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Large-scale relativistic configuration-interaction calculation
of the 3s?1S,-3s3p 1P, 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 thes8'S,-3s3p 3P, transition energies for neutral magnesium and Mg-likéAr
Cul™, Kr?**, and Mc®®" using the relativistic configuration-interactié6l) method. These calculations are
based on the relativistic no-pair Hamiltonian which includes Coulomb and retarded Breit interactions and
employ finite B-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 Cl 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.
[S1050-294®7)02305-9

PACS numbegs): 31.10+2z, 31.25-v, 31.30.Jv, 32.36:r

[. INTRODUCTION ploys model potentials witlab initio core-polarization pa-
rameters in MCDF calculations. For lod#/-Mg-like ions,
Advances in experimental techniques in producing highlyStanek, Glowacki, and Migdaldik9] also use a CIDFCP
charged heavy ions have led to many precision experimentsethod which is similar to MCD{CP but is based on ClI
on energy levels of higi-ions[1-5]. These highly accurate calculations with Dirac-Fock basis functions. The MCRRPA
experimental results have stimulated the development dmethod is known to give reliable, gauge invariant oscillator
theory to tackle the relativistic correlation probldié—14]  strengths but is. not as sgitable for hi_gh-precision transit.ion
and to improve the treatment of quantum electrodynami©nergy caIcquUons, as it does not include all correlation
(QED) corrections for many-electron ionEl5-17. Re- terms that arise from perturbation theory. As for the
cently, several accurate systematic calculations of energy!lCPF+CP and CIDR-CP methods, even though no semi-
levels for He-like to Na-like ions have been carried out using mplrlcal parameters are used, t_hey_ still rely on model po-
the relativistic many-body perturbation theofMBPT) ten_t|als to acc_:ount for core-polarization effects and thu_s re-
[6-9], and the relativistic configuration-interactio(Cl) main apprpxmated treatments only. To Qate, residual
method withB-spline basis se10-14. So far, these stud- discrepancies between theory and experiment on the

: - ) . - 3s5215,-3s3p 3P, excitation energies remain high and are
!Seysstz;rnisllmlted either to few-electron ions or to alkalilike ,o |\ \ch as a few thousand wave numbers for low- to mid-

. . . Z Mg-like ions.
Energies and oscillator strengths for the-3-3 transi- In this work, we apply the relativistic CI method to cal-

tions in Mg-like ions have been subjected to many theoretizj|ate the 32 15,-3s3p L3P, transition energies for Mg, A,

cal and experimental investigations. Numerous experimentqi;u, Kr, and Mo ions in the magnesium isoelectronic se-
data for theM-shell transitions in the Mg sequence can beqguence. Our calculations are based on the relativistic no-pair
found in the literature[18—-23. On the theoretical front, Hamiltonian and use finiteB-spline orbitals as basis func-
many calculations have been carried out for the transitionions. All configurations that arise from single and double
energies betweerM-shell levels using, for example, the excitations of the two valence electrons are included. In ad-
Hartree-Fock(HF) method[26,27], the multiconfiguration dition, contributions from core polarizations are calculated
Dirac-Fock (MCDF) method[19,28,29, and the multicon-  with large-scale Cl expansions using dominant configura-
figuration relativistic random-phase approximati@CR-  tjons from core-valence excitations. To our knowledge, this
RPA) [30,31. Most of these existing calculations included s the most extensive calculation of core-valence corrections
only valence-valence correlations and QED corrections argy Mg-like ions to date. For accurate transition energy re-
either completely ignored or taken into account phenomenosyits, ab initio QED and mass polarization corrections are
logically. The effects of core-valence correlations have beeny|so included. Resulting agreement between theory and ex-
considered before, but largely through the use of semiempiferiment is good, and is consistently better than 100 tm
ical, core-polarization model potentials in nonrelativistic Cl for all the Mg-like ions studied here.

calculationg32-34.

Two recent relativistic calculations include more rigorous
treatments of core-valence correlations: the MCRRPA
method of Chou, Chi, and HuanfB1], which includes
electric-dipole excitation channels from tme=2 shell to In the present work, we employ the relativistic no-pair
account for core-polarization effects, and the MCBEP  Hamiltonian for anN-electron system which is given by
method of Stanek, Glowacki, and Migdalgk9], which em-  [37,3§

Il. THEORETICAL CALCULATION
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N 1s?2s?2p® Ne-like core only, while double excitations are
H =E ho(i)+ A, ((Hec+tHp)A, .. (1 restricted to core-valence excitations, with one electron from
=1 the Ne-like core while the other is from the valence shells.
Contributions from core-core excitations, which are common
to the initial and final states, should be largely canceled in
; N ransition energy calculations and are neglected here. De-
two-parameter Fermi charge distribution of the nucleus . . . ; :
pending on which of the core electron is getting excited,

A is the positive-energy projection (_)perator, .dﬂ'g and CSFs for core-valence excitations thus consist of the follow-
Hg are the Coulomb and retarded Breit interactions, respec-

tively. The eigenfunctior?(JM) of an atomic state with Ing groups of configurations:

Here,h is the single-particle Dirac Hamiltonian for an elec-
tron moving in a nuclear Coulomb potential represented by

angular momentumJ;M) and parity 7 is expressed as a 2p excitations: 22s22p53sn/n’/”,
linear combination of the many-electron configuration-state
functions ¢(I"JIM) 1s?2522p53pn/n’ /",

H : . 2 6 Sl O
\I[(JM):; k(T IM), 2 2s excitations: 5°2s2p°3sn/n’/",

1s22s2p®3pn/n’/’,
wherel' is a set of quantum numbers representing different

electronic configurations, anck is the mixing coefficient. 1s excitations: 52s*2p°®3sn/n’/",
Variation of the energy functiong\|H| W) with respect to . L
Ck , Subjected to the wave function normalization condition, 1s2s°2p°3pn/n’/".

leads to the CI equation As the same CSFs can arise from different groups of excita-

tions (e.g., 33p3d from 3sn/n’/’ is the same as
> (HkL—\8k)cL=0. (3 3p3s3d from 3pn/n’/"), care is taken to ensure that there
- are no “double countings” of CSFs throughout this work.

Details of the theory and expressions for the Coulomb and 10 €&y out CI calculations with"=0-5, the basic,
Breit matrix elements foHy in terms of the configuration- valence-valence excitation calculations consist of a few thou-

state functionsp(I'JM) can be found in Refg10—17 sand CSFs and pose no particular problem. When core elec-

In this work, many-electron, configuration-state functionsté%nlzS are %”OWEd to gﬁtb.e;xc:teld, howTever, Iihe hnumbet:)rl of
are constructed from one-electrdB;spline basis functions s can become prohibitively large. To make the problem
which are solutions of the Dirac equation for an electronnumerlcally tractable, core-valence correlation calculations

moving in a model potential confined to a finite cavity. These?'© broken down into more manageable pieces. Spe_cnﬁpally,
ach group of CSFs from the core-valence excitations,

B-spline functions are obtained using the method bye . : . :
Johnson, Blundell, and Sapirste[89]. Model potentials shown above, is paired with the basic set of CSFs from the
used here are Diréc-SIatéDS) potentials with Kohn-Sham valence-valence excitations. The contribution to the correla-
exchanges for thes? ground state of Mg-like ions. Param- tion energy from th's. group Of core-valence excitations s
eters for the Fermi charge distribution of the nucleus aréhen obtained by taking the difierence between the paired

aken rom Jornson and SGHD] A caviy racus of 0 . CAICUen and e bac valence ualence exctaton cacus
is used for neutral magnesium. This radius is gradually re- > - . . '

duced with increasing, from 6 a.u. for A" to 2.5 a.u. for butions from CSFs WfthA/: /=/"|<1 (nsns nsnp
Mo30*. Also, 30 positive-energy and 30 negative-energy,” ) and those W|thA/_=2_(nsnd, np/n f, ...)are calcu-
B-spline orbitals are generated for each of the, d, . .. lated separately. Contributions frotv’=3 are very small

states inside the cavity. Only positive-eneigyspline orbit- anclj atrhe_ not cli)n3|de1ed .helred tributi f th ¢
als are used here, in compliance with the positive-energ n this work, we aiso Inciude contributions from th€ mos

Ymportant triple excitations from the reference states. These

projection operators in the no-pair Hamiltonian. In particular,m v excited CSE me from the excitations of inal
only the first 19 out of 30 positive-energy orbitals for each of ply excite S come 1o € excitations of a single
ore electron along with both of the valence electrons and are

the angular symmetries are used, as contributions from thes
remaining orbitals are quite negligible. We include orbitals9'Ve" by
with /=0—5. Contributions from higher partial waves are 1s22822p°3dn/n’ /", 1s?2s22pS4sn/n’ /",
taken into account by extrapolations.
In our CI expansions, configuration-state functions 1s22s2p®4sn/n’/’, 1s2s22pS4sn/n’'/’,
(CSF3 include states that arise from single and double exci-
tations from the reference states s?2s?2p®3s®  with n,n’'=4. For the 33p 3P, states, the following group
+1s22s%2pf3p?(J=0) and 1° 2s? 2p® 3s3p(J=1). The  of triply excited CSFs is also included
basic sets of CSFs include all configurations that arise from
the valence-valence excitations 1s%2s%2p°4pn/n'/".

1s22s22pfn/n'/". The contribution from each group of triple excitations is cal-

culated separately using the same procedure mentioned ear-
To account for core-polarization effects, additional CSFs ardier for the evaluation of core-valence excitations. As contri-
included. In this case, single excitations are from thebutions from triple excitations are small, we limit these



3442

M. H. CHEN AND K. T. CHENG

55

TABLE I. Coulomb and Breit energie&.u) of the 3s? 1S,-3s3p 1P, transitions in Mg-like ions. The third column shows transition
energies including valence-valence correlations only. The fourth to sixth columns are contributions from core-valence interactions with the
excitation of a D, 2s, and Is core electron, respectively. The seventh column represents contributions from triple excitations.

Interaction z Valence D 2s 1s Triple Sum
3s?15,-353p 3P,

Coulomb 12 0.096 90 0.003 93 0.00053 0.00006 —0.00181 0.099 61
18 0.51530 0.004 62 —0.001 16 0.000 10 —0.000 00 0.518 86
29 1.316 64 0.005 10 —0.00171 —0.000 21 —0.000 00 1.31982
36 1.878 55 0.004 71 —0.001 77 —0.000 16 —0.000 00 1.88133
42 2.394 61 0.004 09 —0.001 82 —0.000 12 —0.000 00 2.396 76

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

3s?15,-3s3p 1P,

Coulomb 12 0.158 70 0.00151 0.000 45 0.00024 —0.00128 0.159 62
18 0.78519 —0.005 87 —0.001 23 0.000 19 —0.000 02 0.778 26
29 1.961 67 —0.010 25 —0.001 95 —0.000 18 —0.000 01 1.949 28
36 2.903 06 —0.01070 —0.002 04 —0.000 12 —0.000 00 2.890 20
42 3.958 48 —0.010 18 —0.002 08 0.000 01 —0.000 00 3.946 23

Breit 12 —0.000 04 —0.000 04
18 —0.000 03 0.000 02 0.000 02 0.000 02 0.000 03
29 0.000 91 —0.000 23 0.000 01 0.000 08 0.000 77
36 0.001 84 —0.000 43 —0.000 01 0.000 06 0.001 46
42 0.002 44 —0.000 66 —0.000 04 0.000 01 0.001 75

calculations to/,/'<2 only. Also, these calculations are culated as first-order perturbations with the operator
carried out for the Coulomb interaction only, as contributionsHmp=1/MZ;;p;-p;, whereM is the nuclear mass, using
eigenvectors from our CI calculations. Also, one-electron

from the Breit interaction are quite negligible.

As in previous relativistic Cl calculations for Be-like ions self-energies for thes3and 3 orbitals are calculated using
[14], off-diagonal Hamiltonian matrix elements from single the scheme of Cheng, Johnson, and Sapirgtesh The ef-

and double excitations are evaluated with the unretardetects of electron screening and nuclear finite size are in-
Breit operator, while diagonal matrix elements are calculatedluded by using the same DS potential as in the CI calcula-
with the retarded Breit operator to obtain the leadingtions. Leading vacuum polarization corrections are evaluated
frequency-dependent corrections to the Breit energies. Sinds expectation values of the Uehling potential. Total QED
contributions from the retarded Breit interaction to thecorrection for a many-electron eigenstate is then given by the
3s215)-3s3p 1P, transition energies come mainly from the sum of the single-particle QED corrections, weighted by the
1s? core and are largely canceled between the initial andractional occupation number of each orbital as obtained
final states, the effect of neglecting retardation in the off-from the eigenvector of the ClI calculation.

diagonal Breit matrix elements is expected to be rather insig-
nificant.

The dimensions of the real, symmetric matrices encoun-
tered in our present ClI calculations range from 2000 to In Table I, contributions from valence-valence, core-
30000 even after breaking up the problem into smallevalence, and triple excitations to the Coulomb and Breit en-
pieces. In double-precision, symmetric storage mode, thes¥gies of the 8°'S,-3s3p -°P; transitions are shown for
matrices can take up to 4 gigabytes of on-line hard diskMg, Ar®*, Cu'™, Kr®*, and Mo®". Results from
space. An iterative Davidson’s methptil] as implemented A/'<1 andA/ =2 are combined here. In general, contribu-
by Stathopoulos and Froese Fisch#2] is used to solve for tions from CSFs withA/'=2 are much smaller than those
the first few eigenvalues of the CI equation. This method igvith A/’<1. The only exception is the group of CSFs from
very efficient for diagonally dominated matrices like the 1s22s?2p®3sn/n’/’ with A/=2, which contributes
ones we have here. In general, no more than ten iterations ah@avily to the correlation energies of the3p 13p, states. In
needed to achieve convergence. These are large-scafggrticular, term energies are lowered y0.002 84 a.u. for
computer-intensive calculations. Even with heavy optimizathe 3P, state and by—0.009 25 a.u. for the'P, state in
tion of the computer codes, a typical job here can take oveAr®*. Corresponding values for M8" are —0.005 31 and
15 hours of CPU time and run for days on supercomputers-0.013 72 a.u., respectively.
like the Cray-YMP. From Table I, it can be seen that valence-valence excita-

In the present work, mass polarization corrections are caltions account for over 99% of the transition energies for

IIl. RESULTS AND DISCUSSION
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0.005 . , : . , : essary because contributions from these CSFs to the correla-
tion energy of the ground state are substantial, and amount to

~ /‘/",E(?Pi;)_r\‘ —0.001 09,—0.001 75, and-0.001 02 a.u. for Mg, A%+,
& 0000} - and Mo®®", respectively. On the other hand, the
> 15?2s?2p®3d2(J=0) configuration, though known to be
o important for intravalence correlations and is included in our
e -0.005 | . valence-valence calculations, is not considered as part of the
is’ reference state. This is because core-valence excitations from
S E('P;-'S,) this state do not contribute much to the correlation energies.
g 0010} . As a result, these excitatiorie.g., 1s?2s22p°3dn/n’/")
© are classified as triple excitations here.

0015 . . . . . ' There are several issues concerning the numerical calcu-

002 003 004 005 006 007 008 009 lations that need to be addressed. As mentioned earlier, we
use only 19 out of 3M-spline functions for each angular
symmetry in the calculation. In fact, eigenenergies are found
to converge to X 10 ® a.u. after including the first 17 or-
bitals in Cl expansions. The extra two orbitals are added to
@nsure this level of convergence throughout our calculations.
Furthermore, the accuracy of tiBespline basis functions is
most of these Mg-like ions. However, for high-precision caI—CheCked by vgrying the c_avity si_ze up to a factor of 2, as well
culations, contributions from core-valence excitations cannofS PY generating 48-spline orbitals for each angular sym-
be ignored, especially at lo&. As expected, core-valence Metry instead of the usual 30 and using the first 25 in Cl
contributions come mainly from thep2shell, which is more ~ calculations. All these tests indicate that our Cl energies are
easily polarized, followed by the2shell and the & shell. ~ Stabilized to better thanx210™° a.u.

While excitation energies scale lik&for theseAn=0 tran- Another point to be made is that while results of a full Cl
sitions, core-valence energies remain fairly constant alongalculation should be independent of the model potential
the isoelectronic sequence and become less important feised to generatB-spline basis functions, individual contri-
high-Z ions. This is consistent with the relativisiticZLex-  butions to the correlation energy from valence-valence, core-
pansion analysis: With all configurations in the=3 com-  valence, triple, etc. excitations are, nevertheless, potential de-
plex included, our valence-valence results are exact to termgendent. This was demonstrated in previous Cl calculations
that are linear inZ in 1/Z series expansions. As a result, for Be-like ions[14], where results from different model

1/Z

FIG. 1. Core-valence energiéa.u) of the 3?S,-3s3p +°P,
transitions from the present Cl calculations are plotted as function
of 1/Z.

core-valence contributions should behave like potentials were compared. In Réfl4], it was found that
four-electron DS potentials consistently minimize contribu-
agotag/Z+ - +agaZ)?+---. tions from small corrections like triple excitations, thus re-

ducing computational efforts and ensuring better numerical
As shown in Fig. 1, where the core-valence energies of thaccuracies. We expect the same to be true here. While we do
3s215,-3s3p %P, transitions are plotted as functions of not completely saturate the basis with all configurations from
1/Z, our results are indeed consistent with this prediction. Inmultiple excitations in a Mg-like ion, numerical uncertainties
particular, core-valence energies for thé; transition from using 12-electron DS potentials in our present calcula-
clearly show a X behavior at lowZ, until the leading rela- tions are expected to be small, at less thanlD * a.u.
tivistic corrections from the 4Z)? term take over at higher Perhaps the biggest errors in our calculations come from
Z. Core-valence energies for ti@; transition are seen to be the treatment of core polarizations. To begin with, core-core
smaller in size and vary more slowly along the isoelectronicexcitations are ignored here and their contributions to the
sequence. transition energy can amount toxt10~ 4 a.u. More impor-

One can also see that contributions to the correlation entantly, by calculating core-valence contributions from differ-
ergy from configurations arising from triple excitations areent groups of CSFs separately as explained in the preceding
important only for lowZ ions. In fact, triple excitations af- section, interactions between groups of core-valence excita-
fect the excited states more than the ground state. For neutrébns are ignored. While these are small, higher-order correc-
magnesium, for example, the ground state is lowered byions, tests show that they can give rise to theoretical uncer-
—0.000 07 a.u. while théP; and P, excited states are tainties of the order of a few times 16 a.u. Overall, we
changed by—0.001 88 and—0.001 35 a.u., respectively. expect our Cl results to be accurate to this level, which is
Contributions from other uncalculated triple and quadrupleabout 100 crm'®,
excitations are expected to be less thanlD * a.u. In Table I, we list Coulomb, Breit, QED, and mass po-

It should be pointed out that what classified as triple ex-arization (MP) contributions to the energies of tha%'S,-
citations depends, to some extent, on what we define as ti&s3p 3P, transitions for Mg, AP*, Cul’™", Kr?** and
reference states. For thes%'S, ground state, by including Mo3%*. Coulomb and Breit energies listed here include all
the 1s?2s?2p®3p?(J=0) configuration in the reference contributions from valence-valence, core-valence, and triple
state, 5°2s°2p°3pn/n’/’, 1s?2s2p®3pn/n’/’, and excitations as shown in Table |. While our QED results in-
1s2s?2p®3pn/n’/" configurations are classified as cluded lowest-order radiative corrections only, uncertainties
double excitations instead of triple excitations. This is nec-arising from the use of DS potentials to account for screen-
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TABLE II. Coulomb, Breit, QED, and mass polarizatid@dP) contributions to the total Cl energi¢s.u)
of the 3s? 15,-3s3p 13, transitions in Mg-like ions.

A Coulomb Breit QED MP Total
3s?15,-3s3p 3P,
12 0.099 61 —0.000 02 —0.000 10 —0.000 00 0.099 49
18 0.518 86 0.000 29 —0.000 53 —0.000 02 0.518 60
29 1.319 82 0.003 15 —0.004 66 —0.000 09 1.318 22
36 1.881 33 0.008 40 —0.011 26 —0.000 12 1.878 35
42 2.396 76 0.016 15 —0.020 64 —0.00015 2.392 12
3s?15,-3s3p 1P,
12 0.159 62 —0.000 04 —0.000 10 —0.000 00 0.159 48
18 0.778 26 0.000 03 —0.00053 —0.000 02 0.777 74
29 1.949 28 0.000 77 —0.004 57 —0.000 08 1.945 40
36 2.890 20 0.001 46 —0.010 78 —0.000 12 2.880 76
42 3.946 23 0.001 75 —0.019 40 —0.000 14 3.928 44

ing corrections are expected to be small compared to thosieom experiment by as much as 900 cfnfor the *P; and
from the ClI calculations for the Mg-like ions studied here. 3000 cmi ! for the 1P, states. Including core-valence corre-
In Table I, energies of the"*P; states relative to the lations in our present Cl calculations improves the agreement
ground state from the present work are compared with othewith experiment to better than 100 crh for both transitions
relativistic calculation$19,29,31 and with experimentl8— in all ions covered in this study.
20]. There are two ClI values here:(@WV) includes valence- More detailed comparisons between theory and experi-
valence correlations only while full Cl includes core-valencement on the transition energies 06%3'S,-3s3p 1°P; are
correlations in addition. Both of them have the same QEDshown in Figs. 2 and 3. In spite of the fact that MCRRPA
and MP corrections as shown in Table Il. Also shown areg/31] and MCDH-CP-CIDF-CP [29] include some contri-
results from three existing relativistic calculations: MCR- butions from core-valence correlations, it can be seen that, in
RPA of Chou, Chi, and Huan@®1], MCDF+CP-CIDFCP  general, these results are not any better than oG\l
of Stanek, Glowacki, and Migdalek29], which include results which include valence-valence correlations only.
some contributions from core polarizations as mentioned ifFrom these two figures, it can also be seen that differences
Sec. I, and MCDF of Sugaet al. [19], which includes between existing theorig49,29,31 and experiment remain
valence-valence excitations only. Our (€V) results are large and range from 300 cnt to 4000 cmi !, while our
comparable in accuracy to other existing theories and diffefull CI results consistently agree very well with experiment

TABLE lIl. Energies of the 33p 1°P; states relative to the ground state in thHere, C[VV) are the
present results with valence-valence correlations only while full Cl are results that include core-valence
correlations also. Other calculations listed here are MCRRPA by Chou, Chi, and HHn¢1CDF+CP
and CIDF+CP by Stanek, Glowacki, and Migdal¢®9] and MCDF by Sugaet al. [19].

4 CI(VV) Full CI MCRRPA  Ref.[29] MCDF Experiment Reference
3s?15,-3s3p 3P,
12 21 260 21835 20901 21322 21870 [18]
18 112996 113818 113 326 112 76 113 899 [18]
29 288591 289313 288 550 289 401 [19]
36 411636 412 247 412 2R) [19]
412 233(55) [20]
42 524573 525007 524721 525 0eBY) [19]
525 024(48) [20]
3s?15,-3s3p 1P,
12 34 832 35001 3523 35051 [18]
18 172240 170692 171704 173 896 170718 [18]
29 429771 426 962 430 956 426 987 [19]
36 635216 632250 632 1820) [19]
632 178(47) [20]
42 865089 862188 866 229 862 0737) [19]
862 110(94) [20]

8CIDF+CP results.
PMCDF+CP results.
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1500 T T T T T T 5000 T T T T T T
L 3p 1 1 MCDF
1000 MCRRPA E(°P, -'Sy) 4000 L MCDF+CP i
e 500k P
g CIDF+CP MCDF 5 CIDF+CP
= o = 3000 | .
g g CI(VV)
E Full CI E
5 500 . $ 2000} -
3 z E('P, -'S
w4000 |- . w ("P1-'S,)
© 1000 |- .
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S -1500 | CI(W) 3 MCRRPA Full CI
£ =
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-2000 |- " . 0 5 ¢
-2500 I I I ! 1 1 -1000 \ | | | . |
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
z z
FIG. 2. The 3”'S,-3s3p °P; transition energiescm™?) rela- FIG. 3. The 321S,-3s3p P, transition energiecm?) rela-

tive to experiment are shown as functionszfOpen and closed tive to experiment are shown as functions zf Symbols are the
circles are QVV) and full CI results of this work. Diamonds, tri- same as those in Fig. 2.

angles, inverted triangles, and crosses are MCRRP3A],

MCDF+CP[29], CIDF+CP[29], and MCDF[19] results, respec- ment. In addition, we have shown that the procedure of
tively. Experimental errors are smaller than the size of the symbolreaking the problem into smaller, more manageable calcu-

and are not shown here. lations does work and can yield highly accurate transition
o ) energy results. This demonstrates the feasibility of carrying
for all Mg-like ions considered here. out large-scale Cl calculations for many-electron systems.

In summary, we have carried out relativistic Cl calcula-
tions usingB-spline basis functions for the correlation ener-
gies of the 3°1S,-3s3p 3P, transitions in neutral magne-
sium and Mg-like AP*, Cul’™, Kr?*" and Mo™®". We This work was performed under the auspices of the U.S.
have found that core-valence correlations are essential in r&epartment of Energy by Lawrence Livermore National
moving residual discrepancies between theory and experl-aboratory under Contract No. W-7405-ENG-48.
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