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QED corrections to the binding energy of the eka-radon(Z=118) negative ion
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Quantum electrodynami(QED) electron self-energy and vacuum polarization corrections to the binding
energy of the 8 electron in the eka-radorZ& 118) 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 of-0.064(2) eV. The QED contribution is 0.0059 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 electrodynami€¢QED) corrections, including However, the use of the DKS equation with the exchange-
electron self-energySE) and vacuum polarizatiofvP) ef-  correlation potential derived from electron-gas theory does
fects, were calculated recently for heavy and superheavy atot seem adequate for the very loosely bousdceRctron in
oms with ns valence electrons up t0=8 (Z=119) [1,2], E118 . We choose therefore another way for the one-
using the partial wave renormalizatigRWR) approach de- electron reformulation of CC results. The normalizexi8-
veloped in Refs[3,4] and modified in Ref[5]. The ad- bital (four-spino) of the eka-radon anion is extracted by tak-
equacy of the PWR approach for the one-loop electron selfing the overlap of the Fock-space CC functions of the anion
energy calculations was proved rigorously by Goidenkoand neutral species,
et al. [6]. The results for heavy atonf4,2] were confirmed

recently by employing another QED renormalization scheme (\I’ffBI‘IfCC
[7]. Contributions amounting up to 0.5% of the ionization bas(1) = —cc—co—ct—cc—15 (1)
potential were found for the superheavy elements. The abso- (YT Vi (Vg (Wi )

lute value of the QED correction in element 119A&3FP

=0.0173 eV. An accurate relativistic coupled clust€C) Note that the numerator of Eql) is a configuration-
calculation in the framework of the Dirac-Coulomb-Breit space integral involving the product o¥j;5, a 118-
(DCB) Hamiltonian[8] showed the existence of a negative electron function, with the 119-electron functiodf g ;

ion of eka-radon £=118, E118 with a binding energy of the integration is carried out over the coordinates of
AE352—0.056(10) eV for an electron in thes®rbital. As 118 electrons. It may be written explicitty as

the QED correction calculated for E119 is not far in magni- fw$% (1, ..., 1185 (1, .. .,119)d1 . ..d118, with the

tude from the calculated electron affinity of eka-radon, theresult being a one-electron function. The normalization inte-
QED effect on the latter quantity may be significant. It is grals in the denominator involve integration over all elec-
therefore calculated in the present paper. trons, 118 for the first integral and 119 for the second. The

The one-electron Dirac-Hartree-Fock approximation doesy, - orbital of eka-francium is obtained in similar fashion
not lead to an 8 electron bound to E118; only the highly from the overlap

correlated CC wave function gives the binding-energy cited
above[8]. On the other hand, the rigorous QED approach CC |qCC CC |q,CC CC|3yCC\ 1\ 1/2
employed for the evaluation of QED corrections in Réfl (W 1o W11 (W9 [ W1y (W11 W 19) ™
is based essentially on the one-particle picture. This is due to ) ) ) ) ) )
the necessity of introducing intermediate states of the elec- The radial Dirac equations with effective local potential
tron between the emission and absorption of the virtual phoV () that we introduce for the 8electron are(in atomic
ton in the expression for the self-energy operator. The deUnits):
scription of the intermediate states with a correlated wave
function is beyond the scope of this approach.

One possible solution to this dilemma is to reformulate
the results of the CC calculation in terms of one-electron
wave functions. The plausibility of such reformulation fol- «
lows from density-functional theory, w_here the D|_rac-Kohn- c( g’ — _g) ~[E—mc?—U(r)]f(r)=0, 3
Sham (DKS) one-electron wave functions are widely used r
for the description of electron correlation effects. In particu-
lar, the DKS approach was applied to the evaluation of ionwherex is the Dirac angular quantum number= —1 for s
ization potentials in heavy and superheavy atd@dq|. electrons. The potentialJ(r) is obtained by

—[E+mc—U(r)]g(r)=0, 2)

K
c(f’+—f
r
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g TABLE |. Dirac-Coulomb-Breit electron affinity and QED cor-
clg'+ F) +ef rections for E118eV).

uiry=—————, 4) :
f Scheme DCB EA SE VP Total QED Final EA

A —0.0644 0.00911 —0.00355 0.00556 —0.0588
wheref and g are the large and small components, respec- g 00646 0.00904 —0.00336 0.00568 —0.0586

tively, of ¢g; of Eq. (1), ande=E—mc? The numerical 45604 001016 -0.00369 0.00647 —0.0559
value ofe is the coupled cluster electron affinity of the E118
atom.

The same approach was used also for th@dence elec- )
tron in neutral eka-franciuntelement 118 where the Lamb present calculations: schemeputs charges of 0.8e on the
shift was calculated earlier in the Dirac-Hartree-Fock ap- OUr 7Ps2 €lectrons; scheme B puts charges of 0.9e on each
proximation[2]. For this case, the value ef,;0in Eq.(4)is  Of the six & and 7, electrons; and scheme C has 0.9e on
taken as—4.792 eV, the CC ionization potential of E119.  the eight & and 7p electrons. This strategy was not neces-

The potentialU(r) is all we need to apply a rigorous S&7y for E119. _

QED approach, based on partial wave renormalization of the The p_resent coupl_ed cluster calculations are better than
SE operatof5] and used in Ref[2] for the calculation of (e Previous work8] in two respects. The basis set, taken
QED corrections in heavy and superheavy atoms with Vafrom the l_,ln|versa| basis of Malli, Da Sllv_a, and Ishikawa
lencens electrons. The solution of the Dirac equation with [14], was increased to 382p24d22f10g7h6i uncontracted

the potentialu(r) provides us with the full basis set neces- Gaussian type orbitals, and all 119 electrons were correlated

sary to construct the SE operator within our approach. onét _th.e. coupled cluster singles—and-dout_)les level. The electron
of the solutions represents the correlated @rbital of affinities and QED effects calculated in the three schemes

E118. described above are shown in Table I. The differences be-
Having found the potential, the Dirac equatiof® and ~ Ween the three schemes result from the different sets of
(3) were solved to yield the full set of orbitals. This was O'Pitals used. A full CI calculation would show no depen-
achieved through thB-spline approachil1]. The number of dence on the orbitals; the relatively small differences ob-
grid points wasN=140-300, the order of splinds=9. L tained here attest to the robustness of our method. The aver-
— 16 partial waves were us'ed in the PWR expansion. Th&9e and standard deviation of the three DCB calculations
accuracy of the PWR approach with these characteristics @V& —0.0638(12) eV. Trials with different basis sets indi-
better than 295]. cate a remaining possible error 6fL meV, ylleldmg a DCB_
The VP correction was obtained as the average value dflectron affinity(EA) of —0.064(2) eV. The improved basis
the VP Uehing potential withpg, of Eq. (1). The Uehling and correlation treatment yield somewhat stronger binding of
potential usually gives a fairly good approximation to the te 8 électron than the-0.056(10) eV reported befofé],
exact VP correction. The ratio of the remaindéhe but still within the error bounds of the previous calculation.
Wichmann-Kroll term to the Uehling term in a one-electron 1€ total QED correctioiLamb shifp is 0.00595) eV, giv-

ion with Z=100 is 1:20[12]. The Wichmann-Kroll term N & corrected electron affinity of 0.058(3) ev.
represents higher-order contributions in powers c, The same method was used to calculate the ionization

wherea is the fine-structure constant, and its relative effec?tential and QED correction of eka-franciu@119. Here

on the screened external electron of the E118 afiuith it was not necessary_to.put_ fractlonallcharges on the elec-

small effectiveZ) is therefore much smaller than for the fons. The DCB CC ionization potential is 4.792 eV. The

single electron in the Coulomb field =100. The ex- gelf-energy and vacuum polarization corrections are, respec-

pected error of the Uehling approximation is therefore welltively; 0.0268 and—0.0092 eV, for a total Lamb shift of

below 5%. Another approximation involves the neglect 0f0.0176_e\/. This value is very close tq the 0.0173 eV obtained

the indirect influence of QED corrections for the inner elec-T0M Dirac-Hartree-Fock wave functiong]. L

trons on the energy of the valence electron, pointed out for Another approach to the calculation of Lamb Sh'ﬁs IS to

Hartree-Fock functions by Desiderio and Johngb8]. The ~ US€ the local potential proposed by Sglea’al. [15], fitting

relative corrections to the inner-shell electron energies are df'€ Slater exchange parametgrto available data. We con-

order a(@Z)? and cannot exceed 1§42], putting their ef- structed this I.o.cal CpCotentlaI us&rég the closed-shell CC (?ne-

fect well below the accuracy level sought here. electron densitiep1¢(r) and pyjq:-(r). From these densi-
The calculations for E118 are complicated by the fact thaties, the moments

the 8s orbital is not bound in the Dirac-Fock-Breit approxi-

mation, and may not be a good representation of the anionic

orbital. In order to obtain a bound orbital, we put partial R — J

charges on some of the external electrons; this is compen- " (n+1)!Z

sated by adding an appropriate one-electron perturbation

term, which is summed to infinite order in the CC method.

Previous experiencg8] has shown that the final electron were calculated for—1<n=<5. The local potentials were

affinity shows only weak dependence on the details of thipresented in the five-parameter approximafieee details in

approximation. Three one-electron schemes are used in theef.[15]),

r"pCC(r)d3r (5)
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7z 3 3 [3 13 9.2%. To our knowledge, this is the largest relative QED
u(ry=-— T > Aie“ir—iax —pCC(r) (6)  correction observed for neutral or weakly ionized atomic sys-
i=1 w

tems, and it confirms the importance of these corrections in

. ) - superheavy atoms.
The Slater parameter, was adjusted to fix the binding P y
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A,=0.4871, andh\;=0, we get for E118 in orbital schen  supported by the Israel Science Foundation and by the U.S.-
a self-energy correction of 0.00901 eV, very close to thelsrael Binational Science Foundation. P.P. was supported by
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The total QED correction for the electron affinity of E118 tion belongs to COST Actions Grant Nos. D9/W@E2PAM-
reduces the Dirac-Coulomb-Breit coupled cluster value byALOF) and D26/WG7(HAMEC).

[1] P. Pyykkq M. Tokman, and L. Labzowsky, Phys. Rev.5%, [9] S. Kotochigova, Z.H. Levine, E.L. Shirley, M.D. Stiles, and

R689(1998. C.W. Clark, Phys. Rev. A5, 191(1997.
[2] L. Labzowsky, I. Goidenko, M. Tokman, and P. Pyykiehys.  [10] X-M. Tong and S-I. Chu, Phys. Rev. 37, 855(1998.
Rev. A59, 2707(1999. [11] W.R. Johnson, S.A. Blundell, and J. Sapirstein, Phys. Rev. A
[3] H. Persson, I. Lindgren, and S. Salomonson, Phys. Sa#46T 37, 37(1988.
125(1993. [12] L.N. Labzowsky, G.L. Klimchitskaya, and Yu.Yu. Dmitriev,
[4] H.M. Quiney and I.P. Grant, Phys. Scr.,TA6, 132 (1993. Relativistic Effects in the Spectra of Atomic Systéi@® Pub-
[5] L. Labzowsky, I. Goidenko, and A. Nefiodov, J. Phys.3B lishing Ltd., Bristol, 1993.
L477 (1998. [13] A.M. Desiderio and W.R. Johnson, Phys. Rev.3A 1267
[6] I. Goidenko, G. Plunien, S. Zschocke, L. Labzowsky, and G. (1972.
Soff, Phys. Rev. 265, 042110(2002. [14] G.L. Malli, A.B.F. Da Silva, and Y. Ishikawa, Phys. Rev4&,
[7] J. Sapirstein and K.T. Cheng, Phys. Re6&\ 042501(2002. 143(1993.
[8] E. Eliav, U. Kaldor, Y. Ishikawa, and P. Pyykk®hys. Rev. [15] F. Salvat, J.D. Martinez, R. Mayol, and J. Parellada, Phys. Rev.
Lett. 77, 5350(1996. A 36, 467 (1987).

020102-3



