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Ab initio oscillator strengths for transitions betweenJ=1 odd
and J=1,2 even excited states of Ne
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Ab initio theory is developed for radiative transitions between excited states of neon. Calculations of ener-
gies for even excited statds=1, J=2 supplement our previous calculations or 1 odd excited states. Line
strengths for transitions betwedi=1 odd andJ=1,2 even states of Neare evaluated. A comparison with
experiments and semiempirical calculations is given.
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I. INTRODUCTION hand, our calculations with the €MBPT method give re-
sults close to the average experimental values.
Development ofab initio theories for neutral open-shell It is a well-known fact that neon transitions between ex-

atoms is a difficult task, since the interaction between eleceited states are sensitive to the accuracy of fine-structure
trons of an open shell is strong and cannot be treated pertusplittings. Semiempirical theories avoid this difficulty by in-
batively. Nevertheless, some progress in two and even threg-oducing and adjusting several parameters to match energies
valence electron atoms has been achieved with thef multiplets as precisely as possible. For example, using the
combination of the configuration-interactiof€l) method duantum defect method, Seatpfj was able to obtain very
and many-body perturbation theoyIBPT) [1-3]. Particle- Small root-mean-square deviations for energies. As a result,

hole states of closed-shell atoms have the additional diffin® @lso was able to obtain transition oscillator strengths that

culty that conventional perturbation theory does not con-29ree well with experiment. Getting accurate fine-structure
tervals without parametric adjustments is a challenging

verge for hole states. We solved the convergence problem d _ o ;
ask. We will demonstrate in this paper that Cl calculations

modifying denominator$3,4]. As a result, we were able to . . .
ifying I r$3,4]. As Sutt, we w corrected with the second-order MBPT give energies and

achieve agreement with experiment for neon energied of . o ;
—1 odd excited states and oscillator strengéeraged over o§C|IIator stre_n_gths for transitions betwee_n_ excited states
with the precision comparable to the precision of the best

many measurement®f transitions to the ground state. In semiempirical calculations.
this paper, we extend our application of theGABPT The transition data in neon and other noble gases are
method to neon transitions between excited states. If we SU¢jaeded for plasma physics and studies of discharges with
ceed, our understanding of the neon atom andZomeon-  many industrial applications in lamps and gas lasers. The
like ions will be substantially improved. opacity projec{9] is another motivation behind many calcu-
Fairly accurategabout 5% measurements of many transi- |ations (one example is given in Ref10]) in neonlike ions.
tion rates between excited states are available, providing imgnderstanding of the neon atom can be beneficial for the
portant tests of theory. In addition, semiempirical calcula-development of atomic structure methods, which are needed
tions can be compared with our calculations. For examplefor many applications. One important application of atomic
many transition rates along the neon isoelectronic sequenegructure is the calculations of parity-nonconservation ampli-
were calculated by Hibbertetal. [5] with a general tudes in heavy atoms with one or a few valence electrons,
configuration-interaction codéciva) [6]. In calculations, a which require a clear understanding of correlation effects in
few parameters were adjusted to fit experimental energieshese atoms. One-valence-electron MBPT has convergence
However, even after such adjustments, the results still diSprob|ems similar to the hole MBPT after a core is excited.
agreed significantly with other semiempirical calculations bymodification of denominators according to our prescription
Seator{ 7] and with experiments. The latter theory was moremight be one key to the solution of a puzzling problem that
successful, giving results in close agreement with experithe third-order energy in Cs agrees worse with experiment
ments. No pureab initio theory, as far as we know, was than second-order energy. Calculations of the effects of the
(successfully applied previously to calculations of transi- electron electric dipole moment in particle-hole atoms is an-
tions between neon excited states. For transitions to thgther, more direct application of our particle-hole theory.
ground state, elaborate initio calculations existAvgous-  Furthermore, the GtMBPT method and convergent hole
toglou and BecK8]), but agreement with experiment for an perturbation theory can be generalized for more complicated
oscillator strength of thg2p533sy,]; neon state is unsatis- atoms with more than one particle or hole, and the properties
factory. These calculations are more effective in heaviebf these atoms can be explored beyond the Hartree-Fock ap-
noble-gas atoms, where the agreement with experiment isroximation.
achieved for Ar, Kr, and Xe atoms. In neon, on the other In this paper, first we will briefly describe our method of
calculations(more details are given in Refg3,4]); then, we
will compare the C MBPT and experimental energies for

*Electronic address: isavukov@princeton.edu; URL:http://J=1 andJ=2 even states. This comparison gives an esti-
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show our results for transition line strengths. Finally, we TABLE I. Calculations of neon energy levels fdr=1 even

compare our theory with other semiempirical calculationsstates. In the third and forth columns, “CI-8” and “Cl-32" mean

and experiments. that in our calculations the size of the Cl matrices were 8 and 32,
respectivelyA is the difference between theoretical and experimen-
tal energies. All energies are in atomic units.

II. CIl + MBPT CALCULATIONS

A. Energies and oscillator strengths forJ=1 odd neon states =1 even NIST cl8 cl-s2 A Shifted A
The Rayleigh-Schdinger variant of second-order MBPT, pﬁésp 0.67551  0.6687 0.6690 0.0065 0.0005
given in Ref.[11], has low accuracy for neofoes not im- Pa23P 0.68400 0.6789 0.6787  0.0053 —0.0007
prove lowest-order approximatigntherefore we developed ~ P123p ~ 0.68696  0.6820  0.6817  0.0052 —0.0008
a fast convergent variant of the MBRA8,4]. This perturba- p123p  0.68818 0.6833 0.6830 0.0052 —0.0008
tion theory can be understood from couple-cluster single- Pz24p ~ 0.74048 0.7337 0.7339  0.0066 0.0006
double equationgl2]. Simply put, we modify some denomi-  pg4p ~ 0.74274 0.7370 0.7367  0.0060 0.0000
nators in the perturbation terms to take into account the pi34p 0.74567 0.7398 0.7396 0.0061 0.0001
strong interaction between a hole and a core electron or be- p;34p ~ 0.74590 0.7402 0.7399  0.0060 0.0000
tween core electrons nonperurbatively. The advantage of thi
approach compared to the couple-cluster method of [R&f.

basis does not require rewriting the HF code and therefore is

is the simplicity and speed of calculations. With our fast oo - venient. The calculations of energies are shown in
convergent MBPT method, we are able to improve the acCup, o tables

racy of hole energies and fine-structure splittings of light Table | we compare with experiment our theoretical

neonlike ions already after adding second-order MBPT COrgnargies ofi=1 even states. Energies calculated in a model

rections. Apart from Coulomb correlation corrections, thegpace of size 32 agree better with experiment than energies
Breit magnetic interaction is also included, but smallcgicylated in a smaller siZ8) model space. Cl space 32 can
frequency-dependent  Breit,  quantum-electrodynamiche considered as optimal since a larger number of configu-
reduced-mass, and mass-polarization corrections are omittegtions does not improve much accuracy. Note that the size
(the analysis of these small corrections is given in REF]).  of the optimal ClI space depends on the choice of a starting
To calculate particle-hole energies, we construct a modgbotential, since inadequate initial approximation is corrected
Cl space[11], compute the effective Hamiltonian in this by the diagonalization of the CI matrix. A 1% systematic
space, which also includes second-order MBPT correctionsshift is present, which can be attributed to the inaccuracy of
and solve an eigenvalue problem. Along with energies wéiole energies; however, this shift does not affect much the
obtain wave functions, which were used to calculate oscillaaccuracy of transition rates and is relatively unimportant.
tor strengths for transitions to the ground stdt@gl]. The  More important for weaker transitions is the fact that after
energies of neon particle-hole=1 odd states and oscillator subtracting this shift, we obtain very small residual devia-
strengths were in very good agreement with experiment aftefons, which bode well for the accuracy of singlet-triplet
using a relatively small Cl space, 52. Paie initio energies  Mixing coefficients and transition amplitudes.
differed from experimental energies by 0.0069 a.u., but after Similar agreement of energies is obtained Jor2 even
subtraction of the systematic shifivhich does not make states in Table Il. Again, we have almost the same systematic

much difference in transition calculationghe agreement Shift and after its subtraction, only a very small difference
: between experimental and theoretical energies remains.

was improved to the level of 0.0001 a.u. for almost all StatesTherefore, we have reason to expect good precision for tran-

We will use _the same wave functions id+1 odd states in sitions between the excited states, which are considered next.
our calculations of transitions frodd=1 odd toJ=1 and

J=2 even states. The accuracy of energies of even states C. Transitions between neon excited states

involved in the transitions will be illustrated below. . .
Previously, we calculated oscillator strengths for the tran-

_ sitions to the ground state; the formula for excited-state tran-
B. Energies forJ=2 and J=1 even neon states
. . . . TABLE Il. Calculations of neon energy levels fdr=2 even
In this section we present our calculations of energies for . N . .
even states. We use the same formalism and numerics ates. The size of the Cl matrix is 3R.is the difference between
o . o eoretical and experimental energies. All energies are in atomic
method as in Ref$3,4]. The spline cavity is chosen to be 80 units
a.u., the number of splines is chosen to be 40, and the maxi-__
mum orbital momentum is chosen to be 5. For excited states

k ] ; 1J=2 even NIST Cl-32 A Shifted A
a VN~ Hartree-Fock(HF) potential basigsee Ref[3]) is
built from the HFVN spline basis by the diagonalization of a  P323p 0.68265  0.6775 0.0051  —0.0007
one-electron Hamiltonian to take into account the major part  ps33p 0.68489 0.6800 0.00487 —0.0009
of the interaction of an excited electron with a hole. Such a p;33p 0.68736  0.6825  0.00485 —0.0010
procedure speeds up the convergence of Cl and reduces un- p;34p 0.74222 0.7363 0.00588 0.0001
certainty in the denominators of a perturbation theory. A p_lap 0.74285 0.7372 0.00565 —0.0001
VN~1 HF basis used in Ref12] was constructed by solving pLiap 0.74591 07401  0.00578 —0.0000

differential HF equations and gives similar results, but our.
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TABLE Ill. Transitions between neon excited states, frdm Cg(a’v’) and the initialC,(a,v) states are obtained in ClI
=1 odd to J1 even.py; and p,;; are hole states, and particle calculations. Note that this formula is different from that for
states are immediately to the right. For unique specification, experishe transitions between two-particle stafdd] even if we
mental wavelengths are also provided. The sizes of model space f?feglect small hole-hole matrix elements. However, it is pos-
even states are given, but fd=1 odd states the size is 50, the gjpja to modify wave functions to use two-particle matrix
same in _aII cases. The experimental NIST and theqretical Iin%lememS’ which can be convenient if the program for calcu-
strengthdin columns *CI-8"and "CI-32") are expressed in aW |54i0ns of two-particle matrix elements is available.
denotes the relative deviations of the theoretical line strengths from .
the experimental line strengths. Tables Il and IV show our _results of calcql_atlons for

=1-J=1 andJ=1—J=2 excited-state transitions. Many
precisely measuretb% leve) neon transition rates provide
an important test of accuracy of our calculations. In Table IlI,
P333SPza3p 6385 124 B- 125 126 122 2 the calculations are done with two configurations to show an
pyi3sp;i3p 6032 1.82 B- 1.83 1.88 181 1 improvement in precision for the larger n_umber of configu-
Py 3sp;i3p 6130 023 B- 032 023 022 4 rations. Impo_rtant random-phasg approxulmat(?PA) cor-
p.13sp.lap 3502 0076 D 0114 0102 0084 11 rections are included by repla_cmg the “bare” matrix ele-
3ammra ments with “dressed” RPA matrix elementhe replacement
p§,2138p§,213p 7247 527 B- 599 593 570 8 for two-valence electron atoms was implemented in Refs.
py§3s‘p§/§3p 8085 0.094 B 0121 0107 0103 10 15 5)) |ncluding RPA corrections needs some care, because a
P123sP3p4p 3687 0.029 D 0.038 0.040 0.032 10  phole state present when the transition between excited states
pP123sPy;3p 6601 9.88 B- 9.16 925 892 10  occurs leads to the convergence problem and low accuracy
p33sPza3p 7026 0.971 B 0.825 1.01 0.982 1 of the regular RPA corrections. Our standard cure is to
pa3sPp3p 6719 975 B- 110 109 105 8 modify denominators by subtracting the radial Slatter inte-
p;i3spyi4p 3595 0.045 D 0.070 0.065 0.053 18 gra] Ro(abab), thus taking into account thg monqpole_inter-
pI/213S'pI/214p 3601 0.030 D 0.050 0.045 0.036 21 action Of a hole Wlth.a core electron. This moqmcatlon Of
denominators approximately halves RPA corrections. Adding
divided by 2 normal RPA corrections, we estimated the level
sitions is different. The final expression for the coupled re-0f these corrections and found that they are important, and
duced matrix element after angular reduction in th¢  improve agreement with experiment. In neon, the corrections

Transitions A(A) NIST Acc. CI-8 CI-32 +RPA A (%)

relativistic basis has the following form: constitute a few percent of a total matrix element, but in
heavier noble-gas atoms, they are even larger and more im-
(FIZ5l1y=~[Ie][I]Cr(a’v")C(a,v) portant. In the last column, we place our best values calcu-
lated in CI-32 model space with appropriate modified-
v (_1)J+J|+ja+jv,[‘]l J JF} denominator RPA corrections.
jvr da v The deviation from experiment is consistent with the ex-

o perimental accuracffor example, the accuracy of claBsis
X Sara(v[Zsllo) + (= 1)ttt in the range 5% and the deviation from theory is of the same
magnitude. For transitions that have the experimental accu-
racy of classe8— andC+, the theory is as accurate as or
even more accurate than the experiment, but for dadbe
theory is definitely more accurate. Still the accuracy of the
We use standard notations of relativistic MBPT methodstheory is not the same for all transitions, since some sup-
see, for example Ref14]. Configuration weights of the final pressed transitions owing to cancellation could be more sen-
sitive to fine-structure splittings.

TABLE IV. Line strengths(a.u) for transitions between neon Our final table(Table V) contains our best values of os-
excited states fronld=1 odd toJ=2 even. Abbreviations are the cillator strengths with the RPA corrections for comparison
same as in Table IlI . with experiments and other theories. Oscillator strengths are

calculated from line strengtiSand transition energies in
Transitions NA NIST Acc. CI-32 +RPA A (%)  atomic units,

J 3 I
X J ] J 5U’U<a||ZJ||a’>

a’ a

pya3sPyp3p 6097.8507 101 &€ 102 9.76 3

Pya3sPya3p 6508.3259 204 B- 211 202 1
Py23sPs3p 6306.5325 2.57 B- 254 262 2
Pya3sPya4p 3516.1960 0.074 D 0.106 0.077 4
p1_/2i351°3_/%4p 3702.2783 0.028 D 0.034 0.029 4  pye to a large number of measurements and calculations, we
P123sPy23p 6680.1202 171 € 169 171 0 restricted ourselves to comparison with results from a few

p133sPyp3p 6931.3788 14.3 B- 166 153 7 sources, which contain further references; for example, ref-
pia3spa4p 35945516 011 D 014 0.11 0 erences to many experiments and comparison with several

pi3spyi3p 71759155 262 B- 251  2.61 0 measurements are given by Bridges and Wids®, where
the authors also estimated the uncertainties of their experi-

f=2wS, 1)
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TABLE V. Comparison of experimental and theoretical oscillator strengths of neon. We adopt compact
notations of Ref[7]: p;airi—psq;r;, wherep=2j,, q=2K, r=J, i stands for initial, and stands for final.
The hole angular momentuiy is coupled with the orbital momentum of the excited electrén give the
angular momenturK in the intermediate coupling schent€js coupled with the spin of the excited electron
to give a total angular momentum of particle-hole stht€éor complete specification) quantum numbers are
also provided. Brackets denote powers of 10.

Transitions A NIST Ref.[13] Present paper Reff7] Ref. [5]

3s-3p 331-132 6097  5.0B-1] 4.99—1] 4.84-1] 489-1] 5.49-1]
3s-3p 331-352 6508  9.5p—1] 9.4 —1] 9.43—1] 9.27—-1] 1.030]
3s-3p 331-332 6307 1.21] 1.2-1] 1.26 —1] 1.26-1] 1.20-1]

3s-4p 331-352 3516  6.39-3] 6.69 —3] 6.24-3]
3s-4p 111-352 3702  2.3p-3] 2.3 -3] 2.21-3]
3s-3p 111-132 6680  7.7B-1]  7.701—1] 7.79-1] 7.79-1] 8.19-1]
3s-3p 111-332 6931  6.27—-1]  6.27—1] 6.70—1] 6.34—-1] 6.1-1]
3s-4p 111-132 3595  9.20-3] 9.29 - 3] 8.5 — 3]
3s-3p 111-352 7176  1.10-1]  1.24-1] 1.1 1] 1.19-1]  1.30-1]
3s-3p 331-331 6385 590-1] 5.8]—1] 5.7 1] 58[-1] 6.45—1]

3s-3p 331-111 6032  9.1f-2]  8.3§—2] 9.17-2] 851-1] 7.79-2]
3s-3p 331-131 6130 1.1¢-2] 1.19-2] 1.09 - 2] 1.14-2] 2.49-2]

3s-4p 331-331 3502  6.59-3] 7.29-3] 6.60 — 3]
3s-3p 331-311 7247  2.20-1]  2.3-1] 2.39-1] 221-1] 2.4§-1]
3s-3p 111-311 8085  3.5-3] 3.5 3] 3.87-3] 3.07-3] 3.6q-3]
3s-4p 111-331 3687  2.3p-3] 2.64 3] 2.49 3]

3s-3p 111-111 6601  4.55-1]  4.41—1] 410 1] 4.4 -1]
3s-3p 111-331 7026  4.2p-2]  4.3§-2] 4.29 -2] 4.43-2] 3.69-2]
3s-3p 111-131 6719  4.40-1] 4.41-1] 476 1] 447-1] 3.70-1]

3s-4p 111-111 3595  3.80-3] 4.49 3] 4.37-3]
3s-4p 111-131 3601  2.53-3] 3.07-3] 2.5 -3]
ment to be about 7% and of the others shown in their com- Ill. CONCLUSIONS

parison table to be in the range 10-50%. The experiments

seem to be in good agreement. NIST data derived from vari- In this paper, we have applied the€£MBPT for particle-

ous sources are in close agreement with values given biyole states of closed-shell atoms to calculations of transitions
Bridges and Wiesg13]. The agreement with experiment of between excited states of neon. A difficulty that the hole
the semiempirical theory by Seatdd] is similar to the energy has poor convergence is overcome with modifications
agreement of ouab initio theory. Calculations performed by of denominators in the MBPT. Good precision for particle-

Hibbert et al. [5] agree worse; for example, for the 6130-A hole states is illustrated for many energy levels of neon.
transition, an experimental value is 0.0114 or 0.0119, ouApart from energies, our theory is tested in calculations of
value is 0.0109, but the value in R¢g] is 0.0249. Overall line strengths. Agreement with experimental values is
agreement of theories and experiments is quite normal.  achieved.

[1] V.A. Dzuba, V.V. Flambaum, and M.G. Kozlov, Phys. Rev. A (1998.

54, 3948(1996. [9] M.J. Seaton, J. Phys. B0, 6363(1987.
[2] .M. Savukov and W.R. Johnson, Phys. Rev.6B 042503  [10] A. Hibbert and M.P. Scott, J. Phys. %, 1315(1994.
(2002. [11] U.l. Safronova, I1.M.C. Namba, W.R. Johnson, and M.S. Sa-

[3] |. M. Savukov, Ph.D. thesis, University of Notre Dame, 2002. fronova, Natl. Inst. Fusion Science-DATA-@&IL, 1 (200])
[4] I.M. Savukov, W.R. Johnson, and H.G. Berry, Phys. Re66A  [12] E. Avgoustoglou, W.R. Johnson, Z.W. Liu, and J. Sapirstein,

052501(2002. Phys. Rev. A51, 1196(1995.
[5] A. Hibbert, M.L. Dourneuf, and M. Mohan, At. Data Nucl. [13] J.M. Bridges and W.L. Wiese, Phys. Rev2A285 (1970.
Data Tables3, 23 (1993. [14] W. R. Johnson, D. R. Plante, and J. SapirsteirAdvances in

[6] A. Hibbert, Comput. Phys. Commu#, 141 (1975.
[7] M.J. Seaton, J. Phys. 81, 5315(1998.
[8] E.N. Avgoustoglou and D.R. Beck, Phys. Rev.5%, 4286

Atomic and Molecular Physicgdited by D. Bates and B. Be-
derson(Academic Press, San Diego, 199%0l. 35, p. 255.

022502-4



