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Fine structure of Ca™, Sr~, Ba™, and Ra™ from the many-body theory calculation
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Atomic many-body theory methods are used to calculate the fine structure of negative ions formed by
binding ap electron into an open shell, CaSr~, Ba™, and Ra . This binding is due to a strong correlation
potential acting between the electron and the neutral atom. Comparison with experimental data shows that the
second order many-body perturbation theory calculation overestimates the correlation potential by 10% to
15%. Scaling factors are introduced in the correlation potential to reproduce experimental binding energies of
the lowerp,,, components. This procedure yields fine-structure intervals in excellent agreement with experi-
ment for Ca, Sr~, and Ba’, and allows us to predict that in Rathe p,;, state is bound by 100 meV, and
P32 is a resonance at 16 meV in the continud®1050-294{®7)06303-9

PACS numbdss): 32.10.Fn, 32.10.Hqg, 31.25v

In 1987 the stability of the negative ion of Cds?4p was  approaches. This is particularly true for negative ions where
demonstrated both theoreticall§] and experimentallj2],  very high absolute precision is needed to obtain relatively
and the first values of its electron affinity were produced, 45ccurate values of small electron affinities.
and 437 meV, respectively. These works opened up a Recently a new experimental technique has been devel-
whole new area in the physics of negative ions. Subseoped, and very accurate binding energies of both fine-
quently, a number of calculations of the weakly bound negastructure components of the negative ions of [Ba], Ca
tive ions of Ca and heavier alkaline-earth atoj@s8| were ~ [18], and Si{19] have been obtainedable ). This puts an
published. They reported the electron affinity of Ca to petnd to the uncertainty about ele.ct.ron binding to the ajkalmg-
close to or greater than the values quoted above, and pr arth atoms. The absolute precision of 0.1 meV achieved in
dicted the increase of electron affinity for Sr and Ba. Thesd"® e'xperlments sets a very high standard_ for any future cal-
ions are formed by binding an electron into thp state by cul_atlons. Qn _the other hand, as was mentlone[dl_ﬂl, theo-
closed shelhs?> atoms. The effect of binding is due to the retical predictions of thep; ,-npg, fine-structure intervals

larae dinole polarizability of the corresponding atoms h.ChAEfs from fully relativistic calculations should be much
rge dipole pofarizabiiity ot the | ponding at » WICNore reliable than the binding energies. Indeed, the value we
gives rise to a strong polarization potential acting betwee

A "Yotained for BaAE;=57 meV[9,10], is in good agreement
the atom and the electron. The relativistic many-body theor)(Nith the measured E.=55.0 meV[17]. However, for Sr
< . . ,

calculation for Ca, Sr™, and Ba™ [9,10] showed that the 5§ especially for Ca our predictiori§] are considerably
spin-orbit interaction has a pronounced effect on the negativgreater than the experimental values. In all three cases the
ion binding, since the fine-structure splittidd= is compa-  calculated binding energies are larger than the experimental
rable to the binding energigfor Ra™ it is even greater, so values, as are the fine-structure intervals. Below we give a
that theps, state is a resonance in the continuftal]). simple physical explanation of this situation.

Later experimental studig42,13 suggested that the true  Our calculations are based on a many-body theory ap-
binding energy of the @ electron in Ca is smaller, and proach first applied to negative ions in the nonrelativistic
probably around 20 meV. In a thorough multiconfigurationversion in[20] and later used in relativistic calculations
Hartree-Fock(MCHF) calculation[14] it was shown that [7,9,10. The quasiparticle wave function of the outer elec-
core-valence correlatior{ge., correlations between the three tron in the negative ion is found from the exact single-
valence electronas’np and the C&* core indeed reduce particle (Dyson equation,
the binding energysee Table )l Even smaller electron af-
finities were obtained in the configuration-interaction calcu-
lation [15] and the MCHF work{16], 17.7 and 7.2 meV, , o
respectively. The latter calculation, which included single- H0¢(r)+f Ze(r,r)y(r)dr' =Eg(r). @)
electron excitations from the core, also produced the electron
affinities of 16 and 113 meV for Sr and Ba, smaller than in
earlier calculations. On the whole, the large scatter of theThe interaction between this electron and the atomic core is
theoretical binding energy values shows that precise calculatescribed in terms of a nonlocal energy-dependent correla-
tion of energy levels in strongly correlated systems is stilltion potentialSg(r,r’), which is added to the zeroth-order
beyond the capacity of even most sophisticated methods armirac-Fock HamiltoniarH,, of the neutral atom. The corre-

lation potential can be presented as a perturbation theory
expansion in terms of the residual electron-electron interac-
*Electronic address: dzuba@newt.phys.unsw.edu.au http:/imwwtion. The terms of the series are best described using dia-
phys.unsw.edu.autizuba/dzuba.html grams. The main contribution ®g(r,r’) is then given by
Electronic address: gribakin@newt.phys.unsw.edu.au the lowest(second} order diagrams.
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TABLE |. Binding energies and fine-structure intervals of the alkaline-earth negativeirongeV).

Present results Other calculations

lon Sle; SP SSG Exptd MCHF © MCDF ' MBPT9
Ca 4py), 63.5 24.53 24.580) 41.9 55.41 19
Ca 4pp, 57.7 0.8957 19.58 19.780) 37.8 50.16 13
AEg 5.8 4.95 4.82 4.1 5.25 6.2
Sr5py), 105.9 52.11 52.13) 103.76 54
Sr 5py, 82.5 0.8665 32.22 32.28%0) 81.03 29
AE 23.4 19.89 19.88 22.73 25
Ba 6py, 2125 144.61 144.68) 217.24

Ba 6pg; 150.5 0.8592 89.84 89.66) 161.87

AEg 62.0 54.77 55.02 55.37

Ra 7py 161.6 100.2

Ra™ 7pg; 18.7 0.86 16.0

AEg 142.9 116.2

®Results obtained from the Dyson equation with the second-order correlation potential.

bScaling factor(SP for the second-order correlation potential chosen to reproduce the experimental binding energiaspef thiate in

Ca, Sr, and Ba . For Ra we use the SF close to that of Ba.

‘Results obtained with the scaled second-order correlation potential.

dprecise binding energies obtained by the Aarhus group for [18], Sr~ [19], and Ba [17].

®Multiconfiguration Hartree-Fock calculatiof®4] with model core-polarization and dielectronic correction, relativistic shifts, and spin-orbit
interactions.

fMulticonfiguration Dirac-Fock calculatiorf@3] using GRasP2packagd24], core-valence correlations omitted.

9Dyson equation method of the many-body theory with higher-order diagrams included in the correlation potential by means of the
coupled-cluster equatiojg2], fine structure intervals from the second-order calculation.

The binding energies of thepy, 3, electron obtained are shown in the 4th column of Table I. Figure 1 shows the
with the second-ordefSO) correlation potential are shown radial quasiparticle wave function of thep4, state in Ca.
in Table I. Note that they are slightly different from those we It is obvious that in agreement with the discussion above, the
obtained in[9,10], since we have improved the numerical reduction of the correlation potential gives rise to smaller
accuracy in the present calculation. The calculated bindinglectron densities at small distances, and hence, smaller fine-
energies are considerably larger than the experimental onestructure intervals. The values of the scaling factor show that
Greater binding of the outgr electron means that its wave higher-order diagrams must give a 10% to 15% reduction on
function is more compact than the true one. By means of théhe SO correlation potential. The fine-structure intervals ob-
normalization condition, it has larger magnitude at small dis-
tances. Since the relativistic spin-orbit interaction is stron- 04 ——————
gest in the vicinity of the nucleus, the fine-structure interval
corresponding to the calculated wave function is also greater
than the experimental one. One can see from the table that
the largest relative error foAE; is for Ca, where the,
binding energy is overestimated by a factor of 2.5.

Obviously, the approximation based of the SO diagrams
overestimates the true strength of the correlation potential.
There are ways of including dominating series of higher-
order diagramg21] which significantly improve the accu-
racy of the correlation potential method for neutral atoms. r 1
However, to investigate the relation between the binding en- S RPN / 7
ergy and the fine-structure interval, in the present work we r 0 /\ - o]
use the following semiempirical procedure. A numerical fac- I S R
tor is introduced before the SO correlation potential. Its Co 10 %0
value is chosen to reproduce the experimental binding en-

ergy of the lowerm,,, negative ion state. This factor is then g 1. Quasiparticle wave function of the Cép,, state ob-

used to calculate the binding energy of g, state, and the  tained using the second-order correlation potentiak (- 63.5

fine-structure splitting is calculated. This enables us to estimev, dashed curyeand the scaled second-order correlation poten-

mate the size of the higher-order contribution3g(r,r’),  tial (E=—24.2 meV, solid curve Shown on the inset are radial

and check the consistency of the experimental and theoretitensities of the g,,, electron at small distances. The decrease of

cal data on the fine-structure intervals. the radial density in the latter calculation corresponds to a 20%
The results obtained with the scaled correlation potentiateduction of the corresponding fine-structure interval.
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FIG. 3. Thepy,, phase shifts for the electron in the static Dirac-

Fock potential of the ground state Ca, Sr, Ba, and Ra.
FIG. 2. Dependence of the binding energies of thm,/and

7pa, States of Ra on the magnitude of the scaling factor for the
second-order correlation potential. Solid circles show our predic- ) )
tions obtained with the scaling factor of 0.86 inferred from the itS increase when going from Ba to Ra. It can also be seen in
calculation of Ba.. the atomic ionization potential.11, 5.69, 5.21, and 5.27
eV for Ca, Sr, Ba, and Ra, respectivglgnergies of the
ns’—nsnp atomic excitations, and atomic dipole polariz-
tained with the scaled correlation potential are in excellentpilities (170, 186, 270, and 260 for Ca through to R&)]).
agreement with experiment. The scaling factors are still closgve believe that this is mostly a relativistic effect. To illus-
to unity: which means that the rad_ial dependence of the S@ate this we plot in Fig. 3 the Dirac-Fogl, phase shifts
correlation potentiak.g(r,r’) is basically correct. for the electron in the field of the atom in the ground state. In

The scaling factors for Sr and Ba are close, and we cag,e ghsence of the correlation potential they have a resonant

assume that the value of 0.86 can be used to correct the S ayiof3,8]. The shapes of the curves tell us that the static
correlation potential for Ra. After this, the uppepsf, com- Dirac-Fock potential acting on thp,,, electron is slightly

ponent becomes unbound, and thus represerpig,avave weaker in Ra than in Ba. Combined with a smaller dipole

resonance in the electron-atom continuum at 16 meV. Ou . - .
-~ o . olarizability, and consequently, a slightly weaker correla-
prediction for the binding energy of the Ra@p,;, state is [5 y q y ghty

100 meV. In Fig. 2 we show the dependence of the bindingﬂOn pgter_ltial, this leads to the smalle;, binding of the Ra
energies of the [y, and 7y, States on the value of the egative ion. On thg other hanq, there are no reasons to sus-
scaling factor. As expected for the low-lying states with pect thgt the con_trlb_utlon of higher-order dlagrams o the
|>0 [25], the dependence of the energies on the strength d%orrela_ltlon potential in Ra shou_ld be much different fro_m
the potential is close to linear throughout the whole near!10S€ in Sr or Ba. Thus, the scaling factor of 0.86 must give
threshold region. Figure 2 shows that a 1% error in the scalf€liable estimates of theprenergies in Ra.

ing factor converts into a few percent error in the energy of . :
the 7py, state, and 10% error in the energy of thpas We wish to express our thanks to V. V. Petrunin, O. P.

resonance. Given the closeness of the scaling factors for %Lésgzor\é’uzndrc\)t V};Ia}srlr}balu :Tr]] folrjsus\ﬁilj[l;]I ?AZ?ruzzg ns,riirrudtoto
and Ba, we estimate this to be the accuracy of our prediction, =~ ™. group bplying us prior 1

The interesting feature one observes in the electron affiniPUb“Cat'On' Support of the Australian Research Council is
ties of the alkaline-earth atoms is the reversal of the trend Ogratefully acknowledged.
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