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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 of thed-wave 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 thes- andp-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
Ca2 from 72 to 15 meV, i.e., to a value which is much closer to the experiment.@S1050-2947~98!11509-3#

PACS number~s!: 34.80.Bm, 34.80.Dp, 32.80.Fb
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In the past two decades, both the electron scattering
the negative ions of alkaline-earth atoms have been ex
sively studied by many authors@1–24#. In particular, most of
these works were carried out after the discovery of the e
tence of stable Ca2 ions @5,6#. For electron collisions with
Ca atoms, the early theoretical study by Fabrikant@1# is a
close-coupling calculation based on atomic wave functi
generated from a model potential. In the work of Amus
et al. @4# and later of Gribakinet al. @12# and Dzuba, Flam-
baum, and Suskov@15#, the Dyson equation was solved wit
the effective potential obtained by perturbation theory. S
eral kinds of model potentials have also been used by dif
ent authors@3,9#. In other calculations, the relativistic pola
ized orbital method was applied by Semytkowski a
Sienkiewicz@16#. In a recent paper, Yuan and Fritsche@24#
used theR-matrix method to study low-energy electron co
lisions with Ca atoms where the correlation between the
lence electrons is fully considered. TheR-matrix method was
also used by Kim and Greene@8# earlier, but it was restricted
to thep-wave phase shift and the binding energy of the ne
tive ion only.

Many authors have investigated the binding energy of
Ca2 negative ion. The first theoretical prediction of stab
Ca2 ions was based on a multiconfiguration-Hartree-Fo
~MCHF! calculation@5#, where the electron affinity was pre
dicted to be 45 meV. In a later improved MCHF calculatio
Fischer@7# arrived at an electron affinity of 70 meV withou
the relativistic corrections. This value was believed to be
correct limit if one only includes correlations among the v
lence electrons@7,8,21,22#. The first experimental observa
tion of the stable Ca2 ions by Pegget al. @6# gave the elec-
tron affinity to be 4367 meV. But later experiments@18–
20# gave smaller values, in the range of 17.5–24.55 m
Meanwhile, later calculations showed that the affinity of C2

is reduced considerably if the core-valence electron corr
tion is included @21–23#. According to the generalized
quantum-defect theory@25#, the quantum defect below th
threshold is related to the phase shift above the thresh
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and the generalized quantum defect is smooth across
threshold. Therefore, if the core-valence correlation affe
the binding energy of the negative ion significantly, it shou
have a considerable influence on the phase shifts as we
the cross sections near the elastic threshold. In this st
R-matrix calculations are carried out with the core-valen
correlation included to show its effects on the electron sc
tering cross sections.

The R-matrix method for electron-atom collisions wa
discussed in great detail in Ref.@26#. The present calcula
tions have been carried out using theR-matrix package of
Berringtonet al. @27#. In an R-matrix calculation, the wave
function of the (N11)-electron system is given as

Ck~X1 , . . . ,XN11!5(
i j

ci jkF i~X1 , . . . ,XNr̂N11sN11!

3ui j ~r N11!

1(
j

djkf j~X1 , . . . ,XN11!, ~1!

where the basis functions under the first sum refer to
N-electron target bound states multiplied by continuu
states, and those under the second sum are (N11)-electron
bound states. In Eq.~1!, X stands for spin (s) and spatial (rW)
coordinates. Bound state orbitals are cast as linear comb
tions of Slater-type orbitals

Pnl5(
j

Cjnl r
I jnlexp~2j jnl r !. ~2!

The parametersj jnl andI jnl , and the coefficientsCjnl for 1s
to 6s, 2p to 6p, 3d to 5d, and 4f to 5f orbitals, which are
used in the present calculations, are determined by using
CIV3 code of Hibbert@28# to optimize the ground-state ene
gies of both the neutral atom and the negative ion.
2824 © 1998 The American Physical Society
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We use the widely accepted definition for the core a
valence orbitals, i.e. 1s, 2s, 2p, 3s, and 3p are the so-called
core orbitals for the present system, and all the other orb
are the valence orbitals. Thus in the ground configuration
have two valence electrons for the neutral atom and th
valence electrons for the negative ion and the electron
collision system. In this calculation, valence correlation
included by allowing all possible excitations of the valen
electrons into any of the valence orbitals, excluding the p
sibility of having more than one electrons in thef orbitals. In
order to control the number of configurations to a mana
able value, the core-valence correlation is included with
stricted excitations. When a 3p electron is excited to one o
the valence orbitals, the allowed minimum and maximu
occupation number of electrons in each of the valence or
als are given in Table I. This rule is applied to the calcu
tions of the atomic energy levels of Ca as well as to
electron-Ca system.

The atomic energy levels obtained with and without t
inclusion of core-valence correlation are presented in Ta
II, where we also compare the excitation energies to the
perimental values@29#. One notes that without the inclusio
of core-valence correlation, the order among the3De, 1De,
and 1Po levels is incorrect. With the limited core-valenc
correlation included in the present calculation, the ene
levels of 3Po and 1Po are reasonable, but the energy leve
of 3De and 1De still have large errors. As the core-valen
correlation is more significant for the ground state than
the excited states, the calculated excitation energies
slightly larger than those obtained without the core-vale
correlation. No attempt was made to improve the repres

TABLE I. The minimum and maximum numbers of electro
that are allowed in each valence orbital when a 3p electron is re-
moved from the filled core level. This restriction limits the numb
of configurations that can be included in the treatment of co
valence electron correlation.

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

Minimum 5 1 0 0 0 0 0 0 0 0 0 0
Maximum 5 2 3 3 2 2 2 1 0 1 1 0

TABLE II. Calculated relative positions of the ground state a
the first four excited states of Ca. The calculated total energy for
ground state is2676.78668 a.u. without core-valence correlatio
and2676.80213 a.u. with the core-valence correlation. The exc
tion energies are compared to the experimental values@29#.

State Energy~eV!

a b expt.

1Se 0.0 0.0 0.0
3Po 1.6896 2.0305 1.8924
3De 2.8806 3.0444 2.5239
1De 2.8722 3.1370 2.7090
1Po 2.8692 3.1764 2.9325

aIncluding valence-electron correlation only.
bIncluding both valence-electron and core-valence electron corr
tion.
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tation of the 3De and 1De states since they do not play
major role in collisions at low energies, and any attempt
improve them would make the calculation too large
handle.

The presentR-matrix calculations are carried out usin
the five target atomic states listed in Table II. For the co
tinuum orbitals@ui j of Eq. ~1!# we include five angular mo-
mentum quantum numbers (l 50 –4) to construct the orbit-
als, and for eachl we have 25 numerical basis functions. F
the (N11)-electron correlation terms in Eq.~1!, 541 bound
states were included for2Se symmetry to 1639 bound state
for 2De symmetry. Both the continuum scattering states a
bound states of the negative ion are calculated by
R-matrix method. The negative-ion bound state is calcula
by matching the exponentially decaying function in t
asymptotic region to the inside solution at theR-matrix
boundary~560 a.u.!. The negative-ion state can also be c
culated by the configuration-interaction method. This me
that only the second term on the right-hand side of Eq.~1! is
retained in the construction of the negative-ion wave fu
tion. Nevertheless, it is found that the first term in t
R-matrix expansion is very important for obtaining an acc
rate electron binding energy, in particular, when the co
valence correlation is included. The binding energies of C2

obtained by the configuration-interaction calculation are
and 0.9 meV, respectively, without and with the core-valen
correlation, while the correspondingR-matrix results are 72
and 15 meV. These numbers are, respectively, quite clos
the calculations which include valence electrons o
@7,8,10,21,22#, and to those including core-valence corre
tions also@22,23#. Our result of 72 meV obtained includin
only valence-electron correlation implies that valence cor
lation has been fully accounted for in the presentR-matrix
calculation. The value of 15 meV agrees very well with t
recent experiments@18–20#. It also agrees with the finding
of Ref. @23# that the correlation between the valence ele
trons and the 3p shell accounts for the major improvemen

The presentR-matrix results for low-energy electron sca
tering with Ca atoms are shown in Fig. 1. In Fig. 1~a!, the
calculated total cross sections are compared to the exp
ments of Romanyuket al. @17#. There are two sets of mea
surements by this group@2,17#. In their earlier measuremen
the absolute cross sections were obtained, but the positio
the main maximum appears at a lower energy, around
eV. In the later experiment, a hypocycloidal electron sp
trometer was used, and only the relative values of the ela
cross sections were obtained by integrating over a spec
range of scattering angles. The main peak in the latter
periment was observed at 1.2 eV, but another peak
found below 0.7 eV. We plotted their new data in Fig. 1~a!
by normalizing the experimental data to our calculated va
at 1.3 eV, which is close to the peak of the second maximu
Results from two separateR-matrix calculations are shown
The full calculations including core-valence interactions a
given by the solid lines, and the calculations neglecting
core-valence interactions are shown as dashed lines. The
calculations are in good agreement with the experime
data. In particular, the position of the second peak, the ris
a cross section below 0.7 eV, and the appearance of a
peak near 2.2–2.4 eV in the experimental data are all w
reproduced. In the meanwhile the positions of the mini
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near 0.8 and 1.9 eV are also predicted by the calcula
when the core-valence interactions are included. We n
that if the core-valence interaction is neglected, the resul
structures in the higher-energy domain are still similar,
the positions are shifted toward the lower energies. This s
is partly due to the inaccuracy in the theoretical excitat
energies. Note that the cross section varies rapidly with
lision energies near the threshold. The inset gives an
panded view of the calculated cross sections below 0.5
We did not present earlier theoretical resu
@1,3,4,9,12,15,16#. Most of them predicted a rather smoo
cross section in the energy domain covered, and reprodu
only the middle peak seen in the experiment. Although
much sharper structure around 0.1 eV was predicted as
to ap-wave shape resonance in the calculations of Kurtz
Jordan@3# and Amusiaet al., the predictedp-wave shape
resonance is not consistent with the well-known fact that
has one single stable negative ion in the2P state. We com-
ment that a 0.5-eV retarding potential was used in the exp
ment@17# which rendered experimental data not reliable b
low 0.5 eV.

We next identify the origin of the structures in Fig. 1~a!.
The partial cross sections for the2Se and 2Po symmetries
are shown in Figs. 1~b! and 1~c!, respectively. Clearly the
first calculated peak in Fig. 1~a! below 0.7 eV is due to

FIG. 1. Cross sections of electron scattering from Ca atoms~a!
The total cross section.~b! The elastic2Se partial cross section.~c!
The elastic2Po partial cross section.~d! The elastic2De partial
cross section.~e! The total inelastic excitation cross section to t
first excited state.~f! The elastic-scattering phase shifts of the fi
three partial waves. In the figures, the solid lines represent the
sults with the core-valence correlation included, and dashed l
the results without the core-valence correlation. The thin solid
in ~a! is the elastic cross section above the first excitation thresh
and the filled circles are the experimental data@17#.
n
te
g
t
ift
n
l-
x-
V.

ed
a
ue
d

a

ri-
-

contributions from these two partial waves. The ‘‘peak’’
each partial wave cannot be identified with any resonan
In Fig. 1~f! the elastic phase shifts below the first excitati
threshold are shown. One can observe that the structu
due to the rapid change ofs- andp-wave phase shifts at low
energies. In fact, the phase shift for ans wave passes throug
zero at about 0.025 eV, where the partial-wave cross sec
goes to zero@see the inset in Fig. 1~b!# to produce a
Ramsauer-Townsend minimum, and thep-wave phase shift
drops rapidly@see the inset in Fig. 1~f!# to produce a sharply
rising p-wave scattering cross section@see the inset in Fig.
1~c!#. The sum of these two partial waves produces the sh
feature in the first peak. In contrast, in earlier calculatio
for example, by Kurtz and Jordan@3#, thep-wave phase shift
displays a very sharp increase throughp/2 at 0.06 eV, and
thus they predicted ap-wave resonance.

The 2De partial cross sections are shown in Fig. 1~d!. The
first structure is very small and will be neglected. The tw
outer peaks are responsible for the second and third max
in Fig. 1~a!. In Fig. 1~d!, these two peaks can be approx
mately identified as the 4s23d 2De and 4s4p2 2De states.
They are interpreted as shape resonances. In particular
phase shift of the first peak indeed changes nearly byp, as
seen in Fig. 1~f!. The near-zero background phase shift a
gives this shape resonance a Lorentzian profile. It app
that the second structure also resembles a shape reson
and may be attributable to the strong coupling betwe
4s23d 2De and 4s4p2 2De states. In Fig. 1~e! we also
show the inelastic excitation cross sections above the
excitation threshold. The peak originates predominantly fr
the 2De partial cross sections, i.e., from the second sh
resonance of Fig. 1~d!.

In the figures above we also show the results from cal
lations without including the core-valence interaction.
such calculations the excitation thresholds are not well rep
duced with respect to the experimental values, and thus
resulting cross sections are shifted. We note in particular
the first peak does not appear if the core-valence correla
is not included. From Table II, we note that the experimen
3Po excitation threshold is 1.8924 eV, but calculations w
and without core-valence correlation give 2.0305 and 1.6
eV, respectively. The discrepancy in the threshold energ
mostly accounts for the differences in the two calculatio
and the experimental results, as can be seen in Fig. 1~a! and
in Fig. 1~d!. The R-matrix code@27# used in the presen
calculation provides the facility of using the experimen
experimental excitation thresholds in the calculation of cr
sections. Nevertheless, when a strong resonance structur
curs near the threshold, as in the present case around 2.0
an artificial change of the threshold energy may ca
changes in the strength or even in the characteristics of
resonance. In the present calculation we do not use exp
mental threshold energies, and the results presented are
pletely fromab initio calculations.

In summary, core-valence correlation effect in electr
scattering from Ca atoms and in the binding energy of C2

ions were studied by theR-matrix method. The inclusion o
core-valence correlation is shown to be essential for obt
ing the correct electron affinity of Ca2. The core-valence
interaction is also shown to be very important for predicti
cross sections for electron collisions with Ca atoms at l
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energies. This interaction gives an additional peak of
cross section just above the elastic threshold. The elec
affinity as well as the electron-scattering cross sections
tained are in reasonable good agreement with experime
values when core-valence interactions are accounted for
ma
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