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Accurate relativistic many-body calculations of van der Waals coefficients
Cg and Cq for alkali-metal dimers
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We consider long-range interactions between two alkali-metal atoms in their respective ground
states. We extend the previous relativistic many-body calculatiorSgodlispersion coefficients
[Phys. Rev. Lett82, 3589(1999] to higher-multipole coefficient€g andC,,. Special attention is

paid to usually omitted contribution of core-excited states. We calculate this contribution within
relativistic random-phase approximation and demonstrate that for heavy atoms core excitations
contribute as much as 10% to the dispersion coefficients. We tabulate results for both homonuclear
and heteronuclear dimers and estimate theoretical uncertainties. The estimated uncertai@ges for
coefficients range from 0.5% for Lito 4% for Cs. © 2003 American Institute of Physics.
[DOI: 10.1063/1.1578052

I. INTRODUCTION nuclear Li, Na, K, Rb, and Cs dimers—is presented in Tables
L . VI-IX. The rest of the paper is organized as follows. In Sec.
We carry out accurate relativistic many-body atomic-|; \ve present the formalism. Numerical evaluation is dis-
structure calculations of van der Waals interactidmestween ¢ cced in Sec. IIl. A detailed analysis of underlying multi-
alkali-metal atoms in their respective ground states. Thesfoe gynamic and static polarizabilities is presented in Sec.
long-range interactions may be parametrized using dispefy Finally, in Sec. V we compile dispersion coefficients and
sion (van der WaalscoefficientsCy, estimate theoretical uncertainties. Atomic unite|€m,
Cs Cq C10+. h=1) are used throughout the paper.

V(R)N_E_§_@ (o

whereR is the internuclear separation. A renewed interest irll. GENERAL FORMALISM
high-accuracy interatomic potentials has been stimulated by
advances in studies of ultracold collisichat low energies,
collision properties are typically very sensitive to details of
the potentials. Thus accurate potentials are essential for rel
able ab initio description of ultracold collision properties abrma2n
and, conversely, a wealth of information about the potentials ~ V(R)= _23 Caon/R, @

may be inferred from photoassociation and Feshbach-

resonance spectroscopy with ultracold atomic samples. IwhereR is the distance between atoms. For ground-state at-
particular, only recently interpretation of experiments withoms van der Waals coefficients are giverty

The long-range part of electrostatic interaction between
two atomsa andb in their respective spherically symmetric
states may be represented as

ultracold atoms allowed several groups to reduce uncertain- | n-2 .

ties in theCg coefficients to a fraction of a percefit These Cab:(Zn—Z). > ! f a(iw)al(iv)do
inferred coefficients are in an excellent agreement with our - 2@ =1 (2)121")! o " '
values predicted using many-body perturbation th&dtyen ()
more refined understanding of details of ultracold collisionswhere|,:n_|_1; af(iw) and ozlb,(ia)) are, respectively,

led very recently to constraints on higher-multipole coeffi-
cientCgq for Rb (Refs. 7 and 8and Cs’ This latest progress
and discrepancies between previous determindfiotfsof
Cg and C, coefficients motivate us to calculate these coef-
ficients using accurate relativistic many-body techniques of _ <qf0|Tg>|\pk><qu|Tg>|xpo>
atomic structure. In particular, we demonstrate that usually @ (iw)=2 Re>, ) :
omitted contribution of core-excited states increaSgsfor : (Bx=Eo)+iw
heavy atoms by as much as 10%. Here the summation extends over a complete set of atomic
The main result of the paper—compilation of van derstates and’{)’ are the zeroth components of spherical tensors
Waals coefficientCg and C,4 for homonuclear and hetero- of electric-multipole operators,

2'-pole dynamic polarizability of atona and 2'-pole dy-
namic polarizability of atonb. The dynamic polarizabilities
in Eq. (3) are defined as

4
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TABLE |. Comparison of DHF and many-body one-electron removal enefgjgsor Cs with experimental
values E,, are given in atomic units are excitation energies from the grounsh g state in cm™. For s states
the energies were calculated wil= —0.20 a.u., ford states with6=0.0 a.u., and fop with §=—0.09 a.u.

DHF DHF+MBPT ExperimentalRef. 39

Conﬂg. Eva| A Eva| A Eva| A

6S1/2 0.127368 0.143085 0.143099

6P 0.085616 9163.6 0.092173 11172.2 0.092167 11178.2
6p3p 0.083785 9565.3 0.089609 11734.9 0.089642 11732.4
5ds, 0.064419 13815.7 0.076995 14503.3 0.077035 14499.5
5ds), 0.064529 13791.5 0.076459 14621.0 0.076590 14597.1
7S1)0 0.055187 15841.8 0.058475 18568.0 0.058645 18535.5
TP 0.042021 18731.4 0.043868 21773.9 0.043928 21765.7
P32 0.041368 18874.8 0.043041 21955.4 0.043103 21946.7

3For the ground statE,, is equal to the ionization potential (€9 =31 406.71 cm! (Ref. 34.

whereCE,'q) are normalized spherical harmorfitand the sum  would require an excitation frorishell to valences state and
is over allN atomic electrons. none of the alkalis considered hdte through Cs has filled

Previously many-body calculations of dispersion coeffi-f shells. Since we employ dipole polarizabilities from Ref. 6,
cientsCg were carried out in Refs. 6 and 16, and here wethe counter term, calculated in Dirac-Hartree-FAEHF)
focus on dispersion coefficientSg and C;o. As follows  approximation is included im;(iw). Finally we disregard
from an examination of E¢(3), we need to compute dipole thjs correction for quadrupole polarizabilities; it gives a neg-
ay, quadrupoleas, and octupoleas dynamic polarizabil- |igiple contribution due to required excitation of deeply
ities. In this work_ we em_ploy dynamic dipole polquzab|_llt|es boundd electrons from the core.
calculated previously in Ref. 6 and determine higher- iqh accuracy calculations of thdipole dynamic polar-
multipole POIa”Zab'I't'esaz andas. . . _izabilities were carried out earlier in Ref. 6 and we employ

Following REf' 6 we separate all mtgrmedlate states | hese dipole polarizabilities in the present work. In those
the sum Eq(4) into valence and core-excited states, . L L

calculations a combination of several relativistic many-body

a(iv)=aof (iw)+af(iw)+af’(io). (6)  techniques was employed. A dominant contributiom{chas
Here o/ (iw) is a traditional term encapsulating excitations been calculated with _all-order linearized cgupled-cluster
of the valence electron. Contributions of electric-multipole Method truncated at single and double excitations. High-
excitations of core electrons are denoteddfi »). Finally, accuracy experlmenta_l vz_ilues for energies and electric-dipole
a small counter term® (i ») is related to excitations of core Matrix elements for principle transitions have been employed
electrons to occupied valence state. We include thest® refine the dipole polarizabilities. In the following we focus
exclusion-principle-forbidden excitations in the calculations©n the quadrupole and octupole polarizabilities.
of core polarizabilities and thus we have to introduce the  To find the quadrupoler; and octupolex; valence con-
counter termisee Ref. 17 for more detajlsWe will discuss ~ tributions we applied a relativistic many-body method ini-
calculations of they!(iw) and af(iw) terms later on. Here tially suggested in Refs. 18 and 19 and subsequently devel-
we just briefly comment on the counterter’(iw). For  oped in Refs. 20 and 21. In this method one determines wave
octupole polarizabilitiesas’(iw) term simply vanishes in functions from solution of the effective many-body Schro
independent-particle approximation sinE8 selection rules dinger equation,

TABLE II. Static quadrupole polarizabilities, for ground states of alkali-metal atoms in a.u. We present
valence contributions for the cases of pure DHF and BINBPT, and core contributions. Final values were
determined as sum afy (DHF+MBPT) and o5 .

Li Na K Rb Cs
oy (DHF) 1485.5 2230.3 7049 9790 16613
af (DHF+MBPT) 1424.5 1883.6 4983 6488 10388
a5 (RRPA) 0.1 15 16 35 86
Final 14244) 188526) 500Q045) 652080) 1047Q390

Other works

Patil and TangRef. 35 1393 1796 4703 6068 10260
Patil and TangRef. 149 1403 1807 4760 6163 10400
Yan et al. (Ref. 30 1423.2665)
Marinescuet al. (Ref. 13 1424 1878 5000 6495 10462
Spelsberget al. (Ref. 36 1423 1879 5001
Maeder and KutzelniggRef. 10 1383 1799 4597 5979 9478
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TABLE IlI. Static octupole polarizabilitiesrs for ground states of alkali-metal atoms in“1@.u. We present
valence contributions for the cases of pure DHF and BINBPT, and core contributions. Final values were
determined as sum af} (DHF+MBPT) and o .

Li Na K Rb Cs
a4 (DHF) 4.185 6.888 28.10 41.50 76.49
a4 (DHF+MBPT) 3.957 5.536 17.73 23.66 39.43
a (RRPA) 0 0.001 0.01 0.03 0.10
Final 3.957 5.54 17.7 23.7 39.5

Other works

Patil and TangRef. 35 3.871 5.287 16.07 20.73 33.12

Patil and TangRef. 14 3.986 5.430 16.30 20.97 33.33

Yan et al. (Ref. 30 3.9650498)

Marinescuet al. (Ref. 13 3.969 5.552 17.69 23.69 39.53

Spelsberget al. (Ref. 36 3.927 5.486 19.14

Maeder and KutzelniggRef. 10 3.680 5.117 15.02 21.27 33.99
Heﬁ(En)|\Pn>=En|\pn>v (7)

|\Pf>_ Re{ Heﬁ_ E0+iw E |\P|><\P||(T0)eﬁ|q,0>]

with the effective Hamiltonian defined as .

)
Hen(E) = Hpct S(E). ®) Re{ ah ﬂ|%>]
. 0/e .

HereH ¢ is the frozen-core Dirac-Hartree-Fock Hamiltonian He—Eotiw
and self-energy operatd is the energy-dependent correc- \yith such introduced? ; Eq. (4) becomes simply

tion, involving core excitations. Qualitatively ti¥ operator ' |

corresponds to the core polarization term in model potentials @/ (i @) =2(Wq|(To)ed ¥), (10

employed in Refs. 13 and 14. In the present calculation thg,ere subscripy emphasized that only excitations of the
self-energy operator recovers second order of perturbatiofjence electron to higher virtual orbitals are included in the

theory in residual Coulomb interaction and additio”a"yintermediate-state wave functiod; due to the presence of
accounts for certain classes of many-body diagrams in a|,|_|eff in Eq. (9). As to additional contributionz® of core-
orders of perturbation theory.

The concept of effective HamiltoniaH s may be ex-
tended to other operators. We introduce effectiwedressejl
electric-multipole operatori'eff acting in the model space of

valence electrons. These operators were obtained within tHY- DETAILS OF NUMERICAL CALCULATION

relativistic random-phase approximatiofRRPA).0#%23 At the first stage of calculations we determined core or-
Qualitatively, the RRPA describes a shielding of the exterjijtals and valence orbitals for several low-lying states from
nally applied electric-multipole field by the core electrons.the frozen-core Dirac-Hartree-Fock equatiéhdhe virtual
The RRPA sequence of diagrams was summed to all ordegrhitals were determined with the help of a recurrent
of the perturbation theory. proceduré’ One-electron basis sets of the following sizes

Once the ground-state wave functions are obtained fronyere used on the stage DHE calculations:

Eg. (7), the dynamicvalence polarizabilities o) (iw) are
computed with the Sternheinfér or Dalgarno—Lewi&

excited states, we employ the relativistic random-phase ap-
proximation method described in Refs. 22 and 23.

Lii 1-17s,2—17p,3—16d,4— 16f 5 10g;

method implemented in the DHFE+RRPA framework[In Na: 1—18s,2—18p,3—17d,4—17f,5—11g;
the following we denot& +RRPA corrections as the many-

body perturbation theoryMBPT) corrections] Given the K: 1-19s,2-19,3-18d,4-19f,5-12g;
ground-state wave functioy and energyg,, we find an Rb:  1—20s,2— 20p,3— 19d,4— 19f,5— 13g:
intermediate-state wave functidih; from an inhomogeneous ' ' ' ' '
equation, Cs: 1-23s,2—23p,3—23d,4—26f,5— 14g.

TABLE IV. Static quadrupole polarizabilitiea5(0) of singly charged ions of alkali-metal atorfsore polar-
izabilities). Results marked RRPA are results of our calculations; these numerical values are identical to those
by Johnsoret al? All values are in atomic units.

Li* Na* K* Rb* Cs'
RRPA 0.11 1.52 16.3 35.4 86.4
Patil (Refs. 32 and 38 1.6415) 18.23.0 42(3) 12840
Freeman and KleppnéRef. 37 1.91(15)
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TABLE V. Static octupole polarizabilities5(0) of singly charged ions of  namic polarizability with Eq.(10). Additional contributions
alkali-metal atomgcore polarizabilities All values are in atomic units. af of core-exited states were calculated using the RRPA
Lt Nat K+ Rb* Cs method.

Calculation of dynamic polarizabilities with=0 gives
us the static polarizabilities. We provide these data in Tables
Il and Il and compare them with other results. To estimate
uncertainties we present in the tables results of pure DHF
calculations and compare them with DHMBPT ones. The

Using these basis sets we solved the multiparticle ‘gchraincertainties of calculations are associated with higher or-
dinger equation7) and found the wave functions of low- ders of the MBPT which are taken into account only par-
lying states. As discussed in Ref. 28 and demonstrated iHaIIy. The heavier the at'om, the larger MBPT contribution is
Ref. 29 a proper approximation for the effective Hamiltonian@"d We expect theoretical accuracy to become worse. For
can substantially improve an agreement between calculatd@Stance, th? MBPT correction to the static quadrupole po-
and experimental spectra of multielectron atom. One can inldfizability a5 for Li is only 4%, while for Cs it attains 38%.
troduce an energy shi and replaces(E)— S (E— ) in For static octupole polarizabilities; the MBPT corrections
the effective Hamiltonian, Eq(8). We have determined &€ larger and range from 5% for Li to 48% for Cs.

from a fit of theoretical energy levels to experimental spec- L€t US turn to estimates of theoretical uncertainty of
trum. Using only one fitting parametérwe reproduced the q.u.adrupole poIar|zab|I|t|es._ Essgntlally_lt is based on sensi-
experimental energies for 12 low-lying states for Li and foriVity Of our results to semiempirically introduced shifés

10 low-lying states for Na and K with accuracy 0.1-0.29%_ As mentioned in Sec. Ill an introduction of these shifts mim-
To reproduce the low-lying energy levels with the same 0.1-ics omitted.higher orders of perturbation thgory. We estimate
0.2% accuracy for heavier Rb and Cs we used three fittinéhe theoretical error bar as a half of the difference between
parametersdifferent shiftss for different partial waves An @b initio (6=0) value and result with semiempirically cho-
illustrative comparison for the heaviest atom (6 elec- SN 9 Further, an overwhelming contribution to static
trong is presented in Table I. It is worth noting that an em-2 -Pole polarizabilities Eq(4) comes from the lowest-lying
pirical introduction of shiftss mimics higher-order many- Valence state of proper angular symmetry. Since we recover
body corrections in perturbation theory. We will estimate&XPerimental energies almost exadtge Table), the theo-
theoretical uncertainty based on sensitivity of our results td€tical uncertainty is determined by an accuracy of calcula-

This work 0.17 7.5 110 314 1014
Patil (Ref. 32 95(10) 28040 1220200

variation in these shifts. tion for electric-multipole operators of principal transitions.
We write
IV. QUADRUPOLE AND OCTUPOLE Saz(0) (ng|T3In"d) s—(ns|T2|n"d) 5_o

POLARIZABILITIES

a,(0) (ng[TGIn"d)s—0
To reiterate major steps of the formalism described in

Sec. I, we determined ground-state wave functions from thevherens denotes the ground state amdl stands for lowest-

effective many-body Schdinger equation(7), calculated lying valenced states. For example, following this procedure

dressed electric multipole operatoFg;, solved inhomoge- we obtain an error bar of 0.3% for Li. Our result of 1424

neous equatiori9), and computed valence parég of dy-  for Li is in excellent agreement with the value 1423.2%6

TABLE VI. van der WaalsCg coefficients in 18 a.u. for homonuclear dimer€} values include only valence
contributions. The final values were determined as combination of BMBPT method for valence contribu-
tions with RRPA calculations for core excitations.

Li Na K Rb Cs
Cg 0.832 1.15 4.00 5.37 9.16
Final 0.8344) 1.16Q18) 4.205) 5.778) 10.24)
Other theoretical works
Patil and TangRef. 14 0.8183 1.090 3.892 5.258 9.546
Yan et al. (Ref. 30 0.8342584)
Marinescuet al. (Ref. 13 0.8324 1.119 4.096 5.506 9.630
Spelsberget al. (Ref. 36 0.8303 1.141 4.011
Maeder and KutzelniggRef. 10 0.8089 1.098 3.834 5.244 9.025
Experiment
van Kemperet al. (Ref. 7) 5.7949)
6.097)
Marte et al. (Ref. 8 5.73
Amiot and Dulieu(Ref. 38 9.6319
Leo et al. (Ref. 9 8.4(4)
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TABLE VII. van der WaalsC,, coefficients in 10 a.u. for homonuclear dimer<}, values include only
valence contributions.

Li Na K Rb Cs
Co 0.734 1.12 5.18 7.55 14.7
Final 0.735 1.13 5.37 7.96 15.9

Other theoretical works

Patil and TangRef. 149 0.7289 1.068 4.789 6.833 13.58

Yan et al. (Ref. 30 0.737211)

Marinescuet al. (Ref. 13 0.7365 1.107 5.248 7.665 15.20

Spelsberget al. (Ref. 36 0.7306 1.113 5.431

Maeder and KutzelniggRef. 10 0.6901 1.036 4.522 6.836 13.01
Experiment

Amiot and Dulieu(Ref. 38 13.5927)

from benchmark high-accuracy variational nonrelativisticOnly by disregarding distortion of the core by the valence
calculations by Yaret al*® We estimate theoretical uncer- electrons, may one identify correctiong as core polariz-
tainties for octupole polarizabilities to be at 10% level for abilities. For static quadrupole polarizabilities their relative
heavy atoms. Our results for static polarizabilities are listectontribution to the total polarizabilities ranges from 0.01%
in Tables Il and III. In these tables we also compare ouffor Lj to 0.8% for Cs. The core corrections to static octupole
results with the predictions by other authors. We find that fOTpoIarizabiIities are even small§ust 0.25% for Cs Relative
light atoms there is a good agreement between different resmallness off terms forstatic polarizabilities may lead one
sults except the values obtained by Maeder and Kutzetigg 1o a wrong assumption that the core excitations may be dis-
are consistently smaller. As the number of atomic electron§egarded in calculations of van der Waals coefficiajs In

increases, the correlation effects become more pronouncegc; the expressiond) for C,, contains integration over an
and discrepancies between results from different groupg finite range of frequencies. While the region around

grow "".‘rger- Marinescet al.” usgd a moqe! potential With =0 does provide the dominant contribution@q, the high-
five adjustment parameters obtained by fitting to eXpe”menfrequency tail of the polarizability is still important. As

tal energy Ieyels. Core polarlz.at|on was included n theﬂoo the core polarizability overpowers valence contribution.

pseudopotential and they also included effects of Shle|dlngi]n fact, one of the points of the pafewas to explicit

(or field dressing in the multipole operators. Patil and ’ b b -XPICTly
demonstrate that for heavy atoms the core polarizability may

Tandg* also used effective potential in their calculations to : ) . .
0,
obtain the wave functions of excited states, but they use&qntnbute as much as 15/0@25 Q|sper3|0n coefﬁme.r!t. Here
sing RRPA calculations of(iw) core polarizability we

one-parametric potential and did not use shielding in the'S ) . ) . .
multipole operators. Generally, our results are in a goodN'” arrive at a similar conclusion for higher-multipole coef-

agreement with all results except for values by Maeder anfCientsCg andCyo. o
Kutzelnigg™® The latter were obtained more than 20 years We_c_alc_:ulated the core polanza_l:nlltu_as in the framework
ago. The core-polarization and relativistic effects were simu®f relativistic random-phase approximation meti&RPA).
lated by a pseudopotential, and the alkali-metal atoms werEssentially we extended approach of Johnstml*® and
treated as one-electron systems. Besides that these auth#tgorporated frequency dependence into the calculations.
used small number of basis functiofesg., only five basis Compared to Ref. 23 we also employed a different numerical
orbitals forp, d, andf partial waveswhile a, anda; polar-  technique using-spline basis set¥. With our newly devel-
izabilities are very sensitive to details of construction andoped code we recover the previous restifer static dipole
saturation of basis sets. and quadrupole polarizabilities. We found that unusually
Also shown in Tables Il and IIl are the corrections  large basis sets of 10B-splines were required to achieve a
due to core-excited states. These quantities are essentialiyymerical convergence, especially for octupole polarizabil-
polarizabilities of singly charged ions of alkali-metal atoms.ities of heavy atoms. Finally, we present a comparison of the

TABLE VIII. van der WaalsCg coefficients in 18 a.u. for heteronuclear dimer€} values include only valence contributions.

Li—Na Li—K Li—-Rb Li—-Cs Na—K Na—Rb Na—-Cs K-Rb K-Cs Rb-Cs
Cg 0.982 1.91 2.26 3.07 2.18 2.56 3.43 4.64 6.13 7.04
Final 0.98811) 1.952) 2.343) 3.21(10) 2.243) 2.664) 3.6212) 4.936) 6.6219) 7.6922)
Other theoretical works
Ref. 14 0.949 1.852 2.190 3.049 2.082 2.444 3.355 4.531 6.162 7.111
Ref. 13 1.068 2.517 3.137 4.586 2.614 3.250 4.727 5.123 7.547 8.120
Ref. 36 0.978 1.911 2.174
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TABLE IX. van der WaalsC, coefficients in 10 a.u. for heteronuclear dimer€?, values include only valence contributions.

Li-Na Li—-K Li-Rb Li-Cs Na-K Na—Rb Na-Cs K-Rb K-Cs Rb-Cs
Clo 0.912 2.07 2.55 3.73 2.48 3.04 4.40 6.3 8.9 10.6
Final 0.916 2.10 2.61 3.84 2.53 3.13 4.55 6.6 9.4 11.3

Other theoretical works

Ref. 14 0.8859 1.949 2.356 3.379 2.303 2.773 3.948 5.724 8.077 9.629
Ref. 13 0.982 2.651 3.413 5.303 2.949 3.784 5.844 6.726 10.37 11.79
Ref. 36 0.9058 2.139 2.553

pompu_ted RRPA static qua}drupole and octupole cosre polar- 5Cgb:{[5cab(112)]2+[5Cab(2y1)]2}1/2-
izabilities with other works in Tables IV and V. P&ti**has
inferred these polarizabilities analyzing Rydberg spectra otiere we assumed that=b. The formulas for homonuclear

alkalis. His results are in a uniform agreement with abr ~ dimers may be derived in a similar manner. The resulting
initio values. theoretical uncertainties fag coefficients range from 0.5%

for Li, to 4% for Cs dimer. We anticipate uncertainty@n
coefficients to be better than 10%.
It is instructive to consider the effect of core excitation
From general formul&3) dispersion coefficients may be contribution af(i w) to dynamic polarizabilities and thus to
expressed as C, coefficients. Such corrections are omitted in the model
ab_ ab_ otential calculations such as Ref. 13 and 14. To illuminate
Co=Can(L.D,  Cg'=Car(1,2+Car(2,D), fhe relative contributions of core excitations we computed
(1D C,, coefficients by keeping only the valence contributions to
the total dynamic polarizabilities,

V. VAN DER WAALS COEFFICIENTS

Ci6=Can(2,2)+ Cap(1,3 + Cap(3,1).
Here the coefficient€,,,(1,1") are quadratures of atomic-2
and 2’-pole dynamic polarizabilities, a(iw)—af(iw).

3 L by Such calculated dispersion coefficients are marke@gand
Cap(LY= ] arlio)ar(io)do, (12 cv i Tables VI-IX, while values marked “final” were ob-
tained with an additional inclusion of core excitations. Com-

15 (= . . o
_ 19 a: b, paring these values, we observe that relative contribution of
Can(1.9= zwfo ai(iw)az(iw)do, (13 a/(iw) term grows rapidly as the number of atomic elec-
trons increases. For example, examining Table VI we see that
_ a b, core correction taCg for Li is only 0.2%, while for Cs it is
Can(2.2) T fo ay(iw)az(iw)do, (14) 10%. ForC,q coefficients the core contributions for all atoms

are slightly smaller. Still for Cs core excitations contribute
C (1 3) — Efmaa(| w)ab(i w)dw (15) 8% to theClO coefficient.
abt m)o ! 3 ' A comparison with results by other authors is presented

. : L . . in Tables VI-IX. There is good agreement for light Li and
Calculations of dynamic polarizabilities were discussed in . . . .
Na atoms. For heavier atoms, in particular for Cs, there is

the previous segtlpn and here we proceed to evaluation of th(?lscrepancy at the level of 10% faZg and 20% forCyq
dispersion coefficients.

The computedC, and Cy, coefficients for homonuclear coefficients. Such tendency may be attributed to two factors.

. . irst, correlations become enhanced for heavier atoms. An-
and heteronuclear species are presented in Tables VI-IX, : . )
. . iy . . “Other cause is that model-potential calculations such as Refs.
The dispersion coefficientS8¢ were tabulated previously in

Refs. 6 and 16. This completes the first application of rela_13 and 14 disregard contribution of core-excited states. This

tivistic many-body methods of atomic structure to calcula—COrreSpOnOIS o the valence term denotedCgsin Tables

. . . : VI-IX. As mentioned above the core-excited states contrib-
tions of leading long-range interactions between ground-state

: ute at the level of 10% for Cs. If we disregard this contribu-
alkali-metal atoms. : ) )
. T . tion, we see that the model-potential results are in a reason-
To estimate uncertainties in our values we notice that th%ble aareement with ouE” values
main value of the quadratures, Eq42)—(15), is accumu- g n :

: ) Only recently interpretation of experiments with ultra-
lated in the low-frequency region~0. Therefore the error T
) S . . cold atoms allowed several groups to reduce uncertainties in
may be expressed via uncertainties in the static multipol

o S %he C, coefficients to a fraction of a perceht These in-
polarizabilities, iy . .
ferred coefficients are in an excellent agreement with our
8C(1,1") 8a,(0)\? [ Say.(0)\ %] values predicted using many-body perturbation thédyen
Cor(l1) = 0) + 0 : more refined understanding of details of ultracold collisions
ap(l, o 1(0) led very recently to constraints on higher-multipole coeffi-
The required uncertaintiesa, (0) were estimated in Sec. IV cientCg for Rb, (Refs. 7 and Band Cs dimef.In Table VI
and Ref. 6. The error induced mgb is we present a comparison with these inferred values. Our
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