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Screening parameterizations of the spin—orbit and exchange energies are used to systematize available data accu-
rately for the 4s4p configuration in the Zn isoelectronic sequence. Through the availability of precision measure-
ments of the 4s2 1So-4s4p 1P; resonance transition, these screening parameterizations are used to make accurate
interpolative and extrapolative predictions of the excitation energies of the 4s4p 3P, levels for ions from Ge III
through Ba XXVIL. These results also provide extrapolative predictions of the magnetic-dipole, electric-quadru-
pole, and intercombination transitions in this system that sometimes occur in localized diagnostics of high-temper-

ature plasmas.

INTRODUCTION

The first excited configuration of the Zn isoelectronic se-
quence has recently been the object of a number of experi-
mental studies utilizing laser-produced plasma,!-2 beam-foil, >4
and tokamak plasma®® excitation methods. Accurate pre-
dictions of the 4s4p 3P; excitation energies for highly ionized
members of this sequence would be valuable because spin-
intercombination and intraterm transitions from them be-
come relatively stronger with increasing nuclear charge and
can be observed in high-temperature plasmas when heavy
elements are present as impurities or as diagnostic probes.
Theoretical calculations of the resonance and intercombina-
tion lines have been made,”8 but these predictions differ from
observed values typically by several percent and are not of
sufficient accuracy to facilitate spectroscopic classification.

A screening parameter method® was developed earlier with
application to the Mg sequence, which permits reliable
semiempirical predictions of the positions of the triplet levels
relative to the singlet level for an nsnp configuration. Ob-
servations for the 4s4p 1P; excitation energy to high stages
of ionization are now available,! and we present here a semi-
empirical parameterization of the available data base to in-
terpolate and extrapolate accurately the 4s4p 3P; excitation
energies in the Zn sequence.

REDUCTION AND PARAMETERIZATION OF
THE MEASURED DATA

The semiempirical parameterization used here involves only
a slight generalization of that described in detail in Ref. 9. It
utilizes the Slater intermediate coupling formulas that relate
the excitation energies (denoted here by their spectroscopic
symbols) to the interelectron electrostatic energies and
magnetic splitting factors in a pure sp configuration [Eq.
(16.1) of Ref. 10]. When used to describe differences between
the singlet and triplet excitation energies !P—3P;, these for-
mulas involve only two quantities, the spin—orbit energy ¢ and
the exchange Slater energy G1. If the observed excitation
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energies are converted to effective values for { and G, these
secondary quantities often exhibit a simpler scaling with
nuclear charge than do the raw data, and linear interpolation
and extrapolation schemes can be developed using screening
parameterizations.

The modification of the method described in Ref. 9 that was
adopted here involves the fact that { and G, are overdeter-
mined and can be deduced from the three-triplet energy dif-
ferences in a number of ways. Various perturbations (de-
viations from the single-configuration assumption, spin—spin
and spin—other-orbit interactions, etc.) can cause a breakdown
of the exact validity of the equations. Thus the values of {
and G can depend slightly on the method of calculation, and
a recomputation of the triplet energies can lack complete
reciprocity. For the Mg sequence these discrepancies are
generally smaller than the experimental uncertainties, but for
the more complex Zn sequence they can be sufficiently large
to warrant consideration. Our purpose here is to parameterize
the data accurately and not to ascribe physical validity to the
model, and the overdeterminacy can be removed simply by
defining a third quantity. Thus a quantity G14 was defined
exclusive of the 3P level, and another quantity G5 was de-
fined involving 3Pg and 3P only through ¢, ensuring unique-
ness and reciprocity between the measured intervals and re-
duced quantities. The parameterization was carried out in
terms of three intervals, which have the following relationships
to Gand {:

A=1P;-3Py = G4 — 3§/4 + [(Gra + $/4)2 + {2/2]12, (1)
B =1P;3P; = 2[(G1p + {/4)2 + {2/2]1/2, (2
C= 3P2—3P0 = 3?/2 (3)

These can be inverted to yield

{=2C/3, (4)
Gia=A(A +3{/2)/24 + {), (5)
G1g = (B2 —2{%)112/2 — {/4. (6)
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Table 1. Observed and Predicted Energy Levels for the 4s4p 3P Terms in the Zn Isoelectronic Sequence (in cm™!)
3p, 3p, 3p,
Z Ion 1P, (Obs.) Obs. Pred. Obs. Pred. Obs. Pred. Source
30 Znl 46 7452 32311 - 32 501¢ - 32 890¢° - Ref. 12
31 Gall 70 700° 47 370 - 47 816¢° - 48 750¢ - Ref. 13
32 Gem 91 873(4)° 61 733(6)° 61 823 62 496(2)° 62518 64 138(6)° 64 145 Ref. 14
33 Asiv 112 022(6)* 75 812(7)b 75793 76 962(3)° 76 899 79 492(7)® 79466  Refs. 15,17
34 Sev 131 733(9)® 89 756(9)° 89 703 91 351(4)° 91 332 94 961(9)% 94 972 Refs. 16, 17
35 Brvl 151 274(11)¢ 103 560(22) 103 510 105 675(22) 105 747 110 580(22) 110 661 Refs. 4,18
36 Kr vix 170 832(9) 116 730¢ 117 257 120 080(50) 120 183 126 540(100) 126 613 Refs. 3, 19
37 Rb vix 190 502(2) 130 951 134 642 142 868
38 Srix 210 368(2) 144 609 149 141 159 477
39 YX 230 529(3) 158 273 163 721 176 518
40 ZrXxi 251 031(3) 171 866(8) 171938 178 280(8) 178 372 193 992(8) 194 021 Ref. 2
41 Nb x11 271 939(4) 185 601(10) 185619 193 084(10) 193 108 212 044(10) 212039 Ref.2
42 Mo X111 293 333(4) 199 480(11) 199 347 207 980(4) 207 955 230 664(11) 230 642 Ref. 2
43  TeXIv 315 2294 213 086 222 875 249 836
44 Ru xv 337 717(11) 226 877 237 904 269 705
45 Rh xvi 360 828(13) 240 699 253 015 290 270
46 Pd xvi1 384 660(15) 254 595 268 248 311622
47 Ag XVl 409 271(17) 268 569 283 850(240) 283 600 333814 Ref.6
48 Cdxix 434 696(19) 282 600 299 046 356 872
49 In XX 461 002(21) 296 695 314 589 380 859
50 Sn XXI 488 286(24) 310 892 330 261 405 864
51 Sb XXI11 516 569(27) 325 149 346 017 431 904
52  Te XXIII 545 962(30) 339515 361 899 459 084
53 I xx1v 576 495(33) 353 954 377 870 487 430
54 Xe XXV 608 27349 368 503 393 963 517 041
55 Cs XXVI 641 313(41) 383 111 410123 547 934
56  BaxXXvIl 675 804(46) 397 892 426 462 580 289
% Not used in fitting.
b Uncertainties assumed 5 parts in the last-quoted place of the source wavelength.
¢ Uncertainty relative to J = 2 level.
4 As interpolated in Ref. 1.
As in Ref. 9, hydrogenlike expressions were used to reduce 18 e
each of the quantities further to a screening parameter. The B
screened hydrogenlike value for { is1%11
= Ra?Z — S)*/192 + higher order, W)
whereas 4s and 4p screened hydrogenlike wave functions yield
a value for G with an exact rational fraction
G1 = (4275/262144)R(Z — S)/(1 + €. ® S
Here R is the reduced-mass-corrected Rydberg constant, «
is the fine-structure constant, Z is the nuclear charge, and S;
denotes the empirical screening parameters that Egs. (7) and
(8) serve to define. ¢is an additional fitting parameter, a small
correction introduced to optimize the isoelectronic regularity.
The higher-order terms in Eq. (7) include additional contri-
butions to the Dirac energy and radiative corrections that have ?10 1 elo
been described in detail elsewhere.®!! As has been found £-3
earlier,? when the measured data are reduced to these effective 1/ ( Z2-S )
screening parameters, their isoelectronic behavior is described ) < )
very well by the ansatz Fig. 1. Plot of the spin—orbit energy-screening parameter versus the

S;=a; +b;/(Z - S)). 9)

RESULTS

The existing measurements and their literature sour-
ces!4612-20 gre given in Table 1. The uncertainties listed in

reciprocal screened charge. X’s denote the experimental data for
(from right to left) Z = 31-36,40-42. The line traces the fit described
in Table 2 and is solid within the fitted region.

parentheses are either taken directly from the original sources
or estimated from information in the original sources. Since
these uncertainties determine the fitting weights, efforts were
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Fig. 2. Plots of the two exchange Slater energy-screening parameters
versus the reciprocal screened charge. +’s denote the G4 reduction
of the data with €4 = 0.004, and X’s denote the G5 reduction of the
data with eg = 0.042, for (from right to left) Z = 31-36, 40-42. The
line traces the fit described in Table 2 and is solid within the fitted
region,

Table 2. Fitting Parameters [Eq. (9)] Least-Squares
Adjusted to the Screening-Parameter Equivalents
[Egs. (1)-(8)] of the Experimental Data

Quantity i € a; b;
¢ - 9.497 112.7
Gia 0.004 21.00 24.06
Gip 0.042 20.34 27.95
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made to trace the propagation of uncertainties from source
wavelength lists for each of the intervals of interest. The older
references did not quote uncertainties, so (where indicated)
these were estimated to be 5 parts in the last quoted figure of
the determining wavelengths. Reference 1 provides a com-
prehensive study of the 4s4p 1P; excitation energy including
new observations, a compilation of previous work with source
references and interpolations. The adopted values and es-
timated uncertainties from Ref. 1 are partially reproduced in
the first column of Table 1.

A reduction of this data base to the screening parameter for
§'is shown in Fig. 1, and a similar reduction to the screening
parameters for G4 and G5 (with €4 = 0.004 and g = 0.042)
is shown in Fig. 2. The empirical linearity of these param-
eterizations is apparent from these plots. The solid lines
represent least-squares regressions, weighted by the reciprocal
squares of the experimental uncertainties, to Eq. (8). The
fitting parameters are given in Table 2. Slight curvatures
usually occur at the neutral end of these screening parameter
plots (neutral and singly ionized systems are subject to, e.g.,
perturbations from excited core configurations that diminish
with increasing ionization), and only the multiply ionized data
were used in the fitting.

Notice that the Kr v1I point is slightly below the trend on
the S¢and S¢4 plots and slightly above the trend of the S¢p
plot. All three of these discrepancies can be corrected by

-revising the 4s4p 3P level upward by about 500 cm~!. Al-

though this is five times the quoted uncertainty, this level was
determined in the beam-foil spectra of Ref. 3 from a very weak
line at 614.8 A classified as the 4s4p 3Po-4p2 3P, transition.
These interpolations would place this line at 616.7 A, which
might be concealed in the wings of the stronger 4s4p 3Py—4p?
3P, transition at 618.67 A.19.20 A revision of the Kr VII 4s4p
3Py level to 117 230 cm™! is therefore recommended. By

Table 3. Predicted Wavelengths for the Intercombination, Magnetic-Dipole, and Electric-Quadrupole
Transitions (in angstroms)®

A(LS;-3Py) AGP2-3Py) A(Py-3Pg)
Z Ion Obs. Pred. (Pred.) (Pred.)
37 Rb vinn 742.7 12 153 8 389
38 Srx 670.5 9672 6724
39 YX 610.8 7812 5479
40 Zr X1 561.4(3)° 560.6 6 388 4527
41 Nb x11 517.9 5281 3784
42 Mo X111 480.82(1)¢ 480.9 4 407 3194
43 Te X1V 448.7 3708 2720
44 Ruxv 420.3 3144 2334
45 Rh xv1 395.2 2 683 2017
46 Pd xvia 372.8 2 305 1754
47 Ag XVIII 352.3(3)% 352.6 1992 1533
48 Cd XIx 334.4 1729 1346
49 In xx 317.9 1509 1188
50 Sn XX1 302.8 1323 1053
51 Sb xXxi11 289.0 1164 936.7
52 Te XXIII 276.3 1029 836.3
53 Ixxiv 264.6 912.8 749.2
54 Xe XXV 253.8 812.5 673.2
55 Cs XXVI 243.8 725.6 606.7
56 Ba xxviI 234.5 650.1 548.3

@ Wavelengths over 2000 A are given in air.
5 Ref. 6.
¢ Ref. 2.
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similar considerations using the interpolations presented here,
a revision of the excitation energies of the triplet system in
Br VI was recently made.*

The parameterization was used together with the observed
singlet energies! to predict triplet energies for this sequence
for Z = 32-54, which are presented, along with the existing
observations on which they are based, in Table 1. Experi-
mental observations for the resonance transition are available
up to Z = 74, but deviations from linearity on the G screening
parameter plot were noted® for the Be and Mg sequences as
the degree of ionization approached 30. The extrapolations
to high stages of ionization in Table 1 must be considered
speculative, but they provide a guide to future spectroscopic
studies, which will subsequently permit a refinement of these
predictions. The agreement between the observations and
the predictions is generally within tens of inverse centimeters
(hence better than 0.1%). The measurement accuracies are
often an order of magnitude more precise than this, but the
screening parameterization is intended only as a predictive
systematization and not as an exact description.

A tabulation of the predicted wavelengths for the 4s2
1So—4s4p 3P, intercombination line, the M1 4s4p 3P;-3P,
intraterm line, and the E2 4s4p 3Py—3P, intraterm line is given
in Table 3.

CONCLUSIONS

Screened one-electron formulas have been utilized to map the
spin—orbit and exchange energies of the 4s4p configuration
in the Zn sequence into a space where they are isoelectroni-
cally linear. This permits precise interpolations and ex-
trapolations of the triplet energy levels relative to the singlet
level for this configuration. This analysis indicates that the
regularities observed earlier for the 3s3p configuration in the
Mg sequence persist for higher homologous nsnp configura-
tions. A similar analysis is now under way for the homologous
5s5p Cd isoelectronic sequence, for which many new data have
recently become available.?!
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