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Lifetime measurements in Tl and the determination of the ground-state dipole polarizabilities
for Au 1-Bi v
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Measurements are reported for the lifetimes of the 291,2'3,2, 6d 2D3,2,5,2, 7s2S,,, 7p 2P1,2,3,2,
7d ?Dg)p, and & 2F5,2'7,2 levels in Thi, 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 measuredp@ifetimes in the Au sequence are combined with theoretical calculations of reso-
nance transitions to higher levels to specify the ground-state dipole polarizabilities foHgu, Tl 1, Pbiv,
and Biv. [S1050-294{@7)10609-9

PACS numbegps): 32.70.Cs

[. INTRODUCTION Thxi and Uxiv) are radioactively unstable. The spectro-
scopic inaccessibility of these unstable ions does not lessen
The Au isoelectronic sequence is the heaviest member dhe importance of their atomic properties in practical appli-
the group 1B coinage-metal-like homologs Cu, Ag, and Au,cations. For example, the atomic rate constants can enter the
which have 6—1)d’ns 2S,,, ground states. Although these dynamical modeling of a fusion plasma on a time scale that
systems have a relatively simple electronic structure, thejs much shorter than either the atomic mean life or the
possess interesting subtleties. In all three sequenceg thenuclear disintegration time. o
andf series are affected by a strong configuration interaction 1€ accurate determination of ground-state polarizabil-

(CI) with the d%p configuration[1—3]. In the Au sequence ities for ions in the Au sequence is valuable since it provides
this mixing of the &' p 2P and 51 f 2F levels with the a means for predicting and identifying transitions among

) . high Rydberg states in the Hg sequence. The energy levels
5d°6s6p 22*PDF manifold opens additional decay chan- > .
nels to the metastable d86s2 2D levels. The Hi%s- [28] and transition probabilitieg29] of these nonpenetrating

- . , states can be described accurately by the core polarization
d9 b Il
5d™np transitions aretfor n>6) subject to cancellation ef- 46| which treats the system as a single outer electron in

fects that are nearly complete for some cases. Thge presence of the polarized core of the next stage of ion-
5d'%s-5d°6s6p transitions provide an additional resonanceization. Such states are often very strongly populated in low
excitation process that is not present in alkali-metal-like segensity light sources in which they are not Stark quenched
quences, which contributes significantly to the ground statgy interionic fields.
dipole polarizabilityay of the ion. We report here lifetime measurements for thé*%6p,
Lifetime measurements already exist for a variety of lev-d, 7s, 7p, 7d, and 5 levels in Tlii, together with theo-
els in Aul [4,5], Hg i [6-8], Pbiv [9,10], and Biv [11], but  retical calculations for the transition probabilities of these
only the lifetimes of the § and 5 levels have been reported and the 5°6s6p levels in this ion. We also report a deter-
until now for Tl [12—-15. Theoretical calculationd6-18  mination of the ground-state dipole polarizabilities for the
have been made for a few selected transition probabilities ifons Aui-Biv, obtained by combining available lifetime
this sequence, but none have included the importai65®  measurements for thed®%p levels with theoretical esti-
or 5d%6s6p levels. The lifetimes of levels in the Tl ion  mates of other oscillator strengths that contribute to this
are interesting for a number of reasons. Tl has been observeglantity. These studies provide both quantitative specifica-
in Hubble Space Telescope spectra of peculiar $&9s21  tion and qualitative insights into the subtleties that character-
that require oscillator strength data for their interpretationjze the coinage-metallike sequences and contrast them with
Semiempirical studie$22] indicate that Thi is the case the alkali-metal-like sequences.
where cancellation effects in thes@p oscillator strengths
are the most severe, introducing large uncertainties in their
theoretical specification. Through a theoretical accounting of Il. CALCULATIONAL FORMULATION
these cancellations and other contributions to the ground
state oscillator strengths, it is possilpR8,24] to specify ay
from measurements of thel&’%6p lifetimes. Naturally occur- In order to interpret our lifetime measurements, help as-
ring Tl has two stable isotopes®TIl (70.5% and 2°°TI  sess any potential problems with blends and cascades, and
(29.59%, which both have nuclear spin=3, and have been relate our results to oscillator strengths and polarizabilities,
the object of studies of hyperfine structy@s] and of elec- we have carried out calculations for the sequence of spectra
troweak parity nonconserving optical rotatif26,27. Com-  Au 1-Bi v using the set of progranfcN-RCG-RCEby Cowan
prehensive lifetime studies for these ions can also providé30]. Although not necessarily the method for computing the
tests of theoretical methods that permit their extension tdest possiblab initio value for a given transition probabil-
higher members of the Au sequence, whi@xcept for ity, the Cowan program suite offers a combination of fea-

A. Theoretical calculations
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tures that makes it a powerful tool in connection with labo-
ratory work in atomic spectroscopy. Our calculations were
done in intermediate coupling, using the HRRartree-Fock
with relativistic correctionsmode; the most important con-
figuration interactions were included explicitly, and the de-
fault scaling of Slater integrals was used to give a rough
indication of the remaining ClI effects. In addition we made a
limited number of empirical adjustments to improve the 4 o
agreement between computed and observed energy levels.

For the case of Til, we used 8 even-parity €7s,

6s-8p,
s

©f,
o™

8s,652,6d,7d,6p2,59) and 4 odd-parity (B,7p,6s6p,5f) e o
configurations. For the even configurations we made empiri- 65'613.»;1:"‘ 75'6P/ji:"0
cal adjustments of the configuration-average energies N e
(<5%), and of thehreend spin-orbit integrals €2 cm™3). o o

[ ] o

For the odd configurations we did a complete least-squares

fit, varying 22 parameterg} average energies, 5 Slater inte-

grals, 8 Cl integrals, and 5 spin-orbit integpals fit the 23 n*

observed energy levels. The rms disagreement between cal- s

culated and observed energies de_creased from ?b"“‘ 3% to FIG. 1. Cancellation plot of the Au sequence. Solid lines indi-

less than 0.2% as a result of the fit. qu !Pknn_d _B'V we cate theoretically predicted nodes in the transition integral. Symbols

used exactly the same procedure, obtaining similar results.qenote  experimental effective quantum numbers for the
For Aui and Hgii, the number of configurations that must gs 25, ,-np 2P, (filled circles, 6s 2S,,,-np 2P, (filled square}

be included is greater, and conditions are not as favorable fars 2S,,,-np 2P, (open circlek 7s 2S;;,-np %Py, (0pen squarés

a least-squares fit, which requires a small number of configu-

rations, relatively isolated from others, with completely expected to be via thed3%s-5d'%p and 51'%s-5d°6s6p

known energy levels. In these two cases we used 9 evetnansitions.

configurations(those listed above plussBs), and 10 odd

configurations (the above plus ,9p,10p,6s7p, C. Dipole polarizabilities

635f.,6526.p). Empirical adjusfcments were made only f9r the  precision lifetime measurements for the'%p levels in
configuration-average energies and for thie@d & sSpin-  thage jons can be combined with calculations of the oscillator

orbit integrals. strengths of both of thed%s-5d'°np (n>6) and 51'%s-
5d°6s6p transitions and used to specifyy, using the ex-
B. Cancellation effects pression

Systematic cancellation effects are well known to occur in
intershell transitions in alkali-metallke and coinage- ag= > [agptAagtAagy+Aag], 1
metallike isoelectronic sequenck®l]. Forns-n’p (n’>n) J 2
transitions, cancellations of this type occur for M¢23,32
in the Na sequence; Ga[23] in the K sequence; Zm[24],  where aq4o involves the intrashell §6p resonance transi-
Galll in the Cu sequence; Gd Inni, Sniv in the Ag se- tions
quence; and Hg, Tln, Pbiv in the Au sequencg22].

These effects can be traced using a quantum defect formal- o= (2RNgs,6p)*Fos,6p 2
ism[31] in which regions outside the core are characterized

by a hydrogenlike wave function of shifted phase. The phasé @qp involves the intershell bound-bound resonance transi-
shifts associated with penetration and with polarization differtions to singly excited levels

in their dependences on the core charge, and differential
shifts between the upper and lower state wave functions
cause the dipole transition integral to undergo systematic
sign changes at particular values of the effective quantum
numbers. Aagy involves the bound-bound resonance transition chan-

This type of cancellation is illustrated in Fig. 1, which npels to doubly excited levels
plots the effective quantum numbers obtained from measured
spectroscopic data for the Au sequence together with the
theoretically predicted nodal lines of cancellation. Experi- Aagy =2, (2RNgs 6s6p) T os,656p » (4)
mental studies have shown that lifetime and relative intensity bsop
anomalies exist for the¥ P, and 2P, levels in Hgii [7]
and Phv [10], consistent with the proximity of thess7p
transitions(particularly for the?S,,,-2P,,, case to the line of
cancellation nodes in Fig. 1. Because of these cancellations — zfx df/dE

¢ ' o ' Aayg.=(2R) dE 5. (5)
the major channels for resonance absorption of radiation are 0 (E+1p)

_1
=3,

2

Aadb=n§6 (2RNgs.np) *Fosnps ®3)

and A ¢4, involves the bound-free continuum transitions
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Herefgs np andfgs 6s6p are the absorption oscillator strengths which was least squares fitted and iterated to predict energy
for the 5d'%s ?S,,-5d%p?P, and H'%s2S;,  levels up ton=>50. From these energies, values fgg ,,
5d°6s6p 22*PDF, transitions with the corresponding were explicitly calculated fon<50. These results were ex-
wavelengths\gs n, and N gs 6s6p (With J implicit in the nota-  trapolated fromn=>51 to « both through the use of a Pade
tion). 14 is the ionization potential of the ground state, &dd approximation and by fitting the values f?tfs,np)\és,np in the
is the Rydberg constant. regionn=30-50 to a low order polynomial in}*®, which

If Eq. (1) is dominated by thexy, term, a4 can be de- was summed tm= through the use of the Riemann zeta
duced from the wavelength and oscillator strength data fofunction [40]. The results obtained by the two implementa-
the intrashell 8-6p transitions alone. If those transitions are tions of the Coulomb approximations were essentially con-
unbranched or have accurately known branching fractionsistent, and the CACP results were selected for use in this
Bes6p+ the oscillator strengths can be obtained from the meagapplication. The oscillator strengths for thé*86s-5d°6s6p

sured lifetimesrg, of the 5d'%p 2P, levels using transitions were computed by use of the Cowan program
[30]. Finally, the transitions to continuum states up to about
Nesep(A)]?2(I+ 7)Bgsep 500 eV above threshold were calculated using the Hartree-

(6)  Slater(HS) approach of Ref{41], including relativistic and
core polarization effects as in RdR23]. The values were
gombined using Egg1) and(7) to obtainay*+Aay.

6560~ | 25827

7'6p(n5)
In this case the uncertainties in the determination can b
estimated by propagating the quoted uncertainties in the life-
time measurements and branching fraction determinations to . EXPERIMENT
obtain the uncertaintyagyg in @y, and combining this with
estimates of the magnitudes and tolerances in the theoretical
specification of then>6 and &6p transitions. Assuming The measurements utilized the 300-kV University of To-
that the uncertainties in the contributions from the highededo Heavy lon Accelerator. Detailed descriptions of this fa-
singly excited bound states and the continuum are uncorresility can be found in reports of earlier studigsg.,[42,43)
lated and not larger than the contributions themselves, ands well as in instrumentation revieWwd4,45. lons of TE*
that the calculations for the doubly excited states are accuratgere produced in the ion source, accelerated through 20 kV,
to at least 50%, the uncertaintyay in the determination of and magnetically analyzed. After momentum and mass-to-
ayq is given by charge selection, the doubly charged ions were postacceler-
ated through an additional 220 kV to final energies of 480
) 5 - 5 ) keV. The ions then entered an electrostatic switchyard and
Aay = > [bago+Aagy™+ 7 Aagy "+ Aag ] were steered into the experimental station and collimated
J=3.2 before passage through a thin (2.1-2&cn?) carbon foil.
(7) At beam energies of 480 keV, the observed spectroscopic

. - I ) excitations were primarily in Tit, TIm, and Thv [46].
Uncertainty limits on the contributions due to higher terms  Tha TI1 emission lines were analyzed with an Acton

could also be estimated by combining the deficiency fromy_m normal incidence vacuum ultraviolet monochromator,

the f-sum rule, the energy of the highest level included inyith three sets of concave gratings and detectors: a 2400-

sum, and the fe}ct that all oscillator strengths from the groungine/mm grating coupled with a channeltron detector below

state are positive. However, in the present case, departurg§sg A (for the 7p and 7 transitions; a 1200-line/mm

from the single active electron sum rule are expected 10 arisgrating coupled with a solar blind detector for 1150—1850 A

due to the existence of open subshells and core polarlzatlo(qlor the 6p, 6d, and % transitions; and a 600-line/mm grat-

effects. _ I _ ing coupled with a bialkali detector for 2200-4500 (for
Theoretical estimates of the contributions of higher he 5t transitions. The 1200-line/mm grating with the bial-

transitions were made using extrapolated energy level daigyi getector provides access to 1850-2200 A, but none of

and two implementations of the semiempirical Coulomb apyhee transitions occurs in that region. The post foil velocity

proximation. One metho[B3] uses a small cutoff, whereas 55 determined to within 2.5% by taking into account uncer-

the other{23] uses the Coulomb approximation with & cen-iainties in the energy calibration, the foil thickndgg], and

tral potential (CACP) to represent the core. The available possible beam divergence effefts].

measured spectroscopic data for tlig%s ionization poten- Using the Danfysik Model 911A ion source, ions were

1 10, H H H ’

tial and the &l "np excitation energie&, for Au1[34,35,  gptained from pure thallium metal. To minimize foil break-

Hg 1 [36,37, Tl [25,38, Pbiv [38], and Biv [39] were 546 the current was limited to less than 200(a80-particle

A. Measurements

reduced to effective quantum numbes using nA for TI?"). Currents of T&" greater than 200 nA could be
obtained with relative ease, and it was possible to achieve

. R currents approaching 2A. The methods used to obtain dou-
np=¢ lo—E, (8 bly charged ions in the source are similar to those described

earlier[42,43.

where ¢ denotes the isoelectronic charge state. These were
parametrized by a Ritz quantum defect expansion B. Data analysis

. 2 a Due to the nonselective nature of beam-foil excitation, the
n—ny=a+b/n}>+c/nt i+ (9 level populationgand hence the decay curyeme affected
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[12,13,19, to our theoretical calculations made using the
Cowan progranj30], and to earlier calculatiofd6—-18.

The lifetimes reported are all consistent with our curve
""*‘mﬁ%ﬁw@ 1oz gﬁiﬁsﬁ’iﬁﬂiﬁiﬁi fitted values, but in the cases of the twp @nd one of the

o 0 Sis) ° 6d levels, the ANDC yielded improved accuracy and dy-
3 10 , namical consistency among the various correlated decay
t(ns) .
\ / curves, and were selected for presentation here. For the
6p 2Py, level, the ANDC analysigshown in Fig. 2 indi-
o J\\ 6p 2P32 cated significant repopulation from the 7S,,,, 6d ?Ds,
5103: and T ?Dg, levels. The other ANDC analyses indicated
© \w_,_“ that the primary repopulation of the levels were as follows:
10215 for 6p 2P, by 7s 2S,),; for 6d 2Dy, by 7p 2Py, and for
t(ns) \ 6d 2Dy, by 5f 2F,,. This difference in repopulation dy-
= namics within the fine structure of thed@evels occurs be-
5d%6s2 2Ds/2 cause of thel dependence of the Cl-induced branching of
the 7p and 5 levels to the 8°6s? levels. For this reason
and because the ANDC procedure indicated large uncertain-
ties for that case, we have adopted the curve fit value rather
FIG. 2. Schematic representation of the ANDC method as apthan the ANDC value for the & 2Dy, lifetime. For the
plied to the decay curves of thepblevel and its cascades from level, thenp cascade transitions are all we@ince they are
6d and %. Using Eq.(10), each value ot; provides a separate either intrashell or in nearly exact cancellafiphence the
relationship by which the primary lifetime and the relative normal- long tail exhibited in its decay curve in Fig. 2 must arise
izations of the cascade decay can be determined. from Cl-induced cascading from thed%6s6p J=13 and 3

by cascade repopulation. Thus, while they produce a negliI_evels that exist above it. Correspondingly, the ANDC analy-

gible contribution in the case of long-lived decays, cascadegls_l_or:c 73 \év'th 7% |nd|catefdtrr]1 0 lc_;l(egay curveltcofrrelta t|o§. d
can substantially distort the decay curves of shorter-livevi €J dependences of the lifetime results for the an

£l
1033 6d 2Dss2

%

—_

03

A, 2
T Ts 28172 4

Counts

Counts

—_

02

6s 2812

levels. Situations in which cascading is dominated by a few?! |€Vels are particularly interesting. In the case of the 7
strong decay channels are ideally suited to the arbitrarily€VelS, very large] dependencegl2:1 and 6:1 have been
normalized decay curvé ANDC) method [49,50. This  observed for the isoelectronic ions Hd7] and Phv [10],
method performs a correlated analysis of the decay curves §gused primarily by sensitivity to the conditions of nearly
the primary level and those of the levels that directly repopu£€Xxact cancellation of thess7p transitions. Although similar
late it, and yields both the primary lifetime and the intensitycancellation effects occur for T, here the measuredp?
normalizations of the cascades relative to that of the primanyifetimes are nearly equal. In contrast thé Bvels exhibit a

A schematic representation of the ANDC method is12:1 measured lifetime ratio. To investigate this we have
shown in Fig. 2, indicating that the arbitrarily normalized carried out CI calculations using the Cowan c$8e| for the
decay curved,(t) of the 6p 2P, level and its cascades transition probabilities of these levels, which are summarized
from the & 2Dsj, and % 2S,,, are jointly analyzed using the in Table II.
population equation in the form The effects of Cl on these systems are interesting to note.
The 7p transitions to ground aréas shown in Fig. 1L se-
verely affected by cancellation. While producing an anoma-
lous lifetime ratio in HgI and Phyv, in Tl this cancella-
. . tion causes the transitions to ground to be weak in intensity,
Here the lifetimer, of the €p level and the relative normal- |, ; heir lifetimes seem to be primarily determined by strong
izations &, for the cascades and primary decay curves arg|_quenched decay channel to the metastabiR6§? levels.
d_etermmed by simultaneous solution of the large set of relaAIthough a discrepancy still exists between the measured
tionships provided by Eq10) evaluated at each of the com- 4 theoretical values shown in Table I, the calculations pre-
mon pointst; on the decay curves. sented in Table Il indicate the importance of these CI chan-

_ All decay curves were first analyzed by the multiexponen+ye|s and underscore the need for their experimental determi-
tial fitting program DISCRETE [51]. Next, ANDC analyses pation.

were attempted for thef§ 6d, and & levels. Two ANDC As shown in Table Il, the origin of thé dependence of
codes were used: one employs numerical differentiation of,a 5t Jifetime lies in a similar Cl mixing between the

the raw data; the other utilizes the programnpy [52], 549656 and 5d195f level. This shortens the lifetime of the
which smooths the data through the application of a multi—2|:5/2 by opening an additional decay channel #6s?, and

_exponer_ntia_ll filter. U”C?“?“”t‘?s were co_m_puted _by Combin'Iengthens the lifetime of théF,, by diminishing the purity
ing statistical uncertainties in the individual fits, scatter ¢ it ©f content

among the independent measurements, and estimates of PO0S-e resylts of our determination of the dipole polarizabil-

sible errors introduced by cascade corrections. ities are given in Table Ill. Experimental measurements for
the 6p lifetimes and branching fractions are listed, together
with our CACP calculations for the lifetimes and, where

Our measured lifetime results are presented in Table Ineeded, our HFR calculations for the branching fractions.
together with comparisons to earlier measurement©ur branching fraction calculations agree well with the mea-

Top—gp (1) = Seal alti) + E7pl 7p(ti) —Tep(ti)- (10

IV. RESULTS
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TABLE |. Measured and computed lifetimes in il
7 (n9
Measured Theoretical
This work Others This work Others
Level x A HFR CACP
6p 2Py 1558.63 1.95 0.06" 1.8+0.2 1.05 1.69 1.2£,1.869 2.02
6p 2Pa, 1266.24 1.06:0.04 0.9+0.2P 0.75+0.08 0.57 0.89 0.66,0.96 1.0Z
6d 2Dy, 1231.48 0.54 0.06* 0.33 0.52 0.46,0.369 0.31"
6d %Ds, 1477.06 0.7#0.03 0.53 0.64 0.570.499 0.52"
75 %S, 1659.93 0.83:0.09 0.57 0.77 0.881.29 0.91"
7p 2Py 633.46 0.980.12 1.60 6.26
7p %Py, 611.47 0.970.06 0.21 1.82
7d 2Dy, 818.29 1.19 1.08
7d 2Dy, 926.06 3.020.26 1.44 1.3%
5f 2Fg, 3164.55 0.4%0.10 1.0-0.5° _ 0.46 1.86
5f 2F4p, 3457.43 4.92-0.50 5.0-1.0° 5.5+ 0.5 2.01 2.3
6s6p 2Py, 572.85 0.16
6s6p 2Py, 640.88 0.21
6s6p 2Py 662.28 0.22
6s6p %P3, 668.48 0.39

8ANDC measurement.
bPoulsenet al, Ref.[12].
‘Lindgard et al, Ref.[13].
dBrageet al, Ref.[16].
eMigdatek and Baylis, RHF with core pol., Rdfl7].

sured value$5] for Au I, and it was assumed that our calcu-
lations are accurate to within their deficiency from unity in

fAndersenet al, Ref.[14].
9Migdatek, Ref.[18], rel.
PMigdatek, Ref.[18], nonrel.
iShimon and Endevdi, Ref15].

The various contributions tay are presented individually
and summed in Table Ill. In all cases the dominant contribu-
tion to g comes from the 6-6p oscillator strengths. Be-

the other three cases where branching is possible. Since thgse of the fortuitous conditions of cancellation, the contri-
6p lifetimes for Aui appear to be significantly affected by putions of the bound-bound and bound-continuum singly
Cl, the CACP values were omitted from Table Il for that excited transitions are relatively minor, and the largest un-
certainties arise from experimental determinations of the 6

lifetimes and the theoretical estimates of the oscillator

case.

TABLE Il. Theoretical transition probabilities in Ti for 5d'%l levels with significant decay channels to th#®6s? metastable levels.

A (ns™h A (ns™h
Transition J-J xA) HFR?  Coul® CACF J-J N (R) HFR?  Coul®  CACF
7p branching
6s ZSJ— P ZPJ/ 1/2-1/2 633.5 0.465 0.029 0.013 1/2-3/2 611.5 3.265 0.311 0.067
7s ZSJ— 1/2-1/2 5363.2 0.097 0.106 0.101 1/2-3/2 41115 0.137 0.213 0.206
6d ZDJ— 3/2-1/2 7999.1 0.030 0.034 0.036 3/2-3/2 5501.9 0.006 0.008 0.008
5/2-3/2 5929.8 0.043 0.065 0.069
6s2 ZDJf 3/2-1/2 1364.9 0.033 3/2-3/2 1267.7 0.009
5/2-3/2 1030.9 1.346
5f branching
6d 2DJ—Sf ZFJ, 5/2-5/2 3301.8 0.013 0.033 0.030 5/2-7/2 3457.4 0.410 0.438 0.036
3/2-5/2 3164.5 0.195 0.511 0.052
6s2 2DJ— 5/2-5/2 905.6 0.086 512-7/2 916.9 0.087
3/2-5/2 1082.6 1.863

aCowan code calculatiof80].
bCoulomb approximation with cutoff33].
‘Coulomb approximation with core potentia1].
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TABLE I1ll. Determination of dipole polarizabilities from the dominant contributions of the measupedifé&imes and theoretical
estimates of the magnitude of other contributions.

Tep (NS Qo Aayy Aagy Aagc

lon Transition Expt. CACP Bes,op Expt. CACFP  HFR HS® ag(ad)

Au i 1/2-1/2  6.2-0.296.0+0.1° 0.98+0.0F° 6.18+0.09 0.027 4.04 0.245 30+4
1/2-3/2 4.7:0.29 4.6+0.2 0.911+0.004 11.93+0.36 0.031 7.72 0.233

Hg i 1/2-1/2  2.91-0.11 2.88 1.0008 3.53+0.13  0.010 202  0.034 152
1/2-3/2  1.86-0.08 1.73 0.993% 5.98+0.27 0.008 3.41 0.034

Thm 1/2-1/2 1.95-0.06 1.69 1 2.190.07 0.024 0.97 0.017 8#0.9
1/2-3/2 1.06-0.04 0.89 1.0008 3.50+0.13 0.007 1.40 0.015

Pbiv 1/2-1/2 1.110.01" 1.13 1 1.9%0.17 0.014 0.60 0.005 640.6
1/2-3/2 0.52-0.04' 0.54 1 3.1%*0.24 0.004 0.92 0.005

Biv 1/2-1/2  0.88:0.10 0.82 1 1.380.16 0.009 0.45 0.002 5:3.5
1/2-3/2  0.3010.016 0.36 1 2.680.14 0.003 0.81 0.002

&Coulomb approximation with core potenti@3]. fPinningtonet al, Ref.[6].

®Cowan code calculatiof80]. 9This work.

‘Hartree-Slater calculatiof#1]. PAnsbachert al, Ref.[9].

dGaardeet al, Ref.[4]. iAnsbacheret al, Ref.[11].

®Hannafordet al, Ref.[5].
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