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ABSTRACT

Radiative lifetimes, accurate to �5%, have been measured for 212 odd-parity levels of Sm ii using laser-induced
fluorescence. The lifetimes are combined with branching fractions measured using Fourier transform spectrometry to
determine transition probabilities for more than 900 lines of Sm ii. This work is the largest scale laboratory study to
date of Sm ii transition probabilities using modern methods. This improved data set has been used to determine a new
solar photospheric Sm abundance, log � ¼ 1:00� 0:03, from 26 lines. The spectra of three very metal-poor, neutron-
capture–rich stars also have been analyzed, employing between 55 and 72 Sm ii lines per star. The abundance ratios of
Sm relative to other rare earth elements in these stars are in agreement and are consistent with ratios expected from
rapid neutron-capture nucleosynthesis (the r-process).

Subject headinggs: atomic data — stars: abundances — stars: Population II — Sun: abundances

Online material: machine-readable tables

1. INTRODUCTION

Improved transition probability data for numerous rare earth
(RE) spectra have been determined over the last decade. A com-
plete review by Biémont &Quinet (2003) has over 500 citations.
Work on the second spectra (singly ionized) during the last de-
cade includes La ii (Li & Zhankui 1999; Zhiguo et al. 1999;
Lawler et al. 2001a; Derkatch et al. 2002), Ce ii (Palmeri et al.
2000; Zhang et al. 2001b), Pr ii ( Ivarsson et al. 2001), Nd ii (Den
Hartog et al. 2003), Sm ii (Scholl et al. 2002; Xu et al. 2003b),
Eu ii (Zhang et al. 2000; Lawler et al. 2001c; Rostohar et al.
2001; DenHartog et al. 2002), Gd ii (Zhang et al. 2001a; Xu et al.
2003a), Tb ii (Den Hartog et al. 2001; Lawler et al. 2001b), Dy ii
(Curry et al. 1997;Wickliffe et al. 2000), Ho ii (Den Hartog et al.
1999; Lawler et al. 2004), Tm ii (Anderson et al. 1996; Wickliffe
& Lawler 1997; Rieger et al. 1999; Quinet et al. 1999a), Yb ii

(Zhao et al. 1996; Pinnington et al. 1997; Taylor et al. 1997;
Biémont et al. 1998; Li et al. 1999; Yu &Maleki 2000), and Lu ii
(Den Hartog et al. 1998; Quinet et al. 1999b; Fedchak et al.
2000). Many of the recent experimental studies have combined
radiative lifetimes from laser-induced fluorescence (LIF) mea-
surements with emission branching fractions measured using a
Fourier transform spectrometer (FTS). This approach to determin-
ing atomic transition probabilities in complex spectra has proved
to be quite reliable.

Amajor motivation for the intense, multiyear effort on RE and
other heavy-element spectroscopy arises from stellar elemental
abundance studies. High-resolution, high signal-to-noise spectra
on a variety of targets from very large ground-based telescopes
and the Hubble Space Telescope are providing data that are re-
shaping our views on the chemical evolution of our Galaxy. Old
metal-poor Galactic halo stars provide a fossil record of the chem-
ical makeup of our Galaxy when it, and the universe, were very

young (e.g., Gratton & Sneden 1994; McWilliam et al. 1995;
Cowan et al. 1995; Sneden et al. 1996; Ryan et al. 1996; Cayrel
et al. 2004). Recent abundance determinations of heavy neutron
capture (n-capture) elements in verymetal-poor stars have yielded
new insights on the roles of the r(apid)- and s(low)-processes in
the initial burst of Galactic nucleosynthesis. Substantial progress
is occurring due to improvements in both observational data and
laboratory data needed for analysis of the spectra (e.g., Cowan
et al. 2002; Sneden et al. 2003; Simmerer et al. 2004).

The RE elements are among the most spectroscopically ac-
cessible of the n-capture elements. Large numbers of transitions
of singly ionized RE species appear in the spectrum of the Sun
and in stars over a significant temperature range. In addition
to work on metal-poor stars, the solar abundances of several of
these elements have been brought into agreement with meteoric
abundances through improvements in the transition probability
database (e.g., Bord et al. 1998; Den Hartog et al. 1998; Lawler
et al. 2001b).

In this paper we apply LIF/FTS experimental techniques to
determine accurate data for a very large number of ionized sa-
marium transitions. In the recent study of Xu et al. (2003b),
theoretical branching fractions of Sm ii have been combinedwith
experimental lifetimes. The spectrum of Sm ii is very complex;
there is a substantial breakdown of Russell-Saunders or LS cou-
pling for most odd-parity levels in combination with extensive
configuration mixing and relativistic effects. Therefore another
one of the motivations for the work described herein is to test the
relativistic Hartree-Fock calculations by Xu et al. (2003b).

The above-mentioned studies on La ii, Eu ii, Tb ii, and Ho ii

(whose nuclei have odd atomic numbers Z and only odd mass
numbersN in their naturally occurring isotopes) includedmeasure-
ments of both transition probabilities and isotope-shift and/or
hyperfine structure data.AlthoughSm (Z ¼ 62) has seven abundant
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isotopes, all but two of them have even N ’s. Therefore most of
the blue and near-UV lines of Sm ii are rather narrow with no
resolved structure in our spectra with resolving powers up to 106.
Several of the strong blue and near-UV lines of Sm ii do have
detectable structure and this opens the possibility of isotopic
abundance determinations. Masterman et al. (2003) reported an
extensive study of the isotopic and hyperfine structure of strong
Sm ii lines in the blue region. In the present study, we have con-
centrated on determining transition probabilities. We measured
radiative lifetimes using time-resolved LIF for 212 odd-parity
levels of Sm ii. These were combined with branching fractions
measured using FTS data to yield g f-values for over 900 tran-
sitions of Sm ii. This new data set was used to reassess Sm
abundances in the solar photosphere and in three r-process–
rich, metal-poor stars. The possibility of determining Sm iso-
topic abundances is discussed. We conclude with a brief review
of the n-capture elemental abundances in metal-poor halo
stars.

2. OVERVIEW OF THE SECOND SPECTRUM
OF SAMARIUM

Figure 1 is a partial Grotrian diagram for singly ionized Sm
constructed from energy levels tabulated by Martin et al. (1978).
The even-parity levels of the 4f 6 (7F ) 6s subconfiguration are
all known. The 4f 6 (7F ) 5d subconfiguration also appears to
be complete in Martin et al., but a detailed analysis by Wyart &
Bauche-Arnoult (1980) led them to reject two ‘‘high J ’’ levels
listed by Martin et al. (Our figure labels this subconfiguration as
�known.) The first unknown even-parity levels are part of the
4f 6 (5D) 6s and 4f 6 (5D) 5d subconfigurations. These unknown
even-parity levels have low J values and start about 15,500 cm�1

according to CowanCode (Cowan 1981) calculations (J.-F.Wyart
2005 and D. Bord 2005, private communications). Fortunately,
knowledge of even-parity levels below 20,000 cm�1 is nearly
complete. These low even-parity levels are sufficiently well iso-
lated that they are relatively pure LS levels that can be assigned
with confidence.

The situation for odd-parity levels is not as satisfactory. The
lowest odd-parity level is the 4f 7 8S7/2. This level is the only odd-
parity level that is sufficiently isolated to be cleanly assigned.
Martin et al. (1978) lists only tentative assignments for all higher
odd-parity levels. Four extensively mixed configurations con-
tribute to the band of odd-parity levels that starts at 21,250 cm�1.
These configurations are 4f 66p, 4f 56s5d, 4f 56s2, and 4 f 55d2.
Xu et al. (2003b) point out that these four overlapping config-
urations have 13,628 levels and that the complete 4f 7 configura-
tion, which also overlaps the other four configurations, has an
additional 327 levels. A complete analysis of the low odd-parity
configurations is a formidable task. It is not necessary to diago-
nalize a 13;955 ; 13;955 or larger matrix, because J (in addition
to parity) is a good quantum number. Many of the levels in the
five configurations are quite high in energy and do not strongly
interact with the low odd-parity levels. However, even if the
analysis is limited to the lowest subconfigurations built on the 7F
and 6H parents [the 4 f 6 (7F ) 6p, 4 f 5 (6H ) 6s5d, 4 f 5 (6H ) 6s2,
and 4 f 5 (6H ) 5d2 subconfiguration as denoted in Fig. 1], this still
includes more than 400 levels. The lack of assignment of the
odd-parity levels is a problem that is discussed in more detail in
x 4.

All of the transitions studied in this work are from odd-parity
upper levels. These levels decay primarily in the blue and near-
UV to the 4 f 6 (7F ) 6s even-parity levels. A substantial number of
weaker transitions in the yellow and red to the 4 f 6 (7F ) 5d even-

parity levels were also measured in this work. The odd-parity
levels in this study thus have significant 4 f 6 (7F ) 6p or 4f 56s5d
components.

3. RADIATIVE LIFETIME MEASUREMENTS

Radiative lifetimes of 212 odd-parity levels of Sm ii have been
measured using time-resolved LIF on a slow (�5 ; 104 cm s�1)
atom/ion beam. The apparatus and technique are the same as
used for many other species and have been described in detail
elsewhere. Only a brief discussion is given here. The reader is
referred to recent work in Eu i, ii, and iii (Den Hartog et al. 2002)
for a more detailed description.
The beam of Sm atoms and ions is produced using a hollow

cathode discharge (HCD) sputter source. A large-bore hollow
cathode is lined with samarium foil. A pulsed argon discharge,
operating at �0.4 torr with 10 �s duration, 10 A pulses, is used
to sputter the samarium. The hollow cathode is closed on one
end except for a 1 mm hole, through which the samarium atoms
and ions are extracted into a low-pressure (10�4 torr) scattering
chamber. This beam is intersected at right angles by a nitrogen
laser-pumped dye laser beam 1 cm below the cathode bottom.
The laser is tunable over the range 2050–7200 8 with the use of
frequency doubling crystals, is pulsed at a�30 Hz repetition rate
with a�3 ns pulse duration, and has a 0.2 cm�1 bandwidth. The
laser is used to selectively excite the level to be studied. Selective
excitation eliminates the possibility of cascade radiation from
higher lying levels.
Fluorescence is collected in a direction orthogonal to both

the laser and atomic/ionic beams through a pair of fused-silica
windows that form an f /1 optical system. Optical filters, either
broadband colored glass filters or narrowband multilayer dielec-
tric filters, are typically inserted between the two lenses to cut
down on scattered laser light and to block cascade radiation from
lower levels. AnRCA1P28A photomultiplier tube (PMT) is used
to detect the fluorescence. The signal from the PMT is recorded
and averaged over 640 shots using a Tektronix SCD1000 digitizer.
Data are recorded with the laser tuned on and off the excita-
tion transition. A linear least-squares fit to a single exponential is
performed on the background-subtracted fluorescence decay to
yield the lifetime of the level. The lifetime is measured twice
for each level, using a different excitation transition whenever
feasible. This redundancy helps ensure that the transitions are

Fig. 1.—Partial Grotrian diagram for singly ionized samarium.
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identified correctly in the experiment, classified correctly, and
free from blends.

With only two exceptions, the lifetimes reported here have an
uncertainty of�5%. To achieve this level offidelity andmaintain
it over the full dynamic range of the experiment (2 ns to 1.5 �s),
the possible systematic errors in these measurements must be
well understood and controlled. They include electronic band-
width limitations, cascade fluorescence, Zeeman quantum beats,
and atomic motion time-of-flight effects, among others. These
systematic effects are discussed in detail elsewhere (see, e.g.,
Den Hartog et al. 1999, 2002) and will not be discussed further
here. As a means of verifying that the measurements are within
the stated uncertainties, we perform periodic end-to-end tests
of the experiment by measuring a set of well-known lifetimes.
These cross-checks include lifetimes of Be i (Weiss 1995), Be ii
(Yan et al. 1998), and Fe ii (Guo et al. 1992; Biémont et al. 1991),
covering the range 1.8–8.8 ns. An Ar i lifetime is measured at
27.85 ns (Volz & Schmoranzer 1998). He i lifetimes are mea-
sured in the range 95–220 ns (Kono & Hattori 1984).

The results of our lifetime measurements of 212 odd-parity
levels of Sm ii are presented in Table 1. Energy levels are from
the tabulation by Martin et al. (1978). Air wavelengths are cal-
culated from the energy levels using the standard index of air
(Edlén 1953, 1966). The uncertainty of the lifetimes is �5%
with two exceptions that are noted in the table.

Also presented in Table 1 is a comparison of our results
with those from other LIF lifetime measurements available in
the literature. We find that our lifetimes agree very well with the
35 lifetimes reported by Biémont et al. (1989) with the excep-
tion of four levels: 21,508, 25,940, 26,821, and 28,930 cm�1.
In all four of these cases we measured our lifetime with two
different excitation transitions. In the case of the 21,508 cm�1

level, our lifetime is nearly an order of magnitude longer than
what they measured. We speculate that they may have used
the 4648.2 8 transition to excite this level. We observe a very
strong blend 0.08 8 to the blue of this transition, which may
have been inadvertently measured instead. No obvious expla-
nation can be found for the factor of 2–2.5 disagreement on the
25,940 and 26,821 cm�1 levels. In addition to measuring each
lifetime using two transitions, careful optical filtering was also
used, so our confidence in our lifetimes is high. In the case of
the 28,930 cm�1 level, they report a lifetime �25% lower than
ours. Here again, there is no obvious reason for the disagree-
ment. With the three most serious discrepancies removed from
the averages, we see a mean difference between our measure-
ments and theirs of 1.0% and an rms difference of 6.7%.

We find excellent agreement with the laser-fast beam mea-
surements of 82 lifetimes by Scholl et al. (2002). All our mea-
surements are within 10% of theirs, and the vast majority are
well within 5%. The mean difference between our measure-
ments and theirs is 1.0%, with an rms difference of 3.0%. We
do not see quite as good agreement with the LIF measure-
ments of Xu et al. (2003b). Yet they are still all within 15% of
our measurements with a mean difference between our mea-
surements and theirs of 5.2% and an rms difference of 7.0%.
The agreement with the 18 laser-fast beam lifetimes of Vogel
et al. (1988) is excellent except for the 30% discrepancy at
27,285 cm�1. When this discrepancy is omitted we see a mean
difference between our measurements and theirs of 1.0% and an
rms difference of 1.8%. They single out the 27,285 cm�1 level
in their discussion as having comparatively large uncertainties.
Our lifetime of this level was measured on two different tran-
sitions with narrowband, off-line filtering in both cases. Our

confidence in this lifetime is high, especially as our value is in
good agreement with those of both Biémont et al. (1989) and
Scholl et al. (2002).

4. BRANCHING FRACTIONS AND ATOMIC
TRANSITION PROBABILITIES

The 1.0 m FTS at the National Solar Observatory (NSO) was
used in this work on Sm ii. This instrument is uniquely suited for
spectroradiometry on complex RE atoms and ions. It provides
(1) a limit of resolution as small as 0.01 cm�1, (2) wavenumber
accuracy to 1 part in 108, (3) broad spectral coverage from the
UV to IR, and (4) the capability of recording amillion point spec-
trum in 10 minutes (Brault 1976). An FTS is insensitive to any
small drift in source intensity since an interferogram is a simul-
taneous measurement of all spectral lines. The combination of
branching fractions from FTS spectra with radiative lifetimes
from LIF measurements has resulted in greatly improved atomic
transition probabilities for the first and second spectra of many
elements.

The emission sources for Sm spectra were commercially man-
ufactured, sealed HCD lamps with fused silica windows contain-
ing either argon or neon fills.We operated these lamps at currents
significantly above the manufacturers’ recommendation, but used
forced air cooling to prevent overheating. The NSO 1.0 m FTS
fitted with the UV beam splitter was used to record spectra dur-
ing our 2000 February observing run. Spectra of the Ar-filled
lamp operating with a discharge current of 27 mA (61 co-adds),
27mA (50 co-adds), 22mA (4 co-adds), and 18mA (68 co-adds)
were taken with the ‘‘super blue’’ silicon diode detectors and
no additional filtering. The term ‘‘co-add’’ refers to a coherently
added interferogram. These spectra cover the 8000 cm�1 to
35,000 cm�1 region with a limit of resolution of 0.053 cm�1.
Spectra of the Ne-filled lamp operating at 23 mA (10 co-adds)
and at 17 mA (10 co-adds) were taken using an identical setup.
An additional spectrum of the Ar-Sm lamp at 27mA (50 co-adds)
was taken with the same setup during our 2002 February ob-
serving run. Branching fraction measurements were made al-
most entirely on the Ar-Sm spectra: the Ne-Sm spectra were used
only to separate Ar+Sm line blends. The three Ar-Sm spectra
with the 50 or more co-adds and a lamp current of 27 mAwere
most useful: the lower current Ar-Sm spectra were used primar-
ily to check for optical depth errors on the very strongest lines.

The HCD lamps used in this study operate with relatively low
buffer gas pressures and thus are not in local thermodynamic
equilibrium (LTE). This is not a problem because the absolute
scale of a transition probability is provided by the radiative life-
time of the upper level in every case. Doppler broadening tends
to dominate the emission-line shapes in these low-pressure lamps.
Such narrow line shapes can produce radiation trapping or optical
depth error. By comparing spectra from the Ar-Sm lamp oper-
ating at different currents, we verified that radiation trapping is
not a problem. The sputtering rate of Sm in the HCD and the total
Sm density in the plasma are strongly increasing functions of
discharge current.

The establishment of an accurate relative radiometric calibra-
tion or efficiency is critical to a branching fraction experiment.
Detectors, spectrometer optics, lamp windows, and any other
components in the light path or any reflections that contribute
to the detected signal (such as due to light reflecting off the back
of the hollow cathode) all have wavelength-dependent optical
properties that must be taken into account when determining the
ratio of line intensities at different wavelengths. Fortunately, the
radiometric efficiency of the FTS is a smoothly varying functions
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TABLE 1

Radiative Lifetimes of Sm ii from LIF Measurements

Lifetime (ns)
Level

(cm�1) J

Laser Wavelength

(8) This Experiment a Other LIF Experiment Reference for Other LIF Experiment

21250.75........................... 0.5 4704.40, 4777.84 28.0 28 � 1 1

21507.87........................... 1.5 4648.16, 4719.84 92.0 10.9 � 0.5 1

21655.42........................... 0.5 4616.49, 4687.19 49.4 51.9 � 0.5 2

21702.33........................... 1.5 4606.51, 4676.90 39.3 39 � 2 1

40.2 � 0.2 2

41 � 3 3

21904.12........................... 1.5 4564.07, 4745.68 67.7 70.8 � 0.6 2

65 � 6 3

22039.98........................... 2.5 4604.17, 4715.27 181 176 � 2 2

22248.32........................... 2.5 4669.39, 4815.80 32.9 33 � 1 1

33.80 � 0.09 2

22429.49........................... 2.5 4630.20, 4774.14 78.4 79.4 � 0.9 2

72 � 7 3

22788.68........................... 3.5 4554.44, 4693.63 195 189 � 2 2

22875.41........................... 3.5 4536.51, 4674.59 39.1 39.9 � 0.1 2

40 � 3 3

23177.49........................... 1.5 4374.98, 4615.68 47.3 48.0 � 0.4 2

48 � 3 3

23260.95........................... 3.5 4458.51, 4591.81 53.4 54 � 2 1

53.8 � 0.6 2

23352.41........................... 0.5 4281.01, 4578.70 63.2 63.8 � 0.3 2

23646.90........................... 4.5 4511.83, 4669.64 42.0 42 � 2 1

42.5 � 0.1 2

23659.99........................... 0.5 4284.51, 4515.10 31.8 31.8 � 0.5 2

23752.70........................... 4.5 4646.68, 4829.56 155 148 � 1 2

23842.20........................... 2.5 4345.85, 4577.69 32.8 34 � 2 1

33.6 � 0.3 2

35 � 2 3

23962.25........................... 1.5 4229.71, 4323.29 22.3 22.54 � 0.06 2

24.7 � 1.5 3

24013.56........................... 1.5 4163.14, 4542.05 68.5 69.1 � 0.2 2

24194.38........................... 2.5 4280.32, 4505.04 169 162.8 � 0.7 2

24221.81........................... 0.5 4183.77, 4403.37 15.3 16.7 � 0.9 1

15.5 � 0.2 2

24257.37........................... 4.5 4390.86, 4540.18 45.5 46.6 � 0.3 2

47 � 3 3

24429.52........................... 1.5 4092.25, 4237.66 25.1 24.7 � 0.1 2

27.5 � 1.5 3

24582.59........................... 2.5 4210.34, 4329.02 19.1 20.2 � 1.0 1

19.6 � 0.3 2

24588.00........................... 5.5 4473.01, 4642.23 40.4 41.5 � 3 1

40.7 � 0.5 2

42 � 3 3

24685.53........................... 1.5 4049.81, 4104.12 53.6 55.1 � 0.9 2

24689.84........................... 3.5 4309.01, 4452.72 20.2 21.5 � 1.0 1

20.5 � 0.3 2

24816.28........................... 5.5 4427.79, 4593.53 116 111 � 1 2

24848.47........................... 2.5 4076.85, 4163.71 115 112 � 1 2

24919.90........................... 0.5 4011.72, 4272.01 196 189 � 2 2

24928.80........................... 2.5 4063.54, 4149.83 24.8 24.7 � 1.0 1

25.4 � 0.9 2

25055.54........................... 1.5 4042.71, 4469.65 34.3 34.9 � 0.5 2

25175.32........................... 2.5 4023.22, 4107.79 81.2 77 � 5 1

81 � 3 2

25178.45........................... 1.5 3970.53, 4107.27 23.1 23.5 � 0.2 2

25 � 2 3

25304.09........................... 3.5 4334.14, 4420.52 22.0 23.4 � 1.0 1

22.2 � 0.6 2

25361.45........................... 1.5 3941.88, 3993.31 16.6 17.3 � 0.9 1

16.8 � 0.2 2

16.6 � 0.2 4

25385.36........................... 5.5 4318.93, 4655.11 41.1 38.7 � 2.0 1

42.2 � 0.2 2

43 � 3 3

42.0 � 1.0 4
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TABLE 1—Continued

Lifetime (ns)
Level

(cm�1) J

Laser Wavelength

(8) This Experiment a Other LIF Experiment Reference for Other LIF Experiment

25546.03........................... 2.5 4046.16 163 . . .

25552.80........................... 1.5 4045.05, 4245.17 80.4 79 � 1 2

25565.97........................... 3.5 4042.90, 4152.20 29.1 31.1 � 0.5 2

31 � 2 3

25597.70........................... 4.5 4434.32, 4523.91 14.0 14.8 � 0.6 1

14.2 � 0.1 2

25664.97........................... 6.5 4421.13, 4595.28 43.4 42 � 3 1

44.4 � 0.2 2

25790.15........................... 3.5 4113.90, 4244.70 56.9 54 � 3 1

57.3 � 0.3 2

25939.87........................... 6.5 4368.02, 4537.94 60.6 28.4 � 1.0 1

62.4 � 0.3 2

25980.32........................... 2.5 3896.97, 3976.27 19.0 20.0 � 1.5 1

19.9 � 0.4 2

20.0 � 1.0 3

26046.35........................... 4.5 4347.80, 4433.89 20.6 21.8 � 1.0 1

20.9 � 0.8 2

26086.63........................... 3.5 3959.52, 4191.93 68.9 70 � 2 2

26159.60........................... 3.5 3948.11, 4259.39 94.6 93 � 4 2

26190.92........................... 2.5 3943.24, 4047.15 38.6 39.3 � 0.3 2

26214.05........................... 2.5 4129.22, 4249.54 64.8 66 � 1 2

26253.55........................... 0.5 3855.90, 4041.67 12.7 12.6 � 0.3 2

26357.90........................... 2.5 3840.45, 3917.43 31.3 32.2 � 0.3 2

33 � 2 3

26413.29........................... 5.5 4442.47, 4538.56 247 . . .
26442.18........................... 0.5 3780.76, 3828.05 25.2 . . .

26484.66........................... 1.5 3774.70, 4083.58 55.8 54 � 3 3

26505.53........................... 5.5 4262.67, 4424.34 12.6 14.0 � 0.7 1

12.7 � 0.3 2

12.7 � 0.2 4

26540.12........................... 6.5 4256.39, 4417.57 33.3 33 � 2 1

34.0 � 0.4 2

34.4 � 0.7 4

26565.61........................... 4.5 3986.68, 4109.39 65.4 65.6 � 0.4 2

64 � 4 3

26599.08........................... 1.5 3758.46, 3880.76 17.9 17.9 � 0.2 2

20.0 � 1.0 3

26690.30........................... 0.5 3792.02, 4049.56 14.0 16.0 � 1.0 3

26723.87........................... 1.5 3787.20, 3862.05 51.4 47.0 � 1.4 2

26820.81........................... 4.5 3946.51, 4066.73 34.3 88 � 5 1

35.2 � 0.3 2

26828.29........................... 5.5 4362.03, 4454.63 28.0 27.3 � 0.4 2

30 � 2 3

27.6 � 0.7 4

26880.60........................... 5.5 4352.10, 4444.27 46.3 48.4 � 0.6 2

26889.18........................... 7.5 4350.47 136 131 � 2 2

26938.42........................... 3.5 3830.30, 3928.28 35.9 38 � 2 3

36.4 � 0.7 4

26974.67........................... 2.5 4003.44, 4116.44 52.4 54.4 � 0.7 2

53 � 4 3

27001.20........................... 4.5 3918.61, 4037.10 190 . . .
27063.30........................... 1.5 3693.99, 3812.06 9.8 10.6 � 0.5 3

27078.30........................... 2.5 3986.90, 4098.95 101 . . .

27107.62........................... 3.5 4094.03, 4234.57 40.6 41.4 � 0.2 2

27165.35........................... 2.5 3797.28, 4084.37 60.2 64 � 3 2

60 � 4 3

27188.30........................... 3.5 3793.98, 3890.08 26.6 26.5 � 2.0 1

26.9 � 0.4 2

27210.12........................... 0.5 3891.19, 3966.05 20.0 22 � 2 3

27263.25........................... 7.5 4280.78 28.4 29.2 � 0.2 2

29.1 � 0.6 4

27284.69........................... 2.5 3875.54, 4203.05 16.9 17.6 � 0.9 1

17.3 � 0.2 2

18.4 � 1.0 3

21.9 � 1.4 4
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Lifetime (ns)
Level

(cm�1) J

Laser Wavelength

(8) This Experiment a Other LIF Experiment Reference for Other LIF Experiment

27309.73........................... 4.5 3871.78, 3987.42 42.2 38 � 2 2

27386.69........................... 4.5 3975.22, 4108.31 172 170 � 4 2

27464.20........................... 3.5 4035.10, 4171.56 37.2 35 � 3 1

36.9 � 0.8 2

39 � 3 3

27492.95........................... 1.5 3922.04 56.6 . . .
27552.45........................... 3.5 3835.73, 4156.26 139 . . .

27631.18........................... 2.5 3661.35, 3824.17 9.2 9.3 � 0.2 2

9.36 � 0.15 4

27638.83........................... 5.5 3935.76, 4213.03 170 . . .

27639.40........................... 6.5 4478.66 80.8 . . .

27695.96........................... 6.5 4202.91, 4467.34 24.2 24.6 � 0.5 2

24 � 2 3

24.0 � 0.6 4

27829.77........................... 1.5 3799.54, 3976.43 18.5 . . .

27849.30........................... 4.5 3903.42 58.8 . . .

27923.96........................... 2.5 3622.51, 3690.93 194 . . .
27942.33........................... 1.5 3620.10, 3688.43 41.2 . . .

27987.24........................... 5.5 3882.5 196 . . .

28011.88........................... 1.5 3843.78, 3947.83 40.6 . . .
28022.50........................... 4.5 3767.77, 3877.20 95.4 . . .

28072.33........................... 3.5 4068.32, 4220.66 9.8 10.6 � 0.8 1

9.96 � 0.09 2

10.2 � 0.3 4

28142.79........................... 0.5 3552.29, 3754.87 28.9 . . .

28151.40........................... 5.5 3983.14, 4123.95 28.6 27.7 � 2.0 1

29.3 � 0.4 2

28.6 � 0.6 4

28191.96........................... 4.5 3851.88, 4048.61 35.4 37 � 1 2

28239.54........................... 1.5 3741.28, 3810.43 22.4 . . .

28256.32........................... 3.5 3842.35, 4188.13 34.8 35.7 � 0.2 2

28314.18........................... 4.5 3726.80, 3833.83 85.2 . . .
28394.04........................... 2.5 3627.96, 3788.12 28.5 27 � 2 1

28429.38........................... 2.5 3557.36, 3623.32 47.5 . . .

28445.43........................... 3.5 3708.66, 3881.38 12.3 12.5 � 0.2 2

28540.12........................... 5.5 3800.89, 3922.39 21.0 21.5 � 0.7 2

21.1 � 0.3 4

28573.13........................... 2.5 3762.59, 3862.23 47.8 . . .

28672.08........................... 2.5 3847.52, 3971.39 19.2 . . .
28725.53........................... 4.5 3894.06, 4107.39 37.9 38.1 � 0.2 2

28730.14........................... 3.5 3838.94, 4106.61 66.6 . . .

28812.92........................... 1.5 3662.68, 3728.93 72.2 . . .

28850.60........................... 5.5 3875.18, 4008.33 95.4 . . .
28913.99........................... 4.5 4075.83, 4236.74 14.6 14.9 � 0.1 2

28929.72........................... 2.5 3712.76, 3809.74 84.7 64 � 5 1

28938.55........................... 1.5 3645.90, 3808.46 28.9 . . .
28997.14........................... 4.5 3634.27, 5103.09 9.7 10.1 � 0.7 1

9.6 � 0.5 2

9.62 � 0.15 4

29238.56........................... 2.5 3670.66, 3765.43 81.5 . . .
29246.00........................... 3.5 3701.55, 3764.37 30.1 . . .

29310.16........................... 3.5 3755.30, 3873.21 36.5 . . .

29314.23........................... 5.5 3692.22, 3806.76 162 . . .

29387.87........................... 4.5 3583.37, 4153.32 57.4 59.0 � 1.3 2

29391.38........................... 2.5 3650.17 48.8 . . .

29422.65........................... 0.5 3397.77 48.2 52 � 4 2

29493.71........................... 5.5 3667.91, 3780.92 67.4 67 � 3 2

29509.60........................... 3.5 3843.51, 3979.20 21.6 . . .

29591.12........................... 4.5 3831.51, 4118.55 16.3 16.4 � 0.4 2

29619.89........................... 3.5 3712.11, 3961.81 118 . . .

29640.51........................... 6.5 3885.28, 4110.18 17.9 18.4 � 0.2 4

29655.90........................... 1.5 3615.26, 4517.27 60.8 . . .

29801.08........................... 5.5 3627.00, 3737.47 38.5 . . .

29804.88........................... 4.5 3800.37, 4082.59 56.2 . . .

29913.42........................... 6.5 3721.84 47.1 . . .
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Lifetime (ns)
Level

(cm�1) J

Laser Wavelength

(8) This Experiment a Other LIF Experiment Reference for Other LIF Experiment

29934.80........................... 5.5 3609.49, 3912.97 9.4 9.38 � 0.12 4

29986.54........................... 2.5 3370.59, 3662.25 46.6 . . .
29998.15........................... 4.5 3772.65 166 . . .

30031.47........................... 2.5 3566.81, 3656.23 58.4 . . .

30082.93........................... 1.5 3499.83, 3560.27 75.0 . . .

30104.78........................... 4.5 3757.53, 3887.11 33.6 . . .
30112.78........................... 3.5 3645.39, 3885.90 37.4 . . .

30123.89........................... 6.5 3813.63 279 . . .

30252.90........................... 0.5 3304.52, 3340.59 10.6 . . .
30345.63........................... 4.5 3556.73, 3662.90 64.0 . . .

30445.87........................... 6.5 3649.50, 3767.36 46.4 . . .

30511.73........................... 3.5 3444.61, 3826.56 52.2 . . .

30514.16........................... 4.5 3826.21, 3967.67 22.3 . . .
30539.73........................... 1.5 3273.48, 3365.87 11.3 . . .

30652.56........................... 4.5 3427.97, 3681.73 140 . . .

30710.03........................... 5.5 3797.74, 3937.06 34.8 . . .

30756.88........................... 1.5 3250.37, 3341.43 79.2 75 � 6 3

30816.69........................... 3.5 3554.16, 3659.61 83.4 . . .

30879.74........................... 6.5 3706.75, 3910.92 9.3 10.0 � 0.7 1

9.42 � 0.15 4

30969.35........................... 4.5 3391.13, 3479.52 78.4 . . .

30970.56........................... 6.5 3580.91, 3694.31 97.6 . . .

30981.48........................... 5.5 3758.97, 3895.42 70.9 . . .

31045.47........................... 2.5 3254.39, 3382.40 10.5 11.2 � 0.8 3

31052.45........................... 1.5 3219.43, 3253.65 98.2 . . .

31089.52........................... 0.5 3249.73 25.0 . . .

31122.17........................... 5.5 3461.11, 3561.57 31.3 . . .

31171.00........................... 1.5 3241.15, 3295.81 16.2 17.9 � 1.0 3

31189.83........................... 4.5 3729.75, 3864.05 67.0 . . .

31255.90........................... 5.5 3720.58, 3854.20 17.6 . . .

31309.40........................... 1.5 3193.01, 3280.84 32.1 . . .

31352.93........................... 4.5 3433.68, 3532.52 122 . . .
31441.34........................... 7.5 3631.14, 5154.20 47.4 . . .

31521.61........................... 5.5 3413.90, 3620.58 80.0 . . .

31566.40........................... 3.5 3253.40, 3408.68 21.8 . . .
31599.63........................... 2.5 3249.89, 3320.15 51.4 . . .

31646.49........................... 7.5 3604.28, 5100.26 25.2 . . .

31669.82........................... 2.5 3312.43, 3449.53 41.2 . . .

31725.56........................... 2.5 3183.90, 3236.64 16.9 . . .
31768.14........................... 5.5 3650.98, 3779.56 93.1 . . .

31774.52........................... 3.5 3231.52, 3300.97 23.8 25 � 2 3

31830.06........................... 5.5 3642.74, 3770.73 87.2 . . .

31902.10........................... 0.5 3290.28, 3343.65 38.3 . . .
31915.67........................... 3.5 3216.84, 3368.57 26.6 29 � 2 3

31926.40........................... 7.5 3568.27, 5028.45 13.2 13.2 � 0.3 4

31998.58........................... 7.5 3559.10 107 . . .
32067.40........................... 0.5 3272.47, 3325.26 20.4 . . .

32130.57........................... 6.5 3438.05, 3728.47 25.8 . . .

32204.31........................... 3.5 3336.12, 3593.73 85.6 . . .

32286.05........................... 6.5 3419.76, 3706.98 53.2 . . .
32299.89........................... 4.5 3244.69, 3418.15 49.0 . . .

32358.56........................... 1.5 3241.58, 3369.45 15.4 16.6 � 1.2 3

32380.78........................... 3.5 3316.59 58.0 . . .

32397.48........................... 2.5 3459.41 80 . . .
32434.70........................... 4.5 3230.55, 3310.66 14.0 15.5 � 0.9 3

32451.66........................... 3.5 3162.30 100 . . .

32549.64........................... 3.5 3152.53, 3218.60 23.1 . . .
32852.81........................... 6.5 3354.72, 3630.67 77.8 . . .

32857.54........................... 4.5 3187.00, 3264.94 38.0 41 � 3 3

32935.43........................... 2.5 3305.19, 3396.19 22.3 24 � 2 3

32945.19........................... 4.5 3255.62, 3344.35 40.1 42 � 3 3

33107.10........................... 2.5 3286.54, 3376.50 67.2 68 � 6 3

33153.69........................... 5.5 3233.67, 3321.19 17.9 . . .

33286.30........................... 5.5 3403.08, 3459.18 61.0 . . .

33333.40........................... 3.5 3262.27, 3350.89 36.0 . . .
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of wavelength. An excellent way to determine the relative radio-
metric efficiency of an FTS is to compare well-known branch-
ing ratios for sets of lines widely separated in wavelength to
the intensities measured for the same lines. Sets of Ar i and Ar ii
lines have been established for this purpose in the range of 4300–
35,000 cm�1 by Adams & Whaling (1981), Danzmann & Kock
(1982), Hashiguchi & Hasikuni (1985), and Whaling et al.
(1993). These provide an excellent means of calibrating our FTS
spectra since the argon lines are measured in the exact experi-
mental arrangement and at the exact same time as the Sm ii lines.
A spectrum of a tungsten lamp, recorded before and after the
2002 Ar-Sm spectra, was used to interpolate between Ar refer-
ence lines to improve the relative radiometric calibration of the
2002 data. The use of a tungsten lamp is of some value near the
dip in the FTS sensitivity at 12,500 cm�1 from the aluminum
mirror coatings, and between 10,000 and 9000 cm�1 where the
Si detector response is rapidly decreasing.

All possible transition wavenumbers between known energy
levels of Sm ii satisfying both the parity change and �J ¼ �1,
0, or 1 selection rules were computed and used during analysis of
FTS data. Energy levels from Martin et al. (1978) were used to
determine possible transition wavenumbers. Levels fromMartin
et al. (1978) are available in electronic form from Martin et al.
(2000).1

Branching fraction measurements were attempted on all
212 levels from the lifetime experiment and were completed
on 185 levels. Some of the levels for which branching fractions
could not be completed had a strong branch beyond the UV limit
of our spectra or had a strong branch that was severely blended.
Typically an upper level, depending on its J value, has about
30 possible transitions to known lower levels. More than 40,000
possible spectral line observations were studied during the anal-
ysis of seven different Ar-Sm and Ne-Sm spectra. We set base-
lines and integration limits ‘‘interactively’’ during analysis of the
FTS spectra. A simple numerical integration routine was used to

determine the uncalibrated intensities of Sm ii lines and selected
Ar ii andAr i lines used to establish a relative radiometric calibra-
tion of the spectra.
The procedure for determining branching fraction uncertain-

ties was described in detail by Wickliffe et al. (2000). Branching
fractions from a given upper level are defined to sum to unity;
thus a dominant line from an upper level has a small branching
fraction uncertainty almost by definition. Branching fractions for
weaker lines near the dominant line(s) tend to have uncertain-
ties limited by their signal-to-noise ratios. Systematic uncertain-
ties in the radiometric calibration are typically the most serious
source of uncertainty for widely separated lines from a common
upper level. We used a formula for estimating this systematic un-
certainty that was presented and tested extensively by Wickliffe
et al. (2000).
The problem of ‘‘residual’’ branches to currently unknown

lower levels deserves some discussion because of the complexity
of Sm ii. All of the upper levels in this study have strong branches
in the blue and/or near UV to the 4 f 6 (7F ) 6s subconfiguration.
Observed weaker transitions in the yellow and/or red region
to the 4 f 6 (7F ) 5d subconfiguration, some of which are listed
in Table 2, account for 0%–44% of the total decay. Typically,
15%–25% of the total decay goes to the 4 f 6 (7F ) 5d subcon-
figuration. We know that the unknown even-parity levels start at
about 15,470 cm�1. The lack of assignment for the odd-parity
levels makes it difficult to estimate the strength of branches to the
unknown levels. Two transition probabilities with similar dipole
matrix elements scale in proportion to their frequencies cubed.
This frequency scaling suppresses lower frequency transitions
to the unknown even-parity levels. We estimate that branches to
unknown lower levels from upper levels below 25,000 cm�1 are
negligible. A search of the near-IR study of Sm ii by Blaise et al.
(1969) supports this assessment. We measured in our study most
of the strong near-IR lines listed by Blaise et al. (1969). There
is increasing risk of missing branches to unknown even-parity
levels for higher odd-parity upper levels. Errors from missing
branches are likely still covered by our total uncertainties for1 Available at http://physics.nist.gov/cgi-bin /AtData /main_asd.

TABLE 1—Continued

Lifetime (ns)
Level

(cm�1) J

Laser Wavelength

(8) This Experiment a Other LIF Experiment Reference for Other LIF Experiment

33364.81........................... 4.5 3136.28, 3211.73 27.3 . . .

33539.60........................... 2.5 3327.88 65.0 . . .
33598.70........................... 5.5 3187.78, 3272.80 31.2 33 � 2 3

33661.26........................... 0.5 3110.20 38.6 . . .

33763.45........................... 7.5 3348.69 99.2 . . .

33775.84........................... 5.5 3169.87, 3253.93 32.1 35 � 2 3

33809.85........................... 6.5 3343.49 80.0 . . .

33881.94........................... 3.5 3204.90, 3389.33 26.7 29 � 2 3

34066.75........................... 2.5 3186.02, 3270.49 69.5 . . .

34145.44........................... 6.5 3215.25, 3306.38 14.6 16.0 � 0.9 3

34188.47........................... 5.5 3301.68 69.7 . . .

34330.90........................... 5.5 3196.19, 3286.23 35.7 . . .

34374.70........................... 4.5 3333.63, 3440.51 50.4 52 � 4 3

34418.95........................... 5.5 3187.21, 3276.74 35.5 38 � 2 3

34745.47........................... 6.5 3242.04 119 . . .

34768.41........................... 6.5 3152.09, 3239.63 30.2 32 � 2 3

34890.85........................... 6.5 3139.97, 3226.83 62.4 . . .
35547.50........................... 5.5 3208.16, 3307.03 16.2 . . .

38505.66........................... 9.5 3778.14 43.6 . . .

Note.—Table 1 is also available in machine-readable form in the electronic edition of the Astrophysical Journal Supplement.
a Uncertainty �5% except for upper levels 31,902.10 cm�1 (�10%) and 32,397.48 cm�1 (�7.5%).
References for Other LIF Experiments.— (1) Biémont et al. 1989; (2) Scholl et al. 2002; (3) Xu et al. 2003b; (4) Vogel et al. 1988.
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TABLE 2

Atomic Transition Probabilities for Sm ii Organized by Increasing Wavelength in Air, kair

kair
(8)

Eupper

(cm�1) Jupper

Elower

(cm�1) Jlower

A

(106 s�1) log g f

3110.20.................................... 33661.26 0.5 1518.29 0.5 16.0 � 1.5 �1.33

3115.05.................................... 34330.90 5.5 2237.97 4.5 1.18 � 0.11 �1.69

3117.91.................................... 34066.75 2.5 2003.23 1.5 1.15 � 0.16 �2.00

3136.28.................................... 33364.81 4.5 1489.16 3.5 5.2 � 0.3 �1.12

3139.38.................................... 33333.40 3.5 1489.16 3.5 1.52 � 0.25 �1.74

3152.09.................................... 34768.41 6.5 3052.65 5.5 3.53 � 0.26 �1.13

3152.53.................................... 32549.64 3.5 838.22 2.5 9.4 � 0.5 �0.95

3157.84.................................... 33661.26 0.5 2003.23 1.5 6.3 � 0.7 �1.73

3169.87.................................... 33775.84 5.5 2237.97 4.5 5.6 � 0.3 �1.00

3178.12.................................... 32945.19 4.5 1489.16 3.5 4.18 � 0.26 �1.20

3183.90.................................... 31725.56 2.5 326.64 1.5 23.1 � 1.2 �0.68

3186.02.................................... 34066.75 2.5 2688.69 2.5 5.6 � 0.4 �1.29

3187.00.................................... 32857.54 4.5 1489.16 3.5 7.3 � 0.4 �0.95

3187.78.................................... 33598.70 5.5 2237.97 4.5 8.6 � 0.5 �0.80

3189.56.................................... 31669.82 2.5 326.64 1.5 1.10 � 0.19 �2.00

3193.01.................................... 31309.40 1.5 0.00 0.5 12.2 � 0.7 �1.13

3196.19.................................... 34330.90 5.5 3052.65 5.5 7.8 � 0.5 �0.84

3196.72.................................... 31599.63 2.5 326.64 1.5 0.29 � 0.05 �2.58

3204.90.................................... 33881.94 3.5 2688.69 2.5 5.6 � 0.7 �1.16

3207.18.................................... 31171.00 1.5 0.00 0.5 14.9 � 0.8 �1.04

3210.81.................................... 34188.47 5.5 3052.65 5.5 1.05 � 0.08 �1.71

3211.73.................................... 33364.81 4.5 2237.97 4.5 14.5 � 0.8 �0.65

3215.25.................................... 34145.44 6.5 3052.65 5.5 6.3 � 0.4 �0.87

3215.59.................................... 31089.52 0.5 0.00 0.5 7.9 � 0.5 �1.61

3216.84.................................... 31915.67 3.5 838.22 2.5 12.6 � 0.7 �0.81

3218.60.................................... 32549.64 3.5 1489.16 3.5 18.4 � 1.0 �0.64

3219.43.................................... 31052.45 1.5 0.00 0.5 3.34 � 0.21 �1.68

3230.55.................................... 32434.70 4.5 1489.16 3.5 19.5 � 1.2 �0.52

3231.94.................................... 32935.43 2.5 2003.23 1.5 8.3 � 0.5 �1.11

3234.44.................................... 32397.48 2.5 1489.16 3.5 4.2 � 0.4 �1.41

3236.19.................................... 32380.78 3.5 1489.16 3.5 0.43 � 0.05 �2.27

3236.64.................................... 31725.56 2.5 838.22 2.5 24.9 � 1.3 �0.63

3237.87.................................... 34374.70 4.5 3499.12 3.5 4.16 � 0.28 �1.18

3239.63.................................... 34768.41 6.5 3909.62 6.5 20.8 � 1.1 �0.34

3241.15.................................... 31171.00 1.5 326.64 1.5 23.9 � 1.3 �0.82

3241.58.................................... 32358.56 1.5 1518.29 0.5 12.6 � 0.8 �1.10

3242.49.................................... 31669.82 2.5 838.22 2.5 1.33 � 0.20 �1.90

3244.69.................................... 32299.89 4.5 1489.16 3.5 2.99 � 0.28 �1.33

3249.73.................................... 31089.52 0.5 326.64 1.5 21.2 � 1.2 �1.17

3249.89.................................... 31599.63 2.5 838.22 2.5 2.17 � 0.20 �1.69

3250.33.................................... 33809.85 6.5 3052.65 5.5 3.01 � 0.21 �1.18

3250.37.................................... 30756.88 1.5 0.00 0.5 6.9 � 0.4 �1.36

3253.40.................................... 31566.40 3.5 838.22 2.5 13.3 � 0.8 �0.77

3253.65.................................... 31052.45 1.5 326.64 1.5 1.90 � 0.15 �1.92

3253.93.................................... 33775.84 5.5 3052.65 5.5 11.7 � 0.6 �0.65

3254.78.................................... 32204.31 3.5 1489.16 3.5 1.07 � 0.11 �1.87

3255.62.................................... 32945.19 4.5 2237.97 4.5 2.15 � 0.17 �1.47

3262.27.................................... 33333.40 3.5 2688.69 2.5 4.88 � 0.29 �1.21

3264.94.................................... 32857.54 4.5 2237.97 4.5 6.1 � 0.3 �1.01

3270.49.................................... 34066.75 2.5 3499.12 3.5 5.4 � 0.4 �1.28

3272.47.................................... 32067.40 0.5 1518.29 0.5 13.5 � 0.9 �1.36

3272.80.................................... 33598.70 5.5 3052.65 5.5 12.9 � 0.7 �0.61

3273.48.................................... 30539.73 1.5 0.00 0.5 27.4 � 1.5 �0.75

3280.84.................................... 31309.40 1.5 838.22 2.5 9.1 � 0.5 �1.23

3285.26.................................... 30756.88 1.5 326.64 1.5 1.01 � 0.08 �2.19

3285.66.................................... 31915.67 3.5 1489.16 3.5 4.68 � 0.28 �1.22

3286.23.................................... 34330.90 5.5 3909.62 6.5 13.9 � 0.8 �0.57

3289.15.................................... 32397.48 2.5 2003.23 1.5 0.83 � 0.08 �2.09

3290.39.................................... 33881.94 3.5 3499.12 3.5 10.7 � 0.6 �0.86

3293.37.................................... 32358.56 1.5 2003.23 1.5 15.7 � 0.9 �0.99

3295.81.................................... 31171.00 1.5 838.22 2.5 18.1 � 1.0 �0.93

3298.06.................................... 33364.81 4.5 3052.65 5.5 10.8 � 0.6 �0.75

3298.11.................................... 32549.64 3.5 2237.97 4.5 7.5 � 0.4 �1.01

3301.68.................................... 34188.47 5.5 3909.62 6.5 8.2 � 0.4 �0.79

3305.19.................................... 32935.43 2.5 2688.69 2.5 13.2 � 0.7 �0.89



TABLE 2—Continued

kair
(8)

Eupper

(cm�1) Jupper

Elower

(cm�1) Jlower

A

(106 s�1) log g f

3306.32.................................... 31725.56 2.5 1489.16 3.5 3.37 � 0.25 �1.48

3306.38.................................... 34145.44 6.5 3909.62 6.5 52.6 � 2.7 0.08

3310.66.................................... 32434.70 4.5 2237.97 4.5 18.8 � 1.0 �0.51

3312.43.................................... 31669.82 2.5 1489.16 3.5 16.7 � 0.9 �0.78

3316.59.................................... 32380.78 3.5 2237.97 4.5 10.1 � 0.6 �0.88

3320.15.................................... 31599.63 2.5 1489.16 3.5 9.0 � 0.5 �1.05

3323.82.................................... 31566.40 3.5 1489.16 3.5 7.1 � 0.4 �1.02

3325.26.................................... 32067.40 0.5 2003.23 1.5 35.5 � 1.9 �0.93

3325.51.................................... 32299.89 4.5 2237.97 4.5 4.40 � 0.28 �1.14

3333.63.................................... 34374.70 4.5 4386.03 4.5 6.1 � 0.4 �0.99

3336.12.................................... 32204.31 3.5 2237.97 4.5 3.66 � 0.20 �1.31

3341.43.................................... 30756.88 1.5 838.22 2.5 2.70 � 0.29 �1.74

3343.49.................................... 33809.85 6.5 3909.62 6.5 7.4 � 0.4 �0.76

3344.35.................................... 32945.19 4.5 3052.65 5.5 8.0 � 0.4 �0.87

3347.30.................................... 33775.84 5.5 3909.62 6.5 6.2 � 0.3 �0.90

3348.69.................................... 33763.45 7.5 3909.62 6.5 6.5 � 0.4 �0.76

3350.89.................................... 33333.40 3.5 3499.12 3.5 9.9 � 0.6 �0.87

3354.19.................................... 32857.54 4.5 3052.65 5.5 6.5 � 0.4 �0.96

3354.72.................................... 32852.81 6.5 3052.65 5.5 2.96 � 0.18 �1.16

3365.04.................................... 32397.48 2.5 2688.69 2.5 0.60 � 0.08 �2.22

3365.87.................................... 30539.73 1.5 838.22 2.5 46.5 � 2.5 �0.50

3365.96.................................... 31189.83 4.5 1489.16 3.5 2.15 � 0.14 �1.44

3366.93.................................... 32380.78 3.5 2688.69 2.5 0.32 � 0.05 �2.36

3367.27.................................... 33598.70 5.5 3909.62 6.5 4.9 � 0.4 �1.00

3368.57.................................... 31915.67 3.5 2237.97 4.5 10.0 � 0.6 �0.87

3369.04.................................... 30511.73 3.5 838.22 2.5 2.58 � 0.20 �1.45

3369.45.................................... 32358.56 1.5 2688.69 2.5 33.0 � 1.7 �0.65

3370.59.................................... 29986.54 2.5 326.64 1.5 3.92 � 0.25 �1.40

3371.04.................................... 29655.90 1.5 0.00 0.5 1.54 � 0.16 �1.98

3377.82.................................... 31599.63 2.5 2003.23 1.5 1.60 � 0.10 �1.78

3378.31.................................... 31830.06 5.5 2237.97 4.5 0.62 � 0.04 �1.89

3380.69.................................... 31089.52 0.5 1518.29 0.5 3.85 � 0.27 �1.88

3384.94.................................... 31052.45 1.5 1518.29 0.5 1.59 � 0.15 �1.96

3385.40.................................... 31768.14 5.5 2237.97 4.5 1.18 � 0.09 �1.61

3387.06.................................... 32204.31 3.5 2688.69 2.5 1.40 � 0.10 �1.72

3389.33.................................... 33881.94 3.5 4386.03 4.5 17.7 � 1.0 �0.61

3391.13.................................... 30969.35 4.5 1489.16 3.5 1.99 � 0.19 �1.47

3396.19.................................... 32935.43 2.5 3499.12 3.5 19.9 � 1.0 �0.68

3397.77.................................... 29422.65 0.5 0.00 0.5 5.0 � 0.4 �1.76

3402.46.................................... 32434.70 4.5 3052.65 5.5 22.9 � 1.2 �0.40

3408.59.................................... 29655.90 1.5 326.64 1.5 2.83 � 0.21 �1.71

3408.68.................................... 31566.40 3.5 2237.97 4.5 20.4 � 1.1 �0.55

3411.27.................................... 31309.40 1.5 2003.23 1.5 2.6 � 0.3 �1.75

3413.90.................................... 31521.61 5.5 2237.97 4.5 1.02 � 0.08 �1.67

3414.96.................................... 30112.78 3.5 838.22 2.5 1.03 � 0.07 �1.84

3418.15.................................... 32299.89 4.5 3052.65 5.5 8.7 � 0.5 �0.82

3419.76.................................... 32286.05 6.5 3052.65 5.5 3.46 � 0.22 �1.07

3420.52.................................... 31915.67 3.5 2688.69 2.5 1.24 � 0.10 �1.76

3422.19.................................... 33598.70 5.5 4386.03 4.5 0.93 � 0.10 �1.71

3427.97.................................... 30652.56 4.5 1489.16 3.5 0.71 � 0.05 �1.90

3429.75.................................... 29986.54 2.5 838.22 2.5 1.84 � 0.14 �1.71

3433.68.................................... 31352.93 4.5 2237.97 4.5 2.60 � 0.17 �1.34

3438.05.................................... 32130.57 6.5 3052.65 5.5 3.12 � 0.21 �1.11

3440.51.................................... 34374.70 4.5 5317.56 5.5 7.1 � 0.4 �0.90

3444.32.................................... 30514.16 4.5 1489.16 3.5 0.29 � 0.03 �2.28

3444.61.................................... 30511.73 3.5 1489.16 3.5 1.65 � 0.14 �1.63

3445.16.................................... 31255.90 5.5 2237.97 4.5 0.49 � 0.04 �1.98

3445.70.................................... 34330.90 5.5 5317.56 5.5 1.35 � 0.14 �1.54

3449.53.................................... 31669.82 2.5 2688.69 2.5 1.23 � 0.11 �1.88

3453.02.................................... 31189.83 4.5 2237.97 4.5 0.36 � 0.05 �2.20

3453.56.................................... 33333.40 3.5 4386.03 4.5 6.6 � 0.4 �1.03

3454.96.................................... 32434.70 4.5 3499.12 3.5 2.81 � 0.18 �1.30

3457.91.................................... 31599.63 2.5 2688.69 2.5 1.68 � 0.10 �1.74

3459.41.................................... 32397.48 2.5 3499.12 3.5 4.1 � 0.3 �1.36

3461.11.................................... 31122.17 5.5 2237.97 4.5 4.22 � 0.24 �1.04

3461.41.................................... 32380.78 3.5 3499.12 3.5 1.33 � 0.12 �1.72
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3461.89.................................... 31566.40 3.5 2688.69 2.5 0.54 � 0.08 �2.11

3462.70.................................... 34188.47 5.5 5317.56 5.5 2.40 � 0.18 �1.28

3464.44.................................... 30345.63 4.5 1489.16 3.5 0.97 � 0.07 �1.76

3467.87.................................... 34145.44 6.5 5317.56 5.5 3.91 � 0.25 �1.01

3471.14.................................... 32299.89 4.5 3499.12 3.5 1.27 � 0.12 �1.64

3473.95.................................... 31830.06 5.5 3052.65 5.5 1.17 � 0.07 �1.60

3478.05.................................... 30981.48 5.5 2237.97 4.5 0.24 � 0.04 �2.27

3479.52.................................... 30969.35 4.5 2237.97 4.5 1.80 � 0.17 �1.49

3481.44.................................... 31768.14 5.5 3052.65 5.5 0.32 � 0.04 �2.15

3482.69.................................... 32204.31 3.5 3499.12 3.5 1.25 � 0.07 �1.74

3492.62.................................... 30112.78 3.5 1489.16 3.5 0.91 � 0.08 �1.87

3493.60.................................... 30104.78 4.5 1489.16 3.5 2.09 � 0.15 �1.42

3498.11.................................... 30816.69 3.5 2237.97 4.5 0.19 � 0.03 �2.55

3499.83.................................... 30082.93 1.5 1518.29 0.5 6.0 � 0.4 �1.35

3500.50.................................... 32945.19 4.5 4386.03 4.5 4.07 � 0.24 �1.13

3503.28.................................... 30539.73 1.5 2003.23 1.5 1.73 � 0.18 �1.89

3508.72.................................... 33809.85 6.5 5317.56 5.5 0.69 � 0.08 �1.75

3509.46.................................... 28812.92 1.5 326.64 1.5 0.64 � 0.06 �2.33

3511.28.................................... 32857.54 4.5 4386.03 4.5 0.43 � 0.07 �2.10

3511.59.................................... 31521.61 5.5 3052.65 5.5 0.69 � 0.05 �1.81

3512.91.................................... 33775.84 5.5 5317.56 5.5 1.26 � 0.18 �1.55

3518.07.................................... 31915.67 3.5 3499.12 3.5 1.04 � 0.09 �1.81

3523.04.................................... 32286.05 6.5 3909.62 6.5 0.68 � 0.09 �1.75

3524.62.................................... 31052.45 1.5 2688.69 2.5 2.25 � 0.14 �1.78

3526.90.................................... 28672.08 2.5 326.64 1.5 1.08 � 0.12 �1.92

3530.60.................................... 29804.88 4.5 1489.16 3.5 2.97 � 0.20 �1.25

3532.52.................................... 31352.93 4.5 3052.65 5.5 3.52 � 0.21 �1.18

3534.92.................................... 33598.70 5.5 5317.56 5.5 0.82 � 0.10 �1.74

3539.25.................................... 28573.13 2.5 326.64 1.5 0.56 � 0.04 �2.20

3542.45.................................... 32130.57 6.5 3909.62 6.5 1.37 � 0.08 �1.44

3548.77.................................... 31669.82 2.5 3499.12 3.5 0.80 � 0.10 �2.04

3552.29.................................... 28142.79 0.5 0.00 0.5 4.48 � 0.27 �1.77

3552.95.................................... 29655.90 1.5 1518.29 0.5 1.04 � 0.08 �2.10

3553.00.................................... 31189.83 4.5 3052.65 5.5 0.30 � 0.03 �2.24

3554.16.................................... 30816.69 3.5 2688.69 2.5 4.10 � 0.25 �1.21

3556.73.................................... 30345.63 4.5 2237.97 4.5 2.63 � 0.17 �1.30

3557.36.................................... 28429.38 2.5 326.64 1.5 2.27 � 0.14 �1.59

3557.64.................................... 31599.63 2.5 3499.12 3.5 1.10 � 0.21 �1.90

3560.27.................................... 30082.93 1.5 2003.23 1.5 3.09 � 0.22 �1.63

3561.57.................................... 31122.17 5.5 3052.65 5.5 3.14 � 0.19 �1.14

3561.84.................................... 28394.04 2.5 326.64 1.5 0.19 � 0.04 �2.66

3566.81.................................... 30031.47 2.5 2003.23 1.5 5.29 � 0.30 �1.22

3568.27.................................... 31926.40 7.5 3909.62 6.5 63 � 3 0.29

3568.89.................................... 28011.88 1.5 0.00 0.5 0.92 � 0.09 �2.15

3571.08.................................... 32380.78 3.5 4386.03 4.5 1.20 � 0.09 �1.73

3577.78.................................... 27942.33 1.5 0.00 0.5 6.5 � 0.4 �1.30

3579.51.................................... 30981.48 5.5 3052.65 5.5 0.42 � 0.04 �2.01

3580.58.................................... 31830.06 5.5 3909.62 6.5 0.96 � 0.08 �1.65

3580.91.................................... 30970.56 6.5 3052.65 5.5 6.0 � 0.3 �0.79

3581.06.................................... 30969.35 4.5 3052.65 5.5 0.41 � 0.08 �2.11

3582.65.................................... 29422.65 0.5 1518.29 0.5 4.1 � 0.3 �1.80

3583.37.................................... 29387.87 4.5 1489.16 3.5 4.05 � 0.29 �1.11

3584.24.................................... 28730.14 3.5 838.22 2.5 2.72 � 0.15 �1.38

3587.47.................................... 30104.78 4.5 2237.97 4.5 1.96 � 0.12 �1.42

3588.54.................................... 31768.14 5.5 3909.62 6.5 0.28 � 0.04 �2.18

3589.51.................................... 30539.73 1.5 2688.69 2.5 2.03 � 0.19 �1.80

3591.72.................................... 28672.08 2.5 838.22 2.5 0.37 � 0.05 �2.37

3592.60.................................... 30879.74 6.5 3052.65 5.5 80 � 4 0.33

3593.38.................................... 29310.16 3.5 1489.16 3.5 0.62 � 0.05 �2.02

3593.73.................................... 32204.31 3.5 4386.03 4.5 2.81 � 0.17 �1.36

3601.25.................................... 29998.15 4.5 2237.97 4.5 0.52 � 0.05 �2.00

3601.69.................................... 29246.00 3.5 1489.16 3.5 6.7 � 0.4 �0.98

3604.28.................................... 31646.49 7.5 3909.62 6.5 29.8 � 1.6 �0.03

3609.49.................................... 29934.80 5.5 2237.97 4.5 61 � 3 0.16

3610.29.................................... 31189.83 4.5 3499.12 3.5 0.66 � 0.07 �1.89

3615.26.................................... 29655.90 1.5 2003.23 1.5 2.73 � 0.19 �1.67
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3620.10.................................... 27942.33 1.5 326.64 1.5 3.65 � 0.22 �1.54

3620.58.................................... 31521.61 5.5 3909.62 6.5 3.46 � 0.23 �1.09

3621.21.................................... 28445.43 3.5 838.22 2.5 19.9 � 1.1 �0.51

3622.51.................................... 27923.96 2.5 326.64 1.5 2.15 � 0.13 �1.60

3623.32.................................... 28429.38 2.5 838.22 2.5 4.80 � 0.28 �1.25

3626.50.................................... 29804.88 4.5 2237.97 4.5 0.78 � 0.06 �1.81

3627.00.................................... 29801.08 5.5 2237.97 4.5 13.1 � 0.7 �0.51

3627.96.................................... 28394.04 2.5 838.22 2.5 3.54 � 0.21 �1.38

3630.67.................................... 32852.81 6.5 5317.56 5.5 5.17 � 0.29 �0.84

3631.14.................................... 31441.34 7.5 3909.62 6.5 14.9 � 0.8 �0.33

3634.27.................................... 28997.14 4.5 1489.16 3.5 52.8 � 2.7 0.02

3634.91.................................... 27829.77 1.5 326.64 1.5 6.8 � 0.4 �1.27

3639.27.................................... 30969.35 4.5 3499.12 3.5 2.04 � 0.20 �1.39

3640.42.................................... 30514.16 4.5 3052.65 5.5 0.41 � 0.03 �2.09

3642.74.................................... 31830.06 5.5 4386.03 4.5 3.75 � 0.21 �1.05

3645.29.................................... 28913.99 4.5 1489.16 3.5 8.9 � 0.6 �0.75

3645.39.................................... 30112.78 3.5 2688.69 2.5 9.3 � 0.5 �0.83

3645.90.................................... 28938.55 1.5 1518.29 0.5 5.27 � 0.30 �1.38

3646.01.................................... 29422.65 0.5 2003.23 1.5 4.07 � 0.30 �1.79

3646.19.................................... 28256.32 3.5 838.22 2.5 0.190 � 0.019 �2.52

3649.36.................................... 30082.93 1.5 2688.69 2.5 0.64 � 0.07 �2.29

3649.50.................................... 30445.87 6.5 3052.65 5.5 8.8 � 0.5 �0.61

3650.98.................................... 31768.14 5.5 4386.03 4.5 4.9 � 0.3 �0.93

3654.84.................................... 29591.12 4.5 2237.97 4.5 1.31 � 0.08 �1.58

3655.76.................................... 31255.90 5.5 3909.62 6.5 0.92 � 0.06 �1.66

3656.23.................................... 30031.47 2.5 2688.69 2.5 5.8 � 0.3 �1.16

3659.61.................................... 30816.69 3.5 3499.12 3.5 3.53 � 0.22 �1.25

3661.35.................................... 27631.18 2.5 326.64 1.5 36.4 � 1.9 �0.36

3662.25.................................... 29986.54 2.5 2688.69 2.5 4.35 � 0.25 �1.28

3662.68.................................... 28812.92 1.5 1518.29 0.5 7.6 � 0.4 �1.21

3662.90.................................... 30345.63 4.5 3052.65 5.5 3.90 � 0.24 �1.11

3669.89.................................... 28730.14 3.5 1489.16 3.5 0.53 � 0.05 �2.07

3670.52.................................... 28725.53 4.5 1489.16 3.5 1.19 � 0.11 �1.62

3670.82.................................... 28072.33 3.5 838.22 2.5 35.2 � 1.8 �0.24

3674.06.................................... 27210.12 0.5 0.00 0.5 5.9 � 0.5 �1.62

3678.08.................................... 31566.40 3.5 4386.03 4.5 1.35 � 0.13 �1.66

3678.99.................................... 28011.88 1.5 838.22 2.5 0.42 � 0.05 �2.46

3681.73.................................... 30652.56 4.5 3499.12 3.5 2.91 � 0.18 �1.23

3682.21.................................... 29387.87 4.5 2237.97 4.5 1.05 � 0.08 �1.67

3684.15.................................... 31521.61 5.5 4386.03 4.5 0.53 � 0.04 �1.89

3688.43.................................... 27942.33 1.5 838.22 2.5 2.75 � 0.16 �1.65

3690.93.................................... 27923.96 2.5 838.22 2.5 1.02 � 0.07 �1.90

3692.22.................................... 29314.23 5.5 2237.97 4.5 1.87 � 0.11 �1.34

3692.78.................................... 29310.16 3.5 2237.97 4.5 1.97 � 0.13 �1.49

3692.91.................................... 30123.89 6.5 3052.65 5.5 0.64 � 0.06 �1.74

3693.99.................................... 27063.30 1.5 0.00 0.5 28.3 � 1.5 �0.64

3694.31.................................... 30970.56 6.5 3909.62 6.5 2.40 � 0.17 �1.16

3700.59.................................... 30514.16 4.5 3499.12 3.5 3.22 � 0.18 �1.18

3700.92.................................... 30511.73 3.5 3499.12 3.5 4.88 � 0.29 �1.10

3701.55.................................... 29246.00 3.5 2237.97 4.5 1.84 � 0.11 �1.52

3705.07.................................... 32299.89 4.5 5317.56 5.5 1.20 � 0.08 �1.61

3706.75.................................... 30879.74 6.5 3909.62 6.5 8.6 � 0.5 �0.60

3706.98.................................... 32286.05 6.5 5317.56 5.5 11.4 � 0.6 �0.48

3707.15.................................... 29655.90 1.5 2688.69 2.5 2.92 � 0.22 �1.62

3708.41.................................... 27284.69 2.5 326.64 1.5 7.9 � 0.5 �1.01

3708.66.................................... 28445.43 3.5 1489.16 3.5 14.2 � 0.8 �0.63

3710.87.................................... 28429.38 2.5 1489.16 3.5 2.55 � 0.16 �1.50

3711.54.................................... 28938.55 1.5 2003.23 1.5 15.9 � 0.8 �0.88

3712.11.................................... 29619.89 3.5 2688.69 2.5 3.83 � 0.23 �1.20

3712.76.................................... 28929.72 2.5 2003.23 1.5 6.7 � 0.4 �1.08

3718.70.................................... 27210.12 0.5 326.64 1.5 1.81 � 0.13 �2.12

3718.88.................................... 29934.80 5.5 3052.65 5.5 19.8 � 1.1 �0.31

3720.58.................................... 31255.90 5.5 4386.03 4.5 2.77 � 0.17 �1.16

3723.82.................................... 30345.63 4.5 3499.12 3.5 0.46 � 0.05 �2.02

3724.90.................................... 27165.35 2.5 326.64 1.5 4.38 � 0.25 �1.26

3726.80.................................... 28314.18 4.5 1489.16 3.5 1.65 � 0.11 �1.46

238



TABLE 2—Continued

kair
(8)

Eupper

(cm�1) Jupper

Elower

(cm�1) Jlower

A

(106 s�1) log g f

3727.37.................................... 29509.60 3.5 2688.69 2.5 0.97 � 0.06 �1.79

3728.47.................................... 32130.57 6.5 5317.56 5.5 31.1 � 1.6 �0.04

3728.93.................................... 28812.92 1.5 2003.23 1.5 3.75 � 0.23 �1.50

3729.75.................................... 31189.83 4.5 4386.03 4.5 6.4 � 0.4 �0.88

3731.26.................................... 27631.18 2.5 838.22 2.5 37.2 � 1.9 �0.33

3734.86.................................... 28256.32 3.5 1489.16 3.5 0.91 � 0.08 �1.82

3735.97.................................... 28997.14 4.5 2237.97 4.5 24.8 � 1.3 �0.28

3737.02.................................... 27078.30 2.5 326.64 1.5 0.68 � 0.05 �2.07

3737.47.................................... 29801.08 5.5 3052.65 5.5 5.5 � 0.3 �0.86

3739.12.................................... 27063.30 1.5 326.64 1.5 44.4 � 2.3 �0.43

3739.19.................................... 31122.17 5.5 4386.03 4.5 21.4 � 1.1 �0.27

3741.28.................................... 28239.54 1.5 1518.29 0.5 30.4 � 1.6 �0.59

3743.86.................................... 28191.96 4.5 1489.16 3.5 13.6 � 0.7 �0.55

3745.61.................................... 26690.30 0.5 0.00 0.5 44.9 � 2.4 �0.72

3747.62.................................... 28913.99 4.5 2237.97 4.5 7.8 � 0.5 �0.78

3748.63.................................... 28672.08 2.5 2003.23 1.5 2.55 � 0.15 �1.49

3751.56.................................... 26974.67 2.5 326.64 1.5 2.17 � 0.12 �1.56

3754.87.................................... 28142.79 0.5 1518.29 0.5 10.0 � 0.6 �1.37

3755.30.................................... 29310.16 3.5 2688.69 2.5 13.3 � 0.7 �0.65

3756.40.................................... 30112.78 3.5 3499.12 3.5 10.1 � 0.6 �0.77

3756.55.................................... 28850.60 5.5 2237.97 4.5 3.79 � 0.21 �1.02

3757.53.................................... 30104.78 4.5 3499.12 3.5 21.0 � 1.1 �0.35

3758.97.................................... 30981.48 5.5 4386.03 4.5 11.6 � 0.6 �0.53

3760.05.................................... 29640.51 6.5 3052.65 5.5 3.83 � 0.21 �0.94

3760.71.................................... 28072.33 3.5 1489.16 3.5 23.3 � 1.2 �0.40

3762.59.................................... 28573.13 2.5 2003.23 1.5 11.0 � 0.6 �0.85

3764.37.................................... 29246.00 3.5 2688.69 2.5 16.6 � 0.9 �0.55

3767.36.................................... 30445.87 6.5 3909.62 6.5 6.7 � 0.4 �0.70

3767.77.................................... 28022.50 4.5 1489.16 3.5 5.72 � 0.30 �0.91

3767.91.................................... 30031.47 2.5 3499.12 3.5 2.50 � 0.15 �1.50

3770.73.................................... 31830.06 5.5 5317.56 5.5 1.70 � 0.13 �1.36

3772.65.................................... 29998.15 4.5 3499.12 3.5 3.35 � 0.19 �1.15

3773.43.................................... 28011.88 1.5 1518.29 0.5 3.76 � 0.22 �1.49

3774.31.................................... 29986.54 2.5 3499.12 3.5 5.21 � 0.29 �1.17

3774.70.................................... 26484.66 1.5 0.00 0.5 3.55 � 0.20 �1.52

3778.14.................................... 38505.66 9.5 12045.10 8.5 22.9 � 1.2 �0.01

3779.56.................................... 31768.14 5.5 5317.56 5.5 2.82 � 0.20 �1.14

3780.15.................................... 27284.69 2.5 838.22 2.5 0.60 � 0.04 �2.11

3780.76.................................... 26442.18 0.5 0.00 0.5 24.1 � 1.3 �0.99

3783.06.................................... 28429.38 2.5 2003.23 1.5 1.03 � 0.07 �1.88

3783.36.................................... 27942.33 1.5 1518.29 0.5 3.80 � 0.25 �1.49

3787.20.................................... 26723.87 1.5 326.64 1.5 3.03 � 0.17 �1.58

3788.12.................................... 28394.04 2.5 2003.23 1.5 22.5 � 1.2 �0.54

3792.02.................................... 26690.30 0.5 326.64 1.5 8.3 � 0.5 �1.45

3793.98.................................... 27188.30 3.5 838.22 2.5 12.3 � 0.6 �0.67

3797.28.................................... 27165.35 2.5 838.22 2.5 3.10 � 0.17 �1.40

3797.74.................................... 30710.03 5.5 4386.03 4.5 21.3 � 1.1 �0.26

3799.54.................................... 27829.77 1.5 1518.29 0.5 13.8 � 0.7 �0.92

3800.37.................................... 29804.88 4.5 3499.12 3.5 3.00 � 0.17 �1.19

3800.89.................................... 28540.12 5.5 2237.97 4.5 8.7 � 0.5 �0.65

3805.63.................................... 27107.62 3.5 838.22 2.5 3.63 � 0.22 �1.20

3806.05.................................... 30652.56 4.5 4386.03 4.5 0.84 � 0.11 �1.74

3806.76.................................... 29314.23 5.5 3052.65 5.5 1.53 � 0.10 �1.40

3807.93.................................... 26253.55 0.5 0.00 0.5 5.9 � 0.3 �1.59

3808.46.................................... 28938.55 1.5 2688.69 2.5 9.2 � 0.5 �1.10

3809.74.................................... 28929.72 2.5 2688.69 2.5 3.19 � 0.21 �1.38

3809.88.................................... 27078.30 2.5 838.22 2.5 2.01 � 0.13 �1.58

3810.43.................................... 28239.54 1.5 2003.23 1.5 9.4 � 0.5 �1.09

3812.06.................................... 27063.30 1.5 838.22 2.5 8.5 � 0.5 �1.13

3813.63.................................... 30123.89 6.5 3909.62 6.5 2.51 � 0.18 �1.12

3814.62.................................... 28445.43 3.5 2237.97 4.5 3.79 � 0.24 �1.18

3821.83.................................... 26484.66 1.5 326.64 1.5 3.27 � 0.19 �1.54

3824.17.................................... 27631.18 2.5 1489.16 3.5 8.7 � 0.5 �0.94

3824.53.................................... 28142.79 0.5 2003.23 1.5 16.2 � 0.9 �1.15

3824.99.................................... 26974.67 2.5 838.22 2.5 1.85 � 0.13 �1.61

3826.21.................................... 30514.16 4.5 4386.03 4.5 29.3 � 1.5 �0.19
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3826.56.................................... 30511.73 3.5 4386.03 4.5 3.52 � 0.22 �1.21

3827.29.................................... 29619.89 3.5 3499.12 3.5 0.67 � 0.05 �1.93

3828.05.................................... 26442.18 0.5 326.64 1.5 8.6 � 0.5 �1.42

3830.30.................................... 26938.42 3.5 838.22 2.5 4.28 � 0.23 �1.12

3831.51.................................... 29591.12 4.5 3499.12 3.5 17.0 � 0.9 �0.43

3833.83.................................... 28314.18 4.5 2237.97 4.5 5.13 � 0.29 �0.95

3835.73.................................... 27552.45 3.5 1489.16 3.5 2.72 � 0.15 �1.32

3838.94.................................... 28730.14 3.5 2688.69 2.5 7.1 � 0.4 �0.90

3839.84.................................... 31352.93 4.5 5317.56 5.5 0.54 � 0.11 �1.93

3840.45.................................... 26357.90 2.5 326.64 1.5 6.3 � 0.4 �1.08

3841.34.................................... 29934.80 5.5 3909.62 6.5 0.27 � 0.05 �2.15

3842.35.................................... 28256.32 3.5 2237.97 4.5 3.12 � 0.20 �1.26

3843.51.................................... 29509.60 3.5 3499.12 3.5 20.2 � 1.0 �0.45

3843.78.................................... 28011.88 1.5 2003.23 1.5 9.4 � 0.5 �1.08

3847.52.................................... 28672.08 2.5 2688.69 2.5 12.3 � 0.7 �0.78

3851.05.................................... 30345.63 4.5 4386.03 4.5 0.166 � 0.022 �2.43

3851.88.................................... 28191.96 4.5 2237.97 4.5 4.17 � 0.22 �1.03

3854.20.................................... 31255.90 5.5 5317.56 5.5 51.5 � 2.6 0.14

3855.90.................................... 26253.55 0.5 326.64 1.5 26.8 � 1.4 �0.92

3857.91.................................... 28151.40 5.5 2237.97 4.5 3.67 � 0.20 �1.01

3860.28.................................... 27386.69 4.5 1489.16 3.5 1.41 � 0.09 �1.50

3861.59.................................... 29387.87 4.5 3499.12 3.5 0.85 � 0.07 �1.72

3862.05.................................... 26723.87 1.5 838.22 2.5 7.6 � 0.4 �1.17

3862.23.................................... 28573.13 2.5 2688.69 2.5 5.9 � 0.3 �1.10

3864.05.................................... 31189.83 4.5 5317.56 5.5 1.45 � 0.09 �1.49

3865.24.................................... 26190.92 2.5 326.64 1.5 2.67 � 0.14 �1.45

3865.68.................................... 28913.99 4.5 3052.65 5.5 0.92 � 0.07 �1.69

3871.78.................................... 27309.73 4.5 1489.16 3.5 8.1 � 0.4 �0.74

3873.21.................................... 29310.16 3.5 3499.12 3.5 2.86 � 0.17 �1.29

3875.18.................................... 28850.60 5.5 3052.65 5.5 3.17 � 0.18 �1.07

3875.54.................................... 27284.69 2.5 1489.16 3.5 8.2 � 0.5 �0.96

3877.20.................................... 28022.50 4.5 2237.97 4.5 2.12 � 0.14 �1.32

3881.38.................................... 28445.43 3.5 2688.69 2.5 6.0 � 0.4 �0.96

3882.50.................................... 27987.24 5.5 2237.97 4.5 2.16 � 0.12 �1.23

3882.87.................................... 29246.00 3.5 3499.12 3.5 0.96 � 0.08 �1.76

3883.80.................................... 28429.38 2.5 2688.69 2.5 1.00 � 0.08 �1.87

3885.28.................................... 29640.51 6.5 3909.62 6.5 36.0 � 1.9 0.06

3885.90.................................... 30112.78 3.5 4386.03 4.5 3.54 � 0.21 �1.19

3887.11.................................... 30104.78 4.5 4386.03 4.5 1.47 � 0.13 �1.48

3889.14.................................... 28394.04 2.5 2688.69 2.5 3.18 � 0.17 �1.36

3890.08.................................... 27188.30 3.5 1489.16 3.5 6.2 � 0.3 �0.95

3891.19.................................... 27210.12 0.5 1518.29 0.5 10.6 � 0.6 �1.32

3894.06.................................... 28725.53 4.5 3052.65 5.5 4.37 � 0.24 �1.00

3895.42.................................... 30981.48 5.5 5317.56 5.5 0.84 � 0.09 �1.64

3896.97.................................... 25980.32 2.5 326.64 1.5 15.7 � 0.8 �0.67

3897.26.................................... 30969.35 4.5 5317.56 5.5 2.01 � 0.22 �1.34

3900.88.................................... 27631.18 2.5 2003.23 1.5 3.37 � 0.22 �1.34

3902.33.................................... 27107.62 3.5 1489.16 3.5 0.51 � 0.04 �2.03

3906.80.................................... 27078.30 2.5 1489.16 3.5 0.63 � 0.04 �2.06

3910.09.................................... 28256.32 3.5 2688.69 2.5 1.29 � 0.08 �1.63

3910.92.................................... 30879.74 6.5 5317.56 5.5 0.88 � 0.08 �1.55

3912.97.................................... 29934.80 5.5 4386.03 4.5 1.28 � 0.15 �1.45

3913.55.................................... 27063.30 1.5 1518.29 0.5 1.18 � 0.10 �1.97

3917.43.................................... 26357.90 2.5 838.22 2.5 7.2 � 0.4 �1.00

3918.61.................................... 27001.20 4.5 1489.16 3.5 1.30 � 0.07 �1.52

3920.76.................................... 28997.14 4.5 3499.12 3.5 0.277 � 0.029 �2.20

3922.39.................................... 28540.12 5.5 3052.65 5.5 19.9 � 1.0 �0.26

3922.69.................................... 26974.67 2.5 1489.16 3.5 1.51 � 0.10 �1.68

3928.28.................................... 26938.42 3.5 1489.16 3.5 15.3 � 0.8 �0.55

3931.16.................................... 28929.72 2.5 3499.12 3.5 0.75 � 0.08 �1.98

3932.97.................................... 29804.88 4.5 4386.03 4.5 1.54 � 0.10 �1.45

3933.59.................................... 28913.99 4.5 3499.12 3.5 5.2 � 0.3 �0.91

3935.18.................................... 29314.23 5.5 3909.62 6.5 0.42 � 0.03 �1.93

3935.76.................................... 27638.83 5.5 2237.97 4.5 3.20 � 0.17 �1.05

3937.06.................................... 30710.03 5.5 5317.56 5.5 4.29 � 0.24 �0.92

3938.43.................................... 28072.33 3.5 2688.69 2.5 0.46 � 0.06 �2.07
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3941.88.................................... 25361.45 1.5 0.00 0.5 14.9 � 0.8 �0.86

3943.24.................................... 26190.92 2.5 838.22 2.5 7.1 � 0.4 �1.01

3945.99.................................... 30652.56 4.5 5317.56 5.5 0.195 � 0.029 �2.34

3946.51.................................... 26820.81 4.5 1489.16 3.5 4.95 � 0.27 �0.94

3947.83.................................... 28011.88 1.5 2688.69 2.5 8.7 � 0.5 �1.09

3948.11.................................... 26159.60 3.5 838.22 2.5 7.7 � 0.4 �0.84

3954.35.................................... 27284.69 2.5 2003.23 1.5 0.32 � 0.05 �2.34

3957.47.................................... 28314.18 4.5 3052.65 5.5 0.42 � 0.03 �2.01

3958.70.................................... 27942.33 1.5 2688.69 2.5 2.36 � 0.20 �1.65

3959.52.................................... 26086.63 3.5 838.22 2.5 2.96 � 0.17 �1.25

3961.81.................................... 29619.89 3.5 4386.03 4.5 2.74 � 0.18 �1.29

3962.25.................................... 28730.14 3.5 3499.12 3.5 1.46 � 0.10 �1.56

3962.98.................................... 28725.53 4.5 3499.12 3.5 3.75 � 0.21 �1.05

3964.08.................................... 25546.03 2.5 326.64 1.5 0.392 � 0.029 �2.26

3966.05.................................... 27210.12 0.5 2003.23 1.5 26.7 � 1.4 �0.90

3966.33.................................... 29591.12 4.5 4386.03 4.5 1.50 � 0.09 �1.45

3967.67.................................... 30514.16 4.5 5317.56 5.5 8.1 � 0.5 �0.72

3970.53.................................... 25178.45 1.5 0.00 0.5 10.7 � 0.6 �1.00

3971.39.................................... 28672.08 2.5 3499.12 3.5 32.6 � 1.7 �0.34

3973.10.................................... 27165.35 2.5 2003.23 1.5 0.52 � 0.04 �2.13

3975.22.................................... 27386.69 4.5 2237.97 4.5 1.10 � 0.07 �1.58

3976.27.................................... 25980.32 2.5 838.22 2.5 8.8 � 0.5 �0.90

3976.43.................................... 27829.77 1.5 2688.69 2.5 27.4 � 1.4 �0.58

3976.71.................................... 28191.96 4.5 3052.65 5.5 0.228 � 0.029 �2.27

3979.20.................................... 29509.60 3.5 4386.03 4.5 17.8 � 0.9 �0.47

3983.14.................................... 28151.40 5.5 3052.65 5.5 8.7 � 0.5 �0.61

3986.68.................................... 26565.61 4.5 1489.16 3.5 5.9 � 0.3 �0.85

3986.90.................................... 27078.30 2.5 2003.23 1.5 2.71 � 0.16 �1.41

3987.07.................................... 28573.13 2.5 3499.12 3.5 0.91 � 0.07 �1.89

3987.42.................................... 27309.73 4.5 2237.97 4.5 3.10 � 0.17 �1.13

3990.01.................................... 25055.54 1.5 0.00 0.5 9.2 � 1.0 �1.06

3993.31.................................... 25361.45 1.5 326.64 1.5 12.3 � 0.6 �0.93

4003.44.................................... 26974.67 2.5 2003.23 1.5 4.57 � 0.24 �1.18

4003.70.................................... 28022.50 4.5 3052.65 5.5 1.22 � 0.07 �1.53

4004.26.................................... 26484.66 1.5 1518.29 0.5 0.96 � 0.06 �2.03

4006.57.................................... 25790.15 3.5 838.22 2.5 1.66 � 0.11 �1.50

4006.83.................................... 27188.30 3.5 2237.97 4.5 0.88 � 0.05 �1.77

4007.48.................................... 28445.43 3.5 3499.12 3.5 4.43 � 0.28 �1.07

4008.09.................................... 27631.18 2.5 2688.69 2.5 1.59 � 0.13 �1.64

4008.33.................................... 28850.60 5.5 3909.62 6.5 0.83 � 0.06 �1.62

4009.36.................................... 27987.24 5.5 3052.65 5.5 0.182 � 0.016 �2.28

4011.72.................................... 24919.90 0.5 0.00 0.5 1.02 � 0.07 �2.31

4015.75.................................... 28394.04 2.5 3499.12 3.5 1.35 � 0.10 �1.71

4019.83.................................... 27107.62 3.5 2237.97 4.5 1.52 � 0.09 �1.53

4019.98.................................... 26357.90 2.5 1489.16 3.5 3.91 � 0.23 �1.25

4020.78.................................... 27552.45 3.5 2688.69 2.5 0.302 � 0.027 �2.23

4021.39.................................... 29246.00 3.5 4386.03 4.5 0.52 � 0.04 �1.99

4022.71.................................... 25178.45 1.5 326.64 1.5 0.98 � 0.08 �2.02

4023.22.................................... 25175.32 2.5 326.64 1.5 8.0 � 0.4 �0.93

4037.10.................................... 27001.20 4.5 2237.97 4.5 1.44 � 0.08 �1.45

4038.09.................................... 28256.32 3.5 3499.12 3.5 2.03 � 0.11 �1.40

4041.67.................................... 26253.55 0.5 1518.29 0.5 21.0 � 1.1 �0.99

4042.71.................................... 25055.54 1.5 326.64 1.5 10.5 � 0.7 �0.99

4042.90.................................... 25565.97 3.5 838.22 2.5 9.8 � 0.5 �0.72

4044.06.................................... 26723.87 1.5 2003.23 1.5 3.28 � 0.20 �1.49

4045.05.................................... 25552.80 1.5 838.22 2.5 4.2 � 0.3 �1.38

4046.16.................................... 25546.03 2.5 838.22 2.5 3.66 � 0.22 �1.27

4047.15.................................... 26190.92 2.5 1489.16 3.5 8.2 � 0.4 �0.92

4047.37.................................... 26938.42 3.5 2237.97 4.5 1.63 � 0.09 �1.50

4049.56.................................... 26690.30 0.5 2003.23 1.5 3.5 � 0.4 �1.76

4050.62.................................... 29998.15 4.5 5317.56 5.5 1.12 � 0.08 �1.56

4052.29.................................... 26159.60 3.5 1489.16 3.5 0.164 � 0.013 �2.49

4056.75.................................... 27695.96 6.5 3052.65 5.5 0.062 � 0.008 �2.67

4058.86.................................... 28540.12 5.5 3909.62 6.5 4.68 � 0.25 �0.86

4061.05.................................... 29934.80 5.5 5317.56 5.5 1.53 � 0.12 �1.34

4062.06.................................... 28997.14 4.5 4386.03 4.5 0.29 � 0.03 �2.15
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4063.54.................................... 24928.80 2.5 326.64 1.5 10.8 � 0.6 �0.79

4064.31.................................... 26086.63 3.5 1489.16 3.5 2.68 � 0.14 �1.28

4064.55.................................... 27284.69 2.5 2688.69 2.5 14.3 � 0.7 �0.67

4065.01.................................... 24919.90 0.5 326.64 1.5 0.92 � 0.08 �2.34

4065.49.................................... 26828.29 5.5 2237.97 4.5 0.108 � 0.015 �2.49

4066.18.................................... 27638.83 5.5 3052.65 5.5 0.55 � 0.03 �1.79

4066.73.................................... 26820.81 4.5 2237.97 4.5 7.3 � 0.4 �0.74

4068.32.................................... 28072.33 3.5 3499.12 3.5 8.8 � 0.5 �0.76

4070.98.................................... 26046.35 4.5 1489.16 3.5 0.370 � 0.024 �2.04

4075.83.................................... 28913.99 4.5 4386.03 4.5 15.0 � 0.8 �0.43

4076.62.................................... 25361.45 1.5 838.22 2.5 4.67 � 0.26 �1.33

4076.85.................................... 24848.47 2.5 326.64 1.5 1.07 � 0.06 �1.79

4080.55.................................... 27188.30 3.5 2688.69 2.5 3.58 � 0.20 �1.15

4081.95.................................... 25980.32 2.5 1489.16 3.5 1.28 � 0.07 �1.72

4082.59.................................... 29804.88 4.5 5317.56 5.5 7.6 � 0.4 �0.72

4083.23.................................... 29801.08 5.5 5317.56 5.5 1.27 � 0.09 �1.42

4083.58.................................... 26484.66 1.5 2003.23 1.5 6.0 � 0.3 �1.22

4084.37.................................... 27165.35 2.5 2688.69 2.5 3.06 � 0.20 �1.34

4092.25.................................... 24429.52 1.5 0.00 0.5 13.5 � 0.7 �0.87

4093.04.................................... 27923.96 2.5 3499.12 3.5 0.90 � 0.11 �1.87

4094.03.................................... 27107.62 3.5 2688.69 2.5 3.51 � 0.20 �1.15

4098.95.................................... 27078.30 2.5 2688.69 2.5 1.10 � 0.07 �1.78

4101.47.................................... 27063.30 1.5 2688.69 2.5 0.43 � 0.05 �2.36

4104.83.................................... 26357.90 2.5 2003.23 1.5 0.086 � 0.010 �2.89

4106.61.................................... 28730.14 3.5 4386.03 4.5 1.31 � 0.13 �1.58

4107.27.................................... 25178.45 1.5 838.22 2.5 3.72 � 0.20 �1.42

4107.39.................................... 28725.53 4.5 4386.03 4.5 11.4 � 0.6 �0.54

4107.79.................................... 25175.32 2.5 838.22 2.5 0.46 � 0.03 �2.16

4108.31.................................... 27386.69 4.5 3052.65 5.5 1.39 � 0.08 �1.45

4109.39.................................... 26565.61 4.5 2237.97 4.5 3.64 � 0.19 �1.04

4110.18.................................... 29640.51 6.5 5317.56 5.5 2.98 � 0.18 �0.98

4113.90.................................... 25790.15 3.5 1489.16 3.5 4.15 � 0.22 �1.07

4116.44.................................... 26974.67 2.5 2688.69 2.5 3.42 � 0.19 �1.28

4118.55.................................... 29591.12 4.5 5317.56 5.5 33.3 � 1.7 �0.07

4119.57.................................... 26505.53 5.5 2237.97 4.5 1.21 � 0.08 �1.43

4121.34.................................... 27309.73 4.5 3052.65 5.5 4.72 � 0.26 �0.92

4121.54.................................... 24582.59 2.5 326.64 1.5 1.42 � 0.09 �1.66

4122.49.................................... 26253.55 0.5 2003.23 1.5 11.1 � 0.6 �1.25

4123.95.................................... 28151.40 5.5 3909.62 6.5 6.6 � 0.3 �0.69

4128.11.................................... 25055.54 1.5 838.22 2.5 0.43 � 0.05 �2.35

4133.17.................................... 26190.92 2.5 2003.23 1.5 1.41 � 0.08 �1.67

4138.92.................................... 28540.12 5.5 4386.03 4.5 0.77 � 0.07 �1.62

4142.70.................................... 27631.18 2.5 3499.12 3.5 1.28 � 0.08 �1.70

4146.74.................................... 25597.70 4.5 1489.16 3.5 1.11 � 0.07 �1.54

4147.71.................................... 24429.52 1.5 326.64 1.5 3.94 � 0.21 �1.39

4149.83.................................... 24928.80 2.5 838.22 2.5 8.0 � 0.4 �0.91

4152.06.................................... 27987.24 5.5 3909.62 6.5 1.54 � 0.09 �1.32

4152.20.................................... 25565.97 3.5 1489.16 3.5 9.3 � 0.5 �0.72

4153.32.................................... 29387.87 4.5 5317.56 5.5 9.6 � 0.5 �0.61

4155.21.................................... 28445.43 3.5 4386.03 4.5 9.0 � 0.6 �0.73

4155.65.................................... 25546.03 2.5 1489.16 3.5 0.309 � 0.025 �2.32

4156.26.................................... 27552.45 3.5 3499.12 3.5 2.17 � 0.12 �1.35

4159.40.................................... 26723.87 1.5 2688.69 2.5 2.53 � 0.17 �1.58

4159.51.................................... 25552.80 1.5 1518.29 0.5 1.55 � 0.13 �1.79

4163.14.................................... 24013.56 1.5 0.00 0.5 2.38 � 0.15 �1.61

4163.71.................................... 24848.47 2.5 838.22 2.5 1.15 � 0.07 �1.74

4169.47.................................... 25980.32 2.5 2003.23 1.5 11.2 � 0.6 �0.76

4174.44.................................... 27001.20 4.5 3052.65 5.5 2.07 � 0.11 �1.27

4179.14.................................... 26159.60 3.5 2237.97 4.5 0.124 � 0.017 �2.59

4183.77.................................... 24221.81 0.5 326.64 1.5 17.0 � 0.9 �1.05

4185.10.................................... 27386.69 4.5 3499.12 3.5 0.146 � 0.014 �2.42

4188.13.................................... 28256.32 3.5 4386.03 4.5 17.3 � 0.9 �0.44

4191.41.................................... 24689.84 3.5 838.22 2.5 0.125 � 0.015 �2.58

4191.93.................................... 26086.63 3.5 2237.97 4.5 4.31 � 0.23 �1.04

4192.89.................................... 25361.45 1.5 1518.29 0.5 0.366 � 0.025 �2.41

4195.57.................................... 26880.60 5.5 3052.65 5.5 0.206 � 0.024 �2.19
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4197.86.................................... 25304.09 3.5 1489.16 3.5 0.49 � 0.04 �1.98

4199.02.................................... 26046.35 4.5 2237.97 4.5 0.191 � 0.018 �2.30

4199.45.................................... 28191.96 4.5 4386.03 4.5 3.33 � 0.22 �1.06

4201.21.................................... 26484.66 1.5 2688.69 2.5 0.76 � 0.06 �2.09

4202.91.................................... 27695.96 6.5 3909.62 6.5 2.82 � 0.17 �0.98

4203.05.................................... 27284.69 2.5 3499.12 3.5 19.7 � 1.0 �0.51

4204.80.................................... 26828.29 5.5 3052.65 5.5 0.358 � 0.027 �1.94

4206.12.................................... 26820.81 4.5 3052.65 5.5 7.1 � 0.4 �0.72

4206.62.................................... 28151.40 5.5 4386.03 4.5 4.68 � 0.25 �0.83

4210.34.................................... 24582.59 2.5 838.22 2.5 6.9 � 0.4 �0.96

4212.93.................................... 27639.40 6.5 3909.62 6.5 0.64 � 0.06 �1.62

4213.03.................................... 27638.83 5.5 3909.62 6.5 0.48 � 0.04 �1.81

4220.15.................................... 27188.30 3.5 3499.12 3.5 3.14 � 0.18 �1.17

4220.55.................................... 24013.56 1.5 326.64 1.5 0.48 � 0.04 �2.29

4220.66.................................... 28072.33 3.5 4386.03 4.5 16.8 � 1.0 �0.44

4220.69.................................... 25175.32 2.5 1489.16 3.5 0.316 � 0.027 �2.29

4221.86.................................... 28997.14 4.5 5317.56 5.5 0.59 � 0.07 �1.80

4223.71.................................... 26357.90 2.5 2688.69 2.5 3.33 � 0.18 �1.27

4224.24.................................... 27165.35 2.5 3499.12 3.5 0.96 � 0.07 �1.81

4225.32.................................... 25178.45 1.5 1518.29 0.5 22.5 � 1.2 �0.62

4229.56.................................... 28022.50 4.5 4386.03 4.5 0.315 � 0.029 �2.07

4229.71.................................... 23962.25 1.5 326.64 1.5 12.6 � 0.7 �0.87

4234.57.................................... 27107.62 3.5 3499.12 3.5 10.7 � 0.6 �0.64

4235.88.................................... 27987.24 5.5 4386.03 4.5 0.32 � 0.03 �1.98

4236.74.................................... 28913.99 4.5 5317.56 5.5 22.9 � 1.2 �0.21

4237.66.................................... 24429.52 1.5 838.22 2.5 9.0 � 0.5 �1.01

4244.70.................................... 25790.15 3.5 2237.97 4.5 7.2 � 0.4 �0.81

4245.17.................................... 25552.80 1.5 2003.23 1.5 3.11 � 0.24 �1.47

4246.39.................................... 25546.03 2.5 2003.23 1.5 0.142 � 0.021 �2.64

4247.39.................................... 25055.54 1.5 1518.29 0.5 1.02 � 0.08 �1.96

4248.15.................................... 28850.60 5.5 5317.56 5.5 0.190 � 0.027 �2.21

4251.31.................................... 23842.20 2.5 326.64 1.5 0.135 � 0.016 �2.66

4251.78.................................... 26565.61 4.5 3052.65 5.5 2.88 � 0.16 �1.11

4253.72.................................... 26190.92 2.5 2688.69 2.5 1.11 � 0.07 �1.74

4256.39.................................... 26540.12 6.5 3052.65 5.5 18.5 � 1.0 �0.15

4258.55.................................... 26974.67 2.5 3499.12 3.5 4.35 � 0.24 �1.15

4259.39.................................... 26159.60 3.5 2688.69 2.5 0.309 � 0.025 �2.17

4262.67.................................... 26505.53 5.5 3052.65 5.5 9.9 � 0.5 �0.49

4265.08.................................... 24928.80 2.5 1489.16 3.5 5.5 � 0.3 �1.04

4270.85.................................... 28725.53 4.5 5317.56 5.5 4.93 � 0.27 �0.87

4272.01.................................... 24919.90 0.5 1518.29 0.5 1.97 � 0.12 �1.97

4279.50.................................... 26413.29 5.5 3052.65 5.5 0.336 � 0.022 �1.96

4279.67.................................... 25597.70 4.5 2237.97 4.5 11.0 � 0.6 �0.52

4279.74.................................... 24848.47 2.5 1489.16 3.5 3.48 � 0.19 �1.24

4279.94.................................... 25361.45 1.5 2003.23 1.5 9.1 � 0.5 �1.00

4280.32.................................... 24194.38 2.5 838.22 2.5 1.11 � 0.09 �1.74

4280.78.................................... 27263.25 7.5 3909.62 6.5 26.2 � 1.5 0.06

4281.01.................................... 23352.41 0.5 0.00 0.5 11.2 � 0.6 �1.21

4284.51.................................... 23659.99 0.5 326.64 1.5 1.13 � 0.07 �2.21

4285.49.................................... 25565.97 3.5 2237.97 4.5 6.4 � 0.4 �0.85

4286.65.................................... 26820.81 4.5 3499.12 3.5 3.92 � 0.23 �0.97

4292.18.................................... 25980.32 2.5 2688.69 2.5 7.4 � 0.4 �0.91

4299.35.................................... 27638.83 5.5 4386.03 4.5 0.94 � 0.06 �1.51

4304.95.................................... 28540.12 5.5 5317.56 5.5 4.02 � 0.26 �0.87

4309.01.................................... 24689.84 3.5 1489.16 3.5 8.1 � 0.4 �0.74

4313.32.................................... 23177.49 1.5 0.00 0.5 0.52 � 0.05 �2.24

4313.72.................................... 24013.56 1.5 838.22 2.5 1.72 � 0.10 �1.72

4313.74.................................... 25178.45 1.5 2003.23 1.5 1.01 � 0.08 �1.95

4314.32.................................... 25175.32 2.5 2003.23 1.5 0.235 � 0.016 �2.40

4315.38.................................... 27552.45 3.5 4386.03 4.5 1.16 � 0.09 �1.59

4318.93.................................... 25385.36 5.5 2237.97 4.5 16.9 � 0.9 �0.25

4323.29.................................... 23962.25 1.5 838.22 2.5 10.6 � 0.6 �0.92

4327.51.................................... 25790.15 3.5 2688.69 2.5 0.77 � 0.05 �1.76

4329.02.................................... 24582.59 2.5 1489.16 3.5 18.4 � 0.9 �0.51

4334.07.................................... 26565.61 4.5 3499.12 3.5 0.279 � 0.026 �2.10

4334.14.................................... 25304.09 3.5 2237.97 4.5 14.0 � 0.7 �0.50
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4336.74.................................... 25055.54 1.5 2003.23 1.5 0.99 � 0.08 �1.95

4345.85.................................... 23842.20 2.5 838.22 2.5 5.20 � 0.27 �1.05

4346.48.................................... 27386.69 4.5 4386.03 4.5 0.61 � 0.05 �1.77

4347.24.................................... 28314.18 4.5 5317.56 5.5 0.58 � 0.05 �1.79

4347.80.................................... 26046.35 4.5 3052.65 5.5 13.3 � 0.7 �0.42

4350.47.................................... 26889.18 7.5 3909.62 6.5 5.6 � 0.4 �0.59

4352.10.................................... 26880.60 5.5 3909.62 6.5 7.4 � 0.4 �0.60

4360.72.................................... 24928.80 2.5 2003.23 1.5 7.9 � 0.4 �0.87

4361.07.................................... 27309.73 4.5 4386.03 4.5 2.93 � 0.20 �1.08

4362.03.................................... 26828.29 5.5 3909.62 6.5 9.9 � 0.5 �0.47

4362.41.................................... 24919.90 0.5 2003.23 1.5 0.66 � 0.06 �2.43

4363.45.................................... 24429.52 1.5 1518.29 0.5 4.32 � 0.25 �1.31

4368.02.................................... 25939.87 6.5 3052.65 5.5 2.97 � 0.16 �0.93

4369.92.................................... 25565.97 3.5 2688.69 2.5 2.36 � 0.14 �1.27

4370.47.................................... 28191.96 4.5 5317.56 5.5 0.89 � 0.09 �1.59

4372.44.................................... 25552.80 1.5 2688.69 2.5 0.29 � 0.05 �2.47

4373.46.................................... 26357.90 2.5 3499.12 3.5 7.9 � 0.4 �0.87

4373.73.................................... 25546.03 2.5 2688.69 2.5 0.47 � 0.04 �2.09

4374.98.................................... 23177.49 1.5 326.64 1.5 3.69 � 0.20 �1.37

4376.05.................................... 24848.47 2.5 2003.23 1.5 0.244 � 0.029 �2.38

4378.23.................................... 28151.40 5.5 5317.56 5.5 7.1 � 0.4 �0.61

4384.30.................................... 27188.30 3.5 4386.03 4.5 4.13 � 0.27 �1.02

4390.86.................................... 24257.37 4.5 1489.16 3.5 12.4 � 0.7 �0.45

4399.86.................................... 27107.62 3.5 4386.03 4.5 1.25 � 0.07 �1.54

4403.04.................................... 24194.38 2.5 1489.16 3.5 1.18 � 0.10 �1.69

4403.37.................................... 24221.81 0.5 1518.29 0.5 15.1 � 0.8 �1.06

4405.64.................................... 26190.92 2.5 3499.12 3.5 0.81 � 0.05 �1.85

4409.34.................................... 25361.45 1.5 2688.69 2.5 10.9 � 0.7 �0.89

4409.94.................................... 27987.24 5.5 5317.56 5.5 0.100 � 0.012 �2.46

4411.73.................................... 26159.60 3.5 3499.12 3.5 0.38 � 0.03 �2.05

4417.57.................................... 26540.12 6.5 3909.62 6.5 3.29 � 0.18 �0.87

4420.52.................................... 25304.09 3.5 2688.69 2.5 15.8 � 0.8 �0.43

4421.13.................................... 25664.97 6.5 3052.65 5.5 7.9 � 0.5 �0.49

4424.34.................................... 26505.53 5.5 3909.62 6.5 39.2 � 2.0 0.14

4425.98.................................... 26086.63 3.5 3499.12 3.5 0.51 � 0.05 �1.92

4427.58.................................... 24582.59 2.5 2003.23 1.5 2.89 � 0.16 �1.29

4427.79.................................... 24816.28 5.5 2237.97 4.5 0.436 � 0.027 �1.81

4433.89.................................... 26046.35 4.5 3499.12 3.5 22.1 � 1.1 �0.19

4434.32.................................... 25597.70 4.5 3052.65 5.5 28.6 � 1.5 �0.07

4442.47.................................... 26413.29 5.5 3909.62 6.5 1.14 � 0.07 �1.39

4444.27.................................... 26880.60 5.5 4386.03 4.5 9.6 � 0.5 �0.47

4446.91.................................... 25980.32 2.5 3499.12 3.5 0.92 � 0.07 �1.79

4449.97.................................... 30511.73 3.5 8046.00 3.5 0.55 � 0.06 �1.88

4452.72.................................... 24689.84 3.5 2237.97 4.5 16.2 � 0.8 �0.41

4454.63.................................... 26828.29 5.5 4386.03 4.5 17.6 � 0.9 �0.20

4456.11.................................... 26820.81 4.5 4386.03 4.5 1.27 � 0.08 �1.42

4457.80.................................... 24429.52 1.5 2003.23 1.5 0.45 � 0.06 �2.27

4458.51.................................... 23260.95 3.5 838.22 2.5 9.1 � 0.5 �0.66

4467.34.................................... 27695.96 6.5 5317.56 5.5 34.0 � 1.7 0.15

4469.65.................................... 25055.54 1.5 2688.69 2.5 2.04 � 0.16 �1.61

4472.41.................................... 23842.20 2.5 1489.16 3.5 6.0 � 0.3 �0.96

4473.01.................................... 24588.00 5.5 2237.97 4.5 6.2 � 0.3 �0.65

4475.17.................................... 23177.49 1.5 838.22 2.5 1.23 � 0.07 �1.83

4478.66.................................... 27639.40 6.5 5317.56 5.5 10.4 � 0.5 �0.36

4495.12.................................... 24928.80 2.5 2688.69 2.5 0.42 � 0.03 �2.12

4499.48.................................... 24221.81 0.5 2003.23 1.5 22.0 � 1.2 �0.87

4505.04.................................... 24194.38 2.5 2003.23 1.5 2.08 � 0.15 �1.42

4507.39.................................... 26565.61 4.5 4386.03 4.5 0.141 � 0.014 �2.37

4511.83.................................... 23646.90 4.5 1489.16 3.5 4.99 � 0.27 �0.82

4515.10.................................... 23659.99 0.5 1518.29 0.5 21.9 � 1.1 �0.87

4517.27.................................... 29655.90 1.5 7524.86 2.5 3.47 � 0.29 �1.37

4519.63.................................... 26505.53 5.5 4386.03 4.5 12.1 � 0.6 �0.35

4523.03.................................... 22429.49 2.5 326.64 1.5 5.5 � 0.3 �0.99

4523.91.................................... 25597.70 4.5 3499.12 3.5 13.2 � 0.7 �0.39

4529.95.................................... 27386.69 4.5 5317.56 5.5 0.195 � 0.019 �2.22

4536.51.................................... 22875.41 3.5 838.22 2.5 2.14 � 0.12 �1.28
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4537.94.................................... 25939.87 6.5 3909.62 6.5 7.7 � 0.4 �0.48

4538.56.................................... 26413.29 5.5 4386.03 4.5 1.57 � 0.09 �1.23

4540.18.................................... 24257.37 4.5 2237.97 4.5 1.68 � 0.10 �1.28

4542.05.................................... 24013.56 1.5 2003.23 1.5 7.3 � 0.4 �1.04

4543.94.................................... 24689.84 3.5 2688.69 2.5 13.0 � 0.7 �0.49

4545.80.................................... 27309.73 4.5 5317.56 5.5 0.63 � 0.05 �1.71

4552.66.................................... 23962.25 1.5 2003.23 1.5 12.1 � 0.6 �0.82

4554.44.................................... 22788.68 3.5 838.22 2.5 2.24 � 0.12 �1.25

4556.50.................................... 29986.54 2.5 8046.00 3.5 4.4 � 0.3 �1.09

4560.42.................................... 22248.32 2.5 326.64 1.5 3.10 � 0.16 �1.24

4564.07.................................... 21904.12 1.5 0.00 0.5 1.08 � 0.07 �1.87

4566.20.................................... 24582.59 2.5 2688.69 2.5 13.8 � 0.7 �0.59

4577.69.................................... 23842.20 2.5 2003.23 1.5 11.8 � 0.6 �0.65

4578.70.................................... 23352.41 0.5 1518.29 0.5 1.91 � 0.11 �1.92

4579.04.................................... 30511.73 3.5 8679.23 4.5 3.78 � 0.28 �1.02

4584.83.................................... 25304.09 3.5 3499.12 3.5 8.9 � 0.5 �0.65

4589.41.................................... 31189.83 4.5 9406.63 5.5 2.62 � 0.22 �1.08

4591.44.................................... 26159.60 3.5 4386.03 4.5 0.087 � 0.013 �2.66

4591.81.................................... 23260.95 3.5 1489.16 3.5 3.00 � 0.17 �1.12

4593.53.................................... 24816.28 5.5 3052.65 5.5 3.89 � 0.21 �0.83

4594.57.................................... 32852.81 6.5 11094.06 7.5 2.90 � 0.23 �0.89

4595.28.................................... 25664.97 6.5 3909.62 6.5 7.2 � 0.4 �0.50

4598.35.................................... 24429.52 1.5 2688.69 2.5 2.90 � 0.18 �1.43

4603.11.................................... 33763.45 7.5 12045.10 8.5 3.60 � 0.30 �0.74

4604.17.................................... 22039.98 2.5 326.64 1.5 2.13 � 0.12 �1.39

4606.51.................................... 21702.33 1.5 0.00 0.5 4.32 � 0.24 �1.26

4606.88.................................... 26086.63 3.5 4386.03 4.5 1.29 � 0.09 �1.49

4610.48.................................... 27001.20 4.5 5317.56 5.5 0.120 � 0.011 �2.42

4612.06.................................... 25175.32 2.5 3499.12 3.5 0.141 � 0.014 �2.57

4615.44.................................... 26046.35 4.5 4386.03 4.5 6.3 � 0.3 �0.69

4615.68.................................... 23177.49 1.5 1518.29 0.5 11.2 � 0.6 �0.84

4616.49.................................... 21655.42 0.5 0.00 0.5 1.06 � 0.07 �2.17

4624.98.................................... 31830.06 5.5 10214.38 6.5 1.03 � 0.10 �1.40

4630.20.................................... 22429.49 2.5 838.22 2.5 1.80 � 0.10 �1.46

4630.59.................................... 32549.64 3.5 10960.16 4.5 1.75 � 0.22 �1.35

4633.16.................................... 21904.12 1.5 326.64 1.5 0.205 � 0.013 �2.58

4636.27.................................... 26880.60 5.5 5317.56 5.5 1.80 � 0.09 �1.16

4642.23.................................... 24588.00 5.5 3052.65 5.5 8.9 � 0.5 �0.46

4646.68.................................... 23752.70 4.5 2237.97 4.5 2.86 � 0.16 �1.03

4647.54.................................... 26828.29 5.5 5317.56 5.5 2.83 � 0.16 �0.96

4648.16.................................... 21507.87 1.5 0.00 0.5 2.36 � 0.13 �1.51

4648.63.................................... 24194.38 2.5 2688.69 2.5 0.229 � 0.023 �2.35

4649.16.................................... 26820.81 4.5 5317.56 5.5 0.37 � 0.06 �1.92

4655.11.................................... 25385.36 5.5 3909.62 6.5 1.82 � 0.11 �1.15

4665.12.................................... 24928.80 2.5 3499.12 3.5 1.92 � 0.13 �1.42

4669.39.................................... 22248.32 2.5 838.22 2.5 12.7 � 0.7 �0.60

4669.64.................................... 23646.90 4.5 2237.97 4.5 9.1 � 0.5 �0.53

4670.69.................................... 25790.15 3.5 4386.03 4.5 0.99 � 0.07 �1.59

4674.59.................................... 22875.41 3.5 1489.16 3.5 10.5 � 0.6 �0.56

4676.90.................................... 21702.33 1.5 326.64 1.5 10.3 � 0.6 �0.87

4682.67.................................... 24848.47 2.5 3499.12 3.5 1.40 � 0.08 �1.56

4682.71.................................... 23352.41 0.5 2003.23 1.5 1.07 � 0.08 �2.15

4687.19.................................... 21655.42 0.5 326.64 1.5 10.8 � 0.6 �1.15

4693.63.................................... 22788.68 3.5 1489.16 3.5 1.25 � 0.07 �1.48

4699.36.................................... 23962.25 1.5 2688.69 2.5 2.72 � 0.16 �1.44

4704.40.................................... 21250.75 0.5 0.00 0.5 20.6 � 1.1 �0.86

4705.00.................................... 26565.61 4.5 5317.56 5.5 0.171 � 0.020 �2.25

4713.07.................................... 25597.70 4.5 4386.03 4.5 4.76 � 0.25 �0.80

4714.61.................................... 24257.37 4.5 3052.65 5.5 0.98 � 0.06 �1.49

4715.27.................................... 22039.98 2.5 838.22 2.5 1.75 � 0.10 �1.46

4717.73.................................... 24689.84 3.5 3499.12 3.5 4.65 � 0.26 �0.91

4718.34.................................... 26505.53 5.5 5317.56 5.5 3.81 � 0.20 �0.82

4719.84.................................... 21507.87 1.5 326.64 1.5 4.31 � 0.23 �1.24

4720.13.................................... 25565.97 3.5 4386.03 4.5 0.89 � 0.07 �1.62

4721.39.................................... 23177.49 1.5 2003.23 1.5 0.78 � 0.05 �1.98

4726.03.................................... 23842.20 2.5 2688.69 2.5 2.80 � 0.15 �1.25
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4741.73.................................... 24582.59 2.5 3499.12 3.5 1.27 � 0.09 �1.59

4745.68.................................... 21904.12 1.5 838.22 2.5 8.6 � 0.5 �0.93

4755.37.................................... 23260.95 3.5 2237.97 4.5 0.52 � 0.03 �1.85

4760.73.................................... 25385.36 5.5 4386.03 4.5 0.241 � 0.018 �2.01

4774.14.................................... 22429.49 2.5 1489.16 3.5 1.20 � 0.07 �1.61

4775.53.................................... 33775.84 5.5 12841.60 4.5 1.41 � 0.17 �1.24

4777.84.................................... 21250.75 0.5 326.64 1.5 5.5 � 0.3 �1.42

4779.22.................................... 25304.09 3.5 4386.03 4.5 0.270 � 0.017 �2.13

4781.83.................................... 24816.28 5.5 3909.62 6.5 0.83 � 0.05 �1.47

4791.58.................................... 21702.33 1.5 838.22 2.5 2.61 � 0.15 �1.44

4808.45.................................... 31309.40 1.5 10518.50 1.5 0.79 � 0.14 �1.96

4815.80.................................... 22248.32 2.5 1489.16 3.5 7.2 � 0.4 �0.82

4816.02.................................... 24257.37 4.5 3499.12 3.5 0.91 � 0.06 �1.50

4824.68.................................... 32380.78 3.5 11659.80 2.5 1.10 � 0.14 �1.51

4826.57.................................... 32945.19 4.5 12232.34 3.5 1.05 � 0.13 �1.43

4829.56.................................... 23752.70 4.5 3052.65 5.5 1.51 � 0.08 �1.28

4830.67.................................... 24194.38 2.5 3499.12 3.5 0.174 � 0.020 �2.44

4834.62.................................... 24588.00 5.5 3909.62 6.5 0.84 � 0.05 �1.45

4836.66.................................... 21507.87 1.5 838.22 2.5 0.459 � 0.028 �2.19

4837.66.................................... 30879.74 6.5 10214.38 6.5 1.97 � 0.20 �1.01

4844.21.................................... 22875.41 3.5 2237.97 4.5 4.59 � 0.25 �0.89

4847.08.................................... 32857.54 4.5 12232.34 3.5 0.82 � 0.13 �1.54

4847.76.................................... 25939.87 6.5 5317.56 5.5 2.64 � 0.15 �0.89

4854.37.................................... 23646.90 4.5 3052.65 5.5 1.60 � 0.09 �1.25

4859.56.................................... 23260.95 3.5 2688.69 2.5 1.08 � 0.07 �1.51

4865.42.................................... 28072.33 3.5 7524.86 2.5 0.33 � 0.05 �2.03

4869.99.................................... 29934.80 5.5 9406.63 5.5 2.6 � 0.3 �0.95

4879.35.................................... 23177.49 1.5 2688.69 2.5 0.207 � 0.025 �2.53

4891.94.................................... 31309.40 1.5 10873.30 2.5 3.5 � 0.4 �1.30

4893.34.................................... 24816.28 5.5 4386.03 4.5 1.10 � 0.07 �1.32

4894.29.................................... 22429.49 2.5 2003.23 1.5 0.55 � 0.03 �1.92

4900.73.................................... 28445.43 3.5 8046.00 3.5 1.76 � 0.17 �1.30

4913.26.................................... 25664.97 6.5 5317.56 5.5 2.29 � 0.14 �0.93

4914.30.................................... 23842.20 2.5 3499.12 3.5 0.340 � 0.020 �2.13

4916.11.................................... 32380.78 3.5 12045.17 4.5 0.71 � 0.12 �1.69

4920.39.................................... 28997.14 4.5 8679.23 4.5 3.4 � 0.3 �0.90

4922.47.................................... 33775.84 5.5 13466.50 5.5 2.28 � 0.29 �1.00

4923.81.................................... 24689.84 3.5 4386.03 4.5 0.82 � 0.05 �1.62

4929.56.................................... 25597.70 4.5 5317.56 5.5 0.61 � 0.05 �1.65

4935.46.................................... 31915.67 3.5 11659.80 2.5 0.98 � 0.15 �1.54

4936.02.................................... 23752.70 4.5 3499.12 3.5 0.54 � 0.04 �1.71

4938.09.................................... 22248.32 2.5 2003.23 1.5 1.66 � 0.10 �1.44

4948.63.................................... 24588.00 5.5 4386.03 4.5 2.56 � 0.15 �0.95

4952.37.................................... 22875.41 3.5 2688.69 2.5 1.89 � 0.11 �1.25

4953.03.................................... 21702.33 1.5 1518.29 0.5 0.85 � 0.06 �1.90

4961.94.................................... 23646.90 4.5 3499.12 3.5 2.19 � 0.13 �1.09

4964.57.................................... 21655.42 0.5 1518.29 0.5 1.86 � 0.11 �1.86

4965.78.................................... 33598.70 5.5 13466.50 5.5 1.41 � 0.25 �1.20

4972.17.................................... 27631.18 2.5 7524.86 2.5 5.1 � 0.4 �0.94

4973.74.................................... 22788.68 3.5 2688.69 2.5 0.362 � 0.026 �1.97

4989.44.................................... 22039.98 2.5 2003.23 1.5 0.384 � 0.026 �2.06

4992.03.................................... 28072.33 3.5 8046.00 3.5 3.14 � 0.29 �1.03

4994.62.................................... 32857.54 4.5 12841.60 4.5 1.25 � 0.22 �1.33

5001.21.................................... 21507.87 1.5 1518.29 0.5 0.65 � 0.04 �2.01

5016.61.................................... 27063.30 1.5 7135.06 1.5 4.2 � 0.4 �1.19

5023.50.................................... 21904.12 1.5 2003.23 1.5 1.03 � 0.09 �1.81

5029.66.................................... 30970.56 6.5 11094.06 7.5 0.50 � 0.13 �1.57

5030.97.................................... 24257.37 4.5 4386.03 4.5 0.140 � 0.018 �2.27

5031.18.................................... 31915.67 3.5 12045.17 4.5 2.7 � 0.4 �1.09

5039.93.................................... 29246.00 3.5 9410.00 2.5 0.71 � 0.14 �1.66

5052.75.................................... 30879.74 6.5 11094.06 7.5 12.9 � 1.2 �0.16

5057.73.................................... 28445.43 3.5 8679.23 4.5 3.2 � 0.3 �1.00

5058.85.................................... 23260.95 3.5 3499.12 3.5 0.207 � 0.019 �2.20

5064.24.................................... 22429.49 2.5 2688.69 2.5 0.415 � 0.030 �2.02

5066.38.................................... 21250.75 0.5 1518.29 0.5 0.63 � 0.04 �2.31

5069.47.................................... 29934.80 5.5 10214.38 6.5 10.5 � 1.0 �0.31
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TABLE 2—Continued
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(8)

Eupper

(cm�1) Jupper
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A

(106 s�1) log g f

5087.07.................................... 21655.42 0.5 2003.23 1.5 1.02 � 0.08 �2.10

5100.26.................................... 31646.49 7.5 12045.10 8.5 5.1 � 0.5 �0.49

5103.09.................................... 28997.14 4.5 9406.63 5.5 11.5 � 1.0 �0.35

5104.08.................................... 29801.08 5.5 10214.38 6.5 2.15 � 0.22 �1.00

5104.48.................................... 27631.18 2.5 8046.00 3.5 9.5 � 0.8 �0.65

5111.15.................................... 22248.32 2.5 2688.69 2.5 0.201 � 0.021 �2.33

5116.69.................................... 27063.30 1.5 7524.86 2.5 12.1 � 1.0 �0.72

5124.84.................................... 28913.99 4.5 9406.63 5.5 2.16 � 0.24 �1.07

5125.56.................................... 21507.87 1.5 2003.23 1.5 0.040 � 0.006 �3.20

5127.11.................................... 24816.28 5.5 5317.56 5.5 0.66 � 0.07 �1.51

5154.20.................................... 31441.34 7.5 12045.10 8.5 3.20 � 0.30 �0.69

5155.04.................................... 28072.33 3.5 8679.23 4.5 7.8 � 0.7 �0.60

5157.07.................................... 30345.63 4.5 10960.16 4.5 1.05 � 0.14 �1.38

5162.88.................................... 27942.33 1.5 8578.70 1.5 1.31 � 0.15 �1.68

5166.04.................................... 30445.87 6.5 11094.06 7.5 2.82 � 0.28 �0.80

5190.43.................................... 23646.90 4.5 4386.03 4.5 0.093 � 0.011 �2.42

5202.70.................................... 21904.12 1.5 2688.69 2.5 0.36 � 0.03 �2.23

5234.19.................................... 29314.23 5.5 10214.38 6.5 1.09 � 0.11 �1.27

5257.92.................................... 21702.33 1.5 2688.69 2.5 0.096 � 0.013 �2.80

5272.85.................................... 26484.66 1.5 7524.86 2.5 1.34 � 0.16 �1.65

5364.38.................................... 29509.60 3.5 10873.30 2.5 1.54 � 0.15 �1.28

5478.33.................................... 28429.38 2.5 10180.70 3.5 1.87 � 0.21 �1.30

5600.86.................................... 29640.51 6.5 11791.05 5.5 2.4 � 0.3 �0.80

5637.30.................................... 26413.29 5.5 8679.23 4.5 0.59 � 0.05 �1.47

5743.35.................................... 31521.61 5.5 14115.00 4.5 3.5 � 0.4 �0.68

5830.99.................................... 29934.80 5.5 12789.81 5.5 2.6 � 0.4 �0.79

5831.73.................................... 31646.49 7.5 14503.67 7.5 1.56 � 0.28 �0.89

5836.33.................................... 25175.32 2.5 8046.00 3.5 1.25 � 0.16 �1.42

5848.66.................................... 29934.80 5.5 12841.60 4.5 1.36 � 0.22 �1.08

5878.10.................................... 27188.30 3.5 10180.70 3.5 0.67 � 0.11 �1.56

5878.42.................................... 26413.29 5.5 9406.63 5.5 0.24 � 0.03 �1.83

5889.70.................................... 25552.80 1.5 8578.70 1.5 0.58 � 0.07 �1.92

5897.38.................................... 28997.14 4.5 12045.17 4.5 2.11 � 0.30 �0.96

5902.36.................................... 31441.34 7.5 14503.67 7.5 1.47 � 0.22 �0.91

5955.83.................................... 28445.43 3.5 11659.80 2.5 0.89 � 0.17 �1.42

5957.50.................................... 26190.92 2.5 9410.00 2.5 0.90 � 0.11 �1.54

5963.23.................................... 28997.14 4.5 12232.34 3.5 1.25 � 0.24 �1.18

5968.83.................................... 28540.12 5.5 11791.05 5.5 1.10 � 0.16 �1.15

5994.65.................................... 28072.33 3.5 11395.40 3.5 1.33 � 0.26 �1.24

6017.39.................................... 26828.29 5.5 10214.38 6.5 0.61 � 0.08 �1.40

6149.06.................................... 29246.00 3.5 12987.86 3.5 1.82 � 0.26 �1.08

6160.43.................................... 27188.30 3.5 10960.16 4.5 1.18 � 0.17 �1.27

6164.53.................................... 23352.41 0.5 7135.06 1.5 1.00 � 0.13 �1.94

6174.94.................................... 27063.30 1.5 10873.30 2.5 1.88 � 0.25 �1.37

6179.83.................................... 26357.90 2.5 10180.70 3.5 1.21 � 0.14 �1.38

6181.05.................................... 29640.51 6.5 13466.50 5.5 1.09 � 0.19 �1.06

6182.89.................................... 27263.25 7.5 11094.06 7.5 0.79 � 0.08 �1.14

6267.29.................................... 25361.45 1.5 9410.00 2.5 4.2 � 0.6 �1.01

6289.91.................................... 25304.09 3.5 9410.00 2.5 0.73 � 0.09 �1.46

6294.68.................................... 26253.55 0.5 10371.51 0.5 4.6 � 0.6 �1.26

6302.40.................................... 28429.38 2.5 12566.80 2.5 2.4 � 0.3 �1.07

6303.17.................................... 26820.81 4.5 10960.16 4.5 1.03 � 0.12 �1.21

6307.08.................................... 24429.52 1.5 8578.70 1.5 2.12 � 0.26 �1.30

6327.52.................................... 25980.32 2.5 10180.70 3.5 3.7 � 0.5 �0.88

6406.25.................................... 26565.61 4.5 10960.16 4.5 0.74 � 0.10 �1.34

6417.48.................................... 24257.37 4.5 8679.23 4.5 0.90 � 0.12 �1.26

6431.01.................................... 26505.53 5.5 10960.16 4.5 0.95 � 0.10 �1.15

6431.98.................................... 26938.42 3.5 11395.40 3.5 0.69 � 0.11 �1.47

6472.35.................................... 26540.12 6.5 11094.06 7.5 1.96 � 0.23 �0.76

6477.05.................................... 24013.56 1.5 8578.70 1.5 0.57 � 0.10 �1.84

6490.81.................................... 28191.96 4.5 12789.81 5.5 2.3 � 0.4 �0.84

6498.65.................................... 23962.25 1.5 8578.70 1.5 2.8 � 0.4 �1.15

6549.77.................................... 23842.20 2.5 8578.70 1.5 0.79 � 0.13 �1.52

6569.29.................................... 27263.25 7.5 12045.10 8.5 6.4 � 0.8 �0.18

6570.67.................................... 23260.95 3.5 8046.00 3.5 0.81 � 0.13 �1.38

6601.83.................................... 27188.30 3.5 12045.17 4.5 2.4 � 0.3 �0.90
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6628.90.................................... 23659.99 0.5 8578.70 1.5 1.36 � 0.25 �1.75

6630.62.................................... 27309.73 4.5 12232.34 3.5 0.70 � 0.13 �1.33

6651.63.................................... 26820.81 4.5 11791.05 5.5 0.97 � 0.14 �1.19

6656.16.................................... 24429.52 1.5 9410.00 2.5 1.15 � 0.18 �1.51

6681.53.................................... 26357.90 2.5 11395.40 3.5 1.13 � 0.19 �1.34

6731.81.................................... 24257.37 4.5 9406.63 5.5 2.7 � 0.4 �0.74

6734.83.................................... 26889.18 7.5 12045.10 8.5 1.47 � 0.26 �0.80

6735.35.................................... 25361.45 1.5 10518.50 1.5 1.65 � 0.25 �1.35

6741.50.................................... 22875.41 3.5 8046.00 3.5 1.13 � 0.15 �1.21

6778.22.................................... 26540.12 6.5 11791.05 5.5 0.80 � 0.10 �1.11

6778.66.................................... 24928.80 2.5 10180.70 3.5 2.4 � 0.3 �1.00

6780.03.................................... 28938.55 1.5 14193.43 2.5 2.4 � 0.4 �1.18

6783.00.................................... 32130.57 6.5 17391.89 7.5 2.0 � 0.4 �0.71

6794.15.................................... 26505.53 5.5 11791.05 5.5 3.7 � 0.5 �0.51

6829.86.................................... 25597.70 4.5 10960.16 4.5 0.90 � 0.11 �1.20

6846.53.................................... 24816.28 5.5 10214.38 6.5 0.60 � 0.07 �1.30

6854.51.................................... 25980.32 2.5 11395.40 3.5 1.16 � 0.22 �1.31

6856.01.................................... 23260.95 3.5 8679.23 4.5 2.2 � 0.3 �0.90

6862.81.................................... 21702.33 1.5 7135.06 1.5 1.34 � 0.15 �1.42

6909.84.................................... 27309.73 4.5 12841.60 4.5 0.96 � 0.21 �1.16

6929.62.................................... 26086.63 3.5 11659.80 2.5 0.65 � 0.12 �1.43

6930.40.................................... 25385.36 5.5 10960.16 4.5 0.43 � 0.08 �1.43

6941.62.................................... 24582.59 2.5 10180.70 3.5 0.99 � 0.16 �1.37

6950.50.................................... 22429.49 2.5 8046.00 3.5 0.96 � 0.10 �1.38

6955.66.................................... 21507.87 1.5 7135.06 1.5 0.73 � 0.10 �1.67

7020.40.................................... 23646.90 4.5 9406.63 5.5 3.3 � 0.3 �0.62

7036.72.................................... 30104.78 4.5 15897.54 5.5 1.59 � 0.30 �0.93

7042.21.................................... 22875.41 3.5 8679.23 4.5 2.9 � 0.3 �0.76

7082.36.................................... 21250.75 0.5 7135.06 1.5 7.4 � 0.7 �0.95

7085.50.................................... 22788.68 3.5 8679.23 4.5 0.77 � 0.09 �1.33

7119.80.................................... 26086.63 3.5 12045.17 4.5 1.24 � 0.16 �1.12

7125.11.................................... 26820.81 4.5 12789.81 5.5 0.98 � 0.16 �1.13

7143.96.................................... 22039.98 2.5 8046.00 3.5 0.80 � 0.11 �1.44

7149.57.................................... 21507.87 1.5 7524.86 2.5 1.88 � 0.18 �1.24

7240.89.................................... 25597.70 4.5 11791.05 5.5 1.46 � 0.16 �0.94

7281.48.................................... 24689.84 3.5 10960.16 4.5 0.90 � 0.12 �1.24

7283.39.................................... 28394.04 2.5 14667.96 3.5 2.3 � 0.4 �0.96

7327.05.................................... 25304.09 3.5 11659.80 2.5 0.56 � 0.11 �1.45

7481.97.................................... 26828.29 5.5 13466.50 5.5 0.72 � 0.12 �1.14

7502.39.................................... 21904.12 1.5 8578.70 1.5 0.60 � 0.10 �1.69

7578.10.................................... 27695.96 6.5 14503.67 7.5 0.71 � 0.11 �1.07

7637.93.................................... 23962.25 1.5 10873.30 2.5 1.00 � 0.16 �1.46

7645.07.................................... 21655.42 0.5 8578.70 1.5 1.98 � 0.27 �1.46

7647.98.................................... 25304.09 3.5 12232.34 3.5 0.83 � 0.15 �1.24

7749.19.................................... 26505.53 5.5 13604.50 6.5 0.81 � 0.11 �1.06

7820.13.................................... 24582.59 2.5 11798.60 2.5 0.79 � 0.14 �1.36

7835.09.................................... 27263.25 7.5 14503.67 7.5 1.23 � 0.16 �0.74

7837.23.................................... 25597.70 4.5 12841.60 4.5 0.85 � 0.13 �1.10

7928.13.................................... 25597.70 4.5 12987.86 3.5 2.1 � 0.3 �0.70

7937.13.................................... 25385.36 5.5 12789.81 5.5 0.52 � 0.09 �1.23

8001.56.................................... 21904.12 1.5 9410.00 2.5 0.51 � 0.11 �1.71

8031.99.................................... 23842.20 2.5 11395.40 3.5 0.52 � 0.10 �1.52

8068.46.................................... 26505.53 5.5 14115.00 4.5 3.6 � 0.5 �0.37

8161.94.................................... 29640.51 6.5 17391.89 7.5 1.6 � 0.3 �0.66

8195.50.................................... 25664.97 6.5 13466.50 5.5 0.69 � 0.11 �1.01

8218.96.................................... 23962.25 1.5 11798.60 2.5 1.20 � 0.19 �1.31

8305.82.................................... 26540.12 6.5 14503.67 7.5 2.4 � 0.4 �0.47

8387.76.................................... 25385.36 5.5 13466.50 5.5 0.58 � 0.09 �1.13

8486.01.................................... 25385.36 5.5 13604.50 6.5 1.16 � 0.17 �0.82

8510.91.................................... 24588.00 5.5 12841.60 4.5 0.78 � 0.12 �0.99

8543.22.................................... 24689.84 3.5 12987.86 3.5 0.84 � 0.16 �1.13

8617.04.................................... 23646.90 4.5 12045.17 4.5 0.50 � 0.08 �1.26

8677.90.................................... 23752.70 4.5 12232.34 3.5 0.30 � 0.05 �1.46

8706.36.................................... 25597.70 4.5 14115.00 4.5 0.49 � 0.11 �1.25

8708.40.................................... 22875.41 3.5 11395.40 3.5 0.76 � 0.15 �1.16

8717.86.................................... 24257.37 4.5 12789.81 5.5 0.80 � 0.14 �1.04



odd-parity upper levels in the 25,000–30,000 cm�1 range. The
situation for odd-parity upper levels in the 30,000–35,000 cm�1

range is less certain. Our transition probabilities from these upper
levels could be too high by 10% or perhaps somewhat more due
to missing branches to unknown even-parity lower levels. Only
one level above 35,000 cm�1 was included in our branching frac-
tion study. The decay of this level at 38,505.66 cm�1 is domi-
nated by the near-UV branch to the even-parity J ¼ 8:5 level at
12,045.10 cm�1.

The difficulty in assigning the odd-parity levels is apparent in
comments by Xu et al. (2003b). They report, ‘‘according to our
HFR calculations, the average purity, in LS coupling, of odd-
parity levels below 23,000 cm�1 is found to be equal to 77%,
this value decreasing to 54% for the levels situated between
23,000 cm�1 and 25,000 cm�1 and to 32% for those located
between 25,000 cm�1 and 35,000 cm�1.’’ Our experimental
results on the lifetimes and branching fractions from the odd-
parity levels up to 35,000 cm�1 should help in a more complete
analysis and the eventual assignment of these levels. Cowan
(1981) gave a lucid discussion of the difficulties in analysis and
interpretation of RE spectra. He concludes that one should use a
battery of experimental and theoretical aids.

Branching fractions from the FTS spectra were combinedwith
the radiative lifetimemeasurements described in x 3 to determine
absolute transition probabilities for 958 lines of Sm ii in Table 2.

Transition probabilities for the weakest lines that were observed
with poor signal-to-noise ratios are not included in Table 2; how-
ever, these lines are included in the branching fraction normaliza-
tion.Weaker lines are alsomore susceptible to blending problems.
The effect of weaker lines becomes apparent if one sums all
transition probabilities in Table 2 from a chosen upper level and
compares the sum to the inverse of the upper level lifetime from
Table 1. Typically the sum of the Table 2 transition probabilities
is 75%–95% of the inverse lifetime. Although there is significant
fractional uncertainty in the branching fractions for these weaker
lines, this does not have much effect on the uncertainty of the
stronger lines that were kept in Table 2. Branching fraction un-
certainties are combined in quadrature with lifetime uncertainties
to determine the transition probability uncertainties in Table 2.
This possible systematic error frommissing branches to unknown
even-parity lower levels is not included in the transition proba-
bility uncertainties listed in Table 2. Our estimates of such errors
are very rough because of the lack of assignment of the odd-
parity upper levels. We remind readers that any correction of
errors from missing branches to unknown lower levels will al-
ways decrease tabulated transition probabilities. Such errors are
(1) thought to be negligible for upper levels below 25,000 cm�1,
(2) probably covered by our uncertainties for upper levels in
the 25,000–30,000 cm�1 range, and (3) may be 10% or perhaps
somewhat more for upper levels above 30,000 cm�1. Unknown
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8758.34.................................... 23646.90 4.5 12232.34 3.5 0.61 � 0.10 �1.16

8780.60.................................... 21904.12 1.5 10518.50 1.5 0.77 � 0.15 �1.45

8788.78.................................... 22248.32 2.5 10873.30 2.5 0.88 � 0.16 �1.21

8808.33.................................... 24816.28 5.5 13466.50 5.5 0.33 � 0.06 �1.34

8859.74.................................... 21655.42 0.5 10371.51 0.5 1.84 � 0.27 �1.36

8939.03.................................... 21702.33 1.5 10518.50 1.5 0.27 � 0.05 �1.89

8976.68.................................... 21655.42 0.5 10518.50 1.5 1.29 � 0.23 �1.51

8989.13.................................... 24588.00 5.5 13466.50 5.5 0.41 � 0.08 �1.22

9012.20.................................... 22248.32 2.5 11155.30 1.5 1.05 � 0.25 �1.11

9060.34.................................... 22429.49 2.5 11395.40 3.5 1.04 � 0.25 �1.12

9063.02.................................... 21904.12 1.5 10873.30 2.5 0.84 � 0.15 �1.38

9100.81.................................... 25178.45 1.5 14193.43 2.5 1.12 � 0.19 �1.26

9119.18.................................... 23752.70 4.5 12789.81 5.5 0.25 � 0.05 �1.50

9189.30.................................... 21250.75 0.5 10371.51 0.5 0.48 � 0.07 �1.92

9231.90.................................... 21702.33 1.5 10873.30 2.5 0.25 � 0.05 �1.89

9282.77.................................... 22429.49 2.5 11659.80 2.5 0.19 � 0.04 �1.84

9315.15.................................... 21250.75 0.5 10518.50 1.5 0.71 � 0.12 �1.73

9393.21.................................... 22875.41 3.5 12232.34 3.5 0.30 � 0.04 �1.49

9441.60.................................... 22248.32 2.5 11659.80 2.5 0.16 � 0.03 �1.89

9702.24.................................... 27695.96 6.5 17391.89 7.5 3.0 � 0.4 �0.23

9725.54.................................... 27284.69 2.5 17005.30 3.5 0.78 � 0.12 �1.18

9739.08.................................... 26880.60 5.5 16615.50 6.5 0.91 � 0.12 �0.81

9743.12.................................... 24928.80 2.5 14667.96 3.5 0.96 � 0.15 �1.09

9755.79.................................... 27639.40 6.5 17391.89 7.5 0.98 � 0.15 �0.71

9766.68.................................... 24429.52 1.5 14193.43 2.5 0.44 � 0.08 �1.59

9788.96.................................... 26828.29 5.5 16615.50 6.5 1.78 � 0.25 �0.51

9850.67.................................... 26046.35 4.5 15897.54 5.5 2.4 � 0.4 �0.46

9936.51.................................... 25304.09 3.5 15242.95 4.5 2.1 � 0.3 �0.61

10083.34.................................. 24582.59 2.5 14667.96 3.5 1.09 � 0.22 �1.00

10108.42.................................. 26505.53 5.5 16615.50 6.5 0.59 � 0.09 �0.96

10116.94.................................. 29509.60 3.5 19627.90 3.5 1.11 � 0.23 �0.87

10233.85.................................. 23962.25 1.5 14193.43 2.5 0.35 � 0.07 �1.66

10289.15.................................. 27284.69 2.5 17568.38 1.5 0.69 � 0.14 �1.18

10306.28.................................. 25597.70 4.5 15897.54 5.5 0.55 � 0.08 �1.05

10582.60.................................. 24689.84 3.5 15242.95 4.5 0.33 � 0.06 �1.36

Note.—Table 2 is also available in machine-readable form in the electronic edition of the Astrophysical Journal Supplement.
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branches do not affect the accuracy of the radiative lifetime
measurements.

Although there have been a significant number of publications
on Sm ii radiative lifetime measurements, we found only two
that report original laboratory intensity measurements and either
branching fractions or absolute transition probabilities. Relative
intensity measurements byMeggers et al. (1961) were converted
to absolute transition probabilities by Corliss & Bozman (1962).
Ward (1985) reported a formula for renormalizing the Corliss &
Bozman (1962) transition probabilities. Cowley & Corliss (1983)
developed a formula for determining transition probabilities from
line intensities published by Meggers et al. (1975) that are an
updated version of the original Meggers et al. (1961) line inten-
sities used by Corliss & Bozman (1962). Saffman & Whaling
(1979) published a smaller but high-quality set of Sm ii branch-
ing fraction measurements made with a grating spectrometer and
a photoelectric detection system. Most of the authors who report
radiative lifetime measurements have generated transition prob-
abilities by combining their lifetimes with branching fractions
deduced from the Corliss & Bozman (1962) transition probabili-
ties or from measurements by Saffman & Whaling (1979). The
recent work by Xu et al. (2003b) is an important exception. They
made a serious attempt to determine branching fractions from a
relativistic Hartree-Fock calculation. It is clear that a large-scale
effort to measure Sm ii branching fractions with an FTS is timely.

Our first comparison is to the recent theoretical work by Xu
et al. (2003b). Indeed, if the relativistic Hartree-Fock method
can be used with reliability to determine branching fractions in
a spectrum as complex as Sm ii, then the need for further work
using an FTS is much reduced. The next comparison is to branch-
ing ratios measured by Saffman & Whaling (1979). We omit a
comparison to the oldest measurements byMeggers et al. (1961).
There are already numerous published discussions of the prob-
lems in the Corliss & Bozman (1962) transition probabilities
(e.g., Obbarius & Kock 1982).

Figures 2, 3, and 4 show the differences between the log g f
values from Xu et al. (2003b) and those from our work, as func-
tions of wavelength, transition probability, and upper transition
energy, respectively. Xu et al. reported two sets of log g f values.
One set is based entirely on relativistic Hartree-Fock calculations
and the second set is normalized using experimental radiative
lifetimes. The branching fractions of the second set are from the

relativistic Hartree-Fock calculations. Our comparison uses the
second set because it is thought to be more accurate. The level of
agreement in Figures 2–4 is not as good as we hoped. The scatter
in log g f differences for the blue and near-UV transitions is larger
than the scatter for the yellow and red transitions (Fig. 2). Diffi-
culties in establishing an unambiguous correspondence between
energy levels from the relativistic Hartree-Fock calculations and
experimental energy levels may be responsible for some of the
scatter in the blue and near-UVregion. Only the log g f differences
plotted as a function of transition probability shown in Figure 3
show a clear systematic trend. Our log g f values for weaker lines
tend to be smaller than the log g f values from Xu et al. (2003b).
The agreement ‘‘on average’’ in Figures 2 and 4 is from the use of
experimental lifetimes to normalize both sets of transition prob-
abilities. The use of slightly different radiative lifetimes from in-
dependent LIF measurements does not contribute much to the
scatter, as is shown below. The high density of odd-parity levels,
the substantial breakdown of Russell-Saunders or LS coupling,
and significant configuration mixingmakes ab initio calculations
of Sm ii transition probabilities a formidable task.
Figures 5, 6, and 7 show similar comparisons of log g f val-

ues from Saffman & Whaling (1979) to log g f values from our
work. In order to make this a fair comparison we have normalized
Saffman &Whaling’s branching fractions using our experimental

Fig. 2.—Comparison of the log g f values from Xu et al. (2003b) to log g f
values from this paper as a function of wavelength. Filled circles: Lines for
which Xu et al. gave a log g f uncertainty of <0.04 dex. Open circles: Lines for
which Xu et al. gave a log g f uncertainty of<0.11 dex.Crosses: Lines for which
Xu et al. gave a log g f uncertainty of >0.11 dex.

Fig. 3.—Comparison of the log g f values from Xu et al. (2003b) to log g f
values from this paper as a function of our log g f value. The symbols have the
same meaning as in Fig. 2.

Fig. 4.—Comparison of the log g f values from Xu et al. (2003b) to log g f
values from this paper as a function of upper level energy Eupper . The symbols
have the same meaning as in Fig. 2.
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lifetimes. Saffman & Whaling did not have access to the large
sets of radiative lifetimes from LIF measurements that are now
available. The ordinates of Figures 2–7 are identical in order to
facilitate comparisons. The experimental branching fractions from
Saffman & Whaling are in better agreement with our branching
fractions than are branching fractions from the relativistic Hartree-
Fock calculations. Average and rms values of log (g f )Xu�
log (g f )this expt for the 84 lines in Figures 2–4 are �0.006 and
0.41, respectively. If the comparison is limited to the 11 lines
listed in Table 3 of Xu et al. (2003b) that are common to all three
investigations, then the average and rms differences are �0.17
and 0.40, respectively. Similarly, average and rms values of
log (g f )SW � log (g f )this expt for the 48 lines in Figures 5–7 are
�0.001 and 0.17, respectively. Limiting the ‘‘SW’’ comparison
to the 11 lines common to all three investigations yields aver-
age and rms differences of 0.005 and 0.21, respectively. In ad-
dition to generally better agreement, no systematic trends with
wavelength, transition probability, or upper transition energy
can be discerned in the SW comparison of Figures 5–7. Differ-
ences between our branching fractions and those from Saffman
&Whaling can, in many cases, be traced to line blends that were
not resolved with Saffman & Whaling’s grating spectrometer.
Indeed, the high spectral resolving powers of the Kitt Peak 1.0 m
FTS provided part of Professor Whaling’s motivation for pio-

neering its use in branching fraction measurements (Adams &
Whaling 1981).

Figure 8 and 9 are comparisons of various sets of radiative
lifetimes from LIF measurements to our measurements. The
ordinate in Figure 8 has a logarithmic scale similar to those of
Figures 2–7. Figure 8 clearly demonstrates that the absolute
scale established using LIF lifetimes is not contributing much
of the log g f scatter. Figure 9, with an expanded ordinate, rein-
forces our claim of 5% total uncertainty on our lifetime measure-
ments.Most of the points in Figure 9 have ordinate values between
�0.02 (�5%) and +0.02 (+5%). We conclude that for complex
spectra such as Sm ii, branching fraction uncertainties are greater
than the lifetime uncertainties, except for the dominant branches.

5. SOLAR AND STELLAR SAMARIUM ABUNDANCES

In this section we describe the application of the new Sm ii

transition probability data to the solar spectrum and to the spectra
of a few very metal-poor (½Fe/H� < �2)2 stars. As in previous

Fig. 5.—Comparison of the log g f values from Saffman &Whaling (1979),
normalized to our experimental radiative lifetimes, to log g f values from this
paper as a function of wavelength.

Fig. 6.—Comparison of the log g f values from Saffman &Whaling (1979),
normalized to our experimental radiative lifetimes, to log g f values from this
paper as a function of our log g f value.

Fig. 7.—Comparison of the log g f values from Saffman &Whaling (1979),
normalized to our experimental radiative lifetimes, to log g f values from this
paper as a function of upper level energy.

Fig. 8.—Comparison of radiative lifetimes �other measured using LIF by
Biémont et al. (1989; filled circles), Scholl et al. (2002; open circles), Vogel et al.
(1988; crosses), and Xu et al. (2003b; plus signs) to radiative lifetimes � this expt
measured in this experiment. The ordinate scale is designed to match the or-
dinate scale of Figs. 2–7.

2 We adopt standard stellar spectroscopic notations that for elements A and B,
½A/B� ¼ log10(NA /NB)� � log10(NA /NB)�, for abundances relative to solar ones,
and log � Að Þ ¼ log10(NA /NH)þ 12:0, for absolute abundances. Overall metal-
licity is equated to the stellar [Fe/H] value.
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papers of this series, we chose for detailed investigation three
metal-poor stars that are enriched in products of rapid n-capture
(r-process) nucleosynthesis: HD 115444 (½Fe/H� ¼ �2:9,
½Eu/Fe� ¼ þ0:8; Westin et al. 2000), BD +17

�
3248 (½Fe/H� ¼

�2:1, ½Eu/Fe� ¼ þ0:9; Cowan et al. 2002), and CS 22892-052
(½Fe/H� ¼ �3:1, ½Eu/Fe� ¼ þ1:5; Sneden et al. 2003). Our Sm ii

abundance analysis followed the methods used in previous pa-
pers of this series, most closely resembling those employed for
Nd ii by Den Hartog et al. (2003).

5.1. Line Selection

The new laboratory study yielded nearly a thousand poten-
tially useful Sm ii lines. Selection of appropriate transitions for
abundance analysis in the Sun and stars was the next task.We did
not examine each of the Sm ii lines of Table 2 in each of the pro-
gram stars; more efficient means to the same end were adopted.
Initial inspection of the solar and stellar spectra revealed that
Sm ii lines are usually very weak in all of our stars. For example
consider 4424.358, one of the strongest (� ¼ 0:48 eV, log g f ¼
þ0:14) relatively unblended lines of this species. Its measured
equivalent width (EW) is 31m8 in CS 22892-052, 25m8 in BD
+17�3248, 9 m8 in HD 115444, and <15 m8 (very contami-
nated by other absorption features) in the Sun. This implies that
the reduced widths (RW ¼ EW/k) for nearly all Sm ii lines are
small, log RW < �5:1, placing these transitions on the linear
part of the curve of growth. Therefore line saturation did not pose
much difficulty in our abundance analysis.

In general, the absorption strengths of weak lines that arise
from a single species (e.g., Sm ii) vary directly with their tran-
sition probabilities modified by their Boltzmann factors. Thus
for a given star, relative log RW is proportional to log g f � ��,
where � is in units of eV and inverse temperature � ¼ 5040/T .
Adopting TeA ¼ 5778 K for the Sun (e.g., Cox 2000), 4650 K for
HD 115444 (Westin et al. 2000), 5200 K for BD +17

�
3248

(Cowan et al. 2002), and 4800K for CS 22892-052 (Sneden et al.
2003) yields �eA ¼ 0:87, 1.08, 0.97, and 1.05, respectively, or
�h i ¼ 0:99 � 1:0 for our stars. Using this mean inverse tem-
perature value, we computed relative strength factors for all Sm ii

lines. These are displayed in Figure 10.
For the strong 4424 8 line, log g f � �� ¼ þ0:14� 0:48 ¼

�0:34. We assume that this relative strength corresponds to the
largest reduced width of the line in our program stars: log RW ¼
log (0:031/4424) ¼ �5:15 inCS 22892-052. A reasonable lower
limit for unambiguous detection of the 4424 8 line in the Sun
or stars, given data of high resolution and signal-to-noise ratio,

would be�1.5m8, or log RW � �6:45. Then assuming that the
4424 8 line is unsaturated in all cases, the reduced width for
detection implies a relative strength of �0:34þ 5:15� 6:45 ¼
�1:64, which should represent an approximate strength detec-
tion limit for Sm ii features. This limit is denoted by a horizontal
dashed line in Figure 10.
Of the total list of 958 lines, 410 of them are stronger than the

detection limit relative strength value. Concentrating mainly on
CS 22892-052 and BD +17�3248, which have larger n-capture
elemental abundances than does HD 115444, we made many
searches for lines somewhat below the strength detection limit in
our spectra, but failed to recover any additional Sm ii lines for
abundance analyses. Therefore we discarded lines with log g f �
�� < �1:64, thus eliminating about 550weaker transitions from
further consideration. We caution the reader that our estimated
Sm ii line strength detection limit applies only to the present
program stars. A more favorable situation can easily be imag-
ined: in the spectra of cool, relatively metal-rich giant stars all
Sm ii lines will be much stronger, and thus the relative detection
limit will be lower.
We examined the remaining 410 strongest lines. All of these

transitions lie at wavelengths k < 5000 8, where blending with
lines of other atomic and molecular features must be treated with
care. Indeed, about 240 of these Sm ii lines occur below k <
4000 8, where essentially no unblended line of interest can be
detected in the solar spectrum. The majority of the 410 relatively
strong lines were thus quickly discarded because they were to-
tally masked or severely compromised by transitions of other
species.
To give readers a better understanding of this process of

elimination, we discuss here just the four Sm ii lines with the
largest relative strength factors: 3568.27, 3592.60, 3609.49, and
3634.278, which are specially marked in Figure 10. All of these
lines are identified as Sm ii in the solar spectral atlas of Moore
et al. (1966). The 3568 8 line appears to be relatively clean.

Fig. 9.—Same as Fig. 8, except with an expanded ordinate.

Fig. 10.—Relative strength factors, defined as log g f � ��, for Sm ii transi-
tions. Reduced widths of weak lines should be proportional to these factors. For
these computations, � ¼ 1:0, the mean of inverse effective temperature of the
four program stars. The k4424.35 line is specially noted in the plot, as it is the
strongest yet reasonably unblended Sm ii feature in our solar and stellar spectra.
The text discusses this line and the four ‘‘strongest lines’’ that are noted in this
figure with a large enclosing circle.
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Moore et al. list the following transitions here: 3568.14 8 (Zr ii,
� ¼ 0:80 eV: EW ¼ 6:5 m8), 3568.25 8 (Sm ii, 0.48 eV:
28m8), and 3568.318 (unidentified: 12m8). However, not only
is the EW of the Sm ii solar line large, but its measured wave-
length is too blue to be attributed solely to the desired Sm ii tran-
sition. This line is blended in the Sun, and examination of the
current version of Kurucz’s (1998) atomic and molecular line
compendium3 reveals only one plausible contaminant: 3568.248
(Fe i, 2.48 eV). Lacking definitive identification, we assumed that
Fe i is the correct blending agent and retained this Sm ii feature
for abundance analyses. The 3592 8 line is a relatively minor
part of a complex blend consisting mainly of 3592.48 8 (Fe i,
2.59 eV: 42 m8), 3592.608 (Sm ii, 0.38 eV: 15 m8), 3592.688
(Fe i, 3.24 eV: 79 m8), and 3592.90 8 (Fe i, 2.20 eV, and Y i,
0.00 eV: 48 m8). The contaminants are too large in solar /stellar
spectra to use this line. The 3609 8 transition lies in the wing of
an extremely strong Fe i line (1.01 eV: 1046 m8), and is buried
in a local complex blend: 3609.33 8 (Ni i, 0.11 eV: 69 m8),
3609.47 8 (Fe i, 2.86 eV, Cr i, 2.54 eV, Sm ii, 0.28 eV: 42 m8),
and 3609.56 8 (Pd i, 0.96 eV: 13 m8). It also had to be dis-
carded. Finally, the 3634.27 8 (0.18 eV: 7.5 m8) line is sand-
wiched between 3634.208 (unidentified: 58 m8) and 3634.338
(Fe i, 2.94 eV: 136 m8), rendering it unusable. Therefore of the
four strongest Sm ii lines, only 3568 8 survived preliminary
inspection to be employed in our abundance analyses. These
line blending considerations eliminated all but�100 Sm ii lines.
The remaining transitions were subjected to a more complete
analysis.

5.2. The Solar Photospheric Samarium Abundances

The vast majority of Sm ii transitions surviving the line selec-
tion process had residual blending and/or continuum placement
concerns in the solar spectrum. Therefore we chose not to use
equivalent width analyses for any lines. Instead we determined
samarium abundances entirely from synthetic spectrum compu-
tations, in the same manner described in previous papers of this
series.

Briefly, we assembled lists of atomic and molecular (CH and
CN) lines in 4–6 8 surrounding each Sm ii transition, using
the Kurucz (1998) line database and supplementing with some
identifications in the Moore et al. (1966) solar atlas. We then
used the current version of the LTE line analysis code MOOG
(Sneden1973) to generate synthetic spectra, adopting theHolweger
& Müller (1974) empirical solar model atmosphere for these com-
putations. Standard solar abundances (Grevesse & Sauval1998,
2002; Lodders 2003) were assumed for most elements. Solar
abundances of elements newly determined in this series (La,
Nd, Eu, Tb, Ho, Pt) were taken from those papers listed in x 1.
Transition probabilities of these elements were adopted with-
out change from the respective laboratory analyses, as were
those of Ce ii (Palmeri et al. 2000) and of course Sm ii (this
study).

We took the observed solar photospheric spectra from the
center-of-disk intensity spectral atlas of Delbouille et al. (1973).4

Iterative comparisons of synthetic and observed center-of-disk
solar spectra yielded adjustments to the transition probabilities of
contaminating spectral features. Molecular line strengths were
altered as a group by varying abundances of the molecular con-
stituent atoms. For absorptions present in the observed solar spec-
trum that have no plausible atomic or molecular identifications,

we arbitrarily assumed that they were Fe i lines with excitation
potentials � ¼ 3:5 eV and transition probabilities arbitrarily set
to match the observed features. These trial synthetic spectrum
computations served also to eliminate �20 more Sm ii lines as
unsuitable for both solar and stellar abundance computations for
one or more of the reasons discussed above.

Final synthetic/observed matches to the approximately 80 po-
tentially useful Sm ii transitions yielded solar photospheric abun-
dances for 36 of them. The lines not used in the solar analysis
were retained for the stellar analysis described in the next sec-
tion. The solar abundances for each line are listed in Table 3 and
plotted as a function of wavelength in the top panel of Figure 11.
From these 36 lines,we derived amean abundance of log� (Sm)� ¼
þ1:00� 0:01 (� ¼ 0:05). Abundance uncertainties for the solar
Sm ii lines are composed of the effects of (internal) line profile
fitting issues and (external) scale factors. Repeated matches of
observed to synthetic spectra suggested that abundances for each
could be estimated on average to �0.02 dex. For many photo-
spheric Sm ii lines, contamination by other features adds to this
line profile fitting uncertainty, again estimated on the basis of
repeated trial syntheses to be �0.02 dex. Adding these prob-
able errors in quadrature to the estimated �0.02 dex typical
log g f uncertainties for strong lines yields a total internal line-
to-line scatter error of ��0.04 dex, consistent with the observed
� ¼ 0:05.

Overall scale errors can arise from other atomic data uncer-
tainties and model atmosphere choices. Samarium, like all other
RE elements, has a relatively small first-ionization potential,
5.644 eV (e.g., Grigoriev & Melikhov 1997). Therefore it exists
almost entirely as Sm ii in the solar photosphere (and in the line-
forming atmospheric layers of our metal-poor program giants),
so that Saha-fraction corrections are negligible. Thus the derived
Sm abundance varies almost linearly with the Sm ii partition
function (which enters through the Boltzmann equation). We
employed the most recent atomic energy level data (Martin et al.
1978, 2000) to computed partition functions for Sm ii, finding no
change >0.01 dex from the temperature-dependent polynomial
representations of Irwin (1981). There are, however, many exper-
imentally unknown levels of both parities above 20,000 cm�1, as
discussed in x 2. The existence of these levels is certain from
counting angular momentum projections. The best approach to
correcting a partition function for unknown levels is to perform a
Cowan Code (Cowan 1981) calculation and to merge (elimi-
nating duplicates) the resulting theoretical energy level list with
the experimental list (e.g., Bord & Cowley 2002). D. Bord (2005,
private communication) has done such a calculation for Sm ii and
shared selected results with us. The Cowan Code approach yields
a partition function 2.2% (5.6%) larger than that from the Martin
et al. energy levels at 5000 K (6000 K). Although we have not
included this ‘‘unknown level’’ correction to the partition func-
tion in our abundance studies, its effect is to increase Sm abun-
dance for the Sun by 0.01 dex. The correction is similar for the
warmest of the r-process–rich stars, BD +17�3248, discussed in
x 5.3.

To assess the influence of solar model atmosphere choice, we
repeated the abundance computation for the 4424 8 line with
Kurucz (1998) and Grevesse & Sauval (1999) models, finding
abundance differences of �0.02 and �0.03 dex with respect to
those derived with the Holweger & Müller (1974) model. These
differences are nearly identical to those determined for other RE
ions in the previous papers of this series. Therefore abundance-
scale errors appear to be very small, of order 0.03 dex. Consid-
ering internal line-to-line scatter uncertainties (negligible in the
mean value, given the large number of lines used) and external

3 Available at http://kurucz.harvard.edu.
4 Available at http://mesola.obspm.fr/solar_spect.php.
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TABLE 3

Samarium Abundance Determinations in the Sun, BD +17
�
3248, HD 115444, and CS 22892-052

log �
kair
(8)

Excitation Potential

(eV) log g f Comment Sun BD +17�3248 HD 115444 CS 22892-052

3568.260............... 0.484 0.29 hfs . . . �0.37 �1.38 �0.61

3626.995............... 0.277 �0.51 hfs . . . �0.34 �1.38: . . .

3706.750............... 0.484 �0.60 Single . . . �0.42 �1.23: �0.61

3708.410............... 0.040 �1.01 Single 1.00 �0.55 �1.38: �0.56

3708.659............... 0.184 �0.63 Single . . . �0.34 �1.20 �0.56

3755.281............... 0.333 �0.65 Single 1.15 �0.22: �1.18: �0.48

3764.379............... 0.333 �0.55 Single . . . �0.30 �1.18 �0.63

3831.505............... 0.434 �0.43 Single . . . �0.27 . . . �0.58

3847.521............... 0.333 �0.78 Single . . . �0.37 �1.28 �0.58

3896.970............... 0.040 �0.67 Single 0.94 �0.37 �1.33 �0.68

3922.386............... 0.378 �0.26 Single . . . �0.37 �1.30 �0.61

3946.503............... 0.184 �0.94 Single . . . �0.30 �1.25 �0.56

3976.265............... 0.104 �0.90 Single . . . �0.29 �1.18 �0.64

3976.429............... 0.333 �0.58 Single . . . �0.42 �1.13 �0.66

3979.195............... 0.543 �0.47 Single . . . �0.37 �1.28 �0.56

3993.301............... 0.040 �0.93 Single . . . �0.42 �1.28 �0.63

4023.224............... 0.040 �0.93 Single 1.00 �0.29 �1.21 �0.57

4047.151............... 0.184 �0.92 Single . . . �0.33 �1.08 . . .
4064.565............... 0.184 �1.28 hfs . . . �0.42 �1.41 �0.68

4068.324............... 0.434 �0.76 Single 0.98 �0.32 �1.23 �0.61

4094.025............... 0.333 �1.15 Single . . . �0.30 . . . �0.43

4113.898............... 0.184 �1.07 Single . . . . . . . . . �0.56:

4155.211............... 0.543 �0.73 Single . . . . . . . . . �0.53

4169.472............... 0.248 �0.76 Single . . . �0.32 �1.23 �0.63:

4188.125............... 0.543 �0.44 Single . . . �0.30 �1.18 �0.53

4206.121............... 0.378 �0.72 Single . . . �0.37 �1.25 �0.66

4220.658............... 0.543 �0.44 Single . . . �0.33 �1.31 �0.63

4244.696............... 0.277 �0.81 Single 1.04 �0.42 �1.28 �0.63

4256.394............... 0.378 �0.15 Single 0.98 �0.34 �1.23 �0.65

4265.071............... 0.184 �1.04 Single 0.92 �0.37 �1.25 . . .

4318.936............... 0.277 �0.25 Single 0.97 �0.33 �1.25 �0.65

4329.019............... 0.184 �0.51 Single 1.05 �0.32 �1.30 �0.73

4334.150............... 0.280 �0.50 Single . . . �0.34 �1.13 . . .

4360.713............... 0.248 �0.87 Single . . . �0.34 �1.33 . . .

4362.023............... 0.484 �0.47 Single . . . �0.39 �1.28 . . .

4420.528............... 0.333 �0.43 Single 1.02 �0.31 �1.23 �0.63

4421.133............... 0.378 �0.49 Single . . . �0.36 �1.23 . . .

4424.321............... 0.484 0.14 Single 0.95 �0.35 �1.35 �0.66

4433.887............... 0.434 �0.19 Single . . . �0.33 �1.24 . . .

4452.722............... 0.277 �0.41 Single 1.10: �0.37 �1.25 . . .
4467.341............... 0.659 0.15 Single 1.02 �0.38 �1.38 �0.61

4472.406............... 0.184 �0.96 Single 1.02 �0.37 �1.28 �0.53

4478.654............... 0.659 �0.36 Single . . . �0.33 �1.18 . . .
4499.475............... 0.248 �0.87 Single 1.00 �0.35 �1.28 . . .

4511.830............... 0.184 �0.82 hfs . . . �0.32 �1.25 . . .

4515.092............... 0.188 �0.87 Single 1.04 �0.29 �1.18 �0.58

4519.630............... 0.543 �0.35 hfs 0.98 �0.34 �1.28 �0.58

4523.909............... 0.434 �0.39 Single . . . �0.35 �1.28 �0.68

4536.512............... 0.104 �1.28 Single . . . �0.31 �1.22 . . .

4537.951............... 0.484 �0.48 hfs 1.02 �0.36 �1.30 . . .

4540.184............... 0.277 �1.28 hfs . . . �0.35: �1.30 . . .
4542.048............... 0.248 �1.04 Single 1.00 �0.32 �1.28 �0.58

4552.654............... 0.248 �0.82 Single . . . �0.34 �1.20 �0.53

4554.437............... 0.104 �1.25 hfs . . . �0.34 �1.23 �0.56

4560.419............... 0.040 �1.24 Single 1.00 �0.34 �1.23 . . .
4566.202............... 0.333 �0.59 Single 1.00: �0.37 �1.23 �0.66

4577.688............... 0.248 �0.65 Single 1.03 �0.39 �1.26 �0.63

4584.833............... 0.434 �0.65 Single . . . �0.37: �1.33 �0.66

4591.820............... 0.184 �1.12 hfs 1.02 �0.33 �1.26 �0.58

4593.545............... 0.378 �0.83 hfs . . . �0.32 �1.25 �0.58

4595.290............... 0.484 �0.50 hfs . . . �0.31 �1.23 . . .

4604.174............... 0.040 �1.39 hfs 0.95 �0.32: �1.20 . . .
4606.510............... 0.000 �1.26 hfs 1.07: �0.26: �1.23 �0.53

4615.437............... 0.543 �0.69 Single 0.94 �0.30 �1.50 . . .



scale uncertainties, we suggest that log � (Sm)� ¼ þ1:00� 0:03
be adopted as the solar photospheric samarium abundance.

In recent compilations of solar system data, Grevesse & Sauval
(1998) have recommended ameteoritic abundance of log � (Sm)� ¼
þ0:98� 0:02, while Lodders (2003) has recommended +0:95�
0:04. Our new photospheric abundance is consistent with these
meteoritic values to within the stated uncertainties.

Several previous studies over the last 30 years have discussed
the solar photospheric Sm abundance. Line-by-line abundances
from these papers are displayed in the bottom panel of Figure 11.
Most of the previous analyses employed very few Sm ii tran-
sitions: Andersen et al. (1975), log � (Sm)� ¼ þ0:72 from one
line; Saffman & Whaling (1979), +0:80� 0:11 from four lines
out of six attempted; Vogel et al. (1988), +1:02� 0:11 from one
line out of four; andYoussef &Khalil (1989), +0:99� 0:05 from
two lines out of three. They will not be considered further here.
As discussed in previous sections, Biémont et al. (1989) com-
bined their own lifetime measurements with branching fractions
taken mainly from Corliss & Bozman (1962) to determine tran-
sition probabilities for nearly 40 Sm ii lines, and derived a pho-
tospheric abundance of log � (Sm)� ¼ þ1:00� 0:03 (� ¼ 0:14)
from an EWanalysis of 26 of these lines. Our analysis is clearly
in excellent agreement with the Biémont et al. study. The factor
of 3 decrease between the line-to-line scatter of their study and
the present one appears to arise from use of improved g f-values
and adoption of a synthetic-spectrum approach in the solar Sm
analysis.

5.3. Samarium Abundances in r-Process–rich Stars

We next analyzed Sm ii lines in HD 115444, BD +17�3248,
and CS 22892-052. We computed Sm abundances via synthetic
spectrum computations with the line lists developed for the solar
analysis. The combination of overall metal deficiency and rela-
tive n-capture element enhancement in these stars produces many
relatively unblended Sm ii lines, allowing reliable abundances to
be determined for many transitions that are hopelessly masked in
the solar spectrum. In Table 3 we list the abundances from in-
dividual lines in the three stars, and in Table 4 we summarize
previously published and new mean Sm abundances. The line-
to-line scatters are all small, � ¼ 0:05 0:07, decreased from the
typical 0.15 values of the original studies. In Figure 12 we dem-
onstrate this result for BD +17�3248, as was done for Nd ii lines
in Figure 1 of Den Hartog et al. (2003). Repeating also the nu-
merical experiments of that paper, we have computed line-by-
line Sm abundance differences between the metal-poor giants
and the Sun, between HD 115444 and BD +17�3248, and be-
tween CS 22892-052 and BD +17

�
3248. In all cases we found

�½� log � (Sm)� 	 0:07. That is, no reduction in �-values was
achieved by comparing abundances between stars on a line-
by-line basis. This indicates that the abundance scatters are

TABLE 3—Continued

log �
kair
(8)

Excitation Potential

(eV) log g f Comment Sun BD +17�3248 HD 115444 CS 22892-052

4615.683............... 0.188 �0.84 hfs 0.96 �0.29 �1.25 . . .

4642.228............... 0.378 �0.46 Single 1.05: �0.30 �1.23 �0.71

4669.389............... 0.104 �0.60 Single 1.00 �0.30 . . . �0.65

4669.641............... 0.277 �0.53 hfs . . . �0.30 . . . �0.67

4676.902............... 0.040 �0.87 hfs 1.00: . . . �1.25 �0.58

4687.178............... 0.040 �1.15 hfs . . . �0.24: . . . �0.63

4719.844............... 0.040 �1.24 hfs . . . �0.32 �1.28 �0.43

4745.674............... 0.104 �0.93 hfs . . . �0.42 �1.25 �0.73

4777.844............... 0.040 �1.42 Single 0.96 �0.29 . . . �0.73

4815.808............... 0.184 �0.82 Single 0.95 �0.37 �1.34 �0.68

4844.209............... 0.277 �0.89 Single 1.00 . . . �1.36 �0.60

4854.372............... 0.378 �1.25 Single 0.98 . . . . . . . . .

4913.258............... 0.659 �0.93 hfs . . . �0.27: . . . . . .:
4948.627............... 0.543 �0.95 hfs 1.00: . . . . . . . . .

Note.—Colons denote less certain abundances.

Fig. 11.—Individual Sm ii line abundances in the solar photosphere derived
in this work (top) and in four previous studies (bottom). In the top panel, a dotted
horizontal line denotes the mean abundance. In the bottom panel, symbols
as indicated in the plot denote the results of Andersen et al. (1975; ‘‘And75’’ in
the plot legend), Saffman & Whaling (1979; ‘‘Saf 79’’), Vogel et al. (1988;
‘‘Vog88’’), Youssef & Khalil (1989; ‘‘You89’’), and Biémont et al. (1989;
‘‘Bie89’’).
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dominated by various factors in the stellar analyses; uncer-
tainties in transition probabilities appear to be negligible con-
tributors here.

6. ABUNDANCES OF n-CAPTURE ELEMENTS IN
METAL-POOR HALO STARS

One of the main motivations of the new laboratory experi-
ments is to provide increasingly more accurate determinations of
the heavy n-capture element abundances in the metal-poor halo
stars. Understanding these stellar distributions, and in particular
comparing them to the (total and r-process only) solar system
abundance distributions, also provides fresh new insights into
the astrophysical conditions, nuclear processes, and stellar sites
for heavy-element nucleosynthesis. Since the halo stars are so
old and were formed so early, such abundance comparisons and
analyses may also help to identify the earliest Galactic stellar
generations.

In Figure 13 we summarize the n-capture abundances in
the atomic number range 56 
 Z 
 68 for the solar system and
for the three very metal-poor (½Fe/H� < �2) halo giant stars CS

22892-052, HD 115444, and BD +17�3248. We have plotted the
abundance differences [ log (observed abundance) � log (solar
system r-process–only value)] for each element in each star. For
this comparison we have normalized the abundance distributions
of all three stars at the r-process element Eu. The solar system
elemental r-process abundance distribution was obtained by sum-
ming the individual r-process isotopic abundance contributions,
based on the so-called standard model (see Simmerer et al. 2004
and discussion below in x 7). Perfect agreement between the
stellar and solar r-process values would result in a difference of
zero, and thus would fall on the solid horizontal line in the figure.
We also compare the abundance differences for Sm and the other

TABLE 4

Mean Samarium Abundances in the Sun, HD 115444, BD +17
�
3248, and CS 22892-052

Star

log � (Sm) � �,

Published Number of Lines

log � (Sm) � �,

New Number of Lines log � (Eu) � � Number of Lines log � (Sm/Eu) Notes

Sun ...................... +1.00 � 0.14 26 +1.00 � 0.05 36 +0.52 � 0.04 14 0.48 1

HD 115444.......... �1.18 � 0.16 4 �1.26 � 0.07 67 �1.64 � 0.02 5 0.38 2

BD +17
�
3248...... �0.42 � 0.14 17 �0.34 � 0.05 72 �0.67 � 0.05 9 0.33 3

CS 22892-052 ..... �0.54 � 0.13 15 �0.61 � 0.07 55 �0.95 � 0.03 8 0.35 4

Notes.— (1) Published Sm is from Biémont et al. (1989); Eu is from Lawler et al. (2001c). (2) Published Sm is fromWestin et al. (2000); Eu is fromDen Hartog et al.
(2003). (3) Published Sm is from Cowan et al. (2002), as is Eu. (4) Published Sm is from Sneden et al. (2003), as is Eu.

Fig. 12.—Abundances of Sm in the very metal-poor, n-capture–rich giant
star BD +17

�
3248. The top panel contains our published results (Cowan et al.

2002), and the bottom panel shows the data of this paper.

Fig. 13.—Neutron-capture elemental abundance pattern in the Galactic halo
stars CS 22892-052, HD 115444, and BD +17�3248 compared with the (scaled)
solar system r-process abundances (solid line) and the total solar system mete-
oritic abundances recommended by Lodders (2003; dotted curve). The abundances
of all the stars have been compared by normalizing the abundance distributions at
the r-process element Eu. In the top panel, stellar abundances are those reported in
the original papers on these stars (HD 115444,Westin et al. 2000; BD +17�3248,
Cowan et al. 2002; CS 22892-052, Sneden et al. 2003). In the bottom panel the
comparisons are repeated for these stars, but substituting in the abundances of
Nd, Ho, and Sm derived in the most recent papers of this series (see text). Also
shown are solar photospheric abundances, with values of La, Nd, Sm, Eu, Tb, and
Ho taken from this series, otherwise from Lodders (2003).
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n-capture elements in the top panel of the figure with the total
solar system meteoritic abundance values (dotted curve) rec-
ommended by Lodders (2003). The stellar abundances in this top
panel are those of the original papers on these stars by our group
(Westin et al. 2000; Cowan et al. 2002; Sneden et al. 2003). A
large scatter, reflected in the large error bars, is seen especially
for elements Nd, Sm, and Ho in the stellar data.

The bottom panel of Figure 13 reflects the recent efforts to
obtain improved laboratory data for various elements of astro-
physical interest. In this panel we have added the most recent
solar photospheric abundances ( filled circles) in order to com-
pare them with meteoritic values. The new laboratory transition
probabilities for Nd (Den Hartog et al. 2003) and Ho (Lawler
et al. 2004) have resulted in excellent agreement seen in this
panel for the abundances (with respect to the solar r-process
values) for those elements in CS 22892-052, HD 115444, and
BD +17�3248.5 For Sm the comparison between the top and
bottom panels of Figure 13 indicates graphically the new con-
cordance of the abundance data for this element: with very small
uncertainties the differences between the stellar and solar r-values
are identical in CS 22892-052, HD 115444, and BD+17

�
3248. It

is clear now that the abundance ratio of Sm/Eu is the same for
all three stars (see also Table 4). This strongly indicates that both
Sm and Eu were synthesized in the r-process only, and with rela-
tive solar system values, in nucleosynthesis sites that ejected
these elements into the interstellar medium early in the history
of the Galaxy and are seen now in all three of these old halo stars.
This is in contrast to Sm in solar system material, which has an
r-process fraction of 67%. (Eu is always made almost entirely
in the r-process.)

The data of Figure 13 demonstrate that the differences in the
abundances for the elements below Sm (Z < 62) are not consis-
tent with the total (dotted curve) photospheric solar abundances
(Lodders 2003), but instead fall mostly on the horizontal solid
line, indicating an r-process–only origin. This follows since in
solar system material, elements such as Ba and La are predomi-
nantly synthesized in the s-process, not the r-process. For ele-
ments above Sm (Z > 62), the total solar system abundances are
overwhelmingly from r-process nucleosynthesis—Eu, Tb, and
Ho are 97%, 93%, and 94% r-process, respectively (Simmerer
et al. 2004)—so not surprisingly the solar and r-process curves
are almost coincident. The agreement between the abundance
data of the heavier n-capture elements and both of these curves
is again an indication of an r-process–only synthesis history, and
a further indication that the stellar and relative solar system
r-process abundances are consistent. Previous abundance deter-
minations of Sm in the three metal-poor halo stars (as shown in
the top panel of Fig. 13) had large errors bars and were scattered
from the r-process–only up to and on the total solar system
curve. With the new more accurate atomic physics data the Sm
(relative to solar system r-process only) abundances for all three
stars now clearly lie below the total solar system abundances and
are consistent with the r-process–only solar curve.

This agreement between the n-capture element abundances in
many metal-poor halo stars and the solar system r-process
abundance distribution has been noted for some time (see the
reviews of Truran et al. 2002; Sneden & Cowan 2003; Cowan &
Thielemann 2004). The s-process nuclei and elements that contrib-
ute to solar system matter are produced in low- and intermediate-

mass stars that evolve over very long time periods (Busso et al.
1999). Thus, early in the history of the Galaxy, when the most
metal-poor halo stars formed, the s-process could not have been
responsible for major element formation. Therefore, the pre-
dominant early Galactic synthesis must have resulted from the
r-process, and presumably from rapidly evolving sites such as
core-collapse supernovae (Cowan & Thielemann 2004).

While it has been clear that there is a general consistency be-
tween the n-capture elements in the metal-poor halo stars and the
relative (or scaled) solar system r-process abundance distribu-
tion, this agreement has for some elements, and in some cases,
been only approximate with fairly large abundance uncertain-
ties. The new experimental atomic transition data for individual
elements—in this case Sm—has nowmade that agreement much
more precise. In fact the scatter has become so low and the agree-
ment has become so good that the abundance data might now
possibly be employed to constrain predictions for the solar
system abundances. In the particular case of Sm it is seen in
Figure 13 that the abundances of all three halo stars lie above
the solar system r-process prediction, here the standard model
value. This might suggest that the value for the solar system
r-process (and likewise the s-process) contribution to Sm should
be reassessed.

Finally, we note that there are a few exceptions to the excellent
agreement for element-to-element abundances in these stars and
with the solar system r-process abundances. Gd for example (in
Fig. 13) shows considerable abundance scatter, suggesting a need
for new experimental atomic data for that element. Likewise, there
are several other cases where improved atomic laboratory data
would make more precise the abundance determinations of cer-
tain n-capture elements in the metal-poor halo stars.

7. ISOTOPIC AND HYPERFINE SUBSTRUCTURE
CONSIDERATIONS FOR Sm ii

Samarium has seven abundant naturally occurring isotopes:
144Sm (3.1% of the solar system elemental abundance), 147Sm
(15.0%), 148Sm (11.2%), 149Sm (13.8%), 150Sm (7.4%), 152Sm
(26.8%), and 154Sm (22.7%). Isotopes 147 and 149 can have
complex hyperfine structures, and transition substructures must
exist for all Sm ii lines to some degree. However, for lines used in
the present abundance analyses, the combined hyperfine and iso-
topic substructures are reasonably compact. On the FTS labo-
ratory spectra, measured FWHMs of completely unresolved Sm ii

lines are �0.06 cm�1, consistent with the 0.053 cm�1 spectral
resolution limit given in x 4. In wavelength units this corre-
sponds to �k � 0:01 8 for lines near 4000 8. As indicated by
the ‘‘Comment’’ column in Table 3, most transitions used in our
abundance analyses show no intrinsic broadening in excess of
this value in our laboratory spectra. TheDoppler smearing of lines
in the stellar atmospheres of this study is (2kBT /M þ v2t )

1=2 	
2 km s�1 or �k 	 0:03 8, much larger than the intrinsic line
broadening. Therefore for present purposes most Sm ii lines can
be treated as single transitions. Those lines with detectable in-
trinsic broadening in excess of 0.018 are noted with ‘‘hfs’’ in the
‘‘Comment’’ column.

The relatively strong 4424 8 line discussed earlier is one of
the Sm ii transitions that exhibits significant hyperfine/isotopic
splitting on our laboratory spectra. Three obvious components
of this line are blended together, with a total wavelength spread
of �0.04 8. Comprising this blend are 21 components each of
isotopes 147 and 149, and single components of the remaining
five isotopes. Using the isotopic and hyperfine structure data of
Masterman et al. (2003), we synthesized the 4424 8 line in all
four stellar spectra. As expected given the previous discussion

5 Beyond the RE group, thus not shown in Fig. 13, is the very heavy r-process–
dominated element Pt, which is accessible to high-resolution UV spectroscopy. A
new laboratory analysis of Pt (Den Hartog et al. 2005) has resulted in a similar
improvement of the abundance of this element in BD +17�3248.
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about the intrinsic weakness of Sm ii lines in our stars, we found
little change to abundances determined with the single-line
approximation to this feature. Since the 4424 8 line is one of
the strongest of all Sm ii transitions, further consideration of
hyperfine/isotopic substructure seemed unwarranted here. More
careful treatment would be required for accurate elemental abun-
dance determinations in stars with deeper, more saturated Sm ii

lines.
Although these tests with the 4424 8 line indicate that it

will be quite difficult to determine Sm isotopic abundances, the
possibility still merits some discussion. Many 5d–6p yellow-red
lines of Sm ii have appreciably wider structure than the 6s–6p
blue-UV lines. Continued improvements in telescopes and spec-
trometers or the discovery of a more favorable star might make it
possible to determine a Sm isotopic abundance, and so we in-
clude here a summary of the s- and r-process contributions to Sm
and some predictions of possibly observable effects.

We neglect the small (3% of the solar system) contribution to
Sm from the p-process isotope 144Sm in the following discus-
sion. We show in Table 5 the individual breakdown of the con-
tribution by process. The s-process additions to the solar system
abundances were first determined based upon one of several ap-
proaches. The so-called standard or ‘‘classical’’ (empirical) model
assumes a smooth fit (smooth behavior) of the ‘‘�nNs’’ curve
(i.e., the product of the n-capture cross section �n and s-process
abundances Ns) to the solar system s-process abundances. De-
terminations of the neutron-capture cross sections (see, e.g.,
Käppeler et al. 1989) then allows the direct determination of the
Ns contributions to each isotope (see Burris et al. 2000; Simmerer
et al. 2004). An alternative approach employs more detailed
( low-mass AGB) stellar model and nucleosynthesis calculations
to obtain the isotopic s-process solar system abundances (see
Arlandini et al. 1999). Subtracting these s-process isotopic abun-
dances from the total solar abundances determines the individual
r-process contributions, or residuals. We note that experimental
determinations of individual r-process abundance contributions
are, in general, not possible at this time.

We have listed the values from both the standard and stellar
models in Table 5. The abundances for the s- and r-process con-
tributions are based on the Si ¼ 106 scale. We have also listed
the percentage contribution by individual isotope to the total
elemental s- and r-process abundances (i.e., the vertical columns
add up to 100% in those particular columns). It is clear from the
table that both the standard and stellar models give very similar
isotopic abundance predictions for the s- and r-process mixtures
for Sm.

It may be possible to observe the isotopic mixture of Sm in
a metal-poor halo star. Lambert & Allende Prieto (2002) ob-
served the isotopic mixture for the element Ba in the halo star

HD 140283. They found, specifically, that the fractional abun-
dance of the odd isotopes

fodd ¼ ½N (135Ba)þ N (137Ba)�=N (Ba)

in this star was consistent with the solar system r-process iso-
topic ratio. Sm, like Ba, is an even-Z nucleus with one p-process
isotope and six other stable (s- and r-process admixed) isotopes.
Thus (similarly to Ba), we can define for Sm

fodd ¼ ½N (147Sm)þ N (149Sm)�=N (Sm):

For the pure r-process components of solar system isotopic
abundances, we find that f rodd ¼ 0:36 for both the standard model
(Burris et al. 2000; Simmerer et al. 2004) and for the stellar
model calculations given by Arlandini et al. (1999). For compar-
ison, the Sm solar s-process values are f sodd ¼ 0:09 and f sodd ¼
0:17 for the standard and stellar models, respectively. It might
be possible to observe this f r

odd isotopic mixture for Sm in a halo
star, similarly to what Lambert & Allende-Prieto did for Ba
in HD 140283. Such an observation would provide a direct
measure of the r-process isotopic contribution to the elemental
Sm production in nucleosynthetic (e.g., supernovae) sites that
were operating in the early Galaxy. Except for the one mea-
surement of Ba and several Eu observations (Sneden et al.
2002; Aoki et al. 2003), there have been very few stellar iso-
topic abundance determinations. Sm (as noted above) has more
of an s-process fraction than Eu, but less than Ba, in solar sys-
temmaterial. Thus, any isotopic abundance observations of Sm
would provide additional information about the early synthe-
sis, and possible confirmation of the r-process–only origin, for
this element in halo stars.

8. SUMMARY

We report here the largest scale laboratory study to date of
Sm ii transition probabilities using modern methods. Specifi-
cally, we havemeasured radiative lifetimes, accurate to�5%, for
212 odd-parity levels of Sm ii using laser-induced fluorescence.
The lifetimes are combined with branching fractions measured
usingFourier transform spectrometry to determine transition prob-
abilities for 958 lines of Sm ii. This improved data set has been
used to determine a new solar photospheric Sm abundance,
log � ¼ 1:00� 0:03, from 26 lines. The spectra of three very
metal-poor, neutron-capture–rich stars (CS 22892-052, HD
115444, and BD +17�3248) also have been reanalyzed, employ-
ing between 55 and 72 Sm ii lines per star. We have compared
the differences between the Sm abundances and the predicted

TABLE 5

Contributions of Sm from the s- and r-Processes Based on the Si ¼ 106 Scale

Isotope s-Abundancea Percentage r-Abundancea Percentage s-Abundanceb Percentage r-Abundanceb Percentage

147Sm............ 0.0028 3.3 0.31 17.8 0.008 10.8 0.0317 18.2
148Smc........... 0.038 44.5 0 0 0.282 37.0 0 0
149Sm............ 0.0051 5.9 0.31 17.8 0.0045 5.8 0.031 17.9
150Smc........... 0.0217 25.2 0 0 0.019 25.0 0 0
152Sm............ 0.018 21 0.053 30.4 0.016 20.7 0.053 30.5
154Sm............ 0 0 0.059 34 0.0005 0.6 0.058 33.4

a Standard model: Käppeler et al. (1989), Burris et al. (2000), Simmerer et al. (2004).
b Stellar model: Arlandini et al. (1999).
c Only s-process.
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solar system r-process–only values in all three stars. We find
with very small uncertainties that these ratios are the same.
Utilizing additional recent experimental atomic data, it was
found that the abundance ratios of Sm relative to other rare
earth elements in these stars are in agreement and are consistent
with ratios expected from rapid neutron-capture nucleosyn-
thesis (the r-process). The newly determined abundance val-
ues for Sm, based on the much more precise atomic data, might
possibly be employed to constrain predictions for the solar
system abundances. Thus, the slight disagreement between the
stellar Sm values and the predicted r-process–only value might
suggest a minor reassessment of the solar system r- (and s-)
process contributions to Sm synthesis. We finally note the pos-
sibility of observing the isotopic mixture of Sm, similarly to
what has been accomplished for Ba, in a metal-poor halo star.
Such an observation would provide important additional in-

formation about the nature of nucleosynthesis early in the his-
tory of the Galaxy.
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