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Long Range Potentials for TwoNasss3pddd Atoms Including Ionic-Covalent Interaction
and Fine Structure: Application to Two-Color Photoassociation Spectroscopy
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In the framework ofab initio pseudopotential calculations, a method is presented to compute an
effective spin-orbit Hamiltonian within a nonorthogonal diabatic representation separating the ionic
and covalent subspaces. The resulting Hund’s casec adiabatic curves display long range structures.
We predict that a smallsø1 cm21d fine-structure splitting of an ionic3Pu curve is manifested in the
spectrum of the excited Na2 molecule slightly below thes3p 2P1y2 1 3p 2P1y2d asymptote as a series
of well identified quadruplets. They should be observed in two-color photoassociation spectroscop
experiments using cold atoms.

PACS numbers: 31.15.Ar, 32.80.Pj, 34.50.Rk
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The fundamental problem of the accurate description
long range interaction between two atoms (van der Wa
forces), which has been extensively studied in the p
[1,2], is presently reopened due to rapid progress
laser cooling and trapping of atoms [3,4]. Photoas
ciative spectroscopy (PAS) in a cold atom medium [
as well as elaborate developments in traditional la
spectroscopy [6], are now capable of providing data
weakly bound states of diatomic molecules, for whi
the vibrational motion extends towards interatomic d
tances of several hundreds of atomic units (1 a.u.­ a0 ­
5.29177 3 1029 m) that is much larger than in all previ
ous investigations. Up to now, most experimental resu
are related to the electronic states of Li2 [7], Na2 [6,8],
and Rb2 [9] dimers that are correlated to thens 1 np dis-
sociation limit, where one atom is in the ground state a
the other one in the first excited state. The long ran
potentials deduced from such measurements are in g
agreement with theoretical calculations [10,11] usi
asymptotic methods. However, more recent two-co
PAS experiments investigate upper excited electro
states, correlated to the Nas3pd 1 Nas3pd asymptote
[12,13]; they detect the ion signal produced from sh
range autoionizing doubly excited states correlated t
given long range state. The interpretation of such spe
is a challenge because the pattern of electronic state
much more complicated than for the3s 1 3p asymptote.
Although the short range autoionizing states are now w
identified [14], the correct evaluation of intermediate a
long range potentials, typically in the20a0 50a0 range of
internuclear distances, is still an open problem. Inde
as thes3p 1 3pd asymptote cannot be considered as
isolated energy level, second order perturbation theor
no longer a valid approximation to compute the dispers
forces. The asymptotic estimation of tunneling exchan
forces cannot follow the usual treatment [15,16], sin
the covalent states are perturbed by several ionic st
0031-9007y96y76(16)y2858(4)$10.00
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[17], some of which correspond to excited states of
negative ion. Finally, the correct treatment of spin-or
coupling [18] appears difficult in this context of stron
configuration mixing.

However, recent results seem to indicate that quan
chemistry calculations using effective potentials can p
vide an alternative approach: Good accuracy has b
obtained for the ground and a large number of exci
states of Na2 [19], NaK, and K2 [20] up to distances as
large as50a0. The aim of the present paper is to exte
such results to the determination of potential curves
Hund’s casec coupling scheme for the long range stat
of Na2 correlated to Nas3pd 1 Nas3pd.

Our procedure consists in four steps of molecu
calculations at large distances: (1) adiabatic states
glecting fine-structure splitting (Hund’s casea) ! (2)
diabatic states separating ionic and covalent subspa
and neglecting fine structure! (3) diabatic covalent
states including fine-structure splitting in the framewo
of Hund’s casec coupling scheme! (4) adiabatic states
in Hund’s casec coupling scheme, which are then corr
lated to short range autoionizing diabatic states.

Step 1 has been realized by Magnieret al. [19] for
internuclear distances up to50a0: Their ab initio
pseudopotential calculations introduce effective potent
to represent core-polarization effects [21]. Long ran
pseudocrossings are manifested for various symmet
[17,19,20] due to the interaction between covalent sta
dissociating into Nasnld 1 Nasn0l0d, and ionic states,
dissociating into Na1 1 Na2. In the latter case the neg
ative ion is either in the ground state (1S1

g,u symmetries)
or in an excited autoionizing state (3Pg,u symmetries)
stabilized by the Coulomb attraction of the Na1 ion.
An example of such pseudocrossings is manifested
Fig. 1(a), where the3Pu covalent states are perturbe
in the vicinity of R ­ 26a0 by an ionic excited state
correlated to Na1 1 Na2ps3s3p, 3Pod.
© 1996 The American Physical Society
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FIG. 1. Adiabatic Na2 long range potential curves for th
ungerades3p 1 3pd manifold, in the vicinity of the 3Pu
avoided crossingsR ø 26a0d. The origin of energies is taken a
the s3p 1 3pd dissociation limit. (a) Hund’s casea adiabatic
potential curves. (b)–(d) Hund’s casec adiabatic potential
curves dissociating intoP1y2 1 P1y2 at 222.928 cm21 (dashed
line), into P3y2 1 P1y2 at 25.732 cm21 (dot-dashed line), into
P3y2 1 P3y2 at 111.464 cm21 (solid line), and into3s 1 4d at
588.6 cm21 (dotted line).

In step 2, we project out the ionic and covalent sta
using a diabatization procedure in a set of nonortho
nal states [22,23]. Within the full configuration space d
scribed in [19], we first define the subspaceE1 of the
N lowest eigenstatesjFil (with adiabatic energyEi) of
the electronic HamiltonianH, which, inE1, is represented
by the effective operatorH1 ­

PN
i­1 jFilEikFij. Then

we define a subspaceE2 of N nonorthogonalwave func-
tions jCll of the same total symmetry consisting of (
N 2 ni antisymmetrized products of atomic functions o
both centers describing the firstN 2 ni dissociation lim-
its Nasnld 1 Nasn0l0d of the adiabatic states; (ii)ni wave
functions for the ground and excited states of the ne
tive ion, obtained by a full configuration interaction in
subspace of antisymmetrized products of atomic orbit
on one center. The projection of the adiabatic wave fu
tions on the subspaceE2 is

jPFil ­
NX

l,m­1

jCllS
21
lm kCmjFil , (1)

with Slm ­ kCl jCml. Orthonormalized projectionsjFil
are obtained by a standard procedure [24]:

jFil ­
NX

j­1

jPFjl sSjid21y2, (2)

whereSji ­ kPFjjPFil ; kFjjPFjl. We then define an
effective HamiltonianH0 in E2 by its matrix elements:

H 0
lmsRd ­ kCl jH0jCml

­

*
Cl

É
NX

i­1

É
Fi

+
EisRd kFijCml . (3)

In (3), the diagonal matrix elements are interpreted as
abatic energies, while the nondiagonal elements are
s
o-
-

a-

ls
c-

i-
he

electronic coupling terms. By constructure, the eigenv
ues obtained by diagonalization ofS21y2H0S21y2

in E2
are identical to the set ofN adiabatic energiesEisRd. It
is expected that in contrast with these energies, the
trix elementsH 0

lmsRd are smoothly varying functions ofR,
well adapted to an interpolation procedure. The size of
subspaceE2 is optimized by checking that for each adi
batic statejFil the condition

PN
m­1kFijCml ­ 1 is veri-

fied with an accuracy better than1023. For R . 14a0,
and in the range of energies considered here, the con
gence of the diabatization procedure was obtained by
cluding all the covalent states associated to dissocia
limits from Nas3sd 1 Nas3sd up to Nas3sd 1 Nas4fd, and
only two ionic states dissociating into Na1 1 Na2s1Sd and
Na1 1 Na2s3Pod. At internuclear distancesR , 14a0,
a larger number of ionic and covalent states should be
cluded, but this is beyond the scope of the present pap

In step 3, we introduce the fine-structure interaction
an effective HamiltonianHfs [25] with nonzero matrix
elements only for the3s 1 3p and 3p 1 3p covalent
configurations. In view ofab initio estimations [26],
we have assumed that at large internuclear distances
fine-structure splitting is the same as that for an isola
atom, DEfs ­ 17.196 cm21. Neglect of fine-structure
splitting for Rydberg states is justified in the framewo
of the accuracy of the present molecular calculatio
Neglect of fine-structure splitting for the ionic stat
seems reasonable from the present knowledge of neg
ions [27], but should be discussed. However, due to
rapid 1/R variation of the ionic curves, the location o
the crossing point between ionic and covalent curves
not modified when a small shift in the ionic energy
considered. Therefore the main conclusions of the pre
paper would not change if a fine-structure splitting w
introduced for the negative ion. WhereasH0 is block
diagonal for the various symmetries2S11Lu,g, the total
effective HamiltonianHtot ­ H0 1 Hfs in E2 contains
coupling terms between the covalent states with differ
values of the quantum numberL ­ 0, 1, 2 andS ­ 0, 1.

In step 4, we have diagonalizedS21y2HtotS
21y2 in E2

[24] in order to obtain the long range adiabatic energies
the values 0,1,2,3 of the quantum numberV. The results
differ markedly from asymptotic calculations by Kowa
czyk [28], and Heather and Julienne [29] as well as fr
earlier ab initio calculations [30]: The differences ca
be interpreted as mainly due to the contribution of ion
states. Typically, the discrepancies between our cur
and purely covalent ones areø1 cm21 at 40a0 and up to
10 cm21 at 30a0. The potential curves ofu symmetry,
correlated to the three dissociation limits Nas3p 2PJd 1

Nas3p 2PJ 0d, with sJ, J 0d ­ s 1
2 , 1

2 d, s 1
2 , 3

2 d, s 3
2 , 3

2 d, are repre-
sented in Figs. 1(b)–1(d), to be compared with the Hun
casea curves of Fig. 1(a). The potential barrier that a
pears in the3S1

u curve in Fig. 1(a) survives for the02
u and

1u symmetries. Because of fine-structure mixing, the ps
docrossing between the two3Pu curves in Fig. 1(a) is now
2859
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present for all symmetriesVu providedV # 2. The lowest
curves in Figs. 1(b)–1(d) look very similar to the lowe
3Pu curve for internuclear distances smaller than the po
tion R0 ø 26a0 of the pseudocrossing, where a strong ion
character is manifested. However, when the spin-o
coupling is taken into account, a splitting is introduced b
tween the various components, due to a different admix
of covalent states with the ionic state. This is illustrat
in the inset of Fig. 2, where we show, in the vicinity o
the pseudocrossing region, a detailed view of the low
“Hund’s casec” 02

u and1u curves, which are adiabaticall
correlated to thes 1

2 , 1
2 d asymptote and of the lowest01

u and
2u curves correlated to thes 3

2 , 1
2 d asymptote. The smal

splitting sø1 cm21d between these curves leads us to p
dict that well identified multiplet structures should be o
served in the spectrum of the excited Na2 molecule in an
energy region slightly below thes 1

2 , 1
2 d asymptote. As the

long range3Pu state has been shown to be correlated t
short range autoionizing doubly excited state [14], we s
gest that two-photon PAS should be an efficient way
checking such structures by detection of ion or elect
signal.

We therefore have represented in Fig. 2 an excita
scheme for experimental conditions similar to the NIST e
periment [12]. In the first step, we consider a free-bou
transition with absorption of a photon, slightly red detun

FIG. 2. Two-color photoassociation scheme in conditio
similar to Ref. [12]. The first photon is red detuned byd
(84 cm21 in the present model) from theD2 line at frequency
v0. The wave function of the populated vibrational level
represented. The frequency of the second photon is shifte
2d0 from the first one, exciting vibrational levels of doub
excited states with outer turning point located at internucl
distanceR , 26a0. The ground state of the final molecula
ion is also represented. For clarity, only two long ran
Hund’s case adiabatic potential curves are displayed (full lin
correlated to short range autoionizing curves (dashed lin
The lower curve splits, in fact, into four curves, as shown
the inset. The horizontal line corresponds to the energy reac
via a one-color, two-photon excitation from thes3s 1 3sd limit
sd0 ­ 0d.
2860
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compared to the frequencyv0 of theD2 line, by a pair of
two colliding cold atoms. In the following, we have cho
sen the detuningd so that the rovibrational level (yi ­
48, Ji ­ 1) of the long range1g state is populated. A sec
ond photon with frequencyv0 2 sd 1 d0d next populates a
vibrational levelyf in one of the four long rangeVu curves
described above, all correlated to the short range auto
izing doubly excited3Pu diabatic state. In contrast with
d, the additional detuningd0 can be positive or negative
The horizontal line in the inset of Fig. 2 holds ford0 ­ 0.
Whend0 is varied the detection of an ion is the signatu
of the presence of a boundVusyf , Jf ­ 0, 1, 2d level. We
have chosend0 so that in this second step the vibration
wave functionyf has an outer turning point located le
of the crossing pointR , R0 ø 26a0. Also indicated in
Fig. 2 is the possibility of populating an upper long rang
curve, correlated at short distances to an autoionizing1Pu

doubly excited curve, with even smaller distance for t
outer turning point. This second state is expected to h
a much smaller contribution due to the unfavorable ov
lap with theyi vibrational wave function. The absorptio
probability in the second step is proportional to the squ
matrix element of the molecular transition dipole mome
between the two levels, which for simplicity’s sake is a
sumed proportional to a Franck-Condon factor. Becau
of the small values of the computed rotational consta
(in the range 0.015 to0.018 cm21 for all the levels in-
volved in the present scheme), the Franck-Condon fac
are identical forP, Q, andR branches so that we shall dis
cuss only theQ branch. The resulting model spectrum
is represented in Fig. 3, demonstrating the well resolv
multiplet structure mentioned above. We have represen
details of the multiplet in the caseyf­137. The first two
lines, separated by less than0.1 cm21, correspond to the
02

u and01
u long range states, then the1u line is located at

0.2 cm21 further, while the2u line is separated by a large
splittingø1 cm21. The intensities of the four lines are ap
proximately equivalent, and their Franck-Condon variati
is displayed in the inset of Fig. 3: Marked difference
appear between the various components when the o
turning point of the final vibrational wave function come
close to the pseudocrossing atR ø 26a0 (yf ­ 142). For
a turning point located beyond26a0, we expect very differ-
ent multiplet structures corresponding to splittings of t
order of the atomic fine structure (ø17 cm21). We have
explored various values of vibrational numbersyi , leading
to somewhat different intensity patterns; however, the fo
component multiplet is always observable, except when
region of the pseudocrossing atR ø 26a0 is experienced,
inducing strong perturbations in the spectra. Because
the very limited number ofJ values in the experimenta
spectra, these structures should be readily observable.

In conclusion, the present paper has shown how the
ficult problem of calculating the long range curves of th
alkali dimers correlated to the first doubly excited asym
tote could be solved by very simple calculations. T
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FIG. 3. Predicted ion spectra for a PAS experiment simi
to Ref. [12], as a function of the additional shifts2d0d of the
frequencyv ­ v0 2 d 2 d0 of the second photon. The inse
(a) shows the spectra for a larger range ofd0 (in cm21).

ionic-covalent pseudocrossings, often neglected in th
retical treatments, have been shown to play a key r
in the shape of the potential curves. We have sho
that many structures are present in the excited curv
which should manifest themselves in the observed sp
trum. The present paper has been focused on the l
est curves ofu symmetry, which have a strong ioni
character forR , 26a0 and, due to a weak covalent com
ponent, display a very small (ø1 cm21) fine-structure
splitting. They enable us to predict well resolved mu
tiplet structures in the spectrum, which can be checked
two-color photoassociation spectroscopy. As the accur
of the calculations is not the experimental one, we can
predict the absolute position of the lines, but a very ch
acteristic qualitative pattern of four lines, two of which a
distant by less than0.1 cm21. As such patterns are strik
ingly similar to some observed structures [12], the pres
theoretical method seems promising for interpretation
two-color photoassociation spectra. It would be intere
ing to verify that they disappear when the frequency
the two lasers is varied so that the vibrational state po
lated in the second step has an outer turning point lar
than26a0. Other structures could also be analyzed in t
upper curves ofu symmetry, for instance, the barrier an
long range well in the83

S1
u curve. Similar effects are

present in the curves ofg symmetry and will be discusse
in a forthcoming paper.
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