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We discuss the theory and computation of the lowest thre€§ intrashell triply excited resonance states of
He™ of Li, and of positive ions of the sequence, up t8*N These are the £3p 2P°, 3s3p? *P, and
3s3p? D states, for which wave function characteristics, energies, and widths are reported. Contrary to
recently published results for Heand to earlier ones for N, we found that electron correlation and orthogo-
nality to lower states are such that they make 2Ré& state the lowest=3 triply excited statd TES), as is the
case with then=2 shell. Our predictions for these states of Here in harmony with the measurements of Roy
[Phys. Rev. Lett38, 1062(1977], which were interpreted only recenfl€. A. Nicolaides and N. A. Piangos,
J. Phys. B34, 99 (2001)]. In addition, our value for the position of the Ls3p 2P° TES, 175.15 eV, agrees
with the measurement (175.169.050 eV) of Diehlet al. [Phys. Rev. A56, R1071(1997]. Apart from
specifics, the paper discusses or points to certain basic aspects of computational quantum mechanics of such
multiply excited states. For example, it refers to the utility of open-channel-like configurations toward proper
convergence to a local energy minimum in the continuous spectrum, where quasibound and unbound states of
the same symmetry lie below, and for which the normal eigenvalue properties of the discrete spectrum do not
apply. Also, we discuss the possibility that is given by the state-specific theory for carrying out economic and
physically transparent calculations and for deducing semiquantitative conclusions about the interplay between
electronic structure, interference, and autoionization widths.
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[. INTRODUCTION resonance states of negative ions a rather intriguing many-
body problem. This problem becomes more complex as one
Accumulated knowledge fromab initio calculations and goes higher in energy and the density of states as well the
from measurements indicates that excited states with muRumber of open channels increase.
tiple excitations of valence electrons to higher subshells can In this paper, we focus on intrashell TESs where the main
be formed in negative, neutral, and positive ions. Because dfhell isn=23. Results on such states basedatninitio cal-
the change in nuclear attraction along an isoelectronic seriesplation or on assumptions of models were published re-
the spectral properties, the types of configuration interactiongently [2—4]. The main motivation for our work2] was the
and the degree of difficulty in understanding quantitativelyidentification of the peaks that had been measured in
such states vary considerably, the positive-ion part beinglectron-He scattering experiments in the energy region of
easier to handle, in general, theoretically. then=3 doubly excited state®ES9 of He [5]. Once these
As regards the issue of electron correlation, which is bestesults were made known, additional information was pro-
described in terms of one, two, three, etc., excitations from @uced by Chung3], who computed partial and total widths
zero-order space of bound functions into virtual space ofs well, by diagonalizing complex matrices and obtaining
closed and of open channels, aspects of it in connection tcomplex eigenvalues in a two-step methodolo@ee Refs.
multiply excited autoionizingresonancestates have been [1,6] for the background and justification of this methodol-
the object of study and analysis within the framework of aogy) Also, Morishita and Lin[4] presented a semiquantita-
state-specific theorfSST) since the early 1970s, with exem- tive analysis of angular correlation, based on a model where
plars the triply excited statd§ES9 of three-electron atoms the three electrons are confined on the surface of a sphere
(He ,Li,Be",...) in then=2 shell, e.g., Ref[1]. In short, [7]. Such a model draws some validity from thé initio
the weakness of nuclear binding and a variety of interelectreatment of specific TESs that was published in R8f,
tronic interactions and of near degeneracies, the existence wfhere numerical results and analysis showed the tendency of
the underlying continuous spectrum and of other quasiboundlectron density to form an equilateral triangle, as energy
states of the same symmetry with lower energy, the proximincreases towards the three-electron ionization threshold.
ity to thresholds and to other resonances, and the easy polar- In addition ton=3 TESs of He, we calculated the rela-
ization of the neutral core, render the theory and computatiotive positions of the 823p 2P° and ¥3p? *P intrashell
of the localized part¥, and of the energies and widths of TESs along the isoelectronic sequence, in order to make the
connection with arguments concerning the spectrum of.He
Calculations on these states it Nhave been published in
*Email address: npiang@eie.gr Ref.[9], from which the energy difference between tHe°
"Email address: can@eie.gr and *P states was predicted.
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The sections that follow start with the presentation of thelie in the continuous spectrum. They predicted that {Re
relevant published results and their significance. Section llktate is about 40 meV below tH&®° one. However, the level
comments briefly on certain characteristics of the theoreticabf sophistication and of accuracy of these calculations is not
framework in which these calculations were carried out. Secsufficiently high. For example, Bachd10] computed the
tion 1V discusses the choice, the calculation, and the naturenergy of the?P° state as—7.0338 a.u., whereas the one
of the wave functions of the He DESs that were used agjiven in Ref[9]is —7.0897 a.u., i.e., 1.52 eV belofilhis is
thresholds. Section V discusses the calculation and results fer case of variational collaps@r “sinking”) and not of a
the energies and widths of the HETESs. Comparison is better energy.Our state-specific calculations show that there
made with the calculations of Ref3] and with the experi- is no inversion in N* either. Here, thev=3 “P intrashell
mental values of Ref5]. Section VI discusses basic features TES is above the’?P° one by 59 meV, and the=2 *P
of the state-specific calculations and their application to théntrashell TES is above th&P° one by about 430 meV.
determination of theE(*P)—E(?P°) separation along the In order to calibrate our He results, we also computed
isoelectronic sequence. Given the fact that there have beehe 2P° and *P n=3 TESs in Li. For the?P° state, there
recent measurements and calculations for the position of theave been recent measurements as well as calculations
Li 2P° state, we test the level of accuracy and consistency df11,12. We will compare our results with the ones of Refs.
our method by comparing with them. Section VIl comments[11,12] in Sec. VI.
on the significance of thepen-channel-lik¢ OCL) configu- Finally, there is the question of the widths of the three
rations that enter in the multiconfigurational Hartree-FOCkTESs in He . The first such results were presented by Chung
(MCHF) computation of the zero-order wave functions of [3]. He produced partial widths in the independent channel
multiply excited states. The presence of the OCL configuraapproximation(ICA), as well as total widths. The calcula-
tions results in the avoidance of possible “sinking” of the tions of Ref.[3] followed a two-step methodology with real
variationally obtained energfwhich is a local minimum in-  and complex basis sets, whereby in the first step the calcu-
side the continuous spectryiand secures good convergence lation is done with only real functions on the real energy axis
for the MCHF calculation. Finally, Sec. VIII discusses as-and obtains a localized wave function and a real energy, and
pects of the interplay between the state-specific electronith the second step a suitable set of complex functions is
structure of initial and final states in an autoionizing transi-added and diagonalization of the non-Hermitian matrix
tion and the semiquantitative characteristics of decay dynanyields the complex eigenvalues of the resonance sféies
ics, with application to the partial widths of the HEESs.  The present work has produced partial and total widths using

real bound and scattering functions, and energy-dependent
II. RESULTS ON THE LOWEST THREE n=3 “golden rule” type formulas. These are compared in Table Il

INTRASHELL TESs OF He ~,Li,...,N** HAVING THE 2p°,  to the results of Ref3].
4p AND 2D SYMMETRIES

The work published in Ref2] predicted the existence of lll. BRIEF REVIEW OF THEORETICAL ASPECTS

11 He™ TESs in the energy region of the DESs of He in the  The justification and the basics of the computational
n=3 She”, which can in principle be excited in collisions of methodo|ogy that we emp|0yed in this work have been de-
electron colliding with He in the 4> 'S or 1s2s °S states  scribed in Refs[1,2] and in their references. The SST cal-
[2]. The ®P° (at 68.8 eV and “3s3p*” °D (at 69.1 eV  culations on TESs have shown that these states are optimally
TESs of He' were shown to correspond to the Lfeatures  described in zero order by a MCHF wave function with suit-
of the scattering spectrum measured at 68.834 eV and  ably chosen configurations, under conditions that secure or-
69.00+0.04 eV by Roy{5]. The *P state cannot be excited thogonality to lower states. Such an orthogonality is neces-
in an electron-scattering experiment from the* £S or the  sary since the autoionizingesonancestates are inside the
1s2s °S discrete states of He, and so it was not computedecontinuous spectrum, and the energy of their localized part
This state was subsequently computed by CH®)gOne of  can only be a local minimum. This implies that during an
his main conclusions, as recorded in the abstract of [Réf.  optimization with respect to energy of a wave function with
is that: “...the spectrum (of the a3 TES) is very different initially bound-state features, the solution may either col-
from that of theHe™ 2€2¢'2(" states. A3s-3p energy in- |apse toward the energy of thé\¢1) electron threshold
version is uncoveretl By inversion it is meant that, in the plus a zero-energy free electron, or may simply sink improp-
n=3 shell, the 33p? *P state is, according to Reff3], be-  erly to an energy that is slightly lower than the accurate local
low the 3s23p 2P° state by 7 meV. In other words, the filling minimum.
of the subshells in the lowest states of the 3 shell as a Valid MCHF solutions for such strongly mixed wave
function of energy seems to be abnormal. On the contrary, ifunctions are often hard to obtain, needing computational
then=2 shell the energy of thes2p? *P state is above that experience as well as attention through the prism of elec-
of the 2522p 2P° state. As we will discuss below, our calcu- tronic structure theory and of numerical analysis. Either dur-
lations and analysis indicate that no such inversion exists. ing the determination of the MCHF solution or, subse-
In fact, regarding this “inversion” for the’P° and *P  quently, during the variational calculation on the filll, and
TESs, it was first predicted to exist in the ionized"Noy  E,, a significant parameter for the proper convergence to the
Vaeck and HansefB], who carried out configuration inter- TES of interest is the type and extent of orthogonalization to
action calculations for a large number &3 TESs which  lower states. Orthogonalization of occupi@dCHF) or of
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virtual orbitals to orbitals of states of lower energy, including sponding to states of Heand of He. For the calculation of
the (N—1) or (N—2) channel states, affects the degree ofoff-diagonal bound-scattering matrix elements the most im-
satisfaction of the virial theorem, which has been used by ugortant channels are those created by the intershell DESs of
as a fundamental index of localization. However they areHe, wheren,;=2 andn,=3, since the corresponding matrix
introduced, orthogonality and optimization of the appropriateelements involve two active electrons. Since state-specific
function spaces should be done while ascertaining that thgalculations produce accurate wave functions for such He
virial theorem is satisfied to a very good degree. DESs with only a few configurationdable ), it is easy to
Since the theory focuses on the state-specific quasibounske that the most significant decay channels to intershell
N-body problem directly, it does not have to explicitly dif- DESs of He are those where the spin and the orbital angular
ferentiate between “Feshbach” and “shape” resonancesmomentum of the two active electrons do not change.
when computing the localized patt,. This distinction has Table | presents the relevant results for all the He DESs
been part of the scattering formalism for the formal treatmenthat were used as thresholds in the numerical computation of
of resonance states. As we have argued before, REB,  fixed core scattering orbitals and in the subsequent calcula-
regarding the aim of determining the existence and identifition of the energy shifts and widths. It includes the computed
cation of a multiply excited resonance the important criterionenergies and main mixing coefficients, the total size of the
is whether the solution is localized in a reliable local mini- expansion, and the energies produced by other calculations
mum in the continuous spectrum, regardless of whether itf3,13], whose basis set expansions are orders of magnitude
position is above or below a nearby DES of thelarger than the ones we used. As with all calculations on
(N—1)-electron system. The question of whether this posimany-electron systems, especially for excited states, it is evi-
tion is above or below a particular nearby threshold acquiregient that the efficiency of the state-specific wave functions
importance when one pursues the calculation of the partiadnd energies is very high. Obviously, our aim was not to
and total scattering cross sections or of the partial and totakach the limits of numerical accuracy. Rather, it was to com-
decay widths, so as to be able to distinguish the open chamine compactness and electronic structure transparency with
nels. accuracy that is sufficient for the calculation of the above
Finally, we stress the significance of what we have callecjuantities. One of the significant points is that when the near-
the OCL configurations, in the solution of the many-bodydegeneracies and correlations are such that more than one- to
problem. ¥, is a polyelectronic wave packet whose con-three terms are needed for a good description, the total ex-
struction follows guidelines of the theory of electronic struc-pansion is again very short.
ture. It consists of components representing the closed chan- For example, let us focus on the He DESS’BF and 1P°
nels, but it may also contain contributions from boundsymmetries for which there is strong configurational mixing.
configurations having the configurational structure of the adThe lowest state, corresponding to the main configuration
jacent continuous spectrum, as long as they do not destroy its2p, is excluded from the list since it corresponds to a
localization, Refs.[1,2]. We have argued that the self- change of three orbitals from the TESs of the3 shell.
consistent incorporation of certain OCL configurations expeNumerical solution of the MCHF equatiofi$4] shows that
dite convergence to the accurate position of the resonance. tRe next three®P° and *P° DESs are characterized by the
most cases of symmetry and electronic structure, their incluheavy mixing[15] of the 2s3p, 2p3s, and 23d configu-
sion in a MCHF calculation is feasible, and their energiesations. We obtained
may lie above or below the resonance of interest. However,
there are cases where convergence of the MCHF calculation  |3P°(2))=0.846p(2s3p) + 0.425p(2p3s)
is not possible when a particular OCL is included. For ex- B 3m0
ample, this happens with the H&s2p? 2S structure, with —0.30%(2p3d) [=¢(23sp.) “P7],
the open channel being (He's2"") es 2S. Here, valid con- .
vergence of the MCHF equations has not been achieved by ~|°P%(3))=0.780p(2p3s) —0.433p(2s3p)

us if the 22s configuration is included, wheiis supposed _ — 3po
to be a bound orbital. In such cases, the energy contribution 0.452(2p3d)  [=¢(23sp-) "P7],
from the interaction between the bound and the scattering 3p0 _ _

components of the open channéise energy shiftA) must [°P%(4))=0.78%(2p3d) —0.548p(253p)

be computed completely from a second step, using two dif- +0.282p(2p3s),

ferent types of function spaces. The first is in general multi-

dimensional, representindf, and possibly other square in- |1P°(2))=—0.690p(2p3s) + 0.682(2s3p)
tegrable wave functions of other resonances coupled to it.

The second represents the continuous spectrum, either in —0.242p(2p3d) [=¢(23sp_) *P°],
terms of real scattering functior(er L? approximations to

them or in terms ofL? complex functions. ['P°(3))=0.754p(2s3p) +0.663p(2p3s)

+0.043p(2p3d) [=¢(23sp,) 'P°],
IV. THRESHOLDS AND He DOUBLY EXCITED STATES

1P°(4))=0.808p(2p3d) — 0.537(2s3
It is clear from the zero-order structure of the HEES R B (2p3d) F(zs3p)

that these are embedded in an infinity of thresholds corre- —0.233p(2p3s).
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TABLE I. Intershell doubly excited states of He used as thresholds for the calculation of widths of the=He triply excited states\,
number of symmetry-adapted MCHF configurations in the approxiffigteThe energiesin a.u), are compared with those of Ref8,13].
The third column lists the main configurations and their mixing coefficients.

This work Ref. [3] Ref.[13]

State N Main configurations E (a.u) E (a.u) E (a.u)

15(3) 3 2s3s(0.789), 23p(0.596) —0.589 16 —0.589 955 —0.589 89
1s(4) 5 2p3p(—0.832), X3s(0.478) —0.543 44 —0.548 127 —0.548 09
33(1) 2 253s(0.810), 23p(0.586) —-0.60243 —-0.602578 —-0.60258
33(2) 2 2p3p(—0.786), 23s(0.618) —0.558 37 —0.559 747 —-0.55975
p(1)?2 1 2p3p -0.57941 —0.580 245 —-0.58025
3p(2)2 2 2p3p(0.984), ?(0.179) —0.566 33 —0.567 799 —-0.56781
ID(2) 3 2p3p(0.874), Z3d(—0.442) —0.566 60 —0.569 210 —0.569 22
ID(3) 3 2s3d(0.891), 23p(0.452) —0.549 90 —0.556 392 —0.556 42
5D(1) 2 2p3p(—0.885), Z3d(0.466) -0.58274 —0.583 784 —0.58378
3D(2) 2 2s3d(0.870), 23p(0.493) —0.554 01 —0.560 611 —0.560 69
1po(2) 14 2p3s(—0.690), Z3p(0.682), p3d(—0.242) —0.597 07 —0.596 640 —0.597 07
1po(3) 1 253p(0.754), 23s(0.663), P3d(0.043) —-0.564 10 —-0.563921 —0.564 09
1po(4) 14 2p3d(0.836), 33p(—0.504), P3s(—0.215) —0.546 99 —0.547 093 —-0.547 10
3po(2) 14 253p(0.846), $3s(0.425), p3d(—0.307) —-0.58457 —-0.584 812 —-0.584 67
3po(3) 14 2p3s(0.780), D3d(—0.451), Z3p(—0.433) -0.57885 —-0.579012 —-0.57903
3po(4) 14 2p3d(0.785), Z3p(—0.548), 3s(0.282) —0.548 62 —0.548 832 —0.548 81
Ipo(1)@ 1 2p3d —0.562 24 —0.563 792 —0.563 80
3po(1)? 1 2p3d —0.558 29 —0.559 310 —0.559 33
1Fo(1) 1 2p3d —0.55305 —0.558 275 —0.558 28
3Fo(1) 1 2p3d —0.560 26 —0.566 212 —0.566 20

8Due to symmetry and parity these are discrete states.

By augmenting these wave functions to only a 14-with the calculation of¥’, andE, for the *P TESs of He .
configuration MCHF expansion, we obtained energies for Following the methodology that is presented in our previ-
these rather difficult cases that are in very good agreemerjfus work, we first obtained a 22-term MHCF solution with
with those from other types of calculations with very large E(22)yicqe= —0.3739784 a.u.; virial, 1.997. The main con-
expansiong 3,13] (Table ). The reason for pursuing good tributions come from the following configurationgiven
accuracy for these wave functions is that, as we shall see, theith the corresponding mixing coefficients c(3s3p?)
lowest *P° channel dominates the decay of the HP°  =0.922, ¢(3s3d?)=0.237, c(3d3p?)=0.236, c(2s3p?)
state(together with the &3s *S channel, as well as of the =0.131, ¢c(2p3s3p)=0.087, c(3s4p?) = —0.062, c(3d°)
4P and 2D states. Furthermore, the transparency provided=0.060. Explicit orthogonality to the He 1s orbital was
by the compact expansion allows the understanding of thkept during optimization. Orthogonality to the most impor-
contribution of various effects to all transition processes intant lower multiply excited states is assured through the in-
volving these DESs either as initial or as final states. In otheglusion of OCL configurations containing the and 2p self-
words, as it was pointed out in the early 19806,17, the  consistent orbitals, such as the3»? or 2p3s3p. It is an
possibility of computing state-specific MCHF solutions suchimmediate result of this type of calculation that the three
as the ones above, allows the analysis and understanding @fain orbitals, the 8, 3p, and 31, are seen to occupy the
the interplay between electronic structure and excitation andame region, since their average radii érg;s=8.98 a.u.,
decay properties, since it is relatively easy to recognize th@r>3p=8,27 a.u.(r)zg=8.34 a.u.
main contributions and possible constructive or destructive |t is worth noting that by careful optimization and analy-
interference. This will be further discussed in Sec. VIII, sjs, legitimate higher lying He*P localized states can also
Table IlI, with an example. be established using this wave function. However, this is not
the purpose of this paper.
Using the 22-term MCHF localized solution, we pro-
V. CALCULATION OF THE He ~ n=3 INTRASHELL TEss ~ ¢€eded with the final configuration-interaction calculation
AND RESULTS using variationally optimized virtual orbitals with orbital an-
gular momentum up té6=7 and symmetry-adapted configu-
The applications involved the treatment of the3p? *P rations with one-, two-, and three-electron excitations. The
state and the computation of the energy shifts and widths fognergy of a 193-term expansion &=—0.3747089 a.u.
the 2P°, “P, and?D n=3 intrashell TESs of He. TheW,  The next root is 1435 meV above, and does not influence the
andE, of 2P° and D were taken from Ref[2]. We start  final result.
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TABLE Il. Calculated partial and total decay widtli;n meV) for the 3523p 2P°, 3s3p? *P, and
3s3p? ?D He resonance states. 1 a.u. (He€)7.2077 eV.

v (meV)
Channel 2po ‘P ’D
Threshold el Thiswork Ref[3] el Thiswork Ref[3] el Thiswork Ref[3]
2s3s(19) ep 68.5 54.5 ed 0.02 4.9
2p3p (1) ep 3.9 0.4
2s3s (39) ep 4.1 2.9 ed 0.04
2p3p (°P) ep 2.6 7.8 €S 1.8 ed
ed 31.8 32.1 2.0
2p3p (*D) ep 1.3 3.6 s 35.6 31.0
2s3d (*D) ep 0.5 s 3.1 2.7
2p3p (°D) ep 8.0 88 «&d 0.6 0.6 &S 13.9 11.5
2s3d (°D) ep 1.5 1.7  &d 3.1 2.2 &S 6.9 3.1
23sp.(°P%) s 61.3
ed 2.5 76.1  ep 130.8 116.8 &p 62.2 99.1
ef 45.3
23sp_(3P°)  es 4.1 08 &p 1.5 05 &p 2.2
ef 0.06 1.4
2p3d (°P°)  es 0.02 ep 0.7 03 &p 1.2
23sp_(*P°)  es 45 4.1 ep 0.4
23sp, (*P°)  &s 8.3 10.6 ep 7.0 13.5
2p3d (*P°)  es 0.05 ep 0.02
2p3d (°D) ep 1.1 1.3 ep 3.7
2p3d (°F°) ep 1.7
Total 171 176 171 156 178 177

The calculation of the total energy shiftA, partial widths vy, ,
and total width I’

TheU,(e) wave functions are thiE-electron fixed core scat-
tering functions, not necessarily orthogonahitg.

In our previous calculation of théP° and D TESs[2], The total energy is obtained by adding &g the sum of
the calculation of the shifts due to the explicit considerationth® partial shifts,
of scattering orbitals for the open channels was not done.
This is because the self-consistent inclusion of the OCL con-
figurations produced energies of sufficient accuracy so as to
explain the measurements of Rojp]. Only for the
“3s3p?” ?S state was the calculation less accurate, sincence the position of the resonance is determined, the partial
the OCL configuration 8°s 2S was not included, due to un- widths are computed from
certainties in the proper convergence of the MCHF solution.
Therefore, its contribution should have been included via the
use of scattering functions and the corresponding interaction
with the ¥, something which was outside the goal of Ref.
[2]. Anyway, the approximate position of this state shows , . o .
that it is not needed for the interpretation of the measure™here ;i (E) is the derivative of the energy shift at the po-
ments[5]. sition of the resonance stafe Its. size signifies the degree of

The procedure and the formulas for the calculatiompf €nergy dependence of the width. For narrow resonances,
the partial widthsy, , in the ICA and the total widtfi", have  &i (E) is negligible and so the standard golden rule result is
been justified in our previous publications. They involve therecovered.

iterative solution of the transcendental equa’[ion The results are shown in Table Il. The partial energy shifts
and widths are computed in the ICA, and no interchannel
E-Ep—61(6)=0 (13

coupling is accounted for. Therefore, although there is good

understanding of the factors that contribute to each channel

separately, there is still uncertainty as to the effect of inter-

(Wo|H—E|U;())2 channel coupling on each partial width. However, such cou-

5i(s)=PJ’ : de. (1b)  pling is expected to have a small effect on the total width,
Ej E-e since it essentially causes a redistributi@mall or large,

E=Eo+A=Eq+, & . 2
|

_ 2m|(WoH—E|U,(E))]?
Yi(E)= 1_5i/(E) !

)

with the partial energy shift given by
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depending on the system and the chahrodl the partial roborated by our calculations, below we examine the issue
widths[18]. The A andI” are obtained as sums of the partial more systematically.

shifts and widths. The immediate observation is that our numbers are a bit
The final results for the nonrelativistic total energies arehigher than those of Ref3]. By comparing with the experi-
[1 a.u. (He=27.2077 eV,E(He)=—2.903 724 a.u.]: mental values of Roy5], we see that for théP° state our

result is within the error margin of his 68.83.04 eV. For

E(*P°)=Eo+A=-0.3758551 a.4-0.000523 a.u. the 2D state, both calculations have yielded energies that are

__ slightly outside the error margin of the measured one
0.3753324 au. (69.00+0.04 eV). Ours is higher by 0.11 eV and that of

=68.79 eV above the Hest state, Chung[3] is lower by 0.16 eV.
As we have argued in the framework of the SST, for

E(*P)= Eo+A=-0.3747089 a.u-0.000458 a.u. many-body systems such as the multiply excited states, the

problem of solving the effective matrix eigenvalue equation
=-0.3742509 a.u. for the localized?¥ , has three major components. The first is
—68.82 eV above the He st state, the possibility of accounting for the self-consistent field and

the long-range interactions created by the few main configu-
rations. The relaxation that occurs in subshells that are ex-

2p)— -
E("D)=Eo+A=-0.3655462 a.4-0.002075 a.u. cited and of large extent cannot be represented efficiently by

=-0.3634712 a.u. fixed basis sets. The second component of the SST is the
possibility of incorporating the details of the remaining lo-
=69.11 eV above the Hest state. calized electron correlation. The third is to carry out the mul-

tielectron calculation and to reach convergence to the correct
The small difference between the energies oftR& and  |ocal minimum inside the continuous spectrum by excluding
4P states, in conjunction with the widths of Table Il, shows the function spacédue to open channels and to lower qua-
that the two resonances overlap. Of course, in an electron-Hsibound statgsthat may cause small or large “sinking” of
scattering experiment such as the one of RSf, the P the solution for the energy.
state is not excited. In the paragraphs below, we will discuss our calculations
It is noteworthy that the shift in the energy of tAB state  in terms of these three components. As regards the difference
from its E, value is due mainly to the 2p, (°P°ef chan-  with the results of Ref.3], we think that it has to do with the
nel, which adds 45 meV, out of the total of 56 meV. This isway orthogonality to lower states is accounted for. The cal-
caused from the direct interaction with the3p? configura-  culations of Ref[3] are supposed to optimize a multiparam-
tion, where the two-electron matrix element for the deexci-eter function space using orbital orthogonality constraints
tation 3p?—2pef is large. The MCHF calculation did not and the mini-max theorem, see the discussions in Refs.
include a bound OCL configuration of the type 623 )f. [6,19,20. However, the level of precision of such multipa-
However, it did include OCL configurations such as323d, rameter optimization procedures in the continuous spectrum
corresponding to the replacemenp®-2s3d. This OCL is not clear-cut. Since no information on this part of the
configuration does not contribute much to energy but it doegalculation is given in Ref.3], we cannot reach a definitive
contribute to proper orthogonality to lower states and thereeonclusion as to why the energies of the three TESs com-
fore to proper convergence. On the contrary, the intrashelbuted by Chund3] are slightly lower than ours.
replacement, B?—3s3d is, as expected, significant, yield-  We start the study with results from Hartree-FogkF)
ing a coefficient for the corresponding®®d configuration  calculations. We foundE(*P)=—0.3648587 a.u., ob-
of 0.45. tained with the 3 orbital being kept orthogonal to the He
Roy’s measuremen{$] produced a peakstructure 1 of 1s and X orbitals, and the B orbital being kept orthogonal
his spectrumat 68.83-0.04 eV and a second peédtructure  to the H& 2p orbital [1,6]. The virial is 2.16. For the’P°
1’) at 69.00-0.04 eV. These two peaks seem to overlap state, E=(?P°)=—0.3372495 a.u., i.e., about 750-meV
and the total width given by Roy for thel-1") structure is  higher, and the virial is 2.13. It is clear that extra orbital
180+ 40 meV. Our values for the total widths of ti€° and  orthogonality, which is implemented via the addition of
2D TESs are 171 and 178 meV, respectively. Those ofagrange multipliers in the HF equations, reduces the accu-

Chung([3] are 176 and 177 meV. racy of the virial. It is stressed that the satisfaction of the
virial theorem(an index of localizatiohis an intrinsic prop-
VI. THE E(“P)—E(2P°) SEPARATION ALONG erty of the HE gquations, as long as there are no extra
THE ISOELECTRONIC SEQUENCE Lagrange multipliers. For example, if we take the orbitals

from the previous solutions and optimize carefully without
The calculated energies in R¢8] for the three TESs of the extra orthogonalities, the localized solutions are still ob-
interest are’P°, 68.75 eV;*P, 68.74 eV, andD, 68.94 eV. tained in the same “wellsT1], with energiesE,(*P)=
These numbers indicate that tAB° state is higher than the —0.362 671 a.u. anff,=(°P°) = —0.336 226 a.u(the differ-
4p state, albeit by a very small difference, contrary to theence is now 719 mel and with the virial being 2.0. These
spectrum of thev=2 intrashell TESs, where th&P° state is  results show that the extra orbital orthogonalities may lead to
lower by about 200 meV. Since this “inversion” is not cor- a slight “sinking” of the energy of the local minimum, at the
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012 =—0.373832 a.u., viriat2.0. Hence, at this level of ap-
r proximation, the?P° state is below théP by 27 meV.
-0.10 |- / The same behavior of the roots is observed when the
I MCHF expansion is augmented. The approximate exclusion
008 L / of lower states via orbital orthogonality to Hels, 2s, 2p
' orbitals reduces the level of satisfaction of the virial condi-
/ tion and at the same time produces slightly lower energies
than the ones obtained when optimization of the MCHF so-
/ lution is continued without these orthogonalities, in which
004 b case the virial is satisfied exactly. Thus, using a 17-term ex-
/ pansion for the*P state and a 33-term expansion for te°
| state, the MCHF energies are:E(33)ycqe(°P°)
002 =-0.374715a.u. andE(17)ycue(*P)=—0.373814 a.u.,
- the 2P° state being lower by 25 meV.
0.00 P T TP R SR R— The alternative to multiple orbital orthogonalization is to
2 3 4 5 8 ! include in a large MCHF calculation OCL configurations,
nuclear charge whose structure is€3¢'3¢". Of these some represent true,
FIG. 1. Difference of the Hartree-Fock energies, in a.u., of thelower lying resonance states, such as3@ “P or

-0.06 |-

E ('P) - E (P (au)

3s23p 2P° and ¥3p? *P states, forz=2,3,...,7. 2s3s3p 2P°. Configurations with one or more orbitals with
_ _ _ N n=1 (e.g., 1s2s3p) or with two orbitals in then=2 shell
expense of the precise satisfaction of the virial. (e.g., 32p3p) are excluded, since they are coupled very

The fact that the HF energies put the TES below the  \eakly, their energy contribution is negligible and may not
2P° one characterizes the whole isoelectronic sequence. Figglow convergence to a proper MCHF solution.
ure 1 shows the differencEye(*P) —Epe(*P°), for He™ The presence of OCL configurations facilitates conver-
(719 meV, Li (1173 meV, Be" (1612 meV, B>* (2047  gence of the state-specific MCHF calculation while ensuring
meV), C** (2481 meV, and N* (2914 meV. The plot of  state orthogonality to reasonably accurate representations of
Ene(*P) — Enr(®P°) versusZ is essentially linear. It follows Jower states. Thus, we carried out two large MCHF calcula-
that the inverted sequence of these states in their respectiyigns with the following characteristics. For tH@ state we
spectra(i.e., *P is above the’P° statg is the result of the ysed 22 configurations, of which five were of the OCL type.
different sizes of localized electron correlatignainly) and  The result is E(22)ycur(*P)=—0.373978 a.u. with the
of the remaining interactions with open channels. virial being 1.997. For théP° state we used 43 configura-

We now come to the inclusion of localized electron cor-tions, of which ten were of the OCL type. The result is
relation, so as to obtain the fulry andE, while examining E(43)ycne(?P°)=—0.375209 a.u., with the virial being
the possible effects of orbital and state orthogonality. 2.001. These results show that by carrying out the MCHF

Before any calculation is done, it is clear from the e|EC-optimizati0n in the presence of the important OCL Conﬁgu_
tronic structure of the states that there is more electron cofations, both the virial theorem and state orthogonality to the
relation in the 3?3p ?P° state than in the &p” *P, due  nearby important lower statéeepresented by OCL configu-
mainly to the near-degeneracy mixing?3p« 3p>, which rations are satisfied.
is absent from théP symmetry. On the other hand, in both  Once the MCHF solutions are acceptable, the remaining
states the strongly mixing replacemefit>€+2, i.e., 3 |ocalized electron correlation is included variationally, using
—3d,4d,.... and thereplacements of the pairs §3p) and  virtual function spaces with one-, two-, and three-electron
3p? should contribute significantlyFor thea priori identi-  excitations. This approach to the calculation of localized
fication and for the calculation of the important correlationelectron correlation has been applied in a unified way within
effects in excited states df-electron atoms, see the reviews the SST, regardless of whether the state is excited or not,
of Ref.[21].) When we restrict the function space to the e.g., Refs[1,2,6,21-24 However, in the case of resonance
=3 orbitals and carry out MCHF calculations, the expansiorstates, i.e., of quasilocalized states in the continuous spec-
for the *P state contains four configurations and the one fortrum, the quantum mechanics of the many-electron calcula-
the 2P° state contains seven. The solutions that are obtainetion cannot rely on the energy-minimum variational principle
by orthogonalizing then=3 orbitals of HE to the HE or-  that holds for the discrete spectrum. This is why we have
bitals gave the following energie@vithout a very good given this discussion, here as well as in earlier publications.
virial): E(4)mcur(*P)=—0.375691 a.u., viriak2.15, and We now comment on the level of numerical accuracy and
E(7)mcur(’P°%) = —0.375627 a.u., viriak2.12. The two reliability of the final results, since tHe(*P) — E(?P°) sepa-
states are essentially degenerate at this level of approximaation that is being pursued is very small, of the order of 1
tion. When the orthogonality constraint is lifted, again, as inx 10 2 a.u.
the case of the HF solutions, the virial is satisfied exactly There are three steps comprising the determination of the
while the energies remain in the same wells, with only smallpositions of these states and of their separation. The first one
changes upwards. Specifically, E(4)ycue(*P)= involves the MCHF calculation, with care concerning or-
—0.372846 a.u., viriat 2.0, and  E(7)ycur(?P°) thogonality to lower states and the satisfaction of the virial
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theorem. Since the solution is numerical, errors from use of TABLE Ill. Values for the energy difference, in meV, between
basis functions are absent. The second one involves the cdhe n=2 andn=3 intrashellns’np 2P° and nsni? *P states of
culation of the remaining localized correlation. This is car-He™, at various levels of approximation.

ried out variationally, by expanding systematically the func
tion space of virtual orbitals and correlation configurations AE=E(*P)—E(°P°) (meV)
until convergence to the local energy minimum is satisfac-
tory. For example, let us take th&P° state. The 43-term

HF MCHF,2 MCHF, .., FCI FCI+A

MCHF energy is—0.375209 a.u. When 178 symmetry- 2  —927.0  —1715 -303 2043 2092
adapted correlation configurations are added, i.e., when the 126.3 207.6
total number of configurations is 22E, is found to be 2100
—0.3757377 a.u. This localized wave function is con-3 ~ —719.6 27.1 33.5 31.3 294
structed from the MCHF orbitals2 2p, 3s, 3p, 3d, 4s, -751.2 -18 316 -21.8 73

4p, 4d, 4f and from optimized virtual orbitals;,, with € : i : i
=0,1,2,3,4,5 and with one Slater-type orbit8ITO) per or- '“\Nl_th confl_guratl_ons from orbl_tals of thi shell.

bital angular momentum. When another 360 configura‘tion%’v\"th configurations from orbitals of ths andn + 1 shells.

are added, we reach our final result, for a total of 581 con-Energy of “P° from Ref.[1(@)] and energy of'P from a small
figurations, ofE=—0.375854 7 a.u. Now, the virtual space {hree-term MCHF calculation{6].

is constructed from STOs with=0,1,2,3,4,5,6,7. The orbit- Energy of2P° from Ref.[28] and energy of'P from Ref. [29].

€ 2
als of the singly excited configurations are nonorthogonal toE"erdy of “P° from Ref.[1(a)] and energy of'P from a larger

those of the doubly excited ones. Selected triply excited conf(—l‘l'term MCHF calculation[6].

figurations are also included. The convergence of such a caIReference[fog'

culation is at the level of 10* a.u., i.e., about 3 meV. A  =nergy of*P? from Ref.[1(a)] and energy'of‘P from Ref.[30].
similar type of convergence is observed for the state. hwith orthogonality to fixed Hé n=1,2 orbitals, without OCL.

Obviously, when the difference of the energies of fiReand ~ Reference3].

?P° states is taken, the accuracy is at the level of18.U. a5 we already mentioned in Sec. I, a prediction for “inver-
or better. sion” between the*P and 2P° states in thex=3 shell was
The third step involves the computation of the energypyplished in Ref[9] for the N'* ion as well, we studied the
shift A, due to the interaction d¥ with the open channel isgye of the calculation of TESs in Li and in the positive ions
scattering functions. In the present case, these quantities WU[p to Z=7. It is natural to expect that for these systems
out to be very small, since part of the contribution of theconvergence is less demanding than in"H&Ve already
continuous spectrum is taken into account by the OCL CONyave in Fig. 1 and in Table Il the HF energy difference,
figurations during the computation &, (Secs. lil and VI).  showing that, without correlation, the shell model predicts
Even if the result for thed of each state were wrong by a that the 33p2 *P state is below théP° one. As our results
factor of 2 in the wrong direction, the difference of the total show pelow, the inclusion of the localized electron correla-
energies would still show that théP° state is lower than the  tjon restores the order, and the filling of the subshells starts

*P one by 9 meV. with the 35?3p 2P° state, which indeed is below the
Table 1l lists the results for the lowest=2 andn=3 *P 3s3p? “P TESs.

For then=3 case, the last two columns compare the preserfirst obtain a MCHF solution that includes OCL configura-
results with those of Ref3]. The total energies that were tjons and then add the remaining function space of the one-,

obtained by the methodology of this work indicate that thereyyo-, and three-electron virtual excitations for the localized
is no inversion in the filling of then=3 subshells and that ¢qrrelation.

the He 3s*3p P° state is 29 meV below thes3p® *P For the ions B&, B?", C*", and N*, convergence of

state. Here we should note that a conclusion from our come first step is efficient already at the MCHF level. There-
putations of the TESs of the=2 andn=3 shell, is that for  fore, only the MCHF solutions with all configurations from
n=2 it is necessary to include configurations from the then=3 andn=4 shells, together with the OCL configura-
=3 andn=4 shells before the energy difference starts statjons, were used.

bilizing. On the other hand, for the=3 TESs this conver- Specifically, for Li the MCHF wave function for the

gence is apparent already at the stage where onlnth8  3523p 2pP° state consisted of 43 configurations, of which ten
configurations are included in the MCHF calculation. Thiswere of the OCL type {3s%2p,2p3p?(°P, D, 1S),

fact is in harmony with the results that were obtained in the(2s3s)1s, 3S 3p, (2s3p) 1P°, 2P°3d, (2p3s)*P°, P°3d}.
1980s regarding the DESs, and which showed that B8 The corresponding energy is1.040 181 7 a.u. The tota,
creases, the correlation of the intrashell states is essentialppnsisted of 581 symmetry-adapted configurations. The cor-
described by the MCHF intrashell configuratidi22]. respondingE, is —1.040 9856 a.u. and the virial is 2.004.
For the 33p? “P state, the MCHF solution consisted of 22
configurations, of which five were of the OCL type
Given the difference between our conclusions and thosé2s3p?,2s3d?,2p3s3p,2p(3p3d) 3P, °D°. The corre-
of Ref.[3] for the spectrum of He, and given the fact that, sponding energy is-1.038516 4 a.u. The totadf, consisted

The Li atom and its isoelectronic sequence
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of 193 configurations. The correspondiBgis —1.0393859 TABLE IV. Values of the energy difference, in a.u., between the

a.u. and the virial is 1.999. Since the differena¢?P°)  n=2 andn=3 intrashelins’np ?P° and nsngf *P states forZ

—A(*P) is negligible, our prediction is that th&P state is =~ =2:3.7-

above the 8%3p 2P° state by 44 me\(The difference of the

MCHF energies gives 45 meV, i.e., the same result, showing

that the remaining electron correlation is common for both >

states.

It is significant here to compare with experimental values 2 0.0077 0.001 23 0.001 15 —0.000 27

and with previous theoretical results that are available for the 3 0.010$ 0.001 672 0.001 66

position of the Li 3?3p 2P° state. These were published in 4  0.0128 0.001 88
5
6
7

AE=E(*P)—E(?P°) (a.u)
n=2 n=3

1997 by two groups of researchéfis,12. The experiments 0.0149 0.002 0%

involved the photoexcitation of this state using synchrotron 0.014% 0.00213

radiation and photoion or photoelectron spectroscopy. Diehl 0.0157 0.00217° —0.001 47
et al.[11] measured the energy as 175.385050 eV above
the ground state. Azumat al. [12] measured it as 175.25 Energy of 2P° from Ref.[28] and energy of'P from Ref.[29].

+0.10 eV. Our result is 175.15 eV, in very good agreemenfState-specific MCHF energies, this work.

with the measurement of Rdfl1]. It is noteworthy that the °“Energy differences from FCI, state-specific calculations, this work.
predictions of large MCDF calculations are 174.11 [@X]  “Referencd3].

and 174.14 e\12], a discrepancy from experiment of 1 eV. *Referencd31].

Large R-matrix computations in Ref11] produced 174.90 'Referencd32].

eV. The theoretical result closest to ours is that of R&f],  Interpolated value.

who diagonalized a large complex matrix with an eigenvalué‘Extrapolated value.

corresponding to a position of 175.12 eV above the groundReferencd9].

state. It is worth pointing out that, according to Rdfl], the

diagonalization of a 570-term real matrix with saddle pointcreases and the mixing becomes stronger, one must expect a
optimization [6,19,2Q produced an energy of 1.043414 Vvariety of breakdowns of the predictions that may normally
a.u., which is again, as in the case of Hdower (by 66  be made according to the single configuration model.

meV) than our value foE,. As it was stated in Ref6] and

in Sec. Il of this paper, without detailed numerical evidence VII. COMMENTS ON THE OCL CONFIGURATIONS

it is not clear how the multidimensional optimization via the .
mini-max theorem for eigenvalues has bgen implemented in We return to the calculation of the three lowest TESs of

Refs.[3,11], and how it secures a precise value for the reapfztﬁ In0|_(|:e|: anc:_ we ctpmmePt”?n lthe Imcfh:ﬁ'orll/l%n:;he Irole
energy of a resonance state. of the configurations at the level of the calcu-

For the other ions, our calculations were carried out at théat'on' Let us focus on thép state. The most important OCL

level of the MCHF wave functions and energies. For ions’conf|gur3at|é)ns are the Bp® [corresponding to the
when taking the difference of the energies of the two states(,233p) P°ep channe] and the P(3s3p) [corresponding
the result from the use of just the MCHF energies is reliable.

Table IV contains the energy difference along the isoelec- )
tronic sequence for both the=2 and then=3 shells. For 0,016 -
then=2 states oZ =5,7, for which we avoided calculations ] —
for reasons of economy, we used interpolation and extrapo-  ¢.014 —

lation. Comparison is made with published results that did ] _—

not include the energy shifk. It is clear from these results 0.012 1 e

that the difference increases with toward a constant, non-
relativistic value. It is therefore necessary to discard the pre-
diction of Vaeck and Hansd®] for N**, where the*P state
was placed above th&P° state. We point out that the energy
of our MCHF calculation for the €3p 2P° state of N* (43
configurationgis —7.030 964 a.u., in harmony with the large ]
scale fixed basis calculations of Bachd®], who also in- 0.004 4
cluded OCL-type configurations with shell numbé&gs3,3 ]
and found—7.0338 a.u. 0.002 - . A A
Figure 2 depicts the difference between the energies of the T

four states, the €2p?2P° and Z2p?“P, and the 2 3 4 5 6 7

3s23p 2P° and 33p? P, for the sequenc@=2-7. It is nuclear charge

true that this quantity becomes smaller in the-3 shell, FIG. 2. Difference of the total energies, for the pairs of states
which is natural given the shrinking of the spectrum and theps22p 2p°, 2s2p? P and 323p 2P°, 3s3p2*P, for Z
increase in the density of states. Nevertheless, our results stiff2,3,...,7. The text explains how and where these values were com-
place the?P° TES below the*P one. Of course, as in-  puted.

—m—n=2TES
—A—n=3 TES

0.010

) (@)

0.008

E(P)-E (P°

0.006 -
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to the (203s) 3P%p channe), with coefficients 0.1312 and dominant decay channel is the Hg23sp,) °P°. In the
0.0871, respectively. Such coefficients are not negligible. Irtase of 2P°, there is also another dominant channel, the
fact, as we shall see in the following section on widths, thep(2s3s) 'S, whose width, 68 meV, is essentially the same
channel (33p) 3P%p draws the largest partial width, its as that of thep(23sp..) 3P° channel(64 me\).

value being 62 meV, while its contribution to the energy shift  Table Il also includes the results of Chufg]. In both

is only 5 meV. This is the result of the presence in the localsets of calculations, the partial widths were obtained in the
ized wave function of the OCL configuration. Analyses of ICA. Considering the complexity of the problem, as regards
such situations as regards the different effects of the OCL othe gross picture the agreement is very good, especially for
Rydberg configurations due to their presence in the bounthe total widths. Differences appear for certain widths that
part of the off-diagonal interaction matrix element have beerare small. For example, for the §3p) *Sep channel of
published in Refs[1(b),23]. 2p°, our value is 4 meV and that of Rdf3] is 0.4. Or, for

Similar conclusions are drawn for the partial widths andthe (2s3s) 'Sed channel in?D, our calculations indicate
shifts in the?P° and D states. We have already mentioned essentially no deca®.02 meVf and those of Ref3] a small
the large partial energy shif#5 meV) for the (2s3p) 3P f width of 5 meV.,
channel of the?’D TES, which appears because we did not The fact that the present approach employs state-specific
include the corresponding OCL configuratigthe MCHF  compact wave functions where the main configurations con-
calculation does not converge properly if the tain recognizable and physically relevant orbitals, offers the
(2s3p) 3P°4f 2D configuration is included On the other possibility of understanding heuristically, in many cases, the
hand, if we consider thes8p? 2D MCHF OCL configura- interplay between electronic structure characteristics of the
tion, whose coefficient is 0.11, and which corresponds to th@ESs and the computed partial widths. In fact, notions such
channele(23sp,) 2P°p, we see that it causes the shift to as the ones outlined below, most often provide efficient un-
be small, about 5 meV, while the partial width to this channelderstanding for phenomena such as two-electron excitations,
is large, about 62 meV. For the case of tHe° state, let us collective excitations, localized transfer of transition
consider the (83s) 'Sep and ¢(23sp,) 3P%s channels. strength, dominant electron correlations and absorption or
Again, the partial energy shifts are very sm@land 2 meV, decay spectra, the significance of internal couplings and
correspondingly, because their contribution has been ab-overlaps in autoionization widths, etc.
sorbed by the MCHF OCL configurations $25)'S3p, The basics for this type of analysis have been presented in
whose coefficient is 0.129, and®p, whose coefficient is earlier work on state-specific many-electron treatments of
—0.043. However, the partial widths to these channels arphotoabsorption or autoionizatiofl7,21,24,2% Two no-
large, being 68 meV for (€3s) !1Ssp and 61 meV for tions that are relevant here are as follows.
©(23sp,) 3P°%s (Table II). (1) The use and understanding Wfelectron transition-

It is noteworthy that one of the problems of explicit or- matrix elements by reducing them to one- and two-electron
bital orthogonalities to lower orbitals of configurations of interaction integrals, multiplied by overlap integrals that of-
(N—1) or (N—2) for multiply N-electron states is the com- ten contain much physical significance. For example, recent
plication of the appearance of linear dependence of the basiliscussions and applications to TESs of Li and Hé ideas
sets.(For example, consider the case where different chanwhere the calculation of orbital overlap leads to physically
nels are created by singlet and triplet multiplicities for thesignificant information, can be found in Ref26,27, where
same configurations. On the contrary, such problems references to older work are also given.
are eliminated if the major lower states to which we In the present work, this notion can be used to interpret
demand state orthogonality are represented explicitly via théhe difference in magnitudes of partial widths in the- 2,
MCHF OCL configurations. For example, let us consider the2s?2p 2P° andn= 3, 3s23p 2P° states of He. These states
He ¢(23sp,) 3P° and ¢(23sp.) 3P° states of the decay preferentially to the He(1s2p) °P°, ¢(1s2s) 'S
©(23sp,) 3P%s and ¢(23sp_) P%s channels. If we channels for thenx=2He  TESs and to thep(23sp.) 3P°
take the orbital overlaps between the MCHF OCL orbitalsand ¢(2s3s) 1S channels for the=3 TESs. By writing the
of the He ?P° TES and the orbitals of the H#P° states, decay matrix elements, it becomes clear that the partial width
we see that this is largeq(2s)ue(2S)pe-)=0.9333, of then=2 TES is smaller due to the smaller overlaps and
((3S)pe-|(3S)pe- ) =0.9893,  ((2p)1d (2P)e-)=0.9804, R integrals involving the & orbital or scattering orbitals of
and {(3p)ud(3p)ne-)=0.9679. This orbital similarity larger energy. For example, the overléRsye |2sye) that
makes the inclusion of the MCHF OCL configurations physi-appears in the expression for the decay ofrtke3 TESS[it

cally relevant. multiplies theR® integral R%(3Sy0_ Pre- ;3SHecP)] equals
—0.0424. On the other hand, the overléps,e |1Sye),

VIIl. RESULTS AND COMMENTS ON PARTIAL which appears in the three—el_ectron matrix el_ement for the
AND TOTAL WIDTHS decay of then=2 TESs, is 22 times smaller, beirg).0019.

(2) The superposition of transition amplitudes that are de-

Table Il contains our results for the partial and totaltermined in terms of a few main configurations. This feature

widths of the three lowest TESs of He the 323p 2P°, allows the recognition of possible cancellation effects on

3s3p? *P, and 33p? ?D. The total widths are essentially transition-matrix elements, such as the autoionization widths.
the same for all three states. These &l¢P°)=171 meV, This was first demonstrated in Refd 6,17, in connection
I'(*P)=171 meV,I'(?®D)=178 meV. For all of them, the with the widths of the p3p 3D DES of He. For example, in
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TABLE V. Values of the matrix element/=\V— ES for each configuration of the channels Hesp3 3P° and 23p_ 1P° for the three

lowest triply excited resonance states of H8s?3p 2P°, 3s3p? *P, and 33p? ?D. V is the Coulomb interaction matrix element aBis

the overlap. Comparing the numbers for the two chanri§l8,and *P°, whereas the ones f&are of the same order of magnitude, the ones

for V differ considerably, showing that th#P° channel interacts more strongly.

V (a.u) S(a.u) W (a.u)
Threshold Configuration ~ 2P° 4p D 2po 4p D 2po 4p D
23sp, °P° 2s3p 0.0163 —0.0130 -0.0169 -0.0779 0.0901 0.0872 —-0.0129 0.0207 0.0148
2p3s —0.0471 0.0499 0.0466 0.0861 —0.0818 -—-0.0705 -0.0147 0.0193 0.0126
2p3d 0.0063 —0.0075 -0.0032 -—0.0086 0.0135 0.0055 0.0031 —-0.0024 -0.0012
Total —0.0109 0.0154 0.0065 -0.0211 0.0324 0.0341 -0.0189 0.0275 0.0189
23sp_ 1po 2s3p —0.0022 -0.0035 -—0.0005 -—0.0276 0.0524 0.0411 -0.0125 0.0161 0.0145
2p3s —0.0059 0.0009 0.0022 -0.0246 0.0362 0.0300 —-0.0158 0.0144 0.0131
2p3d —0.0023 —0.0005 0.0010 —0.0055 0.0090 -—0.0007 -—0.0044 0.0028 0.0008
Total 0.0026 —0.0024 -0.0014 0.0060 —0.0014 -0.0060 0.0049 -—0.0030 —0.0036

Ref.[17] it was stated that the contribution to the width of such states is complicated by a number of factors, as, for
the 2p3p and 2s3d configurations present in the MCHF example, is the presence of lower lying multiply excited
zero-order vector, nearly cancel each other. This implies thatesonance states and of a plethora of important open chan-
in this case the width is determined essentially by correlatiomels corresponding to one- and two-electron bound or

of the2pv; andvg 4 type, wherev, are virtual orbitals”

quasilocalized states.

A similar type of constructive and destructive interference  The applications were done to the?3p 2P°, 3s3p? “P,

can be shown to occur here with the Bfe® and *P° chan-

and 33p? 2D triply excited states. Energies as well as par-

nels, whose zero-order wave functions are given in Sec. IMial and total widths(only for He")—in the independent
For example, two of the major decay matrix element for thechannel approximation—were computed. A test of the level

3p° channels ard ¢(3s%3p) 2P°|H —E|¢(23sp, ) 3P°ss)
and (¢(3s?3p) 2P°|H—E|¢(23sp_) 3P%s). Analysis
shows that there is cancellation for thé23sp_) *P° chan-

of accuracy of these calculations was the determination of
the position of the Li 3°3p 2P° state at 175.15 eV, in very
good agreement with the measured value of Dathdl. [11]

nel, and this is reflected on the very small width. In Table V(175.165-0.050 eV).

we present values for the matrix elements that are relevant
the above discussionV is the full matrix element whose
form is W=V —ES. V is the Hamiltonian interactionS is

to Our study showed that, due mainly to the effects of local-
ized electron correlation, thes33p 2P° state is below the
4P state along the isoelectronic sequence, Hecluded,

the overlap between initial and final state wave functionsgcontrary to the conclusions of Ref&,9] where an inversion
and E is the energy of the resonance state. For all thre@f these two states was predicted for Hand for N4,

states,?P°, “P, and 2D, V is much larger for the compo-
nents of the ¢(23sp,) 3P%s channel than of the
¢(23sp_) 3P°s one. At the same time, the overlaBsare
of the same magnitude. The calculationéfdepends on the
coefficients of the final DES of HéTable ). For the com-
ponent 23p of the ¢(23sp.) 3P° vector the coefficient is
almost the same and of the same sign as the one @8s 2
component of thep(23sp_) 3P° vector. On the other hand,
the coefficient of the @3s component of theo(23sp,) 3P°
vector is of opposite sign of that of thes2p component of
the ¢(23sp_) 3P° vector. The result is constructive interfer-
ence for thegp(23sp,) 3P° channel and a much larga¥
than for thep(23sp_) 3P° channel, regardless of the type of
initial state.

IX. SYNOPSIS

As a continuation of our work on the analysis and com

As regards the computational methodology, we discussed
the positive role of the OCL configurations with respect to
the state orthogonality, the satisfaction of the virial theorem,
and the contribution to the energy of the localizég of
multiply excited states, when they are included in the zero-
order MCHF calculation. The computation of the partial and
total widths in the independent channel approximation re-
vealed the major decay channels, namely, the He
©(23sp.) 3P° and theg(2s3s) 1S, and produced results in
essential agreement with those of RES] for their partial
widths. Disagreement is observed only for certain small par-
tial widths. The total widths of the three states in"Hare
nearly the same, around 170 meV.

Finally, it was discussed how the interplay between elec-
tronic structure and widths can be understood, heuristically
as well as quantitatively, in terms of orbital overlaps and of
constructive and destructive superposition of the main con-

-figurations in decay channels.

putation of multiply excited resonance states within the state-

specific theory, in this paper we focused on certain prototypi-

cal cases in He, Li, and in ions of the isoelectronic
sequence, where three electrons occupy mainly rnke3
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