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Molecular transition moments at large internuclear distances
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The behavior of the dipole moments of molecular transitions is analyzed as a function of the internuclear
distanceR and it is shown that for allowed transitions the departure of the dipole moment from the value for
the unperturbed atom varies RS with a coefficient that can be obtained from the dynamic polarizability of
one atom evaluated at the unperturbed transition frequency of the other.
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. INTRODUCTION position vectorsr, and r, may be referred to their parent
nuclei: The interaction/(r4,r,;R) between the atoms may
In radiative transitions between different electronic stateg)e expanded as a power serieRin® [15]. For dipole tran-
of diatomic molecules, the behavior of the transition momensitions, only the dipole-dipole term of the expansion contrib-
at large internuclear distances has been little explored, witlites in first order. It may be written in Cartesian coordinates
the exception of homonuclear molecules where the similarityn the form[15]
of the atoms into which the molecule separates plays a deci-
sive role[1]. The long range behavior of the interaction po- 1
tentials and the transition moments of heteronuclear mol- V= 5 (x3P+ydyP—2737°), (1)
ecules is important in determining the profiles of absorption R
and emission lines of gaseous mixtures near the line centers
[2—9]. Considerable attention has been given to the variationhere §2,y?2,z%) and (x°,y®,z°) are the sums of the Carte-
of the potentials with the internuclear distarRen the re-  sian coordinates of the electrons of atomandb, respec-
gion of the van der Waals attraction but not to the form of thetively, with thez axis lying along the internuclear axis.Hf,
transition moments. andH, are the Hamiltonians of atomesandb, with eigen-
Explicit calculations of the transition dipole matrix ele- functions ¢,, and 6, and eigenvalueg?, and Eﬁ,
ments have been carried out for several molecular systems
and a wide range of internuclear distanéeg3,10—14. The

a —
resulting matrix elements tend correctly to the atom limits at (Ha=Emn)¢n=0, )
largeR but only rarely are they of sufficient accuracy that the
variation withR can be reliably extracted. and
We show here that for a heteronuclear system which sepa-
rates to a pair of atoms, one of which may be excited but not (Ho—ED)6,=0. 3)

the other, the departure from the limiting atom value varies
as R™2 with a coefficient that may be obtained from the i .
dynamic polarizability of the unexcited atom evaluated at the! "€ first order molecular wave functions are
transition frequency of the other atom. The formula is useful
in predicting the behavior of the dipole moments wittand

2 2 <¢| 0i|V| ¢m0n><¢m‘9n|

) . " (D=
may be useful in assessing the accuracwtinitio calcula- Xi m % (E*—E%)+(EP-ED)’ 4
tions. Numerical values are presented for molecular systems : m : "
resulting from the interaction of alkali metal atoms and the
inert gases. NSRS (1604 V| b 6n ) Py O | ©
(1=
™ v (EF-EX)+(EP-ED)

Il. THEORY

We investigate the transition from an initial molecular @nd the sums exclude the terms=n=i andm’=n"=f. To
state with electronic eigenfunction(r) to a final statey;(r)  first order, the transition dipole moment is given by
wherer represents collectively the position vectors of the
electrons. The transition is driven by a one-electron operator D=Dy+Dy, (6)
d(r,) +d(rp) whered(r,) andd(r,) represent, respectively,
the sums of the position vectorg andr,, of the electrons of
atomsa andb into which the diatomic molecule separates at
large internuclear distancd® At large R, x;(r;R) tends
asymptotically to the produap;(r,)6;(r,) and x¢(r) to the Do=(¢ild(ra)| ) (7)
productes(r,) 6¢(ry,), whered; and ¢; are eigenfunctions of
atoma and ¢; and #; are eigenfunctions of atoim, and the and

here
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<¢|0|V|¢m n><¢m |d(ra)+d(rb)|¢f0f>
D,=
! 22 (E?—E3)+(EP—ED)

<¢’f‘9f|\/|¢’m"9 ><¢m’ n’|d(ra)+d rb)|¢|0>
+EE (E2—E2,)+(EP-ED)

8

Because of orthogonality, the contributions are zero excep®P

when 6,= 6; andD, reduces to the form

<¢f«9|VI¢>. n><«9|d(r ) 6;) ©
(E3—E2—(EP-ED)?

For a transition between molecular state&ofymmetry, the
dipole-dipole term oV yields

D1—22 =)

(Eb b>|<0-|zb|6>n>|2

1
E Eg)z—wz ’

4D0

(10

n

wherew is the unperturbed transition energ§— E7 of atom
a. The dynamic dipole polarizability of atolmat a frequency
® may be written

(En—EQ)|(6:]2° 6,)|?
a(w)=2 , 11
(o)=23 (En—Ef)?— w? "
so that
2D,
D= "¢ P(w) (12
and
2
D=D, 1+§gab(w)]. (13
For X -II transitions,
1
D=DO(1—$ab(w)]. (14)

IIl. RESULTS AND DISCUSSION

The dynamic polarizabilitiesr(w) may be derived from
measurements of the refractive indidd$—-19 as functions
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TABLE I. Dynamic polarizabilities of the inert gases at the reso-
nance frequencies of the alkali metals in unitsagf

He Ne Ar Kr Xe
Li 1.39 2.68 11.2 17.0 27.9
Na 1.39 2.69 11.2 17.1 28.1
K 1.39 2.68 11.2 16.9 27.7
1.39 2.68 11.2 17.0 27.7
Cs 1.39 2.68 11.2 16.9 27.6

of frequency. We list in Table | the values af{w) for the

inert gases at the resonance transition frequencies of the al-
kali metal atoms. They differ little from the static polarizabil-
ities evaluated atr=0.

The formulas(13) and (14) show that asR decreases in-
ward from large distances the transition dipole moments of
3-3 transitions increase in magnitude and the transition di-
pole moments oB-I1 transitions decrease. There have been
severalab initio calculations of the transition dipole mo-
ments between electronic states of molecules composed of
alkali metal atoms and inert gas¢8,11-14. Some are
qualitatively consistent with the behavior predicted by Egs.
(13) and (14 and some are not. None is in quantitative
agreement. The discrepancies may be due in part to the fail-
ure of Egs.(13) and (14) to account for the effects of the
overlaps of the electron distribution but they may also reflect
inaccuracies in the description of the molecular eigenfunc-
tions at large separations. In order to obtain the correct long
range behavior of the dipole moments it is necessary that the
eigenfunctions contain as a compoment the product of ex-
cited states of the inert gas accessed by a dipole transition
and excited or ground states of the alkali metal atom into
which the participating molecular states separate. In emis-
sion spectroscopy, important contributions arise from the re-
gion in which the van der Waals attraction dominates the
interaction. It is in this region that our formula should be-
come applicable.

ACKNOWLEDGMENT

This work is supported by the Chemical Sciences, Geo-
sciences and Biosciences Division of the Office of Basic En-
ergy Sciences, Office of Science, U.S. Department of Energy.

[1] M. Marinescu and A. Dalgarno, Phys. Rev52, 311(1995.

Quant. Spectrosc. Radiat. Trang6, 285 (1981).

[2] R. E. M. Hedges, D. L. Drummond, and A. Gallagher, Phys. [7] J. P. Woerdman and J. J. de Groot, J. Chem. Ph§s5653

Rev. A6, 1519(1972.

[3] C. L. Chen and A. V. Phelps, Phys. Rev.7A470(1973.

[4] G. W. York, R. Scheps, and A. Gallagher, J. Chem. PBgs.
1052(1975.

(1982.

[8] W. Behmenburg, A. Makonnen, A. Kaiser, F. Rebentrost, V.
Staemmler, M. Jungen, G. Peach, and A. Devdariani, J. Phys.
B 29, 3891(1996.

[5] R. Scheps, Ch. Ottinger, G. York, and A. Gallagher, J. Chem. [9] M. Shurgalin, W. H. Parkinson, K. Yoshino, C. Schoene, and

Phys.63, 2581(1975.

W. P. Lapatovich, Meas. Sci. Techndtl, 730(2000.

[6] M. J. Jongerius, Tj. Hollander, and C. Th. J. Alkemade, J.[10] K. K. Docken and J. Hinze, J. Chem. Ph¥§, 4937 (1972.

024701-2



BRIEF REPORTS PHYSICAL REVIEW A6, 024701 (2002

[11] J. Pascale, Phys. Rev.28, 632(1983. [16] C. Cuthbertson and M. Cuthbertson, Proc. R. Soc. London,
[12] M. Jungen and V. Staemmler, J. Phys2B 463 (1988. Ser. A135 44 (1932.
[13] J. P. Gu, G. Hirsch, R. J. Buenker, I. D. Petsalakis, G. The{17] A. Dalgarno and A. E. Kingston, Proc. R. Soc. London, Ser. A

odorakopoulos, and M. B. Huang, Chem. Phys. L2830 473 259, 424 (1960.

(1994. [18] M. O. Bulanin and I. M. Kislyakov, Opt. Spectros85, 819
[14] T. Grycuk, W. Behmenburg, and V. Staemmler, J. Phy84B (1998.

245(2001. [19] M. O. Bulanin and I. M. Kislyakov, Opt. Spectros86, 632
[15] A. Dalgarno and W. D. Davison, Adv. At. Mol. Phyg, 1 (1999.

(1966.

024701-3



