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Effect of core-valence electron correlation in low-energy electron scattering with Ca atoms
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R-matrix calculations have been carried out to investigate the effect of core-valence electron correlation on
the scattering of electrons with Ca atoms at low energies. While the major feature dfwhee shape
resonance with a peak near 1.3 eV in the total cross section can be reproduced by including only the correlation
among the valence electrons, we show that the existence of a low-energy peak near 0.15 eV, which has also
been observed experimentally, can be obtained only if the correlations between the valence and core electrons
are considered. This low-energy peak is shown not caused by a shape resonance, but rather due to the rapid
decrease of the- and p-wave phase shifts with collision energies. The present result also indirectly supports
the previous conclusion that core-valence electron correlation is responsible for bringing the electron affinity of
Ca from 72 to 15 meV, i.e., to a value which is much closer to the experinif84050-2947®8)11509-3

PACS numbeps): 34.80.Bm, 34.80.Dp, 32.80.Fb

In the past two decades, both the electron scattering anahd the generalized quantum defect is smooth across the
the negative ions of alkaline-earth atoms have been exterthreshold. Therefore, if the core-valence correlation affects
sively studied by many authof&—24]. In particular, most of the binding energy of the negative ion significantly, it should
these works were carried out after the discovery of the exishave a considerable influence on the phase shifts as well as
tence of stable Caions[5,6]. For electron collisions with the cross sections near the elastic threshold. In this study,
Ca atoms, the early theoretical study by Fabrikgtis a R-matrix calculations are carried out with the core-valence
close-coupling calculation based on atomic wave functiongorrelation includ_ed to show its effects on the electron scat-
generated from a model potential. In the work of Amusiat€Ng Cross sections. o
et al.[4] and later of Gribakiret al.[12] and Dzuba, Flam- The R—matrlx method. fpr electron-atom collisions was
baum, and Suskoj 5], the Dyson equation was solved with c_hscussed in great d_etall In Re{1_26]. The present calcula-
the effective potential obtained by perturbation theory. Sev-t'ons. have been carried out using tRematn)'( package of
eral kinds of model potentials have also been used by differ]?emt.ngtonfet;al' [2::,'1 I_n lantR-matn)t( calpulqﬂon, the wave
ent authorg3,9]. In other calculations, the relativistic polar- unction of the (N+1)-electron system is given as
ized orbital method was applied by Semytkowski and
Sienkiewicz[16]. In a recent paper, Yuan and Frits _ °
used theR-rrEatr]ix method to Etu%y low-energy elect(gl(f]col- PlXa, ’XN”)_% CipPi(Xe - - Xnln+ 10N
lisions with Ca atoms where the correlation between the va-

lence electrons is fully considered. TRematrix method was XUij(rne)

also used by Kim and Greef@] earlier, but it was restricted

to thep-wave phase shift and the binding energy of the nega- + E djkdj( Xy, -+ Xy, D
tive ion only. J

Many authors have investigated the binding energy of the
Ca negative ion. The first theoretical prediction of stablewhere the basis functions under the first sum refer to the
Ca ions was based on a multiconfiguration-Hartree-FockN-electron target bound states multiplied by continuum
(MCHF) calculation[5], where the electron affinity was pre- states, and those under the second sum reX)-electron
dicted to be 45 meV. In a later improved MCHF calculation, bound states. In Eq1), X stands for spin¢) and spatial ()
Fischer[7] arrived at an electron affinity of 70 meV without coordinates. Bound state orbitals are cast as linear combina-
the relativistic corrections. This value was believed to be theions of Slater-type orbitals
correct limit if one only includes correlations among the va-
lence electron$7,8,21,22. The first experimental observa-
tion of the stable Caions by Peggt al. [6] gave the elec- szz Cjn,r'in'exp(—gjn,r). 2
tron affinity to be 427 meV. But later experimentsl8— !
20] gave smaller values, in the range of 17.5-24.55 meV.
Meanwhile, later calculations showed that the affinity of Ca The parameter§;,, andl;, , and the coefficient€;, for 1s
is reduced considerably if the core-valence electron correldo 6s, 2p to 6p, 3d to 5d, and 4 to 5f orbitals, which are
tion is included [21-23. According to the generalized used in the present calculations, are determined by using the
guantum-defect theorf25], the quantum defect below the civ3 code of Hibber{28] to optimize the ground-state ener-
threshold is related to the phase shift above the thresholdjies of both the neutral atom and the negative ion.
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TABLE |. The minimum and maximum numbers of electrons tation of the D€ and D¢ states since they do not play a
that are allowed in each valence orbital whenmeectron is re-  major role in collisions at low energies, and any attempt to

moved from the filled core level. This restriction limits the numberimprove them would make the calculation too large to
of configurations that can be included in the treatment of corehandle

valence electron correlation. . . . .
The preseniR-matrix calculations are carried out using

the five target atomic states listed in Table Il. For the con-
tinuum orbitals[u;; of Eqg. (1)] we include five angular mo-
Minimum 5 1 0 0 O O 0O O O O 0 0 mentum quantum number$=€0—4) to construct the orbit-
Maximum 5 2 3 3 2 2 2 1 0 1 1 o0 als,andforeachwe have 25 numerical basis functions. For
the (N+ 1)-electron correlation terms in E¢L), 541 bound
states were included fotS® symmetry to 1639 bound states

. I or 2D® symmetry. Both the continuum scattering states and
We use the widely accepted definition for the core an({)ound states of the negative ion are calculated by the

valence _orbitals, l.e.4, 2s, 2p, 3s, and 3 are the so-calleo_l R-matrix method. The negative-ion bound state is calculated
core orbitals for the present system, and all the other orbltaIBy matching the exponentially decaying function in the
are the valence orbitals. Thus in the ground configuration W%symptotic region to the inside solution at tRematrix

have two valence electrons for the neutral atom and threBoundary(zGO a.u). The negative-ion state can also be cal-

llisi hi lculati | lation i Bulated by the configuration-interaction method. This means
collision system. In this calculation, valence correlation ISy, ¢ 5|y the second term on the right-hand side of Egis
included by allowing all possible excitations of the valence o ,ined in the construction of the negative-ion wave func-
electrons into any of the valence orbitals, excluding the POSfion. Nevertheless, it is found that the first term in the

sibility of having more than one electrons in therbitals. In -~ 5 -1 expansion is very important for obtaining an accu-

order to control the number of configurations to a managey,ie electron binding energy, in particular, when the core-
able value, the core-valence correlation is included with rex

icted o Wh I . ited ¢ valence correlation is included. The binding energies of Ca
stricte excﬂaﬂqns. en apde eCtron IS excited to oneé ol ghtained by the configuration-interaction calculation are 61
the valence orbitals, the allowed minimum and maximum

and 0.9 meV, respectively, without and with the core-valence

occupation nu_mber of electr_ons n _each O.f the valence OrbltE:orrelation, while the correspondirRrmatrix results are 72
als are given in Table I. This rule is applied to the calcula-

i fthe atomi levels of C I o th and 15 meV. These numbers are, respectively, quite close to
lons of the atomic energy levels of La as Well as 10 IN&pe  calculations which include valence electrons only
electron-Ca system.

. . . . 7,8,10,21,2% and to those including core-valence correla-
The atomic energy levels obtained with and without the[ 2 9

inclusi ¢ I e ed in T bItions also[22,23. Our result of 72 meV obtained including
Inclusion of core-valence correiation aré presented In 1ablgy,,, y/ajence-electron correlation implies that valence corre-

I, vyhere we also compare the excitatio.n energies_ to th_e ®Xation has been fully accounted for in the presBamatrix

perimental value$29]. One notes that without the mclzlusmn calculation. The value of 15 meV agrees very well with the
) o .

of colre;valence_co_rrelaﬂon, thE_} order among fw?, D", recent experimentgl8—-20. It also agrees with the findings

and “P° levels is incorrect. With the limited core-valence of Ref. [23] that the correlation between the valence elec-

correlatiosn includled in the present calculation, the energy. ons and the B shell accounts for the major improvement.
levels of °P® and "P® are reasonable, but the energy levels 1o 1 esenR matrix results for low-energy electron scat-

3ne 1ne ot
of °D°® and ~D¢€ still have large errors. As the core-valence tering with Ca atoms are shown in Fig. 1. In Figal the

correlation is more significant for the ground state than forcalculated total cross sections are compared to the experi-

. . ; 'fents of Romanyulet al. [17]. There are two sets of mea-
slightly _Iarger than those obtained Wlt_hout the core-valenceSurements by this grouj2,17]. In their earlier measurement,
correlation. No attempt was made to improve the represefye apsolute cross sections were obtained, but the position of
the main maximum appears at a lower energy, around 0.7
TABLE II. Calculated relative positions of the ground state andgV/. In the later experiment, a hypocyc|oida| electron spec-
the first four excited states of Ca. The calculated total energy for thgrometer was used, and only the relative values of the elastic
and —676.80213 a.u. with the core-valence correlation. The excita-range of scattering angles. The main peak in the latter ex-
tion energies are compared to the experimental vell2@s periment was observed at 1.2 eV, but another peak was
found below 0.7 eV. We plotted their new data in Figa)l

Orbital 3p 4s 4p 3d 5s 5p 4d 4f 6s 6p 5d 5f

State EnergyeV) by normalizing the experimental data to our calculated value
a b expt. at 1.3 eV, which is close to the peak of the second maximum.
lge 0.0 0.0 0.0 Results from two separafe-matrix calculations are shown.

3po 1.6896 20305 1.8924 The full calculations including core-valence interactions are
3pe 2 8806 3.0444 25239 given by the solid lines, and the calculations neglecting the
1pe 28722 3.1370 27090 core—val_ence interactions are shown as _dashed Ilnes..The full
1po 28692 31764 2 9325 calculatlons.are in good 'qgreement with the expenm'ental
data. In particular, the position of the second peak, the rise of
4ncluding valence-electron correlation only. a cross section below 0.7 eV, and the appearance of a third

bIncluding both valence-electron and core-valence electron correlgseak near 2.2—2.4 eV in the experimental data are all well
tion. reproduced. In the meanwhile the positions of the minima
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contributions from these two partial waves. The “peak” in
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bl each partial wave cannot be identified with any resonances.
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In Fig. 1(f) the elastic phase shifts below the first excitation
threshold are shown. One can observe that the structure is
due to the rapid change ef andp-wave phase shifts at low
energies. In fact, the phase shift for awave passes through
/ zero at about 0.025 eV, where the partial-wave cross section
oo es To it Gy 38 S0 s 40 ‘oo os te _is 20 Es S5 e 40 goes to zero[see the inset in Fig. ()] to produce a
a0 250 Ramsauer-Townsend minimum, and havave phase shift
250 I A o d drops rapidly{see the inset in Fig.(f)] to produce a sharply
bl i rising p-wave scattering cross sectipsee the inset in Fig.
180 i 1(c)]. The sum of these two partial waves produces the sharp
i feature in the first peak. In contrast, in earlier calculations,
o for example, by Kurtz and Jord48], the p-wave phase shift
N displays a very sharp increase througl? at 0.06 eV, and
00 058 10 15 20 26 30 35 40 00,0 05 10 1.5"‘;,0 25 ;.0 35 40 thus they predICtEd p'WaVe resonance
Fledton Encrgy (61 » Flecton Energy &) The 2D*® partial cross sections are shown in Figd)1 The
g first structure is very small and will be neglected. The two
outer peaks are responsible for the second and third maxima
in Fig. 1(@). In Fig. 1(d), these two peaks can be approxi-
mately identified as thes#3d 2D® and 44p? 2D°® states.
They are interpreted as shape resonances. In particular, the
phase shift of the first peak indeed changes nearlyrpgs
seen in Fig. {f). The near-zero background phase shift also
00 08N i Y b gives this shape resonance a Lorentzian profile. It appears
that the second structure also resembles a shape resonance,
FIG. 1. Cross sections of electron scattering from Ca at¢a)s. gp g may be attributable to the strong coupling between
The total cross sectioiib) The elastic?S® partial cross sectior(c) 4s23d 2D°® and 4s4p? 2D° states. In Fig. (6) we also
The elastic®P° partial cross sectionid) The elastic’D® partial gy the inelastic excitation cross sections above the first

;:_rotss sgtctg)n(te)t 'I('fh)eTt;)tal Imetl_astuc tetxc_natlo?] crosshitectl?rt]hto thet excitation threshold. The peak originates predominantly from
Irst excited state € clastic-scatiering phase Snitts ot the 1Irst y, o 2pye partial cross sections, i.e., from the second shape

three partial waves. In the figures, the solid lines represent the re- .
P 9 ’ P fesonance of Fig. ().

sults with the core-valence correlation included, and dashed lines -
In the figures above we also show the results from calcu-

the results without the core-valence correlation. The thin solid Iinﬁ fi ithout includi th | int fi |
in (a) is the elastic cross section above the first excitation threshol ,a lons without Including e corée-valence interaction. n

and the filled circles are the experimental dgitd. such caI(_:uIations the excitation t_hresholds are not well repro-
duced with respect to the experimental values, and thus the

near 0.8 and 1.9 eV are also predicted by the calculationesulting cross sections are shifted. We note in particular that
when the core-valence interactions are included. We notéhe first peak does not appear if the core-valence correlation
that if the core-valence interaction is neglected, the resultings not included. From Table I, we note that the experimental
structures in the higher-energy domain are still similar, but?P° excitation threshold is 1.8924 eV, but calculations with
the positions are shifted toward the lower energies. This shifand without core-valence correlation give 2.0305 and 1.6896
is partly due to the inaccuracy in the theoretical excitationeV, respectively. The discrepancy in the threshold energies
energies. Note that the cross section varies rapidly with colmostly accounts for the differences in the two calculations
lision energies near the threshold. The inset gives an exand the experimental results, as can be seen in Fajy.ahd
panded view of the calculated cross sections below 0.5 eMn Fig. 1(d). The R-matrix code[27] used in the present
We did not present earlier theoretical resultscalculation provides the facility of using the experimental
[1,3,4,9,12,15,16 Most of them predicted a rather smooth experimental excitation thresholds in the calculation of cross
cross section in the energy domain covered, and reproducestctions. Nevertheless, when a strong resonance structure oc-
only the middle peak seen in the experiment. Although acurs near the threshold, as in the present case around 2.0 eV,
much sharper structure around 0.1 eV was predicted as dwn artificial change of the threshold energy may cause
to ap-wave shape resonance in the calculations of Kurtz anghanges in the strength or even in the characteristics of the
Jordan[3] and Amusiaet al, the predictedp-wave shape resonance. In the present calculation we do not use experi-
resonance is not consistent with the well-known fact that Canental threshold energies, and the results presented are com-
has one single stable negative ion in tfe state. We com- pletely fromab initio calculations.
ment that a 0.5-eV retarding potential was used in the experi- In summary, core-valence correlation effect in electron
ment[17] which rendered experimental data not reliable bescattering from Ca atoms and in the binding energy of Ca
low 0.5 eV. ions were studied by thRB-matrix method. The inclusion of

We next identify the origin of the structures in Figal  core-valence correlation is shown to be essential for obtain-
The partial cross sections for ths® and 2P° symmetries  ing the correct electron affinity of Ca The core-valence
are shown in Figs. (b) and Xc), respectively. Clearly the interaction is also shown to be very important for predicting
first calculated peak in Fig.(& below 0.7 eV is due to cross sections for electron collisions with Ca atoms at low
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energies. This interaction gives an additional peak of the This work was supported in part by the Division of
cross section just above the elastic threshold. The electroBhemical Sciences, Office of Basic Energy Sciences, Office
affinity as well as the electron-scattering cross sections ohbsf Energy Research, U. S. Department of Energy. One of us
tained are in reasonable good agreement with experiment&l.M.Y.) was also supported by the National Natural Science
values when core-valence interactions are accounted for. Foundation of China.

[1] I. I. Fabrikant, Atomniye ProtsessiZinatne, Riga, 1976(in [15] V. A. Dzuba, V. V. Flambaum, and O. P. Sushkov, Phys. Rev.

Russian, p. 80. A 44, 4224(199_]). o

[2] N. I. Romanyuk, O. B. Shpenik, and I. P. Zapesochyi, Pis’'mal16] R. Semytkowski and J. E. Sienkiewicz, Phys. Rex63 4007
Zh. Exsp. Teor. Fiz.32, 472 (1980 [JETP Lett. 32, 452 (1994. _
(1980)]. [17] N. I. Romanyuk, O. B. Shpenik, F. F. Papp, I. V. Chernysheva,

I. A. Mandi, V. A. Kelemen, E. P. Sabad, and E. Yu. Remeta,
[3] H. A. Kurtz and K. D. Jordan, J. Phys. B, 4361(1981. Ukr. Fiz. Zh. 37, 1639(1992.

[4] M. Ya Amusia, V. A. Sosnlv.ker, N. A. Cherepkov, and L. V. [18] C. Walter and J. Peterson, Phys. Rev. L&8.2281(1992.
Chernysheva, Zh. Tekh. Fi5, 2304 (1985 [Sov. Phys. [19] M.-J. Nadeau, X.-L. Zhao, M. Garwan, and A. Litherland,

Tech. Phys30, 1369(1985]1 M. Ya Amusia and V. A. Sos- Phys. Rev. A6, R3588(1992.
nivker, ibid. 59, 28 (1989; [ibid. 34, 270(1989]. [20] V. V. Petrunin, H. H. Andersen, P. Balling, and T. Andersen,
[5] C. F. Fischer, J. B. Lagowski, and S. H. Vosko, Phys. Rev. Phys. Rev. Lett76, 744 (1996.
Lett. 59, 2263(1987). [21] D. Sundholm and J. Olsen, Chem. Ph237, 451 (1994).
[6] D. J. Pegg, J. S. Thompson, R. N. Compton, and G. D. Alton[22] Hugo W. van der Hart, C. Laughlin, and J. E. Hansen, Phys.
Phys. Rev. Lett59, 2267(1987. Rev. Lett.71, 1506(1993.
[7] C. F. Fischer, Phys. Rev. B9, 963 (1989. [23] Sten Salomonson, H. Warston, and |. Lindgren, Phys. Rev.
[8] L. Kim and C. H. Greene, J. Phys. 2, L175 (1989. Lett. 76, 3092(1996.

. [24] Jianmin Yuan and L. Fritsche, Phys. Rev58, 1020(1997).
[9]J. Yuan and Z. Zhang, J. Phys.22, 2751(1989; Phys. Rev. [25] C. Greene, U. Fano, and G. Strinati, Phys. Revli%\ 1485

A 42, 5363(1990; J. Yuan,ibid. 52, 4647(1995. (1979; S. Watanabe and C. H. Greerieid. 22, 158 (1980).
[10] W. R. Johnson, J. Sapirstein, and S. A. Blundell, J. Phy22,B [26] P. G. Burke, A. Hibbert, and W. D. Robb, J. Phys4B153

2341(1989. (1971).
[11] A. R. Johnston, G. A. Gallup, and P. D. Burrow, Phys. Rev. A[27] K. A. Berrington, P. G. Burke, M. LeDourneaf, W. D. Robb,
40, 4770(1989. K. T. Taylor, and Vo KyLan, Comput. Phys. Commur, 367
[12] G. F. Gribakin, B. V. Gul'tsev, V. K. Ivanov, and M. Ya (1978.
Kuchiev, J. Phys. B3, 4505(1990. [28] A. Hibbert, Comput. Phys. CommuB, 141(1975.
[13] P. Fuentealba, A. Savin, H. Stoll, and H. Preuss, Phys. Rev. A29] Atomic Energy Levejsedited by C. E. Moore, Natl. Bur.
41, 1238(1990. Stand. U. S. Title Series No.(U.S. GPO, Washington, D. C.,

[14] R. Cowan and M. Wilson, Phys. Set3, 244 (199)). 1970, p. 242.



