
RAPID COMMUNICATIONS

PHYSICAL REVIEW A 67, 020102~R! ~2003!
QED corrections to the binding energy of the eka-radon„ZÄ118… negative ion
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Quantum electrodynamic~QED! electron self-energy and vacuum polarization corrections to the binding
energy of the 8s electron in the eka-radon (Z5118) negative ion are calculated. This ion was found recently
to be stable in the Dirac-Coulomb-Breit Hamiltonian; an improved basis and correlating all 119 electrons give
a binding energy of20.064(2) eV. The QED contribution is 0.0059~5! eV, amounting to a 9% reduction of
the binding energy. This is the largest relative QED effect reported for neutral or weakly ionized atoms, and
confirms the importance of QED corrections for superheavy elements.
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Quantum electrodynamic~QED! corrections, including
electron self-energy~SE! and vacuum polarization~VP! ef-
fects, were calculated recently for heavy and superheavy
oms with ns valence electrons up ton58 (Z5119) @1,2#,
using the partial wave renormalization~PWR! approach de-
veloped in Refs.@3,4# and modified in Ref.@5#. The ad-
equacy of the PWR approach for the one-loop electron s
energy calculations was proved rigorously by Goiden
et al. @6#. The results for heavy atoms@1,2# were confirmed
recently by employing another QED renormalization sche
@7#. Contributions amounting up to 0.5% of the ionizatio
potential were found for the superheavy elements. The a
lute value of the QED correction in element 119 isDE8s

QED

50.0173 eV. An accurate relativistic coupled cluster~CC!
calculation in the framework of the Dirac-Coulomb-Bre
~DCB! Hamiltonian @8# showed the existence of a negati
ion of eka-radon (Z5118, E118! with a binding energy of
DE8s

b 520.056(10) eV for an electron in the 8s orbital. As
the QED correction calculated for E119 is not far in mag
tude from the calculated electron affinity of eka-radon,
QED effect on the latter quantity may be significant. It
therefore calculated in the present paper.

The one-electron Dirac-Hartree-Fock approximation d
not lead to an 8s electron bound to E118; only the highl
correlated CC wave function gives the binding-energy ci
above@8#. On the other hand, the rigorous QED approa
employed for the evaluation of QED corrections in Ref.@2#
is based essentially on the one-particle picture. This is du
the necessity of introducing intermediate states of the e
tron between the emission and absorption of the virtual p
ton in the expression for the self-energy operator. The
scription of the intermediate states with a correlated w
function is beyond the scope of this approach.

One possible solution to this dilemma is to reformula
the results of the CC calculation in terms of one-elect
wave functions. The plausibility of such reformulation fo
lows from density-functional theory, where the Dirac-Koh
Sham ~DKS! one-electron wave functions are widely us
for the description of electron correlation effects. In partic
lar, the DKS approach was applied to the evaluation of i
ization potentials in heavy and superheavy atoms@9,10#.
1050-2947/2003/67~2!/020102~3!/$20.00 67 0201
t-

lf-
o

e

o-

-
e

s

d
h

to
c-
-

e-
e

n

-
-

However, the use of the DKS equation with the exchan
correlation potential derived from electron-gas theory do
not seem adequate for the very loosely bound 8s electron in
E1182. We choose therefore another way for the on
electron reformulation of CC results. The normalized 8s or-
bital ~four-spinor! of the eka-radon anion is extracted by ta
ing the overlap of the Fock-space CC functions of the an
and neutral species,

f8s~r !5
^C118

CCuC1182
CC &

~^C118
CCuC118

CC&^C1182
CC uC1182

CC &!1/2
. ~1!

Note that the numerator of Eq.~1! is a configuration-
space integral involving the product ofC118* , a 118-
electron function, with the 119-electron functionC1182;
the integration is carried out over the coordinates
118 electrons. It may be written explicitly a
*C118

CC* (1, . . .,118)C1182
CC (1, . . .,119)d1 . . .d118, with the

result being a one-electron function. The normalization in
grals in the denominator involve integration over all ele
trons, 118 for the first integral and 119 for the second. T
f8s orbital of eka-francium is obtained in similar fashio
from the overlap

^C1191
CC uC119

CC&/~^C1191
CC uC1191

CC &^C119
CCuC119

CC&!1/2.

The radial Dirac equations with effective local potent
U(r ) that we introduce for the 8s electron are~in atomic
units!:

cS f 81
k

r
f D2@E1mc22U~r !#g~r !50, ~2!

cS g82
k

r
gD2@E2mc22U~r !# f ~r !50, ~3!

wherek is the Dirac angular quantum number (k521 for s
electrons!. The potentialU(r ) is obtained by
©2003 The American Physical Society02-1
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U~r !5

cS g81
g

r D1« f

f
, ~4!

where f and g are the large and small components, resp
tively, of f8s of Eq. ~1!, and «5E2mc2. The numerical
value of« is the coupled cluster electron affinity of the E11
atom.

The same approach was used also for the 8s valence elec-
tron in neutral eka-francium~element 119!, where the Lamb
shift was calculated earlier in the Dirac-Hartree-Fock a
proximation@2#. For this case, the value of«E119 in Eq. ~4! is
taken as24.792 eV, the CC ionization potential of E119.

The potentialU(r ) is all we need to apply a rigorou
QED approach, based on partial wave renormalization of
SE operator@5# and used in Ref.@2# for the calculation of
QED corrections in heavy and superheavy atoms with
lencens electrons. The solution of the Dirac equation wi
the potentialU(r ) provides us with the full basis set nece
sary to construct the SE operator within our approach. O
of the solutions represents the correlated 8s orbital of
E1182.

Having found the potential, the Dirac equations~2! and
~3! were solved to yield the full set of orbitals. This wa
achieved through theB-spline approach@11#. The number of
grid points wasN5140–300, the order of splinesk59. L
516 partial waves were used in the PWR expansion. T
accuracy of the PWR approach with these characteristic
better than 2%@5#.

The VP correction was obtained as the average valu
the VP Uehing potential withf8s of Eq. ~1!. The Uehling
potential usually gives a fairly good approximation to t
exact VP correction. The ratio of the remainder~the
Wichmann-Kroll term! to the Uehling term in a one-electro
ion with Z5100 is 1:20 @12#. The Wichmann-Kroll term
represents higher-order contributions in powers ofaZ,
wherea is the fine-structure constant, and its relative eff
on the screened external electron of the E118 anion~with
small effectiveZ) is therefore much smaller than for th
single electron in the Coulomb field ofZ5100. The ex-
pected error of the Uehling approximation is therefore w
below 5%. Another approximation involves the neglect
the indirect influence of QED corrections for the inner ele
trons on the energy of the valence electron, pointed out
Hartree-Fock functions by Desiderio and Johnson@13#. The
relative corrections to the inner-shell electron energies ar
order a(aZ)2 and cannot exceed 1%@12#, putting their ef-
fect well below the accuracy level sought here.

The calculations for E118 are complicated by the fact t
the 8s orbital is not bound in the Dirac-Fock-Breit approx
mation, and may not be a good representation of the ani
orbital. In order to obtain a bound orbital, we put part
charges on some of the external electrons; this is comp
sated by adding an appropriate one-electron perturba
term, which is summed to infinite order in the CC metho
Previous experience@8# has shown that the final electro
affinity shows only weak dependence on the details of
approximation. Three one-electron schemes are used in
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present calculations: schemeA puts charges of 0.8e on th
four 7p3/2 electrons; scheme B puts charges of 0.9e on e
of the six 7s and 7p3/2 electrons; and scheme C has 0.9e
the eight 7s and 7p electrons. This strategy was not nece
sary for E119.

The present coupled cluster calculations are better t
the previous work@8# in two respects. The basis set, tak
from the universal basis of Malli, Da Silva, and Ishikaw
@14#, was increased to 36s32p24d22f 10g7h6i uncontracted
Gaussian type orbitals, and all 119 electrons were correla
at the coupled cluster singles-and-doubles level. The elec
affinities and QED effects calculated in the three schem
described above are shown in Table I. The differences
tween the three schemes result from the different sets
orbitals used. A full CI calculation would show no depe
dence on the orbitals; the relatively small differences o
tained here attest to the robustness of our method. The a
age and standard deviation of the three DCB calculati
give 20.0638(12) eV. Trials with different basis sets ind
cate a remaining possible error of;1 meV, yielding a DCB
electron affinity~EA! of 20.064(2) eV. The improved basi
and correlation treatment yield somewhat stronger binding
the 8s electron than the20.056(10) eV reported before@8#,
but still within the error bounds of the previous calculatio
The total QED correction~Lamb shift! is 0.0059~5! eV, giv-
ing a corrected electron affinity of20.058(3) eV.

The same method was used to calculate the ioniza
potential and QED correction of eka-francium~E119!. Here
it was not necessary to put fractional charges on the e
trons. The DCB CC ionization potential is 4.792 eV. Th
self-energy and vacuum polarization corrections are, resp
tively, 0.0268 and20.0092 eV, for a total Lamb shift o
0.0176 eV. This value is very close to the 0.0173 eV obtain
from Dirac-Hartree-Fock wave functions@2#.

Another approach to the calculation of Lamb shifts is
use the local potential proposed by Salvatet al. @15#, fitting
the Slater exchange parameterax to available data. We con
structed this local potential using the closed-shell CC o
electron densitiesr118

CC(r ) and r1191
CC (r ). From these densi-

ties, the moments

Rn5
1

~n11!!ZE r nrCC~r !d3rW ~5!

were calculated for21<n<5. The local potentials were
presented in the five-parameter approximation~see details in
Ref. @15#!,

TABLE I. Dirac-Coulomb-Breit electron affinity and QED cor
rections for E118~eV!.

Scheme DCB EA SE VP Total QED Final EA

A 20.0644 0.00911 20.00355 0.00556 20.0588
B 20.0646 0.00904 20.00336 0.00568 20.0586
C 20.0624 0.01016 20.00369 0.00647 20.0559
2-2
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U~r !52
Z

r (
i 51

3

Aie
a i r2

3

2
axF 3

p
rCC~r !G1/3

. ~6!

The Slater parameterax was adjusted to fix the binding
energy of 8s valence electron at the CC values
20.064 eV for E1182 and24.792 eV for E119. The param
eters Ai and a i were determined using Eq.~5!. With the
parametersa1510.8320, a250.080, a350, A150.5129,
A250.4871, andA350, we get for E118 in orbital schemeB
a self-energy correction of 0.009 01 eV, very close to
corresponding value in Table I.

The total QED correction for the electron affinity of E11
reduces the Dirac-Coulomb-Breit coupled cluster value
G
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9.2%. To our knowledge, this is the largest relative QE
correction observed for neutral or weakly ionized atomic s
tems, and it confirms the importance of these correction
superheavy atoms.
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