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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 caadiabatic curves display long range structures.
We predict that a small=1 cm™!) fine-structure splitting of an ionié¢ll, curve is manifested in the
spectrum of the excited Namolecule slightly below thé3p 2P, + 3p2P,/,) asymptote as a series
of well identified quadruplets. They should be observed in two-color photoassociation spectroscopy
experiments using cold atoms.

PACS numbers: 31.15.Ar, 32.80.Pj, 34.50.Rk

The fundamental problem of the accurate description of17], some of which correspond to excited states of the
long range interaction between two atoms (van der Waaleegative ion. Finally, the correct treatment of spin-orbit
forces), which has been extensively studied in the pastoupling [18] appears difficult in this context of strong
[1,2], is presently reopened due to rapid progress irconfiguration mixing.
laser cooling and trapping of atoms [3,4]. Photoasso- However, recent results seem to indicate that quantum
ciative spectroscopy (PAS) in a cold atom medium [5],chemistry calculations using effective potentials can pro-
as well as elaborate developments in traditional lasevide an alternative approach: Good accuracy has been
spectroscopy [6], are now capable of providing data orobtained for the ground and a large number of excited
weakly bound states of diatomic molecules, for whichstates of Na [19], NaK, and K; [20] up to distances as
the vibrational motion extends towards interatomic disdarge as50ay. The aim of the present paper is to extend
tances of several hundreds of atomic unit®(u.= ap =  such results to the determination of potential curves in
5.29177 X 10~° m) that is much larger than in all previ- Hund’s casec coupling scheme for the long range states
ous investigations. Up to now, most experimental result®f Na, correlated to N&p) + Na(3p).
are related to the electronic states of [¥], Na, [6,8], Our procedure consists in four steps of molecular
and Rb [9] dimers that are correlated to the + np dis-  calculations at large distances: (1) adiabatic states ne-
sociation limit, where one atom is in the ground state andjlecting fine-structure splitting (Hund's casg — (2)
the other one in the first excited state. The long rang@liabatic states separating ionic and covalent subspaces
potentials deduced from such measurements are in go@hd neglecting fine structure- (3) diabatic covalent
agreement with theoretical calculations [10,11] usingstates including fine-structure splitting in the framework
asymptotic methods. However, more recent two-coloiof Hund's casec coupling scheme- (4) adiabatic states
PAS experiments investigate upper excited electroniin Hund’'s casec coupling scheme, which are then corre-
states, correlated to the K@) + Na(3p) asymptote lated to short range autoionizing diabatic states.

[12,13]; they detect the ion signal produced from short Step 1 has been realized by Magnietr al. [19] for
range autoionizing doubly excited states correlated to éternuclear distances up t80ao: Their ab initio
given long range state. The interpretation of such spectrpaseudopotential calculations introduce effective potentials
is a challenge because the pattern of electronic states i@ represent core-polarization effects [21]. Long range
much more complicated than for the + 3p asymptote. pseudocrossings are manifested for various symmetries
Although the short range autoionizing states are now well17,19,20] due to the interaction between covalent states,
identified [14], the correct evaluation of intermediate anddissociating into N&!) + Na(»'l’), and ionic states,
long range potentials, typically in tf#ay—50a, range of  dissociating into Na + Na . In the latter case the neg-
internuclear distances, is still an open problem. Indeedgtive ion is either in the ground statéﬁ(‘;u symmetries)

as the(3p + 3p) asymptote cannot be considered as aror in an excited autoionizing statéI{,, symmetries)
isolated energy level, second order perturbation theory istabilized by the Coulomb attraction of the Naon.

no longer a valid approximation to compute the dispersiorAn example of such pseudocrossings is manifested in
forces. The asymptotic estimation of tunneling exchangdig. 1(a), where the'll, covalent states are perturbed
forces cannot follow the usual treatment [15,16], sincan the vicinity of R = 26a, by an ionic excited state
the covalent states are perturbed by several ionic staterrelated to Na + Na *(3s3p, 3P?).
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electronic coupling terms. By constructure, the eigenval-
ues obtained by diagonalization sF2H'S V2 in E,

are identical to the set dfl adiabatic energie&;(R). It

is expected that in contrast with these energies, the ma-
trix elementsH,,(R) are smoothly varying functions &,

well adapted to an interpolation procedure. The size of the
subspaceE, is optimized by checking that for each adia-
batic state|®;) the Conditionzln\;l((l),»l@"l) =1 is veri-

fied with an accuracy better tha® 3. For R > 14a,,

and in the range of energies considered here, the conver-
gence of the diabatization procedure was obtained by in-
cluding all the covalent states associated to dissociation
limits from Na(3s) + Na(3s) up to Nd3s) + Na(4f), and
only two ionic states dissociating into Nat+ Na~ (!5) and

FIG. 1. Adiabatic Na Iopg range pote.nt_iall curves f3or the Nat + Naf(Bpa)_ At internuclear distanceR < 14ay,
ungerade(3p + 3p) manifold, in the vicinity of the’IL, 5 |arger number of ionic and covalent states should be in-

avoided crossingR =~ 26a,). The origin of energies is taken at g
the 3p + 3p) dissociation limit. (a) Hund's case adiabatic cluded, but this is beyond the scope of the present paper.

potential curves. (b)—(d) Hund's caseadiabatic potential In step 3, we introduce the fine-structure interaction as
curves dissociating int®,,, + Py, at —22.928 cm™! (dashed an effective HamiltoniarH;, [25] with nonzero matrix

line), into P3/» + P> at —5.732 cm™! (dot-dashed line), into  elements only for theds + 3p and 3p + 3p covalent
P> + Py @t +11.464 cm! (solid line), and intcds + 4d at  configurations. In view ofab initio estimations [26],
588.6 cm™" (dotted line). we have assumed that at large internuclear distances the
fine-structure splitting is the same as that for an isolated
In step 2, we project out the ionic and covalent state?to.m.’ AEg = 17.196 cm . . N.egl_egzt qf fine-structure
using a diabatization procedure in a set of nonorthogog'pIIttIng for Rydberg states is justified in the framework
nal states [22,23]. Within the full configuration space de-O]c the accuracy of the present moIecuIar_ca!cuIanns.
scribed in [19], we first define the subspa® of the Neglect of fine-structure splitting for the ionic states
N lowest eigenstatelb;) (with adiabatic energyE;) of seems reasonable from th_e present knowledge of negative
the electronic Hamiltoniahl, which, in’E}, is represented lons [27], bUt. ShOUId be dlgcu_ssed. However, du_e to the
rapid 1R variation of the ionic curves, the location of

by the effective operatoH; = >~ | |®,)E;(®;|. Then . . S .
. : the crossing point between ionic and covalent curves is
we define a subspacE, of N nonorthogonalvave func- e e e s
not modified when a small shift in the ionic energy is

tions |W1) (.)f the same total symmetry consisting of (1) considered. Therefore the main conclusions of the present
N — n; antisymmetrized products of atomic functions on . : -
paper would not change if a fine-structure splitting was

both centers describing the firSt — n; dissociation lim- introduced for the negative ion. WhereE is block

its Nelnl) + Na(n'l') of the adiabatic states; (i) wave diagonal for the various symmétriéé“/\ the total

functions for the ground and excited states of the Negas - tive Hamiltoniank... — H' -+ H,, in “%2 contains
tot — S

tive ion, obtalneq by a fu!l configuration Interaction in a coupling terms between the covalent states with different
subspace of antisymmetrized products of atomic orbltal§/alues of the quantum numbar = 0, 1,2 andS = 0, 1

energy(cm”)

energy(em”)

g(r)ln(;ngncter:;tesrubl'ggc%m{:ctlon of the adiabatic wave func- In step 4, we have diagonalizéj_l/szS_l/z in £,
e [24] in order to obtain the long range adiabatic energies for
Pd;) = Z @Df;nl(@ml@i% (1) thevalues 0,1,2,3 of the quantum number The results

Lm=1 differ markedly from asymptotic calculations by Kowal-
with 5;,, = (¥,|¥,,). Orthonormalized projection;) czyk [28], and Heather and Julienne [29] as well as from
are obtained by a standard procedure [24]: earlier ab initio calculations [30]: The differences can

N ’ be interpreted as mainly due to the contribution of ionic

|D;) = Z |PD;)(S;:)""/2, (2) states. Typically, the discrepancies between our curves
j=1 and purely covalent ones arel cm™! at40a, and up to
whereS;; = (P®;|P®;) = (d,;|PD;). Wethendefinean 10 cm™! at 30ap. The potential curves ofi symmetry,
effective HamiltoniarH' in E, by its matrix elements: correlated to the three dissociation limits (8a2P;) +
H!, (R) = (W,|H'[F,) Na(3p 2P;), with (J,J) = (3,3). (3. 3). (3. 3), are repre-

sented in Figs. 1(b)-1(d), to be compared with the Hund’s

= <Wl Z 5i>Ei(R) (®,;|¥,). (3) caseacurves of Fig. 1(a). The potential barrier that ap-
i=1 pears in théEJ curve in Fig. 1(a) survives for th& and

In (3), the diagonal matrix elements are interpreted as dit,, symmetries. Because of fine-structure mixing, the pseu-

abatic energies, while the nondiagonal elements are thdocrossing between the twél, curves in Fig. 1(a) is now

N
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present for all symmetrieQ, provided() 2. Thelowest compared to the frequeney, of the D, line, by a pair of
curves in Figs. 1(b)—1(d) look very similar to the lowesttwo colliding cold atoms. In the following, we have cho-
311, curve for internuclear distances smaller than the posisen the detuning so that the rovibrational level( =
tion Ry = 26a, of the pseudocrossing, where a strong ionic48, J; = 1) of the long rangd, state is populated. A sec-
character is manifested. However, when the spin-orbibnd photon with frequency, — (6 + 8’) next populates a
coupling is taken into account, a splitting is introduced be-ibrational levelv s in one of the four long rang®, curves
tween the various components, due to a different admixturdescribed above, all correlated to the short range autoion-
of covalent states with the ionic state. This is illustratedizing doubly excitedII, diabatic state. In contrast with
in the inset of Fig. 2, where we show, in the vicinity of &, the additional detuning’ can be positive or negative.
the pseudocrossing region, a detailed view of the lowesthe horizontal line in the inset of Fig. 2 holds féf= 0.
“Hund’s casec” 0, andl, curves, which are adiabatically When ' is varied the detection of an ion is the signature

correlated to thé;, 3) asymptote and of the loweaf and ~ Of the presence of a bourtd, (v, Jy =0,1,2) level. We
2, curves correlated to thei—, %) asymptote. The small have choserd’ so that in this second step the vibrational

splitting (=1 cm~!) between these curves leads us to pre\Vave functionv, has an outer turning point located left

dict that well identified multiplet structures should be ob-Of the €rossing poink < Rq ~26ao. Also indicated in
served in the spectrum of the excited Nmolecule in an  F19- 2 iS the possibility of populating an upper long range

energy region slightly below th((%, %) asymptote. As the curve, correlated at short distances to an autoionizlig

long range'Tl,, state has been shown to be correlated to éjoubly excited curve, with even smaller distance for the

short range autoionizing doubly excited state [14], we Sugputer turning point. This second state is expected to have

gest that two-photon PAS should be an efficient way of much smaller contribution due to the unfavorable over-

: : : lap with thewv; vibrational wave function. The absorption
checking such structures by detection of ion or electron b . .
signal. probability in the second step is proportional to the square

We therefore have represented in Fig. 2 an excitatiopnatrx element of the molecular transition dipole moment

scheme for experimental conditions similar to the NIST ex_between the two levels, which for simplicity’s sake is as-

periment [12]. In the first step, we consider a free-bounosumed proportional to a Franck-Condon factor. Because

transition with absorption of a photon, slightly red detune f the small values of the computed rotational constants
P P » Sty (in the range 0.015 t@.018 cm™! for all the levels in-

volved in the present scheme), the Franck-Condon factors
are identical foP, Q, andR branches so that we shall dis-
cuss only theQ branch. The resulting model spectrum
is represented in Fig. 3, demonstrating the well resolved
multiplet structure mentioned above. We have represented

-0.225
-0.230

-0.235 |
0240 | details of the multiplet in the casg=137. The first two
lines, separated by less than cm™!, correspond to the
g 05 - + inei
E 0, and0, long range states, then thg line is located at
3 0208 F 0.2 cm~ ! further, while the2, line is separated by a larger
B osml splitting=1 cm™!. The intensities of the four lines are ap-
§ proximately equivalent, and their Franck-Condon variation
'g 0306 is displayed in the inset of Fig. 3: Marked differences
g 0377} s S+ appear between the various components when the outer
0379 | . . ‘ . _ ‘ turning point of the final vibrational wave function comes
5 10 15 20 25 30 35 40 close to the pseudocrossingRat= 26a, (v = 142). For
Ry a turning point located beyoria,, we expect very differ-

FIG. 2. Two-color photoassociation scheme in conditions€Nt multiplet struc_tur_es corresponding t? splittings of the
similar to Ref. [12]. The first photon is red detuned by order of the atomic fine structure=(7 cm™!). We have
(84 cm™! in the present model) from thB, line at frequency explored various values of vibrational numbersleading
wo. The wave function of the populated vibrational level is to somewhat different intensity patterns; however, the four-
represented. The frequency of the second photon is shifted by, mponent multiplet is always observable, except when the

—é&' from the first one, exciting vibrational levels of doubly : fth d ina Rt~ 2640 i b d
excited states with outer turning point located at internucleaf €910N OF the pseudocrossingal= 26qo IS €xperienced,

distanceR < 26ao. The ground state of the final molecular inducing strong perturbations in the spectra. Because of
ion is also represented. For clarity, only two long rangethe very limited number of values in the experimental
Hund's case adiabatic potential curves are displayed (full lines)spectra, these structures should be readily observable.

correlated to short range autoionizing curves (dashed lines). |4 conclusion. the present paper has shown how the dif-
The lower curve splits, in fact, into four curves, as shown in y

the inset. The horizontal line corresponds to the energy reachefélcu“_pmblem of calculating thef long range quves of the
via a one-color, two-photon excitation from tt@s + 3s) limit ~ alkali dimers correlated to the first doubly excited asymp-

(8" =0). tote could be solved by very simple calculations. The
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