3 312 33 38

36 826.39 5d°6s(°D)6p >D° 4 45 +4 82 109

37908.77 5d°6s(*D)6p >D° 4 28+2 14 18

40361.92 5d%6s(*D)6p 3F° 4 8.5+0.7 6.4 9.1

46776.29 5d’(*F)6p *D° 3 4.8+0.3 4.2 5.9

@ Kwiatkowski et al. (1984); ® Ivarsson et al. (2003); ¢ Present work.
Table 4. Experimental and theoretical radiative lifetimes (in ns) for odd-parity levels of Os II.
E (cm™1)? Config.” J Expt Expt Theory
Previous® This work® This work?

39389.49 5d36s(’S)6p 8P° 72 68 +5 66 + 6 198
41282.95 5d°6s(’S)6p P° 9/2 122
43802.36 5d5(°D)6p °D° 7/2 59+0.5 5304 5.7
44315.40 5d°(°D)6p °D° 9/2 5104 5.1
46 157.19 5d°(°D)6p °D° 32 5.6+0.5 5.8
46373.51 5d°(°D)6p °D° 5/2 5.6+0.5 6.0+ 0.6 5.6
48128.08 5d5(°D)6p °D° 1/2 59+0.5 5.6
48798.70 5d5(°D)6p °F° 5/2 6.7+0.5 7.4
49149.39 5d36s(7S)6p °P° 7/2 6.7+0.6 6.4
51770.38 5d36s(’S)6p °P° 5/2 8.2
51951.61 5d°(°D)6p °F° 9/2 32+03 32+03 39
52206.48 5d5(°D)6p °F° 7/2 4.7+04 49+04 4.6
54379.27 5d5(°D)6p “F° 7/2 40+04 4.3
54445.19 5d°(°D)6p “D° 5/2 42+04 4.0

“ Van Kleef & Klinkenberg (1961); ® Ivarsson et al. (2004); ¢ LIF measurements (see text); ¢ HFR calculations (see text).

recorded excitation curve included both contributions (i.e. the
real laser pulse and also the time-response function).

In the measurements, all possible systematic errors sus-
ceptible to affect the lifetime results were carefully investi-
gated. It can be seen in Table 3 that the Os I lifetimes of the
22615.69 and 28 371.68 cm™! levels are very long. Therefore,
special attention has been paid to flight-out-of-view effects by
adjusting the position of the entrance slit of the monochro-
mator and the delay times between the ablation and the ex-
citation pulses. Moreover, the entrance slit of the monochro-
mator was put perpendicularly and parallel to the direction of
plasma movement. When the delay time was 5 us, velocities of

neutral osmium atoms in the interaction area were about
2 kms~!. For a very long lifetime (22615.69 cm™! level, 7 =
400 ns), it was desirable to observe the decay at 1.6 us, which
corresponds to 4 times the lifetime values. The atom flight dis-
tance was then 3.2 mm along the vertical direction. The height
of the entrance slit was larger than 1 cm; consequently, the
flight-out-of-view effects were considered to be negligible. As
a test, we also measured the level of Os I at 28 331.736 cm™ !,
and the value obtained, 230 + 20 ns, agrees well with the results
by Kwiatkowski et al. (1984) and Ivarsson et al. (2003).

Collisional quenching and radiation trapping effects were
considered negligible since the background pressure in the
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Fig. 2. A typical Os II experimental decay curve with an exponential
fit. The lifetime for this level, situated at 39 389.49 cm™!, is 66(6) ns.

vacuum chamber was very low, and since consistent lifetime
values were obtained when the detected fluorescence inten-
sity was varied by a factor of 10 when changing the de-
lay time between the ablation and the excitation pulses (Xu
et al. 2003a,b,c,d). This delay was between 3 and 10us for the
Os I measurements and between 2 and 5 us for Os II. The dif-
ference in delay times between Os I and Os II is explained by
the fact that the atoms have lower speeds than the ions. In addi-
tion, Zeeman quantum beats were also considered by adding or
removing a static magnetic field of about 100 Gauss. This field
was provided by a pair of Helmholtz coils. No effect was ob-
served. In order to obtain a sufficiently smooth curve for evalu-
ating the radiative lifetimes, each decay curve was obtained by
averaging fluorescence photons from 1000 pulses. To ensure
that saturation effects in the excitation were eliminated, the flu-
orescence signals were recorded with different neutral density
filters inserted in the exciting laser light path. For each level
measured, the final lifetime value was obtained from at least
8 separate measurements under different experimental condi-
tions. The error bars reported in Tables 3 and 4 represent the
statistical uncertainties.

5. Calculations in Os |

The ground state of Os I, as established by Albertson (1934),
is 5d°6s? SDy. The configuration 5d%6s? is strongly interact-
ing with 5d76s and 5d® even if no levels of this last configu-
ration could be found in the early analyses. In the odd parity
system, most of the levels identified belong to the configura-
tions 5d°6s6p, 5d°6s26p and 5d’6p while higher even states be-
long to 5d%6s7s, 5d36s%7s and 5d®6s6d configurations. In Os II,
the low lying levels belong to the configurations 5d°6s (ground
configuration), 5d°6s> and 5d’ (even parity) and 5d°6s6p
and 5d°6p (odd parity). The levels of Os I and Os II, used in
the least-squares fit procedure of the present work (see fur-
ther), have been taken from Van Kleef & Klikenberg (1961).
The ionization potential of Os I was chosen equal to 68 058.9 +
1.6 cm™' (Colarusso et al. 1997).

Calculations of BFs in Os I were carried out using the
pseudo-relativistic Hartree-Fock (HFR) approach of Cowan
(1981) modified for taking core-polarization effects into ac-
count by means of the addition of a core-polarization po-
tential and a correction to the dipole operator (HFR+CP)
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Fig. 3. Detected time-resolved fluorescence signal from the level at
46776.29 cm™ in Os I and the recorded excitation laser pulse. The
convolution procedure gives a lifetime of 4.8 (0.3) ns.

as described in many previous papers (see e.g. Quinet
et al. 1999). Configuration interaction was explicitly retained
among 5d%6s?, 5d%6p?, 5d%6s7s, 5d%6s6d, 5d76s, 5d"7s, 5d’6d,
5d°6s27s, 5d°6s26d and 5d® for the even parity and 5d°6s6p,
5d%6s7p, 5d°6s5f, 5d76p, 5d"7p, 5d’5f and 5d°6s26p for the
odd parity. Core-polarization effects were considered by using
a dipole polarizability, @4, equal to 6.55 au, as published by
Fraga et al. (1976) for the Ta-like Os IV ionic core while the
value of the cut-off radius, r, was chosen to be equal to 1.74 au
which corresponds to the expected (r) value of the outermost
core orbital, i.e. 5d, as calculated with the Cowan’s code.

The scaling factors of the F*, G* and R¥ integrals were cho-
sen to be equal to 0.80 while the spin-orbit parameters, ,,
were left at their ab initio values according to a well estab-
lished procedure (see e.g. Biémont et al. 2002, 2003; Xu et al.
2003a,b,c,d). The HFR + CP method was then combined with
a least-squares optimization routine minimizing the discrepan-
cies between calculated and experimental energy levels pub-
lished by Van Kleef & Klinkenberg (1961). Only the 46 even-
parity levels below 32000 cm™! and the 95 odd-parity levels
for which a spectroscopic designation is given by the latter au-
thors were included in the fitting process. These levels belong
to the 5d®6s?, 5d76s, 5d°6s6p and 5d’6p configurations. The
mean deviations of the fits were found to be equal to 78 cm™!
and 230 cm™! for even and odd parities, respectively.

The theoretical lifetime values (both HFR and HFR +
CP results) are compared in Table 3 with the experimental re-
sults. It is seen that some levels are very sensitive to CP effects.
If we except the levels at 33 124.48 and 36 826.39 cm™L, the
agreement between HFR+CP lifetimes and LIF measurements
ranges from 2 to 38% which is quite satisfactory in view of the
complexity of the configurations involved.

Radiative transition probabilities obtained for Os I lines are
reported in Table 5. These gA-values were deduced from the
combination of BFs calculated using the HFR+CP method, as
described above, and the experimental lifetimes measured in
the present work and reported in Table 3 if we except the levels
situated at 23462.90 cm™!' and 29381.65 cm™! for which the
lifetimes published by Kwiatkowski et al. (1984), i.e. 7 = 800 +
70 ns and 7 = 99 + 8 ns, respectively, were used and the levels
situated at 30279.95 cm™! and 32684.61 cm™' for which the
measurements of Ivarsson et al. (2003), i.e. 7 = 93 + 7 ns and
T =28 + 2 ns, were considered.
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Fig. 4. Comparison between experimental and theoretical even energy
levels in Os II. The calculations have been performed with 3 scaling
factors (SF = 0.80, 0.85 and 0.90).

6. Transition probabilities in Os Il

For Os II, an approach similar to that adopted in Os I was con-
sidered. In the HFR calculations, configuration interaction was
explicitly retained among 5d%6s, 5d°7s, 5d°6d, 5d°6s2, 5d56p2,
5d36s6d and 5d’ for the even parity and 5d%6p, 5d°7p, 5d°5f,
5d36s6p and 5d°6s5f for the odd parity. Core-polarization ef-
fects were considered by using the same dipole polarizability
value, g, and cut-off radius, ., as in Os 1. Only 22 and 21 lev-
els of Os II belonging to the even and odd parities, respectively,
were deduced experimentally by Van Kleef & Klinkenberg
(1961). Among these, 17 and 16, respectively, have been identi-
fied as belonging to the 5d°6s, 5d°6s?, 5d7 and 5d%6p, 5d>6s6p
configurations indicating a rather poor knowledge of this ion
since these configurations give normally rise to a total of 119
and 597 possible levels, respectively. Consequently, a reason-
able semi-empirical fit of the radial integrals could not be
achieved and only the average energies could be adjusted in
these configurations.

To overcome this problem and in order to reproduce the ex-
perimental spectrum as well as possible, different scaling fac-
tors (SF) of the electrostatic parameters F¥, G* and R¥ integrals
were tested and it was found that the best value, i.e. the one
giving rise to the best agreement between calculated and ex-
perimental levels in both parities, was 0.80. In fact, when using
SF = 0.90, 0.85, 0.80 and 0.75, we found that the mean de-
viations between theory and experiment were equal to 1107,
665, 445 and 692 cm~! for the even parity levels and 2443,
1293, 496 and 1385 cm™! for the odd parity levels, respectively.
This is illustrated in Figs. 4 and 5 where theoretical levels ob-
tained using different scaling factors are compared to exper-
imental values for both parities. It was also verified that the
use of SF = 0.80 gave rise to a good agreement between the
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Fig. 5. Same as Fig. 4 for odd levels of Os II.

theoretical Landé g-factors and the observed values published
by Van Kleef & Klinkenberg (1961).

Experimental and theoretical lifetimes are compared in
Table 4. It can be seen that a very good agreement is found
if we except the level at 39 389.49 cm™! for which the theoret-
ical value is three times longer than the experimental measure-
ments. This can be explained by the fact that several transitions
depopulating this particular level are affected by severe can-
cellation effects in the calculations. Indeed, for these lines, the
cancellation factor, CF, as defined by Cowan (1981) takes very
small values (CF < 0.01) indicating that destructive interfer-
ence effects, due to strong basis functions mixings, are present
in the calculations of line strengths. Theoretical branching frac-
tions and transition probabilities as obtained in the present
work are listed in Table 6 where they are compared with the few
experimental values published by Ivarsson et al. (2004). These
latter authors determined 27 gA-values by combining radiative
lifetimes measured using the LIF technique with BFs deter-
mined from Fourier transform spectrometer line intensities.

7. Osmium in the sun and in stars

Several Os II ultraviolet lines were detected in the prototyp-
ical HgMn star y Lupi (Leckrone et al. 1999; Ivarsson et al.
2004), as already mentioned in Sect. 1. The abundance analysis
of y Lupi by Ivarsson et al. (2004) relied on new measurements
of transition probabilities, which were used as well to constrain
the calculations performed in the present work (Table 6). The
Os abundances derived in y Lupi thus made use of the latest
log g f values available, so that there is no need to discuss them
further here.

Table 7 lists all the Os I lines which have been used so
far to derive the solar Os abundance as well as Os abundances
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Table 7. Os I lines previously observed in the Sun and the stars. Lines between parentheses turn out to be unsuitable for Os abundance
determination, because they are either too weak or heavily blended in the sun or in metal-poor stars.

Ayir (NmM) loggf Object Ref. Remark
This work Previous Ref.
283.8622 -0.02 0.11 a,b Metal-poor stars (1,2)
301.8036 -0.79 -0.72 a,b Metal-poor stars 2) In the wing of a strong line
Sun In the wing of the strong lines Fe I 302.0491,
302.0639 and 302.1073 nm. Unidentified fea-
ture at 301.8025 nm
305.8660 -0.41 -0.43, -0.45 b, c Metal-poor stars  (1,2,5,6) In wing of stronger unidentified line at
305.8706 nm
Sun 3) In wing of the strong Fe I 305.9054 nm and an
unidentified line at 305.8706 nm
326.7945 -1.09 —1.08 b Metal-poor stars 2,5,6)
Sun 3,8 Blend with too strong Fe 1 326.7992 nm
(Fig. 6a)
326.9204 —1.00 -1.070 c Metal-poor stars 5)
Sun Very weak, in the wing of Fe I 426.9232 nm
330.1559 -0.74 -0.75, —0.743 b,c Metal-poor stars (2, 5,6,8)  (Fig. 7)
Sun 3,8) Clean line (Fig. 6b)
350.4662 - —1.636 c Metal-poor stars )
Sun Strong unidentified features (e.g. 350.468 nm)
352.8602 - —1.740 C Metal-poor stars (5,6)
Sun Bad fit of the synthetic spectrum
(375.2524) -0.98 -0.99 b Sun 3) Nd II at 375.249 is the principal contributor to
the feature
(397.7231) -1.94 -1.59, -1.77 b, c Sun 3) Very weak solar line (W, = 0.7 mA), blend with
Fe 1397.7166 nm and Co 1 397.7177 nm
(409.1817) - -1.66 b Sun 3) Very weak solar line (W, = 0.6 mA)
(413.5774) -1.24 -1.26,-1.35 a,b,c  Metal-poor stars 4,5,7) Blend with Zr I (413.5656), Fe I (413.5755), Sm
II (413.5142); this line yields a 0.4 dex too high
Os abundance in CS 31082-001 (Ivarsson et al.
2003)
Sun idem
426.0848 -1.43 —-1.44, -1.47 a,b,c  Metal-poor stars 4,5, 7)
Sun In the wing of Fel (426.0486) and an unidenti-
fied line
442.0468 -1.20 -1.53 b Metal-poor stars 4) Very high resolution is necessary to disentan-
gle from SmlII (442.0526); this line yields a 0.3
dex too high Os abundance in CS 31082-001
(Ivarsson et al. 2003)
Sun 3,8 Separation from SmlI (442.0526) is sufficient to
constrain the abundance (Fig. 6¢)
(455.0410) - -0.71 b Sun 3) Very weak solar line (W, = 0.4 mA)
(463.1828) - -1.19 b Sun 3) Very weak solar line (W, = 0.1 mA)

a: Corliss & Bozman (1962) b: Kwiatkowski et al. (1984) c: Ivarsson et al. (2003).
(1) Sneden et al. (1998); (2) Cowan et al. (2002); (3) Kwiatkowski et al. (1984); (4) Sneden et al. (1996); (5) Ivarsson et al. (2003); (6) Sneden

et al. (2003); (7) Hill et al. (2002); (8) This work.

in very metal-poor stars enriched in heavy elements (Sneden
et al. 1996, 1998, 2003; Cowan et al. 2002; Hill et al. 2002;
Ivarsson et al. 2003). Table 7 also compares the old and new
loggf values. Since the equivalent width is proportional to
gf X &os, as a gross approximation a change of oscillator
strength of Aloggf will result in a logarithmic abundance
variation Alogeos = —Aloggf where logeos is expressed
on the usual logarithmic scale relative to hydrogen (logeos =
log[Nos/Nul + 12.00).

For all but one line listed in Table 7, the loggf values
changed by less than 0.1 dex, so that the impact on the stellar
abundances may be considered negligible. These lines are in-
deed the strongest ones in the considered wavelength range and
it is expected that their log g f should be reliable. The Os I line
at 442.0468 nm is an exception, since the loggf changed
by +0.33 dex. However Table 5 shows that the calculation of
the branching fraction is in good agreement (2%) with the ex-
perimental measurements. Moreover, considering the r-process
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Table 8. Lines used to derive the solar Os abundance. Abundances are

derived using either the Holweger-Miiller or MARCS models.

Wavelength

(nm)

loggf™

log o5

H-M

MARCS

326.7945
330.1559
442.0468

Average

-1.09
-0.74
-1.20

1.40
1.30
1.15

1.28

1.30
1.25
1.10

1.22

P. Quinet et al.: Transition probabilities and lifetimes in Os I and Os II

Normalized flux

Global average

1.25

* Deduced from semi-empirical gA-values of Table 5. Uncertainties
are estimated to be about 20-25%.

enriched star CS 31082-001, the new loggf value (—1.20 in-
stead of —1.53) nicely helps to reconcile the abundance derived
from this line (log eos = 0.5 with the former log g f, Ivarsson
et al. 2003) with the mean abundance derived from seven other
Os I lines (log eps = 0.2, Ivarsson et al. 2003).

7.1. A new solar abundance for osmium

Os I has been observed in the solar photosphere: an abun-
dance value logeps = 0.70 was proposed by Jacoby & Aller
(1976) on the basis of the oscillator strengths available at
that time (Corliss & Bozman 1962). Using spectral synthesis,
these authors retained for their analysis three different lines
(at 305.8706, 330.1579 and 442.0460 nm). This abundance
value was considerably revised by Kwiatkowski et al. (1984)
using their lifetime measurements and improved solar observa-
tions. Their abundance value, log o5 = 1.45 + 0.10, was found
to be in agreement with the meteoritic abundance as deduced
by Anders & Ebihara (1982).

We have reconsidered the problem of the solar abun-
dance using the new atomic data. The Turbospectrum pack-
age (Alvarez & Plez 1998) has been used to compute synthetic
spectra, using either the Holweger-Miiller solar model or a so-
lar model extracted from the MARCS grid (Gustafsson et al.
2002). The partition functions are taken from Irwin (1981). The
isotopic structure as well as the hyperfine structure of '%°0Os
have been taken into account, using data from Blaise & Wyart
(1989) and Kroger et al. (2002). Among all the lines exam-
ined, only three (at 326.7945, 330.1559 and 442.0468 nm) were
retained for the final analysis. Some of the very faint lines,
considered previously by Kwiatkowski et al. (1984), were dis-
carded, first because of their faintness (equivalent widths <
2 mA) and sensitivity to blends in the solar spectrum (see
Table 7) and second, because they are more likely to be affected
by large uncertainties on their log g f values. The final Os abun-
dance value, based on the three lines mentioned in Table 8 and
averaged between the Holweger-Miiller and MARCS results,
is log oy = 1.25 £ 0.11, where the uncertainty corresponds to
one standard deviation. The hyperfine and isotopic structure of
the lines have no measurable impact on that value.

05 | : .

Normalized flux

05 ; _

Normalized flux

442.05
Wavelength (nm)

0
442.00

Fig. 6. Osmium lines at 326.7945, 330.1559 and 442.0468 nm (as indi-
cated by the dotted vertical lines). The thick dotted line is the observed
solar spectrum, and the 3 thin lines correspond (from top to bottom in
each subfigure) to spectral synthesis (i) with no osmium; (ii) with the
Os abundance as listed in Table 8; and (iii) with the former standard
solar Os abundance log o, = 1.45. These spectral synthesis have been
produced with the MARCS solar model taking the isotopic and hyper-
fine structures into account.

We now discuss these three lines separately:

a) A 326.7945 nm (Fig. 6a): an artificial line has been intro-
duced to fit the nearby line at 326.8057 nm. Moreover, this
osmium line is blended with a Fe I at 326.7992 nm (logg f =
—2.751, VALD?2). The loggf of this Fe I line has been
adapted to improve the fit (log g f = —3.8). The osmium line
is then fitted with logeps = 1.30 with the MARCS solar
model and log g5 = 1.40 with the Holweger-Miiller model.
There is some veiling opacity in this region, which is unac-
counted for, and may be responsible for the somewhat larger
Os abundance. This line is the less secure of the three os-
mium lines used to derive the solar abundance.

b) A 330.1559 nm (Fig. 6b): this is the cleanest and thus
most reliable line. An artificial line has been introduced
to fit the nearby line at 330.1418 nm. The osmium line is



P. Quinet et al.: Transition probabilities and lifetimes in Os I and Os II

well-fitted with log £os = 1.25 with the MARCS solar model
and log gos = 1.30 with the Holweger-Miiller model.

c) 4 442.0468 nm (Fig. 6c): this line is blended by
Nd II and Sm II lines (Moore et al. 1966; VALD-2
(Kupka et al. 1999); see also the D.R.E.A.M. database
which is accessible on the following web site
http://www.umh.ac.be/~astro/dream.shtml). The os-
cillator strength of the Sm II (442.0524 nm) line, as listed
in VALD-2, is too strong (loggf = —0.383). The loggf
of this Sm line was adapted in order to fit the rightmost
side of the blend (loggf = —1.983). The Os line is
well-fitted with logeps = 1.10 with the MARCS solar
model and log o5 = 1.15 with the Holweger-Miiller model.
The 442.0516 Nd II line has very little impact. Thanks
to the separation between the Os and the Sm lines, the
Os abundance is well-constrained; in particular, the os-
mium abundance does not change if it is determined before
the Sm line is adjusted. An artificial line is introduced
at 442.0285 nm.

For meteorites, Asplund et al. (2005) give logeps = 1.34 +
0.03, corresponding to a slight rescaling of the Lodders (2003)
value. Our new determination (logegs = 1.25 + 0.11) is thus
slightly closer to the meteoritic result than the value reported
by Kwiatkowski et al. (1984).

The choice of the lines selected to derive the solar abun-
dance is critical. The inclusion of the very faint lines (equiv-
alent widths < 2 mA), as done by Kwiatkowski et al. (1984),
clearly shifts the mean abundance to higher values. These lines
were however excluded for the reasons stated above.

7.2. Osmium in stars

The CH star HD 187861 was observed on April 2, 2002, on
the high-resolution UVES spectrograph of the Paranal ESO ob-
servatory in Chile. Figure 7 presents the high-resolution spec-
trum of this star around 330.1559 nm. Although the spectrum is
a bit noisy, the osmium line is clearly visible. Stellar parameters
have been determined for this star (Masseron et al., in prep.),
dedicated MARCS model atmospheres have been built and the
Turbospectrum package (Alvarez & Plez 1998) has been used
to compute synthetic spectra. The osmium abundance deter-
mined from Fig. 7 is log egs = 0.55 for this star of metallicity
[Fe/H] = —2.3, which implies [Os/Fe] = 1.6 dex. Considering
the fact that osmium is generally believed to trace the r-process
of nucleosynthesis, this large overabundance is surprising in
a CH star where s-process element overabundances are usually
reported. An on-going abundance analysis indeed reveals that
HD 187861 exhibits s-process element overabundances similar
to the level reported for osmium, thus making it another ex-
ample of the rare class of s-r-enriched stars (e.g. Cohen et al.
2003).
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Table 5. Branching fractions (BF), transition probabilities (gA in 10° s~') and oscillator strengths (log gf) for transitions depopulating odd-
parity levels in Os L.

Upper level® J Lower level® J A(nm)” Experiment® This work
Energy (cm™!) Energy (cm™!) BF gA BF? gA® log gf¢
22615.69 4 0.00 4 442.0468 0.983 0.963 21.69 -1.20
T =400(50)/ ns 4159.32 3 541.6678 0.001 0.002 0.09 -3.40
5143.92 5 572.1931 0.012 0.028 0.63 -2.51
11030.58 4 862.9399 0.006 0.18 -2.70
23462.90 5 0.00 4 426.0848 0.992 13.64 0.987 13.53 —-1.43
7 = 800(70)Y ns 5143.92 5 545.7302 0.011 0.11 -3.31
28331.77 4 0.00 4 352.8598 0.287 9.72 0.362 14.13 —1.58
T =230(20)/ ns 4159.32 3 413.5774 0.515 17.46 0.568 22.23 -1.24
5143.92 5 431.1391 0.195 6.57 0.045 1.80 -2.30
8742.83 4 510.3499 0.002 0.09 0.022 0.81 -2.50
28371.68 3 0.00 4 352.3634 0.255 4.55 -2.07
7 =390(50)’ ns 2740.49 2 390.0391 0.377 6.79 -1.81
4159.32 3 412.8957 0.214 3.85 -2.01
10165.98 2 549.1259 0.009 0.14 -3.20
11030.58 4 576.5048 0.020 0.35 -2.76
11378.00 3 588.2910 0.034 0.63 —-2.48
13364.83 2 666.1784 0.016 0.28 -2.73
14091.37 3 700.0718 0.005 0.07 -3.29
15222.57 2 760.2984 0.059 1.05 -2.04
15390.76 3 770.1494 0.007 0.14 -2.90
29 381.65 3 0.00 4 340.2508 0.059 4.20 -2.14
7=99(8)¢ ns 2740.49 2 375.2524 0.707 49.98 -0.98
4159.32 3 396.3619 0.149 10.50 -1.61
10165.98 2 520.2637 0.067 4.76 -1.71
13364.83 2 624.1710 0.001 0.07 -3.39
14091.37 3 653.8296 0.004 0.28 -2.75
15222.57 2 706.0659 0.002 0.14 -2.98
15390.76 3 714.5538 0.008 0.56 -2.37
30279.95 5 0.00 4 330.1565 0.935 110.55 0.950 112.31 -0.74
T =93(7)" ns 5143.92 5 397.7228 0.061 7.26 0.041 4.84 -1.94
8742.83 4 464.1846 0.003 0.33 0.002 0.22 -3.15
11030.58 4 0.004 0.44 -2.75
30591.45 4 0.00 4 326.7945 0.554 50.85 -1.09
7 =98(8) ns 4159.32 3 378.2200 0.427 39.15 —1.08
8742.83 4 457.5666 0.001 0.09 -3.55
11030.58 4 511.0823 0.007 0.63 -2.61
11378.00 3 520.3238 0.002 0.18 -3.14
15390.76 3 657.6832 0.007 0.63 -2.39
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Upper level® J Lower level® J A(nm)® Experiment® This work
Energy (cm™) Energy (cm™) BF gA BF? gA°¢ log gf°¢
32684.61 4 0.00 4 305.8655 0.883 283.77 0.864 277.65 -0.41
7=2812)" ns 4159.32 3 350.4658 0.044 14.13 0.061 19.62 -1.44
5143.92 5 362.9956 0.002 0.72 0.014 4.50 -2.05
8742.83 4 417.5622 0.042 13.59 0.026 8.28 —1.66
11 030.58 4 461.6785 0.017 5.40 0.016 5.13 -1.78
11378.00 3 469.2066 0.007 2.25 0.003 0.99 -2.48
14091.37 3 537.6804 0.004 1.26 -2.26
14 338.99 5 544.9378 0.001 0.36 -2.79
15390.76 3 578.0799 0.007 2.25 -1.95
33124.48 3 0.00 4 301.8036 0.867 119.00 -0.79
7=51(4) ns 2740.49 2 329.0259 0.020 2.73 -2.35
4159.32 3 345.1435 0.008 1.12 -2.70
8742.83 4 410.0288 0.007 0.98 -2.61
11 030.58 4 452.4867 0.024 3.29 -1.99
11378.00 3 459.7157 0.001 0.14 -3.35
12774.38 2 491.2609 0.013 1.75 -2.20
13364.83 2 505.9408 0.001 0.14 -3.27
15222.57 2 558.4445 0.055 7.56 —1.45
34365.33 5 0.00 4 290.9057 0.978 448.47 0.988 434.72 -0.26
T =252) ns 8742.83 4 390.1714 0.007 3.08 0.007 3.08 -2.15
11030.58 4 428.449 0.010 4.40 0.003 1.32 -2.44
34 803.82 4 0.00 4 287.2405 0.133 20.61 -1.59
7 =58(5) ns 4159.32 3 326.2288 0.464 72.00 -0.94
5143.92 5 337.0587 0.310 48.06 -1.09
8742.83 4 383.6064 0.042 6.48 -1.84
11030.58 4 420.5225 0.003 0.45 -2.92
11378.00 3 426.7593 0.002 0.27 -3.13
14 091.37 3 482.6665 0.006 0.90 -2.50
15390.76 3 514.9737 0.032 4.95 -1.71
18901.94 3 628.6826 0.004 0.63 -2.43
35615.92 3 0.00 4 280.6906 0.611 137.97 -0.79
7=31(2) ns 2740.49 2 304.0900 0.252 56.91 -1.10
4159.32 3 317.8064 0.024 5.39 -2.09
8742.83 4 372.0136 0.052 11.76 —-1.61
11030.58 4 406.6316 0.006 1.33 —-2.48
11378.00 3 412.4603 0.016 3.64 -2.03
12774.38 2 437.6759 0.005 1.12 -2.49
13364.83 2 449.2901 0.006 1.33 -2.39
14 848.05 4 481.3785 0.004 0.91 -2.50
15222.57 2 490.2190 0.016 3.64 —1.88
15390.76 3 494.2957 0.003 0.70 -2.59
18901.94 3 598.1358 0.001 0.21 -2.95
21303.36 2 698.4944 0.001 0.21 -2.81
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Table 5. continued.

Upper level* J Lower level” J A(nm)® Experiment® This work
Energy (cm™) Energy (cm™) BF gA BF¢ gA¢ log gf¢
36 826.39 4 0.00 4 271.4639 0.422 84.42 -1.03
T =45(4) ns 4159.32 3 306.0297 0.040 8.01 -1.95
5143.92 5 315.5406 0.005 0.99 -2.83
8742.83 4 355.9785 0.281 56.16 -0.97
11030.58 4 387.5500 0.002 0.36 -3.09
11378.00 3 392.8409 0.027 5.40 -1.90
14091.37 3 439.7265 0.061 12.15 —1.45
14 338.99 5 444.5687 0.009 1.80 -2.27
14 848.05 4 454.8659 0.040 8.01 —1.60
15390.76 3 466.3824 0.103 20.61 -1.17
19108.87 4 564.2565 0.007 1.44 -2.16
21123.66 3 636.6559 0.002 0.36 —2.66
37908.77 4 0.00 4 263.7126 0.759 243.90 -0.59
7=282) ns 4159.32 3 296.2146 0.124 39.87 -1.28
5143.92 5 305.1164 0.016 5.13 -2.14
8742.83 4 342.7674 0.077 24.75 -1.36
11378.00 3 376.8138 0.004 1.26 -2.57
14091.37 3 419.7428 0.007 2.25 -2.23
14 848.05 4 433.5159 0.007 2.25 -2.20
18901.94 3 525.9803 0.002 0.63 -2.58
40361.92 4 0.00 4 247.6835 0.127 134.46 -0.91
7=8.5(7) ns 4159.32 3 276.1417 0.076 80.46 -1.04
5143.92 5 283.8622 0.744 787.77 -0.02
8742.83 4 316.1731 0.023 24.39 -1.44
11378.00 3 344.9201 0.009 9.54 -1.77
14 848.05 4 391.8327 0.017 18.00 -1.38
46776.29 3 0.00 4 213.7161 0.272 396.69 -0.57
7 =4.83) ns 2740.49 2 227.0178 0.294 428.75 -0.48
4159.32 3 234.5765 0.023 33.53 —1.56
8742.83 4 262.8480 0.025 36.47 -1.42
10165.98 2 273.0663 0.021 30.59 —-1.47
11030.58 4 279.6714 0.090 131.25 —0.81
11378.00 3 282.4164 0.034 49.56 -1.23
12774.38 2 294.0151 0.001 1.47 -2.72
13364.83 2 299.2112 0.008 11.69 -1.80
14091.37 3 305.8626 0.013 18.97 -1.57
14 848.05 4 313.1116 0.116 169.19 —-0.60
15222.57 2 316.8282 0.073 106.47 -0.79
19108.87 4 361.3329 0.002 2.94 -2.24
19410.66 2 365.3178 0.003 4.34 -2.06
21123.66 3 389.7132 0.002 2.94 -2.17
21303.36 2 392.4625 0.001 1.47 —-2.47
23317.60 2 426.1613 0.003 4.34 -1.93
23984.58 3 438.6328 0.001 1.47 -2.37
25601.55 4 472.1287 0.003 4.34 -1.84
27350.96 3 514.6484 0.002 2.94 -1.93
28139.52 3 536.4245 0.002 2.94 -1.90
29394.30 4 575.1486 0.003 4.34 -1.67

¢ From Van Kleef & Klinkenberg (1961).

b Wavelengths in air are deduced from experimental level values.

¢ From Ivarsson et al. (2003) ¢ Branching fractions calculated using the HFR + CP method (see text).

¢ Values obtained by combining calculated BFs and experimental lifetimes given in the first column and taken from:

/ This work.
9 Kwiatkowski et al. (1984).
" Tvarsson et al. (2003).
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odd-parity levels of Os II.

Upper level® J Lower level® J A(nm)? Experiment* This work
Energy (cm™!) Energy (cm™!) BF gA BF! gA¢  log gf* CF"
39389.49 7/2 0.00 92 2537986 0914  107.5 0.307 37.2 -1.44  -0.030
7= 66(6) ns 3593.15 72 279.2758 0.012 1.4 -2.79 0.004
392894 52 281.9205  0.003 0.4 0.025 3.0 -245 -0.015
789193  5/2 317.3931  0.006 0.7 0.275 333 -1.30 0.128
11654.08  5/2 360.4471 0.198 24.0 -1.33 0.185
13203.88 72 381.7808 0.002 0.2 -336 -0.024
1341480 5/2 384.8810  0.024 2.8 0.171 20.7 -1.34 -0.127
41282.95 9/2 0.00 92 242.1572 0.855 70.1 -1.21  -0.211
[t =122 ns] 3593.15 72 265.2448 0.004 0.3 -3.50 -0.003
1145990 72 335.2148 0.057 4.7 -2.10 0.114
13203.88 72 356.0355 0.044 3.6 -2.16 -0.179
1724226 72 415.8442 0.010 0.8 -2.68 0.084
43802.36 7/2 0.00 92 2282278  0.687 9309 0.760  1147.2 —-0.05 0.331
7=5.34) ns 3593.15 72 248.6242 0230 3115 0.155 226.4 —-0.68 0.097
392894 52 250.7181  0.015 20.4 0.016 24.1 -1.64 -0.020
789193  5/2 278.3885  0.026 35.1 0.010 15.1 -1.76  -0.018
1145990 72 309.1013 0.004 6.3 -2.04 -0.007
11654.08  5/2 310.9684 0.014 21.1 -1.51 -0.103
13203.88  7/2 326.7194 0.027 40.7 -1.19 0.120
1341480 5/2 328.9873 0.008 12.1 -1.71 0.033
15605.58  9/2 354.5491 0.001 1.5 -2.55 0.005
1724226  7/2 376.3976 0.001 1.5 -2.50 -0.017
21590.81 972 450.0899 0.001 1.5 -234  -0.012
44315.40 9/2 0.00 92 225.5853 0.882 17294 0.12 0.454
7=5.14) ns 3593.15 72 245.4917 0.011 21.6 -1.71 0.012
1145990 72 304.2745 0.038 74.5 -098 -0.118
13203.88  7/2 321.3315 0.031 60.8 -1.03 0.199
1724226 7)2 369.2647 0.007 13.7 -1.55  -0.096
17688.64  11/2  375.4553 0.001 2.0 -237 -0.075
46 157.19 32 392894 52 236.7360 0.863  616.6 0.880 628.5 -0.28 0.337
7 =5.6(5)7 ns 5592.05  3/2 246.4425 0.014 10.0 -2.04 0.014
6636.57 1/2 2529564  0.031 22.4 0.029 20.7 -1.70  -0.021
789193  5/2 261.2556  0.028 19.8 0.008 5.7 -2.23 0.006
13136.61  3/2 302.7533 0.008 5.7 -2.11  -0.016
1341480  5/2 305.3257 0.001 0.7 -3.01 0.001
1742439 32 347.9347 0.018 12.8 -1.63 0.093
17569.40  5/2 349.6996 0.026 18.6 -147  -0.072
46373.51 5/2 3593.15 72 233.6805 0.773  828.5 0.772 772.0 -0.20 0.342
7=6.0(6)' ns 392894 52 2355293  0.113 1215 0.080 80.0 -1.18 0.052
5592.05  3/2 245.1352  0.038 41.0 0.057 57.0 -1.29 -0.041
789193 52 259.7869 0.012 12.0 -1.91 0.014
1145990 72 286.3372 0.013 13.0 -1.80 0.025
11654.08 5/2 287.9387 0.006 6.0 -2.13 -0.024
13136.61 32 300.7828 0.001 1.0 -2.87 0.003
13203.88 72 301.3928 0.007 7.0 -2.02 -0.035
1341480 5/2 303.3216 0.037 37.0 -1.29 0.084
1724226 72 343.1756 0.001 1.0 -2.75 0.018
17569.40  5/2 347.0733 0.008 8.0 -1.84 0.043
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Upper level® J Lower level* J A(nm)? Experiment* This work
Energy (cm™) Energy (cm™) BF gA BF¢ gA®¢  loggf* CF"
48 128.08 1/2 5592.05  3/2 235.0229  0.708 240.2 0.768 260.3 -0.67 0.320
7=5.9(5)7 ns 6636.57 1/2 2409399  0.083 28.1 0.099 335 -1.54 -0.118
13136.61  3/2 285.7000 0.027 9.1 -1.95 —-0.040
17424.39  3/2 325.5998 0.005 1.7 -2.57 -0.021
48798.70 5/2 392894  5/2 222.7980  0.606 542.7 0.484 433.4 -0.49 —-0.155
7=6.7(5)7 ns 5592.05  3/2 231.3747  0.162 145.2 0.278 248.9 -0.70 -0.121
7891.93 52 2443842  0.044 39.1 0.036 322 -1.54 -0.015
11459.90  7/2 267.7384 0.029 26.0 -1.55 —-0.028
11654.08  5/2 269.1381  0.027 243 0.023 20.6 —-1.65 -0.024
13136.61  3/2 280.3272 0.001 0.9 -2.97 0.001
1341480  5/2 282.5313 0.025 22.4 -1.57 0.017
1724226 7/2 316.8008 0.001 0.9 -2.87 0.005
1742439  3/2 318.6400 0.056 50.1 -1.12 -0.119
17569.40  5/2 320.1196 0.008 7.2 -1.96 0.014
1998593  7/2 346.9690 0.003 2.7 -2.31 -0.013
49 149.39 7/2 0.00 92 203.3959 0.014 16.7 -1.98 0.005
7=6.7(6) ns 3593.15 72 219.4403 0.696 831.0 -0.22 -0.259
392894 572 221.0700 0.011 13.1 -2.02 —-0.006
789193 52 242.3068 0.175 208.9 -0.73 -0.125
11459.90 7/2 265.2470 0.009 10.7 -1.95 -0.011
11654.08 5/2 266.6207 0.012 14.3 -1.82 -0.024
13203.88  7/2 278.1168 0.003 3.6 -2.38 —-0.009
13414.80  5/2 279.7584 0.011 13.1 -1.81 0.015
15605.58  9/2 298.0306 0.001 1.2 -2.80 0.019
17569.40  5/2 316.5646 0.048 57.3 -1.06 —-0.154
1959091  5/2 338.2153 0.002 24 -2.38 0.017
19985.93  7/2 342.7965 0.002 24 -2.37 0.0143
51770.38 5/2 3593.15 72 207.5008 0.001 1.0 -3.19 0.000
[T =8.2ns] 392894 572 208.9573 0.048 355 -1.63 -0.011
5592.05  3/2 216.4838 0.562 413.6 —-0.54 -0.204
789193 52 227.8319 0.148 109.1 -1.07 0.037
1145990 7/2 247.9995 0.028 20.7 -1.72 —-0.023
11654.08  5/2 249.2001 0.062 453 -1.37 0.034
13136.61  3/2 258.7635 0.004 32 -2.49 0.005
13203.88  7/2 259.2149 0.001 1.0 -3.00 -0.002
13414.80  5/2 260.6404 0.034 24.8 -1.60 -0.013
1724226  7/2 289.5341 0.001 0.8 —-3.00 0.005
1742439  3/2 291.0696 0.058 42.6 -1.27 —-0.124
17569.40  5/2 292.340 0.004 3.1 -2.40 0.006
1959091  5/2 310.6670 0.002 1.3 -2.72 -0.005
19985.93  7/2 314.5281 0.003 2.2 -249 -0.0103
51951.61 9/2 0.00 92 192.4868  0.259 810.7 0.182 568.7 -0.50 0.117
7=3.2(3) ns 3593.15 72 206.7230  0.442  1381.7 0.562  1756.2 0.05 —-0.501
11459.90 7/2 246.8895  0.089 277.2 0.089 278.1 -0.59 0.121
13203.88  7/2 258.0024  0.161 502.9 0.097 303.1 -0.52 —-0.189
15605.58  9/2 275.0519 0.011 343 -1.41 —-0.058
1724226  7/2 288.0223 0.012 375 -1.33 0.047
17688.64  11/2  291.7749 0.009 28.2 -1.44 0.166
21590.81 972 329.2772 0.002 6.2 -2.00 0.023
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Table 6. continued.

Upper level® J Lower level” J A(nm)? Experiment* This work
Energy (cm™) Energy (cm™!) BF gA BF¢ gA°¢ log gf* CF"
52206.48 72 0.00 9/2 191.5471 0.001 1.6 -3.05 —-0.001
7=4.9(4) ns 3593.15 7/2 205.6391 0.440 749.6 - - - 0.000
3928.94 5/2 207.0696 0.415 706.9 0.632 1031.8 -0.18 -0.364
7891.93 5/2 225.5896 0.002 33 -2.60 0.001
11459.90 7/2 245.3451 0.060 98.0 -1.05 —-0.051
11654.08 5/2 246.5200 0.022 359 -1.48 0.044
13203.88 7/2 256.3163 0.112 182.8 -0.74 0.137
13414.80 5/2 257.7101 0.037 60.4 -1.22 —-0.044
15 605.58 9/2 273.1365 0.047 76.7 -1.07 0.112
17 569.40 5/2 288.6233 0.028 48.3 0.018 29.4 -1.43 —-0.055
19590.91 5/2 306.5129 0.001 1.6 -2.65 0.004
21590.81 9/2 326.5360 0.005 8.2 —-1.88 -0.024
54379.27 7/2 0.00 9/2 183.8936 0.001 2.0 -2.99 0.001
7=4.0(4) ns 3593.15 7/2 196.9042 0.023 46.0 -1.57 0.013
3928.94 5/2 198.2148 0.329 658.0 -0.41 -0.282
7891.93 5/2 215.0447 0.095 190.0 —-0.88 —-0.103
11459.90 7/2 232.9235 0.076 152.0 -0.91 0.057
11654.08 5/2 233.9822 0.011 22.0 -1.74 0.031
13203.88 7/2 242.7898 0.230 460.0 -0.39 -0.228
13414.80 5/2 244.0400 0.019 38.0 -1.47 —-0.041
15 605.58 9/2 257.8296 0.061 122.0 -0.91 -0.113
17242.26 7/2 269.1932 0.015 30.0 -1.49 -0.025
17 569.40 5/2 271.5858 0.009 18.0 -1.70 -0.020
19590.91 5/2 287.3681 0.002 4.0 -2.30 0.007
19985.93 7/2 290.6688 0.001 2.0 -2.60 0.002
21590.81 9/2 304.8967 0.023 46.0 -1.19 0.072
54445.19 5/2 3593.15 72 196.6489 0.057 81.4 -1.33 —-0.094
7=4.2(4)" ns 3928.94 5/2 197.9561 0.121 172.8 -0.99 -0.115
5592.05 32 204.6295 0.002 29 -2.74 0.004
7891.93 5/2 214.7401 0.076 108.6 -1.12 0.051
11459.90 7/2 232.5663 0.380 542.9 -0.36 0.238
11654.08 5/2 233.6218 0.013 18.6 -1.82 -0.029
13136.61 32 242.0069 0.047 67.1 -1.23 0.071
13203.88 7/2 242.4017 0.185 264.3 -0.63 -0.132
13414.80 5/2 243.6479 0.001 1.4 -2.90 —-0.001
17242.26 7/2 268.7162 0.037 52.8 -1.24 0.052
17424.39 32 270.0383 0.006 8.6 -2.03 -0.018
17 569.40 5/2 271.1003 0.006 8.6 -2.03 —-0.005
19590.91 5/2 286.8246 0.011 15.7 -1.71 —-0.024
19985.93 7/2 290.1127 0.011 15.7 -1.70 0.024

@ Van Kleef & Klinkenberg (1961) * Wavelengths are given in vacuum below 200.0 nm and in air above that limit. They are deduced from
experimental level values. ¢ Ivarsson et al. (2004) ¢ This work. ¢ Values obtained by combining calculated BFs and experimental lifetimes
given in the first column and taken from: / This work and ¢ Ivarsson et al. (2004). Values between brackets are calculated values in this work.
I Cancellation factor (see text). A very small value (typically <0.01) of CF means that strong cancellation effects are present in the calculation
of the corresponding transition rate.



