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Ab initio calculation of the KRb dipole moments

S. Kotochigova, P. S. Julienne, and E. Tiesinga
National Institute of Standards and Technology, 100 Bureau Drive, Stop 8423, Gaithersburg, Maryland 20899, USA

~Received 2 April 2003; published 11 August 2003!

The relativistic configuration interaction valence-bond method has been used to calculate permanent and
transition electric dipole moments of the KRb heteronuclear molecule as a function of internuclear separation.
The permanent dipole moment of the ground-stateX 1S1 potential is found to be 0.30~2! ea0 at the equilib-
rium internuclear separation with excess negative charge on the potassium atom. For thea 3S1 potential the
dipole moment is an order of smaller magnitude~1 ea058.47835 10230 Cm). In addition, we calculate tran-
sition dipole moments between the two ground-state and excited-state potentials that dissociate to the K(4s)
1Rb(5p) limits. Using this data we propose a way to produce singletX 1S1 KRb molecules by a two-photon
Raman process starting from an ultracold mixture of doubly spin-polarized ground state K and Rb atoms. This
Raman process is only allowed due to relativistic spin-orbit couplings and the absence of gerade-ungerade
selection rules in heteronuclear dimers.

DOI: 10.1103/PhysRevA.68.022501 PACS number~s!: 31.15.Ar, 03.75.Hh, 03.75.Be
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I. INTRODUCTION

In heteronuclear diatomic molecules the electrons can
distributed between the two nuclei unequally. As a res
there can be a small excess of negative charge near the
electronegative atom and thus heteronuclear dimers can
a permanent dipole moment. In this study we calculate
permanent dipole moments of the1,3S1 electronic states o
the KRb ground configuration, which dissociate to t
K(4s)1Rb(5s) limit, and transition dipole moments be
tween these states and excited states, which dissocia
K(4s)1Rb(5p) limits. Simple analysis of the ionization en
ergies of K and Rb atoms, 4.339 eV and 4.176 eV, resp
tively, shows that the K atom is most likely to have an exc
of a negative charge when the two atoms interact.

There are several applications of dipolar molecules in
physics of ultracold molecular gases. The long-range in
action between two dipolar molecules is governed by
electric dipole-dipole interaction and can, for example, s
nificantly modify the many-body dynamics of trapped ultr
cold molecular Bose Einstein condensates~BEC’s! @1–6#.
The atom-atom interactions in current atomic BEC’s a
spherically symmetric in origin. Following the proposal f
homonuclear molecules of Ref.@7#, dipolar molecules might
also be formed in an optical lattice@8,9#. An ultracold atom
of each of the atomic species is held in an individual latt
site. A molecule in the electronic ground state can then
formed under the influence of laser light by inducing a tw
photon transition. For any of the proposed applicatio
knowledge of the permanent or transition dipole moment
essential.

The dipole moments have never been determined for K
states of the ground configuration either theoretically or
perimentally. We calculate the dipole moment of the sing
X 1S1 and tripleta 3S1 states of KRb as a function of in
ternuclear separationR, using anab initio configuration in-
teraction valence-bond~VB! method@10#. Both relativistic
and nonrelativistic calculations are presented, which allo
us to determine the influence of relativistic effects on
dipole moment. The use of configuration interaction~CI! in
1050-2947/2003/68~2!/022501~7!/$20.00 68 0225
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the VB method is essential due to the role of correlation
the formation of the molecular bond and nonzero dipole m
ment. The main contribution to the dipole moment of KRb
not due to the ground-state atomic configuration, ev
though it predominantly determines the energy, but is due
the population of excited valence and virtual orbitals.

The accuracy of the calculation of theX 1S1 wave func-
tion is tested by comparing ourab initio potential with ex-
isting experimental@11–14# and theoretical@15–18# singlet
potentials. We also present thea 3S1 potential, compare it
with the calculations of Refs.@17,18#, and indicate the sen
sitivity of this shallow potential to the computationa
method.

Furthermore, we analyze the possibility of the creation
dipolar KRb molecules in an optical lattice@8#. In this paper
we calculate the transition electric dipole moments betw
the 1,3S1 states of the ground configuration and relativis
V506,1 components of excited1,3S1 and 1,3P states dis-
sociating to the K(4s)1Rb(5p) limits, whereV is the pro-
jection of the total electronic angular momentum of the tw
atoms on the internuclear axis. These data provide us in
mation about the most efficient scheme of forming KRb m
ecules in the singletX 1S1 ground state from a K(4s)
1Rb(5s) collision on the tripleta 3S1 potential. Moreover,
we present ourab initio potentials for the excited states th
can be used to identify the complex behavior of the transit
dipole moment as a function ofR. Large-scale theoretica
studies of the excited potentials of KRb were previously p
formed in Refs.@17,18#. It was shown in Refs.@19–22# that
the dispersion interaction of excited KRb states is consid
ably stronger than that in any other heteronuclear alk
metal dimer and that the KRb system is a good candidate
photoassociation experiments. Transition dipole moment
more highly excited KRb states have been calculated
Ref. @17#.

II. THEORY

The electronic potentials and dipole moments are ca
lated with the CI valence-bond method. Both nonrelativis
©2003 The American Physical Society01-1
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and relativistic implementations of the method are used.
nonrelativistic approach is based on anab initio Hartree-
Fock basis set of the dimer molecule. Theab initio relativ-
istic calculation is performed with a relativistic Hamiltonia
and a Dirac-Fock basis set. A configuration interact
method is needed for a proper treatment of correlation eff
in the molecule. Correlation takes into account electr
electron interactions beyond the self-consistent field appr
mation, where electron motion is considered as independ
A correlated molecular wave function is more accurate th
the results of a self-consistent field calculation.

The basic idea behind the valence-bond method is tha
electronic molecular wave functionuCAB& is constructed
from wave functions, which are products of wave functio
that describe the constituent atomsA andB. In essence, the
molecular wave function is given by

uCAB&5(
a

CauDa
AB&, ~1!

where eachuDAB& is an antisymmetrized (Â) product of two
atomic Slater determinants,

uDa
AB&5Â~ uDa

A&uDa
B&). ~2!

The atomic Slater determinantsuDa
A& and uDa

B& are con-
structed from one-electron functions centered on the nuc
of atomsA and B, respectively. The variational CI coeffi
cientsCa in Eq. ~1! are obtained by solving a generalize
eigenvalue matrix problem, since in our approachuDa

AB& are
not orthogonal.

The permanent molecular dipole moment of the molecu
wave functionuCAB& is calculated from

mW 5 (
k5A,B

ZkRW k2e^CABu(
i 51

N

rW i uCAB&, ~3!

whereN is the total number of electrons in the molecule a
e is the electron charge. The first term of Eq.~3! depends on
the positionRW k and chargeZk of nuclei k5A and B and is
zero by choosing an appropriate coordinate origin. The s
ond term of Eq.~3! depends on the electronic molecul
wave function and the electron positionsrW i . In the valence-
bond method

^CABu(
i 51

N

rW i uCAB&5N(
k
E drW rW rAB~xW ,xW !, ~4!

wherexW5(rW,k) denotes both the single-electron coordinatr
and the variablek. For a nonrelativistic or relativistic calcu
lation k has two or four values, respectively. The sing
electron density matrix is

rAB~xW ,xW8!5(
a,b

Ca* Cbra,b~xW ,xW8!, ~5!

where the transition density matrix between determina
uDa

AB& and uDb
AB& is defined by
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ra,b~xW ,xW8!5~DaaDbb!21/2Dab(
i , j

N

~S21! i , j
a,bc i* ~xW !w j~xW8!,

~6!

Dab is the determinant of theN3N overlap matrixSi , j
a,b

5^c i uw j&, and thec i(xW )5^xW uc i& andw i(xW )5^xW uw j& denote
the single-electron functions used in constructing the ba
functionsuDa

AB& anduDb
AB&, respectively. Moreover,Daa and

Dbb are the determinants of the matricesSi , j
a,a5^c i uc j& and

Si , j
b,b5^w i uw j&. The one-electron wave functionsuc i& and

uc j& are obtained by self-consistently solving Hartree-Fo
and Sturmian equations for a nonrelativistic calculation a
Dirac-Fock and Sturmian equations for a relativistic calcu
tion @10#. Transition dipole moments can be derived in
similar fashion by assuming different initial and final stat
in Eq. ~3!.

III. GROUND STATE DIPOLE MOMENTS

The atomic determinants for the KRb dimer are co
structed from single-electron Hartree-Fock or Dirac-Fo
functions~orbitals! for electrons in closed and valence shel
Sturmian wave functions complement the basis functions
are used to describe virtual orbitals. One-electron functi
are characterized by a main quantum numbern51,2, . . .
and orbital angular momentuml 5s,p, . . . for both nonrel-
ativistic and relativistic calculations. In addition, for relativ
istic calculations the one-electron orbital is labeled by
total electron spinj.

The closed shells 1s2 2s2 2p6 3s2 of K and 1s2 2s2 2p6

3s2 3p6 3d10 4s2 of Rb form the core of the heteronuclea
molecule. The superscript denotes the number of electron
shell nl. For relativistic calculations 2p6 is short for
2p1/2

2 2p3/2
4 etc. In our calculations excitations from thes

closed shells to valence and virtual orbitals are not includ
i.e., all atomic determinants in the molecular basis cont
the same number of electrons in these orbitals. Single e
tron excitations from the closed 3p6 shell of K and 4p6 shell
of Rb are allowed and introduce core-valence correlation
the CI. The 4s, 4p, and 3d valence orbitals of K and 5s,
5p, and 4d orbitals of Rb are allowed to contain at most tw
electrons. In addition, for the nonrelativistic calculation w
allow at most two electrons in the 4d, 5p, and 6p virtual
orbitals of potassium and the 5d, 6p, and 7p virtual orbitals
of rubidium. For the relativistic calculation computation
limitations restricted us to the 4d and 5p virtual orbitals of K
and 5d and 6p virtual orbitals of Rb. Both covalent and
ionic configurations are constructed. The CI expansions w
these basis sets have 493 nonrelativistic and 1459 relativ
configurations.

The ground-state potentials have equilibrium distancesRe
and dissociation energiesDe that agree with experimenta
Rydberg-Klein-Rees~RKR! values@13,14# and other theoret-
ical potentials. Figure 1 shows the ground stateX 1S1 and
a 3S1 potentials of the KRb dimer as a function of the i
ternuclear separationR. The solid curves of Fig. 1 describ
results of our relativistic (V50) ab initio calculation,
whereas the dashed curves are the theoretical data of
1-2
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@18#. The dotted line of Fig. 1 shows the singlet RKR pote
tial of Ref. @14#.

For theX 1S1 state the difference between the two the
retical calculations shown in Fig. 1 is about 3% atRe . A
20% difference exists atRe of the a 3S1 potential. Our es-
timate of theC6 /R6 van der Waals coefficient for theX 1S1

potential, obtained by fitting to the dispersion potent
C6 /R61C8 /R81C10/R10, agrees from 2% to 3% with the
value of Dereviankoet al. @23#. The experimentally deter
mined dissociation energy for theX 1S1 potential@13,14# is
26 cm21 smaller than ours.

We performed calculations of theX 1S1 anda 3S1 state
potentials and their permanent dipole moments in both n
relativistic and relativistic approximation. For the same se
one-electron orbitals the influence of relativistic effects
the potential energy is very small, whereas its influence
the dipole moments is large. AtRe a relativistic calculation
leads to a 30% increase in the absolute value of the dip
moment for theX 1S1 state and a 50% decrease for t
a 3S1 state. Moreover, we find large correlation effects
the electric dipole moment in both nonrelativistic and re
tivistic calculations. The implementation of core polariz
tion, for instance, leads to a 50% of reduction in the abso
value of the dipole moment at the bottom of the singlet p
tential.

Figures 2 and 3 show the electric dipole moments of
X 1S1 and a 3S1 potentials of KRb as a function of inter
nuclear separation, respectively. A negative dipole mom
implies an excess electron charge on the potassium a
The presented dipole moments are calculated with the r
tivistic and nonrelativistic Hamiltonian. Curve 1 in Figs.
and 3 is determined from the most accurate nonrelativi
calculation, which includes the two-electron occupation
all orbitals up to 6p for the K atom and 7p or the Rb atom.

FIG. 1. The ground-stateX 1S1 anda 3S1 potentials of KRb as
a function of internuclear separation. Solid curves are obtaine
the present study, dashed lines are the results of Ref.@18#, and the
dotted line is the RKR potential of Ref.@14# ~1a050.0529 nm).
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Curve 2 in Figs. 2 and 3 shows theV50 relativistic calcu-
lation. The number of excited orbitals is smaller in the re
tivistic calculation than in the nonrelativistic basis set a
limited to excitations up to 4d and 5p for K atom and 5d
and 6p for Rb atom. The difference between the dipole m
ments of theV50 and 1 components of thea 3S1 potential
is much smaller than the uncertainties of our calculatio
Tables I and II tabulate the permanent dipole moment of
X 1S1 anda 3S1 potentials shown in the figures.

Our calculation shows that the distribution of the char
density between K and Rb is very diffuse. It means that
dipole moment depends not only on the electron cha

in

FIG. 2. The electric dipole moment of theX 1S1 ground state of
the KRb dimer as a function of internuclear separation. The dip
moment is found from a nonrelativistic~curve 1! and a relativistic
~curve 2! calculation.

FIG. 3. The electric dipole moment of thea 3S1 V50 state of
KRb as a function of internuclear separation. The dipole momen
found from a nonrelativistic~curve 1! and relativistic ~curve 2!
calculation.
1-3
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transfer from Rb to K atom but also on the induced polari
tion from the charge transfer, i.e., the electrons occupy
citedp andd orbitals. Charge transfer and the induced pol
ization are of opposite sign. This is especially true for t
a3S state. We find that the excess charge is almost equa
the singlet and triplet states, but the latter has a smaller
pole moment.

The permanent dipole moments of theX 1S1 anda 3S1

states multiplied byR7, based on the relativistic calculation
are shown in Fig. 4. It shows that the long-range behavio
the dipole moment of the two states are equal and pro
tional to 1/R7. This long-range behavior is due to the mod
fication of the molecular wave function by the dipole-dipo
and dipole-quadrupole multipole interactions@24#.

We believe that our convergence with respect to corre
tion or the number of basis function is of the same order
the difference between nonrelativistic and relativistic cal
lation. Consequently, we feel that the most accurate dip
moment is obtained from averaging the nonrelativistic a
relativistic calculation and assuming an one-standard de
tion uncertainty equal to half the difference between the t

TABLE I. The electric dipole moment of theX 1S1 state. Both
nonrelativistic~Nrel.! and relativistic~Rel.! results are presented
The internuclear separationR is in units ofa0 and the dipole mo-
ment is in units ofea0.

R Nrel. Rel.

6 22.5231021 22.8231021

6.5 22.6031021 22.8931021

7 22.6931021 23.0031021

7.5 22.7731021 23.1231021

8 22.8131021 23.2231021

8.5 22.8031021 23.2831021

9 22.7231021 23.2831021

9.5 22.5731021 23.2031021

10 22.3531021 23.0231021

11 21.7731021 22.4531021

12 21.1831021 21.7531021

13 27.2531022 21.1331021

14 24.2531022 26.8031022

15 22.6131022 24.1131022

16 21.5631022 22.3631022

18 26.4431023 29.4431023

20 22.4831023 22.4831023

22 21.1031023 21.1031023

24 25.4931024 25.4931024

26 23.0131024 23.0131024

28 21.7431024 21.7431024

30 21.0831024 21.0831024

32 26.8831025 26.8831025

34 24.5731025 24.5731025

36 23.0231025 23.0231025

38 22.0631025 22.0631025

40 21.4331025 21.4331025
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calculations. For theX 1S1 state the dipole moment i
20.30(2)ea0 at Re57.7a0, while for the a 3S1 state the
dipole moment is20.02(1)ea0 at Re511.2a0.

IV. TRANSITION DIPOLE MOMENTS

In this section we analyze the possibility of the creation
dipolar KRb molecules in an optical lattice. We assume t
colliding atoms are initially in the doubly spin-polarize
state, which only allow them to come together on the st
a 3S1 potential. Thus, photoassociation via an excited m
lecular 3S or 3P state producesa 3S1 molecular levels. In
principle, this makes the production of molecules in t
X 1S1 state problematical, since one has to get from
triplet to singlet spin manifold. There is, however, a viab
route from the doubly spin-polarized colliding ground-sta
atoms to groundX1S levels via the excited state. When th
detuning of the photoassociation laser from atomic resona

TABLE II. Electric dipole moment of thea 3S1 state. Both
nonrelativistic~Nrel.! and relativistic~Rel.! V50 results are pre-
sented.

R Nrel. Rel.

5 22.2231022 21.2031021

5.5 23.9431023 21.1331021

6 1.6631022 21.0531021

6.5 3.2131022 28.2131022

7 3.9431022 25.6631022

7.5 3.9031022 24.5431022

8 3.3231022 24.1931022

8.5 2.4631022 24.0531022

9 1.5631022 23.9131022

9.5 7.2631023 23.7131022

10 4.5031024 23.4531022

10.5 24.6731023 23.1631022

11 28.1831023 22.8631022

11.5 21.0331022 22.5631022

12 21.1431022 22.2831022

12.5 21.1731022 22.0131022

13 21.1331022 21.7731022

13.5 21.0731022 21.5431022

14 29.8031023 21.3431022

14.5 28.8231023 21.1631022

15 27.8331023 29.0231023

18 23.2431023 23.2431023

21 21.2231023 21.2231023

24 24.7831024 24.7831024

27 22.0431024 22.0431024

30 29.6731025 29.6731025

33 25.1831025 25.1831025

36 22.7231025 22.7231025

39 21.5431025 21.5431025

42 29.1431026 29.1431026
1-4
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is small compared to the excited state spin-orbit splitting
will be the case for most practical photoassociation schem
then an excitedV50 or 1 Hund’s case~c! state can have
both singlet and triplet character. Thus, an excited molec
state can be formed from excitation from aa 3S1 state that
can reemit light in a transition to aX 1S1 state. This process
is absent in homonuclear dimers, since the additional ger
ungerade selection rule for electronic transitions prevent

Figure 5 shows theV506 and 1 relativistic excited stat
potentials as a function of internuclear separation. The
cited state potentials are obtained with the basis describe
Sec. III. At short internuclear separation the potentials
described by the(2S11)L6 Hund’s case~a! labeling follow-
ing Ref.@17# whereL is a projection of the electronic orbita
angular momentum on the molecular axis andS is the total
electron spin. At longerR the curves are better described
V6 Hund’s case~c! labeling and relativistic effects are im
portant. The potentials dissociate to the excited K(4s)
1Rb(5p 2Pj ) and K(4p 2Pj )1Rb(5s) fine-structure limits.
The two lowest dissociation limits correspond to the tw
fine-structure states of the excited Rb atom plus a grou
state K atom. The long-range behavior of the relativistic p
tentials dissociating these two limits is attractive. There
seven attractive potentials withV50 and 1. Our potentials
agree with the calculations of Refs.@17,18#.

The attractive excited-state potentials are the most lik
candidates for use in two-color Raman photoassociation
periments. We calculate transition dipole moments relev
for transitions from thea 3S1(02,1) state, through the at
tractive V506 and 1 potentials, to theX 1S1(01) state.
Figures 6 and 7 show the nonzero transition dipole mome
from thea 3S1 andX 1S1 states, respectively. Curves wit
the same style in the two figures indicate the same inter
diate excited state. Photon selection rules ensure that1

→02 transition is not allowed. At long-range the transitio

FIG. 4. The relativistic electric dipole moment multiplied byR7

of the X 1S1 and a 3S1(V50) states of KRb as a function o
internuclear separation.
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dipole moments become independent ofR and their absolute
values approach the Rb 5s→5p(2Pj ) transition dipole mo-
ment when the corresponding excited potential dissociate
the K(4s)1Rb(5p 2Pj ) limit.

FIG. 5. ElectronicV506,1 potentials of excited states of th
KRb dimer in an intermediate region of internuclear separation. T
short-rangen(2S11)L6 and long-rangem(V6) labelings are indi-
cated. The numbersn andm show the energy-ordered appearance
these states.

FIG. 6. Transition dipole moments between the grounda 3S1

and excited states of the KRb dimer as a function of internuc
separation. The curves are labeled by short- and long-range sym
tries as in Fig. 5.
1-5
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At short-range internuclear separation the dipole mome
strongly depend onR. This behavior reflects the change fro
a Hund’s case~a! to a relativistic coupling scheme betwee
20a0 and 30a0. In Fig. 6 thea 3S1(V51) to 21S1(01)
and in Fig. 7 theX 1S1(01) to 2 3S1(1) transition dipole
moments approach zero at shortR because singlet to triple
transitions are not allowed. In Fig. 6 botha 3S1(1) to
2 3S1(1) anda 3S1(02) to 2 3S1(1) have a small dipole
moment at small internuclear separation. This can be un
stood by noting that the structure of the ground- and excit
state potentials shown in Figs. 1 and 5 is similar to that
homonuclear alkali-metal dimers, where gerade unger

FIG. 7. Transition dipole moments between the groundX 1S1

and excited states of the KRb dimer as a function of internuc
separation. The curves are labeled by short- and long-range sym
tries as in Fig. 5.
r,

o-

21

02250
ts
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symmetry is valid. In homonuclear dimers electric dipo
transitions between gerade to gerade and ungerade to u
ade states are forbidden.

The sudden change in dipole moment in Fig. 7 near 13a0
is related to the avoided crossing indicated by the circle
Fig. 5 between theV51 components of 13P and 23S1

potentials. We estimate that the uncertainty of the transit
dipole moments is 0.1ea0 based on a comparison of the ca
culated dipole moments atR5100a0 with the known 5s to
5p dipole moments of Rb@25#.

V. CONCLUSION

We determined the permanent dipole moments of
1,3S1 states of the ground configuration of the KRb hete
nuclear molecule using a nonrelativistic and relativistic
valence-bond method. The KRb permanent dipole mome
are small compared to ‘‘truly’’ polar molecules such as NaC
It might, however, be large enough for the experiments t
aim to confine KRb in optical traps. In addition, we calc
lated the potential energy curves and transition dipole m
ments to excited states correlating to K(4s)1Rb(5p) atomic
limits. We have shown that there exist allowed transitio
starting from colliding doubly polarized K and Rb atoms v
an exited state to the singletX 1S1 state.

The calculation of the electric dipole moments is a fi
step towards obtaining quantitative estimates of photo
sorption and molecular production rates in a gas of K and
atoms. In the future we plan to evaluate Frank-Condon f
tors between vibrational levels of ground- and excited-st
potentials. In addition, we need to investigate the effect
black-body radiation on the dipolar molecule by evaluati
Frank-Condon factors between vibrational levels of t
ground state.
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@4# K. Góral and L. Santos, e-print cond-mat/0203542.
@5# H. Pu, W. Zhang, and P. Meystre, Phys. Rev. Lett.87, 140405

~2001!.
@6# S. Giovanazzi, D. O’Dell, and G. Kurizki, Phys. Rev. Lett.88,

130402~2002!.
@7# D. Jaksch, V. Venturi, J.I. Cirac, C.J. Williams, and P. Zolle

Phys. Rev. Lett.89, 040402~2002!.
@8# B. Damski, L. Santos, E. Tiemann, M. Lewenstein, S. K

tochigova, P. Julienne, and P. Zoller, Phys. Rev. Lett.90,
110401~2003!.

@9# M.G. Moore and H.R. Sadeghpour, e-print cond-mat/02096
@10# S. Kotochigova, E. Tiesinga, and I. Tupitsyn, inNew Trends in
.

Quantum Systems in Chemistry and Physics~Kluwer, Dor-
drecht, 2001!, Vol. 1, p. 219.

@11# A.J. Ross, C. Effantin, P. Crozet, and E. Boursey, J. Phys
23, L247 ~1990!.

@12# N. Okada, S. Kasahara, T. Ebi, M. Baba, and H. Kato,
Chem. Phys.105, 3458~1996!.

@13# S. Kasahara, C. Fujiwara, N. Okada, H. Kato, and M. Baba
Chem. Phys.111, 8857~1999!.

@14# C. Amiot and J. Verges, J. Chem. Phys.112, 7068~2000!.
@15# A. Yiannopoulou, T. Leininger, A.M. Lyyra, and G.-H. Jeun

Int. J. Quantum Chem.57, 575 ~1996!.
@16# T. Leininger, H. Stoll, and G.-H. Jeung, J. Chem. Phys.106,

2541 ~1997!.
@17# S.J. Park, Y.J. Choi, Y.S. Lee, and G.-H. Jeung, Chem. P

257, 135 ~2000!.
@18# S. Rousseau, A.R. Allouche, and M. Aubert-Frecon, J. M

Spectrosc.203, 235 ~2000!.
1-6



ys

tml

AB INITIO CALCULATION OF THE KRb DIPOLE MOMENTS PHYSICAL REVIEW A68, 022501 ~2003!
@19# B. Bussery, Y. Ackhar, and M. Aubert-Frecon, Chem. Ph
116, 319 ~1987!.

@20# S.H. Patil and K.T. Tang, J. Chem. Phys.106, 2298~1996!.
@21# H. Wang and C. Stwalley, J. Chem. Phys.108, 5767~1998!.
@22# M. Marinescu and H.R. Sadeghpour, Phys. Rev. A59, 390

~1990!.
02250
.@23# A. Derevianko, J.F. Babb, and A. Dalgarno, Phys. Rev. A63,
052704~2001!.

@24# D.M. Whisnant and W. Byers Brown, Mol. Phys.26, 1105
~1973!.

@25# See http://physics.nist.gov/PhysRefData/contents-atomic.h
1-7


