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Higher-order C, dispersion coefficients for the alkali-metal atoms
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The van der Waals coefficients, fro@; through toC;g resulting from second-, third-, and fourth-order
perturbation theory are estimated for the alkali-métalNa, K, and R atoms. The dispersion coefficients are
also computed for all possible combinations of the alkali-metal atoms and hydrogen. The parameters are
determined from sum rules after diagonalizing a semiempirical fixed core Hamiltonian in a large basis. Com-
parisons of the radial dependence of €gr" potentials give guidance as to the radial regions in which the
various higher-order terms can be neglected. It is seen that including term&yg t&° results in a dispersion
interaction that is accurate to better than 1% whenever the inter-nuclear spacing is largeraghdmiadevel
of accuracy is mainly achieved due to the fortuitous cancellation between the rep@siv€3,Ci5) and
attractive(Cy,,C14,C4¢) dispersion forces.
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I. INTRODUCTION order perturbation theory, and are repulsjtd]. Contribu-

tions from fourth-order perturbation theory start rat12

The experimental realization of Bose-Einstein condensa[ : .
. - ) . 114,15. The calculations were stopped at16 since the
tion (BEC) for the alkali-metal atoms Li, Na, Rb and atomic contributions from fifth- and sixth order perturbation theory

hydrogen[1,2] has resulted in an upsurge of interest in thestart atn=17 andn=18, respectively.

area of COI.d atom phy_S|cs. One.c_onsequgnce Of.th's Is the It has been customary in previous systematic studies of
increased importance in determining the interaction poten-

tials between alkali-metal and alkaline-earth atoms. For eXgilspersmn coefficients to restrict the calculations to just the

ample, the stability and structure of BECs depends on thger Ce ANdCio terms[16]. With the recent interest in deter-

sign (and magnitudeof the scattering length, and the scat-%Inlng the scattering lengths @A systems to high preci-

tering length depends sensitively on the fine details of théc’ion [4,9,17-20, it is now worthwhile to evaluate the higher
tering ‘eng P y h dispersion coefficients with a view to determining whether
interaction potential3,4].

One can trv and determine the interaction potential b these make a significant contribution to the interatomic po-
. 1y : 1 poten Yential for those radial separations at which the long-range
either explicit calculation[5-7], or by analysis of high-

precision spectroscopic experiments of the diri@r10]. form of the potential is first applied.

. S The recent spectrum analyses have typically an internu-
These approaches are most suited to determining the POar distance of about ag as the boundary point used to

?:l atr in21all ;O A?r::n;egigfngiu%Sngfréﬂgesrgﬁclﬁ:rad'Srtgggﬁoin the explicitly determined potential with the asymptotic
9 ). 9 ' pp orm given in terms of the dispersion forcg&-10]. Taking

Ling oscllator strangih aum rules o determing the so-salle® RO-Rb potential as a speifi example, explict calca-
9 9 ions have shown thatCq=4.635x10° a.u., Cg=5.701

dispersion coefficients.

The long-range interaction between two spherically sym- - 10° a.u., Cyo=7.916x 10" a.U., andCyp=1.427x 10 a.u.
. g-rang . . P Y SYMT21]. At a radius of 2@, the ratios of the contributions from
metric atoms can be written in the general form

the various terms are 1:0.308:0.1068:0.0481. The contribu-
V(r — ) = = Vg(r) = Vg(r) = Vio(r) = Viq(r) = Vio(r) = -++ tion of the highest multipole potential is about 5% of the
dipole-dipoleCg term.

(@) In this article, theC;, to C;¢ dispersion coefficients and
where the dispersion potentis}(r) of ordern is written related parameters are computed using a semiempirical ap-
proach for the alkali atoms. The method adopted utilizes os-
Vn(r):&. 2) cillator strengths calculated within a semiempirical frame-
rn work [21]. Comparisons with previous high accuraap

The C h der Waals di . f1E_initio calculationg21-26 of the Cg, Cg, andC,q dispersion
ne Ln parameters are the van der Vvaals dISpersion Coelllz,qfficients suggests the methodology is able to generate co-
cients. The evefn=6,8, .., dispersion coefficients are cal-

) ) i efficients that are accurate to about 1-2 % for the lighter
culated using oscillator-strength sum rules derived fromy,aii-metal atoms.

second-order perturbation theory and provide an attractive

interaction. The oddn=11,13,..) terms come from third-
Il. CALCULATION OF THE DISPERSION PARAMETERS

All the dispersion coefficients computed in this paper
*Electronic address: jxm107@rsphysse.anu.edu.au were computed by first diagonalizing the semiempirical
"Electronic address: mbromley@cdu.edu.au Hamiltonian[21] in a large mixed Laguerre-type orbital or
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Slater-type orbital basis set. Next various sum rules involv- ING22 = 0 = g(0) (6)
ing oscillator strengths or reduced matrix elements were o '

summed over the set of physical and pseudostates. ] 0 o )

The respective formulae for the various coefficients ard 21,32 to estimate arf"”-value distribution function of rea-
now given. The notatioi€, is used to denote the total dis- sonable accuracy. This expression reduces to the well-known
persion coefficient for a given. So forn=12,C, is the sum 1 homas-Reiche-Kuhn sum rule for 1, viz.
of C.:ff) andC?, wh(ar)ecf) arises from second-order pertur- N=S 0 = 59(0). 7)
bation theory andC.” arises from fourth-order perturbation i

theory. . .
In these expressiond is the total number of electrons and

(r?-?) is an expectation value of the ground-state wave func-
A. The second-order contributions toCy, and Cyy tion.
While the highern dispersion coefficients for the H-H  1he coref-value distribution was determined by assum-

system have been determined to high precif-29, only  ing each closed subshell made a contributiolof ~ to the

a few calculations ofC;, and C,, have been done for the SUM rlules, wherd\; the number of electrons in the subshell
2-2 - :

alkali-metal atom$14,30]. The calculations of Ovsiannikoy, andri * is the(r?~?) Hartree-FockHF) expectation value.

Guilyarovski, and LopatkdOGL) [14,27 used an approxi- Next, the excitation energy for each subshell is set to the HF

mate expression for the Greens function and can only bé&ingle particlee plus an energy shift. The energy )Sh'kﬁ(")

expected to be accurate at the 20% level. Explicit compariwas set by using the core multipole polarizabiliaf} . and

sons with theCg andC, values of Patil and Tan¢PT) [30]  the relation

in Refs. 21 and 25 reveal discrepancies of order 10% for IN.r2-2
Na,, K,, and RB. Recursion rules exist for estimatir@, at al) => —— D2 (8)
high n from data tabulations o, for lower values oh [28]. i (6 +A7)

The polarization and dispersion parameters can be co
puted from their respective oscillator strength sum rul
which are well known. The oscillator strengﬂﬂ') from the
ground statéwith orbital and spin angular momentum equal
zero to theith excited state is defined as

enk‘ full description of the details and core polarizabilities used
Yo fix AD for =1, 2, and 3 has been publishg2fl]. The
contribution from the core was omitted for4 and 5 since
there are no reliable estimates of these core polarizabilities
and, in addition, thér =2 weighting factors lead to the core

I
becoming less important for largerThe core contribution to

PRPSYIONT:
# = 2ol C' ()] €oi. (3« wasless than 0.2% for Rb and most of the core contri-
' (21 +1) bution to C(Zi) comes from the® distribution.
In this expressiorC' is the spherical tensor of rarlk the B. The third- and fourth-order potentials

Wigner-Eckart theorem is defined according to Ref. 31, and The dispersion coefficients;; and C,5 arise from third-
€ is the excitation energy of the transition. The sum rule fororder perturbation theofy13—15,27,29,3B The standard ex-
the adiabatic multipole polarizabilityy" is pressions are given in terms of sums of products of reduced
matrix elements. The expressions derived by QG4,27]
o_< o _ are used. Given the complexity of the expressions, it is not
a ‘2 §‘5< (=2). (4) surprising there have been relatively few calculations of
Lo these coefficients for any atoms. Accurate vaIues(Ifff
through toC(;l) for the H-H system have recently been pub-
lished[27,29.
(0 1) For thelalkali—metal atoms, the only estimatesf:Q{ have
00 , (5) been obtained from the relatively small calculations of OGL
T €oi€oj(€oj + €o) [14] and Patil and Tanf30]. There have been son@; and
C,, estimates for C§34], but that atom is deemed too heavy
with |;+1;+1=n. The sum rules are a generalized sum whichto accurately describe with the present nonrelativistic method
implicitly includes a sum over excitations to bound statesand is not discussed any further here.
and an integration taking into account excitations to con- The dispersion coefficients;, and Cy4 both have contri-
tinuum states. butions that arise from fourth-order perturbation theory.
The sum rules involve contributions from both core andHowever, there have been very few calculations of the
valence excitations. The valence contributions were evalufourth-order term for any systems. Bukta and MeftB]
ated by diagonalizing the model Hamiltonian in a very largemade an explicit calculatio}} for the H-H dimer. In ad-
basis. Determination of th&value distribution for the core dition to deriving a general expression, OG14,27 also
was handled by using the propertiesfefalue sum rules and made some estimates Gfl“z) for combinations of hydrogen
an approach that gives a reasonable estimate of-tedue  and the alkali atoms. Finally, the present authors made a
distribution with a minimum of computatidi21]. We use the  comprehensive calculation @Iff) up ton=32 for the H-H
sum rule for the polarizability, Eq4) and interaction[27] using the OGL formalism.

The second-order contributions @, andC,, are defined

(2n-2)!
C(2):
an ,E,J 21;121;!
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TABLE I. The higher multipole polarizabilities for the lighter [21,35 were affected to a smaller extent by this problem

alkali atoms. All values are in atomic units. [26]. The octupole polarizabilities were 3—4 % too large for

these atoms, while the effect up@y, was to make them
1076 10%°  10%9 about 1-2 % too large. The impact upaf? andCg was an

order of magnitude smaller but it was still discernilbgY].

Method Present PT30] Present Present Where values o€g andC,, are required in the present work,
the revised valueg26] are used.

Li 1.999 1.947 0.1551 17.04

Na 2.973 2.828 0.2450 28.53 . .

K 11.82 10.69 1.204 172.4 B. The homonuclear alkali-metal—alkali-metal systems

Rb 16.57 14.49 1.762 259.6 The results of the present calculations for the Li, Na, K

and Rb homonuclear alkali atom pairs are listed in Tables |
and Il, and compared with the calculations of Ovsiannikbv
Although the core has not been taken explicitly into ac-al. [14] and Patil and Tang30]. All of the present values of
count in the evaluation of the third- and higher-order disperc(lzz) are larger than the PT and OGL estimates by amounts
sion parameters their impact is expected to be smaller tharanging from 10-50 %. This is not a concern since the OGL
second order due the third- and fourth-order sum rules havand PT estimates @@g, Cg, andC,q are also smaller than the
an energy denominator involving the square or cube of théatest data for these paramet€24,24,29. The present esti-
excitation energy. mates ofC,; and C;5 are also 10-50 % larger than the PT
and OGL estimates.
In Table II, CEIZ) andCﬁf) are given as separate entries. The
lll. RESULTS OF THE CALCULATION total dispersion parameteg, is given in Table IV which
tabulates the dispersion parameters for all possible atom-
) ) atom combinations. The fourth-order terrﬁﬁ“; are about
One aspect of the calculations that warrants particulay_g o4 the size 06(122)_ The fourth-order correction t6;, is

mention was the sensitivit)(/2>of Eg)e highle(znr;)olarizabilities about the same size as the correction due to the core. The

(listed in Table J and thusCy, Cj,, andCyg to the repre- i, of the fourth-order correction @y is larger, with about

sentation of the ground-state wave function. While there %504 of the final value of,, coming fromc? For Cy the

ng¥ 22%1?:}1%;?‘ tgf r(?c?rz\elzi?et::tgbtahseis\,\;ﬁ\r/]itigjr?scn?hne;I;Itgr%)urth-order terms are almost as large as the 2nd-order terms,
) ; @ hai 0 ; (2

some negative features. One of those negative features re—'t_rllh(;lg obnilr?t?u?ign/ootfh;(:I(Z:sr((ftg(zﬁorclé)z Zz?jCR(%-is rela-

lates to the behavior at large distances from the nucleus, 120 “14° 16

Unlike a grid based calculation, the correct asymptotics aréVely small. The contribution is Iarng,-st for the gfglmer,
not imposed and so the largepart of the wave function, PUut even h(%re the effect is 4.2% f@i, 3.2% forCy,, and
which has a weak influence on the total binding energy car-5% forCjg.

be inaccurate.

This is best illustrated by a specific calculation. Our initial
calculations for thev'® and a® polarizibilities Na used a8
wave function written as a linear combination of 12 Slater The LeRoy radius is often used as an estimate of the
type orbitals(STOS. This wave function had a binding en- critical radius beyond which the interaction can be described
ergy against ionization of 0.1888532 Hartree. The resultind?y the use of a dispersion formul@6,37. It is defined for
poI%gizabiIities were a¥=3.46x 1P a.u. and «®=6.42 two atomsA andB as
X 10° a.u.. When the STO basis was replaced by a large T T
Laguerre type orbitalLTO) basis(this was necessary for the RiR= 209+ V(r9)e), 9
evaluation ofC,,) and the energy driven to convergence thewhere (r2), is evaluated for the ground state. The LeRoy
resulting binding energy was 0.1888549 Hartree. Howevefadius for the homonuclear dimers are given in Table Iil.
there were drama.tlc Changes in the pOlarlzabllltleS, with the We introduce some parameters so that the range of valid-
new values beinga@=2.97x10P a.u. and a®=2.45 jty of the dispersion formula can be discussed in a quantita-

X 10° a.u.(refer to Table ). The polarizabilitya® decreased tive manner. First, the partial sum of the dispersion energy up
by a factor of about 2.5 when the binding energy changed byg thenth term is defined as

1.7X 10°® Hartree. The dispersion paramet@g and C\3

were also sensitive to the representation of the ground-state B

wave function. The initialcﬁ of 4.04x 10" a.u. was de- Wa(r) _Esvm(r)' (10)

creased to 2.602 10'! a.u. when the ground-state basis was

made exhaustively large. The impact of the basis set on th@ne would then consider the relative sizeVf(r) to W..(r)

dispersion coefficients was was not so extreme as for thas a measure of the accuracy of the truncated dispersion po-

polarizability but was still substantial. tential to the exact potential. There are of course problems
The @ and f® distributions used in earlier calculations associated with the evaluation ¥¥,, and so we identify

of the Na and K polarizabilities and dispersion coefficientsW,,(r) with W;g(r). It is natural to stop the analysis at

A. Sensitivity of calculations to the ground-state wave function

C. Critical radius for dispersion formula

m=n
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TABLE II. The dispersion coefficients for homonuclear combinations of the lighter alkali atoms{:ﬁf)he
terms have core contributions. All values are in atomic units.

Method ~ 10°C;; 10°CH 10°C\) 10°C;; 10y 102C\) 107%C,s 10%°C? 1075CY

Li
Present -40.44 0.9015 0.0401 -11.05 0.1455 0.04251 -2.873 0.02997 0.01908
PT[30] -37.36 0.8648 -10.11
OGL [14] -36.0 0.648 0.0433 -8.85

Na
Present -61.01 1500 0.06699 -18.90 0.2602 0.0720 -5.368 0.05736 0.03637
PT[30] -53.32 1.375 -16.46
OGL[14] -39.5 0.917 0.0396 -11.3

K
Present -364.9 9.102 0.4640 -147.2 2.000 0.6807 -53.02  0.5544 0.4480
PT[30] -312.3 7.749 -122.8
OGL[14] -250 5.430 0.361 -89.3

Rb
Present -536.2 1426 0.6986 -236.5 3.314 1.098 -91.20  0.9656 0.7897
PT[30] -464.4  11.56 -195.1

OGL[14] -376 8.370 0.556 -145.0

=16 since the contributions from fifth and sixth-order pertur- |Wi,(r) = Wyg(r)| = 0.010N;4(r), n=< 16. (11
bation theory start ab=17 andn=18, respectively.

Figure 1 shows the ratidWyq(r)—Wie(r)|/|Wie(r)| as a  Table Il givesR, for the hydrogen and alkali-metal homo-
function ofr for the Li, Na, K, and Rb dimers. This ratio is nuclear dimers. The values & get larger as the atom gets
seen to be smaller than 1% for all valuesrofreater than heavier. A dispersion potential only involvir@s would not
20a,. The curves for Lj and Na are very similar, as are the be accurate to 1% until the separation distance increased to
curves for K and Rb. The existence of two sets of two very more than 108, in the case of Rp This distance shrinks
similar curves is probably related to the fact that the lowesgramatically with the inclusion of th¥s andV,, potentials.
lying d excitations for Li and Na involve a change in princi- The size ofRg indicates that a dispersion interaction with
pal quantum number whereas those for K and Rb do not. only Vg and Vg is not good enough to describe these alkali-

There is a sign change [Wio(r)—W,4(r)] near 2@, for ~ metal dimers. TheRy, parameter is smaller than the LeRoy
all four dimers. The magnitude &%,4(r) is generally smaller radius for all systems, and so the useVi#fy(r) will be ac-
than W,4(r) for small separations, but for large separations_CUfate to better than 1% as long as the internuclear separation
W) is generally larger in magnitude thai«r). This is IS greater tham p.
caused by the repulsive,(r), Vi4(r), and Vy(r) interac- Figures 2, 3, 4, and 5 show the rafig(r)|/|Wie(r)| as a
tions. function of r for all the alkali dimers. One of the most no-

A useful way to parameterize this information is to defineticeable features of these curves is the existence of a nexus

R, such that it gives the smallest radius for which the partial

dispersion energWV,(r) is accurate to 1%. In effedB, is the
largestr solution of the equation

2 K

TABLE lll. Various radial distance$in ay) related to the accu- =
racy of different order expansions of the dispersion parameters for =
the homonuclear alkali-metal atom dimer. - N
2 a

2 10°®

Atom r») Rir Rs Rs Rio
. .4 . . . . -~

Li 17.47 16.72 77.53 25.92 16.30 10 10 15 >0 o5 30 35 20
Na 19.51 17.67 86.24 28.07 17.24 r (units of ag)
K 27.97 21.16 103.8 32.61 18.82
Rb 30.76 2218 111.0 34.44 19.54 FIG. 1. The ratio offWyo(r) —Wyg(r)|/|Wyg(r)| as a function of

r (units of ag) for all the possible homonuclear pairs.
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100 P T 100 P e —
Li
107 107 B TR e
2 N, T =
2 2
= 10?2 = 1072 -
= =
= =
............. — n=11
103 103 T
n=11,13,15 — "N\ s n=11 n=11,13,15 — NG :
n=12,14,16 - N n=12,14,16 - N=16" e
o . ) RN . X ) . O N
10 15 20 25 30 35 40 10 15 20 25 30 35 40
r (units of ag) r (units of ap)
FIG. 2. The ratio ofV,(r)|/|W,¢(r)| as a function of (units of FIG. 4. The ratio offV(r)|/|Wy4(r)| as a function of (units of
ap) for the lithium dimer. The decay of the ratio at langés fastest ~ ag) for the potassium dimer. The decay of the ratio at large
for largen. fastest for largen.

point for theVy;, Vi Via Vis, andVyg potentials between v, and similarly[Vy4(r)+Vy4(r)] is smaller tharVys or Vy,
(16—2Da, for all alkali dimers. This suggests that a recur- yile [Vis(r)+Vig(r)] is smaller thanV,s(r) or Vyig(r). The
sion r_elati(_)n of t_he typé:mm:Aan exists between the re- combination 0fV,n_1(r) +Va(r) falls to 1% of W;g(r) about
spective dispersion coefficients. o (5—-10a, closer to the origin than eithdf,,_;(r) or V,(r).

The biggest correction toV;q(r) for sufficiently larger The rubidium dimerA recent analysis of three comple-
should beVyy(r). The Cy,:Cy, ratios for L, N&, Ky, and  mentary experiments by van Kempenal. [9] for the Rb
Rb, from Table IV are 23.3, 25.7, 26.2, and 27.9, respecqimer resulted in experimental estimates of the dispersion
tively, and forr less than these values it is actually,(r) parameter<Cg, Cg, Cyq andCy; and gave estimates of the
which is the largest correction ¥,(r) (note, at sufficiently  scattering length to a precision of about 1% for®Rb
smallr, Vi, Vg, ..., will also be larger tharv/y,). The present work suggests that their estimate€0iCs,

The extent to which mutual cancellations act to minimizeand C,, may be well founded and our previous calculations
the error can be gauged by adding the magnitudé4,@ at  agreed with the experimental values to an accuracy of 2%
r=20a,. For Na, theZ2% ,|V,(r)| is equal to 0.04XK W,4(r)  [21]. However, it is probable that their attempt to determine
atr=20a,. But, the partial sumW,y(r)—W,4(r)| is equal to  C,; was overly ambitious. The present calculation g&yg
0.0012< W,4(r) at this radius. The alternating signs reduce=-5.362x 10° a.u. which lies outside the van Kempen esti-
the impact of the higher order terms by a factor of about 40mate ofC;,=(-8.6+0.17 % 10° a.u.. We believe this differ-
For Rb, the Eﬁilﬂvn(r)\ sum gives 0.16& W4(r) at r ence is a consequence of the assumptions made by van
=203, The magnitudes ofV,(r)|/|Wy(r)| are greater than Kempenet al. when they performed the fit to extract the
0.025 for alln between 11 and 16. The partial suw,o(r)  dispersion coefficient.

—W,4(r)| is equal to 0.007X W;4(r) at this radius. In this First, tl(;ueir least squares fit relied on a value@f, of
case, the alternating signs have reduced the impact of tHe19% 10" a.u. computed by Patil and Tafig8]. This esti-
higher order terms by a factor of more than 20. mate ofC,, is about 25% smaller than the present second-

Figures 6 and 7 better illustrate the extent to which mutuaPlus fourth-ordeiCy, of 1.496x 10" a.u. Second, their esti-
cancellations result iV, being a very good approximation Mate is derived from the energies of bound states that have
to the total dispersion potential for Na and Rb. The combi-&n outer turning radius of about @) At this radius,V, is
nation [Vy4(r)+Vi,(r)] is much smaller than eithev,; or ~ actually larger tharvy,. Furthermore, the higher order terms

0 : v s r—— — —_ -
[ SRR 10 A
10 e e 107"
® o . =
= =
= 1072 = 10%}
[= [=
= =
108 IS 078 e T Y
n=11,13,15 — n=11,13,15 —
n=12,14,16 --- N n=12,14,16 - ) .
107 . . . N 104 , . . ] :
10 15 20 25 30 35 40 10 15 20 25 30 35 40
r (units of ag) r {units of ag)
FIG. 3. The ratio offV,(r)|/|Wyg(r)| as a function of (units of FIG. 5. The ratio offV(r)|/|Wyg(r)| as a function of (units of
ap) for the sodium dimer. The decay of the ratio at large fastest  ay) for the rubidium dimer. The decay of the ratio at langes
for largen. fastest for largen.
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TABLE V. The dispersion coefficient€;;— C4¢ for all the possible interacting pairs formed by hydrogen and the alkali-metal atoms.
The Cy,, C14 andCyg coefficients have contributions from both second- and fourth-order perturbation theory. All values are in atomic units.

System Cu1 Ci2 Ciz Cus Cis Cie
H-H [27] -3474.9 1.227%10° -3.2699x 10° 6.3617x 10° -2.8396x 10’ 4.4121< 108
10°Cy, 10°Cy, 10°C,5 10°Cy, 10°C,q 10°%2c,,
H-Li -0.2251 21.17 -0.04752 2.735 -9.438 0.4593
H-Na -0.2760 29.43 -0.06269 4.030 -13.25 0.7160
H-K -0.5636 92.69 -0.1635 15.68 -43.10 3.409
H-Rb -0.6619 12.34 -0.2064 21.86 -57.57 4,936
10°6C,, 107°C,, 107°C5 101ec,, 10°12C 5 10713C 4
Li-Li -40.44 0.9417 -11.05 0.1880 -2.873 4.906
Li-Na -49.63 1.221 -14.48 0.2512 -3.937 6.819
Li-K -119.4 3.216 -40.67 0.7685 -12.68 24.08
Li-Rb -143.9 4.134 -51.84 1.018 -16.84 32.90
Na-Na -61.01 1.567 -18.90 0.3323 -5.368 9.373
Na-K -146.5 4.015 -52.60 0.9834 -17.04 31.97
Na-Rb -176.5 5.125 -66.85 1.292 -22.54 43.32
K-K -364.9 9.567 -147.2 2.681 -53.02 100.24
K-Rb -442.1 11.99 -186.7 3.449 -69.63 133.0
Rb-Rb -536.2 14.96 -236.5 4.412 -91.20 175.5

Vi3, V1a, V15 andV;g were all slightly larger tharv,; at a  ported by OGL[14] and PT[30] are not listed since the
radius of 2@,. However, as has been noted, the alternatingoresent calculations are more sophisticated.

signs of the successive terms results in a considerable degree
of cancellation. Nevertheless, one can conclude that the van

IV. CONCLUSIONS
Kempen estimate df,, is sensitive to the accuracy and pres-

ence of the hign terms in the dispersion interaction. The complete set of dispersion parameters up=t@6 has
been computed for all combinations of hydrogen and the
_ _ alkali atoms up to rubidium. The relative importance of the
D. The heteronuclear systems including H

dispersion potentialg,(r) increases as the atoms get heavier.
The n>10 dispersion parameters for all possible combi-It was found that the dispersion energy given by the first

nations of H, Li, Na, K, and Rb are given in Table IV. The three terms of Eq(1) is accurate to 1% whenev&> 20a,,.
radial matrix elements for hydrogen were those of the This degree of accuracy at relatively small internuclear sepa-
=15 calculation used in an earlier calculation of the H-Hrations comes from a fortuitous cancellation between the
dispersion parametef&7]. The C,; and C;, parameters re- terms withn>10 in the dispersion energy. The third-order

g 10°F
107k
£ =
S =z
= =102
< c
= >
107 ¢
LB A 10
10 15 20 25 30 35 40 10

r (units of ag)

r {units of ag)

FIG. 6. The ratio of|V,(r)|/|Wyg(r)| for n=6, 8 and 10 as a FIG. 7. The ratio of|V,(r)|/|Wyg(r)| for n=6, 8, and 10 as a
function of r (units of ag) for the sodium dimer. The other curves function ofr (units ofag) for the rubidium dimer. The other curves
show the ratio ofVy,_1(r)+Von(r)|/|Wie(r)| for 2n=12,14, 16. show the ratio ofVy,_1(r)+Von(r)|/|Wie(r)| for 2n=12,14,16.
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potentialsVy,, Vi3 and V5 are repulsive, while the even than improve the accuracy of the dispersion potential. Given

termsV;,, Vi, andV,g are attractive. The fourth-order con- that theCg parameter has been calculated to a precision of

tribution to C;5 was almost as large as the second-order conbetter than 1% for most alkali systeffsl,24,25, usage of a

tribution to Cyg. It is worth noting that Dalgarno and Lewis dispersion interaction involving th&/;,V,,) potentials may

showed that the second-order multipole expansion of the didse warranted.

persion series was actually diverg¢8]. However, the can- There have been a couple of experimental investigations

cellations that occur between the terms of different polaritiesf alkali-dimer potentials that have included dispersion

are consistent with their statement that truncating the dispefforces withn>10. The value oiC,; for the Rb dimer has

sion series to a finite number of terms can lead to an accuratgeen given by van Kempesat al.[9]. However, this value of

interaction potential despite the formal properties of the mul-C,, is most likely model dependent for reasons discussed

tipole expansion. earlier. Consideration of th¥,,(r) potential has also oc-
Whether terms in the dispersion interaction witt-10  curred in analyses of the spectrum of the Cs difdé;41].

are important in the description of alkali dimers is essentiallyln this case, th&/;,(r) potential was omitted so it is doubtful

a question about whether the dispersion interaction has to hghether the inclusion o¥/;,(r) was justified in this case.

known to a precision of 1.0% or 0.1%. It is clear that addi-

tional terms going beyon@,, should be introduced in pairs. ACKNOWLEDGMENTS
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