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Large-scale relativistic configuration-interaction calculation
of the 3s2 1S0-3s3p

1,3P1 transition energies in magnesiumlike ions

M. H. Chen and K. T. Cheng
University of California, Lawrence Livermore National Laboratory, Livermore, California 94550

~Received 17 December 1996!

We have calculated the 3s2 1S0-3s3p
1,3P1 transition energies for neutral magnesium and Mg-like Ar61,

Cu171, Kr 241, and Mo301 using the relativistic configuration-interaction~CI! method. These calculations are
based on the relativistic no-pair Hamiltonian which includes Coulomb and retarded Breit interactions and
employ finiteB-spline basis functions. Quantum electrodynamic and mass polarization corrections are also
calculated. For Mg-like ions studied here, intravalence correlations are treated exactly by saturating the basis
with all configurations that arise from valence-valence excitations. Contributions from core polarization are
also calculated with large-scale CI expansions by including dominant configurations from core-valence exci-
tations. Agreement between theory and experiment are good for all the Mg-like ions studied here.
@S1050-2947~97!02305-6#

PACS number~s!: 31.10.1z, 31.25.2v, 31.30.Jv, 32.30.2r
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I. INTRODUCTION

Advances in experimental techniques in producing hig
charged heavy ions have led to many precision experim
on energy levels of high-Z ions @1–5#. These highly accurate
experimental results have stimulated the developmen
theory to tackle the relativistic correlation problem@6–14#
and to improve the treatment of quantum electrodyna
~QED! corrections for many-electron ions@15–17#. Re-
cently, several accurate systematic calculations of ene
levels for He-like to Na-like ions have been carried out us
the relativistic many-body perturbation theory~MBPT!
@6–9#, and the relativistic configuration-interaction~CI!
method withB-spline basis sets@10–14#. So far, these stud
ies are limited either to few-electron ions or to alkalilik
systems.

Energies and oscillator strengths for then53-3 transi-
tions in Mg-like ions have been subjected to many theor
cal and experimental investigations. Numerous experime
data for theM -shell transitions in the Mg sequence can
found in the literature@18–25#. On the theoretical front
many calculations have been carried out for the transi
energies betweenM -shell levels using, for example, th
Hartree-Fock~HF! method @26,27#, the multiconfiguration
Dirac-Fock ~MCDF! method@19,28,29#, and the multicon-
figuration relativistic random-phase approximation~MCR-
RPA! @30,31#. Most of these existing calculations include
only valence-valence correlations and QED corrections
either completely ignored or taken into account phenome
logically. The effects of core-valence correlations have b
considered before, but largely through the use of semiem
ical, core-polarization model potentials in nonrelativistic
calculations@32–36#.

Two recent relativistic calculations include more rigoro
treatments of core-valence correlations: the MCRR
method of Chou, Chi, and Huang@31#, which includes
electric-dipole excitation channels from then52 shell to
account for core-polarization effects, and the MCDF1CP
method of Stanek, Glowacki, and Migdalek@29#, which em-
551050-2947/97/55~5!/3440~7!/$10.00
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ploys model potentials withab initio core-polarization pa-
rameters in MCDF calculations. For low-Z Mg-like ions,
Stanek, Glowacki, and Migdalek@29# also use a CIDF1CP
method which is similar to MCDF1CP but is based on C
calculations with Dirac-Fock basis functions. The MCRRP
method is known to give reliable, gauge invariant oscilla
strengths but is not as suitable for high-precision transit
energy calculations, as it does not include all correlat
terms that arise from perturbation theory. As for t
MCDF1CP and CIDF1CP methods, even though no sem
empirical parameters are used, they still rely on model
tentials to account for core-polarization effects and thus
main approximated treatments only. To date, resid
discrepancies between theory and experiment on
3s2 1S0-3s3p

1,3P1 excitation energies remain high and a
as much as a few thousand wave numbers for low- to m
Z Mg-like ions.

In this work, we apply the relativistic CI method to ca
culate the 3s2 1S0-3s3p

1,3P1 transition energies for Mg, Ar,
Cu, Kr, and Mo ions in the magnesium isoelectronic s
quence. Our calculations are based on the relativistic no-
Hamiltonian and use finite,B-spline orbitals as basis func
tions. All configurations that arise from single and doub
excitations of the two valence electrons are included. In
dition, contributions from core polarizations are calculat
with large-scale CI expansions using dominant configu
tions from core-valence excitations. To our knowledge, t
is the most extensive calculation of core-valence correcti
in Mg-like ions to date. For accurate transition energy
sults, ab initio QED and mass polarization corrections a
also included. Resulting agreement between theory and
periment is good, and is consistently better than 100 cm21

for all the Mg-like ions studied here.

II. THEORETICAL CALCULATION

In the present work, we employ the relativistic no-pa
Hamiltonian for anN-electron system which is given b
@37,38#
3440 © 1997 The American Physical Society
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N

h0~ i !1L11~HC1HB!L11 . ~1!

Here,h0 is the single-particle Dirac Hamiltonian for an ele
tron moving in a nuclear Coulomb potential represented b
two-parameter Fermi charge distribution of the nucle
L11 is the positive-energy projection operator, andHC and
HB are the Coulomb and retarded Breit interactions, resp
tively. The eigenfunctionC(JM) of an atomic state with
angular momentum (J,M ) and parityp is expressed as
linear combination of the many-electron configuration-st
functionsf(GKJM)

C~JM!5(
K

cKf~GKJM!, ~2!

whereGK is a set of quantum numbers representing differ
electronic configurations, andcK is the mixing coefficient.
Variation of the energy functional^CuHuC& with respect to
cK , subjected to the wave function normalization conditio
leads to the CI equation

(
L

~HKL2ldKL!cL50. ~3!

Details of the theory and expressions for the Coulomb
Breit matrix elements forHKL in terms of the configuration
state functionsf(GJM) can be found in Refs.@10–12#.

In this work, many-electron, configuration-state functio
are constructed from one-electron,B-spline basis functions
which are solutions of the Dirac equation for an electr
moving in a model potential confined to a finite cavity. The
B-spline functions are obtained using the method
Johnson, Blundell, and Sapirstein@39#. Model potentials
used here are Dirac-Slater~DS! potentials with Kohn-Sham
exchanges for the 3s2 ground state of Mg-like ions. Param
eters for the Fermi charge distribution of the nucleus
taken from Johnson and Soff@40#. A cavity radius of 50 a.u.
is used for neutral magnesium. This radius is gradually
duced with increasingZ, from 6 a.u. for Ar61 to 2.5 a.u. for
Mo301. Also, 30 positive-energy and 30 negative-ener
B-spline orbitals are generated for each of thes, p, d, . . .
states inside the cavity. Only positive-energyB-spline orbit-
als are used here, in compliance with the positive-ene
projection operators in the no-pair Hamiltonian. In particul
only the first 19 out of 30 positive-energy orbitals for each
the angular symmetries are used, as contributions from
remaining orbitals are quite negligible. We include orbita
with l 5025. Contributions from higher partial waves a
taken into account by extrapolations.

In our CI expansions, configuration-state functio
~CSFs! include states that arise from single and double ex
tations from the reference states 1s2 2s2 2p6 3s2

11s2 2s22p6 3p2(J50) and 1s2 2s2 2p6 3s3p(J51). The
basic sets of CSFs include all configurations that arise fr
the valence-valence excitations

1s2 2s2 2p6nl n8l 8.

To account for core-polarization effects, additional CSFs
included. In this case, single excitations are from
a
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1s2 2s2 2p6 Ne-like core only, while double excitations ar
restricted to core-valence excitations, with one electron fr
the Ne-like core while the other is from the valence she
Contributions from core-core excitations, which are comm
to the initial and final states, should be largely canceled
transition energy calculations and are neglected here.
pending on which of the core electron is getting excite
CSFs for core-valence excitations thus consist of the follo
ing groups of configurations:

2p excitations: 1s2 2s2 2p5 3snl n8l 8,

1s2 2s2 2p5 3pnl n8l 8,

2s excitations: 1s2 2s2p6 3snl n8l 8,

1s2 2s2p6 3pnl n8l 8,

1s excitations: 1s2s2 2p6 3snl n8l 8,

1s2s2 2p6 3pnl n8l 8.

As the same CSFs can arise from different groups of exc
tions ~e.g., 3s3p3d from 3snl n8l 8 is the same as
3p3s3d from 3pnl n8l 8), care is taken to ensure that the
are no ‘‘double countings’’ of CSFs throughout this work

To carry out CI calculations withl 5025, the basic,
valence-valence excitation calculations consist of a few th
sand CSFs and pose no particular problem. When core e
trons are allowed to get excited, however, the number
CSFs can become prohibitively large. To make the probl
numerically tractable, core-valence correlation calculatio
are broken down into more manageable pieces. Specific
each group of CSFs from the core-valence excitatio
shown above, is paired with the basic set of CSFs from
valence-valence excitations. The contribution to the corre
tion energy from this group of core-valence excitations
then obtained by taking the difference between the pa
calculation and the basic, valence-valence excitation calc
tion. To further control the size of these calculations, con
butions from CSFs withDl 5ul 2l 8u<1 (nsns, nsnp,
. . . ! and those withDl 52 (nsnd, npn f, . . . ! are calcu-
lated separately. Contributions fromDl >3 are very small
and are not considered here.

In this work, we also include contributions from the mo
important triple excitations from the reference states. Th
triply excited CSFs come from the excitations of a sing
core electron along with both of the valence electrons and
given by

1s2 2s2 2p5 3dnl n8l 8, 1s2 2s2 2p5 4snl n8l 8,

1s2 2s2p6 4snl n8l 8, 1s2s2 2p6 4snl n8l 8,

with n,n8>4. For the 3s3p 1,3P1 states, the following group
of triply excited CSFs is also included

1s2 2s2 2p5 4pnl n8l 8.

The contribution from each group of triple excitations is c
culated separately using the same procedure mentioned
lier for the evaluation of core-valence excitations. As con
butions from triple excitations are small, we limit thes
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TABLE I. Coulomb and Breit energies~a.u.! of the 3s2 1S0-3s3p
1,3P1 transitions in Mg-like ions. The third column shows transitio

energies including valence-valence correlations only. The fourth to sixth columns are contributions from core-valence interactions
excitation of a 2p, 2s, and 1s core electron, respectively. The seventh column represents contributions from triple excitations.

Interaction Z Valence 2p 2s 1s Triple Sum

3s2 1S0-3s3p
3P1

Coulomb 12 0.096 90 0.003 93 0.000 53 0.000 06 20.001 81 0.099 61
18 0.515 30 0.004 62 20.001 16 0.000 10 20.000 00 0.518 86
29 1.316 64 0.005 10 20.001 71 20.000 21 20.000 00 1.319 82
36 1.878 55 0.004 71 20.001 77 20.000 16 20.000 00 1.881 33
42 2.394 61 0.004 09 20.001 82 20.000 12 20.000 00 2.396 76

Breit 12 20.000 02 20.000 02
18 0.000 21 0.000 03 0.000 03 0.000 02 0.000 29
29 0.003 21 20.000 18 0.000 08 0.000 04 0.003 15
36 0.008 57 20.000 32 0.000 09 0.000 06 0.008 40
42 0.016 51 20.000 48 0.000 07 0.000 05 0.016 15

3s2 1S0-3s3p
1P1

Coulomb 12 0.158 70 0.001 51 0.000 45 0.000 24 20.001 28 0.159 62
18 0.785 19 20.005 87 20.001 23 0.000 19 20.000 02 0.778 26
29 1.961 67 20.010 25 20.001 95 20.000 18 20.000 01 1.949 28
36 2.903 06 20.010 70 20.002 04 20.000 12 20.000 00 2.890 20
42 3.958 48 20.010 18 20.002 08 0.000 01 20.000 00 3.946 23

Breit 12 20.000 04 20.000 04
18 20.000 03 0.000 02 0.000 02 0.000 02 0.000 03
29 0.000 91 20.000 23 0.000 01 0.000 08 0.000 77
36 0.001 84 20.000 43 20.000 01 0.000 06 0.001 46
42 0.002 44 20.000 66 20.000 04 0.000 01 0.001 75
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calculations tol ,l 8<2 only. Also, these calculations ar
carried out for the Coulomb interaction only, as contributio
from the Breit interaction are quite negligible.

As in previous relativistic CI calculations for Be-like ion
@14#, off-diagonal Hamiltonian matrix elements from sing
and double excitations are evaluated with the unretar
Breit operator, while diagonal matrix elements are calcula
with the retarded Breit operator to obtain the leadi
frequency-dependent corrections to the Breit energies. S
contributions from the retarded Breit interaction to t
3s2 1S0-3s3p

1,3P1 transition energies come mainly from th
1s2 core and are largely canceled between the initial a
final states, the effect of neglecting retardation in the o
diagonal Breit matrix elements is expected to be rather in
nificant.

The dimensions of the real, symmetric matrices enco
tered in our present CI calculations range from 2000
30 000 even after breaking up the problem into sma
pieces. In double-precision, symmetric storage mode, th
matrices can take up to 4 gigabytes of on-line hard d
space. An iterative Davidson’s method@41# as implemented
by Stathopoulos and Froese Fischer@42# is used to solve for
the first few eigenvalues of the CI equation. This method
very efficient for diagonally dominated matrices like th
ones we have here. In general, no more than ten iteration
needed to achieve convergence. These are large-s
computer-intensive calculations. Even with heavy optimi
tion of the computer codes, a typical job here can take o
15 hours of CPU time and run for days on supercompu
like the Cray-YMP.

In the present work, mass polarization corrections are
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culated as first-order perturbations with the opera
HMP51/M( i, jpi•pj , whereM is the nuclear mass, usin
eigenvectors from our CI calculations. Also, one-electr
self-energies for the 3s and 3p orbitals are calculated usin
the scheme of Cheng, Johnson, and Sapirstein@15#. The ef-
fects of electron screening and nuclear finite size are
cluded by using the same DS potential as in the CI calcu
tions. Leading vacuum polarization corrections are evalua
as expectation values of the Uehling potential. Total QE
correction for a many-electron eigenstate is then given by
sum of the single-particle QED corrections, weighted by
fractional occupation number of each orbital as obtain
from the eigenvector of the CI calculation.

III. RESULTS AND DISCUSSION

In Table I, contributions from valence-valence, cor
valence, and triple excitations to the Coulomb and Breit
ergies of the 3s2 1S0-3s3p

1,3P1 transitions are shown fo
Mg, Ar 61, Cu171, Kr 241, and Mo301. Results from
Dl <1 andDl 52 are combined here. In general, contrib
tions from CSFs withDl 52 are much smaller than thos
with Dl <1. The only exception is the group of CSFs fro
1s2 2s2 2p5 3snl n8l 8 with Dl 52, which contributes
heavily to the correlation energies of the 3s3p 1,3P1 states. In
particular, term energies are lowered by20.002 84 a.u. for
the 3P1 state and by20.009 25 a.u. for the1P1 state in
Ar 61. Corresponding values for Mo301 are20.005 31 and
20.013 72 a.u., respectively.

From Table I, it can be seen that valence-valence exc
tions account for over 99% of the transition energies
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most of these Mg-like ions. However, for high-precision ca
culations, contributions from core-valence excitations cann
be ignored, especially at lowZ. As expected, core-valence
contributions come mainly from the 2p shell, which is more
easily polarized, followed by the 2s shell and the 1s shell.
While excitation energies scale likeZ for theseDn50 tran-
sitions, core-valence energies remain fairly constant alo
the isoelectronic sequence and become less important
high-Z ions. This is consistent with the relativisitic 1/Z ex-
pansion analysis: With all configurations in then53 com-
plex included, our valence-valence results are exact to ter
that are linear inZ in 1/Z series expansions. As a result
core-valence contributions should behave like

a001a01/Z1•••1a10~aZ!21•••.

As shown in Fig. 1, where the core-valence energies of t
3s2 1S0-3s3p

1,3P1 transitions are plotted as functions of
1/Z, our results are indeed consistent with this prediction.
particular, core-valence energies for the1P1 transition
clearly show a 1/Z behavior at lowZ, until the leading rela-
tivistic corrections from the (aZ)2 term take over at higher
Z. Core-valence energies for the3P1 transition are seen to be
smaller in size and vary more slowly along the isoelectron
sequence.

One can also see that contributions to the correlation e
ergy from configurations arising from triple excitations ar
important only for low-Z ions. In fact, triple excitations af-
fect the excited states more than the ground state. For neu
magnesium, for example, the ground state is lowered
20.000 07 a.u. while the3P1 and 1P1 excited states are
changed by20.001 88 and20.001 35 a.u., respectively.
Contributions from other uncalculated triple and quadrup
excitations are expected to be less than 131024 a.u.

It should be pointed out that what classified as triple ex
citations depends, to some extent, on what we define as
reference states. For the 3s2 1S0 ground state, by including
the 1s2 2s2 2p6 3p2(J50) configuration in the reference
state, 1s2 2s2 2p5 3pnl n8l 8, 1s2 2s2p6 3pnl n8l 8, and
1s2s2 2p6 3pnl n8l 8 configurations are classified as
double excitations instead of triple excitations. This is ne

FIG. 1. Core-valence energies~a.u.! of the 3s2 1S0-3s3p
1,3P1

transitions from the present CI calculations are plotted as functio
of 1/Z.
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essary because contributions from these CSFs to the cor
tion energy of the ground state are substantial, and amou
20.001 09,20.001 75, and20.001 02 a.u. for Mg, Ar61,
and Mo301, respectively. On the other hand, th
1s2 2s2 2p6 3d2(J50) configuration, though known to b
important for intravalence correlations and is included in o
valence-valence calculations, is not considered as part o
reference state. This is because core-valence excitations
this state do not contribute much to the correlation energ
As a result, these excitations~e.g., 1s2 2s2 2p5 3dnl n8l 8)
are classified as triple excitations here.

There are several issues concerning the numerical ca
lations that need to be addressed. As mentioned earlier
use only 19 out of 30B-spline functions for each angula
symmetry in the calculation. In fact, eigenenergies are fou
to converge to 131026 a.u. after including the first 17 or
bitals in CI expansions. The extra two orbitals are added
ensure this level of convergence throughout our calculatio
Furthermore, the accuracy of theB-spline basis functions is
checked by varying the cavity size up to a factor of 2, as w
as by generating 40B-spline orbitals for each angular sym
metry instead of the usual 30 and using the first 25 in
calculations. All these tests indicate that our CI energies
stabilized to better than 131025 a.u.

Another point to be made is that while results of a full C
calculation should be independent of the model poten
used to generateB-spline basis functions, individual contri
butions to the correlation energy from valence-valence, co
valence, triple, etc. excitations are, nevertheless, potentia
pendent. This was demonstrated in previous CI calculati
for Be-like ions @14#, where results from different mode
potentials were compared. In Ref.@14#, it was found that
four-electron DS potentials consistently minimize contrib
tions from small corrections like triple excitations, thus r
ducing computational efforts and ensuring better numer
accuracies. We expect the same to be true here. While w
not completely saturate the basis with all configurations fr
multiple excitations in a Mg-like ion, numerical uncertaintie
from using 12-electron DS potentials in our present calcu
tions are expected to be small, at less than 131024 a.u.

Perhaps the biggest errors in our calculations come fr
the treatment of core polarizations. To begin with, core-c
excitations are ignored here and their contributions to
transition energy can amount to 131024 a.u. More impor-
tantly, by calculating core-valence contributions from diffe
ent groups of CSFs separately as explained in the prece
section, interactions between groups of core-valence exc
tions are ignored. While these are small, higher-order cor
tions, tests show that they can give rise to theoretical un
tainties of the order of a few times 1024 a.u. Overall, we
expect our CI results to be accurate to this level, which
about 100 cm21.

In Table II, we list Coulomb, Breit, QED, and mass p
larization ~MP! contributions to the energies of the 3s2 1S0-
3s3p 1,3P1 transitions for Mg, Ar61, Cu171, Kr 241, and
Mo301. Coulomb and Breit energies listed here include
contributions from valence-valence, core-valence, and tr
excitations as shown in Table I. While our QED results
cluded lowest-order radiative corrections only, uncertaint
arising from the use of DS potentials to account for scre

s



3444 55M. H. CHEN AND K. T. CHENG
TABLE II. Coulomb, Breit, QED, and mass polarization~MP! contributions to the total CI energies~a.u.!
of the 3s2 1S0-3s3p

1,3P1 transitions in Mg-like ions.

Z Coulomb Breit QED MP Total

3s2 1S0-3s3p
3P1

12 0.099 61 20.000 02 20.000 10 20.000 00 0.099 49
18 0.518 86 0.000 29 20.000 53 20.000 02 0.518 60
29 1.319 82 0.003 15 20.004 66 20.000 09 1.318 22
36 1.881 33 0.008 40 20.011 26 20.000 12 1.878 35
42 2.396 76 0.016 15 20.020 64 20.000 15 2.392 12

3s2 1S0-3s3p
1P1

12 0.159 62 20.000 04 20.000 10 20.000 00 0.159 48
18 0.778 26 0.000 03 20.000 53 20.000 02 0.777 74
29 1.949 28 0.000 77 20.004 57 20.000 08 1.945 40
36 2.890 20 0.001 46 20.010 78 20.000 12 2.880 76
42 3.946 23 0.001 75 20.019 40 20.000 14 3.928 44
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ing corrections are expected to be small compared to th
from the CI calculations for the Mg-like ions studied here

In Table III, energies of the1,3P1 states relative to the
ground state from the present work are compared with o
relativistic calculations@19,29,31# and with experiment@18–
20#. There are two CI values here: CI~VV ! includes valence-
valence correlations only while full CI includes core-valen
correlations in addition. Both of them have the same Q
and MP corrections as shown in Table II. Also shown a
results from three existing relativistic calculations: MC
RPA of Chou, Chi, and Huang@31#, MCDF1CP–CIDF1CP
of Stanek, Glowacki, and Migdalek@29#, which include
some contributions from core polarizations as mentioned
Sec. I, and MCDF of Sugaret al. @19#, which includes
valence-valence excitations only. Our CI~VV ! results are
comparable in accuracy to other existing theories and di
se

er

e

in

r

from experiment by as much as 900 cm21 for the 3P1 and
3000 cm21 for the 1P1 states. Including core-valence corr
lations in our present CI calculations improves the agreem
with experiment to better than 100 cm21 for both transitions
in all ions covered in this study.

More detailed comparisons between theory and exp
ment on the transition energies of 3s2 1S0-3s3p

1,3P1 are
shown in Figs. 2 and 3. In spite of the fact that MCRRP
@31# and MCDF1CP–CIDF1CP @29# include some contri-
butions from core-valence correlations, it can be seen tha
general, these results are not any better than our CI~VV !
results which include valence-valence correlations on
From these two figures, it can also be seen that differen
between existing theories@19,29,31# and experiment remain
large and range from 300 cm21 to 4000 cm21, while our
full CI results consistently agree very well with experime
alence

TABLE III. Energies of the 3s3p 1,3P1 states relative to the ground state in cm

21. Here, CI~VV ! are the
present results with valence-valence correlations only while full CI are results that include core-v
correlations also. Other calculations listed here are MCRRPA by Chou, Chi, and Huang@31#, MCDF1CP
and CIDF1CP by Stanek, Glowacki, and Migdalek@29# and MCDF by Sugaret al. @19#.

Z CI~VV ! Full CI MCRRPA Ref.@29# MCDF Experiment Reference

3s2 1S0-3s3p
3P1

12 21 260 21 835 20 901 21 322a 21 870 @18#
18 112 996 113 818 113 326 112 746b 113 899 @18#
29 288 591 289 313 288 550 289 401~4! @19#
36 411 636 412 247 412 290~8! @19#

412 233~55! @20#
42 524 573 525 007 524 721 525 028~14! @19#

525 024~48! @20#
3s2 1S0-3s3p

1P1

12 34 832 35 001 35 230a 35 051 @18#
18 172 240 170 692 171 704 173 896b 170 718 @18#
29 429 771 426 962 430 956 426 987~9! @19#
36 635 216 632 250 632 187~20! @19#

632 178~47! @20#
42 865 089 862 188 866 229 862 076~37! @19#

862 110~94! @20#

aCIDF1CP results.
bMCDF1CP results.
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for all Mg-like ions considered here.
In summary, we have carried out relativistic CI calcul

tions usingB-spline basis functions for the correlation ene
gies of the 3s2 1S0-3s3p

1,3P1 transitions in neutral magne
sium and Mg-like Ar61, Cu171, Kr 241, and Mo301. We
have found that core-valence correlations are essential in
moving residual discrepancies between theory and exp

FIG. 2. The 3s2 1S0-3s3p
3P1 transition energies~cm21) rela-

tive to experiment are shown as functions ofZ. Open and closed
circles are CI~VV ! and full CI results of this work. Diamonds, tri
angles, inverted triangles, and crosses are MCRRPA@31#,
MCDF1CP @29#, CIDF1CP @29#, and MCDF@19# results, respec-
tively. Experimental errors are smaller than the size of the symb
and are not shown here.
D

J.
H

J
At

.

D.

.

v.

. A

. A

in
-

e-
ri-

ment. In addition, we have shown that the procedure
breaking the problem into smaller, more manageable ca
lations does work and can yield highly accurate transiti
energy results. This demonstrates the feasibility of carry
out large-scale CI calculations for many-electron systems
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FIG. 3. The 3s2 1S0-3s3p
1P1 transition energies~cm21) rela-

tive to experiment are shown as functions ofZ. Symbols are the
same as those in Fig. 2.
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