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Lifetime predictions for the 2p 2P,,, and 2p 2P;,, levels in the lithium isoelectronic sequence have
been computed for atomic numbers Z=3-92 using the semiempirical Coulomb approximation with a
Hartree-Slater core. This extends our earlier studies of the sodium and copper sequences, and the results
agree well with critically selected experimental lifetime measurements. The calculations involve the in-
clusion of experimental energy level, ionization potentigl, and core-polarizability data, and we also re-
port here a comprehensive and reliable data base developed through semiempirical parametrizations of
spectroscopic measurements and ab initio calculations.

PACS number(s): 32.70.Fw, 31.50.+w

1. INTRODUCTION

The ns-np resonance transitions in alkali-metal-like
isoelectronic sequences can provide important tests of
theoretical methods and experimental measurements. As
one example, lifetime measurements for these transitions
can be used to determine whether wave functions con-
structed to optimize the specification of energy levels also
optimize the prediction of transition probabilities. Al-
though the alkali-metal-like systems consist primarily of
a single electron outside closed shells, these intrashell res-
onance transitions involve theoretical and experimental
subtleties. Theoretical calculations must properly in-
clude electron correlation, spin-orbit coupling, and rela-
tivistic interactions, whereas experimental measurements
must take into account repopulation both from fast
growing-in extrashell cascades and from slow growing-
out cascades from the yrast chain. As another example,
at high nuclear charge Z, these transitions sensitively test
quantum electrodynamical (QED) self-energy corrections.
Although the QED corrections to these many-body sys-
tems are more complicated than hydrogenlike systems
theoretically, they possess many attractive experimental
features. By virtue of the An =0 nature of these reso-
nance transitions, they have lower excitation energies
(and are more easily populated), longer wavelengths (and
are more easily detected), and longer lifetimes (and can be
more easily studied by impulsive excitation) than hydro-
genlike resonance transitions at the same value of Z.

The lifetimes of the 2s-2p resonance transitions in the
Li sequence have been computed by a variety of methods
[1-9], and experimental measurements exist for a number
of ions [10-29]. Some discrepancies have been noted,
and questions have been raised as to whether theoretical
and experimental uncertainties can overlap in the case of
neutral lithium [4]. In earlier studies of the Na [30] and
Cu [31] isoelectronic sequences, we constructed sem-
iempirical wave functions from spectroscopic data using
the Coulomb approximation with a realistic model poten-
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tial [30-35]. These studies yielded lifetime predictions
that often agreed more closely with experimental values
than did results using ab initio methods. We report an
extension of this approach to the Li sequence. In order
to carry out this calculation, it was necessary to develop a
reliable and comprehensive data base of spectroscopic en-
ergy levels, ionization potentials, and core-polarization
parameters for this isoelectronic sequence, which we ob-
tained through the combined use of available measured
data, ab initio calculations, and semiempirical parame-
trizations.

II. DATA BASE

As is discussed in Sec. ITI, the semiempirical methods
used here generate wave functions from spectroscopic
data, and require as input precise values for the excita-
tion energies of the decaying levels and the ionization po-
tential of the ground state, as well as the dipole polariza-
bility of the heliumlike core. Precision measurements for
excitation energies are available for selected ions in the Li
sequence through 90 stages of ionization [36-41], and it
has been demonstrated [42] that these data can be
parametrized to obtain reliable interpolative and extrapo-
lative predictions. Extrapolation formulas are also avail-
able for the ionization potentials [43], as are theoretical
compilations of the core polarizabilities [44].

To obtain reliable values for the excitation energies, we
have used a combination of theoretical calculations and
empirical data parametrizations. Precise calculations for
the electron-nucleus and electron-electron energies for
ions in the Li isoelectronic sequence have recently been
reported by Johnson et al. [45,46] using relativistic
many-body perturbation theory (RMBPT) and by Indeli-
cato et al. [47] using multiconfiguration Dirac-Fock
(MCDF) methods. Although these two calculations pre-
dict slightly different contributions for electrostatic elec-
tron correlation at high Z, the primary uncertainty in the
total energy lies in the specification of the electron self-
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energy corrections for this three-body system, often
designated as the “screening of the Lamb shift.”

Various attempts to specify these QED corrections
have been made. Desclaux, Cheng, and Kim [48] and
Grant and co-workers [49] have constructed order-of-
magnitude estimates within their computer codes that are
based on a screened hydrogenlike model. These codes
approximate many-body self-energy corrections by inter-
polating the numerical tabulations [50] of these correc-
tions for hydrogenlike ions using an effective screened nu-
clear charge. The effective charge for each orbital is
defined by requiring that a hydrogenlike ion with this
screened nuclear charge will yield an identical expecta-
tion value for the orbit radius. Clearly the expectation
values of the Lamb-shift operator and of the radial coor-
dinate emphasize quite different portions of the wave
function, and this approximation should be regarded with
caution. These codes have been applied to estimate the
QED corrections to the Li sequence by Cheng, Kim, and
Desclaux [3] and by Seely [51], but the validity of these
screening models is untested. Indelicato and Desclaux
[47] have made specific QED calculations for the Li sys-
tem, but where comparisons exist their results seem to
overestimate the screening slightly [41]. Curtis [42] has
left the effective QED hydrogenlike screening as a free
parameter to be specified and extrapolated empirically.
Since our goal is to obtain the highest possible precision
by empirical rather than ab initio methods, we have used
the semiempirical method of Ref. [42] to develop the data
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base used here.
Following the approach of Ref. [42], we have made a
semiempirical adjustment of the ab initio RMBPT calcu-

lations (with nuclear penetration corrections) for the

25 %S, ,,-2p 2P, ,, “irregular doublet” and 2p 2P, -
2p *P, ,, “regular doublet” intervals for the Li sequence
reported by Johnson, Blundell, and Sapirstein [45,46].
These calculations include all interactions except for the
Lamb shift (i.e., the one-electron self-energy, the vacuum
polarization, and other QED corrections), and effective
values for the Lamb shifts for these intervals can be ob-
tained by subtracting the predictions from the corre-
sponding observed data. The empirical data reduction
presented in Ref. [42] maps these residues into a screen-
ing parameter defined by the Z-interpolated value Z; that
causes the hydrogenic Lamb shift [52] to equal the resi-
due. A comparison of Refs. [45] and [47] indicates that a
portion of this residue may arise from correlation and
other non-QED contributions, so this effective screening
should be used only for semiempirical predictions, and
may not correspond to ab initio definitions of the screen-
ing of the Lamb shift.

An isoelectronic plot of the effective screening parame-
ter for the Lamb shift of the irregular-doublet interval is
shown in Fig. 1. Experimental uncertainties (propagated
from quoted wavelength uncertainties) -are indicated by
error bars. For Z <7 the QED corrections are small, and
other perturbations may distort the residues and reduce
the effective screening. For 8 <Z <92 the screening is
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FIG. 1. Screening parametrization of the 2s-2p;,, Lamb shift. The ordinate denotes the amount by which the charge of a hydro-
genlike ion must be reduced so that its QED corrections [52] equal the residue between the measured [36—39] and theoretically com-

puted [43,46] values for this interval,
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TABLE 1. Predictions of the resonance transition wavelengths (in vacuum A) for the Li sequence us-
ing the theoretical calculations of Refs. [45] and [46] and the screening parametrization of the hydro-
genlike Lamb shift of Ref. [42]. The screening parameters Z —Z,=0.9 and 1.4 were used for the
irregular- and regular-doublet intervals. These predictions are compared with observed values, with
quoted uncertainties indicated in parentheses.

ME—1) ' ME—3)

Ion VA Predicted Observed Predicted Observed Reference
Li 3 6709.764 6709.613 a
Be 4 3131.973 3131.327 a
B 5 2067.893 2066.436 a
C 6 1550.63 1550.772(24) 1548.04 1548.196(24) a
N 7 1242.74 1242.807(15) 1238.74 1238.820(15) a
0 8 1037.59 1037.613(11) 1031.89  1031.928(11) a
F 9 890.765 890.781(16) 883.082 883.104(16) a
Ne 10 780.332 780.329(12) 770.397 770.416(12) a
Na 11 694.142 694.146(14) 681.705 681.696(23) a
Mg 12 624.960 624.953(12) 609.785 609.804(11) a
Al 13 568.160 568.143(13) 550.032 550.031(15) a
Si 14 520.668 520.668(8) 4993395 T 499.406(10) a
P 15 480.351 480.377(28) 455.768 455.741(31) a
S 16 445.682 445.686(12) 417.651 417.648(9) a
Cl 17 415.537 415.526(21) 383.952 383.982(22) a
Ar 18 " 389.075 389.075(11) 353.863 353.867(13) a
K 19 365.663 326.780
Ca 20 344.777 344.771(10) 302.217 302.208(9) a
Sc 21 326.029 279.817
Ti 22 309.106 309.065(15) 259.297 259.300(20) b
\'% 23 293.749 240.428
Cr 24 279.745 279.729(20) 223.024 223.010(20) b
Mn 25 266.919 206.935
Fe 26 255.125 255.094(10) 192.037 192.012(20) b
Co 27 244.240 178.225
Ni 28 234.160 234,155(10) 165.411 165.396(10) b
Cu 29 224.797 224.795(10) 153.517 153.507(20) b
Zn 30 216.073 142.474
Ga 31 207.923 132.222
Ge 32 200.294 200.290(10) 122.707 122.705(20) b
As 33 193.129 113.876
Se 34 186.390 186.375(15) 105.685 105.686(20) b
Br 35 180.043 98.092
Kr 36 174.042 174.036(26) 91.052 91.049(25) b
Rb 37 168.368 84.530
Sr 38 163.000 . 78.492
Y 39 157.904 72.901
Zr 40 153.048 67.723
Nb 41 148.406 62.926
Mo 42 143.985 143.998(20) 58.488 58.499(20) b
Tc 43 139.791 54.390
Ru 44 135.799 50.602
Rh 45 131.987 47.100
Pd 46 128.339 43.859
Ag 47 124.838 40.859
Cd 48 121.469 38.082
In 49 118.221 35.508
Sn 50 115.086 ’ 33.124
Sb 51 112.051 30.913
Te 52 109.110 28.862
I 53 106.256 26.958
Xe 54 103.483 103.35(8) 25.192 25.18(3) c
Cs 55 100.804 23.554 '

Ba 56 98.231 22.038

La 57 95.755 20.634
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TABLE L. (Continued).

Mi-1) Mi—2)
Ton y4 Predicted Observed Predicted Observed Reference
Ce 58 93.371 19.331
Pr 59 91.072 18.123
Nd 60 88.854 16.999
Pm 61 86.711 15.955
Sm 62 84.638 14.983
Eu 63 82.632 " 14.078
Gd 64 80.686 13.235
Tb 65 < 78.805 12.448
Dy 66 76.977 11.714
Ho 67 - 75.204 11.028
Er 68 73.480 10.387
Tm 69 71.806 9.787
Yb 70 70.178 9.225
Lu 71 68.593 8.699 .
Hf 72 67.053 8.206
Ta 73 65.552 7.744
W 74 64.091 7.311
Re . 75 62.671 6.904
Os 76 61.293 6.522°
Ir 77 59.957 6.165
Pt 78 58.663 5.829
Au 79 57.407 5.515.
Hg 80 56.188 5219
Tl 81 55.006 4.941
Pb 82 53.868 4.680
Bi 83 52.748 4435
Po 84 51.670 4.204
At 85 50.624 3.987
Rn 86 49.608 3.782
Fr 87 48.622 3.590
Ra 88 47.666 3.408
Ac - 89 46.738 3.237
Th 90 45.837 3.076
Pa 91 44.962 2.924
U 92 44.112 44.170(22)

2.780 d

*Edlén (compilation) Refs. [36] and [43].
"Hinnov and Denne, Ref. {37].

“Martin et al. Ref. [38].

dSchweppe, Ref. [39].

well represented by a constant value 0.9. For the regular
doublet the relative magnitude of the Lamb shift is small-
er, but a similar plot can be made, albeit with larger rela-
tive uncertainties. In Ref. [42] these screening parame-
ters were approximated by Z—Z;=0.9 and 1.4 for the
irregular and regular doublets, respectively. In the inter-
vening 2 years, the scope and accuracy of the data has in-
creased, providing further confirmation of these approxi-
mations. Blundell, Johnson, and Sapirstein have recently
made similar estimates [46] of these quantities as 0.956
and 1.422. If the values for the Lamb shift generated by
Seely [51] using the Grant program [49] are converted to
hydrogenlike screening parameters, these quantities can
be represented by Z—Z,=0.94-0.7(¢Z)* and
1.6-8(aZ)? for the irregular- and regular-doublet inter-
vals, These values are similar to those obtained sem-

iempirically, but since the basis of the approximation
used in the Grant program is questionable, we have used
the effective screening parameters obtained from the mea-
sured data [42] in our extrapolations here.

The resonance-transition-wavelength predictions of
Ref. [42] are reproduced and extended in Table I, where
they are also compared with available measurements,
with experimental uncertainties and source references in-
dicated. The measurements of Hinnov and Denne [37]
were performed subsequent to and with the aid of these
predictions, and they constitute strong confirmation (to
within accuracies as high as parts in 10% of this sem-
iempirical approach. Another measurement for Z =36
has recently been made [40] which disagrees with Ref.
[37], but the isoelectronic trend [41] favors the value of

Ref. [37]. The results are also compared with measure-
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TABLE II. Compilation of excitation energies and ionization potentials (IP) (in cm~") and dipole po-

larizabilities (in a3 ) for the Li isoelectronic sequence. .

Pm 61

1153259

6267574

103265119

Ion 4 Pyt I <V | a4’
Li 3 14903.7 14 904.0 43487 1.894X 107!
Be 4 31928.7 31935.3 146 883 5.182X 1072
B 5 48358 48392 305931 1.953X 1072
C 6 64484 ) 64591 520180 8.919X 1073
N 7 80463 80722 789 537 4.633X1073
0 8 96375 96 906 1114004 2.639X1073
F 9 112261 113237 © 1493622 1.611X10™3
Ne 10 128 151 129 800 1928449 1.038% 1073
Na 11 144062 146 693 2418574 6.986X107%
Mg 12 160012 163987 2964085 4.870%10™*
Al 13 176012 181 808 3565097 3.497x10™*
Si 14 192061 7 200238 4221723 2.575X107*
P 15 208 170 219423 4934105 1.937X 10
S 16 224373 239436 5702379 1.485x107*
Cl 17 240 659 260429 6526714 1.156x10~*
Ar 18 257020 282592 7407274 9.138%X 1073
K 19 273476 306016 8344225 7.314X 1073
Ca 20 290048 330898 9337781 5.922X 1073
Sc 21 306721 357376 10388 154 4,844X107°
Ti 22 323557 385654 11495 547 3.999X 1073
v 23 340427 415926 12 660200 3.329% 1073
Cr 24 357489 448410 13882352 2.793%X 1073
Mn 25 374714 483348 15162273 2.360%x107°
Fe 26 392012 520 801 16 500226 2.007X 1073
Co 27 409 434 561087 17896511 1.717X 1075
Ni 28 427068 604 610 19351412 1.477X107%
Cu 29 444850 651436 20865272 1.277% 1075
Zn 30 462 807 701 884 22438396 1.110Xx 1073
Ga 31 480948 756 307 24071150 9.665X 1076
Ge 32 499276 814963 25763 883 _ 8.464X107¢
As 33 517790 ~ T 878148 C 27516977 7.455%107°
Se 34 536553 946 199 29330833 5.943X107¢
Br 35 555424 1019450 31205852 5.839x 1076
Kr 36 574594 1098310 33142479 5.189X107¢
Rb 37 593938 1183018 35141148 4.626X 1076
Sr 38 613496 1274012 37202333 41321078
Y 39 633295 1371714 39326517 - 3.705X107¢
Zr 40 653390 1476 605 41514208 3.332X107¢
Nb 41 673 829 1589181 43765929 3.001X 1076
Mo 42 694 454 1709 431 46082230 2.710X 1078
Te 43 715356 1838573 48463 670 2.450X 1076
Ru 44 736385 1976198 50910855 2.212X107¢
Rh 45 757 650 2123165 53424378 2.019X 1078
Pd 46 779188 2280040 56 004 891 1.838% 1076
Ag 47 801040 2447 421 58 653 041 1.676X107¢
cd 48 823254 2625935 61369530 1.531X 1076
In 49 845 867 2816228 64155055 1.400X 107¢
Sn 50 868916 3018988 67010364 1.283 X107
Sb 51 892 449 3234933 69936217 1.177X 1078
Te 52 916 503 3464810 72933418 1.082X107¢
I 53 941120 3709410 76 002 768 9.957%1077
Xe 54 966 345 3969557 79 145152 9.173%X 1077
Cs 55 992022 4245520 82361436 8.462X 1077
Ba 56 1018012 4537532 85652 554 7.815%1077
La 57 1044334 4846386 89019 444 7.221%1077
" Ce 58 1070999 5172912 92463 102 6.686X 1077
Pr 59 1098027 5517998 95984 456 6.201x1077
Nd 60 1125439 5882560 99 584 860 5.761X 1077

53591077

&
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TABLE I1. (Continued).

Ion z P ;? P30 IP® ‘ ay’

Sm 62 1181504 6674056 107026 480 4,989 1077
Eu 63 1210187 7103077 110870110 4,642X1077
Gd 64 1239333 7555767 114797249 4.314X1077
Tb 65 1268963 8033308 118809 151 3.997x1077
Dy 66 1299084 8536946 122907 140 3.702X 1077
Ho 67 1329722 9067999 127092 572 3.439%X10™7
Er 68 1360909 9627857 131366 862 3.205%X1077
Tm 69 1392639 10217957 135731470 2.996X1077
Yb 70 1424945 10 839 847 140187912 2.808 X 1077
Lu 71 1457862 11495158 144737751 2.636X 1077
Hf 72 1491355 12185547 149382616 2.476X1077
Ta 73 1525500 12912 861 154 124 184 2.324X1077
w 74 1560285 13678950 158 964 200 2.176 X 1077
Re 75 1595 644 14484936 163904 464 2.036X1077
Os 76 1631511 15331692 168 946 848 1.909 X 10~7
Ir 77 1667846 16220884 174093279 1.793%x 1077
Pt 78 1704 654 17154242 179345759 1.684X 1077
Au 79 1741961 18133561 184706 361 1.582X 1077
Hg 80 1779747 19160708 190177233 1.486X 107
Ti 81 1817969 20237499 195760 592 1.397X 1077
Pb 82 1856384 21365915 201458732 1.313%x 1077
Bi 83 1895801 22548281 207274029 1.234%x1077
Po 84 1935342 23786037 213208 945 1.162%x1077
At 85 1975366 25081853 219266030 1.093% 1077
Rn 86 2015803 26437728 225447931 1.028 %1077
Fr 87 2056 663 27856026 231757339 9.665X 1078
Ra 88 2097917 29338981 238 197089 9.089Xx 1072
Ac 89 2139578 30889080 244770094 8.552X 1073
Th 90 2181654 32508 825 251479382 8.054%x 1078
Pa 91 2224114 34200693 258 328048 7.595X 1072
U 92 2266932 35967 345 365319 349 7.175X 1073

*Observed values from Table I, interpolated and extrapolated with predicted values from Table I.

®Obtained from the formula of Edlén, Ref. [43].

‘Interpolated numerical calculations of Johnson et al., Ref. [44].

ments of lower precision but higher charge for both inter-
vals for Z =54 [38], and for the irregular-doublet interval

for Z =92 [39]. Thus, a charge screening =20.9 in the’

hydrogenlike Lamb shift reproduces the residue between
measured and RMBPT calculated values for the
irregular-doublet interval to within measurement uncer-
tainties for 10=<Z <92. Similarly, accurate representa-
tions are obtained with a screening ==1.4 for the regular-
doublet interval, although here the interval is less sensi-
tive to the Lamb shift.

Table IT summarizes the excitation energies used in the
calculation of transition probabilities. Here the measured
values are used where available, and the parametrized
values of Table I are used where no measurements exist.

The ionization potentials were computed by an exten-
sion of the semiempirical formula of Edlén [43]. Since
this formula was developed primarily for interpolation
and smoothing for Z <28, the validity of the extrapola-
tion to high Z required verification. We therefore per-
formed ab initio calculations using the MCDF program

developed Grant and co-workers [49]. We found that the
extrapolations of the Edlén formula agree with the
MCDF calculations to within better than 0.2% for
T4<Z =92. The former were adopted for use here and
are listed in Table II. The dipole polarizabilities for the
heliumlike core were obtained by an interpolation of the
calculations of Johnson, Kolb, and Huang [44], and are
also listed in Table II.

A critical compilation of lifetime measurements for the
2p levels for ions in the Li sequence has been made and
the values selected are listed in Table III. Both measure-
ments listed for neutral Li were made using selective exci-
tation of an atomic beam by a laser, one by time-of-flight
[10] and the other by delayed-coincidence [11] methods.
All of the measurements listed for charged ions were
made using beam-foil excitation methods. The compila-
tion gives precedence to studies that reported the life-
times of both 2p levels. These experimental lifetimes,
their source references, and their quoted uncertainties are

given in Table III.
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TABLE IIL. Theoretical and experimental lifetimes for 2p; 12,302 levels and oscillator strengths for
the 2s-2p, /3, transitions of the Li isoelectronic sequence. Errors in the experimental values are indi-

cated in parentheses.

ettegen e 28 emenyariesiy sy e v

7 (ns)
2p1s2 2ps 2
Ion zZ _ Cale. Expt. __Cale.  __ Expt.
Li 3 27.304 96 27.29(42 127.303 14
27.22(20)
Be 4 8.929 33 o 8.92322 8.1(4)°
9.29(20)¢
B 5 533373 532154 5.6(3)°
C 6 3.829 86 3.68(9)° 3.80947 3.69(10)°
N 7 2.99753 3.20(15)F 2.96706 3.20(5)f
3.08(15)¢ 3.12(15)
3.17(9)k 3.17(9)b
o 8 2.46540 2.66(9)° 2.42301 2.56(7)°
2.51(10) 2.47(10)
2,702y 2.4(2)
F 9 2.09445 2.04(9)f 2.03832 2.04(9)f
Ne 10 1.820 16 1.88(9)° 1.748 90 1.86(9)°
1.51(40)% 1.47(40)%
Na 11 1.608 68 1.52058
Mg 12 1.44027 1.33469
Al 13 1.302 84 1.35(6)! 1.178 54 1.19(5)!
Si 14 1.188 56 1.204)™ 1.04498 1.07(4)m
1,00(8)" 1.12(8)"
1.01(10)°
P 15 1.09195 0.928 38
S 16 1.008 76 0.918(92)° 0.82593 0.767(39)
a 17 0.936 53 0.95(5)8 0.73476 0.76(4)%
1.01)° 0.71(3)
Ar 18 0.87336 0.65274
K 19 0.817 46 0.57908
Ca 20 0.76752 0.51258
Se 21 0.72276 0.452 65
Ti 22 0.68202 0.398 58
v 23 0.645 57 0.34991
Cr 24 0.61194 0.306 18
Mn 25 0.58100 0.266 98
Fe 26 0.552 85 0.55(2) 0.23223 0.235(10)°
Co 27 0.52692 B 0.201 41
Ni 28 0.502 66 0.17403
Cu 29 048018 014999
Zn 30 0.459 18 0.128 94
Ga 31 0.43952 0.11054
Ge 32 0.42108 0.094 54
As 33 0.403 75 0.080 69
Se 34 0.38738 0.068 74
Br 35 0.372 10 0.05846
Kr 36 0.35752 0.32(3)t 0.049 64 0.052(3)
Rb 37 0.34379 ' 0.042 11
Sr 38 0.330 80 0.035 68
Y 39 0.31843 0.03021
Zr 40 0.306 60 0.025 56
41

0.29524

0.021 61

ES
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TABLE 1. (Continued).

7 (ns)
2p1, 2p3s
Ton Z Calc. Expt. Calc. Expt.
Mo 42 0.284 54 0.01828
Te 43 0.27432 0.01545
Ru 44 0.264 73 0.01306
Rh 45 0.255 64 0.01105
Pd 46 0.246 73 0.009 35
Ag 47 0.23827 - 0.00791
cd 48 1023012 0.006 70
In 49 022224 0.005 68
Sn 50 0.21462 0.004 81
Sb 51 0.20722 0.004.08
Te 52 0.20003 0.003 46
I 53 0.19304 0.002 94
Xe 54 0.18623 0.002 50
Cs 55 0.17970 0.002 12
Ba 56 0.17348 0.001 81
La 57 0.16752 0.001 54
Ce 58 0.16181 0.00132
Pr 59 0.15637 0.001 13
Nd 60 0.151 10 0.00096
Pm 61 0.146 03 0.000 83
Sm 62 0.14115 0.00071
Eu 63 0.13646 0.00061
cd 64 0.13195 0.00052
Tb 65 0.127 60 0.000 45
Dy 66 0.12341 0.00039
Ho 67 0.11937 0.000 34
Er 68 0.11547 0.00029
Tm 69 0.11172 0.00025
Yb 70 0.108 10 0.00022
Lu 71 0.104 60 0.000 19
Hf 72 0.10123 0.000 16
Ta 73 0.09798 0.000 14
W 74 0.094 90 0.00012
Re 75 0.091 88 0.000 11
Os 76 0.088 99 0.000092
Ir 77 0.08622 0.000 080
Pt 78 0.083 56 0.000070
Au 79 0.08101 0.000061
Hg 80 0.078 56 0.000053
Tl 81 0.07621 0.000 046
Pb 82 0.073 96 0.000 041
Bi 83 10.07179 0.000035
Po 84 0.069 72 0.000031
At 85 0.06773 0.000027
Rn 86 0.065 81 0.000 024
Fr 87 0.06398 0.000021
Ra 88. 0.06228 0.000019
. Ac 89 0.06059 0.000016

7151
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S

TABLE 1II. (Continued).

T (ns)

-2V o 2p3p
Ion zZ Calc. Expt. . Calec Expt.
Th 90 0.05897 0.000014
Pa 91 0.05742 0.000013
U 92 005592 . ,..__N.,_..',Q,Q.QQ 011

2Gaupp et al., Ref. [10].
®Carlsson and Sturesson, Ref. [11].
“Andersen et al., Ref. [12] (multiplet value).
Bergstrom et al., Ref. [13] (multiplet value).
“Knystautas et al., Ref. [14].

fBarrette et al., Ref. [15].

¢Kernahan et al., Ref. [16].

"Bickel et al., Ref. [17].

iPinnington et al., Ref. [18].

iMartinson et al., Ref. [19].

III. METHOD OF WAVE-FUNCTION
AND MATRIX-ELEMENT CALCULATION

The calculational approach used in this paper was de-
tailed in Ref. [32] and has been modified slightly since
then. Basically we use a numerical extension of the
Coulomb approximation whereby the finite core of the
atom or ion is represented, in general, by a model (cen-
tral) potential (CAMP) or by a self-consistent Hartree-
Slater (CAHS) or Dirac-Slater (CADS) potential. Addi-
tional effects of electron-core interactions such as core
polarization and spin-orbit interaction are also included
(see Ref. [32] for details and a discussion of the various
forms). The Schrddinger equation for the valence elec-
tron is solved numerically by inward integration. The ex-
perimental or semiempirical values for both the excita-
tion energy and the ionization limit are used as inputs in
specifying the binding energy. This energy is held con-
stant and no iteration is made. The inward integration is
matched with an outward integration at the inner classi-
cal turning point. A discontinuity in the derivative of the
wave function occurs at the matching point, but the
effects of this are insignificant for the purposes of the
present calculation.

Experience with calculations in the Na and Cu
isoelectronic sequences [30,31] has shown that, because of
its inward and the noniterative nature, the results of this
approach have minimal dependence on the polarization-
potential term in the Schrodinger equation. In addition,
there is a degree of uncertainty about the necessary cutoff
distances in such a potential, although some reasonable
choices can be made [30]. Using a model potential (i.e., a
potential that has parameters adjusted to fit the observed
energy), binding energies may not yield the most accurate
(in shape) wave functions, and this creates ambiguities in
the choice of the cutoff radii for the polarization poten-
tials and core-polarization corrections to the dipole
operator.

Experience [30-33] has also shown that the most

¥Buchet et al., Ref. [20].
'Denne et al., Ref. [21].
™Livingston et al., [Ref. 22].
"Trabert et al., Ref. [23].
°Pegg et al., Ref. [24].
PPegg et al., Ref. [25].
9Forester et al., Ref. [26].
"Ishii et al., Ref. [27].
‘Dietrich et al., Ref. [28].
Dietrich et al., Ref. [29].

prominent effect of the core polarizability is on the
dipole-moment operator, which can be written as [32,35]

3
d=e [r—adf; [l—exp ] } ] , (n

where a, is the dipole polarizability of the core (in this
case heliumlike). The cutoff factor in the curly brackets
(with a cutoff radius r,) has been chosen as the most
physical type [32].

Based on the above experience, and to remove some of
the earlier uncertainties in the various cutoff distances,
both in the polarization potential and in the dipole-
matrix element, we have consistently made the following
choices.

(a) The potential used in the Schrddinger equation was

V(R =Vys(r)+V,,(r), )

% _ (a?/2)I-s 1 dVys
s.o.(r)"' — ’
{(1+(a?/2)[E—Vys(r]}2 ¢ dr

where Vyg is the Hartree-Slater potential [34] of the
ground state of the atom or ion and V is the spin-orbit
potential. Notice that the polarization potential was to-
tally omitted.

(b) The cutoff radius used in the dipole matrix element
[of Eq. (3)] is the Hartree-Slater radius of the ion core.

As a result of these choices, our calculations have sem-
iempirical dependence on only the input energy levels
and the dipole polarizabilities (taken from Ref. [44]), and
have no adjustable parameters. Thus, they provide
unique predictions of lifetime and oscillator strengths.

c

(3

IV. RESULTS AND DISCUSSION

Figure 2 displays a plot of our CAHS calculations of
the charge-scaled line strengths Z2S(2s —2p;) for the
J=3 and 3 transitions, plotted versus the reciprocal
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TABLE IV. Absorption oscillator strengths f computed by the semiempirical Coulomb approxima-
tion with realistic model potential compared with selected ab initio calculations.

S

25-2p1p 252p3
Ton z CAHS* CKDP AFL® CAHS? CKD® AFL®
Li 3 0.24715 0.2552 0.255 0.49431 0.5104 0.511
Be 4 0.164 67 0.1715 0.171 0.329 44 0.3431 0.343
B 5 0.12018 0.1248 0.125 0.24058 0.2499 0.250
C 6 0.09413 0.097 36 0.097 0.188 64 0.1951 0.195
N 7 0.07724 0.07959 0.079 0.15508 0.1598 0.160
o 8 0.06547 0.06723 0.067 0.13177 0.1353 0.135
F 9 0.05679 0.058 16 0.058 0.11471 0.1175 0.118
Ne 10 0.05015 0.05124 0.051 0.10175 0.1040 0.104
Na 11 0.044.90 0.04579 - .. 009163 0.093 43
Mg 12 0.040 65 0.04138 0.083 54 0.08503
Al 13 0.037 14 0.03775 0.07700 0.07822
Si 14 0.03419 0.03471 0.07156 0.072 62
P 15 0.03168 0.03212 0.06708 - 0.06798
S 16 0.02952 0.029 89 0.063 32 0.064 10
cl 17 0.027 64 0.027 96 0.06017 0.060 85
Ar 18 0.02598 0.026 26 0.026 0.05752 0.058 11 0.058
K 19 0.024 52 0.02476 0.05529 0.055 81
Ca 20 0.02322 0.023 42 0.053 42 0.053 87
Sc 21 0.02205 0.02223 0.05186 0.05226
Ti 22 0.02100 . 0.02115 0.05058 0.05092
\ 23 0.02004 0.02017 0.049 53 0.049 83
Cr 24 001917 ~ 0.01928 0.048 70 0.048 96
Mn 25 0.01838 0.01847 0.048 07 0.04828
Fe 26 001765 . 0.01773 0.018 0.047 60 0.04778 0.048
Co 27 0.01697 0.01704 0.04729 0.04743
Ni 28 0.01635 0.01640 0.04713 0.047 24
Cu 29 0.01578 0.015 82 0.04710 0.04718
Zn 30 0.015 24 0.01527 0.04720 0.047 25
Ga 31 0.01475 : 0.047 42
Ge 32 0.01428 0.04775
As 33 0.013 85 , 0.048 16
Se 34 0.013 44 0.048 72
Br 35 0.01306 0.01305 0.049 35 0.04925
Kr 36 0.01270 001268 v 005007 - 0.04993
Rb 37 0.01236 0.050 88 :
Sr 38 0.01204 - . 0.05177
Y 39 0.01174 0.05274
Zr 40 0.01145 0.053 80
Nb 41 0.01118 0.01113 0.05493 0.054 61
Mo 42 0.01092 0.010 86 0.011 0.056 14 0.05578 0.056
Tc 43 10.01068 : : 0.05743
Ru @ 44 0.01044 - : 7 0.05878
Rh = 45 10.01022 0.06019
Pd 46 0.01001 : 0.061 68
Ag 47 0.009 80 , 0.063 24 :
cd 43 0.009.61 0.00953 | . 006487 . 0.06424
In 49 0.009 42 . .. 006657
Sn 50 | 0.00924 - 006835
Sb 51 0.00908 0.07019
Te 52 0.00892 v ' . 007212
I 53 0.008 76 - 0.008 65 . 007411 0.073 12
Xe 54 0.008 62 0.00850 .. 7007619 0.07508
Cs 55 0.008 48 ' 007832
Ba 56 - 0.00834 ~ 0.08052
La 57 0.008 21 : 0.082 77
Ce . 58 0.008 08 T 0.08508

Pr 59 0.00796 0.007 81 0.08746 0.08585
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TABLE 1V. (Continued).

f

2s-2p1p 25-2p3 .

Ion VA CAHS? CKDP AFL® CAHS*  CKD°. AFLS

Nd 60 0.007 84 0.089 89

Pm 61 0.00772 0.092 39

Sm 62 0.007 61 0.094 95

Eu 63 0.007 50 0.097 58

Gd 64 0.00740 0.00722 0.10028 0.098 17

Tb 65 0.007 30 0.10305

Dy 66 0.00720 © 0.10589

Ho 67 0.007 10 0.108 84

Er 68 0.00701 0.11183

Tm 69 0.00692 0.00672 0.11490 0.1121

Yb 70 0.006 83 0.11805

Lu 71 0.006 74 0.12128

Hf 72 0.006 65 0.124 60

Ta 73 0.00657 0.12801

w 74 0.006 49 0.006 28 0.007 1 0.13151 0.1275 0.129

Re 75 0.006 41 0.13510

Os 76 0.006 33 0.13877

Ir 77 0.006 25 0.14251

Pt 78 0.006 18 0.146 33

Au 79 0.006 10 0.005 88 0.15024 0.144 6

Hg 80 0.006 03 0.005 80 0.15421 0.1483

Tl 81 0.005 95 0.15827

Pb 82 0.005 88 0.005 65 0.16240 0.1557

Bi 83 0.005 81 0.166 60

Po 84 0.005 74 0.17088

At 85 0.005 67 0.17523

Rn 86 0.005 60 0.179 66

Fr 87 0.005 53 0.184 15

Ra 88 0.00546 ' 0.18872

Ac 89 0.005 39 0.19335

Th 90 0.00532 0.19805

Pa 91 0.00526 0.202 81

U 92 10.005 19 0.004 87 0.062 0.207 64 0.1970 0.200

*This work, Coulomb approximation with Hartree-Slater core.
Cheng, Kim, and Desclaux, Ref. [3], MCDF calculation.
“Armstrong, Fielder, and Lin, Ref. [2], MCDF calculation.

screened charge 1/(Z —2.17). The empirical screening
constant was chosen to be 2.17 rather than 2.0 (the num-
ber of core electrons) to enhance the linearity of the plot.
This overscreening may indicate the presence of
exchange-core-polarization [53] effects in this sequence.
The apparent linearity over most of the sequence, with a
sudden downturn at a high value of Z, is characteristic of
line strengths for a wide variety of atomic systems when
presented on the type of isoelectronic plot [54]. As can
be seen from the inset in Fig. 2, the apparent linearity
persists for nearly 40 states of ionization, which is similar
to the behavior noted for the Na [30] and Cu [31] se-
quences. While there is presently no theoretical explana-
tion for the existence of this linearity, it provides a useful
tool for the interpolation and extrapolation of measured
and computed values [54].

In the nonrelativistic limit, the ratio of these two line
strengths would be exactly two, and the ratio of the two

lifetimes would be proportional to the cube of the wave-
length ratio. Our calculations indicate that the line-
strength ratio varies from 2.0 for neutral Li to 2.5 for
U™®, with the increment above 2.0 being nearly propor-
tional to the square of the degree of ionization.

The isoelectronic regularities in the line strengths and
their ratios can provide a means for relating the lifetimes
of the J=1 and 3 levels in regions of differing experi-
mental accessibility. Lifetimes in the range between ps
and fs are difficult to measure directly, since the decay
Iength (0.3 mm/ps at v =¢) is too short to be measured by
time-of-flight methods and the full width at half max-
imum of natural line width Tpywyp, (€V)=0.66/7(fs) is
too narrow to be determined spectroscopically. Isoelect-
ronic information concerning the longer-lived J =1 level
could thus be combined with extrapolated ratios to infer
rate constants for the J =3 transitions.
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FIG. 2. Plot of the charge-scaled line Z2S(2s-2p;) vs the re-
ciprocal effective screened charge 1/(Z —2.17) for the J =%
and 3 3 intervals. The inset magnifies the region 20=<Z <92 and
1nd1cates that the apparent 11near1ty persists for almost 40 stages
of ionization.

Our calculations of lifetimes and oscillator strengths
for n =2 levels are presented in Table III and compared
with experimental values. Table IV lists the values of the
absorption oscillator strengths obtained from the sem-
iempirical CAHS method, and compares them to
ab initio calculations. Figure 3 presents the CAHS,
ab initio, and critically compiled values for the absorp-
tion oscillator strength, plotted versus the reciprocal nu-
clear charge.

Experimental and ab initio theoretical lifetime results
for neutral alkali-metal atoms have exhibited an interest-
ing set of discrepancies, which the semiempirical calcula-
tions presented here may serve to elucidate. Results for
the neutral Li, Na, and Cu atoms are summarized in
Table V. Highly precise beam-laser lifetime measure-

FIG. 3. Plot of experimental and theoretical values for the
absorption oscillator strengths vs reciprocal nuclear charge.
Solid lines trace the calculations reported here, open circles and
open squares denote the ab initio calculations of Armstrong
et al. [2] and Cheng et al. [3], and open triangles denote the
critical compilation of Martin and Wiese [9]. The experimental
measurements [10-29] are dénoted by solid squares, with their
quoted uncertainties spanned by error bars.

ments have been performed by Gaupp et al. [10],
Schmoranzer et al. [55], and Carlsson et al. [11,56,57]
which yield lifetimes that are significantly longer than the
best available ab initio theoretical values [58—-61]. This
has caused controversy, and doubts have been raised [4]
whether uncertainties in the ab initio calculations can ac-
commodate these discrepancies.

As can be seen from Table V, our semiempirical calcu-
lations agree very well with the experimental results, and
thereby consistently (albeit on a 1% level) disagree with
the ab initio results. This is puzzling, since the ab initio
calculations are expected to be very reliable for these sys-
tems. Since our semiempirical computation of lifetimes
uses exactly the same procedures for the Li, Na, and Cu

TABLE V. Comparison of measured, semiempirically computed and ab initio computed valued for the lifetimes 7 of the ns-np

resonance transitions in neutral Li, Na, and Cu atoms.

T (ns)
. Ab initio theory
Atom Transition Gaupp? Schmoranzer® Carlsson® CAHS MCHF* MBPT! MBPT*®
. 25(1/2)-2p(1/2) 27.29(4) 27.20(20) 27.305
Li 25(1/2)2p(3/2) 27.303 27.01 27.04
N 35(1/2)-3p(1/2) 16.40(3) 16.40(5) 16.38(8) 16.399 16.12 16.11 16.24
2 3s(1/2)-3p(3/2) 16.35(5) 16.36(20) 16.352 " 16.07 16.07 16.19
C 4s5(1/2)-4p(1/2) 7.27(6) 7.251 6.87
u 4s(1/2)-4p(3/2) 7.17(6) 7.069 6.68
aReference [10]. :

*Reference [55].

°Li, Ref. [11]; Na, Ref. [56]; Cu, Ref. [57].

9L, this work; Na, Ref. [30]; Cu, Ref. [31].

°Li and Na, Fischer, Ref. [58]; Cu, Carlsson, Ref. [59].
fJohnson et al., Ref. [60].

EGuet e al,, Ref, [61].
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sequences, is uniquely specified by the empirical energy
level data, and has no free parameters to adjust, there can
be no unconscious bias toward the experimental lifetime
data. Furthermore, the semiempirical approach forces
the wave functions to yield the correct experimental ener-
gies, whereas the ab initio wave functions tend to sys-
tematically underestimate the experimental binding ener-
gies by a few percent. However, the ab initio calcula-
tions [58-61] have been carried out with great care, and
their discrepancy with the experimental and semiempiri-
cal results remains an enigma.

V. CONCLUSIONS

The systemization described here brings several
methods to bear upon transition-probability specification.
The CAHS method provides accurate predictions of tran-

THEODOSIOU, CURTIS, AND EL-MEKKI

4“4

sition probabilities, but requires spectroscopic data. If
comprehensive wavelength measurements are not avail-
able, existing data can be semiempirically parametrized
and extrapolated, a procedure which can be aided by
ab initio spectroscopic calculations. These can be sem-
iempirically adjusted to match experimental trends, then
inserted into the Hartree-Slater program to produce sem-
1emp1rlca1 wave functions that yield transition rates supe-
rior to those obtained by fully ab initio methods.
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