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Abstract. The radioactive decay f8U and?32Th has recently been used to determine ages for some of the oldest stars in the
Universe. This has highlighted the need for accurate observational constraints on production models for the fpeavesst
elements which might serve as stable references, notably osmium and iridium. In order to provide a firmer basis for the observed
abundances, we have performed laser-induced fluorescence measurements and Fourier Transform Spectroscopy to determine
new radiative lifetimes and branching fractions for selected levels in Os | and Ir I. From these data, we determine new absolute
oscillator strengths and improved wavelengths for 18 Os | and 4 Ir | lines.

A reanalysis of VLT spectra of CS 31082-001 and new results for other stars with Os and Ir detections show that (i): the lines in
the UV anda 4260 A yield reliable Os abundances, while thosg.a#135, 4420 A are heavilyfeected by blending; (ii): the

Os and Ir abundances are identical in all the stars; (iii): the heavy-element abundances in very metal-poor stars conform closely
to the scaled solar-process pattern throughout the range<6B < 77; and (iv): neither Os or Ir nor any lighter species are
suitable as reference elements for the radioactive decay of Th and U.

Key words. atomic data — nuclear reactions, nucleosynthesis, abundances — stars: abundances —
stars: individual: CS 31082-001

1. Introduction new, accurate and fundamental method to determine the age of
such ancient stars by radioactive dating.

Very metal-poor halo stars with greatly enhanced abundancesTesting theoretical models for the explosive nucleosynthe-

of the heaviest neutron-capture elements have recently bg%nof the heaviest elements, especially as regards their appli-
identified (Sneden et al. 1996; Hill et al. 2002). These stars are. . . » €SP y 9 PP

) . o . ation to radioactive cosmochronology, places strong demands
of particular interest for two reasons: (i) their heavy elements

were produced by the-process in a very small numbez 1) on the atomic parameters used to convert measured stellar line
P y P y sErengths into accurate absolute abundances. Os and Ir are of

of supernovae or similar violent progenitor events in the first =~ 2. : : .
P prog ecial interest in this context: These are among the heaviest

generation of stars in the Galaxy (and in the Universe); and @able elements that can be observed in metal-poor stars in the

the abundances of thieprocess elements can be accurately de-_ . : : .
. ST .  “optical region and thus potentially more reliable reference ele-
termined, due to the negligible interference from lines of iror- . . 23
) .~ ments for the decay of the radioactive speé&sl and?3°Th

peak elements. Interest in these stars was greatly helghte{hed

: o an Eu2*2Th/*®1Eu was used in conventional /Bu chronom-
by the recent discovery of uranium in the very metal-poor Stg{r but its initial production ratio is now known to b&ected
CS 31082-001 (Cayrel et al. 2001), which opened the way tooay’ P : _

y large uncertainties (Wanajo et al. 2002; Schatz et al. 2002).
However, Os and Ir also serve to define the limit in atomic mass
Send gprint requests toS. Ivarsson, below which ther-process elements appear to be produced in
e-mail: stefan.ivarsson@astro.lu.se constant proportions; above this limit, at least such actinides as
* Based in part on observations obtained with the Very Largeh and U have a component ofidirent origin (Hill et al. 2002;
Telescope of the European Southern Observatory at Paranal, Chilelohnson & Bolte 2002).
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Accurate abundances of Os and Ir are therefore of great r
significance, both in radioactive cosmochronology and as con- 3000 F
straints on the structure, variety, and nucleosynthetic yields of F
supernovae from the first stellar generation. This motivatedu;)s
to undertake a new determination of oscillator strengths for the -~ &
astrophysically most important lines of Os | and Ir I. We als& c
redetermine the Os and Ir abundances in CS 31082-001 frém
an expanded set of lines, reaching significant new conclusions
on the production of these elements in the first stars. 19

.

1000 F

2. Laboratory data for Os | and Ir | O e
4260.75 4260.85 4260.95

Experimental oscillator strengths for neutral osmium (Os ) wavelength (/&>

were first reported by Corliss & Bozman (1962). Later,
Kwiatkowski et al. (1984) measured lifetimes for six energig. 1. Observed line structure for the ®¥ °D,—~5d°6s€D)6p z'Ds
levels, which they used to rescale and adjust some of firensition of Os | observed at 4260.849 A in the laboratory
f-values of Corliss & Bozman. For neutral iridium (Ir 1), ex-FTS spectrum.
perimental oscillator strengths for 27 lines were determined by
Gough et al. (1983). They combined radiative lifetimes, mea- 300
sured by a laser-excitation fluorescence technique, with exper-
imental branching fractions obtained from spectra of a Ne- 290
Ir hollow-cathode lamp recorded with an intensity-calibrateg
monochromator. S
In this paper we present radiative lifetimes of four levels of 150
Os | and one level of Ir I, measured at the Lund Laser Centre
(LLC) by means of the laser-induced fluorescence (LIF) tech> 100
nigue. We also report branching fractions, determined with tlﬁa
Lund UV Fourier Transform Spectrometer (FTS), for transi= 50
tions from six Os | levels and two Ir | levels. Combining all
these new data and one previously measured lifetime foreach Or—0————+—~ . . . —F 7T 1"
of Os | and Ir | (Gough et al. 1983; Kwiatkowski et al. 1984), 351355 3513.65 3513.75
we derive new oscillator strengths for 18 Os | and 4 Ir | lines
in the wavelength region 2900-5100 A. For all the transitions

measured we also present improved centre-of-gravity waveg. 2. Unresolved structure of the 5K &*Fo/,—5d'6sCF)6p ZF11/
lengths. transition of Ir | observed at 3513.6473 A in the laboratory
FTS spectrum.

200

wavelength (A)

3. Atomic properties and structure of Os | and Ir |

3.1. Osmium The ground state and the lowest levels of Os | belong to

Osmium has seven stable isotopes with the mass numbers G§(even-parity configurations %t and 5d6s (Van Kleef &

relative terrestrial abundancés= 184 (0.02%), 186 (1.6%), Klinkenberg 1961). The lowest configurations of odd parity,

187 (1.6%), 188 (13.3%), 189 (16.1%), 190 (26.4%) and 1§§6656p and 5e6s’6p, appear around 3 eV. The transition ar-
(41.0%) (Kioger et al. 2002). The even isotopes, which accodidys between these two sets of levels represent the stronges
es in the Os | spectrum, and they appear in the wavelength

for more than 80% of all osmium, have no hyperfine structupé' ;

(hfs). Nevertheless, a weak blue-shifted hfs component is s€g%ON 2500 t0 4500 A.

for some of the strongest transitions, resolved from the main

spectral feature (see e #1260 in Fig. 1). The red-shifted com-3 5 1 igium

ponent, resolved in Fig. 1, is due to the isotope shift of the iso-

topesA = 188 andA = 189. TheA = 184, 186 and 187 isotopesiridium has two stable isotope&,= 191 and 193, with relative

have too low abundances to be observed. terrestrial abundances of 37.3% and 62.7%. The asymmetric
The main spectral feature in Fig. 1 is asymmetric due to tifieatures in the FTS spectrum are unresolved blends of hyper-

unresolved blend of the two most abundant isotopes, 190 fine structure andr isotope shift components, as shown by the

and 192, and is thusfiected by isotope shift. The extensiveexample in Fig. 2. A detailed analysis of the hyperfine struc-

study by Kioger et al. (2002) used laser induced fluorescenizee and isotopic shift in Ir | has been published by Sawatzky

spectroscopy to resolve and measure the hyperfine struc&ninkler (1989), who studied thesdfects by means of opti-

and isotope shifts of numerous levels and lines in Os I. cal interference spectroscopy.
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Table 1. Experimental radiative lifetimes of four levels in Os .

LeveP Energy J A2 I Lifetime (ns): Exg

(cm™h A (A)  This work K CB
5F6L(°S)6p /P,  28331.736 4.0 43113 4135 265(20)  238.0(12) 70.2
5f6sD)6pz’Fs  30279.921 5.0 33015 3977 93 (7) 91.0(5) 275
56s6D)6p z'F,  32684.629 4.0 3058.6 3504 28 (2) 27.3(2) 9.6

5P6s€D)6p z5Fs  34365.335 5.0 2909.0 2909 24 (2)

a Level notation from Van Kleef & Klinkenberg (1961).
b | aser wavelength used to populate the upper state.
¢ Wavelength used to detect the fluorescence signal.
4 K = Kwiatkowski et al. (1984), CB= Corliss & Bozman (1962).

Table 2. Experimental radiative lifetimes of two levels in Ir I.

LeveP Energy J A8 A5, Lifetime (ns): Exf
(cm™h A (A)  This work G

5076sCF)6p z0F.y, 2845232 55 3513.6 3902 320(30)  340(10)

5d'6sCF)6p z°Dg,  26307.49 4.5 580(10)

a Level notation from Van Kleef (1957).

b | aser wavelength used to populate the upper state.
¢ Wavelength used to detect the fluorescence signal.
4G = Gough et al. (1983).

The observed lines in Ir | arise from transitions from théhe position of the slit of the detecting monochromator. Another
low even configurations 385> and 5d6s to the odd-parity test was to make lifetime recordings forfidrent delays be-

configuration 586s6p (Van Kleef 1957). tween the ablation laser pulse and the excitation laser pulse,
thus isolating ions travelling with ffierent velocities.

4. New experimental results Based on ;[hese tests, we depid_ed that our data for the
5d°6s€D)6p z 'Ds level of Os | (lifetime~800 ns) and the

4.1. Radiative lifetime measurements 5d’6sCF)6p z°Dy,; level of Ir | (lifetime 580 ns) were not suf-

T ficiently accurate to merit publication, and we have retained
We have remeasured the radiative lifetimes of four levels #Re values found by Kwiatkowski et al. (1984) and Gough et al

OLTFI e:ndhoqe Ievzl 'T Irl, using thf Iase_r-mquced—f(ljuotrescen 83), respectively. Kwiatkowski et al. (1984) used an oven
(LIF) technique. A plasma cone of osmium ions and atoms w Sproduce a vapour of free Os | atoms, which should lead to

created from an osmium pellet by an ablation laser. Atoms dhaller flight-out-of-view ffects than our laser ablation tech-

the expanding cone O.f lons were selectively photo-excited ﬁfbue and hence to somewhat more reliable results for lifetimes
the level under investigation by light from a pulsed tuneab!

. . iff the microsecond range. A similar case is the upper level of
dye laser, work_mg on areq dye and pumped by a Nd:YAG I_as e line at 4420 A, which was not measured by Kwiatkowski
The dye laser lightwas shifted to the desired wavelengths in al. (1984) and for which no recent lifetime measurement is
near UV and deep blue using a frequency-doubling crystal af?{ﬂjs available.

Raman shifting in a hydrogen cell. The fluorescence light due ] ) o .
to the decay of the excited levels was then measured with a fastResidual experimental uncertainties are divided equally be-
detection system. For levels with short lifetimes, the tempbveen random scatter betweerffefent recordings and such
ral shape of the laser pulse was also recorded, and the lifetiR@SSible systematicfiects. There is, indeed, a direct tradé-o
values were evaluated by fitting a convolution of the record@§tween these two types of error: the photon shot noise in the
pulse and an exponential to the fluorescence signal. The exjaflividual recordings may be reduced by increasing the power
imental set-up is described in detail by Li et al. (2000). of Fhe ablatlon_lgser pulse or reducing the delay betwegn the ab-
The general advantage of a laser produced plasma a@tg)n and exciting laser p_ulses.. Bot_h of th_ese remedies result
source of free ions and atoms is the high particle densiwla_de_nser plasm_a and_hlgherllght intensity at the moment of
fairly high population in metastable levels, and the preseng¥citation, hence in an increased photon flux. The penalty for
of high ionization stages. A major drawback is the high speéras gainis an !npreased component of colllslonal de-excitation,
of the created particles, for neutral osmium in the r(,m(ﬁ_}10|_mrrl1ed|ately visible as a systematic reduction of the measured
10* ms'L. This sets an upper limit to the lifetimes that can bietime.
measured, because of flight-out-of-viefieets. Possible sys-  Our final experimental results are given in Tables 1 and 2
tematic errors due to thes@&ects were checked by changingand compared with the earlier laboratory data. In most cases the



1144 S. Ivarsson et al.: New laboratory and stellar data for Os | and Ir |

agreement is very good. For further comparison, the lifetiméis4 300-40000 crit) are recorded at a spectral resolution of
computed theoretically in Sect. 5 are also given. about 0.05 cmt (1/A1 ~ 5 x 10° andA1 ~ 8 mA at 4000 A).
The linear wavenumber scale was calibrated using Fe Il lines
with very accurately measured wavelengths.

Most of the Os | and Ir | lines are unresolved blends due to

Spectra of osmium and iridium were recorded with a Chelst§®tope shift and hyperfine structure (see Figs. 1 and 2), and
Instruments FT500 UV Fourier Transform Spectrometer (FT8) have determined improved centre-of-gravity wavelengths
in the wavelength region 2500 to 7000 A. For osmium, a corfr” all transitions studied in this work. The air wavelengths
mercial hollow cathode lamp was used as the light source dlefables 3 and 4 were obtained from wavenumbers using the
to the toxic nature of osmium oxide. This sealed lamp is maRdlén formula (Edth 1966). The uncertainty in the wavenum-
ufactured by ISTC, USA, and contains neon as the carrfe@rs is estimated to vary from 0.003 citto 0.01 cnt?, de-
gas. The recommended maximum operating current is 20 nixending on the Al ratio of the observation of each individual
far below the values used for our home-made hollow cathPe. The wavelength uncertainty for the strong lines around
ode lamps, one of which was used for iridium. The iridiurd000 A in Table 5 is thus smaller than 1 mA, whereas the un-
light source was a water-cooled hollow-cathode lamp where #tainty for the weak lines around 5000 A is about 2—-3 mA.
cathode consists of a 50 mm long iron cylinder with a diameter

of 10 mm. A piece of iridium foil was folded and inserted into ) ) )

the iron cylinder. Pure neon or argon or a mixture of the tw@ Theoretical atomic structure calculations

were used as carrier gases for iridium, with a discharge currgit, branching fractions (BFs) for individual transitions from a

betwean 200 and 700 mA.. ) ) _given upper level can be computed from the observed spectral
The observable quantity from which branching fractionge intensities if the relative intensities fafl transitions from

are derived is the line intensity (in photons*As™). In or- that level are known. However, some of these transitions may

der to obtain accurate relative intensities for lines ifiedent o 100 weak to be detected, and some may appear outside the

wavelength regions, the recorded spectra must be correctedjgéerved spectral region. Therefore, we have performed atomic

the instrumental response. This was done in tetent ways sty cture calculations, using the Cowan code (Cowan 1981), al-

for different spectral regions. In the region 2500 to 5300 A Wgying us to estimate the total branching fraction of the missing

used Ar Il lines with known branching ratios (BR) (Whalingjes (i.e. the residual).

et al. 1993), produced in an Fe-Ar hollow cathode lamp run at For osmium we included the odd parity configurations

a pressure of 0.7 torr Ar and a current of 0.3 A. In the WaV%’d%st 58626p and 5@6p and the low even group 568

length region 4100 to 7000 A we used a tungsten ribbon lamfres “and 58 Whereas the low even levels have been studied
with calibrated spectral energy distribution. The uncertainty Before (Kioger et al. 2002; Gluck et al. 1964), we are not aware
the calibration derived from known Ar Il branching ratios g, oy earlier theoretical analysis of the odd parity levels. In ad-
estimated to be 10%. The uncertainty of the tungsten lamp cgli, ¢ of 4 revised description of Os |, it is noted that some odd

ibration data is 3%, ang the recorded spectrum from the lagpy jevels have not been confirmed in the fitting process us-
is reproducible within 5%. o ing the Cowan code (Cowan 1981). For examplgro7 level
The intensity of strong transitions involving the groungy expected below 43 000 cth which leads to rejection of the
state could beféected by self absorption in the laboratory lighg 036 cn® value. In return, the S®H)6s6p°H; level was
source. In order to check for any systematic errors from this ¢§ynd at 43263.61 cnt from the lines at 3518.722, 5250.463
fect, we investigated the intensity ratio of pairs of lines of difynq 5934.049 A.
ferent strength from the same upper level as a function of the 4 iridium the corresponding odd parity configurations
discharge current through the lamp. This method is discuss&p636p 58656p, 5d86p and even parity configurations
in more detail by Sikstin et al. (2002). None of the measuredy72 ‘5865 and 58 were included. The calculations repro-
Os | orIr I lines showed anyffect of self absorption. duce the observed BRs to satisfactory accuracy, presented in
Finally, in order to determine the branching fractions (BFgjables 3 and 4, and should thus give a reasonable estimate
for a given upper level, the relative intensities for all possiblgf the sum of the omitted branches, identifiedrasidualin
downward transitions from that level must be known. These ifFab|eS 3 and 4, provided their sum is small Compared to the

tensities were estimated by means of theoretical atomic stregmtive intensities of the measured lines (Sisstrét al. 2002),
ture calculations (see Sect. 5). The final BFs for all measurgélis clearly the case here.

4.2. Branching fractions

lines are given in Tables 3 and 4. A straight application of the RCRCE codes (Cowan
1981) provides estimated lagf) values for the transitions in-
4.3. Wavelengths cluded in the calculations. They show systematic deviations

from the experimental values, butfidiring for the diferent
The previous extensive analyses of Os | (Van Kleef 195&)pes of transition. Inasmuch as the validity of the fine structure
and Ir | (Van Kleef & Klinkenberg 1961) were based on arstudy is confirmed by the good agreement between the theoret-
spectra in the wavelength region 2350 to 4850 A. The rizal and experimental Lamdfactors, the present work suggests
sulting wavelengths have uncertainties of about 50 mA. Otirat a proper scaling might be applied to the dipole transition
FTS spectra of the hollow cathode lamp from 2500 to 7000iAtegrals derived from the HFR method as it is done from the
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Table 3.New Os | lifetimes, wavelengths, branching fractions, and transition probabilities.

Upper level Lower level o Aair BFexp BFih. A unc.

lifetime (cnTt) A (10°sh) (%)

50P6°(°S)6p z'P,  5°6F &°D, 28331.736 3528.602 0.287 0.306 1.08 11

7 =2650ns 5462 aDs 24172.410 4135.781 0.515 0.651 1.94 9
5d’(*F)6s &Fs 23187.833 4311.393 0.195 0.025 0.73 11
5d’(*F)6s &F, 19187.948 5103.497 0.002 0.016 0.01 13
Residual 0.001

5¢6sfD)6p z'Fs  5d0°6% &°Dy 30279.921 3301.567 0.935 0.857 10.05 7

7=930ns 5d(“F)6s &Fs 25136.049 3977.225 0.061 0.141 0.66 16
5d'(*F)6s &F, 21537.179 4641.833 0.003 0.001 0.03 17
Residual 0.001

5¢6sfD)6p z’F,  50°6F &Dy 32684.629 3058.652 0.883 0.455 31.53 7

T=280ns 5868 &°Ds 28525.263 3504.662 0.044 0.513 1.57 13
5d'(*F)6s &8Fs 27540.672 3629.958 0.002 0.001 0.08 14
5d'(*F)6s &F, 23941.834 4175.612 0.042 0.023 1.51 13
5d’(*F)6s 8F, 21654.104 4616.769 0.017 0.001 0.60 14
5d’(*F)6s &8F; 21306.652 4692.056 0.007 0.002 0.25 14
Residual 0.004

5d°6s€fD)6p z°Fs  50°6F &Dy 34365.335 2909.057 0.978 0.926 40.77 7

T=280ns 5d(“F)6s &8F5s 29221.472 3421.160 0.003 0.066 0.14 17
5d'(*F)6s &F, 25622.608 3901.698 0.007 0.006 0.28 17
5d’(*F)6s &F, 23334.750 4284.248 0.010<0.001 0.40 17
Residual 0.002

506s6D)6p z’D, 56 @D,  22615.656 4420.474 0.988  0.983
a 568 @Dy  18456.293 5416.700 0.001  0.001
507(*F)6s &Fs  17471.770 5721.931 0.008  0.012

Residual 0.004
56sD)6p 2’Ds 56 D,  23462.896 4260.849 0.992  0.992 1.24 9
7 = 800(70% ns Residual 0.008

@ No experimental lifetime available.
b |ifetime measurements by Kwiatkowski et al. (1984).

Table 4.New Ir | lifetimes, wavelengths, branching fractions, and transition probabilities.

Upper level Lower level loa Aair BFexp. BFm A unc.

lifetime (cnT?) A (10°sh (%)

5d'6s(°F)6p z6F11,  5d'68 a&'F)2 28452.318 3513.647 0.892 0.973 2.79 9

=320 ns 58(F)6s ¥Fy, 25617.333 3902.501 0.107 0.026 0.33 11
Residual 0.001

5d'6s(°F)6p z®Dg;,  5d'68 &'Fy2 26307.462 3800.124 0.965 0.996 1.67 2

=580 ns 5¢(°F)6s BFy, 23472.485 4259.108 0.031 0.001 0.05 7
Residual 0.001

a Lifetime measurements by Gough et al. (1983).

electrostatic and spin-orbital radial integrals in the parametexperimental BFs and-values are presented in Table 3 (using

fitting process. the Os | lifetime measurement by Kwiatkowski et al. 1984), and
Table 4. TheA-values can be converted to oscillator strengths

6. Oscillator strengths for Os | and Ir | orgf-values by

6.1. Derivation of the gf-values gf = 1.4992x 10729, A, 2)

By combining the radiative lifetimerf and the BF one canwheretisin A, Ains™, andg, andg are the statistical weights
derive the transition probabilityXvalues) for lines from a par- for the upper and lower levels, respectively. The idg(values

ticular upper leveli) through the relation: for the investigated transitions are presented in Table 5.
BF; Uncertainties for thé-values are quoted in Tables 3 and 4.
Ak = — (1) The method by which the uncertainties are determined is

T
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Table 5. Finding list of new experimental log()-values for the Os | and Ir | transitions in Tables 3 and 4.

Qair Transition loggf)
A Exp  Unc? Kurucz
Os|
2909.057 586 &D,—5d°6s€D)6p 2Fs -0.25 7 032
3058.652 5868 a°D,—5°6sCD)6p ZF, —0.45 7 048
3301.567 5868 a°D,—5cf65CD)6p ZFs -0.74 7 075
3421.160  5H“F)6s &Fs—5d°6sfD)6p 2Fs -2.57 17 -1.3%
3504.662 5868 a°D3—5°6sCD)6p ZF, -1.64 13 -1.39
3528.602 5868 aD,—5P6(6S)6p ZP,4 -1.74 11
3629.958  5H(“F)6s &Fs—5d°6sfD)6p ZF, -2.91 14  -2.32
3901.698  5(*F)6s &F,—5°6sCD)6p 2Fs -2.15 17 -1.66
3977.225  5H*“F)6s &Fs—5d°6sfD)6p ZFs -1.77 17 -1.43
4135.781 5868 @®D3—50°65(°S)6p ZP;, -1.35 9 -1.26
4175.612  58(*F)6s aF,—5c°6s€D)6p ZF, -1.50 13 -1.29
4260.849 5868 aD,—5d°6s€D)6p 7/ Ds -1.47 9 -1.42
4284.248  58(*F)6s &F,—5d0°6sD)6p 2Fs -1.91 17 -1.67
4311.393  58(*F)6s &Fs—5P65(°S)6p ZP, -1.74 11  -1.85
4616.769 58(*F)6s &F,—5d°6s€D)6p ZF,4 -1.82 14  -1.67
4641.833  58*F)6s &F,-5d°6s¢D)6p ZFs —2.96 14 273
4692.056  58(*F)6s &F;—5c°6sCD)6p ZF, -2.18 14  -2.05
5103.497  5H“F)6s &F,—5P65(°S)6p ZP, -3.50 13 -2.43
Irl

3513.647 5868 a*Fy,-5d"6sCF)6p £F1y,  —1.246 9 -1.260
3800.124 5068 a'Fg/,—5d"'6sPF)6p £Dg;,  —1.489 2 —1.450
3902.501 58(°F)6s BFy,—5d'6sCF)6p ZFy,  —2.077 11  -1.930
4259.108 58(°F)6s BFy,—5d"6SCF)6p £Dg,  —2.882 7 2,900

8 Onewo uncertainty oy f, in %.
b Experimental values rescaled by Kurucz (Kurucz 1993).
¢ Unscaled values from Kwiatkowski et al. (1984).

described by Sikstrn et al. (2002). For the lifetime measure-
ments the uncertainties are of the order of 7-8%, and the uncer- | %
tainties in the BFs based on the intensity measurements range {

from 1% for strong lines to 10% for weak lines. The small
residuals introduce very small errors in the final BFs, even &
though there is a discrepancy between calculated and theoret; {
ical lifetimes in Tables 1 and 2. However, there is no need to g 0| } ]
rescale the theoretical lifetimes in the calculations of the BFSE
for the missing lines.

For comparison with our new results, the older experimen- 00l ! S PRI SRR
tal values of logff) by Kurucz (1993) are given in the last ¢ ¢
column of Table 5. ,

Alog
—o—

——
2 2

-0.5 L L L L L I L I

6.2. Comparison with earlier results log gf (new)

We have compared our new experimental §dg(values with Fig. 3. The diferences between old and new experimentakjbpyal-

the earlier data by Kurucz (1993), which are those used 4gs. plotted as a function of lagl) for the Os | lines in Table 5. Error
derive abundances of Os | and Ir | in the very metal-pod?‘?rs indicate the uncertainties of our new values.

r-process enriched halo giants. Figure 3 shows the result of

this comparison for Os I. As seen, there is good agreement

between the experimental results for the three strongest lines

(Alog(gf) = —0.020+ 0.049 (1r)). However, already for the for the weaker lines both thefset and the dispersion increase
four lines with logg f) near—1.5 (including those used for stel-even further. The sense of these deviations is such as to sugges
lar abundance determinations in the optical region) is there stite presence of systematic calibration errors in the spectra used
stantial disagreemeni(og(gf) = +0.156+ 0.114 (1)), and to derive the earlier branching fractions. Similar comments
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apply to the comparison with the theoretical results, except tiable 6. Os and Ir abundances in CS 31082-001.
the scatter is even larger.

For Ir | the new and previous experimental data are in excel- 4 Exc.pot. logf  loge
lent agreementlog(gf) = +0.014 0.034(1r)). The logg ) c()A)I (ev)
S

values for the Ir | lines of greatest astrophysical importance
thus appear to be well-established despite the relatively large
scatter of the theoretical computations.

3058.652 0.00 -0.451 0.15
3267.945 0.00 -1.08¢" 0.20
3269.204 0.715 -1.07¢ 0.2

3301.567 0.00 -0.743 0.25
3504.662 052 -1.636 0.2

7. Discussion 3528.602 0.00 -1.740 0.20

7.1. Os and Ir abundances in metal-poor stars 4135775 052 -1.260  0.60
4260.848 0.00 -1.440 0.21

In r-process enriched, very metal-poor stars, the heavy neutron 4420.468 0.00 -1.53¢ 0.5°

capture elements with > 56 follow the solar-process abun- Irl

dance pattern, scaled according to the overall neutron-capture 3513.648 0.00 -1.246 0.19

element content of the star (Truran et al. 2002). In particular, 3800.120 0.00 -1.489 0.24

the thirdr-process peak elements Os and Ir also generally cémbundance in the usual notation where &) = 12.
form to the same solar-process abundance pattern as the élLine heavily blended (see text).
ements with 56< Z < 68 (Truran et al. 2002). However, the’ Experimental values rescaled by Kurucz (Bell heavy).
results of Hill et al. (2002) for CS 31082-001suggested that/nscaled values from Kwiatkowski et al. (1984).
the Os abundance might somewhat exceed the scaledrsolar
process value in this star. Given that the actinides 80) are
significantly overabundantin CS 31082-001 with respect to the-examine the abundances of Os and Ir in this star, based on a
lower-masg-process elements (by a facteR.5, or 0.4 dex), larger set of newly-detected lines.
the question arises whether Os is also overabundantin a similar
manner. If so, the overabundance of the actinides might ext . ;
to lower-mass nuclides, and Os would potentially be a use?ug' Reanalysis of Os and Ir in CS 31062-001
stable reference element with which to measure the radioactiace the paper by Hill et al. (2002), new VLT spectra of
decay of U and Th. CS 31082-001 have been obtained including the region 3000—
Our loggf) remeasurements confirm and consolidate 18100 A at the same resolutio®R (= 77 000) as the spectra
conclusion that Ir conforms closely to the salgsrocess abun- described in Hill et al. (2002) — a tribute to théfieiency of
dance pattern as scaled to match the elements withs6 68. the VLT+UVES. The co-added spectrum of CS 31082-001was
For Os I, however, the small number of lines used in previogearched again for Os | and Ir | lines in the whole wavelength
abundance determinations and their relatively poor consistemayige now available. No new iridium features were positively
justify a re-evaluation of the few stellar Os detections in thgetected, but 6 new Os | lines were identified in addition to
literature in the light of our new log(f) values. the three listed by Hill et al. (2002). Among the new total of
So far, Os has been detected in five metal-poor sta®Os| lines, 6 have new oscillator strengths from this paper,
HD 115444 and HD 126238 (Sneden et al. 1998), CS 228%d we have rederived the Os abundance in CS 31082-001 from
052 (Sneden et al. 2003), B2 7°3248 (Cowan et al. 2002) andall 9 lines, using these new data. The results from the individ-
CS 31082-001 (Hill et al. 2002). In the first two stars, the detewal lines are given in Table 6, and examples of the fits to the
mination is based on two UV lines only{ 2838 and 3058 A) observed spectrum are given in Fig. 4. The model atmosphere,
observed with HST, one of which is included in the presespectral synthesis code, and stellar paramefess (0gg, and
study (3058 A). Our logff) revisions have negligiblefiect overall metallicity) were those adopted by Hill et al. (2002).
(0.021 dex) on the abundance of Os in these two stars. The OsTable 6 reveals a remarkable result: most features (7 out
abundances of CS 22892-052 and-BID°3248 are based on aof 9) agree on a mean Os abundance ofel@g) = 0.2 dex,
mix of UV (HST spectra) and near-UV (Keck and VLT specto within +0.03 dex (). In contrast, two of the lines in the
tra), for a total of 4 lines in the former and 5 in the latter star, @000 A region — i.e. two of the three Os | lines most easily ob-
which 3 lines are also included in the present study. Ouglbg( servable until the near-UV spectral region became accessible —
corrections also cause negligible revision of the Os abundastand out from the mean. As noted already by Hill et al. (2002),
in these two stars#{0.013 and 0.003 respectively). the 4420.468 A line is a close blend of Os | and Sml, and the
The Os abundance in CS31082-001is, however, so fagh Os abundance derived from this feature can be reconciled
based on only 3 lines in the visible region1(4135, 4261, with the mean of the other lines by assuming a Sm abundance
and 4420 A), for which the log(f) values have been revisedd.15 dex higher than the average from other lines (or by lower-
significantly ¢0.03 dex and-0.07 for the first two lines, re- ing log(gf) for the Sm line by 0.15 dex). Such a Sm abundance
spectively). Given the double interest of CS 31082-001 as aweuld be only b- away from the mean, so we conclude that the
of the few very metal-poor stars in which Os and Ir have beeliscrepancy for the 4420.468 A Os line is not significant.
measured, and the only one in which uranium has also beenThe 4135.775 A feature appears to be very clean (see
detected along with numerous lines of Th, we decided Kig. 4), but nevertheless gives a significantly higher Os
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wn
o —

loge(0Os)=none,0.1,0.2,0.3 H —
rloge(Os)=none,—0.1,0.2,0.5,0.81

loge(Os)=none,—0.1,0.15,0.5

! . . . . ! . . . . ! . . . . . . [
3058 3058.5 3059 3301 3301.2 3301.4 3301.6 3301.8 4135.5 4136

A (&) A (&) A (R)

Fig. 4. The Os | lines at 3058, 3301 and 4135 A in CS31082-Gdts observed spectruniull lines: synthetic spectra computed for the
abundances indicated in the figure.

abundance than all the other lines (by 0.3 dex). We have [ ' e Cs31082-001 = " fiDi15444
. . ! A . L m (CS22892-052 = HD126238
searched for possible blends which might explain this, but ol aB0+17 3248 ]
found nothing significant: No molecular lines are expected a¢ |
this wavelength, and the only atomic lines in the immediatef”
vicinity — Fe14135.755 A and Cr14135.829 A — should be farg o [
too weak to influence the Os feature (even if we artifically in-$
crease their log(f) by +0.5 dex). We therefore suggest that an
unidentified lineis superimposed on this Os | feature, making & [ g
abundance determinations from it unreliable. T T T e T T T e T e T s e
The final osmium abundance for CS 31082-001 is found to Atomic Number (Z)

be loge = 0.22+ 0.08 (10, n = 8), excluding the 4135.781 A _ _ L

Fig. 5. Abundance residuals of the heavy elements in five metal-poor

line from the mean and weighting each line by its inverse vari- -
. . L stars (see text) from the solar-systeqprocess pattern (Arlandini et al.
ance (: in Table 6 denotes uncertain determinations, becausel(§5=9) The normalisation was computed as the megierdince be-

features in question are faint or blended). The Ir I abundancSen the solar-systemprocess and the stellar abundances for each
loge = 0~2_2 +0.04 (10, n=2), essentially identical to the s¢ar in the range 58 Z < 79. The symbols for the fierent stars have
value by Hill et al. (2002) and now also to that of Os. been shifted horizontally in steps of 0.1 to enhance readability.

8. Conclusions 14260 A, but not from114135 4420 A until their blending

The revised Os abundance of CS31082-001not only agrgeablems have been resolved; (ii): the abundances of Os and
with that of Ir in this star, but results in agreement betwednare identical in all observed stars; (iii): the observed heavy-
the observed heavy-element abundances and the scaled s#ament abundances in very metal-poor stars agree precisely
r-process in thavhole mass rangé6 < Z < 79 (see Fig. 5). with the scaled solar-process pattern in the entire mass range
Moreover, this now holds in all five very metal-poor stars with6 < Z < 79; and (iv): neither Os or Ir nor any lighter ele-
measured Os and Ir abundances. From a theoretical pointrgints can be used as stable references from which to measure
view it was a puzzle that Os appeared to deviate from the sdl radioactive decay of Th and U in such stars.
r-process pattern, because the quit@etént neutron-capture  Accordingly, reliable abundances for elements between Ir
scenarios described by Schatz et al. (2002) and Wanajo etaald Th (notably Pt, Bi, and Pb) in CS 31082-001and similar
(2002) show little if any dierences in the production of Os andtars are needed to further constrain the modelsmbcess
Ir. Accordingly, the apparent overabundance of Os was hardrgcleosynthesis. The exact atomic mass at which overproduc-
understand when not accompanied by a simifgat for Ir. On  tion may set in for the heaviestprocess elements, including
the other hand, the same models show that under certain canteast the actinides, is of special interest. Equally important
ditions the actinidesanbe overproduced relative to even suchre the daughter elements Pb and Bi of the decay of Th and
nearby elements as Os and Ir (see Wanajo et al. 2002). U, as constraints on the original amounts of the parent nu-
Within the limitations of the small sample (only 5 starglides as well as any amounts of Pb and Bi that might have
so far), these results would appear to establish that (i): rddieen produced by other means. We note in this context that
able Os abundances can be determined from the UV lines &1 appears to be below even the small salgsrocess
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fraction in both CS 22892-052 and CS 31082-001 (Hill et akluck, G., Bordarier, Y., Bauche, J., & van Kleef, T. A. M. 1964,
2002; Sneden et al. 2003). This requires high-quality spectraPhysica, 30, 2068

in the ultraviolet region beyond the atmospheric ijtowhich Gough, D. S., Hannaford, P., & Lowe, R. M. 1983, J. Phys. B, 16, 785
we are currently obtaining with theubble Space Telescoga Hill, V., Plez, B., Cayrel, R., etal. 2002, A&A, 387, 560

addition to the Pt, Bi, and Pb abundances, these spectra will3nson. J., & Bolte, M. 2002, ApJ, 579, 616

low an independent check of the Os | abundance from the thfdg9e": S- Basar, G., Baier, A., & Guhflein, H. G. 2002, Phys.

. . . cr., 65, 56
strong deep-UV lines with well-determined log) values (see Kurucz, R. L. 1993, Synthesis Programs and Line Data (Kurucz CD-

Table 5). ROM No. 18)
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