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Abstract. New radiative lifetimes for 20 levels of Pr II have been measured using the time-resolved laser-
induced fluorescence (LIF) technique. The combination of these experimental values with theoretical
branching fractions (BF) obtained with the pseudo-relativistic Hartree-Fock (HFR) approach has allowed
us to determine oscillator strengths and transition probabilities for about 150 lines appearing in the spec-
tral region between 369.9 and 741.2 nm. A detailed discussion of our new results and comparisons with

previous data are also given in the present paper.

PACS. 32.70.Cs Oscillator strengths, lifetimes, transition moments — 42.62.Fi Laser spectroscopy

1 Introduction

Pr II accurate transition probabilities are needed in as-
trophysics for solving problems related to high overabun-
dances of this element observed in many types of stars like,
e.g., the A and B stars (see e.g. [1]) or the ultra-metal-
poor giant stars (see, e.g. [2]). A detailed investigation of
diffusive processes active in stellar atmospheres requires a
large number of precise atomic data concerning both the
line positions and strengths. However, in this ion, accurate
atomic data for line intensities are available only for a lim-
ited number of transitions while many lines are observed
in astrophysical objects. Pr II is indeed well represented in
the photospheric solar spectrum (see e.g. [3,4]) and shows
also numerous absorption features in the spectrum of F-
type supergiants and of Ap or Am stars (see, e.g. [1,5]).

A review on the present state of the art regarding the
atomic data of lanthanides, and of Pr ions in particular,
has been published very recently [6].

Pioneering work regarding radiative parameter deter-
mination in singly ionized praseodymium includes the arc
measurements of Corliss and Bozman [7] and the lifetime
determinations by beam-foil spectroscopy of Andersen and
Sorensen [8] and of Andersen et al. [9]. These results,
however, suffer from well-known limitations of these tech-
niques like departures from thermodynamic equilibrium
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in the first case, or non-selective excitation and Doppler-
limited spectral resolution in the second approach.

Later on, determinations of transition probabilities
were published by Lage and Whaling [10] who adopted
the lifetime values obtained by Andersen et al. [8,9] for
four levels and measured branching fractions in order to
deduce A-values for 40 lines. More recently, Goly et al. [11]
considered Pr II lines emitted from a ferroelectric plasma
source in the range 200.0 to 700.0 nm and were able to
deduce transition probabilities for 62 Pr Il-lines. Addi-
tional lifetime measurements (14 levels) in this ion were
made by Gorshkov and Komarovskii [12] using a delayed-
coincidence technique. A compilation of the measurements
available up to 1994 has been prepared by Blagoev and
Komarovskii [13].

Very recently, 33 levels of Pr II were measured by
Scholl et al. [14] using the beam-laser method with an ac-
curacy in the range 1-11% and lifetime values between 6
and 170 ns. Transition probabilities have been proposed
by these authors for 82 transitions of Pr II in the wave-
length domain 392-640 nm. Similarly, radiative lifetimes
for 11 levels of Pr II have been obtained by laser-induced
fluorescence spectroscopy by Dolk et al. [1] and, combined
with new branching fraction measurements, they have al-
lowed us to refine the chemical composition of some HgMn
stars.

The ionization equilibrium of astrophysical plasmas
suggests that both singly ionized and doubly ionized
praseodymium are expected to be present in the outer
layers of many stars. A combination of theoretical branch-
ing fractions (deduced from HFR calculations including
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core-polarization effects) and of radiative lifetime mea-
surements (obtained using the time-resolved LIF method)
has appeared very successful recently in the case of
Pr IIT [15] for getting reliable transition probabilities.
The present work, concerning singly charged
praseodymium, appears as the logical and natural
extension of the previous measurements and calculations

in Pr IIT [15,16].

2 The singly-ionized praseodymium spectrum

Praseodymium is an odd lanthanide (Z = 59) having only
one stable isotope *!Pr. The nuclear spin I = 5/2 and
the nuclear magnetic moment (; = 4.136) are large and
this ion exhibits hyperfine structure particularly for the
4f36s-4f36p transitions, these effects being smaller for
the 4f35d-4f36p lines (see e.g. [17-20]).

Unexpectedly, the Pr II spectrum is still very poorly
known. In fact, when looking at the NIST compilation [21],
one can observe that, for this ion, only 59 even-parity lev-
els up to 35497 cm™! and 149 odd-parity levels up to
30018 cm~! have been established experimentally while
theoretical predictions give rise to 385 possible even levels
and 469 possible odd levels in the same energy regions.

The experimentally determined energy levels belong
to the configurations 43(*1°)6s, 4f3(*1°)5d, 4f2(3H)5d?,
4f2(3H)5d6s, 4f3(*1°)6p and 4f2(*H)5d6p but, for many
levels, the assignments are uncertain since the calculated
mixings appear to be very important even for these low-
lying configurations.

The high density of levels in this ion requires that spe-
cial care must be taken to avoid possible blends in the
spectrum and it could make a reliable least-squares fitting
procedure for adjusting the Slater parameters illusory (see
Sect. 4).

3 Lifetime measurements

Traditionally, in atomic spectra, transition probabilities
can be derived from a combination of lifetime measure-
ments with BF determinations using either experimental
or theoretical approaches.

Among the methods available for lifetime measure-
ments, a very reliable one is the selective excitation of
a level of interest followed by direct observation of the
exponential decay of the fluorescence released from that
level. In the present work, the measurements were under-
taken by using the time-resolved LIF technique. The Prt
ions were generated in a praseodymium plasma by laser
ablation. The laser-induced plasma has the advantage of
high ionic populations in ground as well as in metastable
states that can be used as a starting point for laser ex-
citation to upper levels. The ablation laser pulses used
in the measurements were emitted from a Nd:YAG laser
(Continuum Surelite), characterized by a 532-nm wave-
length, a 10-ns duration, and a variable energy normally
in the range 2-10 mJ. The pulses were focused vertically

onto the surface of a rotating praseodymium foil, which
was put into a vacuum chamber with a background pres-
sure of about 1075-107° mbar. After the laser pulse has
impinged on the pure praseodymium foil, a small plasma
containing electrons, atoms and ions of various ionization
stages was produced and expanded.

The levels of interest in Pr II were populated with a
tunable, linearly polarized, pulsed visible and UV laser ra-
diation of about 1 ns duration. An injection seeded and Q-
switched Nd:YAG laser (Continuum NY-82) emitted laser
pulses of 8 ns duration with 532 nm wavelength at a repe-
tition rate of 10 Hz. The technique of stimulated Brillouin
scattering (SBS) in water was used in the experiment to
compress the laser pulse to about 1 ns. These compressed
pulses were then employed to pump a dye laser, in which a
DCM dye was operated. The radiation from the dye laser
could be frequency doubled in a KDP crystal. The second
harmonic of the dye laser radiation was then focused into
a hydrogen gas cell with a pressure at about 10 bars, in
which different orders of stimulated Stokes Raman scat-
tering (SSRS) were obtained. The desired spectral range
from 367 to 452 nm could be covered by this technique. A
CaF5 Pellin-Broca prism was employed to isolate the dif-
ferent components of the laser beams from the SSRS cell
for obtaining the required excitation. The appropriate ex-
citation light was sent horizontally into the vacuum cham-
ber and crossed an extended plasma zone located about
10 mm above the rotating target surface. Details about the
experimental device can be found elsewhere (see e.g. [22]).

Twenty even-parity levels in the energy range from
22571 to 30019 cm~! were excited, with a single-step pro-
cess, from the ground state and appropriate metastable
states belonging to the configuration 4f36s. The excita-
tion schemes used in the present experiment are reported
in Table 1.

Synchronization of ablation and excitation pulses was
achieved by external triggering from a digital delay gen-
erator (Stanford Research Systems Model 535). The de-
lay times between the ablation and the excitation pulses
varied between 2 and 5 us perpendicularly to the laser ra-
diation, the fluorescence due to the decay of the excited
levels was collected by a fused-silica lens and focused into
the entrance slit of a 1/8 m monochromator. In order to
avoid possible errors in the level selection by the exciting
laser light, the different possible decay channels from the
excited levels to lower states were carefully checked for
consistency.

The time-resolved fluorescence signal from a fast pho-
tomultiplier was recorded with a digitizing oscilloscope
(Tektronix Model DSA 602). In the measurements, dif-
ferent fitting processes were adopted for the evaluation of
the lifetimes. For the lifetimes longer than 10 ns, a least-
squares exponential fitting procedure was applied to the
decay at delays sufficient for the excitation pulses to van-
ish. For the lifetimes shorter than 10 ns, the temporal
shape of the exciting laser pulses and the response func-
tion of the LIF detection were taken into account. The
experimental fluorescence decay curve was fitted to a con-
volution of a pure exponential function and the excitation
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Table 1. Pr II levels considered in the present work and corresponding excitation schemes.

Dye laser Laser Excitation Observed
E (cm’])a Origin (cm’l) A (nm) iz, Mode® A (NM) 4 A (nM)y,e
22571.48 441.95 656.859 2w + 28 451.88 452
22675.44 0.0 645.286 2w + 28 441.01 450
23261.36 0.0 633.309 2w + 28 429.89 430
23660.20 441.95 634.176 2w + 28 430.69 423
24115.50 441.95 625.148 2w + 28 422.41 445
24754.95 1743.72 638.368 2w + 28 434.57 404
25569.19 2998.36 647.471 2w + 28 443.04 418
25610.20 1649.01 619.576 2w + 28 417.34 397
25814.44 0.0 667.162 2w + S 387.38 394
25842.41 1743.72 616.947 2w + 28 414.96 394
26226.56 0.0 658.112 2w + S 381.29 388
26524.02 441.95 661.256 2w + S 383.41 404
26860.95 2998.36 621.475 2w + 28 419.06 397
26961.96 441.95 651.816 2w + S 377.07 395
26973.49 441.95 651.571 2w + S 376.91 395
27128.00 2998.36 616.358 2w + 28 414.42 441
27198.24 0.0 637.716 2w + S 367.67 391
28508.79 1649.01 644.675 2w + S 372.30 398
29723.97 2998.36 647.476 2w + S 374.17 406
30018.10 2998.36 641.368 2w + S 370.09 401

2 The energy level values are taken from the NIST compilation [21], P2w means the second harmonic, S and 2S are written for
the first and second Stokes components of the Raman scattering.

pulse, which was recorded by inserting a metal rod into
the interaction zone of the excitation laser and the plasma
when the ablation beam was blocked. For each level inves-
tigated, a series of measurements, under different condi-
tions, were performed to eliminate systematic errors, such
as saturation effects, flight-out-of-view contributions, ra-
diation trapping and collisional effects. It was found that
the detected fluorescence intensity could be varied by a
factor of 10 without altering the lifetime values (within
the statistical scattering).

The flight-out-of-view effects were specially considered
for the longer lifetimes and minimized by adjusting the
position and width of the entrance slit of the monochro-
mator and the delay times between the ablation and the
excitation pulses. Still, larger error bars have been given
for the longer lifetimes because the speeds of PrT ions are
larger than those of Pr atoms.

In addition, a static magnetic field of about 100 Gauss,
provided by a pair of Helmholtz coils, was added or re-
moved over the interaction zone to check possible quantum

beats due to the Zeeman effect for long-lived states. The
20 experimental lifetimes of Pr II measured in the present
work are given in Table 2, where they are compared with
the previously available results and with the theoretical
HFR values obtained in the present work according to the
procedure described in the following section.

4 Theoretical approach

The theoretical method considered in this paper is the well
established HFR approach described by Cowan [23]. Con-
figuration interaction was explicitly retained among the
4f36s, 4f35d, 4f36d, 4f25d6p, 4f%6s6p, 4f5d3, 4f5d%6s
and 4f5d6s® odd-parity configurations and among the
4f36p, Af35f, Af4 4f%5d%, 4f%6s%, 4f%6p?, 4f%5d6s,
4f5d*6p and 4f5d6s6p even-parity configurations. These
configuration lists are expected to include the most
important effects due to intravalence and core-valence



36 The European Physical Journal D

Table 2. Experimental and theoretical radiative lifetimes in Pr II obtained in the present work and comparison with previous

measurements.

Eexpa1 Tepr Tprevious EHFRb ‘CHFRb
(em™)  (ns) (ns) (cm™) (ns)
22571 .48 51(4) 51.8(6)% 22620 121
22675 .44 13.5(6) 15(1.5)6,13.0(1.1)f, 13.5(2)¢ 22770 6.2
23261.36 48.3(2.0) 48.8(1.6)% 23432 55.9
23660.20 7.3(0.4) 11(2)°%,7.57(15)¢ 23545 12.1
23694 11.4

24115.50 7.5(0.4) 12(2)%,7.92(15)% 24153 52
24754 .95 37(3) 25192 34.7
25569.19 6.1(3) 7.8(1.0),8.4(1.0)°, 6.0(3)f, 25708 5.9

6.32(39)8

25610.20 21.5(1.5) 21.1(5)% 25037 26.7
25814.44  125(15) 25704 94.2
25842 .41 45(3) 26197 51.5
26226.56 12.4(6) 26044 10.1
26524.02 77(7) 26995 78.6
26860.95 6.7(3) 15(1.5)3,7.0(4)f, 6.69(52)¢ 27069 7.5
26961.96 11.8(0.6) 11.7(5)% 26549 13.2
26702 14.3

26973.49 18.0(1.5) 26747 19.7
27128.00 5.6(3) 8.4(1.2)°, 8.4(1.2)d, 10(2)¢, 5.5(3)f, 27248 4.6

5.79(13)8

27198.24 15.3(1.0) 27164 8.6
27493 12.4

28508.79 5.6(4) 27941 9.1
28615 9.0

28807 8.4

29723.97 6.0(3) 29937 6.5
30018.10 5.3(3) 30351 4.7

® From NIST compilation [21], P this work, ¢ [8] (beam-foil spectroscopy), ¢ [9] (beam-foil spectroscopy), ¢ [12] (delayed
coincidence method), f [1] (laser induced fluorescence technique), & [14] (beam-laser method).

correlation. Consequently, no additional core-polarization
pseudo-potential was introduced in the physical model.
In view of the scarcity of experimentally determined
energy levels available in Pr II, no semi-empirical adjust-
ment of the radial parameters could be seriously consid-
ered. Instead, in order to obtain a more realistic repre-
sentation of the Pr II energy spectrum, all the Slater
integrals were scaled down by a factor 0.75, a rather low
factor as recommended by Cowan [23] and the average
energies were adjusted to reproduce adequately the lev-
els given in the NIST compilation [21] or predicted by
Brewer [24] for the lowest level of each configuration, i.e.
4f36s %1y (E = 0 ecm™ 1), 4f35d 5Lg (E = 3893 cm™1),
4f25d6p °Le (E = 3100042000 cm™1), 4f26s6p °1, (E =
3950042000 cm ™), 4£5d° 514 (E = 5700044000 cm 1),
4f5d*6s °Hz (E = 55000 £ 4000 cm™1), 4f5d6s? 3Hy
(E =67000£3000cm™!), 4f36p °Ks (E = 22675 cm™1),
4f* 51y (E = 32000 + 2000 cm™1t), 4f25d? °L¢ (E =
5855 cm~ 1), 4f2%6s? 3Hy (E = 16000 4 2000 cm™1!),
4f26p% 51y (E = 68000 4 2000 cm™1), 4f25d6s 5Ks
(E =7888cm™!), 4f5d%6p °Ks (E = 83000£6 000 cm 1)
and 4f5d6s6p 51, (E = 91000 £ 4000 cm_l). For the
configurations 4 36d and 4f35f, for which no predictions
were provided by Brewer [24], the average energies were

increased by 22000 cm(_1 by analogy with similar config-
urations, i.e. 4f36s, 4f35d and 4f36p.

5 Discussion of the results

HFR and experimental lifetimes obtained in the present
work are compared with previous measurements in
Table 2. These measurements were due to Andersen
et al. [8,9], Gorshkov and Komarovskii [12], Dolk et al. [1]
and Scholl et al. [14].

When looking at the table, one can observe that our
new experimental values are 22 and 33% shorter than the
beam-foil measurements of Andersen et al. [8,9] for the
two levels situated at 25569.19 cm ™! and 27 128.00 cm ™!,
respectively. Larger disagreements, reaching even a factor
of 2 for the levels at 26 860.95 cm™! and 27128.00 cm ™1,
are observed when comparing the lifetimes obtained in the
present work with the delayed-coincidence measurements
of Gorshkov and Komarovskii [12]. However, an excellent
agreement (within the errors) is found, for the same levels,
between our measurements and the accurate laser mea-
surements recently published by Dolk et al. [1] and Scholl
et al. [14]. The same excellent agreement is observed for



E. Biémont et al.: Radiative lifetime and f-values in Pr II

Table 3. Even-parity energy in Pr II for which radiative lifetimes have been measured in the present work.

37

Eexp” Sexp” Config.” Term* J Enre’ gum’ Leading components®®
(cm™) (cm™)
2257148  1.166 ?2 ? 5 22620 1.145  20% 4f°CF)5d6s *G + 10% 4f*(°F)5d6s °G + 6% 4f*(°F)5d 6s °F
22675.44  0.830 4£2(*)6p K 5 22770 0.731  72% 4£(*D6p K+ 5% 4£°(‘D6p 1 + 3% 4f*(°F)5d* °I
2326136 0.920 ? ? 5 23432 0.981 15% 4f°CF)5d*°1 + 11 % 4f°(CH)5d? °G + 11 % 4f°(CF)5d* °1
23660.20 0.67 4£2(*)6p T 4 23545 0.853  32% 4P(*D6p I+ 7% 4f*CH)5d* *H+ 3% 4f2('G)5d* 'G
23694 0.824  37% 4£(*D6p T+ 11% 4f*CF)5d* 'G + 9% 4f*(PH)5d* *H
2411550  0.959 4£2(*)6p K 6 24153 0918  88% 4f(“D6p K+ 2% 4£°(‘D)6p 1 + 1% 4f°(*H)6p °I
2475495  0.908 ? ?2 4 25192 0.922  16% 4f°CF)5d6s "H+ 8% 4f*('G)5d* *H+ 6% 4f°(*I)6p *H
25569.19 1.07 4£2(*)6p K 7 25708 1.052  78% 4f(*D6p K+ 11 % 4%('G)5d* 'K+ 2% 4f*(CH)5d*°I
25610.20 1.118 ? ? 6 25037 0.980  22% 4f°CF)5d 1+ 15 % 4£(*D6p *K+ 12 % 4f°(’F)5d* °K
25814.44 0.95 ?2 ?2 4 25704 1.084  11% 4f°CF)5d* °D + 8% 4f*('G)5d* *H + 6% 4f*(°F)5d*°G
25842.41 1.000 ? ? 5 26197 1.041 17% 4f2('G)5d? *H + 14 % 4f°(CF)5d6s *H+ 5% 4f*(H)5d* *H
26226.56 0.91 4£2(“1)6p? ?2 4 26044 0.909  26% 4£(‘D6p *H+ 14% 4f*(°F)5d? *H + 8% 4f*('D)5d* *H
26524.02 1.02 ?2 ?2 6 26995 1123 30% 4f°CH)5d* *H + 12% 4f%('G)5d* *H + 9% 4f2(°F)5d*°I
26860.95  1.119 4£°(4T)6p T 7 27069 1.124  48% 4£(*D6p 1+ 12% 4f*CF)5d* *K+ 7% 4f2CF)5d* °1
2696196  1.076 ?2 ?2 6 26549 1.001  22% 4£(*D6p *K+ 14 % 4%('G)5d* 'T+ 14% 4f3(“D)6p °1
26702 1.008  15% 4£(*D6p *K+ 11 % 4£°(*D6p T + 7% 4f*CF)5d? °1
26973.49 1.11 ? ? 5 26747 1.075  11% 4£(*D6p °1 + 10% 4f*CF)5d* °G + 4% 4f*(°F)5d* °G
27128.00 ?2 4£2(*)6p K 8 27248 1152 97% 4£(*D6p K+ 1% 4£°(K)6p L+ 1% 4£°(“I)6p °1
27198.24 1.07 4£2(“1)6p? ?2 5 27164 1.047  31% 4£(*D6p *H+ 12% 4f*CF)5d? *H + 7% 4f*('D)5d* *H
27493 1.042  24% 4£('D6p *H+ 17% 4f2CF)5d* *H + 6% 4f°(CF)5d*°1
28508.79 1.11 4£2(*)6p T 6 27941 1.087  21% 4£(*D6p °1+ 18% 4£3(*D6p *H+ 7% 4f*(°F)5d? °I
28615 1123 23% 4£(*D6p H+ 14% 4£°(“D)6p *1 + 13% 4f*(°F)5d* *H
28807 1.103  25% 4£(*D6p "H+ 15% 4£°(“D)6p *1 + 10% 4f*(°F)5d* *H
29723.97 1.15 4£2(“1)6p? ?2 8 29937 1.149  51% 4£(*D6p *K+21 % 4£°(*D6p °I + 10% 4f*('D)5d* *°K
30018.10  1.215 4£2(*)6p SH? 7 30351 1193 41% 48 D6p °1 + 34% 4£°(‘D6p H+ 4% 4f3('1)5d*°I

2 From NIST compilation [21], ® present work, ¢ only the three main components are given.

all the other levels considered within the last two sets of
data.

Looking at the theoretical results, it is worth mention-
ing that most of the levels reported in Table 2 are char-
acterized by very strong mixings as illustrated in Table 3.
These strong mixings can lead to difficulties in establish-
ing the correspondence between experimental and theo-
retical level values. This is the case for the levels situated
at 23660.20, 26 961.96, 27 198.24 and 28 508.79 cm~*, for
which it was impossible to find with certainty the corre-
sponding HFR values. Even when comparing the available
Landé factors, it was not possible to label unambiguously
these levels (see Col. 7 of Tab. 3).

For the 16 remaining levels, a very good agreement has
been found between the HFR lifetimes and the laser mea-
surements obtained in the present work if we except the

levels at 22571.48 and 22675.44 cm™! for which discrep-
ancies reaching a factor of 2 were found between theory
and experiment. These disagreements are attributed to the
strong mixing and to inaccurate eigenvalue compositions.
More accurate results for these two levels would require
larger expansion sets for the wavefunctions but further in-
vestigations in that direction were prevented basically by
computer limitations.

When excluding these latter two levels, the mean ratio
between calculated and experimental lifetimes THrR /Texp
was found to be 0.98 £ 0.16 where the uncertainty repre-
sents the standard deviation from the mean.

In Table 4, calculated oscillator strengths and tran-
sition probabilities are given for the strongest lines
(loggf > —2.0) depopulating some of the levels for which
radiative lifetimes were measured in the present work.
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Table 4. Calculated oscillator strengths (log gf and transition probabilities (gA in s™') for selected transitions in Pr II. Only
transitions with log gf > —2.00 are given in the table. A(B) stands for A x 105.

A Lower level® Upper level® log gf gA log gf gA

(nm) cm’! J cm’! J HFR® HFR® NORM! NORM!
369.9945 2998 7 30018 7 -1.64 1.12(7) -1.69 9.93(6)
374.0666 2998 7 29724 8 —-1.45 1.70(7) —-1.41 1.84(7)
381.1847 0 4 26227 4 —0.64 1.04(8) —0.73 8.47(7)
386.8511 0 4 25842 5 -1.85 6.53(6) -1.79 7.47(6)
387.2703 0 4 25814 4 -1.38 1.83(7) -1.50 1.38(7)
387.7183 442 5 26227 4 0.16 6.34(8) 0.07 5.16(8)
390.8052 4437 8 30018 7 0.42 1.14(9) 0.37 1.01(9)
393.5822 442 5 25842 5 —0.95 4.97(7) —0.89 5.69(7)
394.0161 442 5 25814 4 —0.86 591(7) —0.98 4.45(7)
394.7631 1649 6 26973 5 —0.63 9.64(7) —0.59 1.06(8)
395.3510 4437 8 29724 8 0.21 6.82(8) 0.25 7.39(8)
396.2450 1744 5 26973 5 —0.13 3.04(8) —-0.09 3.33(8)
396.5253 1649 6 26861 7 —0.19 2.74(8) —0.14 3.07(8)
397.2136 442 5 25610 6 -1.31 1.97(7) -1.22 2.45(7)
400.8691 5079 7 30018 7 0.57 1.50(9) 0.51 1.33(9)
401.8963 1649 6 26524 6 -1.04 3.83(7) -1.03 3.91(7)
403.4324 1744 5 26524 6 -1.10 3.33(7) -1.09 3.40(7)
403.8455 0 4 24755 4 —0.78 7.06(7) —0.81 6.62(7)
405.6535 5079 7 29724 8 0.56 1.43(9) 0.59 1.55(9)
408.3341 1744 5 26227 4 -1.29 1.98(7) -1.38 1.61(7)
411.1866 442 5 24755 4 —0.52 1.24(8) —0.54 1.16(8)
413.2193 1649 6 25842 5 —0.65 8.96(7) —-0.59 1.03(8)
4143112 2998 7 27128 8 0.79 2.33(9) 0.70 1.91(9)
414.8433 1744 5 25842 5 -1.15 2.81(7) -1.09 3.22(7)
417.9393 1649 6 25569 7 0.53 1.28(9) 0.51 1.24(9)
418.8796 1744 5 25610 6 —0.10 2.82(8) —0.01 3.50(8)
418.9479 2998 7 26861 7 0.53 1.26(9) 0.57 1.41(9)
4222934 442 5 24116 6 0.45 1.06(9) 0.29 7.35(8)
424.1437 3403 6 26973 5 —0.81 5.49(7) -0.77 6.01(7)
424.9481 2998 7 26524 6 -1.12 2.81(7) -1.12 2.87(7)
429.7766 0 4 23261 5 —0.64 8.33(7) —0.58 9.64(7)
432.3892 3403 6 26524 6 -1.17 2.43(7) -1.16 2.48(7)
434.4483 1744 5 24755 4 -1.18 2.39(7) -1.21 2.24(7)
438.1003 442 5 23261 5 -0.99 3.60(7) -0.93 4.17(7)
440.5825 4437 8 27128 8 —-0.35 1.51(8) —0.43 1.24(8)
442.1220 2998 7 25610 6 -1.67 6.76(6) -1.58 8.40(6)
442.9253 2998 7 25569 7 —-0.30 1.67(8) -0.32 1.62(8)
444.9824 1649 6 24116 6 —0.11 2.61(8) -0.27 1.81(8)
445.8296 4437 8 26861 7 -1.02 3.12(7) -0.97 3.49(7)
446.8663 1744 5 24116 6 0.12 4.31(8) —0.04 2.99(8)
447.1349 7660 8 30018 7 -1.60 8.20(6) -1.66 7.27(6)
450.1824 3403 6 25610 6 —0.50 9.45(7) —0.41 1.17(8)
451.0153 3403 6 25569 7 —0.01 3.12(8) —-0.03 3.02(8)
453.4154 5079 7 27128 8 —-0.39 1.26(8) —0.48 1.03(8)
456.1107 7806 9 29724 8 -1.81 4.86(6) -1.78 5.26(6)
459.7054 5227 6 26973 5 -1.61 7.46(6) -1.57 8.16(6)
462.5688 1649 6 23261 5 -1.36 1.37(7) -1.29 1.59(7)
464.6049 1744 5 23261 5 -1.37 1.31(7) -1.31 1.52(7)
466.1858 5079 7 26524 6 -1.82 4.62(6) -1.81 4.72(6)
473.0827 4437 8 25569 7 -1.99 2.95(6) -2.01 2.85(6)
473.4165 2998 7 24116 6 -1.96 3.18(6) -2.12 2.20(6)
481.4339 8958 9 29724 8 —0.74 5.13(7) —0.70 5.56(7)
482.6288 6414 7 27128 8 -1.34 1.27(7) —-1.43 1.04(7)
482.7197 6418 8 27128 8 -1.09 2.28(7) -1.18 1.87(7)
483.9540 4098 5 24755 4 —-1.88 3.91(6) -1.90 3.67(6)
487.6258 5108 7 25610 6 -1.15 1.86(7) -1.06 2.31(7)
487.9105 5079 7 25569 7 -1.57 7.31(6) -1.58 7.07(6)
488.6032 5108 7 25569 7 -1.17 1.89(7) -1.18 1.83(7)
489.0255 6418 8 26861 7 -1.12 2.11(7) -1.07 2.36(7)
490.4516 5227 6 25610 6 -1.80 4.03(6) -1.71 5.00(6)
491.4403 5227 6 25569 7 —-1.45 9.74(6) —-1.46 9.42(6)
494.3720 3893 6 24116 6 -1.20 1.73(7) -1.36 1.20(7)
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Table 4. Continued.

A Lower level” Upper level® log gf gA log gf gA
(nm) cm’”! J cm’! J HFR® HFR® (nm) cm’”!
499.4136 4098 5 24116 6 -1.49 8.50(6) -1.65 5.89(6)
500.1659 10030 7 30018 7 -1.82 3.84(6) -1.88 3.41(6)
503.4312 3403 6 23261 5 -1.62 6.24(6) -1.55 7.22(6)
507.6361 10030 7 29724 8 -1.92 2.93(6) -1.89 3.17(6)
511.7523 7438 5 26973 5 -1.62 5.60(6) -1.58 6.13(6)
513.5140 7660 8 27128 8 0.03 2.60(8) -0.06 2.14(8)
516.1744 3893 6 23261 5 -1.07 2.18(7) -1.00 2.52(7)
517.3902 7806 9 27128 8 0.49 7.50(8) 0.41 6.16(8)
518.3033 10730 6 30018 7 -1.97 2.53(6) -2.02 2.24(6)
520.6561 7660 8 26861 7 -0.07 2.03(8) -0.02 2.27(8)
521.9045 6414 7 25569 7 -0.14 1.76(8) -0.15 1.70(8)
522.0108 6418 8 25569 7 0.34 5.25(8) 0.32 5.08(8)
525.9728 5108 7 24116 6 0.34 5.26(8) 0.19 3.65(8)
529.2619 5227 6 24116 6 -0.12 1.76(8) -0.28 1.22(8)
532.0972 7438 5 26227 4 -0.96 2.35(7) -1.05 1.91(7)
537.4971 11419 7 30018 7 -1.89 2.94(6) -1.94 2.61(6)
540.8692 8490 5 26973 5 -1.67 4.50(6) -1.63 4.92(6)
540.9081 7744 3 26227 4 -1.49 6.76(6) -1.58 5.51(6)
543.1191 11611 8 30018 7 -1.70 4.31(6) -1.75 3.82(6)
543.2038 7438 5 25842 5 -1.43 8.14(6) -1.37 9.32(6)
544.0306 7438 5 25814 4 -1.73 3.87(6) -1.85 2.92(6)
547.2349 11749 6 30018 7 -1.30 1.09(7) -1.35 9.67(6)
551.5149 8100 4 26227 4 -0.69 4.05(7) -0.78 3.30(7)
551.9388 11611 8 29724 8 -1.17 1.40(7) -1.13 1.52(7)
554.3284 5226 6 23261 5 -1.66 4.77(6) -1.59 5.52(6)
562.4441 12243 7 30018 7 -0.04 1.80(8) -0.09 1.60(8)
563.6466 8490 5 26227 4 -1.26 1.06(7) -1.35 8.63(6)
564.3456 8100 4 25814 4 -1.71 3.74(6) -1.83 2.82(6)
568.1901 9379 5 26973 5 -0.93 2.16(7) -0.89 2.36(7)
571.9080 12243 7 29724 8 -0.65 4.22(7) -0.61 4.57(7)
5753015 8465 6 25842 5 -1.33 9.18(6) -1.27 1.05(7)
576.1247 8490 5 25842 5 -1.81 3.03(6) -1.75 3.47(6)
576.9799 9647 6 26973 5 -1.30 9.07(6) -1.26 9.93(6)
5773164 7438 5 24755 4 -1.41 7.57(6) -1.44 7.10(6)
580.7520 9647 6 26861 7 -1.41 7.26(6) -1.36 8.13(6)
581.5331 12827 6 30018 7 -1.45 7.34(6) -1.50 6.51(6)
581.8580 9045 3 26227 4 -0.66 3.88(7) -0.75 3.16(7)
584.4914 8465 6 25569 7 -1.57 4.97(6) -1.58 4.81(6)
584.7122 10030 7 27128 8 -0.95 2.05(7) -1.03 1.68(7)
588.4527 13029 8 30018 7 -0.80 3.01(7) -0.85 2.67(7)
593.0660 10117 4 26973 5 -1.06 1.46(7) -1.02 1.60(7)
593.3803 9379 5 26227 4 -1.82 2.56(6) -1.91 2.09(6)
593.9899 10030 7 26861 7 -0.33 8.38(7) -0.28 9.38(7)
594.7185 10163 6 26973 5 -0.94 1.97(7) -0.90 2.16(7)
596.1577 9045 3 25814 4 -1.69 3.47(6) -1.82 2.61(6)
598.1444 9129 4 25842 5 -1.44 6.46(6) -1.38 7.39(6)
598.7269 10163 6 26861 7 -1.10 1.42(7) -1.05 1.59(7)
598.8202 13029 8 29724 8 -1.08 1.49(7) -1.05 1.61(7)
599.4525 7438 5 24116 6 -1.69 3.51(6) -1.85 2.43(6)
600.2457 8100 4 24755 4 ~1.18 1.18(7) ~1.21 1.11(7)
600.6331 13374 8 30018 7 -0.13 1.33(8) -0.18 1.18(8)
606.1239 10030 7 26524 6 -1.35 7.84(6) -1.34 8.00(6)
611.0572 10163 6 26524 6 -1.48 5.87(6) -1.47 5.99(6)
611.4381 13374 8 29724 8 -0.32 8.16(7) -0.28 8.84(7)
619.7452 10730 6 26861 7 -0.72 3.08(7) -0.67 3.45(7)
620.0823 11006 7 27128 8 -1.14 1.17(7) -1.22 9.61(6)
620.5635 10117 4 26227 4 -1.66 3.36(6) -1.75 2.74(6)
627.8676 9647 6 25569 7 -0.86 2.17(7) -0.88 2.10(7)
630.5264 11006 7 26861 7 -1.05 1.41(7) -1.00 1.58(7)
631.8115 7438 5 23261 5 -1.36 6.78(6) -1.30 7.85(6)
635.7227 10117 4 25842 5 -1.76 2.71(6) -1.70 3.10(6)
636.3633 9045 3 24755 4 -1.22 9.60(6) -1.25 9.00(6)
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Table 4. Continued.

A Lower level” Upper level® log gf gA log gf gA
(nm) cm'’! J cm'’! J HFR® HFR® (nm) cm'’!
636.3823 11419 7 27128 8 -1.15 1.11(7) -1.23 9.12(6)
637.6219 10163 6 25842 5 -1.85 2.29(6) -1.79 2.62(6)
639.7707 9129 4 24755 4 -1.97 1.67(6) -2.00 1.57(6)
639.7973 8490 5 24116 6 -0.78 2.49(7) —0.94 1.73(7)
643.9129 11448 5 26973 5 -1.69 3.24(6) -1.65 3.55(6)
644.2162 11006 7 26524 6 -1.31 7.66(6) -1.30 7.82(6)
647.2073 10163 6 25610 6 -0.96 1.50(7) —0.87 1.86(7)
647.3876 11419 7 26861 7 -1.08 1.27(7) -1.03 1.42(7)
648.9302 10163 6 25569 7 -1.87 2.02(6) -1.89 1.95(6)
655.5609 11611 8 26861 7 -1.33 6.68(6) -1.28 7.48(6)
659.3771 8100 4 23261 5 -1.66 3.13(6) -1.60 3.62(6)
663.1100 11448 5 26524 6 -1.72 3.12(6) -1.71 3.18(6)
663.1945 10536 5 25610 6 -1.64 3.50(6) ~1.54 4.35(6)
663.5378 11794 7 26861 7 -1.34 6.56(6) -1.29 7.34(6)
665.6833 14706 9 29724 8 0.27 2.66(8) 0.31 2.88(8)
684.5255 11006 7 25610 6 -0.92 1.43(7) —0.82 1.78(7)
704.4439 11419 7 25610 6 -1.04 1.05(7) —0.94 1.30(7)
705.8969 11448 5 25610 6 -1.62 2.99(6) -1.52 3.71(6)
722.7694 13029 8 26861 7 -1.62 2.96(6) -1.57 3.31(6)
741.2319 13374 8 26861 7 -1.79 1.84(6) -1.75 2.06(6)

» Wavelengths in air are deduced from experimental excitation energies complied by Martin et al. [21], ® each level is represented
by its experimental value and its J-value as compiled in the NIST tables [21]. All the lower levels are odd and all the upper

levels are even, °©
in the present work.

More precisely, among the 20 levels appearing in Table 2,
those situated at 22 571.48, 22 675.44, 23 660.20, 26 961.96,
27198.24 and 28 508.79 cm ! were excluded from the Ta-
ble 4 for the reasons mentioned above.

In their paper, Scholl et al. [14] also deduced f-values
from their measured lifetimes combined with experimental
branching fractions published by Lage and Whaling [10]
and Goly et al. [11]. When comparing these results
with the ‘normalized’ oscillator strengths obtained in the
present work, a satisfactory general agreement was found
as shown in Figure 1. In fact, the mean ratio between both
sets of g f-values, gf (this work)/gf [14], was found to be
equal to 1.31£0.76 when considering all the 32 transitions
common to both works but was reduced to 0.99 & 0.31
when excluding the lines at 538.126 and 473.417 nm
for which very large discrepancies were observed. These
two transitions originate from the levels at 22 675.44 and
24115.50 cm~! for which the HFR lifetimes disagree con-
siderably from the laser measurements (see Tab. 2).

The new set of transition probabilities obtained in the
present work and summarized in Table 4 is expected to
help the astrophysicists in their analysis of the chemical
composition of CP stars. These results will be incorpo-
rated in the database DREAM accessible at the web site:
http://www.umh.ac.be/~astro/dream. shtml.

This work was financially supported by the Swedish Research
Council and by the EU-THP Access to Research Infrastructures
Program (contract HPRI-CT-1999-00041). Financial support
from the Belgian FNRS and FRIA is acknowledged by E.B.

computed using the HFR model (see text), ¢ HFR values normalized using the radiative lifetimes measured
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Fig. 1. Comparison of the oscillator strengths (loggf) ob-
tained in the present work (normalized values) with those ob-
tained by Scholl et al. [14]. The dotted line corresponds to a
perfect agreement between the two sets of data. For more de-
tails, see also the text.
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