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ABSTRACT

Radiative lifetimes of 16 odd levels belonging to the 4d?5p configuration of Zr 11 have been mea-
sured using a time-resolved laser-induced fluorescence technique with a single-step excitation
process either from the ground state or from metastable levels belonging to the 4d?5s and 4d*
configurations. For 12 levels, there were no previous results available. The new experimental
results and the lifetime values available in the literature have allowed to test a theoretical rela-
tivistic Hartree—-Fock (HFR) model including core-polarization effects and to deduce transition
probabilities for 242 transitions of astrophysical interest in the range 187.8-535.0 nm.
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1 INTRODUCTION

The determination of elemental abundances in the stars, includ-
ing the sun, requires a large number of accurate radiative tran-
sition probabilities. In the particular case of the chemically pe-
culiar stars of the upper main sequence, large overabundances of
many elements (including Zr) are deduced from the observed in-
tensities of spectral lines and are generally explained in terms
of diffusion processes in the outer layers of the stars. A pre-
cise determination of the enhancement factor of these abun-
dances requires accurate oscillator strengths which are the key
parameters in quantitative stellar abundances analyses. In addi-
tion, the yttrium anomaly (deviation from the odd—even effect,
Y being more abundant than Sr and Zr in some chemically pe-
culiar stars) and the importance of the Sr—Y—Zr patterns among
these stars has often been pointed out in the literature (see e.g.
Cowley & Aikman 1975 or Cowley 1976). As a consequence, a
detailed knowledge of the Zr 11 spectrum (more generally of the zir-
conium spectrum and line intensities in the first three ionization
stages) is of utmost importance in this context.

In astrophysics, Zr 11 has been observed in different types of stars
including, e.g. the Ap stars of the Cr—Eu—Sr subgroup (Adelman
1973; Sadakane 1976) or the Bp stars of the Hg—Mn subgroup
(Kodaira & Takada 1978). Zr1I is also present and has been in-
vestigated in detail in the solar photosphere (see e.g. Biémont et al.
1981; Bogdanovich et al. 1995). Recent observations with the Hub-
ble Space Telescope have raised the need for accurate radiative pa-
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rameters for heavy atoms in different ionization stages. As an exam-
ple, the Zr 11 and Zr 111 spectral lines in the ultraviolet (UV) spectral
region have been observed in emission in the Hg—Mn star y -Lupi.
Using a limited set of accurate oscillator strengths (26 transitions),
Sikstrom et al. (1999) were unable to resolve the anomaly existing
in this star between the local thermodynamic equilibrium (LTE) val-
ues of the zirconium abundance as deduced from weak lines of Zr 11
at optical wavelengths and strong Zr 1 lines appearing in the UV
region. According to these authors, the difference is too large to be
explained by uncertainties in the oscillator strengths and should be
found probably in the stellar models (non-LTE effects or diffusion
effects). However, an extended set of accurate atomic data in these
ions is clearly most welcome for definitively assessing the origin of
this zirconium conflict.

For these different reasons, the determination of transition proba-
bilities in Zr 11 is timely in order to meet the needs of the astrophysi-
cists interested in the determination of abundances in the stars.

2 PREVIOUS WORK

Zirconium has five stable isotopes, four of them (90, 91, 92 and 94)
being produced in nucleosynthesis by the s process, the other one
(96) being made by the r process. Zr is a very refractory element, dif-
ficult to vaporize by conventional thermal means and, consequently,
has been relatively little investigated in the past.

The experimental transition probabilities reported by Corliss &
Bozman (1962) for Zr i1 have been widely used in the astronomi-
cal literature but, since their publication, they have been shown to
contain significant excitation-, wavelength- and intensity-dependent
errors (see e.g. Bell & Upson 1971; Corliss & Tech 1976). More
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recently, the beam—foil method was used for measuring radiative
lifetimes of two low-lying levels within the z* G° multiplet (Poulsen
et al. 1982). However, the lack of oscillator strengths for Zr 11 has
motivated the deduction of radiative parameters from the analysis
of stellar or solar spectra (see e.g. Boyarchuk & Boyarchuk 1960;
Allen 1976; Luck & Bond 1981; Thevenin 1989, 1990; Meylan
et al. 1993). For similar reasons, simple empirical formulae for the
calculation of gf values were also proposed by Cowley (1983) and
Cowley & Corliss (1983).

Some theoretical attempts to deduce transition probabilities and
to fill in the gaps existing in the field have been reported by Malloy
& Czyzak (1978), Pirronello & Strazzulla (1980) or Bogdanovich
et al. (1995) but these publications contain data for only a limited
number of transitions. In the latter case for example, 15 transitions
only have been considered in Zr1 and, in addition, these authors
report large discrepancies observed between the length and velocity
forms of the transition probabilities (reaching a factor of 2 in the
case of the 4d>—4d?5p transitions) indicating that the model adopted
could probably be improved.

‘Modern’ transition probability determination in Zr11, based on
laser lifetime measurements combined with branching fractions
(BFs) determination, includes the works of Hannaford & Lowe
(1981), Biémont et al. (1981), Langhans, Schade & Helbig (1995)
and Sikstrom et al. (1999). In the first cases (Biémont et al. 1981;
Hannaford & Lowe 1981), a lifetime method based on fluorescence
decay measurement following pulsed laser excitation of sputtered
metal vapour was used in combination with measurements of BFs.
As a direct consequence, accurate transition probabilities have been
derived for 52 Zr 1 lines observed in the spectra of CP stars of the
upper main sequence (Grevesse et al. 1981). These new data have
been used to normalize the St—Y—Zr abundances in a large number
of stars. The work of Langhans et al. (1995) was restricted to lifetime
measurements with picosecond laser-induced fluorescence (LIF)
spectroscopy combined with a pulsed hollow cathode discharge.
In the paper of Sikstrom et al. (1999), six lifetimes were measured
with time-resolved LIF spectroscopy. BFs were determined exper-
imentally for 26 UV transitions depopulating three high-lying odd
levels (situated at 55 834, 57 062 and 57 740cm™").

An extension of previous sets of transition probabilities available
in Zr 11 is thus needed and justified. In the present contribution, we
report on transition probabilities for 243 transitions in the spectral
range between 187.8 and 535.0 nm.

3 LIFETIME MEASUREMENTS

The ground term of Zr 11 is [Kr]4d?(a 3F)5s “F. Radiative lifetimes
of 16 levels belonging to the 4d*5p configurations (odd parity) were
measured using a time-resolved LIF technique with a single-step
excitation process either from the ground state or from appropriate
metastable states belonging to the 4d?5s and 4d* configurations.
The experimental set-up used for the lifetime measurements has
been discussed in detail elsewhere (see e.g. Biémont et al. 2004; Xu
et al. 2004). Only a brief description is given here.

Free singly ionized zirconium atoms were obtained in a laser-
produced plasma using a sample with natural isotopes. The Zr
plasma contains neutral atoms, as well as ions in different ioniza-
tion stages and has a layer structure in which the higher ionization
stages are produced in the outer part of the cloud. The singly ion-
ized atoms could be selected for the excitation by adjusting the delay
time between the plasma production and excitation pulses. The ex-
citation pulse had a duration of about 1ns, and was obtained by
compression in water with a stimulated Brillouin scattering device.
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Table 1. Levels measured in Zr 11 and the corresponding excitation schemes.

State  E (cm™')? Origin Excitation Scheme Detection

(E'in Cm_])a A (nm)yye, A (NM)yqc,
z 2F°5/2 29504.97 2895.05 375.80 2w+ S 342
z 2F°7/2 30561.75 314.67 330.61 2w 373
y 2pe 72 37787.59 2895.05 286.59 20 + A 270
x 2F° 72 42504.11 314.67 237.03 3w+ S 256
x 2F° s 42860.72 0.0 233.31 3w+ S 259
y 2DO3/2 32983.73 2572.21 328.82 2w 366
y 2D05/2 33419.45 2572.21 324.18 2w 367
X 2DO3/2 41467.72 0.0 241.15 3w+ S 280
x 2D° 52 41676.82 0.0 239.94 3w+ S 284
z 2G09/2 35185.64 3757.66 318.19 2w 348
y 2Ge 72 40852.74 132291 252.97 3w+ 2S 305
z28° 12 34810.03 2572.21 310.19 2w 344
z2p° 12 36196.57 0.0 276.27 20 + A 313
x 2P° 32 4556821 0.0 219.45 3w 264

y4P°3, 4289354 314.67
y4P°spp 4320245 314.67

234858 3w+ S 287
233.166 3w+ S 284

9From Moore (1958).
2w means the second harmonic, S and AS are written for the first Stokes
and anti-Stokes components of stimulated Raman scattering.

The excitation process was performed in a vacuum chamber with
a background pressure of 107® to 107> mbar. The ionic beam of
zirconium is intersected at right angles by the pulsed laser beam
tuned to a resonant transition of the upper state of interest. In order
to obtain the required excitation wavelengths, different non-linear
optical techniques, such as frequency upconversion in crystals, and
stimulated Raman scattering technique in hydrogen gas, were ap-
plied. The excitation schemes for all the measured upper levels are
described in Table 1.

The spectral lines were separated with a grating monochromator
(resolution 6.4nmmm~") and the LIF signal was registered by a
fast photomultiplier (Hamamatsu R1564U).

The measured lifetimes fall in the range from 2 to 9 ns. For the
short-lived excited states, the temporal shape of the exciting laser
pulses had to be considered. The decay curves were treated by a
deconvolution process of the fluorescence signal and an excitation
pulse recorded by inserting a metal rod into the excitation beam
after the ablation pulse was blocked. A typical experimental curve
for the y *P°5), state of Zr1 is illustrated in Fig. 1 where the laser
excitation pulse is also shown. The convolution fit gives a lifetime
of 2.6 £ 0.2 ns. The decay curves were registered by a fast digital
recorder (Tektronix Model DSA 602) and result from the averaged
fluorescence photons from 1000 pulses. Measurements under differ-
ent physical conditions were performed to avoid systematic errors.
A magnetic field of about 100 G, provided by a pair of Helmholtz
coils, was also added and removed to detect eventual Zeeman quan-
tum beats. Radiation trapping and collisional effects were checked
by adjusting the plasma temperature and density, which could be
achieved by varying the delay time and the ablation laser intensity.
The delay times were chosen in the interval 1.5—4 us and no observ-
able effects were found. About 10 curves were recorded for each
level under study.

The experimental lifetime results of 16 excited states of Zr 11 and
their corresponding uncertainties are summarized in Table 2 where
they are compared with previous experimental results. For 12 of
them there were no results previously available. The quoted error
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1000 4 Table 2 — continued
E(cm~!)?  Designation® 7 (experiment) A (theory)
— 8004 Previous work This work  This work
[%2]
= , 40238.55  x*D°7p 24£0.1 1.9
_2 600 4 = Signal 4072726  y2P°yp 5.0
5 —Fit 4085274  y2G°yp 3.1+£02 26
;; —0— Laser Pulse 4087825  y2G°y 3.1
3 400 4133736y ;Po3/2 53
o) 41467.72 x“D%32 53+£04 4.8
£ 4167682 x’D°sp 53404 48
200 4173821  z2H°gp 3.6
42409.93  zZH°yip2 44
42504.11  x2F°72 52+£04 47
0 42789.24  y4P°yp 2.3
0 10 20 30 40 50 42860.72  x2F°s)p 53+£04 48
Time (ns) 4289354  y*P°3p 25402 23
43202.45 y 4P°5/2 26+£0.2 2.2
Figure 1. A typical experimental curve for the y *P°5 /2 state of Zr 11 with 45054.87 w 2D°;3 /2 2.1
a laser pulse. The convolution fit gives a lifetime of 2.6 & 0.2 ns. 45186.05 w 2D° 52 2.2
4556821  x2P°3) 77+£06 113
45944.00  x2P°i;p 11.4
210
Table 2. Experimental and theoretical radiative lifetimes (A, in ns) in Zr11. i; gillg? z 2; j ; z ;2
T . ) 5258580  wP°; 3.1
E (cm™")* Designation T (ex.perlment) . A (Fheory) 52876.80 w 2p° 3 3.0
Previous work This work This work 55835.53 v2D° i 0.77 + 0.08¢ 076
2798383 z%G°spp  T.1£0.2°,7.1£03¢ 6.1 56569.44  v2D°s) 0.76
28909.04 z 4Go 72 6.0 + O3h 5.5 57062.00 v iFo 5/2 0.88 £+ 0.08¢ 0.80
20504.97 z 2F05/2 8.0+ Ozb 79+04 7.0 57741.16 \4 2]:“07/2 0.94 + 0.09¢ 0.83
29777.60 z 41:;03/2 6.3 + 03/7 5.0 60814.50 v ZPO 1/2 0.96
29839.87 z%G°; 575+ 0.20°,7.6 + 1.0¢ 5.1 61861.90  vP°3p 0.93
zg ‘5‘2? 4312 ;jFD o 72403 i:g “Moore (1958): "Biémont et al. (1981); “Hannaford & Lowe (1981);
3056175 7 2F° s 32 4 0.4b 704104 69 Poulsen et al. (1982); ¢Sikstrom et al. (1999);/ Langhans et al. (1995).
30795.74 2 2GO 1 54+ 0-42, 6.5+ 1.0 438 bars correspond to twice the standard deviation and are in the in-
31160.04 z°D°s/ 84404 74 terval 2—10 per cent. We also give in Table 2 the theoretical HFR
3124928 2°F7), 465 £ 020, 4.7 £ 03¢ 4.0 lifetime values obtained in the k i -
o , present work according to the proce
31866.49 2 F9/y 4.35 £ 020 39 dure described hereafter (see Section 4)
3198125 z4D° ) 7.14£03,67+£02° 5.5 N : .
3225671 2°D°3) 6.9 + 027 6.9 + 0.4¢ 56 Our results agree, within the error bars,' ,Wlth the measure-
3261471 z 4D05/2 70403,7.0 4+ 0.2 57 ments by Langhans et al. (1995) and by Biémont et al. (1981)
32899.46 z4D°7, 6.8 £ 0.2 5.3
3298373 y’D°3;,  8.6+0.3° 8.6+06 7.8 -
3341945 y?D°s) 88+04 76 : O Poulsen ef al (1982)
3448542 z2G°7), 48+03b 4.1 &  Sikstrom et al (1999)
34810.03 228°; 41+£02 3.6 & Biemont ef al. (1981)
35185.64 272G, 47+£04 41 H SISt
35914.81 z2P° 39403 2.9 i3 .
3/2
36196.57 z 2P°1/2 3.7+£02 3.1 ”'"1':. %
36237.04 y4D°yn  34+02 35 v O
36451.79 y*F°3, 47+02,49+02° 5.5 5 %cp
36 63850 y 4DO3/2 32 :t 02f, 39 :t 02b 35 '_s 1.0 = BT AL RTEI b tiad . B T
36869.00 y4F°s 44402 ,46+02" 5.0 o b“%!‘b o "“
R 5/2 . 2 4. . . g o o éﬁ)
3717122 y*D°sp 41402 3.5 © DCI a 8
3734631 y2F°5, 35402 3.1 I
3742976y *F°q,, 43+02 52 0.5
37681.75 z48°3, 42403° 5.4 a
37787.59 y2F°q; 41+02 42404 29
38041.49 y4D°;) 33402 35
38063.40 z4P°) 10.3 0.0 . , .
38133.50 z4P°3) 10.6 £ 0.3° 3.7 20000 30000 40000 50000 60000
38482.64 z4P°s) 113 Energy (em™)
38644.12 y4F°g), 49402 5.3
38934.37 x4D°; /2 2301/ 1.8 Figure 2. Comparison between theoretical lifetimes obtained in the present
3919235 x4D°3) 23+0.1 1.9 work (HFR plus CP method) and available experimental values for odd-
39640.08 x*D°5p  23£0.V 19 parity levels of Zr1.
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Table 3. Transition probabilities, gA in 107 s~!, for lines of Zr 1. Only the transitions for which gA is larger than 5 x 107 s~! are
kept in the table.

A (nm)“ Lower level” Upper level” Intensity? gAc gA? gA gA log gf

(HFR) (NORM) (EXPT) (best values) (best values)
187.846 4506  5/2 57741 7/2 108.4 95.7¢ 96.5 96.5 —0.29
193.850 4248  3/2 55835 3)2 106.8 105.4¢ 102.4f 102.4 —0.24
194.822 4505  5/2 55835  3/2 41.1 40.6° 53.4 534 —0.52
194.898 5753 5/2 57062 5/2 103.9 94.5¢ 125.9f 125.9 —0.14
195.934 6468  7/2 57741 7/2 84.6 74.7¢ 105.2 105.2 —-0.22
197.651 6468  7/2 57062 5/2 14.3 13.0¢ 50.3 50.3 —0.53
199.674 5753 5/2 55835  3/2 139.0 137.2¢ 153.3 1533 —0.04
201.597 8153  9/2 57741 7/2 75.1 66.3¢ 64.8 64.8 —0.40
203.087 7838 7/2 57062 5/2 56.7 51.5¢ 37.3 373 —0.64
218481 11984 9/2 57741  7/)2 5.7 5.0¢ 7.7f 7.7 —1.26
228.863 14060 7/2 57741 7/2 8.2 7.2¢ 1.7 7.7 —-1.22
229.112 13429  3/2 57062 5/2 182.4 165.8¢ 115.8 115.8 —0.04
229.404 14163 5/2 57741 7/2 398.7 352.0¢ 333.2f 3332 0.42
229.549 14190 9/2 57741 7/2 165.0 145.7¢ 132.2f 132.2 0.02
232.447 14733 5/2 57741 7/2 449 39.6¢ 247 24.7 —0.70
232.476 14060 7/2 57062 5/2 148.7 135.2¢ 95.5/ 95.5 —0.11
233.035 14163  5/2 57062 5/2 97.7 88.8¢ 95.3f 95.3 —0.11
235.743 13429  3/2 55835 3/2 138.2 136.4¢ 106.4 106.4 —0.05
239.898 14163 5/2 55835 3/2 13.0 12.8¢ 9.8f 9.8 —1.07
244.985 4248  3/2 45055  3/2 150 81.8 81.8 —0.13
245.744 4506  5/2 45186  5)2 21 115.6 115.6 0.02
248.729 8153 9/2 48345 7)2 75 34.1 34.1 —0.50
249.648 7838  7/2 47882 5/2 45 19.9 19.9 —0.73
253.246 763 7/2 40239  7/2 180 26.2 20.78 20.7 —0.70
254.210 315 5/2 39640 5/2 220 35.8 29.68 29.6 —0.54
255.074 0 3/2 39192 3/2 220 29.3 24.28 242 —0.63
256.764 0 3/2 38934 1/2 570 79.7 62.48 62.4 —0.21
256.887 1323 9/2 40239 7/2 1600 248.9 197.0% 197.0 0.29
257.139 763 7/2 39640 5/2 2100 181.4 149.88 149.8 0.17
2572.16 315 5/2 39192 3/2 125.4 98.18 98.1 —0.01
258.340 4506  5/2 43202 5/2 75 14.9 12.6" 12.6 —0.90
258.907 4248 372 42861 5/2 130 21.2 19.2" 19.2 —0.71
263.091 4506  5/2 42504  7/2 150 36.7 33.1" 33.1 —0.46
263.909 763 7/2 38644  9/2 210 16.2 17.58% 17.5 —0.74
265.038 763 7/2 38483 5/2 110 8.0 8.0 —-1.07
266.254 19515 5/2 57062 5/2 12.8 11.6¢ 13.00 13.0 —0.86
266.780 315 5/2 37788 7/2 180 166.7 115.1" 115.1 0.09
267.863 1323 9/2 38644  9/2 1800 165.7 179.2¢ 179.2 0.29
268.176 763 7/2 38041 7/2 35 16.0 16.9% 16.9 —0.74
269.260 8058 5/2 45186 5/2 90 14.7 14.7 —0.80
269.406 5753 5/2 42861 5/2 180 19.7 17.9" 17.9 —0.71
269.960 315 5/2 37346 5/2 95 224 19.88 19.8 —0.66
270.013 763 7/2 37788 /2 750 83.6 57.7" 57.7 —0.20
270325 20080 3/2 57062 5/2 5.1 4.6¢ 6.2f 6.2 —1.17
271.242 315 5/2 37171 5/2 140 40.6 34.78 347 —0.42
272.261 1323 9/2 38041 7/2 1300 53.1 56.38 56.3 —0.20
272.649 763 7/2 37430 7/2 800 28.4 34.38 343 —0.42
273.272 763 7/2 37346  5/2 490 8.2 7.3% 7.3 —-1.09
273.486 315 5/2 36869 5/2 1400 28.5 33.18 33.1 —0.43
274.051 4248  3/2 40727 1/2 110 8.5 8.5 —1.02
274.155 1323 9/2 37788 17/2 140 334 23.1" 23.1 —0.58
274.256 0 3/2 36452 3)2 1100 16.5 19.6% 19.6 —0.66
274.586 763 7/2 37171 5/2 660 42.8 36.58 36.5 —0.38
275.221 315 5/2 36639  3/2 660 15.6 17.18 17.1 —0.71
275.251 19515 5/2 55835 3/2 31.7 31.3¢ 22.2f 222 —0.60
276.000 19614 1/2 55835 3/2 12.8 12.6¢ 6.2 6.2 —1.15
276.191 0 3/2 36197 1/2 70 229 19.2" 19.2 —0.66
276.873 1323 9/2 37430 7/2 200 29.6 35.88 35.8 —0.39
276.885 763 7/2 36869 5/2 219 25.3¢8 253 —0.54
277.416 6468  7/2 42504 7)2 234 21.2" 21.2 —0.61
279.690 5724 1/2 41468 32 160 5.8 5.20 5.2 —1.21
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Table 3 — continued

A (nm)“ Lower level” Upper level” Intensity” gAc gA? gA gA log gf

(HFR) (NORM) (EXPT) (best values) (best values)
281.091 6112  3/2 41677 5/2 180 325 29.4" 29.4 —0.46
281.874 7736 3/2 43202 5/2 390 73.4 62.1" 62.1 —0.13
282.556 7513 1/2 428% 3/2 530 71.4 65.7" 65.7 —0.10
283.391 7513 1/2 42789 1/2 110 135 135 -0.79
283.440 6468  7/2 41738 9/2 80 8.3 8.3 —1.00
283.802 6112  3/2 41337 3/2 55 59 59 —1.15
283.934 6468  7/2 41677 5/2 120 13.5 12.3" 12.3 —0.83
284.352 7736 3/2 42894 3/2 130 24.5 22.6" 22.6 —0.56
284.458 8058 5/2 43202 5/2 660 161.5 136.6" 136.6 0.22
284.819 5753 5/2 40853 7/2 210 20.1 16.9" 16.9 —0.69
285.197 7736 3/2 42789 1/2 350 69.1 69.1 —0.07
285.443 7838  7/2 42861 5/2 70 6.3 57" 5.7 —1.16
286.981 8058 5/2 4289 3/2 340 68.3 62.8" 62.8 —0.11
288.380 7838  7/2 42504 7/2 55 9.1 8.3" 8.3 —0.99
288.804 6112 3/2 40727 1/2 90 5.5 5.5 —1.16
289.871 3300 7/2 37788 7/2 90 5.5 3.8" 3.8 —-1.32
290.162 13428 3/2 47882 5/2 60 19.8 19.8 —0.60
290.523 6468  7/2 40878 9/2 160 20.3 20.3 —0.59
290.738 6468  7/2 40853 7/2 70 7.7 6.5" 6.5 —1.08
291.025 8153  9/2 42504 7/2 90 9.2 8.3" 8.3 —0.98
291.599 3758  9/2 38041 7/2 300 17.7 18.8¢8 18.8 —0.62
291.664 2895  5/2 37171 5/2 110 6.0 5.28 52 —1.18
291.824 8153  9/2 42410 112 270 61.4 61.4 —0.11
292464 14163 5/2 48345 7/2 45 17.1 17.1 —0.66
292.699 14190 9/2 48345 7/2 320 217.3 2173 0.45
293.631 3300 7/2 37346 5/2 160 7.8 6.9% 6.9 —1.05
294.546 7736 3/2 41677 5/2 90 5.8 5.3" 53 —1.16
294.894 7838  7/2 41738 9/2 320 422 422 —0.26
295.578 14060 7/2 47882 5/2 320 155.8 155.8 0.31
296.896 3758  9/2 37430 7/2 320 38.7 46.8% 46.8 —0.21
297.661 8153  9/2 41738 9/2 130 30.6 30.6 —0.39
297.805 3300 7/2 36869 5/2 320 30.1 34.98 349 —0.33
297.918 2895  5/2 36452 3/2 230 26.1 30.6% 30.6 —0.39
298.102 4506  5/2 38041 7/2 160 30.5 32.38 323 —0.37
302.047 4248  3/2 37346 5/2 350 242 21.48 214 —0.53
302.804 7838  7/2 40853 7/2 500 70.8 59.4" 59.4 —0.09
303.092 0 3/2 32984 3/2 180 5.5 5.0" 5.0 —1.16
303.639 4506  5/2 37430 7/2 350 23.9 28.98 28.9 —0.40
305.484 8153  9/2 40878 9/2 690 85.3 85.3 0.08
305.722 8153  9/2 40853 7/2 70 8.5 71" 7.1 —1.00
306.463 4248  3/2 36869 5/2 100 79 9.28 9.2 —0.89
309.507 315 5/2 32615 5/2 250 13.2 10.78 10.7 —0.81
309.923 0 3/2 32257 3/2 280 9.9 8.0¢ 8.0 —0.94
310.658 8058 5/2 40239 7/2 690 129.5 102.58 102.5 0.17
311.088 763 7/2 32899 7/2 210 14.2 11.18 11.1 —0.79
312.519 4248 3/2 36237 1/2 70 40.4 41.6% 41.6 —0.22
312.592 0 3/2 31981 1/2 320 17.2 13.38 133 —0.71
312.976 315 5/2 32257 3/2 500 222 18.1¢ 18.1 —0.58
313.348 7736 3/2 39640 5/2 350 67.9 56.18 56.1 —0.08
313.868 763 7/2 32615 5/2 690 31.0 25.28 25.2 —0.43
315.567 7513 1/2 39192 3/2 290 28.1 23.28 232 —0.46
315.700 4248 372 35915 3/2 150 9.9 7.4 7.4 —0.96
316.431 5753  5/2 37346 5/2 540 40.8 36.28 36.2 —0.26
316.545 8058 5/2 39640 5/2 150 16.9 14.08 14.0 —0.68
316.597 1323 9/2 32899 7/2 880 533 41.6% 41.6 —0.20
316.626 6468  7/2 38041 7/2 150 45.6 48.38 48.3 —0.14
317.809 7736 3/2 39192 3/2 190 22.8 18.88 18.8 —0.54
318.158 7513 172 38934 1/2 190 22.5 17.6% 17.6 —0.57
318.286 4506  5/2 35915 3/2 880 87.6 65.11 65.1 —0.00
321.285 5753 5/2 36869 5/2 75 14.7 17.08 17.0 —0.58
321.419 763 7/2 31866 9/2 760 31.7 26.9' 26.9 —0.38
322.881 6468  7/2 37430 7/2 200 26.1 31.58 315 —0.31
323.169 315 5/2 31249 7/2 630 29.6 25.2¢ 25.2 —0.40
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Table 3 — continued

A (nm)? Lower level” Upper level” Intensity” gA” gA? gA gA log gf

(HFR) (NORM) (EXPT) (best values)  (best values)
323.658 14299 3/2 45186 5/2 110 7.9 7.9 —-0.91
324.105 315 5/2 31160 5/2 760 14.6 2.9 12.9 —0.69
325.046 14299 3/2 45055 3/2 58.2 58.2 —0.04
326.481 7513 1/2 38134 3/2 40 17.8 6.2! 6.2 —1.00
327.113 4248 3/2 34810 1/2 150 8.1 71" 7.1 —0.94
327.222 0 3/2 30551 5/2 540 20.2 20.2 —0.49
327.305 1323 9/2 31866 9/2 1000 138.4 117.3 117.3 0.28
327.926 763 7/2 31249 7/2 1300 82.5 70.2¢ 70.2 0.05
328.283 14733 5/2 45186 5/2 92.0 92.0 0.17
328.471 0 3/2 30435 3/2 880 244 22.17 22.1 —0.45
328.588 8058 5/2 38483 5/2 140 20.9 20.9 —0.47
329.640 7736 3/2 38063 1/2 75 8.2 8.2 —0.87
330.267 9969 5/2 40239 7/2 75 10.1 8.0% 8.0 —0.88
330.515 315 5/2 30562 7/2 540 10.6 9.3" 9.3 —0.82
330.628 315 5/2 30551 5/2 880 40.9 40.9 —0.17
330.989 7838 7/2 38041 7/2 40 7.3 7.8% 7.8 —0.89
331.450 5753 5/2 35915 3/2 210 14.0 10.4/ 10.4 —0.77
331.851 6112 3/2 36237 1/2 75 17.5 18.08 18.0 —0.53
332.680 12360 11/2 42410 11/2 380 55.5 55.5 —0.04
333.425 8058 5/2 38041 7/2 380 18.7 19.88 19.8 —0.48
333.462 4506 5/2 34485 7/2 210 13.2 11.3 11.3 —0.72
334.056 1323 9/2 31249 7/2 760 20.9 17.8¢ 17.8 —0.53
334.479 8153 9/2 38041 7/2 380 56.6 60.18 60.1 0.00
335.439 6112 3/2 35915 3/2 180 11.6 8.6/ 8.6 —0.84
335.609 763 7/2 30551 5/2 760 24.1 24.1 —0.39
335.726 0 3/2 29778 3/2 540 19.8 157 15.7 —0.58
335.996 11984 9/2 41738 9/2 180 30.9 30.9 —0.28
336.268 8058 5/2 37788 7/2 95 7.6 5.3 5.3 —1.05
337473 8058 5/2 37682 3/2 380 38.1 49.0° 49.0 —0.08
337.627 7736 3/2 37346 5/2 110 52 4.6% 20.9 —1.10
338.787 7838 7/2 37346 5/2 570 55.4 49.08 8.2 —0.07
338.830 0 3/2 29505 5/2 760 17.4 15.5" 15.5 —0.57
339.198 1323 9/2 30796 112 5700 237.6 211.2¢ 211.2 0.56
339.312 315 5/2 29778 3/2 570 14.2 11.3 11.3 —0.71
339.633 7736 3/2 37171 5/2 160 6.5 5.58 5.5 —1.02
339.666 13429 3/2 42861 5/2 40 26.0 23.5" 235 —0.39
339.935 2572 3/2 31981 1/2 380 13.4 10.48 10.4 —0.74
340.287 12360 11/2 41738 9/2 150 57.3 57.3 —0.00
340.368 8058 5/2 37430 7/2 190 34.8 42.18 42.1 —0.14
340.483 2895 5/2 32257 3/2 570 233 18.9¢ 18.9 —0.48
341.025 3300 7/2 32615 5/2 760 344 28.08 28.0 —0.31
343.053 3758 9/2 32899 7/2 1000 51.5 40.28 40.2 —0.15
343.157 7736 3/2 36869 5/2 110 21.0 24.48 244 —0.37
343714 5724 1/2 34810 1/2 380 22.1 19.4" 19.4 —0.46
343.823 763 7/2 29840 9/2 4700 160.1 143.2 143.2 0.40
344.357 7838 7/2 36869 5/2 120 17.0 19.78 19.7 —0.46
345.756 4506 5/2 33419 5/2 410 21.8 18.8" 18.8 —0.47
346.302 11984 9/2 40853 7/2 820 134.3 112.6" 112.6 0.31
346.994 8058 5/2 36869 5/2 40 10.5 12.28 12.2 —0.66
347.850 9743 3/2 38483 5/2 65 7.8 7.8 —0.85
347.902 4248 3/2 32984 3/2 180 13.7 12.4" 11.2/ 11.2 —0.69
347.939 5753 5/2 34485 7/2 1200 922 78.8¢ 81.4/ 814 0.17
348.115 6468 7/2 35186 9/2 1300 122.0 106.4" 106.4 0.29
348.354 6112 3/2 34810 1/2 760 233 20.5" 20.5 —0.43
348.532 7513 172 36197 1/2 130 12.5 10.5" 10.5 —0.72
349.621 315 5/2 28909 7/2 4100 106.2 97.4! 974 0.25
349.958 3300 7/2 31866 9/2 190 5.4 4.6' 8.4/ 8.4 —0.81
350.548 12360 11/2 40878 9/2 350 104.7 104.7 0.29
350.567 1323 9/2 29840 9/2 820 26.8 24.0° 23.6/ 23.6 —0.36
350.605 9969 5/2 38483 5/2 80 11.3 11.3 —0.68
351.046 4506 5/2 32984 3/2 200 5.4 4.9" 49 —1.04
352.581 2895 5/2 31249 7/2 440 7.9 6.7¢ 6.7 —0.90
353.085 14190 9/2 42504 7/2 70 244 22.1" 22.1 —0.38
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Table 3 — continued

A (nm)“ Lower level” Upper level” Intensity” gA* gA? gA gA log gf

(HFR) (NORM) (EXPT) (bestvalues) (best values)
354262 14190 9/2 42410 11/2 630 145.5 145.5 0.44
354.951 9969 5/2 38134 3/2 130 329 1.5 21.1 21.1 —0.40
355.195 763 7/2 28909 7/2 1800 27.3 25.0° 25.9/ 25.9 —0.31
355.407 9553 1/2 37682 3/2 130 14.3 18.4 18.4 —0.46
355.660 3758 9/2 31866 9/2 2100 78.0 66.11 66.1 0.10
357.247 0 3/2 27984 5/2 2100 66.5 57.21 57.2 0.04
357.308 2572 3/2 30551 5/2 210 6.4 6.4 —0.91
357.685 3300 7/2 31249 7/2 1300 54.7 46.6° 46.6 —0.05
357.823 9743 3/2 37682 3/2 150 11.7 15.17 15.1 —0.54
358.798 2572 3/2 30435 3/2 440 5.7 5.1 5.1 —1.01
361.189 14060 7/2 41738 9/2 690 94.6 94.6 0.27
361.310 315 5/2 27984 5/2 1100 15.8 13.6' 13.6 —0.57
361.477 2895 5/2 30551 5/2 1100 36.6 36.6 —0.14
363.349 14163 5/2 41677 5/2 140 14.1 12.8" 12.8 —0.60
366.214 13429 3/2 40727 172 95 17.7 17.7 —0.45
367.127 5753 5/2 32984 3/2 390 14.9 13.5" 12.4 12.4 —0.60
367.472 2572 3/2 29778 3/2 800 229 18.1° 18.1 —0.44
369.746 3758 9/2 3079 11)2 390 11.0 9.8¢ 9.8 —0.70
369.817 8153 9/2 35186 9/2 960 87.1 75.9" 75.9 0.19
370.926 6468 7/2 33419 5/2 720 335 29.0" 29.0 —0.22
371.478 4248 3/2 31160 5/2 190 5.8 5.1 5.7 5.7 —0.93
373.126 14060 7/2 40853 7/2 270 49.2 41.3" 41.3 —0.06
374598 14190 9/2 40878 9/2 560 62.1 62.1 0.12
375.160 7838 7/2 34485 7/2 830 60.4 51.6' 51.6 0.04
376.682 3300 7/2 29840 9/2 340 9.5 8.5! 8.5 —0.74
379.648 8153 9/2 34485 7/2 130 8.5 7.3 6.8/ 6.8 —0.84
381.758 4248 3/2 30435 3/2 210 7.3 6.6 6.6 —0.84
383.676 4506 5/2 30562 7/2 1300 429 37.5" 39.4/ 394 —0.06
384.302 2895 5/2 28909 7/2 550 7.0 6.4/ 6.4 —0.85
391.434 19515 5/2 45055 3/2 40 133 133 —0.51
391.594 4248 3/2 29778 3/2 310 52 4.1 4.1 —1.03
393.479 5753 5/2 31160 5/2 200 6.8 6.0’ 6.0 —0.86
395.822 4248 3/2 29505 5/2 940 26.0 23.1" 23.1 —0.27
399.113 6112 3/2 31160 5/2 770 28.3 24.9% 24.9 —0.23
399.897 4506 5/2 29505 5/2 770 16.8 14.9" 14.9 —0.45
402.968 5753 5/2 30562 7/2 400 8.6 7.5 7.5 —0.74
404.561 5724 1/2 30435 3/2 400 10.3 9.3/ 9.3 —0.64
404.867 6468 7/2 31160 5/2 610 15.5 13.6/ 13.6 —0.48
405.033 5753 5/2 30435 3/2 200 7.4 6.7 4.1 4.1 —1.00
414.920 6468 7/2 30562 7/2 1200 45.1 39.4" 36.1 36.1 —0.03
415.624 5724 1/2 29778 3/2 290 54 4.2 42 —0.96
416.121 5753 5/2 29778 3/2 400 9.3 7.4 7.3/ 7.3 —0.72
417981 13429 3/2 37346 5/2 75 5.5 4.98 49 —0.89
418.669 14163 5/2 38041 7/2 100 7.0 7.48 7.4 —0.71
420.898 5753 5/2 29505 5/2 610 14.5 12.8" 13.00 13.0 —0.46
433326 19433 7/2 42504 7/2 40 17.0 15.4" 15.4 —0.36
435974 9969 5/2 32899 7/2 290 17.4 13.58 13.5 —0.41
437.095 9743 3/2 32615 5/2 130 8.7 7.18 7.1 —0.69
437978 12360 11/2 35186 9/2 240 22.4 19.6" 19.6 —0.25
444300 11984 9/2 34485 7/2 140 16.8 14.31 15.8 15.8 —0.33
449.442 19433 7/2 41677 5/2 55 21.4 19.4" 19.4 —0.23
462.907 20080 3/2 41677 5/2 40 13.5 12.3" 12.3 —0.40
468.519 19515 5/2 40853 7/2 23 8.9 7.5" 7.5 —0.61
535.009 14733 5/2 33419 5/2 30 11.0 9.5" 9.5 —0.39
535.035 14299 3/2 32984 3/2 30 6.2 5.6" 5.6 —0.62

“from Meggers et al. (1975) and Sikstrom et al. (1999); bfrom Moore (1958); “this work (HFR calculations); 4this work (HFR
calculations normalized with available experimental lifetimes); gA values normalized using the experimental lifetimes obtained
by Sikstrém et al. (1999); fDeduced from f values obtained from experimental lifetimes and FTS BF measurements by Sikstrom
et al. (1999); 2gA values normalized using the experimental lifetimes obtained by Langhans et al. (1995); "gA values normalized
using the experimental lifetimes obtained in the present work; ‘gA values normalized using the experimental lifetimes obtained by
Biémont et al. (1981); /Deduced from f values obtained from experimental lifetimes and FTS BF measurements by Biémont et al.
(1981).
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(for four levels) which were also obtained using selective laser
excitation.

4 THEORETICAL MODEL

The relativistic Hartree-Fock (HFR) method, as described by
Cowan (1981), was used to compute radiative lifetimes and BFs
for the transitions depopulating the odd-parity levels of Zri. In
the physical model adopted, we supposed that the Zr" ion could
be represented by three valence electrons surrounding a Kr-like
ionic core with 36 electrons occupying closed subshells of the type
15225%2p®3s23p®3d!°4s24p°. The intravalence correlation was then
considered by the explicit introduction, in the HFR calculations, of
the following interacting configurations: 4d5s> + 4d5p* + 4d5d* +
4d4f? + 4d5f2 + 4d5s6s + 4d5s5d + 4d5s6d + 4d5paf + 4d5pSf
+ 4d%5s + 4d26s + 4d?5d + 4d*6d + 4d> + 5526s + 5s25d + 5s%6d
(even parity) and 4d5s5p + 4d5s6p + 4d5s4f + 4d5s5f + 4d5p5d
+ 4d5d4f + 4d5d5f + 4d25p + 4d26p + 4d24f + 4d?5f + 5s25p +
5526p + 5s24f + 5s25f (odd parity).

Core—valence correlation was considered by including in the HFR
method a core-polarization (CP) potential and a correction to the
dipole operator as it has been described in many previous papers
(see e.g. Quinet et al. 1999; Biémont et al. 2000). These corrections
were used with a value of the dipole polarizability equal to 2.98a3,
as computed by Johnson, Kolb & Huang (1983), for the Kr-like Zr**
ion. A cut-off radius equal to 1.35a, which corresponds to the HFR
expectation value of (r) for the outermost core orbital, i.e. 4p, was
retained for the calculations.

This HFR plus CP method was then combined with a least-squares
optimization of the radial parameters in order to mimimize the dis-
crepancies between calculated energy levels and experimental val-
ues when available. More precisely, the 35 even-parity experimental
levels reported by Moore (1958) as belonging to 4d5s?, 4d>5s and
4d? were used to adjust the numerical values of the average ener-
gies (E ,,) of the electrostatic (F¥, G¥) and the spin—orbit integrals
(¢ 1) together with the effective interaction parameters («, ) corre-
sponding to these three configurations. Similarly, the 68 odd-parity
levels, taken from the same compilation, were used to optimize all
the radial parameters, including the interaction configuration inte-
grals (RY), corresponding to the 4d5s5p and 4d>5p configurations.
The standard deviations of the fitting procedures were found to be
equal to 46 cm™! (35 levels, 15 adjustable parameters) for the even
parity and 177 cm™! (68 levels, 19 variable parameters) for the odd
parity.

5 DISCUSSION OF THE RESULTS

Radiative lifetimes, as obtained with the HFR plus CP method, are
reported in the last column of Table 2 where they are compared with
available experimental values. Inspection of the data in Table 2 re-
veals that, with the exception of the z 4pe, /2 level at 38 133.50 cm™!,
we observe a good agreement between theory and experiment. How-
ever, the HFR lifetimes seem to be generally smaller than the mea-
surements as illustrated in Fig. 2. This could be explained by the fact
that the core-polarization effects are underestimated in the physical
model used in the present work. The use of the dipole polarizability
published by Fraga, Karwowski & Saxena (1976),i.e. ¢, = 3.24 au,
instead of the one reported by Johnson et al. (1983), did not improve
upon the situation. Indeed, it was found that, when using the former
value, the calculated lifetimes did increase by only about 1 per cent.
Large discrepancies between theory and experiment are observed
for only two levels, at 38 133.50 cm™' (z *P°3,) and 45 568.21 cm™!
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(x 2P°3,2), respectively. As the two experimental values were ob-
tained with a LIF technique, the problem is probably occurring on the
theoretical side. No precise explanation, however, could be found.

Calculated HFR plus CP transition probabilities and ‘normalized’
values (obtained by combining HFR plus CP BFs and the most
accurate available experimental lifetimes) are presented in Table 3.
These normalized gA values (we limited the table to gA values larger
than 5 x 107 s~! because calculated BFs are expected to be more
accurate for intense than for weak transitions) are compared with the
experimental results obtained by Biémont et al. (1981) and Sikstrom
et al. (1999) who combined radiative lifetimes measured by laser
spectroscopy and BFs determined from intensity measurements on
laboratory spectra.

The normalized gA values agree quite well [ <10 per cent] with
the experimental results of Biémont et al. (1981) and this agreement
gives some weight to the calculated BFs. The only exception is
the transition at 354.951 nm where a discrepancy of a factor of 2
is observed. This agreement is confirmed when plotting the HFR
gf values versus the results of Grevesse et al. (1981) (see Fig. 3).
This figure shows that the two sets of results agree quite well if we
exclude the two weak transitions at 535.009 and 535.035 nm but, for
these two transitions, the BFs in the work of Grevesse et al. (1981)
were taken directly from the work of Corliss & Bozman (1962) and
were not remeasured by these authors.

The comparison of the normalized gA values with the results of
Sikstrom et al. (1999) leads to less obvious conclusions. For 14 tran-
sitions, the agreement is within 35 per cent but larger discrepancies
are observed for the remaining transitions. It should be pointed out,
however, that the uncertainties of the results of Sikstrom et al. (1999)
are estimated by the authors to be within 25 and 40 per cent and de-
pend on the difficulties related to both the intensity measurements
and the intensity calibration.

We give, in the last column of the Table 3, the ‘best’ values that
we suggest to use. They correspond, in order of expected decreasing
accuracy, to experimental LIF lifetimes combined with laboratory
BFs, to experimental LIF lifetimes combined with HFR BFs and,
finally, to HFR plus CP transition probabilities. For most of the
transitions, the accuracy of the transition probabilities is expected
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Figure 3. Comparison between Zr1I theoretical gf values obtained in the
present work (HFR plus CP method) and available experimental results
(Grevesse et al. 1981).
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to be within 20 per cent. It could be larger for erratic transitions in
relation to possible cancellation effects appearing in the calculation
of the line strengths.

In conclusion, we present in this paper an extensive set of transi-
tion probabilities in Zr 11 for 243 transitions of astrophysical interest
appearing in the UV and visible regions. Their accuracy is assessed
through comparisons with available experimental measurements.
The present data improves the gap in the atomic data base for the
Zr 11 ion, but additional efforts are required in this field.
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