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Measurements and predictions of the 66p 13P, lifetimes in the Hg isoelectronic sequence
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Experimental and theoretical values for the lifetimes of ts6P, and 3P, levels in the Hg isoelectronic
sequence are examined in the context of a data-based isoelectronic systematization. New beam-foil measure-
ments for lifetimes in Pb 1ll and Bi IV are reported and included in a critical evaluation of the available
database. These results are combined wlfitlinitio theoretical calculations and linearizing parametrizations to
make predictive extrapolations for ions with8Z<92.
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[. INTRODUCTION combination transitions can be expected to dominate the ra-
diative transfer among any of the ions in this sequence when-

Methods that have recently been used to predictively sysever they exist in a hot plasma environment.
tematize experimental measurements and theoretical calcula- In the study presented here, new beam-foil measurements
tions for the lowest resonance and intercombination lindor the intercombination transition lifetimes for Rband Bi
strengths in the B¢1,2], Sn[3], and Cd[4] isoelectronic IV are reported, together with a critical evaluation of the
sequences are extended to study the Hg sequence. New lifavailable database of lifetime measurements. In addition,
time measurements are reported, together with a criticadCDHF calculationd5] of energy levels and line strengths
evaluation of the existing database, and new multiconfiguragare reported that include the effects of core-valence correla-
tion Dirac-Hartree-FockMCDHF) ab initio calculations are tion. Both the experimental and theoretical results are then
performed. These results are combined to make extrapolativ@/stematized using a semiempirical linearization that accu-
predictions using sensitive linearizing semiempirical meth-ately isoelectronically smooths and extrapolates the results
ods. to high Z. The formulation builds on earlier studies of this

The usefulness of this study for the Hg sequence can bgequence[6,7], incorporating refinement$2,3] recently
elucidated by a comparison with the homologous Cd semade that substantially improve the systematization.
guence. For the Cd sequence, the 48-electron system is suf-
ficier_1tly complex to make i_ts thepreti.cal specification chal- Il. SEMIEMPIRICAL FORMULATION
lenging, yet the fact that it begins in the midrange &f
permits it to be followed isoelectronically through many In the semiempirical formulation used here, the’ 1S,
stages of ionization before reaching the higjlimitations on ~ —nsnp'P; resonance transition and the? S,—nsnp’P,
nuclear stability. In contrast, for the Hg sequence the 80intercombination transition are treated jointly by removing
electron system is substantially more complex, and only th¢he effects of intermediate coupling through the use of a
first four members are radioactively stable. However, while itsinglet-triplet mixing angled [3,8] that is empirically evalu-
is more difficult to measure the atomic structure properties ofited from energy-level data.
the radioactive members, their atomic properties are no less In the nonrelativistic approximation, these two transitions
significant in, e.g., modeling calculations of radiation trans-are described by the same radial dipole transition element. In
fer in fusion plasmas. Thus, the use of semiempirical meththe corresponding relativistic formulation, each of these ra-
ods to accurately extrapolate measurements for, Figi, Pb  dial transition elements becomes a separate admixture of two
1, and Bilv through Hg-like uranium and the transuranium jj radial matrix elements.
ions is highly desirable. It has been shown earlig2] that both theL S singlet-

For the Cd sequence, plunging levels from the unfilléd 4 triplet mixing in the angular wave function and tjjemixing
subshell perturb thesbp levels aboveZ =60 and eventually in the radial wave function can be simultaneously taken into
replace 52 as the ground state. In the Hg sequence, oumccount fors?>-sp transitions through the specification of a
calculations indicate that thesép and &2 levels remain second effective mixing angle, denoted here¢byrheoreti-
below the plunging levels from thef5and &y subshells for cal calculations have show] that the radial mixing angle
all ions through uranium. Thus these resonance and intei is usually quite small unless there are strong cancellation

effects. Moreover, in cases in whiéhbecomes significant, it
usually affects only ions near the neutral end of the sequence
*Electronic address: lic@physics.utoledo.edu where 0 is smallest. Until now, this correction has been ap-
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plied [2] only to the Be 32— 2s2p sequence, where tHeS
singlet-triplet mixing of the neutral ion is so small that e
radial mixing becomes non-negligible. For the Mg, Zn, and
Cd sequences, theS singlet-triplet mixing angle is large
compared to thgj radial mixing angle for all ions in the
sequence. However, for the Hg sequence our calculations
show that these corrections are significant for the neutral and
singly ionized members of the sequence.

For the unbrancheas?!S,—nsnp!P; resonance and
ns’1S,—nsnp®P; intercombination transitions, the line
strengthsS(res) andS(int) can be deduced from the life-
times 7 and the transition wavelengtisusing

w

- Mixing Angles

S=[A(A)/1265.38% 3/7(ns). (1) oL »

0.0 0.1 0‘.2 013 04 0.5
N ' Lo . 1/Z-78)
In the absence of significant configuration interaction, both

the energy levels and the line strengths can be characterized FIG. 1. Isoelectronic plot of cot®vs 1/(Z—78). The symbols

by the singlet-triplet mixing angle amplitudes that couple the(O) denote the values obtained from the measured data, and the
J=1 levels. It has been showB] that these can be modeled solid line represents a fit of these values to Ef. The short-
using a one-to-one mapping of the three independent separdashed lines trace the MCDHF values obtained from the ratios of
tions among thmsnpf‘Po, 3P,, °P,, and P, experimental these two amplitudes in each of the t@e-1 CSF's. The symbol
energy levels onto a set of three effective Slater parametefs” ) is the highZ asymptotic value 0.353%. . . . Thelong-dashed

Gy, 1. o (corresponding to the electron-electron exchangdin€ traces the corrected value cat22¢).

and the diagonal and off-diagonal magnetic interacbiohs

has been showf4,3] that the intermediate coupling can be Ria/Ry=f+9/(Z—C5)". (8)
parametrized in terms of a singlet-triplet mixing anglere-

scribed from the energy-level measurements as HereZ is the nuclear charge ar8lC; ,D,E,f,g,p are least-

squares adjusted fitting constarg. could also be evaluated
cot 20= (4G, + p1)/ 8. (2)  as afitting parameter, but it has been obser@dhat for
very largeZ this quantity tends to approach the hydrogenic
It has also been showf®] that the effects of differences limit
between thgj,j’}={1/2,3/2 and{1/2,1/2 relativistic radial 5
transition matricefR;3 and R, can be incorporated into the Su—9ni(n"-1)/2. ©
characterization through a similar type of mixing andle _ i _
which, if small, can be prescribed througb initio calcula- Forn=86, this yieldsS, =5670.
tions along an isoelectronic sequence using the relationship
[2] Ill. THEORETICAL CALCULATIONS
Ab initio theoretical calculations were performed to test
tang=V2(Ry3~ Ru/(2Rya+ Rup). 3 the persistence to high&rof the regularities exhibited by the

empirical data. With increasing ionicity, it is expected that
These values fo® and ¢ can be used to further convert P g y P

measured lifetime data to the reduced line strenlises) 50000

andS;(int) [2],

S/ (re9=S(reg/cog(H— &), (4) 40000 - A~
S.(int) =S(int)/sirP(6— &). (5) 30000 | =

Z2 8

These quantities are proportional to the squared radial tran-
sition matricegthe weighted sum RZ,+ R, for the relativ-

istic formulation. It has been observed that line strengths

and mixing angles can often be represented by fitting func-

20000 -

X Resonance

10000 ..
O Intercombination

tions of the form[4] - - - MCDHF
o ‘ . . ‘
2 ~ _ 0.00 0.05 0.10 0.15 0.20
cot20=D+E/(Z—C,) (7) FIG. 2. Isoelectronic plot of th&2S, vs 1/(Z— 75) for the low-

est resonancéX) and intercombinatiorfO) lines. The symbol ¢ )
as is illustrated in Figs. 1 and 2. Similarly, the radial transi-represents the asymptotic value 5670 and the solid lines represent
tion element ratios were found here to be well represented biits to Eq.(6) reported here.
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the system will be increasingly influenced by configurationrelation orbitals(s,p,d}. Lastly,{f,g} were added in a simi-
interaction and relativistic effects. MCDHF calculations in- lar manner. In the two final stages, the levels were assigned
troduce both additional configurations and the possibility ofequal weights in the energy functional.

a significant dependence updrof the radial transition ele-

ments, and can test whether such a system can be character-

ized at higheiZ by the effective mixing angles and reduced  |v. NEW MEASUREMENTS FOR THE 3P, LEVELS

line strengths defined here. However, since the MCDHF IN PB 11 AND BI v

code treats contributions important at very higlie.g., the » ) ) )

Breit interaction andqed correction$ only perturbatively, ~1he empirical linearity of the plot oZ°S; vs 1/(Z—C,)
there are also limitations to the validity of the theory. is well established for the resonance transitions, but for the

A number of earlier theoretical studies of this Sequer]Cé'ntercombination transitions near the neutral end of the se-

have been made. Some have involved specific ions in th8Uence, the small mixing and long lifetimes make these de-
sequencg10—13. Others have utilized a model potential terminations more uncertain. _

that requires measured spectroscopic data for the evaluation Attempts were made in a 1996 study of [ 7] to verify

of parameterg§14,15, and are not applicable to the entire the linear trends for the intercombination line strengths.
isoelectronic sequence. One calculation using the multicon3ased on a linear extrapolation of the higrasymptote and
figuration relativistic random-phase approximatjas] stud- the reduced line strengths obtained from the earlier lifetime
ied the entire sequence, but neglected core polarization e _'easurements made at the University of Alb¢iti—20 for
fects and thus yielded poor agreemgtit] with experiment.

i v and Pbii, a prediction for the Th intercombination
- N ; .
The multiconfiguration expansion used here was designeléfmIme of 31*2 ns was obtained. A measurement of this
to qualitatively capture both valence and core-valenc

quantity was made at the Toledo Heavy lon Accelerator
correlation ¥ +CV) effects. For the even-parity

?THIA) laboratory, which yielded 393 ns. Since the dis-

) . . crepancy is more than two standard deviatiGnscertainties
states, the expansion was obtained by single and double,pined in quadratuyethis motivated further study to de-
excitations (1)5 tge elloectrzons from the reference Sefermine whether it indicates a breakdown of the semiempir-
{5d™6s", 5d76p?, 5d6d°J=0} to an active set of or- jca| linearity, systematic experimental uncertainties, or
bitals {6s, 6p, 6d, s, p, d, f, g}, with the constraint of gsjmple statistical scatter in a normal sample distribution.
creating at most one hole in thel4ubshell. The expansion In an attempt to resolve this discrepancy, new beam-foil
for the odd-parity states was generated in a similar mannemeasurements of the Rib and BiIv intercombination lines
starting with the reference sd6d'°6s6p, 5d'°6p6d J  were undertaken in the THIA laboratory. The valuedb-
=0,1,2, and using the same active set of orbitals as in theained using the methods described in R&f) were consis-
case of the even-parity states. The resulting multiconfiguratent with the Alberta result§19,20, but in both cases the
tion expansion contained 733 even-parity relativistic con-values were one standard deviation on the long lifetime side.
figuration state function€CSF’s of total angular momentum Since the Alberta and THIA measurements were obtained
J=0, and 5557 odd-parity CSF’s with=0,1,2. using different accelerators, beam energies, foil thickness,

The radial orbitals were generated using the optimal levegtC., €ach approach had different advantages and disadvan-
(OL) model. The even-parity level selected for targeting had@9es. Therefore, the two laboratories undertook a joint re-
6s2 as its dominant eigenvector component. The odd-parit)?tu‘jy to replace the symmetric quoted uncertainties with firm

states were treated using the extended optimal level mod&iPPer and lower limits. The goal was to determine whether
(EOL): four levels(oneJ=0, twoJ=1, and onel=2) were the two sets of measurements bracket the correct result or if

targeted under the requirement that the dominant eigenvect&ne of the megsurem_ents IS to b_e preferred. .
C2 On the basis of this reanalysis, it was possible to effec-
component of each selected level be tm®nrelativisti¢

: . . tively rule out systematic errors due to factors such as foil
CSF @6p. The sets of 'rad|al orbitals descr.|b|.ng thg BV ihickness, energy loss in the foil, divergence of the ion beam,
parity and the odd-parity states were optimized indepen

_ ' X X or straggling. It was also possible to utilize a comparison of
dently. The radial orbitals were determined in stages, gradusqyits obtained by the correlated “analysis of decay curve”
ally increasing the set of active orbitals. All the core orbltals(ANDC) [21] method with simple curve-fitting results to set
(1s---5d) were generated by simultaneous optimization inypper limits on the lifetimes. For the intercombination tran-
a valence-correlation calculation that included the evensitions in both ions, the nature of the cascade decay curves
parity J=0 levels of{6s?, 6p? 6d°} and the odd-parity  incorporated into the ANDC analysis had properties that re-
=0,1,2 levels of 6s6p, 6p6d}. The 65, 6p, and & orbitals  duced the extracted lifetime from an overestimate obtained
were determined variationally in ¥+ CV calculation with by simple multiexponential fitting. Thus the simple fitted
the active orbital se{6s, 6p, 6d}, using the core orbitals value represents a firm upper limit, and simulations and tests
from the previous calculation. In these two initial stages ofwere undertaken to ascertain whether uncertainties in the
the calculation, the levels were assigned statistical weights imeasured cascade could lead to uncertainties on the short
the energy functional. In the next stage, the correlation orbitfifetime side.

als {s,p,d} were added to the active set. The rest of the For the singlet decays, it was confirmed that the data were
radial orbitals were taken from the previous calculation, andf consistently good quality, and that the lifetime values ex-
kept frozen in the variational procedure to determine the cotracted were not significantly dependent on the method of
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TABLE |. Calculated and observed energy levéiscm™1).

3p, °p, 3p, p,
Z MCDHF Obs MCDHF Obs MCDHF Obs MCDHF Obs
80 37935 37645.080 39709 39412.300 44337 44042.977 55250 54 068.781
81 49669 49451 52595 52393 61841 61725 76 107 75660
82 60653 60397. 64609 64391. 79024 78984.6 95535 95340.1
83 71188 70963 76101 75926 96333 96423 114590 114602
84 81421 87235 113973 133698
85 91427 98 100 132064 153083
86 101207 108 704 150652 172847
87 110874 119167 169 897 193182
88 120460 129526 189876 214186
89 129913 139732 210586 235869
90 139281 149838 232126 258338
91 148592 159873 254576 281682
92 157863 169 856 278008 305976

analysis(whether free multiexponential fitting, constrained The corresponding mixing angles were also computed
multiexponential fitting, or ANDC reductionThus, most of ~ from the CSF amplitudes obtained from the MCDHF calcu-
the restudy concerned attempts at improving the precision détion. Since this was a multiconfiguration calculation, there
the triplet lifetime values. were more than two amplitudes to consider, but effective
Based on this careful reexamination, the best results fofmixing angles could be obtained by defining trto be the
the 6s6p 3P, lifetimes, as deduced from the THIA measure- ratio between the p 3P, and 66p P, amplitudes for the
ments, are 172 ns for Pbii and 9.2-10 ns for Phbiv. For higher (nominal singletJ=1 CSF, and defining cd to be
the Alberta measurement of Rb, the value of 14.8 ns re- 14 same ratio for the lowénominal triple} J=1 CSF. The

mains valid, but the uncertainty is skewed slightly toward g, ation of the quantity sfg; +cog 65 from unity then be-
longer lifetime. Extensive reanalysis indicates that, if SYM-.omes a measure of the ability of the single configuration

metric uncertainties are quoted, a value 5120 provides a model to include the effects of configuration interaction

better lower limit. For the Alberta measurement ofiBj the . .
value 8.0 ns is a firm lower limit, and the uncertaintiesthmngh the use of effective mixing angles._ Th_ese MCDHF
results are shown as short-dashed curves in Fig. 1.

should be increased slightly, to . We have combined . fth 2. /R. for th
all of these measurements to obtain recommended values for A cOMparison of the quantitiz,3/ Ry, for the Be, Mg, Zn,
the 6s6p 3P, lifetimes 7 (Pb 11)=15.2-0.7 ns andr (Bi Cd, and Hg sequences is shown in Table Il. These calcula-

V)=9.1+0.7 ns. t_ions used thg MCDHF program, but made thg simplest base-
line computation that did not include correlation. These re-
sults clearly demonstrate that the correction can be neglected
for the homologous systems through the Cd sequence, but
A. Energy levels and mixing angles become significant for the Hg sequence. The values of
Ri3/Ry; for the Hg sequence in Table Il were used to com-

The available base of measured energy level {22his - ’
. . .~ pute the values fo& using Eq.(3), and fitted to an extrapo-
presented in Table I, together with the MCDHF predictions,_.. : _ .
obtained from the calculations reported here. The small disl—atlon formula using Eq(8). A plot of cot (20 2¢) is shown

crepancies between the theoretical and observed energy Ie"\ﬂ/§ a long-dashed line in Fig. 1.

els reflect the uncertainties in the calculation. To within these

tolerences, the magnitudes and signs of these differences are B. Lifetimes and line strengths

sensitive to the configurations included and to the core po-

larizability through their influence on the depth of the bind- A summary of the existing lifetime daf&,18—20,23-4p

ing energy of the ground state and the relative positions ofor the Gs2-6s6p transitions in the Hg isoelectronic se-

the singlet and triplet systems. guence is given in Table Ill. The recommended lifetime val-
The measured base of energy-level data was used ftges obtained from the weighted averages in Table Il were

specify theL S mixing angles§ using Eq.(2). These mixing  converted to line strengths using wavelengths corresponding

angles were then isoelectronically parametrized using the fitto theJ=1 energies in Table | by use of E(L). These were

ting function of Eq.(7) (with p=1.6 andC,=78 deduced converted to reduced line strengths using Edg.and (5),

from a log-log exposition This yieldedD =0.3096(slightly ~ with the empirical mixing angle® and the values of de-

less than thgj asymptotic limit 14/8=0.353%...) and duced from Table Il. These data are presented in a plot of

E=5.437. A plot of cot® vs 1/(Z—78) is presented in Z2S, vs 1/(Z—75) in Fig. 2. The solid lines represent fits to

Fig. 1. Eq. (6).

V. RESULTS
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TABLE Il. Ratios of radial matrix elements. Hete=(R3/R;;— 1) X 1000.

Charge lon A lon A lon A lon A lon A

I Be 0.037 Mg Zn —-1.99 Cd —-6.74 Hg —40.2
I B 0.113 Al 0.18 Ga +0.16 In —-1.30 Tl —-18.2
Il C 0.212 Si 0.41 Ge 1.00 Sn  +0.35 Pb —-125
1% N 0.342 P 0.61 As 1.54 Sb 1.24 Bi —10.3
\Y% (@) 0.503 S 0.82 Se 1.97 Te 1.78 Po —9.20
Y| F 0.682 Cl 1.04 Br 2.37 | 2.26 At —8.64
VI Ne 0.888 Ar 1.29 Kr 2.75 Xe 2.66 Rn —-8.27

The MCDHF calculations of the line strengths were re-Table IV, together with the corresponding predictions ob-
duced by the same procedure, using the mixing angles tained from the MCDHF calculations. The wavelength val-
and 63 (as defined aboydor the resonance and intercombi- ues quoted for 84 Z<90 were obtained for the MCDHF
nation line strengths. The loci of these values are indicatedalculations for thel=1 levels as listed in Table I.

by short-dashed lines in Fig. 2. o The agreement between the semiempirical, the extrapola-
In terms of these linearized parametrizations, the currenfions, and theab initio predictions provides us with good

state ~of knowledge of the line strengths of the confidence in the accuracy and reliability of these results.
6s°°S,—-6s6p ~P, transitions can be summarized very con- For the measured ions T, Bi i, and Bilv, the systematic

cisely by the simple formulas isoelectronic smoothing should generally improve the accu-

2 _ . racy of the fitted lifetimes over those of the raw measure-
275/(re9 =567 1+35.55(2 = 79)], (10 ments. The fits also permit accurate extrapolations through
he otherwise i ibl i i I .
725, (int) = 567q 1+ 31.57(Z— 75)]. (11) the otherwise inaccessible radioactive elements
cot 26=0.3096+5.437(Z2—78), (12 V1. CONCLUSIONS
R13/R;;=0.9931-0.0334(Z— 79)*5. (13 The approximate linearities in the measured energy level
and line strength data that have been observed through their
The values for the level lifetimes deduced from E(0)—  remapping as expositions of ca2and Z2S, plotted vs

(13) and the inversions of Eq#4), (5), and(1) are given in  1/(Z—C) (with C optimally chosej have been verified to

TABLE lll. Database of lifetime measuremer{isa n9). Parentheses denote quoted uncertainties.

Resonance Intercombination
lon Measurements Wit. Avg. Measurements Wit. Avg.
Hg 1.2710),2 1.31(8),° 1.408)° 1.343) 1256),9 1222)," 1202), 118.94)
1.3412),% 1.355),° 1.365)f 116(5)] 1202) K 114(14),

120.q7),™ 1155)," 12710),°
117.410),P 1171),% 1182)"

Th 0.594)3 0.594) 39(3)° 39(3)
Pb 0.38021)t 0.38021) 14.810),! 15.210),Y 17.1(2) 15.27)
Bi v 0.24313)" 0.24313) 8.0(5)," 9(1)," 9.2(10)" 9.17)

@Andersen and Sgrensga3]. "King and Adamg35].

bLurio [24]. "Osherovichet al. [36].

‘Skerbele and Lassettf&5]. °Andersenet al.[37].

dAbjean and Johannif26]. PDodd et al. [38].

€Pinningtonet al. [27]. 9Deech and Bayli$39].

fJeanet al.[28]. "Barrat[40].

9Bencket al.[29]. *Henderson and Curtig].

"Halstead and Reevg80]. 'Ansbacheret al.[19].

'van de Weijer and Cremef81]. YThis work.

IMohamed[32]. VAnsbacheeet al. [20].

Kpoppet al. [33]. “pjinningtonet al. [18].

'Nussbaum and PipkifB4].
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TABLE IV. Lifetime predictions. Parentheses denote quoted or propagated uncertainties.

Resonance Intercombination
Z lon Ag(A)? 7r(NS) N(R)2 7,(ns) sing— &P
Expt®  SEY MCDHF® Expt® SE MCDHF®
80 Hg! 18495 1.343) 1.346 1.086  2537.3 1184 117.9 1235 0.1771
81 Tin 13217 0.5%) 0.602 0543 19087 39 36.9 36.0 0.2307
82 Pbm 10489 0.38®1) 0.360 0.334 15530 152 16.1 16.0 0.2725
83 Bilv 872.6 0.24813 0.243 0228 13171 1) 8.62 8.76 0.3065
84 Pov  748.0 0.176  0.166  1146.3 5.27 5.44 0.3417
85 Atvi 6532 0.133  0.125  1019.4 3.56 3.68 0.3675
86 Rnvi 5785 0.104  0.0979  919.9 2.57 2.65 0.3889
87 Frvm  517.6 0.0829 0.0781  839.2 1.94 2.00 0.4070
88 Raix 466.9 0.0671 0.0633  772.0 1.52 1.56 0.4223
89 Acx  424.0 0.0550 0.0520  715.7 1.23 1.25 0.4355
90 Thxi 387.1 0.0455 0.0432  667.4 1.01 1.03 0.4469
91 Paxi  355.0 0.0380 0.0362 6255 0.853  0.865  0.4569
92 Uxm 326.8 0.0319 0.0305  588.7 0.728  0.736  0.4656

3VICDHF values from Table | foZ=84.
PExtrapolated forz=84 using Eqs(12) and (13).
‘Recommended values from Table Il1.
UISemiempirical values from Eqg10), (12), and(13).
®MCDHF values from this work.

fSemiempirical values from Eqgll), (12), and(13).

persist to highz through MCDHF calculations. These results ACKNOWLEDGMENTS
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