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Energies of metastable*S° states in the alkaline-earth sequence
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Theoretical binding energies have been obtained for the metasig@blés® states in the alkaline-earth
sequence using B-spline configuration-interaction approach. The results agree with available experimental
and theoretical data within 5 meV for Beand within 10 meV for Mg . The binding energies of the® 4s°
state in Mg, Ca , and St are larger than the one in Bdy roughly 250 meV due to the stronger interactions
with the d?p configurations. For Ca, the *S° binding energy is determined to be 555.5 meV, including a
contribution of—70 meV due to dielectronic core polarization. For $ne *S° binding energy is 557.9 meV,
including a decrease of only 6 meV due to dielectronic core polarization. This behavior fé8ttstates in
Ca and SF is ascribed to the different neutral-atom states to which*®festates are bound.
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PACS numbsds): 32.10.Hq, 31.25:v, 31.50+w

[. INTRODUCTION [16-18 have recently been found to agree very well with
experimen{19], although only when the effects from dielec-
Negative ions have been of special interest to theoreticaronic core polarization are included. The binding energies
and experimental physicists, since for many negative ions thtor the sublevels of the $p? *P® state in St were deter-
ground state cannot be approximated adequately by a singfgined as well in this experimental stufiy9]. A subsequent
configuration. The strength of the dielectronic repulsiontheoretical study obtained good agreement for its center-of-
compared to the nuclear attraction dramatically changes thgravity binding energy20].
electronic orbitals upon the binding of an additional electron The metastabléP® states have also been investigated for
to the neutral atom. Additionally, since the binding energy ofthe lighter ions in the sequence. Kristensaral. [21] re-
the outer electron can be quite small, relativistic, core-coreported a binding energy fors2p? 4P in Be  of 290.99
and core-valence interactions have relatively large conset0.10 meV, while theory has determined a binding energy
guences. Accurate measurements and theoretical calculation 289.1+ 1.0 meV using large-scale configuration interac-
are therefore important to indicate the strength of these les#on (Cl) calculations including core excitatiori22]. Also
important interactions. For an overview of experimental andhe theoretical and experimental fine-structure splittings
theoretical investigations on negative ions, the reader is reagree to within 6%. For thes3p? *P® state in Mg, theory
ferred to the review by BlondétlL]. has predicted a binding energy of 367.1 mea3], using the
For a long time, it was believed that no stable negative iorCl with core excitations and relativistic corrections, and
existed within the alkaline-earth sequence. The discovery 0379.8 meV[24], employing the multiconfiguration Hartree-
the existence of a stable bound Cstate, both theoretically Fock (MCHF) approach.
[2] and experimentallyf3], was therefore very surprising. Apart from “P® states, metastabléF°® and *S° states
Since then many studies have been devoted to examine thave also been identified for negative ions in the alkaline-
properties of the negative-ion ground states within theearth sequence. AsBp5d “F° state has been observed ex-
alkaline-earth sequencgor a review of these studies see perimentally in Ba [25], while in Sf~ the 5s5p4d “F° state
[4]), revealing that after the initial investigations our under-is found theoretically to lie very close to the first excited
standing was still rather limited. For example, subsequenstate of S{20]. Thenp® *S° state has been observed experi-
experiments demonstrated that the binding energy of thenentally in Be [21,25. Recent theoretical investigations
outer electron in Ca was substantially smaller than esti- [22,24] have resulted in binding energies within 1 meV of
mated earlie5,6]. The continued development of spectro- experiment. For Mg, theoretical binding energies have
scopic techniques has allowed the determination of the bindseen provided for théS° state[23,24), whereas experiment
ing energies for Ca[7], Sr [8,9], and Ba [10] to withina  has not been fruitful yei26,27).
fraction of a meV. Theoretical calculations only produce Despite the increased interest in the negative ions of the
binding energies in agreement with experiment when the inheavier alkaline-earth atoms, the theoretical study of'&fe
fluence of core-valence interactions or core polarization istate has not received the same amount of attention. Their
included in the calculationgl1,12. In addition, also core- study is nevertheless of interest for the fine tuning of the
core and relativistic interactions have a distinct influence onheoretical calculations. Furthermore, such a study provides
the binding energiegl1,13-15. information about the strength of core polarization and rela-
Despite significant recent efforts to obtain highly accuratetivistic interactions in these heavier systems. For high-
binding energies for the ground states of these ions, consigccuracy experiments, a good knowledge of the position of
erably less attention has been devoted to the metastabire *S° states is beneficial since a smaller part of the spec-
states. The predictions for thes4p?*P® state in Ca trum may need to be investigated for a particular transition.
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In this paper, binding energies for thts° states in the TABLE I. Angular momentum expansions,/ »/ 3 used for the
alkaline-earth sequence will be presented and compared withree-electron systems. The;/1n,/,n3/’3 configurations are
the available data. The availability of high-quality resultssorted om, with njo,<nmig<ny,. The configuration is included in
allows the testing of the numerical convergence of thdhe diagonalization if all three values are at most the value indi-
present computations before attempting the heavier ions. Afcated in the table. Where two valqes are given, the first value is for
ter giving a brief description of the theoretical approach, weS andp electrons and the second is fy f, andg electrons.

will also discuss the influence of core polarization on the
calculated binding energies and illustrate some experimentfttom

Maximumnq,, Maximumnpq Maximumn,

conseqguences. Be 5 19 19+ /
Mg 5 19 19+ /
Cca 7,6 8,7 22+ /

IIl. THEORETICAL APPROACH :
Sr 7,6 8,7 22+ /

The general difficulty in the theoretical description of a -
negative ion is that the orbitals in the neutral atom and the Symmetries ppp, ddp, ffp, ggp, ddf, fff, ggf
negative ion are quite different. In order to obtain a reliable
estimate of the binding energy of the outermost electron, . ) ) ) )
both the neutral atom and the negative ion must be describeyven in Table 1. Including all allowed configurations results

accurately using a similar basis set. This basis set must therlf @1 expansion length on the order of 1vhich is too large

fore be flexible enough to describe both tightly bound eleclo be treated in a single diagonalization. Therefore, the basis

trons and loosely bound electrons simultaneously. set is truncated using the criteria indicated in Table I, which

The B-spline basis set is an example of a basis set that i€SUlts in an expansion length suitable for diagonalization.
well suited for the description dfjuasjbound states in nega- Ater obtaining the eigenenergies and eigenfunctions in this
tive ions as demonstrated by previous calculations for Ca reduced expansion, the effects of the excluded configurations
and Sr [12,18,2Q. In the application oB splines, the free are added using second-order perturb_atl_on theory. The mag-
negative ion is approximated by confining it within a box. nitude ‘?f the second-prder energy .Sh'ft IS checke(_j afte_r the
This approximation is valid if the box is large enough to calculations to examine whether important configurations
contain the entire wave function. For low-lying states 0fhave been inadvertently left out of the calculations. Typi-

negative ions, this box must contain the loosely bound out?a".y’. the total ;ecpnd—order shift is less than 10 meV and
ermost electron. In the present studies, a box size of 80 a.ildividual contributions do not exceed 0.15 meV.
has been chosen. This box is then subdivided into intervals,
which are chosen according to the problem. In the present Ill. RESULTS AND DISCUSSION
study of binding energies for metastable bound states, the
intervals increase exponentially in length since bound-state
wave functions oscillate more rapidly close to the nucleus. The first question to be addressed when a model potential
Twenty-five intervals have been chosen, which, after applyfor a single-electron system is employed for multielectron
ing the boundary conditions that the wave functions vanish atalculations is the quality of the energies for the two-electron
the boundaries of the box, gives a total of 28 basis functionsystem. This is a far more stringent test of the overlap of the
for each angular momentum. different wave functions than the energies of the single-
The 4S° state is now approximated as a nonrelativisticelectron system since the dielectronic repulsion is quite sen-
three-electron state outside a closed-shell core. The potentisitive to small deviations in the wave functions. For each
arising from the nucleus and the closed-shell core is themlkaline-earth atom studied here, we have chosen to examine
approximated by a model potential for a single electron outthe accuracy of the energies for two states, the ground state
side a closed-shell core. The Bepotential has been de- and the lowest state for which an additional electron can
scribed by Bachaet al. [28], while the Mg™ potential has create a*S° state. A comparison between the theoretical re-
been developed by Aymaat al.[29]. The Cd potential for  sults and the experimental values is given in Table Il. The
Ca' has been reported by Laughli0], while the St po-  experimental data are obtained frd82] for Be, from [33]
tential has been given if20]. The latter two potentials in- for Mg, from [34] for Ca, and from35] for Sr.
clude a semiempirical term arising from the polarization of The largest difference is observed for Sr, where the
the closed-shell core, while no such term is included for theground-state energy differs from the experimental binding
Be" and Mg" potentials. The increased influence of coreenergies by 29.6 meV, while the energy of tAE® state
polarization in Ca and Sr is mainly due to the smaller energydiffers from experiment by 53.3 meV. Also for the ground
difference between the filledp® shell and the emptnd  state of Be and théD° state of Ca, the present calculations
shell for alkaline-earth atoms beyond Ca. When core polarand experiment differ by roughly 30 meV. All other differ-
ization for a valence electron is included in the Hamiltonian,ences are smaller than 20 meV. Although these discrepancies
for consistency also the interaction between two valencare not negligible, they are still sufficiently small to permit a
electrons has to be modified. A semiempirical dielectroniaeliable estimate of the'S® binding energies. The largest
core polarization term has to be added to the dielectronierrors are observed for Sr since for this atom a single-
repulsion 1/,, (see, e.g.[31)). electron model potential equal for all angular momenta is
The two- and three-electron problems are now solved inemployed. For heavier atoms, this description becomes
cluding all allowed couplings involving partial waves up to poorer and use of -dependent potentials may improve on
/'=4. For the three-electron problem, these couplings ar¢he present accurad29,30. Also, the use oL S coupling

A. Neutral-atom states
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TABLE II. Binding energies of neutral-atom states in the  Table Ill shows a systematic trend in the behavior of the
alkaline-earth sequence to which the® states are bound. Energies 4g° binding energies in the alkaline-earth sequence. The
are given in eV with respect to the ground-state of the doublysmgajest value is found for Be with a large increase in the
charged species and compared to the experimental values from ﬂEﬁnding energy of Mg. For the heavier systems in the se-
data table$31-34. . ' _ ,

quence, smaller increases are observed for @ad Sr.
This trend may be somewhat coincidental since for @z

Atom State Present theory Experiment 4 . ) .

S° state is bound with respect to tiB° state instead of the
Be 2% 1s° —27.5621 —27.5339 3pe state. The difference between th° binding energy for
Be 2p?%p° —20.1492 —20.1325 Be~ and the other negative ions is ascribed to the closer
Mg 3s*'s° —22.6762 —22.6691 proximity of the d shell in Mg, Ca, and Sr. The increased
Mg 3p*°P° —15.4922 —15.5086 flexibility to bind an additional electron due to the strong
Ca 47 1s° —17.9856 —17.9849 interaction betweemp? with nd? causes an increase in the
Ca 4p3d °D° —13.2148 —13.2439 43° binding energy of approximately 250 meV.
Sr 5s% ' —16.7546 —16.7250 The contribution from dielectronic core polarization dif-
Sr 5p® °p° —12.3732 —12.3199 fers quantitatively for the binding energies of the° states

in Ca  and Sr. In Ca’, the binding energy is reduced by
88.7 meV, while for St the binding energy decreases by
‘only 5.7 meV. The effect on the total binding energy of the
4p°® 43P state in Ca and the P° *S° state in ST is never-
theless very similar, a decrease of 77.5 meV and 106 meV,
respectively. However, the shift of the respective threshold
binding energies are very different, a decrease of 8.9 meV
The energies of thep® states ofX (X=Be, Mg, Ca, for the 4p3d3D° state in Ca compared to a decrease of 100
and Sy with respect to thex?™ ground state are given in meV for the 2 3P¢ state in Sr. The main differences caused
Table IIl. Also the energies with respect to the lowest state irby dielectronic core polarization are therefore found in the
X, for which an additional electron may lead to*&° state, neutral atom.
are given in Table IIl. For Caand Sr, binding energies are In order to explain the different behavior of tH&° bind-
given when the contribution from dielectronic core polariza-ing energies, we must examine the influence of dielectronic
tion is both excluded and included. The preferred energiesore polarization on the neutral-atom states. For thegate
are those with dielectronic core polarization included. in Sr, the main effect of dielectronic core polarization is to
As mentioned above, for all energies presented here, relalecrease the interaction strength between thé &d the
tivistic interactions have been neglected. For(inetgstable  4d? configurations. The samep5—4d? interaction is also
states of Ca, the binding energy was found to decrease by 6mportant for the*S° state through the interaction between
meV (Ca) when relativistic interactions were included the 5p° and 4?(3P)5p configurations. Similar interactions
[36,18. For Sr, the decrease was approximately a factor 3are thus important for both the neutral atom and the negative
larger[36]. Similar influences may exist for tHts® states. It ion, which may cause a large cancellation of the effects from
should be mentioned, however, that the semiempirical modalielectronic core polarization in the neutral atom and the
potentials have been fitted to reproduce the energies of theegative ion.
Ca' and Sr states. Single-electron relativistic interactions For the 43d3D° state in Ca, almost no change due to
have thus been included implicitly for the effect on the cen-dielectronic core polarization is observed. The reason for this
ter of gravity. Since there is only one level in tA8° states, is the same as has been discussed by Norcross and Seaton
the change in binding energy due to relativistic interactiong38] for the small effect of dielectronic core polarization on
is expected to be smaller than the 6 meV and 18 meV fothe binding of the 82p 1P° state in Be. Generally, dielec-
Ca and Sr, respectively, estimated from previous calcula-tronic core polarization reduces the binding energy by de-
tions. creasing the interaction strength between configurations. In

becomes a poorer approximation due to the increase
strength of relativistic interactions, which have been ne
glected in the present calculations.

B. Binding energies for the S° states

TABLE IlI. Binding energies in meV of the quasiboung® S° states in the alkaline-earth sequence with
respect to thep? 3P® state for Sr, Mg~, and Be and thenp(n—1)d 3D° state for Ca. DCP stands for
dielectronic core polarization.

Binding
Neutral- E Negative- E energy

Atom DCP atom state (eV) ion state (eV) (meV)
Be no 22 3pe —20.1492 P2 4s° —20.4406 291.4
Mg no 3p? 3pe —15.4922 PB4s° —16.0336 541.4
Ca yes $3d3D° —13.2148 $34s° —13.7703 555.5
Ca no %$3d°3D° —13.2236 43 4s° —13.8478 624.2
Sr yes P2 3pe —12.3732 P 450 —12.9310 557.8

Sr no 52 3pe —12.4729 P 43P —13.0366 563.7
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the 3D° case, however, there is an additional term allowed TABLE IV. Binding energies for the metastabigp® *S° states
within a single configuration, arising from the exchange ofin the alkaline-earth sequence. Available theoretical and experimen-
the two electrons. Since exchange core polarization work#!l data are presented for comparison. CV stands for core-valence
opposite to the exchange Coulomb repulsion, exchange coférrections, CVCC for core-valence and core-core corrections, CPP
polarization decreases the strength of the Coulomb exchané@' core polarization potential, and RC for relativistic corrections.
interaction. For the g3d 3D° state, the Coulomb exchange
term decreases the binding and the addition of(doeinter-

Atom Binding energy

acting exchange core polarization term therefore increase¥ethod (meV)
the binding. The effects of the off-diagonal and diagonal Be

terms in the dielectronic core polarization are therefore o0pp esent results 201 4
posite and for the g3d °D° state these two contributions Valence CP 262

approximately cancel each other. Valence MCHF approach 30005

No core polarization has been included in the potential§/alence MCHF approach with C¥ 293.0:5
i " ; . ) .
for Be" and Mg" and the importance of dielectronic core Valence MCHF approach with CVCE 286,045

polarization can th_ere_fore only be estlmated. The smgle_-CI with CPPP 294,045
electron core polarization effects are taken into account dlb ‘ lation MCHF & 300.8
rectly, through the model potential, since it has been fitted tg uter correfation approa :

reproduce the experimental spectrum. The dielectronic corg! With core polarizatior? 295.050.7
polarization has not been accounted for. On the other han(ll_'-,xpe'rfmemj 295.72:0.11
the calculations for OF show that for ap®4s° state bound ~ EXperiment 295.48-0.25
with respect to g? 3P® state, dielectronic core polarization Mg
effects are minor. This is therefore also expected to be thEresent results 541.4
case for the binding energies of thp?*S° state in Be and  C! with core excitations and RC 539
the 3p® state in Mg and a reduction in the binding energy is Outer correlation MCHF approa€h 551.8
not expected to exceed 3 meV. Ca

Similar estimates for the influence of dielectronic corePresent results 555.5
polarization can be obtained from other calculations. Olsefvalence CI? 592.1
et al. [37] estimated that the effect of core-valence interac- Sr
tions for the*S° state in Bé is to reduce the binding energy Present results 557.9
by 7 meV. Core-core interactions, which are neglected in the
present approach, were estimated to reduce the binding eagefere”“[m]'
ergy by an additional 7 meV. These calculations were perEReferencdg’ﬂ-
formed by including single excitations from the?core and dREfere”CE{24]-
included both monoelectronic and dielectronic core poIariza—eREfere”CE{ZE’]'
tion terms. In addition, Olsoet al. estimated the effect of fReference[21]'
core valence interactions through a model potential. Only theReference23].

monoelectronic term was included and this term reduces the
binding energy by 6 meV. Comparing this model potentialMCHF results of Froese Fischg24] by 10.4 meV. In both
result with the results obtained using core excitations, we cathese studies, relativistic corrections have been evaluated as
make a very rough estimate of the influence of dielectroniovell. Surprisingly, in the CI calculations, these corrections
core polarization. Dielectronic core polarization approxi-are estimated to decrease the electron affinity by 3 meV,
mately reduces the binding energy of thp32S° state in  while in the MCHF approach they are estimated to decrease
Be by 1 meV. the electron affinity by only 0.1 meV. The reasons for these
A comparison of the present data with other theoreticalifferences are unclear.
and experimental binding energies is given in Table IV. Several experiments have attempted to evaluate the bind-
Most available results have been obtained for BEhe most  ing energy of the*S® state in Mg by measuring the fre-
sophisticated calculations have given binding energies withimuency of the transition between the3p? *P*® state and the
0.7 meV of the experimental results, using an extensive CBp?“4S° state[26,27]. These attempts have not been fruitful.
calculation including core excitatiof22]. The present bind- The difficulties were associated with the low production rate
ing energies differ from these results by 4 meV. Bearing inof the 4S° state of Mg through Mg -foil collisions, while
mind the simplicity of the B& potential employed and the the radiative transition may also have been obscured by the
present neglect of core excitations, this is quite good agreawnore intense @°3s3p? °P;—2p°3s3p4s°®D, transition
ment. Since the approximations in the Cand Sr poten-  [26,27).
tials are expected to yield similar uncertainties in the binding The comparison with other data is more difficult forCa
energies, this agreement shows that the present method @nly one resul{16] has been presented previously, reporting
well suited for determining théS® binding energies. a binding energy of 592.1 meV. The present result differs by
Also for Mg~, the present results agree well with the 36.6 meV from the previous calculation. This difference can
available theoretical values. The present results agree withe assigned to two main sources. A larger basis set is em-
the nonrelativistic Cl results of Bedik3] within 2.5 meV, ployed in the present calculations, adding 30 meV to the
although they differ with the extensive outer correlationbinding energy. Furthermore, the present calculations in-
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clude dielectronic core polarization, which reduces the bindence in threshold frequency between the one observed by

ing energies by 68.7 meV. These differences are consistektanstorpet al. [39] and the present theory is 160 Ch or

with the differences observed previously for tAB® state 20 meV, which is comparable to the expected accuracy of

[18], where model potential and MCHF results gave a bindthe theoretical calculations, a photodetachment signal may

ing of 10 meV larger than the results by Bungeal. [16]  originate from the*S° state. However, after excitation of the

when dielectronic core polarization was excluded and 4@d4d 3P¢ state the outgoing electrons are again restricted to

meV smaller when it was included. have an even parity, whereas the observations by Hanstorp
The present results help to establish the most likely eneret al. [39] indicate ap wave. The present calculations there-

gies of the*S? states, which should be useful for experimen-fore do not provide an explanation of the observed threshold

talists. Threshold spectroscopy, for example, gives bindinglectrons. This nevertheless provides an indication that there

energies with very high accuracy, but a good estimate of thare many pairs of Ca and Castates, which may have a

binding energy is needed to reduce the time required taransition frequency close to one experimentally observed. A

search for the threshold. The present results can also be emeod spectrum in a wide frequency range is essential for an

ployed to find the frequencies of the radiative transition be-unambiguous assignment of the initial state.

tween the*P® state and thé'S° state in Ca and Sr. These

transitions are allowed and their frequencies are determined

to be 22698 cm? in Ca” and 20621 cm?® in Sr . These IV. CONCLUSION

frequencies are obtained from the experimental binding en- A B-spline basis set configuration interaction approach
ergy for the *P® state[19], the experimental energy differ- has been applied to study tH° binding energies in the
ences between the threshol@,35, and the present theo- g|kaline-earth sequence. A binding energy of 291.4 meV has
retical values for the's® binding energy. been found for Be, while for Mg~, Ca, and Sf the bind-
The energy position of thés® state in Ca also has some  jng energies are roughly 250 meV larger, 541.4 meV, 555.5
other experimental implications. In one of the earliest experiynevy, and 557.9 meV, respectively. This difference is as-
ments on Ca, Hanstorpet al. [39] observed a threshold criped to the proximity of thel shell in the heavier systems,
photo-electron spectrum in the frequency range aroungbading to stronger mixing with thép configurations.
20700 cm * with the threshold energy determined as 20704 Good agreement with other theoretical and experimental
cm™ . At first, this threshold spectrum was assigned to theesults has been observed forBand Mg The differences
photodetachment of thes4p? “P¢ state and its lifetime was ith both theory and experiment amount to roughly 4 meV
given as 298100 us. for Be~, whereas the differences with other calculations
Since the initial state was not identified in this experi- gmount to at most 10 meV for Mg For Ca, a binding
ment, the reasons for assigning the initial state were the arsnergy has been obtained that is smaller by 40 meV com-
gular momentum of the outgoing electronpavave, and the  pared to the previous result. This difference has been as-
transition frequency. For both th&P° ground state of Ca  cribed to the increased size of the basis set in combination
and the 44p*“P*® state, a Ca threshold is reached with awith the influence of dielectronic core polarization.
photon having a frequency close to 20 704 cmnamely, Dielectronic core polarization reduces the binding energy
the 3d4s°D*® threshold at 20529 cirt for the 45’4p°P°  of the 4S° state in Ca by nearly 70 meV, whereas it reduces
state and the €6s'S° threshold at 20485 cht for the  the binding energy of thé<° state in ST by only 6 meV.
4s4p? *P® state. After photoionization of théP° ground  This small shift originates from a cancellation of shifts in the
state the former threshold can only be excited after emissioRegative ion and the neutral atom due to dielectronic core
of even-parity electrons and was therefore excluded as thgolarization. Since thp® “S° state in Mg and Be is, simi-
state observed experimentally. After photoionization of thear to Sr, also bound with respect to th 3P¢ state, also
4pe state the latter threshold can be excited after emission Gby these ions a small change in tA&° binding energy due
odd-parity electrons and the observed photoionization wag dielectronic core polarization should be expected.
therefore ascribed to negative ions initially in thB® state. The #S° state can in principle be excited from the meta-
The binding energy of théP® state was in good agree- stable *P® state and the transition frequencies for Cand
ment with the best calculations available at the time. Subsesgy~ gre predicted to be 22698 crhand 20621 cm?, re-
guent lifetime calculations, however, indicated difficulties spectively. It is hoped that the continuing development of
with this assignment since the predicted lifetime was only inspectroscopic techniques will allow an accurate determina-
the order of 0.1us[40,41]. Improved theoretical calculations  tjon of these wavelengths in order to establish the quality of

[18] later demonstrated a difference of 50 meV with the prethe present theoretical description and the influence of small
vious calculations and the experimental assignment was renteractions on the binding energy.

investigated. Recent experiments confirmed the theoretical
binding energy, so that now a consistent description of the
4s4p? *Pe state has been obtaingh9].

This leaves the question of what was actually observed in
the original experiment by Hanstorgt al. [39]. The *S° The author wishes to thank C.H. Greene for valuable dis-
state has not received any attention in the analysis, althougtussions. This work was supported by the Division of
there is a 814d 3P state in Ca, lying 20 544 cnt above the  Chemical Sciences, Office of Basic Energy Sciences, Office
predicted energy of théS° state of Ca. Since the differ- of Energy Research, U.S. Department of Energy.
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