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InHuence of Core Polarization on the Electron AfBnity of Ca
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We have developed a method, based on the use of B-spline basis sets and model potentials, for
determining properties of systems with two or three electrons outside a polarizable closed-shell core.
It is applied to the calculation of the electron aKnity of Ca and the resulting value of 17.7 meV is in
excellent agreement with the most recent experiments. It is found that the dielectronic core-valence
interaction reduces the electron afBnity by 39.5 meV.

PACS numbers: 31.15.+q, 31.20.Di

Negative ions are of fundamental importance in atomic
physics. One significant aspect is that the additional elec-
tron is often bound by means of electron correlation, and
so the structure and dynamics of negative ions form a
critical testing ground for atomic theory. Ca has turned
out to be one of the more elusive and challenging nega-
tive ions. A clear account of the tortuous path of the
research into the structure of this ion has recently been
given by Peterson [1]. In short, a few years ago, the
existence of a stable negative Ca 48 4p P ion was pre-
dicted [2] and observed [3]. Since then, a large number of
calculations have been devoted to the determination of
the electron affinity (EA) of Ca [4—11]. In most of these
calculations values in the range 45—82 meV were obtained
[4,5,7,8,10,11] in general agreement with the observations
of Pegg et at. , who used electron spectroscopy and fast
ion beam techniques to determine an electron affinity of
43 + 7 meV [3]. However, in one calculation an EA of
0 meV was obtained [9], while another deviating calcula-
tion reported a value of 22 meV [6].

Very recently Walter and Peterson [12] have measured
a substantially smaller electron affinity for Ca, 18.4 +
2.5 meV, in a tunable-laser photodetachment experiment.
This latter result was subsequently verified by electric-
field dissociation experiments [13] which resulted in an
EA of 17.5 +& meV. In addition, Haugen et at. recently
reported [14] a decay time of 490 ps for the Ca ground
state which was interpreted as due to photodetachment
induced by blackbody radiation. Based on the expected
blackbody spectrum, a lifetime of this magnitude sup-
ports the smaller values of the EA. Since the new ex-
perimental values are in disagreement with the original
measurement of Pegg et al. [3] and with almost all of the
previous theoretical results, there is renewed impetus for
determining the binding energy of the ground state of
Ca . In this Letter we report a new calculation, which
is in agreement with the new experimental values, and
discuss the physical interpretation of the differences be-
tween previous calculated values and the current one.

Accurate calculations on negative ions must go beyond
the Hartree-Fock (HF) approximation since no binding
is found in. this, the best, single-particle model. Thus
correlation is essential for obtaining binding. Correla-

where

V(r) = VI (r) + VHp — ' + Ut(r), (2)

C C

tion can be divided into several types. For Ca there
will be correlation between the three valence electrons.
This correlation can be accurately included for example
in multiconfiguration HF calculations (MCHF). Another
type, the correlation between the valence electrons and
the core, is for three valence electrons very difficult to
take into account. In fact most previous calculations for
the Ca ground state have treated the valence correlation
in detail while core-valence correlations have been treated
less rigorously. It is thus reasonable to assume that the
deficiencies in these approaches are due to inadequate de-
scriptions of core-valence interaction. We include core-
valence interaction via a model potential, which allows
for the polarization of the core by the outer electron(s).

Froese Fischer has pointed out that it is easier to get
too small a value for the EA, rather than one which is too
large, because neglect of valence correlation reduces the
binding. Thus a reliable method must reproduce the very
elaborate valence-correlation results obtained in partic-
ular by Froese Fischer and co-workers [2,4, 11]. It must
also predict with high precision the binding energy of the
neutral Ca ground state.

A particular difficulty with calculations of negative
ions is the diffuse character of the orbitals involved. This
has the consequence that it is important to be able to
span a large function space. We have employed a B-
spline basis set in a model-potential approach. Our basis
set consists of 22 B-splines of order 9 defined on an inter-
val from 0 to 60 a.u. We have checked that a box size of
40 a.u. is too small with our approach while the results
change insignificantly when the box size is increased to
80 a.u. The one-electron basis functions are determined
by solving the Schrodinger equation for the Ca+ ion with
the Ca + core described by a local model potential:

1 ~ Z,'+ V(r) ~e„t(r) = e„te„t,2 r
with
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This model potential, developed by Laughlin [15], con-
sists of VHp, the direct electrostatic repulsion of the outer
electron by the core; V~, the interaction between the va-
lence electron and the dipole and quadrupole moments
it induces in the Ca + core; and Ug(T), an angular-
momentum dependent fitting potential chosen to repro-
duce the bound Ca+ spectrum (with an accuracy of a
small fraction of 1 meV). The polarization terms are ef-
fectively cut off at T = T, by the W (T) functions to
account for the decrease in the polarization interactions
when the outer electron penetrates into the core. Z, is
the net charge of the Ca + core and N, is the number
of core electrons. The accuracy of this potential for the
one-electron problem was demonstrated by determining
oscillator strengths for various transitions in Ca+ [15].
The model potential includes in an approximate way [via
Ug(T)] the effects of relativity on the Ca+ valence-electron
energies. For Ca and Ca, two-body relativistic effects
are not so straightforward and they are not explicitly in-
cluded in the present calculation. They have been found
to be smaller than the one-body effects, which are cal-
culated to be ( 10 meV in magnitude [11],and most of
the latter are included implicitly in our approach via the
model potential.

When two active electrons are considered, a dielec-
tronic polarization (DP) potential, V 12, must be added
to the electrostatic repulsion „[16,17]:
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To estimate the inHuence of core polarization on the
EA, we have calculated the ground-state energies of both
Ca and Ca in three different approximations: exclud-
ing Vp, VP12, and Ur terms (denoted A), excluding only
V 12 terms (denoted B), and including all polarization
terms (denoted C). The configuration interaction (CI)
procedures developed for He-like systems [18] can readily
be adapted to the Ca ground-state problem. In the cur-
rent application, we include all physically allowed pairs
of one-electron basis functions with angular momenta up
to f

As a check on our procedures we compare in Table I our
values for the ground-state energy of Ca with the exper-
imental and some other theoretical values. Prom MCHF
calculations [4], we estimate that the core-polarization
contribution to the energy is about 5700 cm and, with
this in mind, there is good agreement between the vari-
ous approaches. We observe that our best calculation,
which includes all polarization terms, differs from ex-
periment by only 7 cm and, as far as we know, this
is the most accurate theoretical determination of the
ground-state energy of Ca to date. The dipole term in
Eq. (4) is dominant: including the dielectronic dipole
term decreases the binding energy of Ca by 680 cm

TABLE I. Binding energies (in cm ') for the ground state
of Ca relative to the Ca + ground state.

8-spline method A
8-spline method B
B-spline method C
Fuentealba et al. [9] without pol. terms
Fuentealba et al. [9] with pol. terms
Kim and Greene [5]
MCHF [4] val. corr. with rel. terms
Observed [19]

Binding energy
122 519
145 710
145 051
139870
145 107
146 100
139335
145 057.83

TABLE II. Configurations included in the CI expansion
for Ca . Except when otherwise indicated, all intermedi-
ate couplings are included. Configurations are reordered to
nfn'E'n"E" with the maximum allowed values for n, n', and
n" as specified. Configurations of the type ddp, sdp, and ffp
which have a 6p, 6d, or 6f orbital and an orbital with a higher
n value are excluded.

Angular momenta

Maximum allowed n
Maximum allowed n'
Maximum allowed n"

ssp, st, ddt
ppp, sdf, ppf

ff("~)p dd("&)f
5 (E ) 2), 6 (8 ( 1)

8
14

whereas the quadrupole term increases it by only 20
cm 1. Higher-order core-valence interactions [17] would
therefore appear to be negligible. Because the Ug terms
are omitted, calculation A gives a rather poor result for
the Ca ground-state energy since it does not include any
exchange interactions with the Ca + core and so it is not
directly comparable to any of the other calculations in
Table I.

For the three-electron Ca problem we adopt a similar
CI approach and expand the wave function in terms of
products of one-electron basis functions. However, it is
not feasible to include all () 10s) possible configurations
which may be constructed from the set of basis functions.
We used 6343 configurations in the CI expansion, and af-
terwards included others as a second-order perturbation.
The configurations included are shown in Table II. We
have performed several calculations with different config-
urations in the CI expansion in order to check that the
results are independent of the initial expansion. Interme-
diate results can differ by up to 10 meV, but on addition
of the second-order correction this difference almost dis-
appears. The remaining uncertainty is estimated to be
about 2 meV. The results are shown in Table III.

We first discuss calculation A which, despite its neglect
of exchange, should provide an EA comparable to those of
previous calculations which include an equivalent static
core potential VHF [Eq. (2)], since we expect strong can-
cellation between the valence-core exchange interactions
in Ca and Ca . Specifically, we compare with calcula-
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Pegg et al. [3]
Walter and Peterson [12]
Nadeau et aL [13]

43+7
18.4 + 2.5

17.5 +4,

TABLE III. Electron afBnities in meV for Ca.
Electron afBnity

Experiment

Term MCHF [4] B-spline A B-spline C

TABLE IV. %'ave-function compositions for the ground
state of Ca . For the B-spline CI calculations all configura-
tions with a contribution ) 1% are included. For the MCHF
calculation the six largest expansion coefficients are given.

Theory
MCHF incl. rel. [4]
MCHF incl. rel. [11]
MCHF incl. rel. with pol. [11]
R-matrix [5]
Second-order CI [6]
MBPT [7]
MBPT [8]
CI without pol. [9]
CI with pol. [9]
Pseudorelativistic HF [10]

This work

62
63.1
41.9
70
22
57
58
48
0

82

4s 4p
4s 5p
4s 6p
4s 7p
4s5s('S)4p
4s5s( S)5p
4s3d( D) 4p
4s4d( D)4p
4p3

4p ('S)5p

61.7/0
23.7'%%uo

2.3%
5.1%

3.5%
1.9%

38.2%
28.3%
6.9%%uo

1.7%
9.7%%uo

1.8'
2.9%
1.2%
2.6%%uo

2.0%

34,2%
29.1%
10.2'%%uo

4.1%
7.7%
2.0%
1.4%
1.9'%%uo

2.0'%%uo

1.9%

B-spline A
B-spline B
B-spline C

67.0
57.2
17.7

tions using a HF [2,4,11] and a Dirac-Fock [9] potential
for the core. Our result, 67 meV, is in good agreement
with the latest relativistic MCHF values, 62 and 63 meV,
of Froese Fischer and co-workers [4,11]. We note that
the basis sets used in the MCHF calculations included g
orbitals whose contribution we have neglected, but esti-
mated to be small, and that core relaxation contributed
only 1 meV [11].

Our calculation A value of 67 meV is significantly
higher than the 48 meV obtained by Fuentealba et al.
[9] in a calculation omitting polarization terms. In addi-
tion to s, p, and d orbitals, these authors included only
one f orbital in their basis and noted that it did not ap-
preciably alter the electron affinity. In our calculation, f
orbitals contribute 19.9 meV to the EA, a result consis-
tent with a recent estimate of 23 meV by Froese Fischer
and Brage [11].It is thus reasonable to suppose that our
more extensive expansions are primarily responsible for
the disagreement with the result of Fuentealba et al. [9],
though the possibility that part of the difference is due to
the neglect of exchange with the Ca2+ core in calculation
A cannot be excluded.

Examination of the wave-function compositions in Ta-
ble IV shows that more Ca configurations have a con-
tribution larger than 1% in our approach than in the
MCHF method so that, as expected, the MCHF ap-
proach provides a more compact wave-function expan-
sion. The MCHF compositions quoted in Table IV were
obtained from a calculation with an active set consisting
of 4s, 5s, 6s, 4p, 5p, 6p, 3d, 4d, 5d, 4f, 5f, and 5g orbitals
[4]. The six largest eigenvector components in an ex-
pansion consisting of 116 configuration states are shown.
Since the basis functions used in the MCHF and the I3-
spline approaches are very different, wave functions are
best compared by examining the distribution over the

difFerent angular couplings such as ssp and spd. Such
a comparison between the wave function from the latter
MCHF set and the wave function from the B-spline CI
method A reveals good agreement.

Next, the electron affinity obtained when the Ut and
Vp terms are included (B-spline B) is 57.2 meV (Ta-
ble III). This result is very close to the values obtained
by Johnson et al. [7] and Gribakin et al. [8], 56.6 meV and
58 meV, respectively. Both groups applied many-body
perturbation theory and emphasized the importance of
dipole polarizability in negative ion binding, so compar-
isons with calculation B are valid and the good agreement
here is most encouraging.

Kim and Greene [5] used an R-matrix approach com-
parable to ours when we neglect the DP terms, and cal-
culated an electron affinity 13 meV larger than ours. A
possible explanation for this discrepancy may be that the
value of their Ca ground-state energy is approximately
400 cm i (50 meV) lower than our equivalent (B-spline
B) value (Table I). Kim and Greene seem to have used
a value for ng = 8.0 a.u. [20] which is much larger than
our value, o,p

——3.3 a.u. The latter is determined solely
from the properties of Ca+ and is consistent with values
obtained by other workers [21,22]. We believe that this
difference is the origin of the discrepancy in EA between
the two calculations.

Cowan and Wilson [10] added an approximate correla-
tion potential, based on the correlation energy for a free-
electron gas, to a pseudorelativistic Hartree-Fock Hamil-
tonian. Their procedure yields only the monoelectronic
polarization terms and the predicted binding energy is
somewhat larger than the other results.

Fi.nally, inclusion of the DP terms in the two-electron
interactions (method C) significantly reduces the binding
energy of Ca and results in an electron affinity of 17.7
meV (see Table III), in excellent agreement with the re-
cent experimental values of 18.4 meV [12] and 17.5 rneV
[13]. Thus the effect of the DP terms is to decrease the
electron affinity of Ca by 39.5 meV. Since, from Table I,
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the DP terms change the ground-state energy of neutral
Ca by 81.7 meV, it follows that the additional DP con-
tribution from the extra electron in Ca is almost 5070
of the dielectronic polarization of Ca.

Fuentealba et al. [9] estimated the effect of polarization
on the electron affinity to be 48 meV in good agreement
with our value of 49.3 meV. Neglecting f orbitals in cal-
culation C raises the ground-state energies of Ca and Ca
by, respectively, 4 and 19 meV, thereby lowering the EA
to only 2.7 meV, very close to the zero result predicted
by Fuentealba et at. We also note the relatively close
agreement between the results of calculation C and Ref.
[9] for the Ca ground state and thus we are strongly re-
inforced in our opinion that the difference between the
two calculations is primarily the inadequate description
of configurations containing one or more f electrons in
Ref. [9].

Froese Fischer and Brage [11] have recently considered
the inclusion of core polarization in an MCHF calculation
via a model potential. However, Table III shows that the
reduction they obtain in the EA is considerably smaller
than obtained by us or by Fuentealba et al. [9] and they
note that use of the latter value (or ours) in conjunction
with their value for the outer correlation would lead to
agreement with the latest experimental values.

Fuentealba et al. [9] also reported EAs for Sr and Ba
which are substantially smaller than previous calcula-
tions. It would be interesting to see how important the
DP terms are in these atoms. Since the difference be-
tween the results of Froese Fischer [4] and Fuentealba
et al. [9] decrease slightly with increasing Z, there is an
indication that the DP terms are less important for the
heavier atoms although part of the reduction could be
due to relativistic effects. We estimate electron affini-
ties of the order of 50 meV for Sr and 110 meV for Ba.
However, we note that alkali-atom EAs decrease with in-
creasing Z so any extrapolation must be treated with
caution.

The only theoretical value for Ca which is at all close
to our final value with all polarization terms included
is obtained by Bauschlicher et aL [6]. They did not take
polarization terms into account and, therefore, such close
agreement would seem to be fortuitous and is probably
due to an inadequate description of valence correlation.

In summary, we have developed a model-potential
method for determining properties of systems with two or
three electrons outside a closed-shell core with polariza-
tion effects included, using a B-spline basis set. It is used
to predict the binding energy of the stable negative Ca
ion and we obtain an electron affinity of 17.7 meV for
Ca, in complete accord with recent experiments. To esti-
mate the accuracy of our approach, we have carried out
calculations without the dielectronic polarization terms
and have obtained good agreement with other theoretical

calculations. It is found that an accurate estimate of the
polarization is needed for a reliable prediction of small
electron affinities. As the heavy alkaline-earth atoms
have large dipole polarizabilities, it is of great interest to
determine experimentally their electron afFinities. Our
results show that the role played by core-valence inter-
actions in these heavier atoms and their negative ions
requires further investigation.
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