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Time-resolved laser-induced fluorescence lifetime measurements
and theoretical transition probabilities in Th
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Lifetimes of four short-lived levels belonging to thé%’F)6p configuration of Thi have been measured
using a two-step excitation time-resolved laser-induced fluorescence technique. They agree quite well with
multiconfigurational relativistic Hartree-Fock calculations performed with inclusion of core-polarization ef-
fects. Using the experimental lifetimes and the theoretical branching fractions, a set of transition probabilities
has been deduced for this ion.

DOI: 10.1103/PhysRevA.65.052502 PACS nuntber32.70.Cs, 42.62.Fi

I. INTRODUCTION more quantitative analysis of Tib spectrum in the labora-

. L : tory. Until now, however, no transition probabiliti€sither
The increasing interest in the spectra of doubly and trebly, o etical or experimentalare available for this ion, al-

ionized rare-eart(RE) elements results partly from their {hough such data are needed in plasma physics. Conse-
connection with the crystal spectra of the divalent and triva-quenﬂy, in this work, we report lifetime measurements of
lent RE salts. In fact, the comparison of the levels of thefour levels of Thil using time-resolved laser-induced fluo-
crystals with those of the free ions helps in a better underrescence spectroscopy and a laser-produced plasma. Experi-
standing of the crystal forces that are responsible for a modimental data are compared with theoretical calculations per-
fication of the levels of the ion inside the crystals. Theseformed within the framework of a relativistic Hartree-Fock
show complicated absorption and fluorescence spectra due {8FR) approach{7] including configuration-interaction and

the multiplicity of the levels originating from thef& con- core-polarization(CP) effects. This comparison allows one

figurations. It is clear, from these considerations, that thd® €St the act:_cura;cy offthe ?scnllatgr Istrengthts otfhgéeﬁtransr
lanthanide ions can be used as a sensitive probe of crystalli '(aggfsi g(l)Jrrlgtlig?] '2% d rtoomd e?il\j/re zvi :t O? ?rg?]';g ono prob ab[i)liti es
structure of RE'saItél]. . . for this ion from a combination of the experimental lifetimes

In astrophysics, the study of the composition of chemi- nd the theoretical branching ratios.
cally peculiar(CP) stars reveals large overabundances of REa The present work is part of an extensive program of life-
elements when they are compared with the chemical compgime measurements in doubly ionized REs. The results ob-
sition of the Sun(see, e.g.[2]). Rather limited information,  tained so far concern the following ions: la-Lum [8],
however, is available concerning the occurrence of thirdcey [9], Gdi [10], Erm [11], Prin [12,13, Tmm [14],
spectra of lanthanides in stellar sources, although their pres¢p j [15,16, Eum [17], Ndm [18], and Han [19,20. See
ence in some stars has long been recognized, e.9.[3]).  also the database of astrophysical interest, database on rare
Doubly ionized terbium(Tbi) has been particularly little earths at Mons UniversityDREAM) [30] where extensive
considered up to now in this context. The reason is thatsets of transition probabilities are stored.
although the strongest line of this ion appears to be presentin
the spectrum of some Stdmg_, HR 465 and HD 2535An0t Il. EXPERIMENTAL LIFETIME MEASUREMENTS

enough additional lines are identified to appraise the signifi- In the present work, the lifetimes of four levels belonging
cance of the identificatiofd]. Ade_lman and ShorES], how- 5 the configuration ﬂé6p were measured with a two-step
ever, showed that Tib was possibly present in the Intérna- gycitation time-resolved laser-induced fluorescence tech-
tional Ultraviolet Explorer spectra of HD 51418, but this ion pigque applied to a laser-produced plasma. The experimental
was not identified[6] in other CP stars. Tio has been gchemes are summarized in Table |I.
identified in Przybylski's star, which shows strong lines for The experimental arrangements used in the experiments
the lanthanide ions when compared to the iron group elehave been described elsewhésee, e.g.[10-12,15,16,18—
ments, frequently dominant in “normal” stars. Although the 20]). Free TB" ions were obtained by laser ablation. Laser
identifications may be obscured by some blending problemspulses, characterized by a 532 nm wavelength, a 10 Hz rep-
there is no reason to believe that the abundance of this eletition rate, and a 10 ns duration, were emitted from a
ment departs from the odd-even effect which is generallyneodymium-doped yttrium aluminum garrn(@&td: YAG) laser
observed for the REs. A possible explanation is the hyperfinéContinuum Surelite The pulses, usually of energy in the
structure, but the more likely one is the fact that this elemen2—5 mJ range, were focused vertically onto the surface of a
might be a factor of 5 or so less abundant than its een-pure terbium foil, which was rotated in a vacuum chamber.
neighbors. This point needs to be clarified on the basis oAfter the pulses, a plasma containing Tb atoms and ions in
accurate atomic oscillator strengths. different ionization stages expanded from the foil with dif-
Transition probabilities, if available, could also help for a ferent speeds. When b ions, moving faster than Tbions
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TABLE |. Excitation schemes in Tin.

Measured levél Origin leveP Nexc Nobs Nonlinear
(cm™b (cm™b) (nm) (nm) schemB
4t8("F5)6py(5,1/12% ) 54 632.46 16 261.84 260.54 291.3 v22S
4f8("F5)6pa5,312)8 ) 58811.23 16 261.84 234.95 261.7 v38S
4t8("F5)6p4a(5,312 %3/ 59 189.83 16 261.84 232.88 257.2 v8S
48("F 1) 6pa(4,3128 60 687.12 16 261.84 225.03 261.6 v8S

%Energy levels fronj24].
b, means the frequency of a DCM dye lasSror 2S means the first or the second Stokes component; 3
means frequency tripling.

and Th atoms, reached the interaction zone at 1 cm above tliene-resolved fluorescence decay curve was sent to a per-
foil, they were excited with suitable lasers into the levelssonal computer for subsequent lifetime evaluation.
under study. A detailed discussion of this type of measurements can be

Two lasers were used to populate the ionic levels of interfound elsewheregsee, e.g.[10-12,15,16,18-2Q only a
est in the experiment. First, a dye laser set with a wavelengthrief account is given here. Before the measurements, a care-
of 614.767 nm, pumped by a Continuum NY-82 Nd:YAG ful check was made to verify that there were no identified
laser with a pulse energy of 600 mJ and a repetition rate ofines belonging to neutral Tb atoms and “Tlons in the
10 Hz, was employed to populate the intermediate levebpectral neighborhood of the excitation wavelengths given in
16 261.84 cm® belonging to the configurationf45d. This  Table I, and the ionic stage identification was further sup-
laser, used as the first-step excitation light source, was sepbrted by studying the temporal behavior of the signals re-
horizontally to the center of the vacuum chamber, where itated to the plasma conditions. A magnetic field of about 120
interacted with the ions. In order to excite the ions in theG was added over the plasma zone by a pair of Helmholtz
intermediate state to the levels measured, an injection-seededils to reduce the plasma background light accompanying
Nd:YAG laser(Continuum NY-82 with a pulse duration of 8 the signal recording. The background, nearly invisible after
ns, a repetition rate of 10 Hz, and a single laser p(ésergy  applying the field, is due to recombination between the ions
of 400 mJ was shortened with a stimulated Brillouin scat- and electrons in the plasma. The effect of the field is to cause
tering cell down to 1 ns. The pulse was used to pump a dy¢he ions and the electrons to move in orbits of widely differ-
laser (Continuum Nd-60, in which a DCM dye was used. ent radii, keeping them spatially separated.

The dye laser pulse was subsequently frequency tripled in a In the measurements, the entrance slit of the monochro-
nonlinear optical system, consisting of a potassium dihydromator was placed horizontally and opened maximally in or-
gen phosphate crystal, a retarding plate, aggdarium bo-  der to efficiently collect the fluorescence. In order to obtain a
rate (BBO) crystal. According to the excitation requirements, smooth decay curve with a reasonable signal-to-noise ratio in
shown in Table I, different-order Stokes stimulated Ramarthe measurements, the curve was recorded by averaging fluo-
scattering components of the third-harmonic radiation wer@escence photons from more than 4000 pulses. During the
produced by focusing the harmonic radiation into a hydrogerexperiments, a variety of experimental conditions were
conversion cell with a gas pressure of about 10 bars. The
light of interest was selected using a quartz Pellin- Broca-
prism. The laser beam was also sent horizontally into theS
vacuum chamber in order to cross the first-step excnauon‘3
laser beam above the foil.

The three Nd:YAG lasers used in the experiments were
triggered externally by two digital delay generat@@sanford
Research System model 53%vhich were connected mutu-
ally and employed to adjust the delay time between the two$
excitation pulses and the timing with regard to the ablation™
pulse. By properly choosing trigger parameters for the lasers 2 =

Tb?* ions were excited to the levels of interest when the ions 0 1
reached the interaction zone. In the lifetime measurements~ 200
the first-step excitation pulse arrived at the ions about 20 n%’
earlier than the second-step excitation pulse. Fluorescenc LN+ 2 I = 2 VI
from the measured levels was imaged by two Mdgnses t 1 15 2 2 3 3 4
onto the entrance slit of a vacuum monochromator, and the
fluorescence selected by the monochromator was detected by
a Hamamatsu R3809-58 photomultiplier. The time-resolved FIG. 1. A typical experimental time-resolved fluorescence signal
signal was acquired and averaged employing a digital tranfrom the level at 54 632.46 cit in Tbui. The lifetime deduced
sient recorde(Tektronix model DSA 60R and the averaged from the fit was 2.1 ns.
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changed, including the intensity of the excitation laser, thasystematic errors. We give also in the same table the theoret-

of the ablation laser, and the delay time, which resulted in acal lifetime values obtained according to the procedure de-

modification of temperature and ionic density in the plasmascribed in Sec. Il hereafter.

This resulted in a change of the fluorescence signal intensity

by a factor of 4, but it was fou_nd that the I_ifetime values had IIl. CALCULATIONS OF LIFETIMES AND OF

no c_Ie_ar covariation. The Ilfe_t|me ev_aluat|on was performed OSCILLATOR STRENGTHS

by fitting the fluorescence signal with a convolution of the

detected excitation laser pulse and an exponential function Terbium (Z=65) has only one stable isotop®Tb) and

with adjustable parameters. A typical curve is shown in Fig.23 short-lived isotopes and isomers. Doubly ionized terbium

1. About 10 curves were recorded for each level investigated;Tb i) belongs to the europium isoelectronic sequence, a

and the final lifetime result for each level was taken as thecomplex atomic structure of the lanthanide series. Its funda-

average of the data for the curves. The electronic bandwidtmental configuration is # and the only experimentally

limitations of the detection system used in the present worlkknown excited configurations aref®hl| (nl=5d, 6s, and

were recently testef9] by considering the lifetime of the 6p).

short-lived Ba 2s2p 'P{ level. The lifetime obtained, i.e., The laboratory spectrum of doubly ionized terbium has

1.7910) ns, for this level was found in excellent agreementbeen produced by a pulsed hollow-cathode source and the

with previous theoreticdl21] and experimentdl22] results.  spectrum analyze23]. At that time, 485 transitions were
The four deduced lifetimes are shown in the last columrclassified among the 2500 lines observed. They connect the

of Table I, where the error bars reflect not only the statisticakf8(’F)5d configuration to the lowestH and °F terms of

errors but also a conservative estimate for possible remaininigpe ground configuration ## and also the #(’F)6p con-

TABLE II. Experimental and theoretical radiative lifetimés ns), for the 4f%6p levels of Thii. The
theoretical values have been obtained with@dER) and with (HFR+CP) inclusion of core-polarization

effects.
Level J E(cm Y HFR? HFR+CP? Experiment

4F8("F ) 6pyp(6,1/2) 11/2 52 039.185 1.48 1.96

13/2 52 252.635 1.48 1.95
418("F5)6pyp(5,1/2)° 9/2 53831.125 1.45 1.92

11/2 54 632.46 1.56 2.06 2+10.1
4F8("F ))6pyp(4,1/2) 712 54 965.075 1.44 1.90

9/2 55932.24 1.62 2.14
4F8("F,)6pyp(3,1/2)° 5/2 55 705.84 1.44 1.90

712 56 857.39 1.56 2.06
418("F¢)6py6,3/2) 13/2 56 779.125 1.21 1.60

15/2 57 036.08 1.07 1.41

11/2 57 620.57 1.23 1.62

9/2 58 722.65 1.30 1.72
418("F,)6pyp(2,1/2) 5/2 57 433.545 1.56 2.06
4F8("F)6pyp(1,1/2) 3/2 57 773.445 1.51 2.00
418("F,)6pyp(0,1/2) 1/2 57 893.975 1.49 1.97
4F8("F5)6pg(5,3/2)° 11/2 58811.23 1.15 1.52 0.1

13/2 59 189.825 1.11 1.47 0.1

9/2 59712.255 1.21 1.60

712 60 440.755 1.30 1.72
418("F ) 6p3p(4,312) 9/2 60089.475 1.12 1.48

11/2 60 687.115 1.16 1.54 1.2

712 61 009.61 1.21 1.61

5/2 61435.10 1.30 1.72
4F8(TF,)6pa(3,3/2)° 712 61131.515 1.11 1.46

9/2 61847.625 1.20 1.58

5/2 61973.18 1.20 1.58
418(7F,)6p3(2,3/2) 5/2 62157.57 1.12 1.48

712 62733.445 1.23 1.62
418("F1)6pa(1,3/2) 5/2 63383.965 1.25 1.65

3/2 63721.245 1.27 1.68

&This work (see texk
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TABLE IIl. Numerical values(in cm™*) adopted in this work most of the RE ions, as frequently pointed out in recently
for the radial parameters of thef% 4f8%6p odd-parity and the (see, €.9.[8,9,11-15).
4185d, 4f86s even-parity configurations of Tib. The ratios be- In view of the huge matrix dimensions involved in the
tween fitted andab initio values are also given in the table. calculations, which are basically limited by the available
computer capabilities, we were only able to consider explic-
itly, in the HFR model, the experimentally known configu-

Adopted value

i . . .
Configuration Parameter (em™) Ratio rations, i.e., 4°+4f%p for the odd parity, and #5d
4£° Ea 46854 +4f86s for the even parity. This set of configurations rep-
F2(4f,4f) 77482 0.691 resents a total of 5194 possible energy levels. Due to the
F4(4f,4f) 59461 0.580 limited computer capabilities, we were not able to include
FS(4f,4f) 42691 0.858 the 4f’5d? configuration in the calculation although this
Lat 1557 0.943 configuration is expected to overlap the known levels of
4%6p E., 126309 486p. Ind7eed2, a?ccordi?gz3 to Brtzvzé??], the lowest energy
F2(4f 4f ) 102069 0.850 level of 4f'5d<, i.e., 4f ( S°)5d? 193, should appear at
F4(4f,4f ) 64044 0856 51 OOOt 9000 Cm_l Wh|le the |OWeSt 486p IeVeI
F6(4f,4f) 46076 0.858 [4f8(7F6)6p1/2(6,1/2)$1/2] haS been |dent|f|ed at 52039.185
Las 1698 0.954 cm ! [24]. The limited set of configurations adopted in the
Zop 3213 1.237 theoretical model is, however, realistic because it is well es-
F2(4f,6p) 6232 0.846 tablished(see, e.g.[27]) that the 4"6s and 4"6p levels of
G(4f,6p) 1830 0.982 the third spectra of the rare earths do not interact strongly
G*(4f,6p) 1491 0.893 with other configurations, and that the radial energy integrals
for these configurations are nearly constant along the period.
41%5d Eav 85352 The core-valence correlation was introduced via a model
F2(4f 4f ) 101537 0.850 potential and a correction to the dipole operateee, e.g.,
F4(4f,4f) 63685 0.850 [13]). In order to consider these effects in thé&®al type
F(4f,4f) 45811 0.850 configurations, we used a dipole polarizabiliyy equal to
Lat 1702 0.960 6.55518 which corresponds to the tabulated vali&8] for
{54 1063 0.980 Tbiv. The cutoff radiug ; was taken as the HFR mean ra-
F2(4f,5d) 20919 0.822 dius of the outermost core orbital, i.€5p|r|5p)=1.522,
F4(4f,5d) 10366 0.859 which corresponds to the HFR average valyeor the out-
G'(4f,5d) 7396 0.646 ermost core orbitals (5°) of the investigated configurations.
G3(4f,5d) 5786 0.630 The transitions considered here are essentially of the type
G5(4f,5d) 5879 0.843 5d-6p and 6-6p and, for such transitions, the approach
followed for expressing the CP effects should be entirely
4186s Eav 89166 adequate.
F2(4f,4f) 102008 0.850 CP effects were taken into account neither in the funda-
Fé(af 4f) 64003 0.850 mental configuration calculation nor in tiiéf|r|5d) transi-
FO(af,4f ) 46046 0.850 tion matrix element calculation. In most lanthanide ions, the
Lat 1689 0.950 4f orbital is actually deeply imbedded inside the Xe-like
Gs(4f,69) 2213 0.810 core and so the analytical treatment used for the excited con-
figurations is generally no longer valid with the consequence
“Parameter fixed to 85% of i initio value (see text that the 4-5d transitions deserve a special treatment. A pos-

sibility to solve this problem, originating from the fact that

figuration to 48("F)6s+4f8("F)5d in the spectral range the analytical core-polarization and core-penetration correc-
200.0-680.0 nm. tions to the dipole operator are no longer valid, consists in

The NIST compilation[24] lists 101 energy levels be- applying an empirical scaling factor to the uncorrected
longing essentially to the configurationd4 4f8('F)5d,  (4f|r|5d) radial matrix elemen{29]. However, the introduc-
4f8("F)6s, and 48("F)6p. Two additional levels[at tion of this scaling factor was not attempted in the present
56 970.345 J=11/2) and 59837.625J&9/2) cm '] have  work because no radiative lifetimes were accessible to the
been determined by Wyaf25] who also published a list experiment for the even-parity levelgll of them being
containing the 59 strongest transitions ofiTocated in two  greater than 350 ns according to our calculgtiand, conse-
different spectral regions, some of them showing hyperfinguently, it was not possible to test the introduction of the
structure effects. semiempirical correction factor needed for the radial matrix

Atomic structure calculations in a heavy and low-ionizedelement.
atom, such as Tin, are extremely complex. The simulta- The HFR method was combined with a least-squares op-
neous consideration, in the theoretical models, of both intratimization process minimizing the differences between the
valence and core-valence interactions is crucial when perexperimental energy leve[24] and the eigenvalues of the
forming calculations. These considerations apply also tddamiltonian matrix. Six levels above 50000 cth i.e.,
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TABLE IV. Oscillator strengths (log,gf) and transition probabilitiegA (s™%)] of the most intense lines
(log,0gf>—1.0) of Thin depopulating the levels for which the lifetimes have been measured in the present
work. Numbers in brackets represent powers of 10.

A (nm) Lower levef Upper level logyogf° gAP
199.1336 8972 (e 13/2 59190 (0) 13/2 —-0.87 2.288]
200.5814 8972 (e 13/2 58811 (0) 11/2 -0.99 1.698]
216.3667 12987 (e) 13/2 59190 (o) 13/2 -0.37 6.148]
217.7208 14771 (e) 11/2 60 687 (o) 11/2 -0.77 2.408]
218.1545 12987 (e) 13/2 58811 (o) 11/2 —-0.20 8.878]
224.3364 10070 (e) 9/2 54632 (o) 11/2 —-0.83 1.948]
225.0273 16 262 (e) 13/2 60 687 (0) 11/2 —-0.41 5.228]
226.9956 14771 (e) 11/2 58811 (0) 11/2 —-0.32 6.188]
227.5681 16 758 (e) 11/2 60 687 (0) 11/2 -0.89 1.668]
228.9034 15517 (e 15/2 59190 (0) 13/2 -0.07 1.089]
230.2660 11218 (e) 11/2 54632 (0) 11/2 -0.24 7.188]
232.8768 16 262 (e) 13/2 59190 (o) 13/2 —-0.90 1.568]
234.9490 16 262 (e) 13/2 58811 (o) 11/2 -0.14 8.788]
240.0463 12987 (e) 13/2 54632 (o) 11/2 —-0.44 4.288]
240.8119 17676 (e) 13/2 59190 (0) 13/2 —-0.80 1.828]
240.8557 19181 (e) 11/2 60 687 (0) 11/2 —-0.94 1.3%8]
243.6448 18 159 (e) 13/2 59190 (0) 13/2 —0.56 3.118]
245.1135 19902 (e) 11/2 60 687 (0) 11/2 —0.48 3.678]
245.9140 18159 (e) 13/2 58811 (0) 11/2 -0.87 1.478]
247.4893 18 796 (e 15/2 59190 (0) 13/2 0.18 1.6/0]
247.6369 20318 (e) 11/2 60 687 (o) 11/2 —-0.47 3.638]
249.6867 20649 (e) 9/2 60 687 (0) 11/2 0.00 1.0[@]
249.7080 18777 (e) 9/2 58811 (o) 11/2 —0.99 1.098]
249.8701 19181 (e) 11/2 59190 (0) 13/2 0.06 1.20]
251.5175 20940 (e) 13/2 60 687 (0) 11/2 0.21 1.7M9]
252.2574 19181 (e) 11/2 58811 (0) 11/2 —0.55 2.948]
256.9317 19902 (e) 11/2 58811 (0) 11/2 —-0.58 2.678]
257.1760 20318 (e) 11/2 59190 (0) 13/2 0.60 4.0P]
259.7056 20318 (e) 11/2 58811 (0) 11/2 0.00 9.788]
259.8635 22217 (e) 11/2 60687 (0) 11/2 -0.92 1.198]
260.5382 16 262 (e) 13/2 54632 (o) 11/2 -0.14 7.128]
261.6213 22 475 (e) 9/2 60 687 (o) 11/2 0.52 3.28]
261.9609 20649 (e) 9/2 58811 (0) 11/2 0.40 2.4[9]
263.9769 20940 (e) 13/2 58811 (o) 11/2 —-0.79 1.538]
268.7739 17 438 (e) 11/2 54632 (0) 11/2 —0.90 1.168]
274.0902 18159 (e) 13/2 54632 (0) 11/2 -0.90 1.138]
275.1286 22 475 (e) 9/2 58811 (0) 11/2 -0.73 1.648]
281.9936 19181 (e) 11/2 54632 (0) 11/2 -0.20 5.268]
291.3336 20318 (e) 11/2 54632 (0) 11/2 0.19 1.2[9]
294.1747 20649 (e) 9/2 54632 (o) 11/2 —-0.20 4.888]
296.7193 20940 (e) 13/2 54632 (o) 11/2 —-0.78 1.278]
310.8829 22 475 (e) 9/2 54632 (o) 11/2 —0.05 6.308]

3Upper and lower levels of the transitions taken from R24]. We give the energy levéin cm™), the parity
(e) even or(o) odd, and thel value.
PHFR+ CP resultgthis work) normalized by the laser measurements of the present (serk text

56 025.375 {=3/2), 56474.84 J=7/2), 56694.12 § Wyart[25], the first three levels could eventually belong to
=5/2), 57134.15 J=3/2), 61883.195 J=5/2), and the 4f’5d? configuration, which was not included in our
62578.475 =5/2) cm %, for which no spectroscopic des- physical model. All the radial parameters of thE? 44f86p,
ignations are given in the NIST compilati§@4], were not  4f85d, and 4®6s were adjusted semiempirically except the
considered for the fitting procedure. As already mentioned by 4(4f,4f ) and F8(4f,4f) integrals in 4° and the
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TABLE V. Theoretical(this work) Eyneqr and experimenta.,, energy levelg24] (in cm™Y) and calcu-
lated Landeg factors(this work) for the low-lying levels E<20 000 cm't) of Tbii.

J Eexpt Etheor Gcalc J Eexpt Etheor Gcalc
Odd parity levels Even parity levels
5/2 8285.885 8285 0.304 9/2 10070.38 10085 1.498
5/2 10220.38 10274 1.308 9/2 11752.295 12 055 1.566
72 7422.21 7415 0.834 9/2 15278.90 15150 1.599
712 9144.98 9148 1.386 9/2 17 169.285 16 961 1.223
9/2 6258.08 6 245 1.073 9/2 18761.675 18612 1.720
9/2 7621.565 7620 1.422 9/2 18776.53 18787 1.436
11/2 4734.52 4725 1.206 11/2 9218.63 9226 1.496
11/2 6470.11 6419 1.444 11/2 11217.785 11572 1.537
13/2 2804.67 2800 1.277 11/2 14771.12 14774 1.555
15/2 0.00 34 1.326 11/2 16 757.805 16 567 1.310
11/2 17 437.515 17 450 1.441
11/2 19181.10 19233 1516
Even parity levels 11/2 19902.04 19824 1.344
1/2 12 454.365 12558 —-1.173 13/2 8972.29 8934 1.467
3/2 12165.155 12237 1.027 13/2 12 986.505 12713 1.505
3/2 14515.35 14 455 2.045 13/2 16 261.835 16 098 1.351
5/2 11 678.865 11711 1.343 13/2 17 676.265 17708 1.530
5/2 13689.615 13825 1.746 13/2 18158.91 18 064 1.377
5/2 16 066.485 16 242 1.905 15/2 9275.42 9369 1.458
5/2 17 755.55 17533 0.707 15/2 15516.735 15393 1.377
72 10996.01 11002 1.446 15/2 18796.25 18789 1.340
712 12775.40 13036 1.630 17/2 14 890.375 14888 1.407
712 15820.87 15840 1.687
712 17 499.43 17 284 1.062

FK(4f,4f) (k=2,4,6) parameters inf4nl (nl=6p,5d,6s) quite remarkable result if one keeps in mind the difficulty of
in relation with the fact that only two term$F° and ®H°) calculating the lifetime values for such complicated atomic
are known in 4° and only the’F parent term is known in  structures.
the 4f8nl configurations. Instead, these parameters were Considering the experimental lifetime values and the the-
fixed to 85% of theilab initio values. The mean deviations of oretical branching fractions as obtained in the present work,
the fits were found to be equal to 62 chor the odd parity it is possible to derive normalized transition probabilities. In
(40 levels fitted with nine adjustable parameteand 97  Table IV, we present the transition probabilities for the stron-
cm ! for the even parity(65 levels fitted with 11 variable gest lines (log,gf>—1.0) depopulating the levels for which
parameters The «, B, and y parameters, which represent the experimental lifetimes are reported in Table Il. We in-
some 49 core corrections and which are expected to carnclude, in the table, the air wavelengtm A), as deduced
out part of the interactions with distant configurations notfrom the tabulated energy levelg4], the upper and lower
introduced explicitly in the model, have been kept fixed tolevels of the transitions with the parity antl value, the
zero, in view of the small number of known core terms andweighted oscillator strengths on the logarithmic scale
of the sensitivity of these parameters to the choice of th€log,ogf), and the weighted transition probabiliti€gA),
configurations introduced explicitly in the model. The nu- both normalized with the laser measurements of the present
merical values adopted in the present work for the radialvork. It has been verified that all the transitions quoted in
integrals are given in Table llI. Table IV are not affected by cancellation effects in the cal-
Experimental and theoretical radiative lifetimes obtainedculation of the line strengths and, consequently, the corre-
in the present study are compared in Table 1l where we givesponding transition probabilities are expected to be accurate
for 30 levels originating from the #6p configuration, both  within a few percent. Table IV includes some transitions of
the theoretical values obtained withodtiFR) and with  astrophysical interest and a table containing a larger number
(HFR+ CP) core-polarization effects. It is seen that the po-of transitions is available in the database DREABQ)].
larization does generally increase the lifetime values by Due to their importance for magnetic field investigations
about 30%. The agreement is very go@dl fact within the  in some stars, we give, in Table V, the calculated Lande
experimental errojswhen comparing the measurements offactors for some low-lying levels H<20000 cm?) of
the present work with the HFCP results and appears as aThii. There are no other data available for comparison.
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IV. CONCLUSIONS uncertainties of the results for the weaker transitions could

A set of transition probabilities has been obtained for thebe larger for some transitions but their final assessment
prob . would require accurate experimental branching fractions for
5d-6p and 6s-6p transitions depopulating four levels of

all the transitions concerned. These data are expected to help
the physicists involved in the study of the crystalline struc-
fure of RE salts and to provide the astrophysicists with some

mental lifetimes and HFR branching fractions but the theo—atomic data needed for improving the determination of the

retical m(_)de_l has been assessed by a comparison with EXPelhemical composition of chemically peculiar stars.
mental lifetimes measured by laser-induced fluorescence

spectroscopy at the Lund Laser Centieund, Swedehp The
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