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Long-range potentials for two-species alkali-metal atoms
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We address a growing interest in trapping and cooling of mixed-species alkali-metal atoms. Long-range
coefficients that arise in the multipole expansion of molecular potentials for unlike alkali-metal dimers are
calculated. The coefficients for the heteronuclear alkali-metal dimers corresponding to different molecular
symmetries that separate t5-n'S,nSn’'P,nSn’D, andnP-n’P atomic levels are computed with high
precision. We consider cases where in the infinite separation limit, one atom is in the ground state and the other
is in one of the lowess, P, andD excited states and both atoms are in their lowest exéttethtes. We find
the long-range potentials for Rbf5-Cs(6S),Rb(6S)-Cs(6S),K(4S)-Rb(5P) 13%,K(4P)-Cs(6P) 135,
and Rb(%)-Na(3D) 1% molecules to be the most attractive. The Kj4Rb(5P) dimer represents the best
candidate molecule for ultracold photoassociative spectroscopy. We also find the)-K&{6P) and
Rb(5S)-K(4P) dimers to form, respectively, the most attractive and the most repulsive long-range potentials.
The present calculation is in good agreement with experimentally determined value foRtheaf/der Waals
coefficient for the interaction between C§)6and Li(2P) atoms.[S1050-294{®9)07101-7

PACS numbsg(s): 34.20.Cf, 34.50-s, 31.50+w, 31.15.Md

[. INTRODUCTION that the scattering length demonstrates extreme sensitivity to
the form of the long-range part of the dimer potenfihP].

Our understanding of the collisional interaction betweenThis has been the chief driving force behind the recent the-
bosonic atoms operating at ultracold temperatures has adretical push in obtaining precise values for the long-range
vanced manyfold in recent yedis—3]. The creation of like interaction between two neutral bosonic atofg8—23. In
alkali-metal Bose-Einstein condensafds-6] has provided collisions between mixed-species condensates, a crucial pa-
the impetus for the burst in theoretical activities. As the levelrameter is the interspecies scattering lef@#l. As with the
of sophistication in manipulating trapped atoms rises andntraspecies cases, the interspecies scattering length, in both
new techniques for probing the interatomic properties at thaign and magnitude, will be sensitive to the long-range form
macroscopic level are develop¢d, 8|, theory is being di- of the heteronuclear molecular potential-energy curves.
rected toward understanding the atomic interactions in The long-range interactions between two atoms, where
mixed-isotope and mixed-species alkali-metal condensateahe exchange forces become ineffectjud,19, are of the
[9-14. It is also possible to study the ultracold photoasso-electrostatic type. It is possible to expand the dimer adiabatic
ciative spectroscopic features of heteronuclear alkali-metaBorn-Oppenheimer potential in the small parameteRr, 1/
systems[15,16. Mixed-species(heteronuclegratoms in a whereR is the internuclear distance. The coefficients appear-
single trap offer the possibility of stablizing formerly un- ing in front of each term in the series expansion iR He-
stable condensat¢$]. From a spectroscopic point of view, scribe the different electric multipole interactions between
ultracold collisions between two unlike atoms offer uniqueatoms correlated at large distances. Coeffecients in inverse
opportunities. For instance, whereas the collision betweepowers of 1R" with n=6, the so-called dispersion coeffi-
two optically pumped like alkali-metal atoms proceeds viacients, can be computed in the second order of degenerate
the long-range resonant dipole interaction, the photoassocigerturbation theory, where the perturbation is given by the
tive spectroscopy of two similarly arranged unlike alkali- Coulomb interaction between the atomic charge distributions
metal atoms is driven by the much shorter range van def21,23. Second-order optical transitions, the dynamic re-
Waals forces. sponse of atoms and molecules to weak external electric

That binary elastic collisions, the so-called good colli- fields, are needed for the calculation of various properties in
sions, between atoms are responsible for the thermalizatiodispersive media such as the refractive index and light scat-
of bosonic atoms in magnetic traps is establishe@,17. tering.

These ultracold atoms interact via large distances inside the Calculations of atomic properties of alkali-metal atoms
traps. A practical and extremely meaningful parameter imare facilitated by recognizing that each atom has a single
describing the short-range collisional properties of cold in-active electron outside a closed core. The motion of this
teracting atoms is the scattering length. It is also well knowrvalence electron can be modeled with high precision with an
angular-momentum-dependent, radial local potential. Such a

model potential whose parameters were optimized to yield

*Electronic address: hsadeghpour@cfa.harvard.edu known atomic energy levels and static dipole polarizabilities
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was used to calculate ground-state dispersion coefficients for 1l. DISPERSION COEFFICIENTS FOR THE NS-N'S
alkali-metal dimerg20]. We emphasize that the atomic en- ASYMPTOTE

ergy levels and static polarizabilities are calculated to experi- . . -
mental precision. The valence electron model includes th(ﬁnwe denote the two interacting atoms ByandB. At in

core effects such as the core polarization and screening. I,[rL1J r'*tjee;eprzﬁgsn Ss’t;?eesartgm:gsggtg dcin tt)r?emsgt]e;‘ UTJF;irt-um
calculating the transition matrix elements, we “dress” the 9 P y q

electric dipole operator to include the effect of the core po-"UMPers va={na00} and vg={ng00}, respectively. The

. . ! ! !
larization, which can become significant for heavier alkalio'[r:‘er atomic excited states are denotedfy={n;lmy},
metals. Extensions of the method to more complex situation¥N€reX=A,B.

in calculating the long-range interaction potentials correlat- | Ne dispersion coefficientSg,Cg, andCyo are obtained
ing to NSn’S,nSn’P,nSn’'D, and nP-nP dissociation " the second order of the perturbation theory. Here the per-

limits for the homonuclear alkali-metal dimers were recentlyturbation is given by the Coulomb interaction between the
carried ouf21-23. atomic charge distribution21,25-27 and the unperturbed

In this work we study the long-range forces between twoV@ve function is given by the product of the atomic wave
functions |n,00)|ng00). Following a procedure similar to

unlike alkali-metal atoms. We consider the following cases: 4 ) , .
both atoms in the ground state, one atom in the ground stafg@t Presented ip21], we find the following expressions for
and the other in ai§, a P, or aD excited state, and both (e dispersion coefficients:
atoms in aP excited state.

For large internuclear distances, the potential-energy Cezzso 2.1)
curves associated with theS-n’S asymptotes may be ex- 3
pressed as

Cg=S0+S3, (2.2
=22 "= _ e 14 4
V(R) RG R8 RlO ! (11) Clozgs?l—i_ §(Sg+ Sg), (23)

whereC,, for n=6,8,10 are the dispersion coefficients. TheWhere
expressions for th€4,Cg, and C,, coefficients when both oo oo
atoms are in their ground states and when one of the atoms is Q- (naSr|nAP)*(ngSr|ngP) (2.4
in an S excited state are presented in Sec. Il. Y (Enip—En 9+ (Enp—Eng) '
Na.Ng n,P naS n.P ngS
For thenSn’P andnSn’'D asymptotes, the long-range A B
potential-energy curves are given by

(naSIr[nAP)*(ngS]r?|ngD)?

ny.Ng (EnAP_ EnAS) + (EnéD_ EnBS)

O:

(2.5

C C
VR =—————--- . (1.2
R R 2! )2 P2
ng 2 (naS|ré[nAD)%(ngSlr|ngP) , 2.6
na.Ng (En’AD_ EnAS)+(En|’3P_ EnBS)

The formal theory of the dispersion coefficients involved
when one atom is in its ground state and the other atom is in

an excitedP or D state is presented in Secs. lll and IV, 0 (NaS|r2n;sD)%(ngS|r?IngD)?
respectively. We mention that in contrast to the homonuclear Si= “~ (Ewp—En e +(Enp—Ens) 2.7
case, the multipole terms with=3 andn=5, namely, the MaMe 1 NAD TNAS gD NeS
C; and Cg coefficients, for molecular symmetries dissociat- o I,
ing tonSn’P andnSn’D limits, respectively, vanish be- o_ 3 (naSr[naP)?(ngS|rngF) 2.8
cause no resonant dipole or quadrupole excitation between T~ L L ' '
. . . n,,n (En P En S)+(En F En S)
two unlike atoms is possible. ATB T TA A B
For the nP-n’P asymptote, the long-range potential- 3o oo
energy curves are given by o (NaSr[naF)*(ngS|r[ngP) 2.9
na.Ng (EnAF_EnAS)"'(EnéP_ EnBS)
Cs Cg Cg
V(R)=— B R R (1.3 E,,, denotes the energy levels of the atdfmith principle

quantum numbeny and angular momentuig and (| | ) is a

radial matrix element. Equation2.4—(2.9) are quite gen-
The expressions for th€s;,Cg, andCg coefficients associ- eral, available for anpSn’S asymptote. We are interested
ated with different molecular symmetries dissociating to then studying cases when both atoms are in their ground states
nP-n’'P limit are presented in Sec. V. Numerical results for (“ground-ground” cas¢ and when one of the atoms, sBy
the long-range coefficients of heteronuclear alkali-metals in the firstSexcited statéground-excited” casg Below,
dimers are presented in Sec. VI. Throughout this paper weve provide expressions f@;, suitable for numerical com-
use atomic unitsfi=m,=e=1). putation.
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A. Ground-ground case S is due to dipole-dipole interactiors and S} are due to
The sums in Eqs(2.4—(2.9) span the discrete and con- dipole-quadrupole interactionS] is due to quadrupole-
tinuum Rydberg manifolds. A convenient scheme for com-quadrupole interaction, angg and S are due to dipole-
puting the matrix elements? for j=1,...,6 is tofactor  octupole interactions.
them into individual contributions of each atom by using the
integral representatiof28]

L2 o L) 1
atb 7)o “atie \btie)

Note that Eq(2.10 holds only for positive values af andb.
For cases where both atoms are in their ground states, t

B. Ground-excited case

When one of the atoms is in &excited state, the fac-
(210 toring technique in Eq(2.10 must be used with caution
since the denominators in tlﬁ’ sums(2.4)—(2.90 may not
always be written as a sum of two positive quantities. For
ﬁtéese cases wheee>0 andb<0, we replace 14+ b) by

integral representation in ER.10 may be applied directly 1 1 2 o 1

to the denominators in Eq$2.4)—(2.9), wherea andb are —t " —J do Re{ - Re{ —1,

both positive. The expressions in Eq8.4—(2.9) can now atb a-b 7o atio] [btie

be written as integrals over dynamic polarizabilities (2.18

2 where the last two terms in E(R.18 cancel each other. This
S‘i:_f dw R (NaS|rgp(En. stiw)rnaS)] substitution preserves the completeness of the sums over the
mJo A atomic states in the integral.
Whethera<0 or b<0 depends on the succession of the

XRe(NgS|rgp(Engstiw)rngS)], (21D excited atomic levels for alkali-metal atoms. Suppose that
atom A is in its ground state and atol is in the firstS
o 2 (= ) excited state. Then we distinguish two cases. When the atom
32=ng dw R (NaS|rgp(Ey,stiw)r[naS)] B is Li, Na, or K, there exists onB intermediate level be-
tween the ground state and the figstxcited state and when
X Re[(nBS|rng(EnBS+iw)r2|nBS)], (2.12  atomBis Rb or Cs, there are orfeand oneD intermediate
levels between the ground state and the frsixcited state.
5 (e Thus, using Eqs(2.10 and(2.18), the S} sums(2.4—(2.9)
Sg:_f do RG[(HASHZQD(EnAsJFiw)r2|nA5)] for the Li(2S)-Na(4S), Li(29)-K(5S), Na(39)-Li(3S),
mJo Na(39)-K(5S), K(49)-Li(3S), K(4S9)-Na(4S), Rb(59)
: -Li(3S), Rb(5S9)-Na(4S), Rb(55)-K(5S), Cs(69)-Li(3S),
XRg (ngS|r E, stiw)ringS)], 2.1
d(neSirge( "gS ©)r[neS)] 213 Cs(6S)-Na(4S), and Cs()-K(5S) asymptotes become
2 (= 0_ _ 2 _
= JO G REL(MASI 200 (En, s+ i) Z|s)] S)=8%+ (ng— 1PIr|ngS)’[(NASIrgp(En,s— Engs
) o, +En,-1p)1[NAS) + (NaS|rgp(En, st Engs
X R (NgS|rgp(Enst+iw)réngS)], (2.14
~Ep - 1p)1[NaS)], (219
2 (= .
822ng do Rq:(nAS|rgP(EnAS+Iw)r|nAS)] $=$+(n3—1P|I‘|HBS)2[(I’1AS|rng(EnAS—EnBS
X R (NgS|r3g(En stio)r¥ngs)],  (2.19 +Eng-1p)1[NaS) + (NS ?0p(En st Engs
—Eng-1p)r2[MaS)], (2.20

2 0
Sg:_J’ do RE (NaS|rPge(Ey sti)r®naS)]
mJo " Sg:Sg+(nB_1P|r|nBS)2[(nAS|r3gF(EnAS_ Engs
X R (NgSIrgp(Engstiw)rneS)]. (219 +Eny 1p)1NaS) + (MASIFG(Ep s+ Ens
whereg; is the atomic radial Green’s functions with angular —Ep,-1p)r°[NaS)] (2.2
momentuml. The two-center molecular integral is now re-
duced to an integral over one-center atomic polarizabilitiesands),s), and<? are as before, in Eq$2.12), (2.14), and
Equations(2.1)—(2.16 may be rewritten in terms of the (2,15, On the right-hand sidehs) of Eqs.(2.19—(2.21), the
atomic multipole polarizabilities at imaginary frequency by S? terms, withj = 1,3, and 6, are given by Eq@.11), (2.13,
employing the identity and(2.16), respectivelyn, takes on values 2, 3, 4, 5, and 6
andng takes on values 3, 4, 5, 6, and 7 for Li, Na, K, Rb,
and Cs, respectively.
For the Li(29)-Rb(6S), Li(29)-Cs(7S), Na(3S)-
(2.17  RD(6S), Na(3S)-Cs(7S), K(49)-Rb(6S), K(4S)-Cs(7S),

2
a(iw)= 2151 Re(nSr'g|(Enstio)r'ng)].
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(NaSr[NAP)?(ngP|r|ngS)?

1
andS; are given by Eqs(2.19—(2.21), respectively, and 1= , 3.5
e are given by Bqsi2.19~(2.21) respectively iy (Engp—En,o) + (Engs— Engp)
9= S0+ (ng—2D|r2ngS)?[ (NaS|rgp(Ep s~ Ens
1 (naSrInaAP)*(ngP|r|ngD)?
+ Eng-20)7 M) + (NaSIrgp(En, s+ Engs =2 : (36
B A B ny.ng (EnAP_EnAS)+(EnéD_EnBP)
_Eanzo)r|nAS)], (2.22
. (naSIr[nAP)?(ngP[r?ngP)? -
=50+ (ng—2D|r?ngS)q (naSr2gp(E, s— E = , -
=S, (Ng Ir¥IngS) T (NaSIr“gp(En,s—Engs oy (Enzp=Enys)+ (Enrp—Engp)
+Ep,—20)r2[NaS) + (NaSr?gp(Ep, st Engs " . 2 ,
(NaS|r|nyP)(ngP|r4|nsF)
~Eng20)r s8], 229 S=X (38
ny.ng (EnAP_EnAS)+(EnéF_EnBP)
where on the rhs of Eq$2.22 and (2.23, S; and S{ are
given by Egs.(2.12 and (2.14, respectively.S) remains _; (NaSIr?InAD)*(ngP|r|ngS)?
unchanged as in Eq2.15. The extra terms outside the in- <5~ & (Enp—En o)+ (Ens—En p) (3.9
tegrals in the expressions f& for j=1,2,3,4, and 6 stem MaM TMAD TNaS "eS "sP
from the first two terms of Eq(2.18. s a2 )2
s- 3 (naSréInaD)“(ngP|r|ngD) (3.10
lll. DISPERSION COEFFICIENTS FOR THE NS-N'P nant (Enio=En,e)+ (Enio—Engp) ' '
ASYMPTOTES
In contrast with the homonuclear case, thR®lferm for — _; > (naSrInaAP)?(ngP|r|ngD)(ngD|r’IngP)
the heteronuclear dimers, nameQ;, is zero since no reso- S7= ~ (E,p—Ep o)+ (Enp—En p) :
. . . . . NasNg nAP NaS nBD ngP
nant dipole excitation between unlike atoms is allowed by (3.19)

the energy conservation rule. Therefore, the series expansion
in 1/R for the S-P asymptotes for heteronuclear dimers be-
gins with C¢/R®. The zeroth-order wave functions are given
as products of atomic wave functiofis,00)|ng1lmg) (as-
suming atomA is in the ground state and atoBhis in aP
excited state Given the cylindrical symmetry of the total
Hamiltonian, the projection of the total angular momentum
along the internuclear axi& =mg is conservedA =0 cor-
responds to electronic states witts, * symmetries and\
= +1 corresponds to electronic states whfll symmetries.
In the long-range limit, the singlet and triplet states are de;
generate. This degeneracy is removed by considering the ex
change energy, which is neglected héid®]. Unlike the
homonuclear case, the symmetry under the exchange of
nuclear centers is broken. Following a procedure similar tq;l
that presented ih21], we obtain expressions for the disper-
sion coefficients.

For the 1% * symmetries we have

The algebraic coefficients that enter in the expressions for
the Cg and Cg coefficients are the same as those for the
homonuclearCg and Cg coefficients[21], although in the
expression for th€g coefficient for the homonuclear dimers
there are three additional terms, strictly related to the gerade
and ungerade symmetries.

The computation of thé‘:.j1 sums, withj = ., 7, may
be carried out in a similar fashion outlined in Sec. IlI, by
using the integral representations in E¢&10 and (2.18.
When, at infinite separations, atofis in the ground state
and atomB in the firstP excited state, we have

_J do R (NaS|rgp(En,stiw)r[naS)]

XRe (ngP|rgs(Enptiw)r|ngP)]

+(ngSIrIngP)’[(NaSIrgp(En,s— Engp+ Enys)rINaS)

4
Cs =—sl+ —s2 (3.2
+(NaSIrgp(En, st Enp—Engg)rNaS)], (3.12
9 1 3 Sl 48 3.2 2w
Ce= 583 1754 SS 257° 3557 32 sg=;J do R (NaS|rgp(En,sti)r[naS)]
0
and for the®®[1 symmetries we have .
Y X Re (NgP|rgp(Eqgp+iw)rIngP)], (3.13
1 1
Co=gS +—s2 3.3
=_f dw Re (naS|rge(E Na sTio)r|n,S)]
Sl 181 4 1 34 2 1 . 2
Cg= 583+1_75 + 2556 xS 34 X Re (NgP|r?gp(En p+iw)r?ngP)]
where +(ngP[r’[ngP)*(NaSIrgp(En,s)r[NAS), (3.19
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2 (= .
S}l:;fo do Re[(nAS|rgp(EnAs+lw)r|nAS)]

XRe[(nBP|r29F(EnBP+iw)r2|nBP)], (3.19

2 (= .
Sé:;J’O do R (NAS|r?gp(En,stiw)r?[naS)]

X R (NgP[rgs(Ep ptiw)ringP)]
+(ngS|ringP)*[(naS| rng(EnAS_ Engp
+Epg)[NaS) + (NaS|r?gp(En, st En p

- EnBS)r2|nAS)]a (3.1

2 (= _
Sé:;fo do RE(NAS|r?gp(En,sti@)r?naS)]

XRE{(”BP|rgD(EnBP+iw)r|nBP)], (3.17

:_f dw RE(NAS|rgp(Ey,stiw)r|naS)]

X R (NgP|rgp(En p+iw)r’ngP)], (3.18

whereg’ in Eq. (3.14 denotes the radial Green’s function
reduced relative to the real part of the energy argument, i.e.,
the termE=E, _p is excluded from the summation, and

§+—32+1—52+—52+—37 s§+£33§
245757 2576 17577 35787 4579

(4.9
and for the3A symmetries we have
Ce= 2 S+ 2 4
6_1_5 1 %SZ 4.9
1B 1T, 6, 9B, 4, 244
87 49™ 49SS 25S6 175S7 3588 315Sg
(4.6)

where

(nAS|r|nAP)2(nBD|r|ngP)2
= > , 4.7
! (En’AP_ EnAS) + (En’BP_ EnBD)

’
nA,nB

Sir[nAP)?*(ngD|r|ngF)?
2= (naS|r|naP)=(ngD|r|ngF) ’ 48

ny.ng (EnAP_ EnAS) + (EnéF - EnBD)

(naS|rInAP)2(ngD|r?|nsS)?
g (SinetosDirin s
nA nB (EnP E S)+(En’S EnBD)

’ 2 2ln! 2
= 2 (naSIr[nAP)#(ngD|r<IngD) 4.10
(En;p—En,s)+(Enp—E BD)

Na:Ng

(nAS|rlngP)z(nBD|r2|néG)2

ng take on vaIuesZ 3, 4, 5, and 6 for Li, Na, K, Rb, and Cs,52 2 (4.11

respectively.

IV. DISPERSION COEFFICIENTS FOR THE NS-N'D
ASYMPTOTE

¢ (Enp—En,s)+(Enrc—Engp)’

nA,nB

(naSIr?[naD)*(ngD|r|ngP)?
Si= > , (4.12
! (EnAD_ EnAS) +(EnéP_ EnBD)

’
nA,nB

The Cs coefficient, present in the multipole expansion in
inverse powers oR for the homonuclear dimers, is zero in (naS|r2n D)?(ngD|r|nsF)?

the case of heteronuclear molecules since no resonant qua927= E

rupole excitation between different atoms is allowed. Thus  na.ng (En;\D_EnAS)HEn’BF_EnBD)

the dispersion series begins witly/R®. We distinguish the
electronic states with3* symmetries A =0),>°1 sym-

(nAS|r|n,;P)2(nBD|r|n,’3P)(né

(4.13

P[r3ngD)

) . 2_
metries A\ =1), and “*A symmetries A =2). The degen- Sg= ,2,
eracy between the singlet and triplet states can be removed "a'"s
by taking in consideration the exchange interactions and are

(En"AP_ EnAS) + (Enl’gP_ E

nBD)

(4.19

neglected here.
For the 135 symmetries we have

2 2
Co=z St +—32 4.1

C =§§+zsz+2—sz+—sz+— + 24 24+
85 7 175S7 588 105Sg

(4.2

for the 131 symmetries we have
C —182+ 3¢ 4.3
6—§ 1 7521 (4.3

(NaSIrInaAP)?(ngD|r|ngF)(n BF|r3InBD>
(Entp—En,e) + (Engr—Engp)

-3
Np-Mg

(4.19

The algebraic coefficients that enter in the expressions for
the Cq coefficients are the same as those for the homonuclear
cases[21], although for the homonuclear dimers another
term, related to the gerade and ungerade symmetries, is
present.

At infinite separations, when atofis in the ground state
and atonB is in the firstD excited state, we distinguish three
cases, according to the particular sequences of the excited
levels for alkali-metal atoms. When atobhis either Rb or
Cs, there exists oni intermediate level between the ground
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and the first excited states. When at@nis either Na or K, the ground and the firsD excited state. Thus, for the
there are oné& and oneP intermediate levels between the Li(2S)-Rb(4D), Na(3S)-Rb(4D), K(4S)-Rb(4D),
ground and the firsD excited state. Finally, when atoBiis ~ Cs(6S)-Rb(4D), Li(2S)-Cs(5D), Na(3S)-Cs(5D),
Li, there exist oneS and twoP intermediate levels between K(4S)-Cs(5D), and Rb(%)-Cs(5D) asymptotes, we obtain

2 (= . .
Si:;fo dw RE(NaS|rgp(Ey,stiw)r[naS)IRE (ngD[rgp(En p+iw)r|ngD)]

+(ngD|r|ngsP)’[(NAS|rgp(En,s— Enp+ Enygp)T [NAS) + (NaSIrgp(En,s+Enp— Enygp)T InaS)1, (4.16

2 0
S%;L dw RE(NaS|rgp(Ey,stiw)r[naS)IRE(NgD[rge(En p+iw)r(ngD)], (4.17

2 (= , :
S§:;f0 do RE(NAS|rgp(Ep,sti@)r|naS)IRE (ngD|r?gs(Ey p+iw)r?[ngD) ]+ (ngD|r? nggS)?

X[(NASIrgp(En,s~Engo+ En ;o)1 INAS) + (NaS|rgp(En,st Enyp—En 9)f [NaS)], (4.18

2 (= , , _
Szzlzgjo do RE (NaS|rgp(Ep,sti@)r[naS)IRE (ngD|r?gp(En p+iw)r?ngD)]

+(ngD|r?[ngD)*(NaSIrgp(En,9)r[NAS), (4.19

2 [
Sézgfo dw R (NAS|rgp(Ep,sti®)r[naS)IRE (NgD|r?gg(En p+iw)r?ngS)], (4.20

2 (= . i
Sézgfo do RE(NAS|r?gp(En,stiw)r?[naS)IRE (NgD|rgp(En p+iw)ringD)]+ (ngD|r[nggP)?

X[(NaSIr?gp(En,s—Engp+ EngBP)r2| NAS) + (NAS|r?gp(En, s+ Enp— EngBP)r2|nAS)]a (4.21)

2 [
== | "o R (04S11%00(Ex,+10)1711,8) REL(16D]0(Epyo + 1)1 |ngD) . 422

2 (= ) ]
Sg:;fo do Re[(nAS|r9P(EnAs+ | w)r|nAS)]RE{(nBD|r9P(EnBD+|w)r3|nBD)]+(nBD|r|ngBP)(ngBP|r3|nBD)

X[(naS[rgp(En,s—Engp+ Engep)l INAS) + (NaS[rgp(En, s+ Engp— Enggp)T [naS)1, (4.23
2 2 (” i i 3
SH=— o dow RE(NaAS|rgp(Ey, s+iw)r[naS)IRE (NgD|rgr(En p+iw)r’ngD)], (4.29
|
wheren, takes on values 2, 3, 4, 5, and 6 for Li, Na, K, Rb, S§=S§+(nBD|r|ngB+ 15)2
and Cs, respectively, whileg takes on values 4 and 5 and
nys takes on values 5 and 6 for Rb and Cs, respectively. For X[(NASIrgp(En,s~Engp* En g+19)7NAS)
the Li(2S)-Na(3D), K(4S)-Na(3D), Rb(5S)-Na(3D), ~
Cs(69)-Na(3D), Li(25)-K(3D), Na(3S)-K(3D), Rb(5S)- +(MaSITgp(En,st Engo~ Enggr19MaS)1,
K(3D), and Cs(6)-K(3D) asymptotes, theSj2 have the (4.25

same expressions as in the previous case except%at
becomes where on the rhs of Eq4.25), theS§ term is given by Eq.
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TABLE I. Dispersion coefficients for the ground state of hetero-  TABLE Il. Dispersion coefficients for thaS-n’S asymptote of
nuclear alkali-metal dimers, in a.u. The numbers in square bracketseteronuclear alkali-metal dimers, where in the dissociation limit

denote powers of ten. one atom is the ground state and other in the firekited state, in
a.u.
Molecule Ce Csg Cio Reference
) Molecule Cs Csg Cio

Li(2S)-Na(3S) 1.45943] 9.806(04] 9.12796]
1.44Q3] 9.48494] 8.8596] [30] Li(2S)-Na(4S) 2.10414]  4.68306]  1.42669]
1.4543] 9.7814] 9.0586] [31] Li(25)-K(59) 2.59204] 7.61986]  2.82579]
1.5273]  8.8004] [32] Li(2S)-Rb(6S) 2.741%4] 8.694(06]  3.40069]
1.46013] [33] Li(2S)-Cs(79) 3.02544] 1.08247]  4.63599]
1.47Q¢3] [34] Na(3S)-Li(3S) 1.96504] 4.23536]  1.25369]

Li(29)-K(4S) 2.29333] 1.92495] 2.073(7] Na(39)-K(59) 2.51774] 7.900%6]  3.01109]
2.2903] 1.8545] 1.9497] [30] Na(3S)-Rb(6S) 2.67384] 8.98996]  3.61299]
2.23§3] 1.9115] 2.1397] [31] Na(3S)-Cs(79) 2.96154] 1.11447]  4.90079]
2.55Q3] 1.7535] [32] K(49)-Li(39) 7.20264]  7.63346]  2.27629]
2.33383] [33] K(4S)-Na(4S) 4.03744] 8.82026] 2.78579]
2.24q3] [34] K(4S)-Rb(6S) 5.06094]  1.61127]  6.468%9]

Li(2S)-Rb(5S) 2.46833] 2.282%5] 2.564%7] K(4S)-Cs(79) 5.54534] 1.99847]  8.752(9]
2.50Q3] 2.1905] 2.3567] [30] Rb(5S)-Li(3S) 1.17365] 8.60226]  2.58919]
2.8073] 2.2745] [32] Rb(5S)-Na(4S) 4.48614] 9.89396]  3.16089]
2.44Q3] [34] Rb(59)-K(59) 5.32244] 1.577¢7]  6.08179]

Li(2S)-Cs(6S) 2.93383] 3.12535] 3.76277] Rb(5S)-Cs(79) 6.08584] 2.21847]  9.81139]
3.0153] 3.0495] 3.3797] [30] Cs(69)-Li(39) —~1.53694]  1.18347]  3.40769]
3.5063] 3.4505] [32] Cs(6S)-Na(49) 6.36434]  1.303¢7]  4.14689]
3.0043] [34] Cs(69)-K(59) 7.16514] 2.04837]  7.90879]

Na(39)-K(4S) 2.40003] 2.19475] 2.48737] Cs(6S)-Rb(65) 7.36734] 2.32037]  9.43679]
2.3673] 2.0845] 2.3037] [30]
2.33G3] 2.1745] 2.5537] [31]
2.8033] 2.0155] [32] and Cs(€5)-Li(3D) asymptotes, the presence of an addi-
2.44303] [33] tional P intermediate level between the ground and first ex-
2.3943] [34] cited D states of Li affects the expressions for 8 S3, and

Na(3S)-Rb(5S) 2.58153] 2.58135] 3.05677] S5 sums in the following manner:
2.5893] 24445 2.7737] [30]
3.0843] 2.6075] [32] Si=S7+(ngD|r|ngg+1P)?[(NaSIrgp(En,s~ Enyp
2.60Q3] [34]

Na(3S)-Cs(6S) 3.05933] 3.49075] 4.437§7] +En +1p)[NAS) + (NaS|rgp(En, s+ Enyp
3.1063] 3.3555] 3.9447 30
3.94?[3} 3.93%3% + %32% ~Engg+1p)1INaS)1, (4.26
3.1803] [34]

K(4S)-Rb(5S) 4.10653] 4.75995] 6.35247] S5= S5+ (ngD|r|ngg+1P)’[(NaSr?gp(Ep s~ En p
4.1493] 4.5315] 5.7247] [30] ) )
5.2043] 4.9075] [32] +EngB+1P)r [NAS) + (NaS|r“gp(En,s+ Engp
4.00G3] [34] B 2

K(4S)-Cs(6S) 4.90113] 6.36065] 9.03997] E”gs*lp)r MaS)]. (4.27
5.0163] 6.1645] 8.0777] [30] o .
6.6773] 7.2745] [32] Sg= S+ (ngD|r|ngg+1P)(ngg+ 1P|r’ngD)
4.9403] [34] B

RD(59)-Cs(6S) 5.28403] 7.30525] 1.08318] XLMaSIrgp(En,s~ Engp * Enyg+1p)1MAS)
54833]  7.1115] 9.6297]  [30] +(NaSIrgp(En,st Engp—En g +1p)FNAS)].
7.3533] 8.8705] [32] A B 98
5.37Q3] [34] (4.28

On the rhs of Eqs(4.26—(4.29, theS?, with j=1,6, and 8,
(4.18. n, takes on values 2, 3, 4, 5, and 6 for Li, Na, K, Rb, terms are given by Eqg4.16), (4.21), and (4.23, respec-
and Cs, respectivelylz =3, andngg takes on values 3 and 4 tively. The expressions for the”, with j=2,4,5,7, and 8,
for Na and K, respectively. The additional term in E4.25  terms are given by Eqg4.17), (4.19, (4.20, (4.22, and
is due to the presence of &intermediate level between the (4.24), respectively, WhiIeS§ is given by Eq(4.25. n, takes
ground and the first excited states for Na and K. on on values 3, 4, 5, and 6 for Na, K, Rb, and Cs, respec-
For the Na(®)-Li(3D), K(4S)-Li(3D), Rb(5S)-Li(3D), tively, while ng=3 andngg=2.
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TABLE IIl. Dispersion coefficients for the lowestS-n’'P asymptote of the heteronuclear alkali-metal
dimers, in a.u.

l,32+ 1,3H
Molecule Cs Cs Ce Cs Reference

Li(2S)-Na(3P) —1.06484] 1.33336] —1.08493] 1.19905]
—1.1405%4] 1.24006] —-1.3673] 7.62q4] [32]

Li(2S)-K(4P) 2.77514] 2.23716] 9.2765%3] 1.531§5]
2.96504] 2.34206] 9.73§3] —4.3704] [32]

Li(2S)-Rb(5P) 2.67444] 2.80896] 9.431%3] 1.71355]
3.0115%4] 3.45506] 1.10784] —2.844(5] [32]

Li(2S)-Cs(6P) 2.24164] 3.61876] 8.90163] 1.89265]
2.69604] 4.35206] 1.12874] —3.6705] [32]

Na(3S)-Li(2P) 1.68294] 6.95595] 5.14093] 9.58874]
1.73144] 6.73005] 5.2373] 5.52004] [32]

Na(3S)-K(4P) 1.78224] 2.37436] 6.87713] 1.956(5]
1.947(4] 2.570Q6] 7.40%3] —3.8304] [32]

Na(3S)-Rb(5P) 1.86214] 2.96416] 7.48453] 2.20305]
2.18784] 3.791(6] 9.3513] —3.01305] [32]

Na(3S)-Cs(6P) 1.83534] 3.79276] 7.95983] 2.47785]
2.30604] 4.76006] 1.07244] —3.86805] [32]

K(49)-Li(2P) —1.87814] 1.42336] —3.24553] 2.83065]
—2.06704] 1.36506] -3.6633] 1.896(5] [32]

K(4S)-Na(3P) —5.36783] 2.91076] 1.2805%3] 4.826(5]
—6.488 3] 2.78406] 1.1303] 3.34505] [32]

K(4S)-Rb(5P) 2.32475] 5.37446] 6.27764] 5.835%5]
3.05855] 6.924(6] 8.307(4] —2.76005] [32]

K(4S)-Cs(6P) 6.429%4] 6.81326] 2.17314] 6.36295]
8.59924] 8.68606] 2.99874] —3.884(5] [32]

Rb(5S)-Li(2 P) —1.65064] 1.81876] —2.56773] 4.12085]
—1.83404] 1.700Q6] —2.93(Q3] 2.93205] [32]

Rb(5S)-Na(3P) —4.61633] 3.92986] 1.67143] 8.0545%5]
—5.467 3] 3.56206] 1.6653] 5.65905] [32]

Rb(5S)-K(4P) —-2.11185] 5.01246] —4.85384] 7.066%5]
—2.80115] 5.561(6] —6.52504] 2.72005] [32]

Rb(5S)-Cs(6P) 8.23774] 7.69016] 2.67214] 8.38445]
1.10065] 9.96206] 3.69004] —2.01205] [32]

Cs(69)-Li(2P) —1.03494] —7.23146] —7.42992] —2.61826]
—1.19804] —1.38306] —-8.802] —7.82005] [32]
—-9.8943] —1.13697] —-9.002] —3.95476] [35]

Cs(6S)-Na(3P) —1.77583] 1.83266] 2.92963] 4.79204]
—1.9573] 3.510(6] 3.4143] 4.195(5] [32]

Cs(69)-K(4P) —3.88654] 8.68016] —4.58433] 1.79156]
—5.31664] 8.498(6] —-7.1253] 8.72205] [32]

Cs(6S)-Rb(5P) —5.35164] 9.70726] —~7.27913] 1.7715%6]
—-6.91164] 1.15737] —7.8903] 4.125(5] [32]

V. LONG-RANGE COEFFICIENTS FOR THE NP-N'P asymptotic molecular designation for these molecules are
ASYMPTOTE va={nalma} and vg={nglmg}. According to the possible

The interaction between two excité&dalkali-metal atoms ~ Vvalues of the projection of the total angular momentum along
is of interest in spectroscopy of excited molecules. Thethe internuclear axig\ =mp+mg, we distinguish six types
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TABLE IV. Dispersion coefficients for the lowestS-n’D asymptote of heteronuclear alkali-metal dimers, in a.u.

l,32+ 1,31-[ 1’3A
Molecule Cq Cs Cs Cg Cs Cg Reference

Li(2S)-Na(3D) 3.66854] 1.850%7] 3.16014] 4.59436] 1.63484] —7.767%5]
Li(2S)-K(3D) 2.05794] 9.28646] 1.782724] 2.49116] 9.55293] —2.93995]
Li(2S)-Rb(4D) 1.52174] 5.87136] 1.31954] 1.577(¢6] 7.13083] —1.55475]
Li(2S)-Cs(5D) 7.44233] 1.124Q7] 6.46633] 3.62466] 3.53823] —7.50123]

3.4133] 4.761(6] 2.9443] 1.507@6] 1.5513] 3.94004] [32]
Na(3S)-Li(3D) 7.50944] 2.41497] 6.36604] 3.47526] 2.93574] —1.50916]
Na(3S)-K(3D) 1.92604] 9.02986] 1.674%4] 2.65986] 9.19783] —2.04895]
Na(3S)-Rb(4D) 1.46104] 5.19486] 1.27084] 1.50626] 7.00143] —9.65814]
Na(3S)-Cs(5D) 7.38883] 4.01506] 6.43383] 1.27116] 3.56883] 1.772%4]

3.5283] 2.01406] 3.0533] 6.09205] 1.6273] 5.13004] [32]
K(49)-Li(3D) 2.328%4] 2.90487] 2.12094] 1.13647] 1.49804] 2.788(5]
K(4S)-Na(3D) 1.293§5] 4.36157] 1.09585] 5.48976] 5.017(4] —2.41736]
K(4S)-Rb(4D) 2.870%4] 1.14547] 2.47894] 3.15646] 1.304¢4] —7.73643]
K(4S)-Cs(5D) 1.331¢4] 1.372§6] 1.15374] 3.23075] 6.19573] 1.40865]

6.78Q3] 1.34906] 5.8433] 3.05005] 3.0303] 1.10905] [32]
Rb(5S)-Li(3D) 2.68384] 3.26367] 2.43184] 1.29767] 1.67584] 6.81985]
Rb(5S)-Na(3D) 2.05415] 5.79417] 1.73085] 3.06146] 7.60914] —4.01396]
Rb(5S)-K(3D) 4.56684] 1.98847] 3.92904] 5.26946] 2.01584] —1.01435]
Rb(5S)-Cs(5D) 1.45274] 2.26416] 1.25794] 6.57385] 6.7375%3] 2.15265]

7.52Q3] 1.835(6] 6.4793] 4.84005] 3.3543] 1.58005] [32]
Cs(69)-Li(3D) 3.82774] 3.90997] 3.42774] 1.376647] 2.227%4] —1.39795]
Cs(6S)-Na(3D) —8.51194] 2.19517] —6.86134] 2.31997] —1.90934] 4.90996]
Cs(69)-K(3D) 6.678%4] 2.72777] 5.714§4] 6.76126] 2.82364] 1.07935]
Cs(6S)-Rb(4D) 4.272%4)] 1.71367] 3.67344] 4.80936] 1.87624] 3.89475]

of electronic states: one corresponding to A symme- 1 31

tries, two corresponding to th&[l symmetries, one corre- Ce=3p(SetSa)+ 7£Sa, (5.9
sponding to the"3S, ~ symmetries, and two corresponding to

the 132 * symmetries. The singlet and triplet states are again 6 3 3

assumed to be degenerate. The coefficient results from CS=2—5(85+ Sy) + 2—5(S6+ 510)+ﬁ5(37+ Siy)

the first order of degenerate perturbation theory whileGhe

and Cg coefficients are obtained in the second order of per- 3 8 4

turbation. Following a procedure similar to that outlined in + E(Sng S — %(Slﬁ 815)+2—5(Sl4+ Sie)
[23], we find the following expressions for the long-range

coefficients. (5.6

For the 1°A symmetries, we have _
and for the second set of electronic states

6
C5:_2_5(nAP|r2|nAP)(nBP|r2|nBP)- (5.9 Cs=0, 5.7

3 1
2 16 Co=r(Sy+S3)+ =S4, (5.9
Co=15(S2+So)+ £ Su. (5.2 61052 %) 5

63 3 219
27 6 246 Cs=752(Se+S10)+ 5(S7+S11) + 552(Ss+S12)
- il 270 125 7 875
Co=125(Se+ Si0)+ 35(87+ S+ 875(Ss+ S12)
36

4 76 + 175
- 3_5(513+ Si5) — m(slﬁ Sie)- (5.3

For the %%~ symmetries, we have
For the M1 symmetries, we have for the first set of elec-
tronic states Cs5=0, (5.10

(S14t+ Sip)- (5.9

24
Cs=5z(NAPIr’INaP)(NeP|r?ngP), (5.4 Co=255 ©.19
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TABLE V. Long-range coefficients for the lowestP-n’P asymptote of heteronuclear alkali-metal
dimers, in a.u.

Molecule Symmetry Cs Ce Cg

Li(2 P)-Na(3P) 137 —2.60912] —2.04604] 2.32006]
L3 1.0436¢3] —2.45763] 3.11436]

L3 —4.81034] 2.56516]

135~ 2.362123] —2.04014]

135+ —4.26924] 2.12036]

135+ —1.56543] —2.852%4] —1.09257]

Li(2 P)-K(4P) 137 —3.41872] 5.03033] 8.02786]
1911 1.3675%3] 5.13983] 1.84116]

L91 8.29873] 2.1876¢7]

135~ 3.45083] —2.68674]

135+ 7.47243] 2.11467]

135+ —2.051%3] —5.27004] 9.95736]

Li(2 P)-Rb(5P) L3A —3.84172] 6.56183] —1.84306]
L3 1.53673] 6.16593] 1.73246]

L91 1.12444] —2.538%6]

L3y - 4.02273] —2.35404]

135+ 1.01074] —3.44186]

135+ —2.305(3] —-9.02144] 3.99276]

Li(2 P)-Cs(6P) L3p —4.36382] 1.34213] 8.38395]
L3y 1.7455%3] 5.71413] 2.71506]

L3 —1.1635%3] 3.06536]

135~ 4.78103] 2.088¢4]

135+ —9.01462] 1.90496]

135+ —2.61833] 4.56914] —1.24845]

Na(3P)-K(4P) 137 —5.07732] —2.74184] 3.41666]
L911 2.03093] 3.91132] 1.21887]

L3qq —6.73264] 5.50026]

135~ 6.44063] —8.48674]

135+ —5.96674] 3.98346]

135+ —3.04643] —4.00164] 5.06166]

Na(3P)-Rb(5P) L3A —5.70562] —5.02004] 3.655(06]
L3 2.282123] —3.98043] 1.48407]

L3 —1.19625] 1.77706]

135~ 7.61753] —9.54164]

135+ —1.06115] —1.10705]

135+ —3.42343] —6.82944] —1.28527]

Na(3P)-Cs(6P) L3A —6.48102] 5.03164] —5.28556]
L3qq 2.59243] 2.30084] —1.11296]

L3q] 1.05105] —5.77095]

135~ 9.26993] —3.63714]

135+ 9.36794] —3.03246]

135+ —3.88863] 1.67834] 2.82377]

K(4P)-Rb(5P) 137 —7.47602] —1.19485] 5.46587]
L9 2.99043] —1.62804] 1.00728]

1911 —2.79415] 2.16657]

13y - 1.20814] —2.37375]

135+ —2.48035] 1.84387]

185+ —4.48563] —1.30565] —2.84008]

K(4P)-Cs(6P) L3A —8.49202] —4.90983] 1.5655%9]
L3 3.39683] 1.58874] 1.77108]

L3 —2.43594] 3.9176¢9]

135~ 1.52134] —2.336(05]

135+ —2.12294] 3.91339]

135+ —5.095%3] —7.202%4] 1.28269]

Rb(5P)-Cs(6P) L3A —9.54292] 3.63073] 2.17257]
L91 3.81713] 2.22214] 6.46986]

L3y —8.40823] 6.23267]

135~ 1.89454] —4.07055]

135+ —6.94773] 5.68377]

135+ —5.72573] 1.71884] 4.298726]
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Cy= 9 +S +342 +S 72 S,,+S
s—ﬁ-)(ss 10) 8—75(58 12)—55( 141+ S16)-

(5.12
For the 1% symmetries, the first set of electronic states
gives
C5:0, (513)
Ce= 4 148 51
6_:|__5(82'|'83)‘|'ﬁ3 4 ( . 4)

12 3 36
Ce=5&(Se TS0+ 7(Sr+S1) +772(Se+ S12)

32

- F5(814+ Sie)

(5.19

and the second set of electronic states gives

36 ) )
C5=—2—5(nAP|r [naAP)(ngP|r4|ngP), (5.1
(5.19

2 2 38
C6:§Sj_+ 1_5(Sz+ S4)+ 7_584,

18 21 24
Co= 55 (S5 So) + 75(Se* S10) +775(S7+ 510

648 24 128
+ ﬁ( Sg+S1)+ 3_5(313"‘ S5+ ﬁ;( Siat Sie)-

(5.18
The S; sums, withj=1, .. .,16, are given as

(nAP|r|n,;S)2(nBP|r|néS)2

Si= X : (5.19
na.Ng (EnAS_ EnAP)+(EnéS_ EnBP)
(NaP|r|nxS)?(ngP|r|ngD)?

S,= 2 : (5.20
N .Ng (En/’AS_ EnAP) +(EnéD_ EnBP)
(nAP|r|nIAD)2(nBP|r|nI,BS)2

Se= > , (5.21)
n/'_\,n'B (En/’AD_EnAP)"'(En’BS_ EnBP)
(NAP[rInAD)2(ngP|r|ngD)?

Si= 2 (5.22

Na.Ng (EnAD_ EnAP) + (EnéD_ EnBP) ,

PRA 59
&= S (NaPIr[nAS)%(ngP|r?ngP)? 5.23
ny .Ng (En"AS_ EnAP)+(En’BP_ EnBP) , -
(NaP[r|nAD)?(ngP|r?nyP)? (5.24
na.Ng (EnAD_ EnAP)+(En|’3P_ EnBP) , ‘
N (NAP[r[nAS)?(ngP|r?IngF)? 5.25
ning (Ens—Engp) + (Engr—Engp) '
G S (naP|r|naD)2(ngP|r?|ngF)? 5.26
ny g (EnAD_ EnAP) +(En|’3F_ EnBP) , -
S E (NAP[r?InyP)?(ngP]r|ngS)? (5.27
na.Ng (EnAP_EnAP)"'(EnéS_ EnBP) ’ ‘
s s (NaP[r?nAP)(ngP|r|nD)? (5.29
10— , .
nA ,né (En’AP_ EnAP) +(En’BD_ EnBP)
o3 (DaPIPINE (oPlingsy? 529
117~ , .
ny.Ng (EnAF_ EnAP) +(En|’38_ EnBP)
(NAP[r2InpF)?(ngP|r|ngD)?
Sp= X (5.30

na.Ng (EnAF_ EnAP) +(En|’3D_ EnBP) ’

(NAP[r[nAD)(nAD|r¥nsP)(ngP|r[ngS)?

Siz= 2 )
ny .Ng (En/&D_EnAP)+(En|’BS_ EnBP)
(5.3)
(NAP|r[nAD)(NADIr[nsP)(ngP|rngD)?
Siu= 2 )
na.Ng (EnAD_EnAP)+(En’BD_EnBP)
(5.32
(nAP|r|nAS)?(ngP|r|ngD)(ngD|r®[ngP)
Si5= 2 )
ny.Ng (EnAS_EnAP)+(En’BD_EnBP)
(5.33
(nAP|r|nAD)*(ngP[r[ngD)(ngD|r®ngP)
Si6= 2 -
na.Ng (EnAD_EnAP)+(En’BD_EnBP)

(5.39
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If atoms A and B are identical, therS,=S;, S5=Sy, S¢  transformed to integral representations in a similar fashion as
=8S10, S;=S11, S§=S12, S13=S;5, and S;4=S;s and the in the previous sections, by using Eq2.10 and (2.18.
expressions for th€g andCg coefficients become the same When both alkali-metal atoms are in their lowest exciked

as those in23]. The §; sums, withj=1,...,16, may be state, we obtain

2 (= : :

31:;J’0 do R (NAP|rgs(Ep pt+iw)r[naP)]RE (ngP|rgs(Ey ptiw)r|ngP)]+ (ngP|r|ngS)?
X[(NAP|rgs(En,p—EnyptEn,s)f INAP) + (NAP|rgs(Ep p+ En p—En o)l [NAP) ]+ (NAP|r[nsS)?
X[(ngP|rgs(Enp—En,p+En,s)rNsP) +(NgP|rgs(En p+En p—En,s)rNsP)], (5.35
2 (= . . 2

52=;J’0 dw RE(NaP|rgs(En,ptio)r|naP)IRE(NgP|rgp(En p+iw)r|ngP)]+(naP[r[naS)

X[(ngP|rgp(Engp—En,p+En,9)[NgP) +(ngP|rgp(Enp+ Enp— En,s)rNsP)], (5.36

2 (= . )
Ss,zgfo dw R (NAP|rgp(En,p+iw)r|naP)IRE(NgP|rgs(Enp+iw)r[ngP)]+(ngPr[ngS)?

X[(NaP[rgp(En,p—Engp+ Engs) [NaP) +(NaP|rgp(En p+Enp—En ) [NaP)], (5.37
2 (= , ,
S4Z;J’O dow RE (NAP|rgp(En,p+iw)r[naP)JRE(NgP|rgp(Ey p+iw)r|ngP)], (5.39

2 (= . , .
Sf;fo do RE(NAP[rgs(En,p+i®)r[NaP)IRE (NgP|r?gp(En p+i@)r?ngP) ]+ (NaP|r|naS)?

X[(ngP|r?gp(En,p—En,p+En,9)r*INgP) + (NgP|r?gp(Eq p+ Eq p—En, o)l *[ngP)]

+(ngP|r?[ngS)%(NaP|rgs(En,p)rINAP), (5.39

2 (= : , .
SeF;J’O do R (NAP|rgp(En,p+i@)r|naP)IRE(NgP|r?gp(Ep pt+iw)r?ngP)]

+(ngP[r?ngS)2(naP|rgp(En,p)r [NaP), (5.40

2 (= . .
37:;f0 do RE(NAP|rgs(Ep,p+iw)r[naP)JRE (NgP|r?ge(En p+i®)r?ngP)]+ (naP|r|naS)?

X[(ngP|r?ge(En p—En,p+En,9r?INgP) +(NgP|r?ge(En pt+ En,p— En,9r*[NsP)], (5.41

2 [
sg=;f0 dw R (NAP|rgp(En,pt+i®)r|naP)IRE(NgP|r?ge(Ep pt+iw)r?ngP)], (5.42

2 (= i .
Sg:;fo do RE(NAP|r?gp(Ey,pti®)r?[naP)JRE (ngP|rgs(Ey pt+iw)r[ngP)]+ (ngP|r|ngS)?

X[(NAP|r?gp(En,p—Engpt En ) *INAP) + (NAP[r?gp(Eq,p+ En p—En o) NaAP)]

+(NaP[r?naS)%(ngPlrgs(En p)r INsP), (5.43

2 (= . .
SlO:;fo do Re[(”AP|r29|/:(EnAP+|w)r2|nAP)]R€[(nBP|rgD(EnBP+|w)r|nBP)]

+(NAP|r?[NaS)%(ngPlrgp(Engp)r N6P), (5.44
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2 (= . .

311:;j0 do RG{(”AP“ZQF(EnAP“"w)r2|nAP)]Re[(nBP|rgs(EnBP+|w)r|nBP)]+(nBP|r|nBS)2
X[(NAP|r?g(En,p—Engpt Enge) INaAP) +(NAPIr?ge(Ey p+ Enp— En 9T ?[NaP)], (5.45
2 (= 2 N2 :

S12=— . dow Re (NAP|r*ge(En,p+iw)r?naP)IRE (ngP|rgp(Eq p+iw)r|ngP)], (5.46
2 (= 3 : - 2

S13=— o dow Re[(NAP[r’gp(Ey, p+iw)r|naP)IRE (ngP|rgs(Ey p+iw)rngP)]+ (ngP|r|ngS)
X[(NaP|r®gp(Epn,p— Engpt Engg)r [NAP) + (NaP|r®gp(Eq, p+ Enp— Engo)r [NaP)], (5.47
2 (= , , ,

314:;j0 dow Re (NAP[r’gp(Ey p+iw)r|naP)IRE (NgP|rgp(Enp+iw)ringP)], (5.48
2 (= ; 3 - 2

S15= . dow Re[(NAP|rgs(En,p+iw)rnaP)JRE (ngP|r gp(Ey p+iw)r[ngP)]+ (naP[r[naS)
X[(ngP|r®gp(En p—En,p+En,s)fINgP)+ (NgP|r3gp(En p+ Enp—En,9)r [NsP)], (5.49

2 (= . .
Sla=;fo do R (NAP|rgp(En,p+iw)r[naP)JRE (ngP|rgp(Epp+iw)r|ngP)]. (5.50

n, andng take on values 2, 3, 4, 5, and 6 for Li, Na, K, Rb, 6S-6P transitior). Therefore, the first term in thB? sum in
and Cs, respectively. While Eq&.19—(5.34) are general, Eq. (2.4 [or the second term in the square bracket on the rhs
available for anynP-n'P asymptote, Eq95.35—-(5.50 are  of Eq. (2.19] has a strong resonant character. Since the en-
valid only for the lowesnP-n’P asymptote. They provide ergy spacing between theS3and the P energy levels of Li
an efficient method for calculating the dispersion coeffi-is greater than the energy spacing between thar@ the &
cients. We mention that similar relations exist for computingenergy levels of Cs, an overall negative value$§rresults
the dispersion coefficients for the homonuclear dinje6. A similar anomaly, but leading to a strong attractive in-
teraction in the long-range limit, occurs for the
Rb(5S)-Li(3S) asymptote, where the82P transition in Li
is almost resonant with theB5P transition in Rb. Since the

The main task in calculating long-range dispersion coef-
ficients consists of numerical evaluation of the atomic matrix 20 ' . :
elements involving Green’s functions at real and complex N
energies. Our approach, outlined in detail elsewh20s21],
is based on an efficient algorithm for solving a set of 10}
coupled-channel inhomogeneous differential equations. W
follow in the spirit the Dalgarno-Lewis methd@9].

Table | presents the dispersion coefficients for the grount, 00 L
state of heteronuclear alkali-metal dimers, together witt®
other published resulf80-34. Our results agree well with

VI. NUMERICAL RESULTS AND DISCUSSION

Aer

Potential E

previous computations. More precise agreement is foung _ 4L / -
with the results of Patil and Tarn@0]. For LiNa, LiK, and / KF)-Cs(oP) T

NaK dimers we obtain excellent agreement with the result K(4S)-Rb(5P) {

of Spelsberget al. [31], which were obtained using a con- | ags i

i

figuration interaction approach. !

The dispersion coefficients when one atom is in the "
ground state and the other is in the fi&txcited state are a . H , )
presented in Table Il. To the best of our knowledge, there ar 0.0 50 100 150 200
no equivalent results in the literature. Note that @ecoef- K@)
ficient for the Cs(&)-Li(3S) asymptote is negative, leading  F|G. 1. The most attractive and the most repulsive asymptotic
to a repulsive form for the interaction in the long-range limit. potential energy curves for the heteronuclear alkali-metal dimers.
This peculiar feature is due to the fact that t8-3P tran-  The K(4S)-Rb(5P) molecule is the most likely candidate for ultra-
sition in Li is nearly resonant with the transition in @he  cold photoassociative spectroscopy.
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transition energy in LiE,p-E3s, is smaller than the energy the largest repulsive potential in the case of the

spacing between theSsand 5 energy levels in Rb, the Cs(6S)-Na(3D) interaction.

contribution from the first term in th&) sum is large and The long-range coefficients for theP-n’P asymptote,

positive. Therefore, the C4 coefficient for the Where in the dissociation limit both atoms are in the fist

Rb(5S)-Li(3S) asymptote has the largest value among allexcited state, are presented in Table V. To the best of our

the heteronuclear alkali-metal dimers. knowledge, these results represent the first such calculations.
Table Il presents our results for the dispersion coeffi-The most attractive long-range potential is formed between

cients when one atom is in the ground state and the other #(4P)-Cs(6P) in a I molecular symmetry and the most
in the firstP excited state, together with the numerical resultsfepulsive  long-range  potential forms also between
from Busseryet al. [32] and the experimental predictions of RP(5P)-Cs(6P), but in aX symmetry. We notice the un-
Vadlaet al. [35]. Our results for th& symmetries are only Predictable nature of the sign of tii& andCg coefficients,

in qua“tative agreement with those of Buss@tyaL [32], which Was also mentioned |[Q3:| for homonuclear alkali-
while for the II symmetries the agreement is only occa-metal dimers. _

sional. Major discrepancies exist not only in absolute mag- N Fig. 1, we show the most attractive and the most repul-
nitude, but in the form of the attraction potentials. BusserySive asymptotic potential curves that form in the interaction
et al. predict that nearly one-half of theR§ coefficients in  Of two-species alkali-metal atoms. The dashed curve gives
the nSn’P interaction between unlike alkali-metal atoms the most optimal heteronuclear candidate molecule for pho-
are repulsive. The largest absolute errors are about 30—40 9passociative spectroscopy.

Similar discrepancies were also reporteddi], between our

calculations and that of36] for the homonuclear dimers. VIl. SUMMARY

The results fron}32] and[36] were obtained from diagonal-
izing the long-range Born-Oppenheimer Hamiltonian in a se
of molecular basis functions constructed from noninteractin
atomic functions.

The strongest attractive long-range potential results fro
the interaction between K& and Rb(3) and the most
repulsive long-range potential is found in the interaction be
tween Rb(%) and K(4P). We mention that our numerical

In this work we have calculated the coefficients of the
‘ong—range multipole expansion of the Born-Oppenheimer
SHimer potentials for two-species alkali-metal atoms for vari-
ous molecular symmetries that correlate to ground and ex-
Mited atomic levels. The calculations are based on an efficient
numerical algorithm that solves for the response of the dimer
'system to electric multipole excitations and results when the
. . infinite sums in the second order of perturbation theory are
results fofth% coefficients for the CS(S)'L'(Z.P) asymp-  transformed into coupled inhomogeneous differential equa-
tote are in good agreement with the. experimental Value'ﬁons. We have calculated the heteronuclear dimer potential
from [35] and we confirm the repulsive character of theenergies for the Rb(S)-Cs(6S),Rb(6S)-Cs(6P),K(4P)-
Cs(6S)-Li(2 P) asymptote found ir@35]. The experimental Cs(6P) ,Rb(55)-Na(3D) 3, ,and K(4S)-Rb’(5P) s
values for the_ van der Waals coefficients for CS[4.i(2 P) molecules to have the largest attractive interactions in the
were determln_ed from the \_/vavelength dependence of thﬁ)ng range, of which the last dimer presents the best oppor-
wings of the Li resonance lines broadened by Cs groundg,jty for yltracold photoassociation. Our calculated value of

state atoms. . . . the van der Waals coefficient for Csgp-Li(2 P) agrees well
Table IV present our numerical values for the dlsper3|oquth the experimentally determine@ coefficient
coefficients for the cases when one atom is in the ground 6 '

state and the other is in the filStexcited state, together with
the results fron{32]. We find a factor of 2 discrepancy in
our results for theCy coefficients and those calculated in  This work was partially supported by the Office of Naval
[32] and our values folCg are also in disagreement with Research and by the National Science Foundation through a
those from[32]. We find the largest attractive long-range grant to the Institute for Theoretical Atomic and Molecular
potential in the case of the Rbfp-Na(3D) interaction and  Physics at the Harvard-Smithsonian Center for Astrophysics.
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