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Mixed configuration-interaction and many-body perturbation-theory calculations of energies
and oscillator strengths ofJÄ1 odd states of neon
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Ab initio theory is developed for energies ofJ51 particle-hole states of neutral neon and for oscillator
strengths of transitions from such states to theJ50 ground state. Hole energies of low-Z neonlike ions are
evaluated.
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I. INTRODUCTION

A combined configuration-interaction~CI! many-body-
perturbation-theory~MBPT! method, applied previously to
divalent atoms@1#, is extended to particle-hole states
closed-shell atoms. After a derivation of CI1MBPT expres-
sions for particle-hole states, we will apply the theory
calculations of energies and electric-dipole transition pr
abilities for neon.

For neon, many accurate measurements of transition r
are available, providing important tests of theory. Recip
cally, the theory might help to resolve existing discrepanc
among oscillator strengths (f values! for transitions from the
ground state to several excited states, for which experim
disagree. There is also a certain deficiency in existingab
initio theories in neon, for which discrepancies among ma
measurements and theoretical calculations are unsettled
example, the only other elaborateab initio calculations~Av-
goustoglou and Beck@2#! gave an oscillator strength for th
@2p3/2

213s1/2#1 neon state, larger than most experimental v
ues by more than two standard deviations. Extensive ca
lations performed by Hibbertet al. @3# for many transition
rates along the neon isoelectronic sequence use a ge
configuration-interaction code~CIV3! @4#. The calculations
utilized parametric adjustments with measured fine str
tures, but did not completely agree with experiments in ne
and had an accuracy similar to other semiempirical calc
tions of Seaton@5#. However, the two calculations disagre
with each other for several transitions. We hope that
calculations may help to understand better the theore
problems in neon and provide guidance for the analysis
experimental data.

Some possible applications of the present CI1MBPT
method include the study of the neonlike ions SiV, SVII ,
Ar IX, CaXI, and FeXVII that have astrophysical interest an
have been included in the Opacity Project~Seaton@6#!. The
transition data in neon and other noble gases are also us
plasma physics, and in studying discharges that find m
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industrial applications in lamps and gas lasers. The meth
presented here might be also used for improving the ac
racy of MBPT or for extending the CI1MBPT method to
more complicated open-shell atoms.

The principal theoretical difficulty arises from the sen
tivity of transition amplitudes to the interaction betwee
closely spaced fine-structure components. Although it is p
sible to obtain energies which are reasonably precise on
absolute scale using coupled-cluster methods~Ilyabaev and
Kaldor @7#!, accurate fine-structure splittings seem very d
ficult to obtain without semiempirical adjustments. This
why semiempirical approaches, which have fine-structure
tervals carefully adjusted, are more successful in neon t
are ab initio calculations. However, as we will demonstra
in this paper, CI calculations corrected with MBPT are a
capable of accurately predicting fine-structure splittings a
consequently, transition amplitudes. In this paper, we w
demonstrate the excellent precision of CI plus second-o
MBPT. Third-order corrections, for which numerical cod
already exist@8#, can also be included, providing even fu
ther improvement in accuracy.

In Sec. II, we use the effective Hamiltonian formalis
and particle-hole single-double coupled equations to de
expressions for the second-order Hamiltonian matrix of
CI1MBPT method. In the final expressions, we presen
quite accurate MBPT that can predict energies of hole st
and can appropriately describe the interactions in parti
hole atoms. The accuracy of hole energies obtained with
MBPT will be illustrated for neon and low-Z neon-like ions.
Our CI1MBPT energies andf values for many states of neo
are tabulated. Their agreement with experiment and o
theories are shown.

II. CI ¿MBPT METHOD

The accuracy of the Rayleigh-Schro¨dinger variant of
second-order MBPT, given in Ref.@9#, is insufficient for our
purpose, so that more accurate single-double equations
be used. The formulas for the correlation operator and a
tem of coupled equations for the correlation coefficients w
given in Ref.@10#; we follow the notation of Ref.@10# in the
paragraphs below. Under certain conditions, those equat
can be further simplified and rewritten in the followin
forms:

/

/
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~«b2«a!xb
a5Rb

a ,

~«b1«c2«a2«b2g̃bcbc!xbc
ab5Rbc

ab2g̃bcbcxbc
ab ,

~«v2« r !xv
r 5Rv

r , ~1!

~«a2«v!xv
a5Rv

a ,

~«v1«b2« r2«s!xvb
rs 5Rvb

rs ,

~«v1«b2«a2«s!xvb
as5Rvb

as .

In the second equation of this set, the termg̃bcbcxbc
ab is sub-

tracted from both sides of this equation to make the rig
hand side small. Since the large random-phase approx
tion ~RPA! corrections in the particle-hole CI1MBPT are

treated by CI, the quantitiesWva8
v8a entering this set of equa

tions on the right-hand side in Ref.@10# are small, and have
been neglected here. The concern might be raised for
correlation coefficientsxvb

as and xv
r , which generally would

have small factors («v1«b2«a2«s) or («v2« r) in front.
However, for the large CI model space, energies of the c
virtual orbitalsbsare well separated from the energies of t
valence-hole orbitalsav. The quantitiesR in zero approxima-
tion can be set to

Rj
i 5D i j ,

Rbc
i j 2g̃bcbcxbc

i j 5gi jbc , ~2!

Rvb
is 5gisvb

to obtain the first-order effective Hamiltonian

Hv8a8,va
eff

5~«v2«a!dv8vda8a1Hv8aa8v
(1) ~3!

and the correlation coefficientsx. Here we define the first
order correctionHv8aa8v

(1)
5Dv8vda8a1g̃v8aa8v to the effective

Hamiltonian. For faster convergence of CI and for subtr
tion of the dominant monopole contributions in RPA di
grams, aV(N21) Hartree-Fock~HF! model potential for
which Dnm5g̃nama, Dna5Dan5Dab50 is introduced.

Further improvement of accuracy can be achiev
through iterations. After one iteration we obtain the seco
order contribution to the effective Hamiltonian,

Hv8aa8v
(2)

5dRv
v8da8a1dRa

a8dv8v1dR̃va
av8 , ~4!

where

dRv
v85 (

s¹CI

Dv8sDsv

«v2«s
2(

scd

gcdvsg̃v8scd

«c1«d2«v82«s2g̃cdcd

1(
stc

gv8cstg̃stvc

«v1«c2«s2« t
, ~5!
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dRa
a852(

scd

gcda8sg̃ascd

«c1«d2«a2«s2g̃cdcd

1(
scd

gcda8sg̃ascd

«a81«c2«s2« t2g̃a8ca8c

, ~6!

dR̃va
av85(

tu

gav8tug̃tuva8

«v1«a82« t2«u

1(
cd

g̃cdva8gav8cd

«c1«d2«a2«v82g̃cdcd

1 (
t¹CI

g̃av8ta8D tv

«v2« t

1 (
dt¹CI

g̃dv8ta8g̃atvd

«v1«d2«a2« t

2(
dt

g̃dv8tvg̃ata8d

«a81«d2«a2« t2g̃a8da8d

1 (
t¹CI

Dv8tg̃taa8v

«v1«a82« t2«a

1(
dt

g̃datvg̃v8ta8d

«a81«d2«v82« t2g̃a8da8d

2(
dt

g̃data8g̃v8tvd

«v1«d2«v82« t2g̃adad

. ~7!

Note that in the last equation we have extended the sin

double method. The last term enteringdR̃va
av8 in the single-

double formalism would normally not containg̃adad in the
denominator. However, if we do not modify this denomin
tor, we find that in the third-order MBPT, large terms pr
portional tog̃adad will appear leading to a decrease in acc
racy. A physical reason for modifying the denominator of th
term is that the process described by this term contains
holes in the intermediate states with large interaction ene
This interaction should be treated nonperturbatively, for
ample, by inclusion ofg̃adad into the denominator as we
have done on the basis of the single-double equation
other terms. Finally, this term is almost equal to the seve
term ~they are complex conjugates and their Goldstone d
grams are related by a reflection through a horizontal ax!,
and for convenience they are set equal in numerical calc

tions. The angular reduction fordR̃va
av8 can be easily obtained

using the second-order particle-hole formulas given in R
@9#.

III. A SOLUTION OF THE HOLE-ENERGY PROBLEM

A. Breit corrections

Apart from Coulomb correlation corrections, the Bre
magnetic interaction is also important in neon and in
isoelectronic ions. The breakdown of various Coulomb a
relativistic contributions to the energy of 3s states of neon
was given in Ref.@10#. Breit corrections cancel, but fo
1-2
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higher excited states they may not. Hence, to improve
accuracy of fine-structure splittings, we include the Hartr
Fock ~HF! hole Breit correctionBaa

(HF) in our calculations:

Baa
(HF)5(

c
b̃acca. ~8!

We have checked that the first-order correctionsB(1) to the
energies ofJ52 and 1 states given in Table I of Ref.@10#
agree with ourBaa

(HF) contributions, 0.00062 and 0.0009
a.u., for 2p3/2 and 2p1/2 states, respectively. We omit th
small frequency-dependent Breit, quantum-electrodynam
reduced-mass, and mass-polarization corrections. Sma
they are, those corrections are further reduced after sub
tion for the fine-structure intervals. More careful treatment
relativistic corrections is needed in calculations of highZ
neonlike ions.

B. Calculations of hole energies for neonlike ions

Since we propose a variant of the MBPT expansion,
would like first to demonstrate that this expansion is conv
gent for hole states. The theoretical hole energies show
Table I have been obtained in theV(N) HF potential using
Eq. ~6! for dRa

a to calculate second-order corrections. T
extra term in the denominator is important and is necess
for convergence of the perturbation expansion. Experime
hole energies in the National Institute of Standards and Te
nology ~NIST! database Ref.@11# are found as the limit en
ergies for the neon isoelectronic sequence. For neutral n
only one limit, thep3/2 energy is given in NIST@11#. The
2p1/2-2p3/2 splitting 780.4269(36) cm21 was measured in
Ref. @12#, and using this value we find the experimentalp1/2
energy. Table I demonstrates the good agreement of our
oreticalp3/2, p1/2 energies as well as the same fine struct
interval for neon-like ions. Our fine-structure interval, who
correctness is crucial for transition amplitude calculatio
differs from experiment just by about 10 cm21. Note that the
HF value 187175 cm21 for the 2p3/2 state is 8.5% higher
than the experimental value 173930 cm21, and, after adding
correlation corrections, we obtain improvement by a fac
of 10. For the fine structure, the HF value 1001 cm21 dis-

TABLE I. A comparison of theoretical and experimental ho
energies and the 2p3/2-2p1/2 fine-structure intervals for neon an
neonlike ions. All energies are in cm21.

Ne Na1 Mg21 Al31 Si41

2p3/2 Theor. 172434 380443 645951 967531 13443
2p3/2 Expt. 173930 381390 646402 967804 13450
Difference 1496 947 451 273 726
2p1/2 Theor. 173218 381816 648196 970997 13494
2p1/2 Expt. 174 710 382756 648631 971246 13501
Difference 1492 940 435 249 711
2p3/2-2p1/2, Theor. 784 1373 2245 3466 5090
2p3/2-2p1/2, Expt. 780 1366 2229 3442 5105
Difference 24 27 216 224 215
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agrees even more, by 28%. If we use Rayleigh-Schro¨dinger
perturbation theory, the corrections are twice as large as
results, and the agreement with experiment does not
prove.

IV. NEON ENERGIES AND OSCILLATOR
STRENGTHS OF JÄ1 ODD STATES

To test the accuracy of the CI1MBPT method, we first
calculated energies of several lowest oddJ51 neon states
~Table II!. The number of configurations in CI was chosen
be 52. The order of eigenstates obtained in the CI1MBPT
method is the same as the order of the experimental lev
We abbreviate long NIST designations since the levels
uniquely specified by energy or by order.

The pureab initio energies differ from experimental en
ergies by 0.0069 a.u., but after subtraction of the system
shift ~which does not make much difference in transiti
calculations!, the agreement is at the level of 0.0001 a.u.
almost all states. Therefore, we consider the accuracy of
CI1MBPT method adequate for a correct prediction of lev
mixing and oscillator strengths. For the 3s states, agreemen
with experiment for the fine structure interval is much bet
than that obtained by Avgoustoglouet al. @10#, 0.0002 versus

TABLE III. Our CI1MBPT oscillator strengths for the groun
to excited state transitions in neon compared with average exp
mental values~third and fourth columns! and those obtained with
the best semiempirical theories@3,5,13#.

Levels CI1MBPT s avr. Mean Ref.@5# Ref. @13# Ref. @3#

p3/2
213s 0.0102 0.0099 0.0107 0.0126 0.0106 0.012

p1/2
213s 0.1459 0.1549 0.1487 0.1680 0.1410 0.160

p3/2
214s 0.0131 0.0122 0.123 0.0152 0.0124

p1/2
214s 0.0181 0.0170 0.016 0.0193 0.0160

p3/2
213d 0.0066 0.0056 0.0045 0.0047

p3/2
213d 0.0130 0.0187 0.0199 0.0167 0.0131 0.011

p1/2
213d 0.0069 0.0067 0.0069 0.0086 0.0064 0.005

p3/2
215s 0.0068 0.0064 0.0066 0.0073 0.0060

p1/2
215s 0.0053 0.0043 0.0044 0.0050 0.0043

TABLE II. A comparison with experiment of CI1MBPT ener-
gies referenced to the ground state and given in atomic units.
almost constant shift is subtracted in the fifth column to dem
strate excellent agreement for relative positions of levels.

Level Experiment CI1MBPT D D20.0069

p3/2
213s 0.6126 0.6048 0.0078 0.0009

p1/2
213s 0.6192 0.6116 0.0076 0.0007

p3/2
214s 0.7235 0.7166 0.0070 0.0001

p1/2
214s 0.7269 0.7200 0.0069 0.0000

p3/2
213d 0.7360 0.7289 0.0070 0.0001

p3/2
213d 0.7365 0.7294 0.0071 0.0002

p1/2
213d 0.7401 0.7330 0.0071 0.0002

p3/2
215s 0.7560 0.7491 0.0069 0.0000

p1/2
215s 0.7593 0.7525 0.0069 0.0000
1-3
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0.0012 a.u.; a possible explanation for this could be t
single-double equations miss important corrections which
included by modifying the denominators. In Ref.@10#, how-
ever, the systematic shift is small.

Finally, we present our CI1MBPT oscillator strengths in
neon. After a diagonalization of the second-order effect
Hamiltonian, we obtain wave functions in the form of expa
sion coefficients in the CI space and use them to calcu
oscillator strengths. Size-consistent formulas for dipole m
trix elements for transitions decaying into the ground st
were provided in Ref.@2#, where the absorption oscillato
strengthf is also defined. In Table III we giveab initio values
of the oscillator strengthsf. The dominant part of the RPA
corrections is included at the level of CI. Small normaliz
tion corrections are omitted.

Many experiments have disagreements in oscilla
strengths far exceeding the cited errors~see Fig. 1 and Table
IV !: hence, for comparison, in Table III we give two stat
tical averages: the first is a weighted according to cited s
dard deviations and the second is an unweighted aver
For the 3s levels, the experimental data compiled in Ref.@2#
and for the higher excited levels in Ref.@29# have been in-
cluded in the averaging. Average values obtained here are
necessarily the most accurate, but they serve well for c
parison and for a test of our probably less accurate calcul
values.

A more careful analysis of experimental techniques to
clude systematic errors, which are definitely present, is n
essary; our values can provide some guidance. Forp3/2

213d

FIG. 1. Comparison with experiment for oscillator strengths
the @p3/2

213s#1 state of neon.
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states, since the energy separation of the two states is s
experiments give the sum of the two oscillator strengths,
the value 0.0196 rather than 0.0130 should be compared
the experimental values 0.0187~0.0199!. In Table III, we
also compare our theory with other semiempirical theori
Surprisingly, early calculations by Aleksandrovet al. @13#
agreed well with our calculations. A fair agreement, cons
ering the high sensitivity of these transitions to correlati
correction, is also obtained with the other theories in Ta
III.

V. CONCLUSIONS

In this paper, we have introduced a CI1MBPT method
for particle-hole states of closed-shell atoms. A difficulty th
the hole energy has poor convergence is overcome w
modifications of denominators in MBPT. Good precision f
hole states and for particle-hole states is illustrated for m
energy levels of neon. Apart from energies, our theory
tested in calculations of oscillator strengths. Agreement w
averaged experimental values is achieved.
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TABLE IV. References for experimental data shown in Fig. 1

Obs. Reference Year f s

1 Kuhn et al. @14# 1967 0.01200 0.00200
2 Lawrence and Liszt@15# 1969 0.00780 0.00040
3 Geiger@16# 1970 0.00900 0.00200
4 Kernahanet al. @17# 1971 0.00840 0.00070
5 Kazantsev and Chaika@18# 1971 0.01380 0.00080
6 Knystautas and Drouin@19# 1974 0.00780 0.00080
7 Bhaskar and Luro@20# 1976 0.01220 0.00090
8 Westerveldet al. @21# 1979 0.01090 0.00080
9 Aleksandrovet al. @13# 1983 0.01200 0.00300
10 Chornayet al. @22# 1984 0.01200 0.00400
11 Tsurubuchiet al. @23# 1990 0.01220 0.00060
12 Chanet al. @24# 1992 0.01180 0.00060
13 Ligtenberget al. @25# 1994 0.01070 0.00030
14 Suzukiet al. @26# 1994 0.01060 0.00140
15 Curtiset al. @27# 1995 0.00840 0.00030
16 Gibson and Risley@28# 1995 0.01095 0.00032
17 Zhonget al. @29# 1997 0.01240 0.00380
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