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Radiative decay data for highly excited Zr I levels
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ABSTRACT

Radiative lifetimes of 17 excited levels in Zr1, in the energy interval 29 000-40974 cm™!,
have been investigated using the time-resolved laser-induced fluorescence method. The levels
belong to the 4d?5s5p, 4d35p and 4d5s*5p electronic configurations and were excited in a
single-step process from either the ground term, 4d*5s? a *F, or from the low-lying 4d>5s* a *P
and a >F terms. For three levels, we confirm previous measurements while for 14 of the levels
the lifetimes have been measured for the first time. The experimental results are compared to
theoretical calculations performed with a multiconfiguration relativistic Hartree—Fock method
including core-polarization effects. Theoretical transition probabilities of astrophysical inter-
est, scaled by the experimental lifetimes, for the depopulating channels of the investigated

levels are also presented.
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1 INTRODUCTION

Accurate values of oscillator strengths for spectral lines of neutral
zirconium are of great interest in astrophysics for the determina-
tion of the chemical composition of stellar atmospheres. Recent
examples include the determination of the zirconium abundance in
the metal-poor red giant star HD 221170 (Yushchenko et al. 2005;
Ivans et al. 2006) and in the CH star CS 31062-050 (Johnson &
Bolte 2004). Measurements of radiative lifetimes of excited states
in Zr1are necessary to determine the needed transition probabilities
and to assess the accuracy of the theoretical data in this complex
system.

The low-lying levels of Zr1 have been investigated using dif-
ferent experimental approaches in a series of previously published
papers. The radiative lifetimes of the z *G° 345 and y °G° 45 lev-
els were measured using beam-sputtering excitation by a fast Ar*
beam (Ramanujam 1977; Andersen, Ramanujam & Bahr 1978).
Collinear fast-beam laser modulation spectroscopy was used to de-
termine radiative lifetimes of the z *G° 5 and y>G® 3456 levels in
Zr1 (Poulsen et al. 1981, 1982). Hannaford & Lowe (1981) applied
the time-resolved laser-induced fluorescence (TR-LIF) method and
sputtering from a hollow cathode discharge to measure the radiative
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lifetimes of all levels in the z *G®, y°G® and y>G°® terms. Biémont
et al. (1981) also used the TR-LIF method to obtain lifetime val-
ues for 34 levels in Zr1. The oscillator strengths of the transitions
depopulating these levels were determined by the same authors
from a combination of the lifetimes with measured branching frac-
tions (BFs). Lifetimes of 11 levels belonging to the z 3G°, y °G°
and y 3G° terms have been investigated with TR-LIF applied to
a Zr atomic beam, produced by a sputtering process in a hollow
cathode discharge (Duquette, Salih & Lawler 1982). Rudolph &
Helbig (1982) measured lifetimes of 15 Zr1 levels in the energy in-
terval 25 630-29 002 cm~!, using the delayed coincidence method
with pulsed laser excitation. Lifetimes of the levels y *G°4, x 3G°s,
z 'G° and x 3D°, were measured using picosecond LIF by
Langhans, Schade & Helbig (1995).

When reviewing the published results, it appears that the life-
times for most of the measured levels are consistent when selective
laser excitation was applied. When this is not the case (Ramanujam
1977; Andersen et al. 1978), the lifetimes obtained by beam-foil
spectroscopy are generally longer, which may be due to cascading
effects resulting from the non-selective excitation which is typical
of this method.

Despite all these efforts, there is still a need for radiative data for
many transitions of astrophysical interest, particularly for transi-
tions from highly excited levels which are weak and, consequently,
less dependent upon damping parameters in astrophysical analyses.
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Figure 1. A partial energy level diagram of Zr1. Some of the excitation transitions and decay channels are shown. Energy levels and designations are from

Moore’s (1958, 1971) tables.

This has led some groups to deduce ‘astrophysical’ (mostly solar)
gf values for transitions of Zr1 for which data were not available
(see e.g. Thévenin 1989, 1990; Meylan et al. 1993). As is well
known, however, this process is somewhat hazardous and sensitive
to possible blending problems which might affect the absorption or
emission features. When experimental transition probabilities are
missing, theoretical approaches can provide the relevant informa-
tion (i.e. A values) but the precision could be lower particularly for
the weakest lines. However, not much theoretical data are avail-
able in Zr1. The only published work to our knowledge is that of
Bogdanovich et al. (1995, 1996) who investigated transitions aris-
ing from the 4d?5s5p and 4d35p configurations with a superposition
of configuration approach based on radial orbitals obtained by the
Hartree—Fock method. This scarcity of theoretical results is easily
explained by the complexity of the calculations in neutral heavy
elements. It is therefore necessary to assess the reliability of the
calculations by comparisons with experiment whenever possible.

In this paper, we report transition probabilities of high-excitation
transitions in Zr1 (emitted from levels in the range 29000 to
40973 cm™!') obtained from a combination of TR-LIF lifetime
measurements and BF calculated using a partly relativistic model
including extensive configuration interaction effects.

2 LIFETIME MEASUREMENTS

A partial energy level diagram of Zr1 is presented in Fig. 1. The
energies of the excited levels as well as their designations are taken
from Moore (1958, 1971).

The TR-LIF method was used in this work for the lifetime
measurements in Zr1. The experimental setup, shown in Fig. 2,
is part of the Lund Laser Centre (LLC) in Sweden and has been
described in detail previously (Bergstrom et al. 1988; Xu et al.
2004).

Free atoms and ions, in different ionization stages, were produced
by laser ablation, using the second harmonic of a Nd:YAG laser
(532 nm). The sample, in our case a Zr foil, was placed in a vacuum
chamber with a pressure of about 10~> mbar. The excitation of
the Zr atoms was performed using a pulsed, tunable dye laser that
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Figure 2. TR-LIF setup at the LLC.

crossed the laser ablation beam at 90° angle about 10 mm above
the Zr target surface. The dye laser operated using a DCM dye
and was pumped by a second Nd:YAG laser. The repetition rate
of the lasers was 10 Hz. The excitation pulses were compressed
by stimulated Brillouin scattering (SBS) to approximately 1 ns.
To expand the wavelength range, Stokes and anti-Stokes Raman
components could be produced in a tube filled with hydrogen at
a pressure of about 10 bar (Fig. 2). In all measurements reported
here, the second harmonic of the dye laser pulse was used with
or without the Raman components. The LIF was measured in a
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Table 1. Odd levels measured in Zr1 and the corresponding excitation
schemes. E is the energy of the level and A,;; is the air wavelength.

Level  E%(cm ™) Excitation Detection
Aair (nm) Scheme?” Aair (NM)

x 3Gs 29001.65 360.12 2w+S 432.54

w3Gs 31326.81 319.12 2w 507.83

w 3Gy 31694.52 321.20 2w 506.49

y 381 31850.77 313.87/361.37  2wl2w + S 361.51/373.74

w3Gs 3215216 323.41 20 515.87

u’F, 33163.98 301.44 2w 464.48

u3F; 33420.47 304.32 2w 465.76/483.90

u’Fy 33559.34 309.35 2w 471.19/480.95

t3D, 36125.16 313.11 2w 408.31

t3D; 36220.45 312.07 2w 354.97

t°D, 36294.87 313.21 2w 410.76

v3p, 36489.10 309.58 2w 451.54

u 3Py 36538.27 310.84 2w 446.00/485.16

u’P, 36970.65 313.69 2w 305.03

v3p, 37008.40 313.32 2w 448.08

u’p, 37450.23 308.30 2w 300.54

t 3P, 40973.94 278.68 2w + AS 271.75/375.48

“Moore (1958, 1971).
524 means the second harmonic, S and AS indicates the first Stokes and
anti-Stokes components, respectively.

direction perpendicular to the ablation and excitation beams by
a grating monochromator and a fast photomultiplier (Hamamatzu
R1564U). In between the LIF measurements, the ablation laser was
turned off and the temporal shape of the excitation laser pulse was
registered using the same setup. The excitation and observation
wavelengths as well as the excitation schemes are presented in
Table 1.

The TR-LIF signal was digitized by a fast oscilloscope (Tek-
tronix DSA 602), averaged over 1000 laser pulses and stored in a
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computer. The two Nd:YAG lasers were synchronized by a pulse
generator which determined the delay between the ablation and the
excitation pulses. To avoid effects such as radiation trapping and
collisional quenching, delays between 2.4 and 7.4 us were used.
The LIF decay curves were analysed using the computer program
DECEFIT (Palmeri et al. 2008) by fitting a single exponential decay
convoluted by the measured excitation laser pulse and a background
function to the decay data. Fig. 3 shows the data and the fitted func-
tion for the t D, level. At least 10 decay curves, recorded under
different experimental conditions, were registered for each level.
Our experimental results are given in Table 2 where the quoted
uncertainties include both statistical errors and possible systematic
effects. For more details, see e.g. Xu et al. (2004).

3 THEORETICAL APPROACH

The experimental measurements were compared to theoretical life-
times obtained by a Relativistic Hartree-Fock method (Cowan
1981), taking configuration interaction and core-polarization effects
into account (HFR + CP method). The relativistic corrections were
the Blume—Watson spin-orbit, the mass-velocity and the one-body
Darwin term. The correlation effects were introduced in different
ways according to the type of interactions, i.e. valence—valence or
core—valence.

Valence—valence correlation was taken into account by explicitly
including the most strongly interacting configurations involving the
four electrons outside the 3d!%4s24pS ionic core. These configura-
tions were 4d25s2, 4d35s, 4d%6s, 4d*, 4d25p2, 4d25s6s, 4d*5s5d,
4d25s6d, 4d25d?, 4d35d, 4d*6d, 4d%6s?, 4d24f2, 4d5s26s, 4d5s%5d,
4d5s26d, 4d5s5p?, 4d5s5d> for the even parity and 4d?5s5p,
4d25s6p, 4d25s4f, 4d*5s5f, 4d*5s6f, 4d*5p6s, 4d>5p5d, 4d*5p6d,
4d35p, 4d’6p, 4d34f, 44351, 4d36f, 4d5s25p, 4d5s26p, 4d5p? for the
odd parity. Core—valence interactions were considered through a
polarization model potential and a correction to the dipole operator,
according to a procedure described previously (Quinet et al. 1999;
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Figure 3. Decay of the level t D5 level at 36294 cm™!, with an evaluated lifetime of 4.0 4 0.3 ns. Background subtracted data points with typical error bars
are plotted together with the fitted single exponential convoluted by the measured laser pulse (solid line). The dashed curve shows the recorded laser pulse.
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Table 2. Experimental and calculated lifetimes (in ns) and Landé factors (g) for odd parity levels in

Zr1. E is the energy of the level (in cm™!).

Level® E';xp(cm ) ggxp E, . (cm ) &ale Texp (NS) Texp (NS) Tcale (NS)
This work? Others This work®
x 3Gs 29001.65 1.21 28 880 1.20 6.9+0.3 6.6 +0.24 6.3
7.8 £0.5¢
6.8 +£0.2

w 3G 31326.81 0.75 31388 0.76 82+0.5 8.2
w 3Gy 31694.52 1.04 31756 1.05 7.8+0.6 7.7
y 38, 31850.77 31936 1.93 18.24+0.9 4.1
w 3Gs 32152.16 1.20 32193 1.20 7.7+04 7.8 +0.3¢ 7.5
u’F, 33163.98 0.70 33253 0.85 10.1 £ 0.6 10.9
u3F; 33420.47 1.06 33225 1.08 10.2+0.5 9.8
u’Fy 33559.34 1.24 33356 1.25 114406 1144049 10.7
t3D, 36125.16 0.45 36277 0.52 40+03 33
t3D; 36220.45 1.28 36328 1.25 42403 33
t3D, 36294.87 1.16 36375 1.18 40+03 34
v 3P, 36489.10 36849 1.40 6.7+0.7 6.1
u 3Py 36538.27 36787 88+04 7.1
u’p, 36970.65 * 52+04 *
v 3P, 37008.40 1.55 37360 1.48 8.1+£0.7 6.4
u’p, 37450.23 * 6.0+0.5 *

t 3P 40973.94 * 55405 *

“From Moore (1958, 1971). »This work: TR-LIF measurements.
“This work: HFR + CP calculations. *Level untraceable in the HFR calculations.
4Biémont et al. (1981). “Rudolph & Helbig (1982)./Langhans et al. (1995).

Biémont & Quinet 2003; Biémont 2005). The core-polarizability,
oy, was chosen to be equal to 2.98 ag, where aj is the Bohr radius,
which corresponds to the value tabulated by Fraga, Karwoski &
Saxena (1976) for a krypton-like Zrv ionic core and the cut-off
radius, r., was taken as the HFR average value (r) of the outermost
core orbital, 4p6, ie. 1.37 ay.

A semi-empirical adjustment of the radial parameters was carried
out where the average energies, the Slater and spin—orbit integrals
together with the effective interaction parameters (¢, f) belong-
ing to the 4d?5s?, 4d35s, 4d*, 4d>5s5p and 4d*5p configurations
were adjusted to obtain the best agreement between the calculated
and the experimental energy levels taken from the NIST compi-
lation (Moore 1958, 1971). Only the experimental levels below
40000 cm™! were included in the semi-empirical process because,
according to our calculations, above that limit there are several
dozens of unknown energy levels belonging to higher configurations
such as 4d?5s5d, 4d*5s6s, 4d36s, 4d*5p?, 4d*>5s6p and 4d5s?5p. In
the 4d35s configuration, we were unable to reproduce the experi-
mental levels at 15 146.48, 15457.40 and 15699.86 cm™' for the
4d3(b?F)5s ¢ 3F term indicating that the assignments or that the
term values could be incorrect. These levels were instead predicted
to fall around 20 300 cm™! in the HFR calculation. Moreover, for the
odd-parity levels at 36 070.65 (J = 1), 37450.23 (J = 2), 38 270.81
J =1),38326.72 (J = 2), 38566.00 (J = 2), 38881.80 (J =
3),39174.44 (J = 4), 39704.10 (J = 1), 39803.73 (J/ = 3) and
39766.47 (J = 2) cm™', it was impossible to establish an unam-
biguous correspondence between the ab initio calculated and the
experimentally determined energies due to the large number of pre-
dicted levels appearing closely at these energies. Consequently, we
excluded those levels from the fitting procedure. The mean devia-
tions of the fits were 96 cm™! (46 levels and 17 parameters) for the
even parity and 139 cm~! (157 levels and 23 parameters) for the
odd parity.

The calculated lifetimes (HFR 4 CP) are presented in the last
column of Table 2. The transition probabilities of the depopulation

channels of the levels for which the lifetimes have been measured in
this work are given in Table 3. The HFR transition probabilities have
been scaled using the measured lifetimes. This table is restricted
to the most intense transitions for which the calculated BFs are
expected to be the most accurate.

4 DISCUSSION

Zirconium belongs to the palladium group elements (4d elements).
The two lowest even configurations are 4d?5s> and 4dSs. The
lowest terms in these configurations, including the ground state
4d25s%a 3F,, are plotted in Fig. 1. In the same figure, some of the
excitation and decay channels of the investigated odd levels are
shown.

In Table 2, we compare the experimental and theoretical radiative
lifetimes. For three of the levels, there exist previous experimen-
tal lifetimes and this work confirms all except the x 3Gs lifetime
obtained by Rudolph & Helbig (1982) which seems to be some-
what longer but there is no clear explanation for this difference. The
experimental and theoretical data are in reasonable agreement for
most of the levels. However, for three levels (at 31 850.77, 36 538.27
and 37 008.40 cm™") discrepancies exist. The largest difference is
observed for the y 3S°; level (18.2 £ 0.9 compared to 4.1 ns). On the
experimental side, it is interesting to note that the laser wavelength
used to excite this level i.e. 313.87 nm (4d>5s? *F,—4d*5s5p y *S°))
is very close to the excitation wavelength of the 4d*5p *D° 5/, level
in Zru. Although this coincidence should offer no real complica-
tion in the present experiment, we also tested using the 361.37 nm
excitation channel combined with two different fluorescence chan-
nels (Table 1) with consistent results. The Zr 11 level has been stud-
ied previously by Biémont et al. (1981) and Langhans et al. (1995)
and has a radiative lifetime of ~7 ns. Using the excitation chan-
nel at 313.87 nm and a decay channel at 438 nm, we obtain the

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 395, 1523-1528



Table 3. BFs and transition probabilities (gA) in Zr1. Only BFs greater than

0.01 are given. A(B) stands for A x 105,

Epem™) Jyp  Eowlem ™)  Jigw Aar (A)  BFurr  gA* 57D
29001.65 5 1240.84 4 3601.17  0.968 1.54(9)
7T=69+0.3ns 15119.66 6 7201.59  0.025 4.03(7)
31326.81 3 0.00 2 3191.23  0.257 2.19(8)
7=82+0.5ns 570.41 3 3250.42  0.033 2.84(7)
4186.11 2 3683.45 0.012 9.90(6)
11640.72 2 5078.31 0.492 4.20(8)
11956.33 3 5161.06 0.071 6.08(7)
12503.44 3 5311.07 0.033 2.79(7)
14791.28 4 6045.91 0.086 7.35(7)
31694.52 4 570.41 3 3212.02 0.288 3.33(8)
T=78=+0.6ns 1240.84 4 3282.73  0.031 3.62(7)
11956.33 3 5064.91 0.447 5.16(8)
12342.37 4 516595 0.083 9.57(7)
12503.44 3 5209.30 0.043 4.96(7)
12760.66 4 5280.07 0.020 2.27(7)
14988.51 5 5984.21 0.080 9.18(7)
32152.16 5 1240.84 4 3234.13  0.333 4.75(8)
T=77+04ns 8057.30 4 4149.09  0.011 1.54(7)
12342.37 4 5046.60 0.394 5.62(8)
12760.66 4 515546  0.106 1.52(8)
12772.78 5 5158.69  0.063 8.96(7)
15119.66 6 5869.50  0.082 1.18(8)
33163.98 2 0.00 2 3014.44 0.090 4.47(7)
7 =10.1 0.6 ns 540.41 3 3064.38  0.025 1.25(7)
4186.11 2 3449.92 0.116 5.72(7)
4376.28 1 3472.71 0.011 5.25(6)
5101.68 2 3562.48  0.048 2.35(7)
11640.72 2 4644.84  0.233 1.15(8)
12503.44 3 4838.79  0.340 1.68(8)
17 059.82 1 6207.86  0.020 9.85(6)
33420.47 3 5101.68 2 3530.22 0.019 1.28(7)
7=1024+05ns 11 640.72 2 4590.13 0.041 2.83(7)
11956.33 3 4657.63  0.365 2.50(8)
12342.37 4 4742.93 0.045 3.09(7)
12760.66 4 4838.96 0.471 3.23(8)
14 348.78 2 524191 0.022 1.54(7)
33559.34 4 8057.30 4 3920.14  0.019 1.48(7)
T=1144+0.6ns 11956.33 3 4627.69  0.031 2.47(7)
12342.37 4 4711.89 0.360 2.85(8)
12772.78 5 4809.46  0.532 4.20(8)
14697.03 3 5300.10  0.023 1.78(7)
36125.16 1 4186.11 2 3130.06  0.013 9.83(6)
7=4.0+0.3ns 4196.85 0 3131.11 0.434 3.25(8)
4376.28 1 3148.81 0.281 2.11(8)
11640.72 2 4083.07  0.195 1.46(8)
36220.45 3 4186.11 2 3120.75  0.500 8.33(8)
7T=42+03ns 5101.68 2 3212.57 0.112 1.87(8)
8057.30 4 3549.73  0.182 3.04(8)
11956.33 3 4120.15 0.012 2.03(7)
12342.37 4 4186.76  0.092 1.53(8)
12760.66 4 4261.41 0.033 5.50(7)
15932.10 2 4927.56  0.015 2.42(7)
17142.72 2 5240.26 0.026 4.32(7)
36294.87 2 4186.11 2 3113.51 0.044 5.45(7)
7=4.0+0.3ns 4376.28 1 3132.06 0.581 7.26(8)
5101.68 2 320490 0.088 1.10(8)
11640.72 2 4054.97  0.017 2.14(7)
11956.33 3 4107.55 0.160 1.99(8)
12503.44 3 4202.01 0.018 2.24(7)
14 697.03 3 4628.80 0.011 1.39(7)
15932.10 2 4909.55 0.011 1.33(7)
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Table 3 — (continued)

Eup(cm _l) Jup Elow(cm _l) Jlow )\air (A) BFHFR gA* (S_l)
1714272 2 521989 0022  2.75(7)
36489.10 1 4186.11 2 309479 0511  2.29(8)
T=67+0.7ns 419685 0 309582 0.155  6.93(7)
437628 1 311312 0114  5.11(7)
1314176 0 428194 0012  537(6)
1412301 1 446980 0014  6.18(6)
1434878 2 451538  0.099  4.43(7)
15932.10 2 4863.16 0015  6.54(6)
1722842 2 519048 0.027  1.19(7)
3653827 0 437628 1 310836 0797  9.05(7)
T=88+04ns 1412301 1 445999 0.110  1.25(7)
3700840 2 4186.11 2 304582 0.149  9.22(7)
t=81+07ns 437628 1 306357 0.122  7.55(7)
5101.68 2 313323 0450  2.78(8)
14697.03 3 448076 0.182  1.12(8)
15932.10 2 474334 0031  1.93(7)
17059.82 1 501149 0016  9.69(6)

*Obtained by combining HFR BFs and experimental lifetimes.

Zr 1 lifetime of 7.0 ns in perfect agreement with the previous mea-
surements.

Considering the generally good agreement between theory and
experiment, which is gratifying for such a heavy neutral element,
we expect the typical uncertainty in the calculated A values in
Table 3 to be below 30 per cent for the strongest transitions (i.e.
gA >5 x 107 s71). This estimate of the uncertainty is a combination
of the errors affecting both the lifetime measurements and the BF
calculations. It results also from a comparison of the theoretical BFs
with the experimental values obtained previously by Biémont et al.
(1981) which shows that, for about 70 per cent of the transitions,
theory and experiment agree within 30 per cent, cancellation effects
being responsible for some of the discrepancies. Hopefully, the new
transition probabilities will help astrophysicists in the investigations
of the chemical composition of cool stars. This paper calls, however,
for additional new BF measurements in this heavy atom.

5 CONCLUSIONS

In this work, radiative lifetimes are reported for 17 levels belonging
to the odd 4d?5s5p, 4d5s>5p and 4d*5p electronic configurations
in Zr1. For the three levels measured before, we obtain consistent
results whereas for 14 of the investigated levels the results are ob-
tained for the first time. The new measurements have been compared
with (HFR + CP) calculations. For most of the levels, there is good
agreement between theory and experiment. The uncertainties in the
experimental lifetimes are between 4 and 10 per cent. Consider-
ing the satisfying agreement between theoretical and experimental
lifetimes which has been observed for all, but one, of the levels, it
has been possible to derive a new set of transition probabilities (A-
values) for transitions of astrophysical interest depopulating levels
with excitation energies in the range 29 00041000 cm™!. These
transition probabilities have been obtained from a combination of
experimental lifetimes and theoretical BFs.
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