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Lifetime measurements in TlIII and the determination of the ground-state dipole polarizabilities
for Au I –Bi V

M. Henderson, L. J. Curtis, R. Matulioniene, D. G. Ellis, and C. E. Theodosiou
Department of Physics and Astronomy, University of Toledo, Toledo, Ohio 43606

~Received 1 April 1997!

Measurements are reported for the lifetimes of the 6p 2P1/2,3/2, 6d 2D3/2,5/2, 7s 2S1/2, 7p 2P1/2,3/2,
7d 2D5/2, and 5f 2F5/2,7/2 levels in TlIII , made using beam-foil excitation. Theoretical calculations are also
presented to elucidate conditions of configuration interaction exhibited by the measurements. In addition,
values for the measured 6p lifetimes in the Au sequence are combined with theoretical calculations of reso-
nance transitions to higher levels to specify the ground-state dipole polarizabilities for AuI, Hg II, Tl III , PbIV,
and BiV. @S1050-2947~97!10609-6#

PACS number~s!: 32.70.Cs
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I. INTRODUCTION

The Au isoelectronic sequence is the heaviest membe
the group IB coinage-metal-like homologs Cu, Ag, and A
which have (n21)d10ns 2S1/2 ground states. Although thes
systems have a relatively simple electronic structure, t
possess interesting subtleties. In all three sequences, tp
and f series are affected by a strong configuration interac
~CI! with the d9sp configuration@1–3#. In the Au sequence
this mixing of the 5d10np 2P and 5d10n f 2F levels with the
5d96s6p 2,2,4PDF manifold opens additional decay cha
nels to the metastable 5d96s2 2D levels. The 5d106s-
5d10np transitions are~for n.6! subject to cancellation ef
fects that are nearly complete for some cases.
5d106s-5d96s6p transitions provide an additional resonan
excitation process that is not present in alkali-metal-like
quences, which contributes significantly to the ground s
dipole polarizabilityad of the ion.

Lifetime measurements already exist for a variety of le
els in AuI @4,5#, Hg II @6–8#, PbIV @9,10#, and BiV @11#, but
only the lifetimes of the 6p and 5f levels have been reporte
until now for Tl III @12–15#. Theoretical calculations@16–18#
have been made for a few selected transition probabilitie
this sequence, but none have included the important 5d96s2

or 5d96s6p levels. The lifetimes of levels in the TlIII ion
are interesting for a number of reasons. Tl has been obse
in Hubble Space Telescope spectra of peculiar stars@19–21#
that require oscillator strength data for their interpretati
Semiempirical studies@22# indicate that TlIII is the case
where cancellation effects in the 6s-np oscillator strengths
are the most severe, introducing large uncertainties in t
theoretical specification. Through a theoretical accounting
these cancellations and other contributions to the gro
state oscillator strengths, it is possible@23,24# to specifyad
from measurements of the 5d106p lifetimes. Naturally occur-
ring Tl has two stable isotopes,205Tl ~70.5%! and 203Tl
~29.5%!, which both have nuclear spinI 5 1

2 , and have been
the object of studies of hyperfine structure@25# and of elec-
troweak parity nonconserving optical rotation@26,27#. Com-
prehensive lifetime studies for these ions can also prov
tests of theoretical methods that permit their extension
higher members of the Au sequence, which~except for
561050-2947/97/56~3!/1872~7!/$10.00
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Th XII and UXIV ! are radioactively unstable. The spectr
scopic inaccessibility of these unstable ions does not les
the importance of their atomic properties in practical app
cations. For example, the atomic rate constants can ente
dynamical modeling of a fusion plasma on a time scale t
is much shorter than either the atomic mean life or
nuclear disintegration time.

The accurate determination of ground-state polariza
ities for ions in the Au sequence is valuable since it provid
a means for predicting and identifying transitions amo
high Rydberg states in the Hg sequence. The energy le
@28# and transition probabilities@29# of these nonpenetrating
states can be described accurately by the core polariza
model, which treats the system as a single outer electro
the presence of the polarized core of the next stage of
ization. Such states are often very strongly populated in
density light sources in which they are not Stark quench
by interionic fields.

We report here lifetime measurements for the 5d10 6p,
6d, 7s, 7p, 7d, and 5f levels in TlIII , together with theo-
retical calculations for the transition probabilities of the
and the 5d96s6p levels in this ion. We also report a dete
mination of the ground-state dipole polarizabilities for t
ions AuI–Bi V, obtained by combining available lifetim
measurements for the 5d106p levels with theoretical esti-
mates of other oscillator strengths that contribute to t
quantity. These studies provide both quantitative specifi
tion and qualitative insights into the subtleties that charac
ize the coinage-metallike sequences and contrast them
the alkali-metal-like sequences.

II. CALCULATIONAL FORMULATION

A. Theoretical calculations

In order to interpret our lifetime measurements, help
sess any potential problems with blends and cascades,
relate our results to oscillator strengths and polarizabiliti
we have carried out calculations for the sequence of spe
Au I–Bi V using the set of programsRCN-RCG-RCEby Cowan
@30#. Although not necessarily the method for computing t
best possibleab initio value for a given transition probabil
ity, the Cowan program suite offers a combination of fe
1872 © 1997 The American Physical Society
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56 1873LIFETIME MEASUREMENTS IN Tl III AND THE . . .
tures that makes it a powerful tool in connection with lab
ratory work in atomic spectroscopy. Our calculations we
done in intermediate coupling, using the HFR~Hartree-Fock
with relativistic corrections! mode; the most important con
figuration interactions were included explicitly, and the d
fault scaling of Slater integrals was used to give a rou
indication of the remaining CI effects. In addition we made
limited number of empirical adjustments to improve t
agreement between computed and observed energy leve

For the case of TlIII , we used 8 even-parity (6s,7s,
8s,6s2,6d,7d,6p2,5g) and 4 odd-parity (6p,7p,6s6p,5f )
configurations. For the even configurations we made emp
cal adjustments of the configuration-average energ
(<5%), and of thethreend spin-orbit integrals (<2 cm21).
For the odd configurations we did a complete least-squ
fit, varying 22 parameters~4 average energies, 5 Slater int
grals, 8 CI integrals, and 5 spin-orbit integrals! to fit the 23
observed energy levels. The rms disagreement between
culated and observed energies decreased from about 3
less than 0.2% as a result of the fit. For PbIV and BiV we
used exactly the same procedure, obtaining similar resu

For Au I and HgII, the number of configurations that mu
be included is greater, and conditions are not as favorable
a least-squares fit, which requires a small number of confi
rations, relatively isolated from others, with complete
known energy levels. In these two cases we used 9 e
configurations~those listed above plus 6s7s!, and 10 odd
configurations ~the above plus 8p,9p,10p,6s7p,
6s5 f ,6s26p!. Empirical adjustments were made only for th
configuration-average energies and for the 5d and 6p spin-
orbit integrals.

B. Cancellation effects

Systematic cancellation effects are well known to occu
intershell transitions in alkali-metallike and coinag
metallike isoelectronic sequences@31#. For ns-n8p (n8.n)
transitions, cancellations of this type occur for MgII @23,32#
in the Na sequence; CaII @23# in the K sequence; ZnII @24#,
GaIII in the Cu sequence; CdII , In III , SnIV in the Ag se-
quence; and HgII, Tl III , PbIV in the Au sequence@22#.
These effects can be traced using a quantum defect for
ism @31# in which regions outside the core are characteriz
by a hydrogenlike wave function of shifted phase. The ph
shifts associated with penetration and with polarization dif
in their dependences on the core charge, and differen
shifts between the upper and lower state wave functi
cause the dipole transition integral to undergo system
sign changes at particular values of the effective quan
numbers.

This type of cancellation is illustrated in Fig. 1, whic
plots the effective quantum numbers obtained from measu
spectroscopic data for the Au sequence together with
theoretically predicted nodal lines of cancellation. Expe
mental studies have shown that lifetime and relative inten
anomalies exist for the 7p 2P1/2 and 2P3/2 levels in HgII @7#
and PbIV @10#, consistent with the proximity of the 6s-7p
transitions~particularly for the2S1/2-

2P1/2 case! to the line of
cancellation nodes in Fig. 1. Because of these cancellati
the major channels for resonance absorption of radiation
-
e

-
h

.

i-
s

es

al-
to

.

or
u-

en

n

al-
d
e
r
ial
s
ic
m

ed
e

-
ty

s,
re

expected to be via the 5d106s-5d106p and 5d106s-5d96s6p
transitions.

C. Dipole polarizabilities

Precision lifetime measurements for the 5d106p levels in
these ions can be combined with calculations of the oscilla
strengths of both of the 5d106s-5d10np (n.6) and 5d106s-
5d96s6p transitions and used to specifyad , using the ex-
pression

ad5 (
J5

1
2 ,

3
2

@ad01Dadb1Dadb81Dadc#, ~1!

where ad0 involves the intrashell 6s-6p resonance transi
tions

ad05~2Rl6s,6p!2f 6s,6p , ~2!

Dadb involves the intershell bound-bound resonance tran
tions to singly excited levels

Dadb5 (
n.6

~2Rl6s,np!
2f 6s,np , ~3!

Dadb8 involves the bound-bound resonance transition ch
nels to doubly excited levels

Dadb85 (
6s6p

~2Rl6s,6s6p!2f 6s,6s6p , ~4!

andDadc involves the bound-free continuum transitions

Dadc5~2R!2E
0

`

dE
d f /dE

~E1I 0!2 . ~5!

FIG. 1. Cancellation plot of the Au sequence. Solid lines in
cate theoretically predicted nodes in the transition integral. Symb
denote experimental effective quantum numbers for
6s 2S1/2-np 2P1/2 ~filled circles!, 6s 2S1/2-np 2P3/2 ~filled squares!,
7s 2S1/2-np 2P1/2 ~open circles!, 7s 2S1/2-np 2P3/2 ~open squares!.
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1874 56M. HENDERSONet al.
Here f 6s,np and f 6s,6s6p are the absorption oscillator strengt
for the 5d106s 2S1/2-5d10np 2PJ and 5d106s 2S1/2-
5d96s6p 2,2,4PDFJ transitions with the correspondin
wavelengthsl6s,np andl6s,6s6p ~with J implicit in the nota-
tion!. I 0 is the ionization potential of the ground state, andR
is the Rydberg constant.

If Eq. ~1! is dominated by thead0 term, ad can be de-
duced from the wavelength and oscillator strength data
the intrashell 6s-6p transitions alone. If those transitions a
unbranched or have accurately known branching fracti
B6s,6p , the oscillator strengths can be obtained from the m
sured lifetimest6p of the 5d106p 2PJ levels using

f 6s,6p5Fl6s,6p~Å !

2582.7 G2 ~J1 1
2 !B6s,6p

t6p~ns!
. ~6!

In this case the uncertainties in the determination can
estimated by propagating the quoted uncertainties in the
time measurements and branching fraction determination
obtain the uncertaintydad0 in ad0 , and combining this with
estimates of the magnitudes and tolerances in the theore
specification of then.6 and 6s6p transitions. Assuming
that the uncertainties in the contributions from the high
singly excited bound states and the continuum are unco
lated and not larger than the contributions themselves,
that the calculations for the doubly excited states are accu
to at least 50%, the uncertaintyDad in the determination of
ad is given by

Dad
25 (

J5
1
2 ,

3
2

@dad0
21Dadb

21 1
4 Dadb8

21Dadc
2#.

~7!

Uncertainty limits on the contributions due to higher term
could also be estimated by combining the deficiency fr
the f -sum rule, the energy of the highest level included
sum, and the fact that all oscillator strengths from the grou
state are positive. However, in the present case, depar
from the single active electron sum rule are expected to a
due to the existence of open subshells and core polariza
effects.

Theoretical estimates of the contributions of highern
transitions were made using extrapolated energy level
and two implementations of the semiempirical Coulomb
proximation. One method@33# uses a smallr cutoff, whereas
the other@23# uses the Coulomb approximation with a ce
tral potential ~CACP! to represent the core. The availab
measured spectroscopic data for the 5d106s ionization poten-
tial and the 5d10np excitation energiesEn for Au I @34,35#,
Hg II @36,37#, Tl III @25,38#, PbIV @38#, and BiV @39# were
reduced to effective quantum numbersnp* using

np* [zA R
I 02En

, ~8!

wherez denotes the isoelectronic charge state. These w
parametrized by a Ritz quantum defect expansion

n2np* 5a1b/np*
21c/np*

41••• , ~9!
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which was least squares fitted and iterated to predict ene
levels up ton550. From these energies, values forf 6s,np
were explicitly calculated forn<50. These results were ex
trapolated fromn551 to ` both through the use of a Pad´
approximation and by fitting the values off 6s,npl6s,np

2 in the
regionn530– 50 to a low order polynomial in 1/np*

3, which
was summed ton5` through the use of the Riemann ze
function @40#. The results obtained by the two implement
tions of the Coulomb approximations were essentially c
sistent, and the CACP results were selected for use in
application. The oscillator strengths for the 5d106s-5d96s6p
transitions were computed by use of the Cowan progr
@30#. Finally, the transitions to continuum states up to ab
500 eV above threshold were calculated using the Hart
Slater~HS! approach of Ref.@41#, including relativistic and
core polarization effects as in Ref.@23#. The values were
combined using Eqs.~1! and ~7! to obtainad6Dad .

III. EXPERIMENT

A. Measurements

The measurements utilized the 300-kV University of T
ledo Heavy Ion Accelerator. Detailed descriptions of this
cility can be found in reports of earlier studies~e.g.,@42,43#!
as well as in instrumentation reviews@44,45#. Ions of Tl21

were produced in the ion source, accelerated through 20
and magnetically analyzed. After momentum and mass
charge selection, the doubly charged ions were postacc
ated through an additional 220 kV to final energies of 4
keV. The ions then entered an electrostatic switchyard
were steered into the experimental station and collima
before passage through a thin (2.1– 2.5mg/cm2) carbon foil.
At beam energies of 480 keV, the observed spectrosco
excitations were primarily in TlII , Tl III , and TlIV @46#.

The Tl III emission lines were analyzed with an Acto
1-m normal incidence vacuum ultraviolet monochromat
with three sets of concave gratings and detectors: a 24
line/mm grating coupled with a channeltron detector bel
1150 Å ~for the 7p and 7d transitions!; a 1200-line/mm
grating coupled with a solar blind detector for 1150–1850
~for the 6p, 6d, and 7s transitions!; and a 600-line/mm grat-
ing coupled with a bialkali detector for 2200–4500 Å~for
the 5f transitions!. The 1200-line/mm grating with the bial
kali detector provides access to 1850–2200 Å, but none
these transitions occurs in that region. The post foil veloc
was determined to within 2.5% by taking into account unc
tainties in the energy calibration, the foil thickness@47#, and
possible beam divergence effects@48#.

Using the Danfysik Model 911A ion source, ions we
obtained from pure thallium metal. To minimize foil brea
age, the current was limited to less than 200 nA~100-particle
nA for Tl21!. Currents of Tl21 greater than 200 nA could b
obtained with relative ease, and it was possible to achi
currents approaching 1mA. The methods used to obtain dou
bly charged ions in the source are similar to those descri
earlier @42,43#.

B. Data analysis

Due to the nonselective nature of beam-foil excitation,
level populations~and hence the decay curves! are affected
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56 1875LIFETIME MEASUREMENTS IN Tl III AND THE . . .
by cascade repopulation. Thus, while they produce a neg
gible contribution in the case of long-lived decays, cascad
can substantially distort the decay curves of shorter-live
levels. Situations in which cascading is dominated by a fe
strong decay channels are ideally suited to the arbitrar
normalized decay curve~ANDC! method @49,50#. This
method performs a correlated analysis of the decay curves
the primary level and those of the levels that directly repop
late it, and yields both the primary lifetime and the intensit
normalizations of the cascades relative to that of the prima

A schematic representation of the ANDC method i
shown in Fig. 2, indicating that the arbitrarily normalized
decay curvesI nl(t) of the 6p 2P3/2 level and its cascades
from the 6d 2D5/2 and 7s 2S1/2 are jointly analyzed using the
population equation in the form

t6p

dI6p

dt
~ t i !5j6dI 6d~ t i !1j7pI 7p~ t i !2I 6p~ t i !. ~10!

Here the lifetimet6p of the 6p level and the relative normal-
izationsjnl for the cascades and primary decay curves a
determined by simultaneous solution of the large set of rel
tionships provided by Eq.~10! evaluated at each of the com-
mon pointst i on the decay curves.

All decay curves were first analyzed by the multiexponen
tial fitting program DISCRETE @51#. Next, ANDC analyses
were attempted for the 6p, 6d, and 7s levels. Two ANDC
codes were used: one employs numerical differentiation
the raw data; the other utilizes the programCANDY @52#,
which smooths the data through the application of a mult
exponential filter. Uncertainties were computed by combin
ing statistical uncertainties in the individual fits, scatte
among the independent measurements, and estimates of
sible errors introduced by cascade corrections.

IV. RESULTS

Our measured lifetime results are presented in Table
together with comparisons to earlier measuremen

FIG. 2. Schematic representation of the ANDC method as a
plied to the decay curves of the 6p level and its cascades from
6d and 7s. Using Eq.~10!, each value oft i provides a separate
relationship by which the primary lifetime and the relative norma
izations of the cascade decay can be determined.
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@12,13,15#, to our theoretical calculations made using t
Cowan program@30#, and to earlier calculations@16–18#.

The lifetimes reported are all consistent with our cur
fitted values, but in the cases of the two 6p and one of the
6d levels, the ANDC yielded improved accuracy and d
namical consistency among the various correlated de
curves, and were selected for presentation here. For
6p 2P3/2 level, the ANDC analysis~shown in Fig. 2! indi-
cated significant repopulation from the 7s 2S1/2, 6d 2D5/2,
and 7d 2D5/2 levels. The other ANDC analyses indicate
that the primary repopulation of the levels were as follow
for 6p 2P1/2 by 7s 2S1/2; for 6d 2D3/2 by 7p 2P1/2, and for
6d 2D5/2 by 5f 2F7/2. This difference in repopulation dy
namics within the fine structure of the 6d levels occurs be-
cause of theJ dependence of the CI-induced branching
the 7p and 5f levels to the 5d96s2 levels. For this reason
and because the ANDC procedure indicated large uncert
ties for that case, we have adopted the curve fit value ra
than the ANDC value for the 6d 2D5/2 lifetime. For the 7s
level, thenp cascade transitions are all weak~since they are
either intrashell or in nearly exact cancellation!, hence the
long tail exhibited in its decay curve in Fig. 2 must ari
from CI-induced cascading from the 5d96s6p J5 1

2 and 3
2

levels that exist above it. Correspondingly, the ANDC ana
sis of 7s with 7p indicated no decay curve correlation.

The J dependences of the lifetime results for the 7p and
5 f levels are particularly interesting. In the case of the 7p,
levels, very largeJ dependences~12:1 and 6:1! have been
observed for the isoelectronic ions HgII @7# and PbIV @10#,
caused primarily by sensitivity to the conditions of nea
exact cancellation of the 6s-7p transitions. Although similar
cancellation effects occur for TlIII , here the measured 7p
lifetimes are nearly equal. In contrast the 5f levels exhibit a
12:1 measured lifetime ratio. To investigate this we ha
carried out CI calculations using the Cowan code@30# for the
transition probabilities of these levels, which are summariz
in Table II.

The effects of CI on these systems are interesting to n
The 7p transitions to ground are~as shown in Fig. 1! se-
verely affected by cancellation. While producing an anom
lous lifetime ratio in HgII and PbIV, in Tl III this cancella-
tion causes the transitions to ground to be weak in intens
but their lifetimes seem to be primarily determined by stro
CI-quenched decay channel to the metastable 5d96s2 levels.
Although a discrepancy still exists between the measu
and theoretical values shown in Table I, the calculations p
sented in Table II indicate the importance of these CI ch
nels, and underscore the need for their experimental dete
nation.

As shown in Table II, the origin of theJ dependence of
the 5f lifetime lies in a similar CI mixing between the
5d96s6p and 5d105 f level. This shortens the lifetime of th
2F5/2 by opening an additional decay channel to 5d96s2, and
lengthens the lifetime of the2F7/2 by diminishing the purity
of its 5f content.

The results of our determination of the dipole polarizab
ities are given in Table III. Experimental measurements
the 6p lifetimes and branching fractions are listed, togeth
with our CACP calculations for the lifetimes and, whe
needed, our HFR calculations for the branching fractio
Our branching fraction calculations agree well with the me

-

-
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TABLE I. Measured and computed lifetimes in TlIII .

t ~ns!

Measured Theoretical

This work Others This work Others

Level l ~Å! HFR CACP

6p 2P1/2 1558.63 1.9560.06a 1.860.2b 1.05 1.69 1.21,c 1.86,d 2.02e

6p 2P3/2 1266.24 1.0660.04a 0.960.2,b 0.7560.08f 0.57 0.89 0.66,c 0.96,d 1.02e

6d 2D3/2 1231.48 0.5460.06a 0.33 0.52 0.46,c 0.36,g 0.31h

6d 2D5/2 1477.06 0.7160.03 0.53 0.64 0.57,c 0.49,g 0.52h

7s 2S1/2 1659.93 0.8360.09 0.57 0.77 0.83,c 1.2,g 0.91h

7p 2P1/2 633.46 0.9860.12 1.60 6.26c

7p 2P3/2 611.47 0.9760.06 0.21 1.82c

7d 2D3/2 818.29 1.19 1.03c

7d 2D5/2 926.06 3.0260.26 1.44 1.35c

5 f 2F5/2 3164.55 0.4160.10 1.060.3c 0.46 1.86c

5 f 2F7/2 3457.43 4.9260.50 5.061.0,c 5.560.5i 2.01 2.32c

6s6p 2P1/2 572.85 0.16
6s6p 2P3/2 640.88 0.21
6s6p 2P1/2 662.28 0.22
6s6p 2P3/2 668.48 0.39

aANDC measurement. fAndersenet al., Ref. @14#.
bPoulsenet al., Ref. @12#. gMigdałek, Ref.@18#, rel.
cLindgård et al., Ref. @13#. hMigdałek, Ref.@18#, nonrel.
dBrageet al., Ref. @16#. iShimon and Endevdi, Ref.@15#.
eMigdałek and Baylis, RHF with core pol., Ref.@17#.
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sured values@5# for Au I, and it was assumed that our calc
lations are accurate to within their deficiency from unity
the other three cases where branching is possible. Since
6p lifetimes for AuI appear to be significantly affected b
CI, the CACP values were omitted from Table III for th
case.
tor
the

The various contributions toad are presented individually
and summed in Table III. In all cases the dominant contrib
tion to ad comes from the 6s-6p oscillator strengths. Be-
cause of the fortuitous conditions of cancellation, the con
butions of the bound-bound and bound-continuum sin
excited transitions are relatively minor, and the largest
certainties arise from experimental determinations of thep
lifetimes and the theoretical estimates of the oscilla
7
6
8

6

TABLE II. Theoretical transition probabilities in TlIII for 5d10nl levels with significant decay channels to the 5d96s2 metastable levels.

Aik (ns21) Aik (ns21)
Transition J2J8 l ~Å! HFRa Coul.b CACPc J2J8 l ~Å! HFRa Coul.b CACPc

7p branching
6s 2SJ27p 2PJ8 1/2-1/2 633.5 0.465 0.029 0.013 1/2-3/2 611.5 3.265 0.311 0.06
7s 2SJ2 1/2-1/2 5363.2 0.097 0.106 0.101 1/2-3/2 4111.5 0.137 0.213 0.20
6d 2DJ2 3/2-1/2 7999.1 0.030 0.034 0.036 3/2-3/2 5501.9 0.006 0.008 0.00

5/2-3/2 5929.8 0.043 0.065 0.069
6s2 2DJ2 3/2-1/2 1364.9 0.033 3/2-3/2 1267.7 0.009

5/2-3/2 1030.9 1.346

5 f branching
6d 2DJ25 f 2FJ8 5/2-5/2 3301.8 0.013 0.033 0.030 5/2-7/2 3457.4 0.410 0.438 0.03

3/2-5/2 3164.5 0.195 0.511 0.052
6s2 2DJ2 5/2-5/2 905.6 0.086 5/2-7/2 916.9 0.087

3/2-5/2 1082.6 1.863

aCowan code calculation@30#.
bCoulomb approximation with cutoff@33#.
cCoulomb approximation with core potential@41#.
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TABLE III. Determination of dipole polarizabilities from the dominant contributions of the measured 6p lifetimes and theoretical
estimates of the magnitude of other contributions.

t6p ~ns! ad0 Dadb Dadb8 Dadc

Ion Transition Expt. CACPa B6s,6p Expt. CACPa HFRb HSc ad(a0
3)

Au I 1/2-1/2 6.260.2,d 6.060.1e 0.9860.01e 6.1860.09 0.027 4.04 0.245 3064
1/2-3/2 4.760.2,d 4.660.2e 0.91160.004e 11.9360.36 0.031 7.72 0.233

Hg II 1/2-1/2 2.9160.11f 2.88 1.0000b 3.5360.13 0.010 2.02 0.034 1562
1/2-3/2 1.8060.08f 1.73 0.9937b 5.9860.27 0.008 3.41 0.034

Tl III 1/2-1/2 1.9560.06g 1.69 1 2.1960.07 0.024 0.97 0.017 8.160.9
1/2-3/2 1.0660.04g 0.89 1.0000b 3.5060.13 0.007 1.40 0.015

PbIV 1/2-1/2 1.1160.01h 1.13 1 1.9360.17 0.014 0.60 0.005 6.660.6
1/2-3/2 0.5260.04h 0.54 1 3.1160.24 0.004 0.92 0.005

Bi V 1/2-1/2 0.8860.10i 0.82 1 1.3860.16 0.009 0.45 0.002 5.360.5
1/2-3/2 0.30160.016i 0.36 1 2.6860.14 0.003 0.81 0.002

aCoulomb approximation with core potential@23#. fPinningtonet al., Ref. @6#.
bCowan code calculation@30#. gThis work.
cHartree-Slater calculation@41#. hAnsbacheret al., Ref. @9#.
dGaardeet al., Ref. @4#. iAnsbacheret al., Ref. @11#.
eHannafordet al., Ref. @5#.
s
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strengths for 5d106s-5d96s6p transitions. If measurement
for the 6p lifetimes of improved accuracy became availab
they could be incorporated into these calculations to prod
values forad of correspondingly improved accuracy.
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