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Lifetime measurements in Tl II
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Abstract. Lifetimes are reported for the 6s6p1,3P1, 6s6d1D2 and 6s7s1S0 levels in Hg-like
Tl II , measured using beam-foil excitation. The values obtained wereτ(1P1) = 0.59± 0.02 ns,
τ(3P1) = 39± 2 ns,τ(1D2) = 6.5± 0.5 ns, andτ(1S0) = 3.0± 0.4 ns. Isoelectronic trends for
line strengths of the resonance and intercombination transitions are studied through comparisons
with earlier measurements for HgI–Bi IV.

We report here lifetime measurements of the 6s6p1P1, 6s6p3P1, 6s6d1D2, and 6s7s1S0

levels in singly ionized thallium in the mercury isoelectronic sequence. This sequence is
the heaviest homologue in the group II-B alkaline-earth Zn-, Cd- and Hg-like systems, which
have(n − 1)d10ns2 ground configurations. Oscillator strength data for TlII are needed for
many specific applications. Spectral lines from TlII have been identified in astrophysical
observations of Hg–Mn-type stars made using the Goddard high resolution spectrograph
on board the Hubble space telescope [1, 2]. Because it can be confined in an ion trap and
possesses a very long-lived metastable 6s6p3P0 level, Tl II can be utilized as a high accuracy
atomic clock [3]. In terms of fundamental theory, the 80-electron Hg isoelectronic sequence
provides a severe challenge to existing calculational methods [4, 5], which can only be tested
by acquiring a base of reliable measurements. Moreover, semi-empirical regularities have
been observed [6] which may permit the interpolation of line strengths of the resonance
and intercombination lines to be made based on a few precise measurements at low stages
of ionization and an asymptotic high-Z limit [7, 8]. Earlier curve fitting studies have been
made [9–11] for the1P1, 1D2 and1S0 levels, but this is the first lifetime measurement of the
3P1 level, and the first cascaded–correlated [12, 13] lifetime measurement of the1P1 level.

The measurements utilized the 300 kV University of Toledo heavy ion accelerator.
Detailed descriptions of this facility can be found in reports of earlier studies in this series
(e.g. [14, 15]) as well as in instrumentation reviews [16, 17]. Ions of Tl2+ were produced
in the ion source, accelerated through 20 kV, and magnetically analysed. After momentum
and mass-to-charge selection, the ions were post-accelerated to final energies of 500 keV
for study of the resonance line, and 520 keV for study of the intercombination line. The
ions then entered an electrostatic switchyard and were steered into the experimental station
and collimated before passage through a thin carbon foil (ranging from 2.1–2.5µg cm−1).
At beam energies of 500–520 keV, the observed spectroscopic excitations were primarily
in Tl II , Tl III , and Tl IV.

The Tl II emission lines were analysed with an Acton 1-m normal incidence VUV
monochromator, with three sets of concave gratings and detectors: a 1200 lines/mm grating
coupled with a solar blind detector for the regionλ1321.7Å transition; a 1200 lines/mm
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grating coupled with a bialkali detector for theλ1908.7Å transition; and a 600 lines/mm
grating coupled with a bialkali detector for theλ2531 and 3092̊A transitions. The post-
foil velocity was determined to within 2.5% by taking into account uncertainties in energy
calibration, foil thickness, and possible beam divergence.

Using the Danfysik model 911A ion source, ions were obtained from pure thallium
metal. To minimize foil breakage, the current was limited to less than 200 nA
(100 particle nA for Tl2+). It was relatively easy to produce Tl2+ currents greater than
200 nA, and it was possible to obtain currents approaching 1µA. The methods used
to obtain doubly charged thallium in the ion source are similar to those used earlier for
obtaining Cd2+, and are discussed in [15].

Due to the nonselective nature of beam-foil excitation, the level populations (and
hence the decay curves) are affected by cascade repopulation. Thus, while they produce
a negligible contribution in the case of long-lived decays such as the 6s2 1S0–6s6p3P1

intercombination transition, cascades can distort the decay curves of shorter-lived levels such
as the 6s2 1S0–6s6p1P1 resonance transition, which is repopulated by the yrast chain through
the 6s6p1P1–6s6d1D2 transitions, as well as by Rydberg transitions such as 6s6p1P1–
6s7s1S0. Situations in which cascading is dominated by a few strong channels are ideally
suited to analysis by the ANDC method [12, 13], which performs a joint analysis of the
decay curves of the level of interest together with those of levels that directly repopulate it.

The decay curves were all analysed by the multiexponential fitting program DISCRETE
[18]. In the case of the 6s6p1P1 resonance transition this was supplemented by ANDC
analyses made jointly with the 6s6d1D2 and 6s7s1S0 decay curves. Two ANDC codes were
used: one makes use of the numerical differentiation of the raw data; the other utilized the
program CANDY [19], which uses data that have been smoothed through the application
of a multiexponential filter. The uncertainties in our multiexponential fits were computed
by combining statistical uncertainties in the individual fits, scatter among the independent
measurements and estimates of possible errors introduced by cascade corrections.

For the DISCRETE fits of each if the three singlet decay curves the primary exponential
was much stronger than, and well separated in effective lifetime from, the cascade
contributions. Thus, while ANDC analysis reduced the uncertainties in the determination of
the lifetime of the resonance transition, it did not significantly alter the extracted value. The
intercombination transition was well represented by a single exponential, and estimates [20]
of possible beam divergence caused by multiple scattering in the foil indicated that more
than 95% of the beam particles were within the volume viewed by the optical system over
the full range of the decay curves. The results of our lifetime measurements are given in
table 1, and compared with earlier measurements and theoretical calculations. Comparisons
of the degree of core–valence and core–core correlation included in these calculations are
given in [4]. Our lifetime measurements for the resonance and intercombination transitions
correspond to absorption oscillator strength valuesf (Res) = 1.33(9) andf (Int) = 0.042(2).

We have also examined the isoelectronic trends of the lifetimes of the resonance
and intercombination levels using an energy-level-based reduction of the line strengths.
For ns2 1S0–nsnp 1,3P1 transitionsLS notation is valid for the lower level but is only
nominal for the upper level, since it is spin-hybridized by intermediate coupling. In the
absence of configuration interaction, the spin hybridization of thensnp configuration can be
characterized by a singlet–triplet mixing angleθ . The mixing angle can be independently
determined from either the energies of the fournsnp levels, the decay rates of the two
J = 1 levels (to within factors of the radial transition element), or the magneticg-factors
of the levels withJ > 0.

This mixing angle formulation has provided the basis for a semiempirical
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Table 1. Measured lifetimes, compared with other experiments and theoretical values.

τ (ns)

Level λ (Å) This work Other expt Theory

6s6p3P1 1908.7 39± 2 36a, 74b, 36c, 40d, 81e, 44f

6s6p1P1 1321.7 0.59± 0.04 0.65± 0.08g 0.57a, 0.58b, 0.58c, 0.57d, 0.33e, 0.34f

6s6d1D2 2531 6.5 ± 0.5 5± 1h, 7± 1i

6s7s1S0 3092 3.0 ± 0.4 4.6 ± 0.5h, 3.9 ± 0.3i

a Brageet al [4], MCDF-AS5.
b Beck and Cai [5].
c Migda lek and Baylis [21].
d Migda lek and Bojara [22].
e Das and Idrees [23].
f Chou and Huang [24].
g Andersenet al [9].
h Andersen and Sørensen [10].
i Zhuvikin et al [11].

parametrization [25, 26] in which spectroscopic data are exploited to characterize the singlet–
triplet mixing angle, which is then used to remove the effects of intermediate coupling from
measured line strength data for both the resonance and intercombination transitions. This
provides an empirical exposition of the squared dipole transition element that is well suited
to isoelectronic interpolation and extrapolation. This formalism has been applied to the
ns2–nsnp transitions in the Be (n = 2) [8], Mg (n = 3) [26], Zn (n = 4) [27], Cd (n = 5)
[6] and Hg (n = 6) [6] sequences. Moreover, it has been observed that the measured data
tend to approach a value at very highZ which can be predicted by hydrogenic calculations
[7, 8].

For the unbranchedJ = 0 − 1 resonance and intercombination transitions, the line
strengthsS(Res) andS(Int) can be deduced from the lifetimeτ and the transition wavelength
λ using

S = [λ(Å)/1265.38]3 3/τ (ns). (1)

In the absence of significant configuration interaction, the singlet–triplet mixing angleθ can
be deduced from the energies of the 6s6p3P0, 3P1, 3P2 and 1P1 levels using

cot(2θ) = 1√
2
(ε2 − 3ε1 + 2ε0)/(ε2 − ε0) (2)

whereεJ is the energy or average energy of the level or levels with angular momentumJ .
These values forθ can be used to further convert measured lifetime data to the reduced line
strengthsSr(Res) andSr(Int)

Sr(Res) ≡ S(Res)/ cos2 θ; Sr(Int) ≡ S(Int)/ sin2 θ (3)

which are proportional to the squared radial transition matrices. It has been observed
that line strengths can often be represented for interpolation and critical evaluation by an
empirical relationship

Z2Sr
∼= S0 + B/(Z − C) (4)

whereZ is the nuclear charge,B andC are least-squares-adjusted fitting constants, andS0 is
obtained either by least-squares fitting or as a theoretical asymptotic limit. Often the trends
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extrapolate to values at infiniteZ which correspond to the hydrogenic limitSH (neglecting
effects of the asymptotic degeneracy of levels in the same complex discussed in [8])

S0
∼= SH = 9n2(n2 − 1)/2. (5)

Thus, one goal of this study was to investigate the degree to which the trends of theoretical
and experimental data displayed in this exposition approach then = 6 valueSH = 5670 in
the high-Z limit.

Figure 1. Plot of charge-scaled reduced line strength against reciprocal screened charge.
Symbols denote measured values for the resonance (×) and intercombination (◦ ) transitions.
Curves trace MCRHF-CP calculations with a standardized model-potential (— — —), and
a semiempirical alternative (——) with cutoff radii adjusted to match measured ionization
potentials. Lines (- - - -) connect HgI measurements with the high-Z asymptote (�).

Table 2. Isoelectronic comparisons of lifetimes and reduced oscillator strengths (with quoted
and propagated uncertainties in parentheses).

Z Ion λR (Å) τR (ns) Z2Sr (Res) λI (Å) τI (ns) Z2Sr (Int) sinθ

80 Hg I 1849.5 1.34(3)a 463(17) × 102 2573.3 118.9(4)b 313(2) × 102 0.2030
81 Tl II 1321.7 0.59(4)c 405(14) × 102 1908.8 39(3)c 278(14) × 102 0.2495
82 PbIII 1048.9 0.381(21)d 330(18) × 102 1553.0 14.8(10)d 305(21) × 102 0.2876
83 Bi IV 872.6 0.243(13)e 310(17) × 102 1317.1 8.0(5)f 286(18) × 102 0.3189

a Weighted average of twelve measurements tabulated in [29]
b Weighted average of six measurements reported in [30–35].
c This work.
d Ansbacheret al [36].
e Ansbacheret al [37].
f Pinningtonet al [38].

A summary of the existing lifetime data for the 6s2–6s6p transitions in the Hg
isoelectronic sequence is given in table 2, together with values obtained for the mixing
angles and reduced line strengths. These data are presented in a plot of reduced line
strengths against 1/(Z − 75) in figure 1 (the valueC = 75 was chosen to yield reasonable
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linearity as described in equation (4)). The long-dashed curves trace multiconfiguration
relativistic Hartree–Fock calculations by Migda lek and Baylis [21] which used a model
potential to represent core polarization (MCRHF-CP). The full curves indicate an alternative
semiempirical version of this calculation [21] which adjusts the cut-off radius in the
core polarization potential to match experimental ionization energies. Other isoelectronic
calculations that do not include core polarization [24] have been demonstrated to differ
significantly from established trends [28] and were omitted from the plot. The tendencies
for both the measurements and the theoretical calculations approach the high-Z hydrogenic
limit is emphasized in figure 1 by short-dashed lines which connect HgI data with the
limiting value Z2S ⇒ 5670.
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