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ABSTRACT

Radiative lifetime measurements were performed with time-resolved laser-induced fluores-
cence techniques for 24 levels of Nd 11 in the energy range 20 500-32 500 cm™!. For 17 levels,
no previous experimental data exist. These results have allowed the testing of new theoret-
ical calculations with the relativistic Hartree—-Fock method taking configuration interactions
and core-polarization effects into account, and a satisfying agreement has been found for this
complex ion. A new set of calculated oscillator strengths, accurate within a few per cent for
the strongest transitions, is presented for 107 lines of astrophysical interest appearing in the
wavelength range 358.0-1100.0 nm. These results will be useful to evaluate abundance values
of neodymium in chemically peculiar stars in relation with cosmochronology.
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1 INTRODUCTION

The consideration of the r-process abundance patterns in some stars
allows an age determination of the earliest galactic halo. In partic-
ular, the comparison of the abundances of the heavy elements (i.e.
thorium and uranium) synthesized soon after the formation of our
Galaxy with those of lighter stable neutron capture elements allows
the estimation of the age of this halo. However, some singly ion-
ized rare-earths, interesting for cosmochronometry (in relation with
the third n-capture peak), have only poorly determined transition
probabilities (Sneden, Lawler & Cowan 2002). As a consequence,
narrowing the uncertainties in age estimates relies clearly on further
improvements in r-process theory but also on high-resolution spec-
troscopy of very metal-poor stars itself depending upon accurate
atomic data.

The age of some very metal-poor stars (see e.g. Cayrel et al. 2001)
can be estimated, by comparison of abundance ratios of radioactive
and stable nuclear species, using different pairs of elements such as
U/Th, U/Os and U/Ir. Nd 11 is one of the elements which can be used
as a stable nuclear species in cosmochronology for estimating the
age of the Galaxy (Lawler, Whaling & Grevesse 1990). The present
study is mainly aimed at obtaining a new set of atomic data for this
ion having in mind contribution to the cosmochronometry based on
the pair U/Nd.
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In a more general context, accurate atomic data for lanthanide
ions are required for refining the stellar elemental abundances and
for more firmly establishing the odd-even effect observed in many
stars: in fact the elements with an even atomic number appear gener-
ally more abundant than the odd elements. In some stars, however,
this odd-even effect does not appear clearly because some of the
lines (which are frequently only a few of them) used for deducing
abundance values are affected by blending with the abundant el-
ements (iron-group elements) and by possible unknown hyperfine
structure effects.

Singly ionized neodymium is frequently observed in astrophys-
ical spectra and the analysis of Nd1 lines leads to strong over-
abundance estimates of this element in many stars compared to the
adopted solar system value. Nd 11 lines have been identified in Ap
stars, e.g. by Smith & Lambert (1985), in Bp stars, e.g. by Cowley
& Crosswhite (1978) and some Nd 11 lines appear very strong in the
stars of the Cr—Eu—Sr subgroup (Adelman 1973) and in Am stars
(Smith 1973, 1974). Nd 1t lines have also been identified in G- and
K-type dwarfs (Gilroy et al. 1988), in Ba stars (Lambert 1985) and
in S-type stars (Bidelman 1953). Recently, the presence of Nd in
HgMn stars has been investigated by Dolk et al. (2002) who found
a strong overabundance of this element. Nd 11 is also observed in
the solar photospheric spectrum (see e.g. Gorshkov & Komarovskii
1986; Anders & Grevesse 1989).

A number of investigations have been performed to improve
our knowledge of the radiative parameters of Ndu and to ob-
tain oscillator strength values of astrophysical interest. Corliss &
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Bozman (1962) first contributed to the f value determination us-
ing arc spectra; however, these values have been proven to be very
uncertain and even wrong sometimes by an order of magnitude.
This point has been frequently discussed in the literature. Maier &
Whaling (1977) reported branching fraction (BF) measurements for
the known transitions originating from nine levels of Nd 11 by investi-
gating a hollow-cathode discharge in argon, and oscillator strengths
were deduced from a combination of the new BFs and previous
lifetime measurements carried out by Andersen et al. (1975). Us-
ing these data, an abundance value of neodymium in the Sun was
derived from the analysis of 12 weak Nd 1 solar lines (Maier &
Whaling 1977). However, as pointed out by Simonsen et al. (1988),
the assumption of LTE is questioned for arc or hollow-cathode dis-
charges and is responsible of large errors affecting some of the
previous measurements.

In order to refine the solar content of Nd, Ward et al. (1984, 1985)
measured the lifetimes of eight and 24 levels in Nd 11, respectively,
using the laser-ion beam technique, and deduced oscillator strengths
of some Nd 11 lines from a combination of the BFs deduced from arc
spectra (Corliss & Bozman 1962; Reader et al. 1980) or measured
by Maier & Whaling (1977) and of the new lifetime values.

The lifetime compilation of Blagoev & Komarovskii (1994) con-
tains 11 lifetime values originating from the delayed-coincidence
measurements of Gorshkov et al. (1982). Additional measurements
of radiative lifetimes in Nd i have been carried out by Pinciuc
et al. (2001) who considered 35 levels up to 30 000 cm~! using the
collinear beam-laser method and by Lu et al. (1989) and Shi et al.
(1991), who concentrated on the odd level at 23 537 cm™! (J =
9/2) using the time-resolved collinear fast-beam laser approach.
The most recent results in the same ion were undertaken by Scholl
et al. (2002), who measured 13 lifetime values using two variants
of the beam-laser method.

Although one way of obtaining accurate f values results from
a combination of experimental BFs and experimental lifetimes,
it is extremely difficult in the lanthanide elements due to their
very complex atomic structures and spectra and to the problem
associated with eventual missing branches (e.g. for infrared tran-
sitions). Instead, an alternative way of deducing absolute oscilla-
tor strengths results from the combination of accurate experimen-
tal lifetimes with theoretical BFs which are in turn very difficult
to calculate accurately. As they could be affected by large un-
certainties, a detailed check by comparison with experiment ap-
pears necessary. This procedure has been applied with success
for many lanthanide ions as illustrated on the web site at the
address http://www.umh.ac.be/~astro/dream.shtml (Quinet et al.
2002; Biémont & Quinet 2003) and has been adopted in the present
study.

In the present paper, we report on lifetime measurements of 24
levels of Nd 11, of which 17 are considered for the first time, using
time-resolved laser-induced fluorescence spectroscopy on a laser-
produced plasma. Also, theoretical calculations of lifetimes, using
a relativistic Hartree-Fock approach (HFR method; Cowan 1981)
taking core-polarization effects and configuration interactions into
account, are reported in the present paper. New oscillator strengths
are proposed for 107 transitions originating from the levels from
which lifetimes have been measured in the present work. The aim
of this contribution is to provide new radiative parameters for transi-
tions emitted from low energy levels (the highest energy considered
being 32 465 cm™') which are the most susceptible to be observed
in astrophysical spectra and to make reliable abundance determina-
tions, based on a more extended set of lines possible (data on 94
new lines were obtained).

2 THE SPECTRUM OF ND 11

Nd 1 has seven stable isotopes: '*?Nd (27.2 per cent), ¥Nd (12.2
per cent), '*4Nd (23.8 per cent), ' Nd (8.3 per cent), °Nd (17.2),
148N (5.7 per cent) and '°Nd (5.6 per cent). The ground-state level
of this ion is 4f*(°*1)6s I7/,. The nuclear spin of the isotopes 143
and 145 is 7/2, these two odd-mass stable isotopes being affected
by hyperfine structure (Lu Fuquan et al. 1991; Ma Hongliang et al.
1997; Li Maosheng et al. 2000).

The energy levels of Nd 1, as compiled by the NIST (Martin,
Zalubas & Hagan 1978, http://physics.nist.gov/cgi-bin/AtData/
main_asd), were obtained from previous investigations carried
out by Albertson, Harrison & McNally (1942) and Schuurmans
(1946) and from more recent analyses of NdI and Nd 1 spectra
performed at the Zeeman Laboratory of Amsterdam and at the
Laboratoire Aimé Cotton in Paris (Wyart 1968; Hoekstra 1969;
Blaise et al. 1970; Morillon 1970; Blaise et al. 1971). A revised
interpretation of the Nd I spectrum, with help of the '**Nd-'"°Nd
isotope shift, has been made by Blaise & Wyart (1984) who
considered the complete system of levels of Ndi built on the
core f3, proposed 126 new levels and revised 96 previous values.
This new analysis relied upon parametric studies of the low-lying
subconfigurations. The energy levels used in the present work (see
Section 4) are basically those taken from the NIST compilation
(Martin et al. 1978; http://physics.nist.gov/cgi-bin/AtData/
main_asd) and from the analysis of Blaise & Wyart (1984). The
experimentally determined even levels belong to the configurations
4f*6s, 4f*5d, 4£°5d6p and 4f36s6p, while the odd levels belong
to the configurations 4£°5d?, 435d6s and 4f*6p. It should be
emphasized, however, that the designation of many levels is
still uncertain and that most of them show strong configuration
interaction mixings.

3 MEASUREMENTS OF RADIATIVE
LIFETIMES

Radiative lifetimes of 24 low-energy levels of Nd 11 belonging to the
4£35d” and 4f*6p configurations were measured using the method of
time-resolved laser-induced fluorescence. The Nd* ions produced
by laser ablation, using a pulsed Nd:YAG laser focused on to a
rotating neodymium target, were excited by single-step excitation
from the ground state and different metastable states. The levels
investigated, whose energy values are taken from the NIST atomic
spectra data base, are presented in Table 1 (see also Tables 2 and 3).

In order to generate the required excitation pulses, a seeder in-
jected Nd: YAG laser (Continuum NY-82), characterized by a 532-
nm wavelength, an 8-ns pulse duration and a 400-mJ pulse en-
ergy, was used to pump a dye laser (Continuum Nd-60). How-
ever, before entering the dye laser, the beam from the Nd:YAG
laser was sent into a compressor, based on stimulated Brillouin
scattering in water, to shorten the laser pulses to about 1 ns.
The dye laser, operated with a 4-dicyanomethylene-2-methyl-6-
p-dimethylaminostyryl-4H-pyran (DCM) dye, was effectively fre-
quency doubled in a potassium dihydrogen phosphate (KDP) crys-
tal. According to the excitation requirements shown in Table 1,
different orders of Stokes (S) and anti-Stokes (A) Raman scatter-
ing from the fundamental and second harmonic beam from the dye
laser were obtained by focusing the beam into a cell with hydrogen
at at pressure of about 10 bar. The excitation light was then isolated
with a CaF, Pellin—Broca prism and sent into the vacuum chamber
crossing a neodymium plasma at a distance of about 10 mm above
the foil. The plasma was produced by focusing 532-nm wavelength
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Table 1. Nd1ilevels considered in the present work and excitation schemes.
The excitation origin (level energy, in cm™!), the corresponding wavelength
(A1, in nm) and the detection wavelength (A,, in nm), respectively, are given
in the table. 2w means the second harmonic, S and AS are written for the
first Stokes and anti-Stokes components of the Raman scattering.

Excitation Observed laser

E (cm~1)¢ Origin A1 (nm)yye. Ao (nm)yye Mode
20 672.581 513.322 496.05 526 o+ AS
20 830.048 1650.199 521.38 492 2w + 3S
20907.332 1470.097 514.48 519 o+ AS
22 696.885 513.322 450.78 509 20 + 2S
23 229.991 0.0 430.48 440 20w + 28
24 721.059 1470.097 430.09 452 20 + 28
25 044.675 1650.199 427.45 399 20 + 28
26 640.085 0.0 375.37 383 20+ S
27 245.453 513.322 374.08 391 20+ S
27 425.015 0.0, 364.63, 385 20+ S
513.322 371.59 2w+ S
27 445.854 3801.917 422.94 402 20 + 2S
27 744.196 1470.097 380.60 397 2w+ S
27921.395 513.322 364.86 381 20+ S
28 213.885 513.322, 361.00, 376 2w+ S
1650.199 376.45 20+ S

28 285.619 1470.097 372.92 389 2w+ S
28 563.485 1470.097 369.09 392 20+ S
29 043.459 1650.199 365.05 385 2w+ S
29 434.270 2585.453 372.46 390 20+ S
29 484.600 1650.199 359.27 379 2w+ S
3066.75 378.53 20+ S

30 094.850 2585.453, 363.51 391 2w+ S
3801.917 380.33 20+ S

30 246.771 3801.917 378.15 397 2w+ S
30 707.282 3801.917 371.67 390 20+ S
31 153.870 3801.917 365.60 375 20+ S
32 464.640 5085.619 365.24 378 20+ S

Note: “From the NIST compilation (Martin et al. 1978 and
http://physics.nist.gov/cgi-bin/AtData/main_asd).

laser pulses, emitted from a 10-ns duration Nd: YAG laser (Contin-
uum Surelite) with variable pulse energy in the range 2—10 mJ, on
a rotating neodymium foil, which is placed in a vacuum chamber
with 107°~10~> mbar background pressure. Both Nd:YAG lasers,
operated in an external trigger mode, were controlled by a digital
delay generator (Stanford Research Systems Model 535).

Fluorescence from the levels investigated was collected by a fused
silica lens, and then appropriately filtered by a 1/8 m monochroma-
tor (resolution of 6.4 nm mm~™"). The strongest signal from the
upper levels to possible lower levels was selected and detected by
a Hamamatsu R3809U-58 photomultiplier tube (200 ps rise time).
The time-resolved signal from the detector was captured by means
of a digital oscilloscope (Tektronix Model DSA 602), where an av-
erage of 1000 pulses was performed to obtain a sufficiently high,
smooth signal-to-noise ratio. A Thorlabs SV2-FC photodiode (120
ps rise time), driven by the excitation beam, was employed to trigger
the oscilloscope. Through a GPIB cable, the time-resolved fluores-
cence decay data were transferred to a personal computer and the
lifetime evaluation was performed by an exponential fit. A sample of
adecay curve is shown in Fig. 1. For more details about the method,
see e.g. Biémont et al. (2001) and Zhang et al. (2002).

In the measurements, possible systematic errors were considered.
The plasma density and temperature in the interaction region can be
adjusted by changing the delay time between the excitation and ab-
lation laser pulses. With appropriately varied plasma conditions, the
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Figure 1. A typical Nd 11 experimental decay curve with an exponential fit.
The lifetime for this level situated at 22 696.885 cm™! is 78(7) ns.

intensity of the fluorescence signal was changed by a factor of 10,
while the lifetimes remained constant within the experimental scat-
tering. This confirmed that the collisional quenching and radiation
trapping effects within the parameter range used were negligible.
A magnetic field of about 100 G provided by a pair of Helmholtz
coils was added or removed over the plasma zone to check poten-
tial quantum-beat effects on long lifetimes. The entrance slit of the
monochromator was opened in a maximum way in order to eliminate
flight-out-of-view effects for longer lifetime measurements. About
10 fluorescence decay curves for each studied level were recorded
under different experimental conditions. All experimental lifetime
results are included in Table 2 with estimated statistical errors. They
are also compared in the same table with previous experimental re-
sults and with the theoretical lifetimes as calculated in the present
work (see Section 4).

The new lifetime values agree within the estimated uncertainties
with the recent measurements of Pinciuc et al. (2001) (four measure-
ments in common) obtained using the collinear beam-laser method.
No comparison was possible with the recent results of Scholl et al.
(2002) because there are no levels in common between the two
papers. A good agreement is also observed with the laser mea-
surements of Ward et al. (1985). For the level at 27 445.854 cm™!,
however, a discrepancy of a factor of 2 is observed. As our measure-
ment for this level entirely supports the value reported by Pinciuc
et al. (2001), it is reasonable to believe that the problem is origi-
nating from the result published by Ward et al. (1985). Some dis-
crepancies do appear when comparing the laser measurements (this
work and Ward et al. 1985) with the delayed coincidence results of
Gorshkov et al. (1982), this technique appearing sometimes unre-
liable in singly ionized atoms (for a recent discussion, see e.g. Li
et al. 1999).

4 HFR CALCULATIONS

The theoretical method considered in this paper for obtaining the
required BFs is the well established HFR approach described by
Cowan (1981). Configuration interaction was explicitly retained
among the 4f35d2, 4f35d6s, 4f36s? and 4f*6p odd-parity configura-
tions and among the 4f*6s, 4f*5d, 4f*5d6p and 4f>6s6p even-parity
configurations. Due to the numerous possible interactions between
the low-lying configurations that could not be considered explicitly
in the calculations in view of the computer limitations, core-
polarization effects were introduced in the model by considering
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Table 2. Nd i observed and calculated lifetime values and comparison with
previous results.

Lifetime (ns)

E (cm™ )¢ This work Previous
Exp. Theory”

20 672.581 79 (7) 65.7

20 830.048 61 (6)

20907.332 109 (14)  100.3

22 696.885 78 (7) 93.2 80.6(4.7)¢

23229.991 134(05) 84  13.3(0.4),13(3)", 14.0(0.8)°,13(3)¢
24721.059 112 (12)
25044.675  20.0(2.0)  15.3
26640.085 22.5(14)  21.0
27245453 23.7(L.7)
27425015 29 (2) 212
27445854  36(2)
27744.196  222(15) 157

14(3),19.5(0.9)°

36.1(1.6)%, 15.9(0.5)¢
10(1)?, 20.8(0.7)¢

27921.395 16.7 (0.8) 13.9

28 213.885 31(2)

28 285.619  18.1(0.9) 18.6

28563.485 18.1(1.4) 21.2

29043.459  26.5(1.5)

29434270 14.8 (1.1) 232 13.1(1.4)¢
29 484.600 14 (1.2)

30 094.850 40 (2)

30246.771  12.7 (0.7) 7.5 192)°
30707.282  17.6 (1.0) 16.9

31153870  31(2) 16.1
32464.640  20.5(1.5)

Notes. “Pinciuc et al. (2001), ?Gorshkov et al. (1982), “Ward et al.
(1985), Andersen et al. (1975). fThis work: HFR calculations with
core-polarization included (see text). $From NIST compilation (Martin
et al. 1978 and http://physics.nist.gov/cgi-bin/AtData/main_asd).

a core-polarization potential and a correction to the dipole opera-
tors according to a procedure described in previous papers (see e.g.
Quinet et al. 1999). The polarizability of the ionic core was chosen
to be equal to the value tabulated by Fraga, Karwowski & Saxena
(1976) for Nd 1V, i.e. oy = 8.30 au, and the cut-off radius was equal
to 1.683 au, which corresponds to the HFR value of (r) for the
outermost Xe-like core-orbitals (5p ©).

In view of the unknown label of many experimentally determined
energy levels available in Nd 11 and of the strong mixing occuring
among many of the low-lying levels, no semi-empirical adjustment
of the radial parameters could be seriously considered. Instead, in or-
der to obtain a more realistic representation of the Nd 1l energy spec-
trum, all the Slater integrals were scaled down by a factor 0.75, a fac-
tor recommended by Cowan (1981), and the average energies were
adjusted to reproduce adequately the lowest levels identified in the
NIST compilation (Martin et al. 1978; http://physics.nist.gov/cgi-
bin/AtData/main_asd).

Looking at the theoretical results, it is worth mentioning that
most of the levels considered in the present work are characterized
by very strong mixings as illustrated in Table 3. These strong pertur-
bations can lead to difficulties for establishing unambiguously the
correspondence between experimental and theoretical level values.
This is the case for the levels situated at 20 830.048, 24 721.059,
27 245.453, 27 445.854, 28 213.885, 29 043.459, 29 484.600, 30
094.850 and 32 464.640 cm™~!, for which it was impossible to quote,
with certainty, the corresponding HFR values even when comparing
the available Landé factors. Consequently, no HFR lifetime values
are reported in Table 2 for these levels.

The calculated lifetimes are compared with the experimental ones
in Table 2. As seen from this table, an agreement within 30 per cent
has been found between the HFR lifetimes and the laser measure-
ments obtained in the present work for 9 levels. For the remaining

Table 3. Odd-parity energy levels in Nd 11 for which radiative lifetimes have been measured in the present work.

Eexp® Zexp® Config.# Term* J Enrr? gHFR[’ Leading components”"‘

(em™) (em™)

20 672.581 0.780 4 9/2 21338 0.788 29% 4f35d% 41 4 16% 43652 1 4 10% 4f*6p *1
20 830.048 0.690 ‘H 712

20 907.332 0.890 4K 1172 20918 0.961 25% 4f35d2 4K + 12% 4135d% °G + 7% 4135d% *K
22 696.885 0.965 4 11/2 23212 1.005 28 % 43652 4T + 12% 4£35d% *1 4 10% 4£35d% “1
23229.991 0.780 4f*D)6p oK 9/2 23522 0.699 51% 4f*6p OK + 6% 4£35d% 41 4 3% 4£35d% 1
24 721.059 1.050 4 132

25 044.675 0.820 44 CT)6p o1 72 24 663 0.760 28% 4f*6p 1 + 22% 4f35d6s°G + 5% 4f35d? °H
26 640.085 0.970 44 (CT)6p SH 712 26 501 1.007 17% 4£*6p °H 4 9% 4135d6s°H + 7% 4354 *G
27 245.453 0.955 4f*C16p 4K 1172

27 425.015 1.170 44 (CT)6p SH 92 27 568 1.098 16% 4£*6p °H + 11% 4£35d6s°H + 7% 4£35d* 4G
27 445.854 1.110 1572

27 744.196 1.080 4f*C1)6p o1 13/2 27 864 1.149 25% 4f*6p T + 22% 4135d% OH + 4% 4£35d% *K
27 921.395 1.035 44 CT)6p 4 92 27 660 0.898 28% 4f*6p*1 + 7% 435d6s*1 + 4% 4£35d% °D
28 213.885 0.720 44 (CT)6p ‘H 72

28 285.619 1.085 44 CT)6p SH 1172 28 616 1.180 20% 4f*6p °H + 11% 4f35d6s°H 4 9% 4f35d6s*G
28 563.485 1.044 4 (CT)6p ‘K 132 26 184 1.010 22% 4f*6p*K + 8% 435d° 4K + 6% 4£35d% *K
29 043.459 0.981 44 CT)6p ‘H 92

29 434.270 1.215 44 (CT)6p SH 132 29 970 1.157 16% 4£*6p °H + 11% 4£35d6s°H + 7% 4£35d% 41
29 484.600 1.022 44 CT)6p 41 1172

30 094.850 1.105 4f*C1)6p 4K 152

30 246.771 1.220 44 CT)6p o1 172 30446 1.252 54% 4f*6p O + 6% 4f35d° 61 + 5% 4f35d% *K
30 707.282 1.205 44 (CT)6p SH 152 31108 1.178 22% 4f*6p °H + 12% 4£35d6s°H + 12% 4£35d6s “L
31 153.870 1.115 44 CT)6p 41 132 31042 1.091 24% 4f*6p 1 + 8% 4£35d6s *1 + 7% 4f35d6s 4K
32 464.640 1.130 4f*CT)6p 4 152

Notes. “From NIST compilation (Martin et al. 1978 and http://physics.nist.gov/cgi-bin/AtData/main_asd). *Present work. °Only the main components are given.
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Table 4. Oscillator strengths (log gf) and transition probabilities (gA) of the most intense lines (log gf > —1.50) depopulating the levels considered in the
present work. A(nm) is the transition wavelength in nm. Eloy and Eyp correspond to the lower and upper excitation energies involved in the transition. log g f
and gA are the weighted oscillator strengths and transition probabilities. 6.807(7) is written for 6.807 107 s~1.

A (nm) Transition® Elow (cm™1)? Eyp (ecm™Yloggf gA(s™h loggf gA (s Adopted®
Theory”
4959116 41465 019 )n—1%9 513.322 20 672.581 —0.66 6.807 (7) —0.74 5.661 (7)
525.5502 465 419 )2-1% 2 1650.199 20 672.581 —0.62 6.525 (7) —0.70 5.427 (7)
490.2032 4465 °ly,—*K° 112 513.322 20 907.332 —0.81 4.593 (7) —0.85 4.227 (7)
519.1435 4168 *19/2—*K° 112 1650.199 20 907.332 —0.60 6.650 (7) —0.64 6.119 (7)
1071.9235 4f*5d *L13/0-*K° 112 11580.863 20 907.332 —1.37 2.617 (6) —1.41 2.409 (6)
450.6578 41465 O1o /o111 2 513.322 22 696.885 —1.23 2.165 (7) —1.15 2.587 (7)
470.9711 41468 111 o410 11 2 1470.097 22 696.885 —1.03 3.083 (7) —0.95 3.683 (7)
497.0909 41465 8113/,-41°11 2 2585.453 22 696.885 —1.38 1.245 (7) —-1.30 1.488 (7)
509.2789 4465 111 2-1° 112 3066.750 22 696.885 —0.78 4.651 (7) —0.70 5.557 (7)
430.3569 4465 ©17,-4f*6p °K°9 )2 0.000 23229.991 0.26 7.151 (8) 0.06 4.483 (8)
440.0818 41465 6195 -4f*6p K> 513.322 23229.991 —0.83 5.551(7) —-1.03 3.480 (7)
463.2668 4f*6s 1g)2-4f*6p °K°9)2 1650.199 23229.991 —0.97 3.618 (7) —1.17 2.268 (7)
495.8136 4*6s 4111 ,—-4f*6p °K°9 )2 3066.750 23229.991 —1.04 2.687 (7) —1.24 1.684 (7)
531.9811 41*5d Sy ,-4f*6p °K°> 4437.558 23229.991 0.03 2.642 (8) —0.17 1.656 (8)
580.4000 4f*5d Ky ,r—4f*6p °K°9 )2 6005.271 23229.991 —0.45 7.707 (7) —0.65 4.831 (7)
636.5537 4145d 617 /,-41*6p K9 7524.740 23229.991 —1.25 9.544 (6) —1.45 5.983 (6)
399.1736 4165 O17 p—4f*6p °1°7 0.000 25 044.675 —0.06 3.758 (8) —0.18 2.875 (8)
4273311 4f*6s 41g p—at*6p °1°7 ) 1650.199 25 044.675 —1.09 3.004 (7) —1.21 2.298 (7)
525.0804 41*5d SKo,o—4f*6p °1°7) 6005.271 25 044.675 —0.62 5.927 (7) —0.73 4.534 (7)
570.6201 4f*5d O17 p—at*6p °1°7 ) 7524.740 25 044.675 —0.83 2.886 (7) —0.95 2.208 (7)
650.4455 41*5d SHs o—4f*6p °1°7), 9674.844 25 044.675 —1.38 6.093 (6) —1.50 4.661 (6)
660.4930 4f*5d *Hy p—4f*6p °1°7 ), 9908.650 25 044.675 —1.41 5.329 (6) —1.53 4.077 (6)
706.1482 41*5d *Gs p-4f*6p °1°7 ), 10887.246 25 044.675 —1.32 5.711 (6) —1.44 4.369 (6)
375.2675 4f*6s ®17 ,-4f*6p °H°7 )2 0.000 26 640.085 —-1.06 4277 (7) —-1.09 3.992 (7)
382.6407 4f*6s ®lg,—4f*6p °H 7 ) 513.322 26 640.085 —0.31 2.306 (8) —0.34 2.152(8)
400.0488 4165 41g o -4f*6p SH 75 1650.199 26 640.085 —1.04 3.906 (7) —-1.07 3.646 (7)
548.7021 41*5d 01y p—4f*6p OH7 8420.321 26 640.085 —1.27 1.159 (7) —1.30 1.082 (7)
560.2661 4*5d 6Gso-4f*6p °H°7 )2 8796.378 26 640.085 -0.92 2472 (7) —-0.95 2.307 (7)
573.1799 41*5d 5G7,-4f*6p OH°7 9198.395 26 640.085 —1.43 7.135 (6) —1.46 6.660 (6)
625.8713 41*5d SHy,-4f*6p SH°7» 10666.777 26 640.085 —121 9.989 (6) —1.24 9.323 (6)
371.4800 4465 ®lyr—4f*6p °Ho 2 513.322 27 425.015 —0.68 1.065 (8) —0.82 7.786 (7)
385.1742 4f*6s °Iy; ,—4f*6p °Hog 1470.097 27 425.015 —0.30 2363 (8) —0.44 1.728 (8)
410.4224 4465 4111 -4f*6p °Hog )2 3066.750 27 425.015 —1.08 3.480 (7) —1.22 2.544 (7)
548.4957 41*5d 5G7,-4f*6p OH°9 > 9198.395 27 425.015 —1.01 2.163 (7) —1.15 1.581 (7)
553.3383 4f*5d O1y1 ,—4f*6p °Hog )2 9357.906 27 425.015 —1.19 1.410(7) —1.33 1.031 (7)
570.7364 41*5d *Hy,-4f*6p OH%9 9908.650 27 425.015 —1.44 7.242 (6) —1.58 5.294 (6)
604.3634 4*5d Gy r-4f*6p °Hog > 10883.260 27 425.015 —1.14 1.445 (7) —1.28 1.056 (7)
636.1420 41*5d OHg o -4f*6p OH%)» 11709.600 27 425.015 —1.28 8.377 (6) —1.42 6.124 (6)
380.4949 4f*6s ©111 -4f*6p °1°13)2 1470.097 27 744.196 —1.25 2.735 (7) —1.40 1.934 (7)
397.3637 4465 ©113/2-4f*6p °1°13)2 2585.453 27 744.196 0.02 4.571 (8) —0.13 3.233 (8)
405.1139 4f*6s 111 2-4f*6p °1°13)2 3066.750 27 744.196 —0.58 1.120 (8) —0.73 7.921 (7)
417.5535 4465 ©1y5/2-4f*6p °1°13)2 3801.917 27 744.196 —0.95 4.437 (1) —1.10 3.138 (7)
430.3250 4f*6s 113/2-4f*6p °1°13)2 4512.481 27 744.196 —0.88 4.885 (7) —1.03 3.455 (7)
534.5691 4*5d 9K y5/2-4f*6p °1°13)2 9042.743 27 744.196 —0.44 8.798 (7) —0.59 6.222 (7)
574.3190 4£*5d 0113/5-41*6p °1°13)2 10337.097 27 744.196 —0.58 5.242 (7) —0.73 3.707 (7)
672.8924 4*5d OH,y ;,—-4f*6p 1°13)2 12887.081 27 744.196 —1.02 1.351 (7) —1.17 9.554 (6)
673.7765 41*5d 4Ly 5,-4f46p °1° 132 12906.575 27 744.196 —1.11 1.184 (7) —1.26 8.373 (6)
706.7018 4*5d 4K y3/2-4f*6p 1°13)2 13597.857 27 744.196 —1.49 4.160 (6) —1.64 2.942 (6)
358.0461 4f6s 017 p—4t*6p 1% 0.000 27921.395 —1.34 2.445 (7) —1.42 2.035 (7)
364.7521 4f6s O1g p—4f*6p I°)> 513.322 27 921.395 —0.69 1.046 (8) —0.77 8.706 (7)
380.5370 4f*6s 1o p—4t*6p 1% 1650.199 27921.395 —0.02 4.525 (8) —0.10 3.766 (8)
402.2256 4f6s “111 p—4f*6p 112 3066.750 27 921.395 —1.46 1.450 (7) —1.54 1.207 (7)
555.0083 41*5d *Hy p—4f*6p 1) 9908.650 27921.395 —-1.19 1.307 (7) -1.27 1.088 (7)
616.6642 41*5d SHoo—4f*6p 11°9» 11709.600 27 921.395 —1.31 7.958 (6) —1.39 6.624 (6)
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Table 4 — continued

A (nm) Transition? Eow (cm_l)” Eyp (cm_l)“log gf gA (s_l) log gf gA (s‘l) Adopted®
Theoryb
638.9976 445d K1 2-4f*6p *1°9)2 12276.210 27 921.395 —0.89 2.020 (7) —0.97 1.682 (7)
681.2331 41*5d 41 p-4146p 41°9 5 13246.181 27921.395 —0.87 1.860 (7) —0.95 1.548 (7)
720.6995 4f*6s K1 2-4f6p *1°9)2 14049.810 27 921.395 —1.39 6.223 (6) —1.47 5.182 (6)
372.8123 4165 111 p—4f*6p SH° 12 1470.097 28 285.619 —1.02 4.928 (7) —1.01 5.064 (7)
388.9923 4f6s O1y3o—4f*6p OH° 1 )2 2585.453 28 285.619 —0.10 3.687 (8) —0.09 3.789 (8)
396.4163 4f*6s “1y1 o—4f*6p *H° 12 3066.750 28 285.619 —0.86 6.275 (7) —0.85 6.448 (7)
420.5244 41465 4113/2-4f*6p SH 112 4512.481 28 285.619 —-0.92 4.768 (7) —0.91 4.900 (7)
556.9943 415d O1y32-4f*6p °H°11 2 10337.097 28 285.619 —-1.15 1.546 (7) —1.14 1.589 (7)
574.4754 41*5d 6Gor—4f*6p °H° 1 )2 10883.260 28 285.619 —1.21 1.405 (7) —1.20 1.444 (7)
614.6746 4f*5d Gy ,-4f*6p °HC 112 12021.350 28 285.619 -1.23 1.167 (7) —1.22 1.199 (7)
649.2329 4f*5d OH, | ;,-4f*6p OHC 112 12887.081 28 285.619 —0.92 1.873 (7) —0.91 1.925 (7)
368.9887 4f6s 1y p—4f*6p *K°13)2 1470.097 28 563.485 —0.27 2.267 (8) —0.20 2.655 (8)
384.8315 41465 O1y3/,-4f*6p *K°132 2585.453 28 563.485 —1.42 1.451 (7) —1.35 1.699 (7)
392.0960 4f*6s 4111 p—4f*6p *K°13)2 3066.750 28 563.485 —0.09 3.035(8) —0.02 3.555(8)
4427864 4165 “1y5)2-4f*6p 4K°13)2 5985.571 28 563.485 -1.31 1355 (7) —-1.24 1.587 (7)
512.1329 4f*5d OK ;5/,-4f*6p *K° 132 9042.743 28 563.485 —-1.23 1.191 (7) —1.16 1.395 (7)
548.5027 4145d 1y32-4f*6p “K°13,2 10337.097 28 563.485 —1.45 5.835 (6) —1.38 6.834 (6)
638.5191 4f*5d 4L 15/,-4f*6p *K° 132 12906.575 28 563.485 —0.43 4.473 (7) —0.36 5.239 (7)
654.9297 4f*5d OH,3,,-4f*6p *K° 132 13298.888 28 563.485 -1.29 5.379 (6) —1.22 6.300 (6)
668.0134 4f*5d 4K 13/-4f*6p *K° 132 13597.857 28 563.485 —0.93 1.164 (7) —0.86 1.363 (7)
372.3500 41465 O113/,-4f*6p *I°132 2585.453 29 434.270 —1.11 4.034 (7) —0.91 6.324 (7)
390.0215 4465 OLy5/2-4f*6p “1°13)2 3801.917 29 434.270 -0.09 3.829 (8) 0.11 6.002 (8)
426.3429 41465 4115/2-4f*6p *1°132 5985.571 29 434.270 —0.78 6.444 (7) —0.58 1.010 (8)
553.5316 4145d 61,5 2-4f*6p *1°132 11373472 29 434.270 —-1.07 1.930 (7) —0.87 3.025 (7)
574.1270 41*5d 6Gyy jp-4f*6p 1°13)2 12021.350 29 434.270 —1.07 1.967 (7) —0.87 3.084 (7)
582.6549 445d 4K 1 -4f*6p 41°132 12276.210 29 434.270 —1.11 1.613 (7) —0.91 2.529 (7)
584.6314 41*5d 6Gy3/2-4f*6p I°132 12334.216 29 434.270 —1.31 9.583 (6) —1.11 1.502 (7)
631.2816 4145d 4K y3/2-4f*6p 41°132 13597.857 29 434.270 —1.47 5.744 (6) —1.27 9.004 (6)
649.8270 4f*6s 4K 1 jp-4f*6p 41°13)2 14049.810 29 434.270 —1.49 6.507 (6) —1.29 1.020 (7)
658.8015 445d *Hy3/2-4f*6p *1°132 14259.383 29 434.270 —1.27 8.099 (6) —1.07 1.270 (7)
699.7798 4*5d 4Gy jp-4f*6p %132 15148.000 29 434.270 —1.42 4.992 (6) —1.22 7.826 (6)
378.0.380 41465 O115/,-4f*6p °1°172 3801.917 30 246.771 —0.76 8.362 (7) —0.99 4.938 (7)
397.3257 4465 O1y72-4f*6p °1°17)2 5085.619 30246.771 0.59 1.687 (9) 0.36 9.963 (8)
412.0645 41465 4115/,-4f*6p °1°172 5985.571 30 246.771 —0.66 8.941(7) —0.89 5.280 (7)
530.2270 4145d 9K 19/2-4f*6p ©1°172 11392.171 30 246.771 —0.02 2.323 (8) —0.25 1.372 (8)
562.0589 41*5d °117/2-4f*6p °1° 172 12459.978 30 246.771 —0.08 1.731 (8) —0.31 1.022 (8)
634.1487 41*5d OH,5/2-4f*6p °1°172 14481.957 30 246.771 —0.39 6.474 (7) —0.62 3.823 (7)
689.5804 41*5d *L19/2-4f*6p O1° 172 15749.198 30 246.771 —0.86 1.981 (7) —1.09 1.170 (7)
733.1392 4145d 4K 17/2-4f*6p 1°17 2 16610.554 30 246.771 —0.90 1.557 (7) —1.13 9.195 (6)
754.7786 4f45d *1y5/2-4f*6p °1°17)2 17001.500 30 246.771 —1.46 4.108 (6) —1.69 2.426 (6)
390.1842 4165 8117,,-4f*6p *H° 152 5085.619 30 707.282 0.20 7.215 (8) 0.18 6.928 (8)
404.3885 4f6s *1y5),—4f*6p OH® 152 5985.571 30 707.282 —1.06 3751 (7) —1.08 3.602 (7)
544.1237 4f*5d Gy3,,-4f*6p °H° 152 12334.216 30 707.282 —-0.76 3.889 (7) —0.78 3.734 (7)
547.8739 41*5d 117 o—4f*6p °H 52 12459.978 30 707.282 —1.04 2.026 (7) —1.06 1.946 (7)
574.2762 4f*5d OH,3,,-4f*6p °H° 152 13298.888 30 707.282 —0.72 3.841 (7) —0.74 3.688 (7)
616.1500 4145d SHs/»-4f*6p SH° 152 14481.957 30 707.282 —0.65 3.904 (7) —0.67 3.749 (7)
375.2491 41465 4113/2-4f*6p *1°132 4512.481 31153.870 0.15 6.787(8) —-0.13 3.525(8)
397.2129 4465 1y5/2-4f*6p 11°13)2 5985.571 31 153.870 -1.50 1.364 (7) -1.78 7.084 (6)
547.2895 41*5d OH, 1 —-4f*6p *1°13)2 12887.081 31 153.870 —1.50 6.557 (6) —1.78 3.405 (6)
591.7451 4f45d *Hy3/2-4f*6p *1°132 14259.383 31 153.870 —0.91 2.163 (7) —1.19 1.123 (7)
604.8264 4f*5d 41y —4f*6p 11°13 )2 14624.778 31153.870 —1.09 1.438 (7) —-1.37 7.468 (6)
687.4114 445d 4K 7,2-4f*6p *1°132 16610.554 31 153.870 —-0.57 4.398 (7) —0.85 2.284 (7)
656.3912 4f*5d 4113 0—4f*6p 11°13 )2 15923.260 31 153.870 —0.78 2.420 (7) —1.06 1.257 (7)

Notes. According to the NIST compilation. ®This work: HFR theoretical results (see the text). “This work: results deduced from the experimental lifetime
values and from the theoretical HFR branching fractions.
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6 levels at 23 229.991, 27 425.015, 27 744.196, 29 434.270,
30246.771 and 31 153.870 cm™', however, larger discrepancies be-
tween theory and experiment are observed. These disagreements are
attributed to the strong mixing and to inaccurate eigenvalue com-
positions (see Table 3). More accurate results for these six levels
would probably require larger expansion sets for the wavefunctions
but further investigations in that direction were prevented basically
by computer limitations.

We have extracted from our computer output the weighted os-
cillator strengths (log gf, where g is the statistical weight of the
lower level) and transition probabilities (gA, where g is the statisti-
cal weight of the upper level) for the transitions depopulating the 15
levels for which calculated lifetimes are given in Table 2. These are
reported in Table 4 for the strongest (log gf > —1.5) lines. Using
the experimental lifetime values as measured in the present work
and the theoretical BFs, as calculated with the HFR approach, it was
possible to deduce ‘corrected’ f values and transition probabilities
for the 107 visible or ultraviolet (358.0 < A < 1100.0 nm) transitions
listed in Table 4 under the heading ‘adopted’.

Transition probabilities available for Nd 11 are very sparse and a
comparison of our theoretical data with experiment is only possi-
ble with the BFs obtained by Maier & Whaling (1977) for the two
multiplets common to the two works i.e. for the transitions orig-
inating from the levels at 23 229.991 and 30 246.771 cm~!. For
the strongest transitions of the first multiplet, the agreement theory-
experiment is better than 10 per cent, larger discrepancies appearing
for the weak line at 440.0828 nm and for the very weak lines at
463.2688 and 495.8139 nm. For the second multiplet, the compar-
ison has little meaning because only five transitions are quoted in
the work of Maier & Whaling (1977) while nine transitions with
log gf > —1.50 are given in our Table 4. The missing transitions
in the first work are probably responsible of the discrepancies ob-
served between the two works, particularly for the transition at
378.0391 nm.

In the present work, a new set of transition probabilities has been
obtained for 107 transitions from a combination of laser lifetime
measurements and branching fraction calculations. For 94 transi-
tions, there were no oscillator strengths previously available. The
new oscillator strengths are expected to be characterized by an
uncertainty of a few (<10) per cent for the strongest transitions.
As the transitions for which new f values are proposed are orig-
inating from low excitation levels, the results presented in Ta-
ble 4 are expected to help astrophysicists in their analysis of the
high resolution astrophysical spectra now currently available and,
consequently, in the determination of the chemical composition
of CP stars. These results will be incorporated in the data base
DREAM accessible at the web site: http://www.umh.ac.be/~astro/
dream.shtml.

In view of the complexity and of the richness of the Nd 11 spec-
trum, itis clear, however, from the present work that much additional
effort is still needed for improving our knowledge of the radiative
parameters (lifetimes, branching fractions and transition probabili-
ties) in this spectrum of astrophysical interest.
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