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SEMIEMPIRICAL FORMULATIONS OF SPECTROSCOPIC DATA AND CALCULATIONS
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The high precision required for spectroscopic classification work has traditionally been achieved through predictive systematiza-
tions of observed data and computations by ab initio theoretical methods. Recent advances in the existing experimental data base
and in supercomputing capabilities now permit these methods to be extended to new regimes. Through combined parametric
expositions of data and computations, large scale trends in isoelectronic, isoionic, isonuclear, and homologous sequences, Rydberg
series, etc., have emerged that permit predictions which are more reliable than could be achieved by either ab initio or semiempirical
methods separately. Applications of this approach to term splittings. which are particularly sensitive to the inner portion of the wave

function, are presented.

1. Introduction

Recent technical developments have placed great
computational capabilities at the disposal of atomic
spectroscopists, and altered some of the traditional
boundaries between experimental and theoretical re-
search. The availability of large scale atomic structure
computer codes that are flexible, transportable, and
user friendly, coupled with convenient network access
to supercomputer facilities has made possible new ap-
proaches to atomic research. It is now possible for a
researcher to perform ab initio calculations that are
custom tailored to optimize the predictive accuracy of a
specific interaction being studied experimentally. How-
ever, experimental spectroscopic accuracies are very de-
manding (often to parts in 10° or better), and exceed
the capabilities of even ihe most sophisticated ab initio
niethods when applied to complex atomic systems.
Semiempirical systernatization methods [1] provide pre-
dictions of spectroscopic precision, but require the ex-
istence of a substantial base of observed data. The use
of laser and tokamak produced plasma. fast ion beam,
and astrophysical light sources has greatly expanded the
available data base. and it is now possible to select
subsets within large blocks of atomic data so as to
control the relative strengths of the various interactions
within the data sample, and thus probe a specific prop-
erty. However, for the study of systems for which no
adequate data base presently exists, ab initio computa-
tions are the only predictive source. We have therefore
sought to develop systematic formulations which con-
join observations and computations on a very large
scale, to utilize the predictive advantages of both ap-
proaches.

In high precision studies, it is usually helpful to
reformulate the description in terms of guantities that
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amplify subtle differences, and semiempirical trends are
usually displayed in a parametrically reduced mapping
space. This can be achieved, e.g. by forcing many-body
interactions to reside in an empirical parameter em-
bedded in a simple independent particle model (as in
quantum defect and screening parameter formulations).
A suitably parametrized spectral feature can then be
examined along an isoelectronic, isonuclear, or homolo-
gous sequence, or over a Rydberg series. The evolution
of the feature while a single quantity (such as nuclear
charge, degree of ionization, number of valence elec-
trons, nrincipal or angular momentum quantum num-
ber, etc) is progressively modified can reveal sensitive
and subtle regularities, or sudden departures from regu-
larity, that would otherwise go unnoticed. This ap-
proach makes possible new evaluation criteria based ou
agreement between large scale experimental and theo-
retical trends, rather than isolated specific cases. For
example, a theoretical model that predicts an erroneous
isoelectronic trend is likely to cross the experimental
data at some degree of ionicity yielding local apparent
agreement, whereas an alternative theoretical model that
reproduces the isoelectronic trend with a constant dis-
crepancy agrees nowhere, but can be empirically cor-
rected to yield highly precise predictions.
Confrontations between empirical trends and ab ini-
tio calculations in complex atoms are particularly inter-
esting when quantities sensitive to the inner core por-
tion of the wave function are considered. Spectroscopic
measurements of the small energy separations between
the individual levels within a spectral term are often of
much higher precision than those of gross energies
measured relative to the ground state or the ionization
limit. Conversely, most theoretical approaches seek wave
functions that optimize the prediction of the gross eun-
ergy (arising primarily from the 1/r central Coulomb
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interaction), and treat interactions that fall off more
steeply with r perturbatively. Consequently, some of
the most precisely measured spectroscopic data in highly
ionized atomic systems are very sensitive to the charge
distribution of the inner core region, where standard
theoretical wave functions are the least well specified. It
is therefore not surprising that systematic studies of
term splittings (magnetic fine structure and electrostatic
direct and exchange electron-electron energies in the LS
picture) show regularities, linearities, and discontinuities
that are not predicted by ab initio theories.

There is additional motivation for the study of these
term splittings in low lying configurations in highly
ionized atoms, because M1 and E2 transitions within
and among these levels increase sharply with nuclear
charge, are isolated in wavelength, and provide a useful
diagnostic tool for the analysis of high temperature
astrophysical and laboratory plasmas.

A number of expositions will be presented below
that systematically juxtapose observed fine structure
data with ab initio calculations so as to elucidate the
dynamics of the inner core, and provide predictions that
are more reliable than could be achieved by either ab
initio or semiempirical methods separately. Data are
taken from published or soon to be published sources,
and source references or bibliographic compilations are
provided. Theoretical calculations were performed for
all cases considered here using the multiconfiguration
Dirac-Fock code (MCDF) of Grant and coworkers
[2, 3], and were carried out via network on the Cray
X-MP machine at the National MFE Computer Center
in Livermore CA.

2. Screening parameter reductions

Quantities sensitive to the inner portion of the wave
function are often well described by a screening param-
eter formulation, which corresponds to a charge-scaling
of the radial coordinate of a hydrogenlike wave func-
tion. (The quantum defect approach, which corresponds
to a phase shift in the radial coordinate of a hydrogenic
wave function, is well suited to the computation of
quantities sensitive to the external portion of the wave
function, but describes the inner core poorly.) The basic
screening parameter approach has long been applied to
spectroscopic data [1], but modern developments have
made it possible to generalize and extend its usage. The
approach involves a one-to-one remapping of the mea-
sured intervals into equivalent parameters that char-
acterize the deviation of a complex atom from a corre-
sponding single electron system. If the number of free
parameters selected for the mapping equals the number
of independent intervals there is no loss of generality or
imposition of modeling assumptions, and the only effect
of the mapping is to provide quantities that are more

regular, slowly varying, and phenomenologically reveal-
ing than the raw measurements,

Although simple, the mapping proceeds through
several conceptual levels. First the measured intervals
are reduced to a theoretically motivated set of equivalent
quantities that are likely to be dominated by a single
interaction with a specific charge scaling (eg, spin—orbit
energy, direct or exchange Slater energy, etc). Second,
these quantities are replaced by the effective central
charge that would produce the same value in one elec-
tron system. Third, the screening parameter S (the
difference between the true nuclear charge Z and the
effective central charge Z.) is studied isoelectronically,
and has been found to be highly regular as a function of
the reciprocal effective central charge, often well rep-
resented by the linear relationship

S=a+b/(Z-5). 1)

Finally, homologous, isonuclear, and Rydberg compari-
sons can be made among the isolectronic systematiza-
tions, and multidimensional trends and regularities
identified. Although ab initio theory neither explains
nor generally predicts these regularities, empirical suc-
cesses justify their use on utilitarian grounds.

3. Rydberg series comparisons for fine structure split-
tings in the Cu sequence

The empirical expression used here to parametrically
reduce fine structure separations utilized the best availa-
ble expression for the fine structure in a hydrogenlike
atom, and included a high order Sommerfeld expansion
[4] of the Dirac energy, an analytic representation [5] of
quantum electrodynamic electronic self-energy correc-
tions, corrections for nuclear motion, including higher
order corrections for the relativistic nonseparability of
the reduced mass [6-10], and an analytic expression
approximating corrections for nuclear penetration [11].
The effects of these various inclusions will be discussed
in more detail below. The parametric quantity S for an
atom of nuclear charge Z is the amount by which the
central charge of a corresponding hydrogenlike system
must be diminished to match the measured fine struc-
ture.

An example of the application of the screening
parameter formulation to the fine structure of the np 2P
and nd ?D states of the Cu isoelectronic sequence is
shown in fig. 1. The symbols represent the observed
data [12-15] for n = 4-7, and the solid lines are MCDF
calculations (where available, the MCDF calculations of
Cheng and Kim [16] and Cheng and Wagner [11] were
examined and found to be consistent with our own
calculations). Dashed lines trace specific charge states
in the isoelectronic sequence among the Rydberg series.
These Cu data comprise the most comprehensive iso-

1II. MANY-ELECTRON STRUCTURE: THEORY



148 L.J. Curtis / Semiempirical formulations of spectroscopic data

Cu Seq.

0 L] I I ! ] I L
20 40 60
1/ (2-8) E-3

Fig. 1. Fine structure separations followed both isoelectroni-
cally and along Rydberg series for the np and nd terms in the
Cu sequence, reduced to a plot of the effective screening
parameter S vs the reciprocal screened charge 1/(Z —S).
Measured data are designated for the various principal quan-
tum numbers by the symbols: (O) n=4; (+) n=35; (X)
n=6; and (*) n = 7. The solid curves indicate MCDF calcula-
tions, and dashed curves trace the elements Br (Z = 35), Nd
(Z =60) and U (Z = 92) along the Rydberg series.

electronic data base presently available, and extend
through as many 55 stages of ionization. (Comparison
of fig. 1 with a similar plot presented at the 1980 BFS
Conference [17] indicates the large increase in the avail-
able data base over that time.)

Although the agreement between theory and experi-
ment is superficially good (to within a few percent) and
seems to improve with increasing Z, there is a clear
tendency for the theoretical results to overestimate the
screening at low Z, and it is not clear whether the
apparent agreement at high Z indicates convergence or
only a crossing of the trends. Although it is not clearly
evident from the plot, least squares fits to these quanti-
ties reveal that the observed data have a degree of
linearity on this plot that is not present in the MCDF
calculations. When studied as a function of the recipro-
cal screened charge, the screening parameters for the
observed data exhibit (to within experimental uncertain-
ties, which are small) a linear dependence for the 2D
states for all Z and for the 2P states for Z < 60 (or,
equivalently, up to ionization state -+ 31). For Z > 60
there is a sudden departure from linearity. If magnified,
this discontinuity is quite sharp, and suggests a possible
redistribution of charge in the inner core. The MCDF
calculations exhibit a gentle curvature with no linear
region and no discontinuity in slope. Semiclassical mod-
els suggest a number of mechanisms {18] that could
produce such a charge redistribution within the core,

but no satisfactory theoretical explanation presently
exists.

As described above, many small corrections have
been included in the hydrogenlike fitting function. The
motivation for this was empirical, based on the finding
that the inclusion of additional corrections led to an
improvement of the linearity of the plot in the Z < 60
region. This suggests the interesting possibility that the
linearity criterion (albeit ad hoc) might provide insights
into the validity of small corrections to ab initio theory.
For example, the model adopted here uses Lamb shift
corrections that are screened in the same way as the fine
structure. Unscreened Lamb shifts have sometimes been
used in ab initio calculations for complex atoms, but
Johnson, Blundell and Sapirstein [19] have recently
shown that use of the unscreened Lamb shift in the Li
iselectronic sequence introduces substantial discrepan-
cies with experiment. The effect of the Lamb shift on
the p, ,, states is particularly interesting. The hydrogen-
like 2p, ,, Lamb shift is negative for low Z, but changes
sign at Z = 50 and exceeds that of the 2p; , for Z > 88
[20). For higher n, extrapolations [5] indicate that the
zero crossing occurs at lower Z and the 2p; , crossing
occurs at higher Z. These crossings cause estimates of
the isoelectronic variation of the Lamb shift to be very
sensitive to the assumed screening. As another example,
Cheng and Wagner [11] have recently used measure-
ments [14] of the spectra of Cu-like and Zn-like ions of
elements in the range Z = 79-92 to test quantum elec-
trodynamic corrections, and found that corrections for
the finite size of the nucleus are also necessary. We have
used these results (supplemented by our own MCDF
calculations over a wider range of Z) to develop an
approximation formula for the dependence of the rela-
tive size of the nuclear penetration corrections to the 4p
fine structure in the Cu sequence, expressed as a func-
tion of the empirical screened charge Z,, and obtained
the empirical relation

nuclear penetration
fs

= ~1.06 x 10~°[1-2.1(aZ,)"] exp(11.1a2,).
(2)

Eq. (2) was then utilized in the semiempirical data
reduction. Another consideration is the treatment of the
relativistic nonseparability of the reduced mass, and its
specific application to J-dependent fine structure. A
diversity of approaches yielding different suggested cor-
rections can be found in the published literature
[e.g., 6-10] and the correct specification of mass depen-
dent factors appears to be an open question that semi-
empirical studies can address.

A number of these questions have been examined in
a study summarized in table 1, which tested the use of
linearity as a criterion for the inclusion of various small
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Table 1

Values for x?/degree-of-freedom obtained by fitting reduced
experimental 4p fs splittings for the Cu sequence (35 < Z < 56)
to eq. (1), using various models for QED and nuclear penetra-
tion corrections in the semiempirical data reduction. Weights
were obtained from quoted experimental uncertainties, and
there were 15 experimental points and 2 fitting parameters.

Quantum electrodynamic x?2

corrections Without nuclear With nuclear
penetration penetration

Anomalous moment (g —2)

only 0.856 0.837
Unscreened hydrogenlike

Lamb shift 0.937 0.915
Hydrogenlike Lamb shift,

same screening as fs 0.729 0.714

interaction terms in the semiempirical data reduction.
Using measured data for the 4p fine structure of the Cu
isoelectronic sequence for 15 points in the region 35 < Z
< 56, weighted least squares adjustments of the param-
eters a and b in eq. (1) were made to screening parame-
ter reductions using several models for QED and nuclear
penetration corrections. Weights were obtained from
the quoted experimental uncertainties. QED corrections
were made in three alternative ways: one included only
the anomalous magnetic moment correction, g—2; a
second included the full hydrogenlike Lamb shift with
no screening; and a third included the full hydrogenlike
Lamb shift but used the same screening as the fine
structure. Each fit was also performed with and without
the nuclear penetration corrections of eq. (2). Table 1
presents the value of x? per degree-of-freedom. It indi-
cates that, compared to the g— 2 model, inclusion of
the fine-structure-screened Lamb shift improved the fit,
whereas the inclusion of the unscreened Lamb shift
worsened it. Inclusion of the nuclear penetration correc-
tions improved the fits slightly in all cases.

Since the validity of eq. (1) is grounded only on
empirical evidence, it would be premature to draw
conclusions from table 1 concerning ab initio theory,
but this does indicate that semiempirical interpolations
can be sharpened by improving the hydrogenlike reduc-
tion formula, and it can be presumed that this will also
be true for states of higher n. For the linear regions, the
fits to the observed data are sufficiently well determined
to permit extrapolations of the slope and intercept to
higher members of the p and d Rydberg series, and
comprehensive predictions were made earlier [15] that
have been confirmed for Z < 60 by subsequent mea-
surements. For the region Z > 60, we have also sought
ways to combine the theoretical calculations with the
Cu data to make predictions in other isoelectronic se-
quences, which are described in the next section.

4. Isonuclear comparisons of fine structures of ns*np”
P terms

The Cu sequence is basically a single electron spec-
trum, and is expected to be reasonably well described
by theoretical calculations. We have therefore addressed
the question of whether the extensive measurements
made for and the regularities revealed in the Cu se-
quence can be exploited to yield precise predictions in
more complex and less reliably calculable systems. We
have sought to utilize the data for the 4p fine structure
in the Cu sequence to specify the fine structures of the
lowest lying P states in the Zn, Ga, Ge, Se and Br
sequences. The dominant configurations for these sys-
tems consist of a closed n =3 shell nickel core, with
various numbers of additional 4s and 4p valence elec-
trons. Fig. 2 shows a combined screening parameter
study of the fine structures of the lowest P terms in the
Cu (4p), Zn (4sdp), Ga(4s4p), Ge (4s24p?), Se (4s%4p*)
and Br (4s%4p’) isoelectronic sequences, where the
dominant assumed configurations are given in parenthe-
ses. (The As sequence with its half-filled 4p shell is of
less practical use and was omitted.) The various inter-
vals were rewritten as (or, for the Ge and Se sequences,
reduced to) spin-orbit parameters.

The circles represent experimental observations (Cu
[12-15}, Zn [21-24], Ga [25,26], Ge[27], Se [27-29], Br
[30]), the solid curves denote our MCDF calculations,
and the dashed lines trace isonuclear comparisons. The
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Fig. 2. Fine structure separations followed along both isoelec-
tronic and isonuclear sequences for the 4s*4p” P terms in the
Cu, Zn, Ga, Ge, Se and Br sequences, reduced to a plot of the
screening parameter S versus the reciprocal screened charge
1/(Z — §). The circles denote experimental measurements, the
solid lines trace the MCDF calculations, and the dashed lines
connect the isonuclear ions Cl (Z=17), Nd (Z =60) and U

(Z = 92) across the sequences.

III. MANY-ELECTRON STRUCTURE: THEORY
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60
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Fig. 3. Subtracted element-by-element differences between the
screening parameter in either the Zn, Ga, Ge, Se or Br se-
quence and the corresponding quantity in the Cu sequence.
The experimental values are denoted by : (X) Zn sequence;
(O) Ga sequence; (#) Ge sequence; (*) Se sequence, and (+)
Br sequence. The solid lines trace the MCDF calculations, and
the dashed lines connect isonuclear ions of Cl (Z=17), Nd

(Z = 60) and U (Z = 92) across the sequences.

tendency for the MCDF calculations to overestimate
the screening is clear for the Cu, Zn and Ga sequences,
but there are indications of possible crossings of the
theoretical and experimental curves for the Ge, Se, and
Br sequences. As can be seen from the plot, the theoreti-
cal calculations for all six sequences exhibit a similar
downturn in this space for high Z. Since data for
Z > 60 exist only for the Cu sequence, attempts were
made to utilize the Cu data to make predictions for the
other five sequences. (Fig. 2 extends an earlier presenta-
tion in ref. [31] to include the Ge and Se sequences.)
Fig. 3 presents a plot of the isonuclear difference
between the screening parameters for each of the other
five sequences and those of the Cu sequence, plotted
versus the reciprocal screened charge for the Cu se-
quence. Although the curves are not linear on this plot,
the MCDF results do not show any discontinuity in
slope at Z = 60. This suggests that the screening param-
eter for these sequences can be decomposed into a
dominant component arising from the closed n = 3 core
and a smaller component arising from the out-of-shell
n = 4 electrons. In addition, the observed values for Zn,
Ga, Ge, Se and Br indicate that the MCDF calculations
tend to underestimate this difference by an amount that
is roughly constant for each sequence, permitting them
to be empirically corrected. Thus the core component of
S can be accurately deduced from measurements in the
Cu sequence and the out-of shell component can be
theoretically computed from isonuclear differences.
This approach should be applicable to other ho-

1/ (Z-s)

Fig. 4. Fine structure separations followed along both isoelec-
tronic and isonuclear sequences for the 3s¥3p” !*P terms in
the Na, Mg, Al, Si, S and Cl sequences, reduced to plot of the
screening parameter S vs the reciprocal screened charge 1/(Z
— 8). The circles denote experimental measurements, the solid
lines trace the MCDF calculations, and the dashed lines con-
nect the isonuclear ions of Cl (Z=17), Nd (Z=60) and U
(Z = 92) across the sequences.

mologous sequences provided a sufficient base of mea-
sured data exists. Figs. 4 and 5 present sets of screening
parameter and differential screening plots (homologous
to figs. 2 and 3) for the the Na, Mg, Al, Si, S and Cl
sequences, which have a filled n =2 Ne-like core. The
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0.0 L1 1 1 L ! | t I I

Fig. 5. Subtracted element-by-element differences between the

screening parameter in either the Mg, Al, Si, S or Cl sequence

and the corresponding quantity in the Na sequence. Circles

denote experimental values, dashed lines trace the SCDF calcu-

lations, solid lines trace the MCDF calculations, and

dot—dashed lines connect the isonuclear ions Br (Z = 35), Nd
(Z =60) and U (Z = 92) across the sequences.
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data base for the Na sequence [32—34] benefits from
measurements for its highly ionized members recently
made by Reader et al [34]. Recent data source compila-
tions are available for the Mg [35], Al [36], and C1 [36]
sequences, and an earlier source compilation [37] is
complemented by recent tokamak observations [38-40]
for the Si and S sequences.

The effect of configuration interaction on these ab
initio calculations is shown here, with single configura-
tion computations (SCDF) indicated by dotted lines
and the MCDF computations indicated by solid lines.
The MCDF results appear to converge toward (or cross)
the experimental trend at higher Z, but are inferior to
the SCDF results at low Z. This is clearly a result of the
well known “spillover of gross structure” that can occur
when a code treats configuration interaction in a slightly
different manner for the individual J states [41). Al-
though the effect is smaller when (as suggested by Hata,
Grant and Das [42,43]) the EAL option of the MCDF
program is used rather than the OL or EOL options,
this is very sensitive to the configurations included, and
indicates ambiguities in the MCDF prediction which
can be reduced by comparison with experiment on this
plot. Another possibility for reducing the discrepancies
between theory and experiment revealed by this plot
would be the inclusion of the Breit interaction within
the self-consistent loop (rather than as a perturbation)
in the MCDF calculation. Various workers have tested
the effect of this computationally costly modification on
the gross structure, and in some instances noticeable
shifts in the predicted levels have occurred [44]. The
exposition of the fine structure on this sensitive plot
would provide an excellent test for this type of calcula-
tion.

Fig. 4 indicates that there is again a high Z down-
turn in the theoretical curves on this plot. However,
experimental data are not yet available for sufficiently
high Z to determine whether a discontinuity also occurs
in these sequences at either Z = 60 or at ionization stage
+31, corresponding to that observed in the Cu se-
quence. Fig. 5 shows that the high Z downturn is
largely contained in the Na computations, and only a
small effect appears in the difference between the indi-
vidual MCDF computed screening parameters and the
corresponding values for Na.

For the nsnp configurations (in, eg, Mg, Zn, and Cd
sequences), the position of the J =1 component also
depends upon the exchange Slater energy G,. This
quantity can be reduced to a screening parameter repre-
sentation by a similar procedure to that described above,
and also has been found to exhibit linear behavior for §
as a function of 1/(Z — S) [45). For the ns?np® and
the nsznp4 configurations (in e.g., the Si, Ge, In, and
the S, Se, I sequences), the fine structure also involves
the direct Slater energy F,, which can also be treated in
terms of a screening parametrization [1].

5. Conclusions

Through the combined use of ab initio theoretical
computations and the semiempirical systematization of
measured data, the use of highly precise predictive
methods developed to describe term splittings in data-
rich systems can be extended into regimes in which little
or no data yet exist. In addition, these systematic stud-
ies of fine structure in highly ionized complex atoms
can provide information on the inner regions of the core
where few screening electrons are interposed between
the deeply penetrating active electron and the nucleus,
and may therefore yield information similar to that
obtained in heavy atoms stripped down to one or two
electrons. Although the theoretical specification of a
highly stripped system is cleaner than that of a deeply
penetrating orbital in a partially stripped system, the
ease of production and spectroscopic precision attaina-
ble with the latter offers promise for the study of certain
types of interactions that become important only at
high Z.

I am grateful to Professors Bengt Edlén, David Ellis,
Indrek Martinson, and to Roger Haar for valuable
suggestions, and to Drs. Victor Kaufman, Ulf Litzén,
Joseph Reader and Jack Sugar for providing access to
new measurements prior to publication. The work was
supported by the US Department of Energy, Division
of Chemical Sciences, Office of Basic Energy Sciences,
under contract number DE AS05 80ER10676.

References

[1] B. Edién, Handb. Physik, vol. XXVII, (Springer, Berlin,
1964) pp. 80-220.
[2] LP. Grant, B.J. McKenzie, P.H. Norrington, D.F. Mayers
and N.C. Pyper, Comput. Phys. Commun. 21 (1980) 207.
[3] I.P. Grant, personal communication.
[4] L.J. Curtis, J. Phys. B10 (1977) L641.
[5] L.J. Curtis J. Phys. B18 (1985) L651; 19 (1986) 1699 (E).
[6] 1.D. Garcia and J.E. Mack, J. Opt. Soc. Am. 55 (1965)
654.
{71 R.J. Drachman, Phys. Rev. A26 (1982) 1228.
[8] G.W. Erickson, J. Phys. Chem. Ref. Dat. 6 (1977) 831.
[9] M. Douglas, Phys. Rev. A6 (1972) 1929.
[10}] M. Malvetti, Phys. Rev A35 (1987) 1490.
[11] K.T. Cheng and R. Wagner, Phys. Rev. A36 (1987) 5435.
[12} J. Reader and G. Luther, Phys. Scr. 24 (1981) 732.
[13] J. Reader, N. Acquista, and D. Cooper, J. Opt. Soc. Am.
73 (1983) 1765.
[14] J.F. Seely, J.O. Ekberg, C.M. Brown, U. Feldman, W.E..
Behring, J. Reader, and M.C. Richardson, Phys. Rev. Lett.
57 (1986) 2924.
[15] cf L.J. Curtis, J. Phys. B14 (1981) 631.
[16] K.-T. Cheng and Y.-K. Kim, At. Data Nucl. Data Tables
22 (1978) 547.
[17] LJ. Curtis, Nucl. Instr. and Meth. 202 (1982) 333.

I1I. MANY-ELECTRON STRUCTURE: THEORY



152 LJ. Curtis / Semiempirical formulations of spectroscopic data

{18] L.J. Curtis and R.R. Silbar, J. Phys. B17 (1984) 4087.

(19] W.R. Johnson, S.A. Blundell, and J. Sapirstein, to be
published.

[20] W.R. Johnson and G. Soff, At. Data Nucl. Data Tables 33
(1985) 405.

[21] B. Isberg and U. Litzén, Phys. Scripta 31 (1985) 533.

[22] Y.N. Joshi and Th.AM. van Kleef, Phys. Scripta 34
(1986) 135.

[23] A. Trigueiros, S.-G. Pettersson, and J.G. Reyna Al-
mandos, Phys. Scr. 34 (1986) 164.

[24] J. Reader and U. Litzén, personal communication.

[25] J. Reader, N. Acquista, and S. Goldsmith, J. Opt. Soc.
Am. B3 (1986) 874. .

[26] L.J. Curtis, J. Reader, S. Goldsmith, B. Denne, and E.
Hinnov, Phys. Rev. A29 (1984) 2248.

[27] K. Rahimullah, M.S.Z. Chaghtai and S. Khatoon, Phys.
Scr. 18 (1978) 96; Y.N. Joshi and C.J. Budhiraja, Can. J.
Phys. 49 (1972) 670.

[28] J.E. Hansen and W. Persson. J. Opt. Soc. Am. 64 (1974)
696.

[29] W. Persson and C.-G. Wahlstrom, Phys. Scripta 30 (1984)
169.

[30] cf, LJ. Curtis and P.S. Ramanujam, Phys. Scripta 27
(1983) 417.

[31] LJ. Curtis, Phys. Rev. A35 (1987) 2089.

[32] 1. Joelsson, P.O. Zetterberg and C.E. Magnusson, Phys.
Scripta 20 (1979) 145.

{33] C. Jupén and J. Fremberg, Phys. Scripta 30 (1984) 260.

[34] J. Reader, V. Kaufman, J. Sugar, J.O. Ekberg, U. Feld-
man, C.M. Brown, J.F. Seely, and W.L. Rowan, J. Opt.
Soc. Am. B4 (1987) 1821.

[35}] U. Litzén and A. Redfors, Phys. Scripta 36 (1987) 895. cf.
also L.J. Curtis and P.S. Ramanujam, J. Opt. Soc. Am. 73
(1983) 979.

[36] cf. LJ. Curtis and P.S. Ramanujam, Phys. Scripta 27
(1983) 417.

[37] cf. R. Smitt, L.A. Svensson and M. Outred, Phys. Scripta
13 (1976) 293.

[38] B. Denne, E. Hinnov, S. Suckewer, and S. Cohen, Phys.
Rev. A28 (1983) 206.

[39] S. Suckewer, E. Hinnov, S. Cohen, M. Finkenthal, and K.
Sato, Phys. Rev. 26 (1982) 1161.

[40] E. Hinnov, in Atomic Physics of Highly Ionized Atoms,
ed. R. Marrus (Plenum, New York, 1983) pp. 49-74.

[41] K.-N. Huang, Y .K. Kim, K.T. Cheng, and J.P. Desclaux,
Phys. Rev. Lett. 48 (1982) 1245-8.

[42] J. Hata, 1.P. Grant, and B.P. Das, J. Phys. B16 (1983)
L189.

[43] B.P. Das, J. Hata, and L.P. Grant, J. Phys. B17 (1984) L1.

[44] J.P. Desclaux, Atomic Theory Workshop on Relativistic
and QED Effects in Heavy Atoms (NBS), eds. H.P. Kelly
and Y.-K. Kim, AIP Conf. Proceed. No. 136, New York
(1985) pp. 162-175.

[45] L.J. Curtis, J. Opt. Soc. Am. B2 (1985) 407; B3 (1986)
177; B3 (1986) 1102.



