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Abstract

A generalprocedurefor systematically evaluating the long range
Interaction betweentwo hetero-ruclear atomsin arbitrary statesis
outlined. The Cg, Cg and C,q dispersioncoe cien ts for the excited
states of a number of alkali and alkaline atoms interacting with H
and He are evaluated. One useful result concernsthe lowest order
Ce coe cien t for a pair of hetero-ruclear atoms. This can always
be written In terms of sum rules only involving the oscillator
strength. In addition, the coe cien ts for the long-rangeinteraction
betweentwo homo-ruclear lithium atomsin a variety of excited
statesare presened.



Motiv ation

. Photoassaiation of dimers.

. Ultracold collisionsbetweendi erent atoms.

. Spectral broadeningand shift causedby bu er gases.

. Refractive index of matter wavespassingthrough rare gases.

. Developmern of systematicprocedureto determinelong range
Interactions.



Perturbation Expansion

Multip ole expansion[1]
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whereM = my+ my. The Cy,,.m, determinedby diagonalizing
lowest order interaction.



First-order interaction
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Second-order Interaction
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Coecien ts Cg,+k,+2

. Ck,+k,+2 collectsall terms from Eqg. (6) with same
Ki+ Ko+ 2

. Ck,+K,+2 May alsobe generatedin tensor coupledform.

. When oneatom is in s state, Cg can always be written in term
of oscillator strength sum rules.

f (0

. Generaloscillator strength f ;. Is de ned by
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Expression of Cg for A(ns){B( m’)
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A-o coecien ts in Eqg. (9)
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Alternate Multip ole expansion
UseEgq. (2) with [2]
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T®( ) and T( ) are the multip ole tensor operators de ned by
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i J
. refersto it particle in atom a. j refersto the | th particle in
atom b. The coecient K. in Eq. (10) Is
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Ko =

and (k; k9 = (2k + 1)(2k°+ 1). This expansionshould be avoided
asit leadsto more complicatedexpressions.



Structure models for valence excitations
Usea xed coremodel basedof Hartree-Fock wavefunction.

Direct and Exchangecore-\alenceinteractions calculated
exactly.

Polarization potential determinedby tuning adjustable
parametersto energylevels.

Hamiltonian diagonalizedin a large basisof Laguerre Type
Orbitals.

Transition arrays include core-polarization corrections




Core excitations

Step 1. Oscillator strengths involving the core excitations

init =  core valence = JOO:LM LM 1 : (13)
n = gore valence = ] M:LM LtMi: (14)

Multip ole oscillator strength distributed accordingto statistical weight
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The core oscillator strengths are de ned in terms of a HF model
£ = Njhr? 3 (16)

N; = Number of electronsin ith HF orbital.
r2 2 = Expectation value of ith HF orbital.



This automatically obeysthe sum-rule [3, 4]
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i
The mean excitation energy of eat orbital, is de ned from the sum-rule
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where"; Is the Koopmansenergy of ith HF orbital.

The value of Is adjusted to give the correct core polarizability, and

Ei ="i+ IS meanexcitation energy

Core terms in the sum rules occur with a jhnljjr¥Ckjjn49j2 type
structure. It can be derived from corresponding oscillator strength.



Rare gas f -values
Dipole f @ distribution usesvaluesfrom Kumar [5].

The f @ and f © distributions de ned using proceduresimilar
to core.

HF calculation of hr? 2i provides one constrairt.

High quality calculationsof ) and ) gives2nd constraint
upon f O distributions.

High quality calculationsof Cg and C,o for homo-ruclear case
provides additional constrairt.



Disp ersion coe cien ts (Cg, Cg, and C;g) so far calculated

a. Published (PRA 75, 042509(2007) )
1. for Li(2s){Li( np) and Li(2p){Li( ns) with n 4.
2. for Li(2s){Li( nd) with n 4.
3. for Li(2p){Li(2 p) and Li(2p){Li(3 p).

b. Under review

(Li{Rb)( np){H(1 s) and (Li{Rb)( np){He(1s?).

(Li{Rb)( ns){H(1 s), (Li{Rb)( ns){He(1s?).

(LI{Rb)(( n+ 1)s)}{H(1 s) and (L{Rb)(( n+ 1)s){He(1s?).
(Li{Rb)( nd){H(1 s) and (Li{Rb)( nd){He(1s?).

Two ground state rare gasatoms (Ne{Xe){(Ne{Xe).
(LI{Rb)( ns){(Ne{Xe).

10. (L{RDb)( np){(Ne{Xe).

© © N o 0o b



Energy levels of Na and K

Atom K

Level Calculated Experimental Calculated Experimental
ns -0.188855 -0.188858 -0.159520 -0.159516
np -0.111563 -0.111547 -0.100183 -0.100176
3d -0.055938 -0.055936 -0.061396 -0.061393
(n+1)s -0.074182 -0.071578 -0.063625 -0.063712
(n+1)p -0.050927 -0.050934 -0.046888 -0.046912
4d -0.031443 -0.031442 -0.034606 -0.034684




Oscillator strengths for some Na transitions

Transition  Presen Other

f(3s! 3p) 0.9616 0.959CI [6]

f(3s! 4p) 0.01281 0.01298MBPT [7]
f(3p! 4s) 0.1710 0.1707MBPT [7]
f(3p! 3d) 0.8563 0.859CI [6]
f(3d! 4p) 0.1183 0.1125MCHF [8]
f(3d! 4f) 1.002 1.00NIST [9]




Li(C 20{LI( 2p)

System Cs Cs Cs Cio

1 +1  +1 0 2.8463[4] 8.7799[5] 1.3019[8]

Marinescu [10] +1 +1 0 2.8451[4] 7.8764[5]
5 +1 +1 -1.0546[3] -4.0780[2] 8.6071[6] 9.0917[8]

Marinescu [10] +1 +1 -1.0478[3] 2.4263[4] 8.4351[6]
+1 -1 0 1.3522[3] -1.0297[4] -1.7416]6]

Marinescu [10] +1 -1 0 1.3447[3] -1.0569[4]
+1 -1 0 3.1979[4] 1.0097[6] 1.1162[8]

Marinescu [10] +1 -1 0 3.1965[4] 1.0069[6]
+1 +1  7.0305[2] 5.2059[3] -4.3753[5] 2.0893[8]

Marinescu [10] +1 +1  6.9855[2] 5.195[3] -4.3598]5]
+1 -1.7576[2] 1.4739[4] -6.2969[5] 7.7614[6]

Marinescu [10] +1 -1.7463[2] 1.4730[4] -6.3043[5]

The notation a[b] meansa 10°.



Alk ali( np){H( 1s)

System Cg (au) Cg(au) Cjyp (au) Ces (Other)
LiH L3 160.1 2.404[4] 2.812[6] 160.06Exact [11]
LiH L3 85.43 1.143[3] 5.276[4] 85.418Exact [11]
NaH 13 243.5 4.917[4] 7.333[6
NaH 13 133.3 2.085[3] 1.236[5]

KH 13 322.4 8.082[4] 1.440[7]
KH 13 182.8 3.416[3] 2.357[5]
RbH L3 365.4 1.007[5] 1.947[7]
RbH L3 210.3 4.328[3] 3.179[5

The notation ajb] meansa

10P.



Alk ali( np){He( 1s?)

System Cs (au) Cg (au) Cyo (au) Ces (au) (Other)
LiHe 13 50.71 7.854[3] 9.143[5] 50.686Exact [11]
LiHe 13 28.27 3055 1.486[4] 28.267Exact [11]
NaHe 13 76.94 1.587[4] 2.368[6] 79.5MBPT [12]

76.97 Model Pot [13]
NaHe 13 43.74  591.3 3.775[4]  43.4MBPT [12]

43.64 Model Pot [13]
KHe 13 103.3 2.590[4] 4.625[6] 116 MBPT [12]
KHe 13 60.85 1.021[3] 7.455[4] 63.3MBPT [12]
RbHe 13 117.8  3.219[4] 6.240[7] 120 MBPT [12]
RbHe 13 70.56 1.322[3] 1.018[6] 68.0 MBPT [12]

The notation a[b] meansa 10°.




(L{Na)( ns){(Ne{Xe)

System Cg Cs Cio System Cg Cs Cio

Li{Ne 43.79 2.229[3] 1.531[5] K{Ne 77.44 5.309[3] 4.936[5]
Li{Ar 174.0 9.493[3] 6.781[5] K{Ar 299.3 2.228[4] 2.132[6]
Li{Kr 259.6 1.476[4] 1.087[6] K{Kr 444.1 3.431[4] 3.352[6]
Li{Xe  410.7 2.521[4] 1.957[6] K{Xe 697.9 5.751[4] 5.836[6]
Na{Ne 50.41 2.721[3] 1.993[5] Rb{Ne 88.00 6.355[3] 6.231[5]
Na{Ar 196.8 1.153[3] 8.769[5] RDb{Ar 336.4 2.656[4] 2.681[6]
Na{Kr 292.7 1.787[4] 1.398[6] RDb{Kr 498.0 4.083[4] 4.203[6]
Na{Xe 460.9 3.033[4] 2.496[6] Rb{Xe 780.1 6.819[4] 7.281[6]

The notation a[b] meansa 10°.



(LINa)( np){(Ne{Xe)

System
Cs Cs C1o Cs Cs Cio

Li{Ne 0.822[1] 1.549[4] 1.849[6] 5.492[1] 7.522[2] 3.586[4]
Li{Ar 4.011[2] 6.379[4] 7.846[6] 2.201[2] 3.969[3] 1.949[5]
Li{Kr 6.049[2] 9.690[4] 1.216[7] 3.296[2] 6.818[3] 3.529[5]
Li{Xe 0.728[2] 1.584[5] 2.062[7] 5.244[2] 1.351[4] 7.578[5]
Na{Ne 1.492[2] 3.112[4] 4.739[6] 8.511[1] 1.395[3] 8.680[4]
Na{Ar 6.088[2] 1.283[5] 1.998[7] 3.413[2] 7.032[3] 4.354[5]
Na{Kr 0.187[2] 1.947[5] 3.078[7] 5.120[2] 1.186[4] 7.562[5]
Na{Xe 1.479[3] 3.171[5] 5.160[7] 8.167[2] 2.294[4] 1.539[6]

The notation a[b] meansa 10°.



(K{RB)( np){(Ne{Xe)
System
Ce Cs Cio Cs Cs Cio

K{Ne  2.006[2] 5.065[4] 9.204[6] 1.187[2] 2.328[3] 1.670[5]
K{Ar  8.127[2] 2.089[5] 3.866[7] 4.717[2] 1.122[4] 8.022[5]
K{Kr  1.223[3] 3.169[5] 5.937[7] 7.060[2] 1.858[4] 1.358[6]
K{Xe  1.964[3] 5.151[5] 9.887[7] 1.123[3] 3.500[4] 2.664[6]
Rb{Ne 2.290[2] 6.289[4] 1.239[7] 1.379[2] 2.971[3] 2.256[5]
Rb{Ar  9.241[2] 2.595[5] 5.197[7] 5.451[2] 1.403[4] 1.066[6]
Rb{Kr ~ 1.390[3] 3.934[5] 7.969[7] 8.150[2] 2.301[4] 1.785[6]
Rb{Xe 2.229[3] 6.391[5] 1.324[8] 1.295[3] 4.2797[4] 3.448[6]

The notation a[b] meansa 10°.



Outlo ok

Alternate expressionsfor C, have beengeneratedin tensor form.

Still needgeneralformalism for homo-nuclear case

Dispersion interactions that would be trivial to do

1.
2.

Low lying states of hetero-nuclear alkali atom (LIi{RDb)

More highly excited states of alkali atom (Li{Rb) with rare gases

Dispersion interactions that could be determined

1.

AW N

The low-lying states of hetero-nuclear alkaline atoms (Be{Ca)

. The low-lying states of (Be{Ca) with ground state (H, He{Xe)

The low-lying states of (Be{Ca) with the states of (Li{RD)
Low lying states of homo-nuclear alkali atom (LIi{Rb)

Low lying states of homo-nuclear alkaline atom (Li{RDb)
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