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Mixed configuration-interaction and many-body perturbation-theory calculations of energies
and oscillator strengths ofJ=1 odd states of neon
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Ab initio theory is developed for energies &&= 1 particle-hole states of neutral neon and for oscillator
strengths of transitions from such states to Jke0 ground state. Hole energies of I&vneonlike ions are
evaluated.
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I. INTRODUCTION industrial applications in lamps and gas lasers. The methods
presented here might be also used for improving the accu-
A combined configuration-interactiofCl) many-body- racy of MBPT or for extending the GIMBPT method to
perturbation-theoryfMBPT) method, applied previously to more complicated open-shell atoms.
divalent atoms[1], is extended to particle-hole states of  The principal theoretical difficulty arises from the sensi-
closed-shell atoms. After a derivation of €MBPT expres- tivity of transition amplitudes to the interaction between
sions for particle-hole states, we will apply the theory toclosely spaced fine-structure components. Although it is pos-
calculations of energies and electric-dipole transition probsible to obtain energies which are reasonably precise on an
abilities for neon. absolute scale using coupled-cluster meth@hysbaev and
For neon, many accurate measurements of transition raté&ldor [7]), accurate fine-structure splittings seem very dif-
are available, providing important tests of theory. Reciproicult to obtain without semiempirical adjustments. This is
cally, the theory might help to resolve existing discrepanciesvhy semiempirical approaches, which have fine-structure in-
among oscillator strengthg {/alues for transitions from the tervals carefully adjusted, are more successful in neon than
ground state to several excited states, for which experimentsre ab initio calculations. However, as we will demonstrate
disagree. There is also a certain deficiency in existibg in this paper, CI calculations corrected with MBPT are also
initio theories in neon, for which discrepancies among manyapable of accurately predicting fine-structure splittings and,
measurements and theoretical calculations are unsettled. Foonsequently, transition amplitudes. In this paper, we will
example, the only other elaboraib initio calculations(Av- demonstrate the excellent precision of Cl plus second-order
goustoglou and BecR2]) gave an oscillator strength for the MBPT. Third-order corrections, for which numerical codes
[2p453s1,2], Neon state, larger than most experimental val-already exis{8], can also be included, providing even fur-
ues by more than two standard deviations. Extensive calciher improvement in accuracy.
lations performed by Hibberet al. [3] for many transition In Sec. Il, we use the effective Hamiltonian formalism
rates along the neon isoelectronic sequence use a geneeald particle-hole single-double coupled equations to derive
configuration-interaction codéciv3) [4]. The calculations expressions for the second-order Hamiltonian matrix of the
utilized parametric adjustments with measured fine struc€l+MBPT method. In the final expressions, we present a
tures, but did not completely agree with experiments in neomyuite accurate MBPT that can predict energies of hole states
and had an accuracy similar to other semiempirical calculagnd can appropriately describe the interactions in particle-
tions of Seatorf5]. However, the two calculations disagree pole atoms. The accuracy of hole energies obtained with the
with each other for several transitions. We hope that ou\BPT will be illustrated for neon and lo-neon-like ions.
calculations may help to understand better the theoreticah,r cl+MBPT energies anfivalues for many states of neon
problems in neon and provide guidance for the analysis Ofre tapulated. Their agreement with experiment and other

experimental data. o theories are shown.
Some possible applications of the present-®IBPT

method include the study of the neonlike ionsvSiSvil,

Ar 1x, Caxl, and Fexvil that have astrophysical interest and

have been included in the Opacity Projé¢Beaton6]). The

transition data in neon and other noble gases are also used in The accuracy of the Rayleigh-Schiinger variant of

plasma physics, and in studying discharges that find mangecond-order MBPT, given in RdR], is insufficient for our
purpose, so that more accurate single-double equations must
be used. The formulas for the correlation operator and a sys-

*Electronic address: isavukov@nd.edu; URL http://www.nd.edutem of coupled equations for the correlation coefficients were

II. CIl +MBPT METHOD

~isavukov given in Ref.[10]; we follow the notation of Refl10] in the
TElectronic address: johnson@nd.edu; URL http:/mww.nd.edufparagraphs below. Under certain conditions, those equations

~johnson can be further simplified and rewritten in the following
*Electronic address: Berry.20@nd.edu forms:
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In the second equation of this set, the te?gggbcng is sub-

tracted from both sides of this equation to make the right- - e
hand side small. Since the large random-phase approxima- dfeCl &, T €q™ &a™ &1
tion (RPA) corrections in the particle-hole €MBPT are

treated by CI, the quantitie\ﬁ/Z;? entering this set of equa-
tions on the right-hand side in R¢fl0] are small, and have
been neglected here. The concern might be raised for the AT
correlation coefficienty s and x! , which generally would +> _ SotQaay
have small factorsd,+e,—e,—¢&s) Or (e,—¢,) in front. teCl g, tea—&1— &,
However, for the large Cl model space, energies of the core-
virtual orbitalsbsare well separated from the energies of the
valence-hole orbitalav. The quantitieRR in zero approxima-
tion can be set to
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dt g,teq— &, — €t~ Yadad
R'blc—abcbo\/gfgijbc, (2)  Note that in the last equation we have extended the single-

. double method. The last term enteriﬁ&ﬁ;' in the single-

Ryb=Jisub double formalism would normally not contamg.gq in the
) ] ] o denominator. However, if we do not modify this denomina-
to obtain the first-order effective Hamiltonian tor, we find that in the third-order MBPT, large terms pro-
off B ) portional tog, 4,4 Will appear leading to a decrease in accu-
Hyrar va= (80 €a) 8yru8aratHinar, 3 racy. A physical reason for modifying the denominator of this

term is that the process described by this term contains two
and the correlation coefficiengg. Here we define the first- holes in the intermediate states with large interaction energy.
order correctiori-lf}l,ga,v=AU,U6a,a+§U,aayv to the effective  This interaction should be treated nonperturbatively, for ex-
Hamiltonian. For faster convergence of Cl and for subtracample, by inclusion ofg,q,4 into the denominator as we
tion of the dominant monopole contributions in RPA dia- have done on the basis of the single-double equations in
grams, aV(N"Y Hartree-Fock(HF) model potential for other terms. Finally, this term is almost equal to the seventh
Which Ay = namas Ana=Aan=Aap=0 is introduced. term (they are complex conjugates and their Goldstone dia-

Further improvement of accuracy can be achieveddrams are related by a reflection through a horizontal) axis

through iterations. After one iteration we obtain the second@nd for convenience they are set equal in numerical calcula-

order contribution to the effective Hamiltonian, tions. The angular reduction f(ifR;'j‘;' can be easily obtained
using the second-order particle-hole formulas given in Ref.
(2) _ ’ ! ~ !
H;7 = ORY Sarat SRS 8,1, + 0RY @ [9)
where Il. A SOLUTION OF THE HOLE-ENERGY PROBLEM
AL A ~ A. Breit corrections
SRU=Y VRN Jeavsu'sed Apart from Coulomb correlation corrections, the Breit
séCl £,78s  scd goteg— &, — €5~ Jeded magnetic interaction is also important in neon and in the
isoelectronic ions. The breakdown of various Coulomb and

Yo' csstwe (5) relativistic contributions to the energy ols3tates of neon

+
2 was given in Ref[10]. Breit corrections cancel, but for

1
stc €, tec—€es— &

052501-2



MIXED CONFIGURATION-INTERACTION AND MANY-. .. PHYSICAL REVIEW A 66, 052501 (2002

TABLE I. A comparison of theoretical and experimental hole  TABLE Il. A comparison with experiment of GIMBPT ener-
energies and the @,-2p,,, fine-structure intervals for neon and gies referenced to the ground state and given in atomic units. An
neonlike ions. All energies are in crh. almost constant shift is subtracted in the fifth column to demon-
strate excellent agreement for relative positions of levels.

Ne Na~ Mg?" AIP* Sitt

Level Experiment  CFMBPT A A—0.0069
2p3, Theor. 172434 380443 645951 967531 1344344
2p3, Expt. 173930 381390 646402 967804 1345070 pPz33s 0.6126 0.6048 0.0078 0.0009
Difference 1496 947 451 273 726 p123s 0.6192 0.6116 0.0076 0.0007
2p4, Theor. 173218 381816 648196 970997 1349449p;54s 0.7235 0.7166 0.0070 0.0001
2pqp Expt. 174 710 382756 648631 971246 1350160 py,4s 0.7269 0.7200 0.0069 0.0000
Difference 1492 940 435 249 711 P323d 0.7360 0.7289 0.0070 0.0001
2p3-2p1p, Theor. 784 1373 2245 3466 5090 ps;33d 0.7365 0.7294 0.0071 0.0002
2pP3-2p1, EXpt. 780 1366 2229 3442 5105 p;;3d 0.7401 0.7330 0.0071 0.0002
Difference —4 -7 -16 —-24 -15 P35S 0.7560 0.7491 0.0069 0.0000

P35S 0.7593 0.7525 0.0069 0.0000

higher excited states they may not. Hence, to improve the
accuracy of fine-structure splittings, we include the Hartree-agrees even more, by 28%. If we use Rayleigh-Sainger

Fock (HF) hole Breit correctiorB‘a';F) in our calculations: perturbation theory, the corrections are twice as large as our
results, and the agreement with experiment does not im-
= rove.
Bg;':)=§ Pacca- (8) P

IV. NEON ENERGIES AND OSCILLATOR
We have checked that the first-order correcti@¥ to the STRENGTHS OF J=1 ODD STATES

energies oJ=2 and 1 states given in Table | of R¢L0] To test the accuracy of the EMBPT method, we first
agree with ourB{"” contributions, 0.00062 and 0.00090 ¢4icyiated energies of several lowest alld1 neon states
a.u., for 2z, and 2,, states, respectively. We omit the (Tapje |). The number of configurations in Cl was chosen to
small frequency-dependent Breit, quantum-electrodynamigye 52, The order of eigenstates obtained in the-I@BPT
reduced-mass, and mass-polarization corrections. Small @ethod is the same as the order of the experimental levels.
they are, those corrections are further reduced after subtragye appreviate long NIST designations since the levels are
tion for the fine-structure intervals. More careful treatment Ofuniquely specified by energy or by order.

relativistic corrections is needed in calculations of hi§h-  The pureab initio energies differ from experimental en-

neonlike ions. ergies by 0.0069 a.u., but after subtraction of the systematic
shift (which does not make much difference in transition
B. Calculations of hole energies for neonlike ions Calculation$, the agreement is at the level of 0.0001 a.u. for

Si iant of the MBPT . almost all states. Therefore, we consider the accuracy of the
Ince we propose a variant ot the expansion, Wes, . MBPT method adequate for a correct prediction of level

would like first to demonstrate that this expansion is Conver_'mixing and oscillator strengths. For the States, agreement

gent for hole states. The theoretical hole energies shown With experiment for the fine structure interval is much better

Table | have been obtained in th&"Y) HF potential using -
than that obtained by Avgoustoglet al.[10], 0.0002 versus
Eqg. (6) for SRS to calculate second-order corrections. The yAvg 9 [10]

extra term in the denominator is important and is NECESSary 1ag) £ |1 our CI+MBPT oscillator strengths for the ground
for convergence of the perturbation expansion. Experlmentqb excited state transitions in neon compared with average experi-

hole energies in the National Institute of Standards and Tectyenta| valuegthird and fourth columnsand those obtained with
nology (NIST) database Refl1l] are found as the limit en- o past semiempirical theorig3,5,13.

ergies for the neon isoelectronic sequence. For neutral nean
only one limit, theps, energy is given in NIST11l]. The  |evels CHMBPT o awr. Mean Ref[5] Ref.[13] Ref.[3]
2p1-2P3, splitting 780.4269(36) cm! was measured in
Ref.[12], and using this value we find the experimergl, ~ Pz23s  0.0102  0.0099 0.0107 0.0126 0.0106 0.0123
energy. Table | demonstrates the good agreement of our ths>3s ~ 0.1459  0.1549 0.1487 0.1680 0.1410 0.1607
oretical ps;», P1» energies as well as the same fine structurepzz4s  0.0131  0.0122 0.123 0.0152 0.0124

interval for neon-like ions. Our fine-structure interval, whosep;34s ~ 0.0181  0.0170 0.016 0.0193 0.0160
correctness is crucial for transition amplitude calculationsp;33d  0.0066 0.0056 0.0045 0.0047
differs from experiment just by about 10 crh Note thatthe p;23d  0.0130  0.0187 0.0199 0.0167 0.0131 0.0117
HF value 187175 cm' for the 2pg, state is 8.5% higher p,53d  0.0069 0.0067 0.0069 0.0086 0.0064 0.0055
than the experimental value 173930 chnand, after adding pyi5s  0.0068  0.0064 0.0066 0.0073 0.0060
correlation corrections, we obtain improvement by a factorp1—/215s 0.0053 0.0043 0.0044 0.0050 0.0043

of 10. For the fine structure, the HF value 1001 ¢ndis-
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0.017 TABLE IV. References for experimental data shown in Fig. 1.
0.016 o ~wigsisiogiviandBesk """ """
0.015 1 _ Obs. Reference Year f o
5 20
3 00141 % 1 Kuhnet al.[14] 1967 0.01200 0.00200
@ 0013 2 Lawrence and LisAt15] 1969 0.00780 0.00040
D 0012 {' [ E E i 3 Geiger[16] 1970 0.00900 0.00200
% 0.011 y T unweighted ; i"l ] 4 Kernaharet al.[17] 1971 0.00840 0.00070
5 0.0104 ¢““N; T = == 5 Kazantsev and Chaikd8] 1971 0.01380 0.00080
.‘=§ 0.009 - [ 1 6 Knystautas and Drouifl9] 1974 0.00780 0.00080
8 0.008 ] E i % 1 L] 7 Bhaskar and Lur$20] 1976 0.01220 0.00090
0.007 L 8 Westerveldet al. [21] 1979 0.01090 0.00080
0.006 L ————————— 9 Aleksandrowet al. [13] 1983 0.01200 0.00300
2 4 6 8 10 12 14 16 18 10 Chornayet al. [22] 1984 0.01200 0.00400
Observations in chronological order 11 Tsurubuchit al. [23] 1990 0.01220 0.00060
12 Chanet al.[24] 1992 0.01180 0.00060
FIG. 1. Comparison with experiment for oscillator strengths of 13 Ligtenberget al. [25] 1994 0.01070 0.00030
the[pz;3s]; state of neon. 14 Suzukiet al. [26] 1994 0.01060 0.00140
15 Curtiset al. [27] 1995 0.00840 0.00030
0.0012 a.u.; a possible explanation for this could be thal6 Gibson and Rislej28] 1995 0.01095 0.00032
single-double equations miss important corrections which w7 Zhonget al.[29] 1997 0.01240 0.00380

included by modifying the denominators. In REE0], how-

ever, the systematic shift is small. . . .
Finally, we present our GIMBPT oscillator strengths in states, since the energy separation of the two states is small,

neon. After a diagonalization of the second-order effectiveeXPeriments give the sum of the two oscillator strengths, and
Hamiltonian, we obtain wave functions in the form of expan-the value 0.0196 rather than 0.0130 should be compared with

sion coefficients in the Cl space and use them to calculatd!® €xperimental values 0.0180.0199. In Table Ill, we
oscillator strengths. Size-consistent formulas for dipole ma&/S0 compare our theory with other semiempirical theories.
trix elements for transitions decaying into the ground state>UrPrisingly, early calculations by Aleksandret al. [13]
were provided in Ref[2], where the absorption oscillator 29r€€d well with our calculations. A fair agreement, consid-
strengthf is also defined. In Table Il we givab initio values ~ €79 the h|_gh sensitivity of th_ese transitions to_cor_relatlon
of the oscillator strength& The dominant part of the RPA correction, is also obtained with the other theories in Table
corrections is included at the level of Cl. Small normaliza-'!!
tion corrections are omitted.

Many experiments have disagreements in oscillator V. CONCLUSIONS
strengths far exceeding the cited err@se Fig. 1 and Table
IV): hence, for comparison, in Table Il we give two statis- for
tical averages: the first is a weighted according to cited stang, o
dard deviations and the second is an unweighted averagg, 4

FO& tfhe Eale\r:gli, the expzrilmenltal' dellqtaﬂcorupiledbin F{Q,ﬂ' hole states and for particle-hole states is illustrated for many
and for the higher excited levels in R¢29] have been in-  gqo 0y jevels of neon. Apart from energies, our theory is

cluded in the averaging. Average values obtained here are nglge j i calculations of oscillator strengths. Agreement with
necessarily the most accurate, but they serve well for co sveraged experimental values is achieved

parison and for a test of our probably less accurate calculate
values.

A more careful analysis of experimental techniques to ex-
clude systematic errors, which are definitely present, is nec- The work of W. R. J. and I. M. S. was supported in part by
essary; our values can provide some guidance.pgé(%d National Science Foundation Grant No. PHY-01-39928.

In this paper, we have introduced a«MBPT method
particle-hole states of closed-shell atoms. A difficulty that
hole energy has poor convergence is overcome with
ifications of denominators in MBPT. Good precision for
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