PHYSICAL REVIEW A 68, 042506 (2003

Predissociation in theB I, state of ®LiLi: Accidental perturbations beyond
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Recently, an unusual predissociation was observed for some vibrational levelskthemolecular state
of 5Li"Li [Bouloufaet al, Phys. Rev. 263, 042507(2001)]. It was interpreted as due to thegerade-gerade
symmetry breaking that couples tBE1,, quasibound levels to thelﬂg continuum. However, the agreement
between theory and experiment was not perfect for predissociation rates of three rovibrational levels, occurring
for isolated quantum numbers. Here, we identify these additional perturbations as due to the rotational coupling
of the 11Hg continuum with quasibound levels of théBJ state. In addition, our method allows a calculation
of the A-doubling in the 11Hg state and dissociation rates of quasibouri'(}lg levels for three isotopomers
of Li,. Comparison with experimental data is discussed.
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[. INTRODUCTION the proposed model. These discrepancies occur for three ro-
tational quantum numbers and for tleeparity component
For alkali dimers, theB 1Hu state that converges to the only. As an example, the dissociation rate, measuredtfor (
first excited asymptotens+np) exhibits a barrier to disso- =8Je=48), is three times larger than the calculated one,
ciation. Dissociation by tunneling has been observed for Li Whereas the agreement is good for all neighboring values of
[1], Na [2], K, [3,4], and Rb [5]. Recently, unexpectedly J- In this. work, we explore the origin of these addi_tiorjal
high predissociation rates of sonBeIT, vibrational levels ~Perturbations and we interpret them as due to an indirect
were observed in théLi’Li molecule[6]. Tunneling effects COUPIING betvvee+n quasidiscrete levels of Bhdll, state and
were too small to explain these rates, which were attributed?0se of the 22_9 state, which also displays a potential bar-
to the ungerade-geradesymmetry breaking, which occurs "€r and dissociates to S}Zpl). Completing our previous
only in the SLi’Li isotopomer. After the first experimental theoretical model, where ti# “I1, levels are coupled by a
detection of the effect, showing only a couple of unexpected"g symmetry l_:)reaklng term to the continuum of .thé .
predissociation rates, a theoretical model was developed. atg, we now include t+he known rotatlona_l coupling of this
was suggested that these high predissociation rates ap@ntinuum with the Z‘EQ levels. The potentials of the three

caused by a coupling between quasidiscrete vibrational |evs_ta_':%sear: Zﬁ?ggrmarfilgédl.as follows. In Sec. Il we describe
els of theB I, state with the vibrational continuum of the pap 9 ' )

. . riefly the experimental f ing on th hni m-
11Hg state. Since thangerade-geradeymmetry is not per- briefly the experimental setup, focusing on the technique e

fect in SLi7Li thi ing i ot The effect i ployed to measure the predissociation rates, and we recall the
ectin "Li"Ll, this coupling Is not strictly zero. The eftectis .06 anomalous data points. Then, in Sec. Il we present a

very small and the coupling was treated as a perturbatioy,oe| treating the coupling of the three molecular states. In

leading to a calculation of predissociation rates for differentgec v we discuss results of the calculation and compare to

rovibrational levels of the molecule. In these calculations,ipe experimental measurements. We also present the calcula-
the Fourier grid methoi7—10] with an absorbing potential o of the A-doubling for the 111 state, and we compare

was employed. For a fixed vibrational leveland various  egylts with previous measuremefitss]. Finally, a conclu-
rotational quantum numbeds the calculated predissociation gjgp is exposed in Sec. V.

rates exhibit an oscillating behavior vs rotational energy. It is
linked to oscillations of the Franck-Condon factor between
the B I, quasidiscrete vibrational levels and those of the
1 1Hg continuum. Later, systematic measurements were car-
ried out [11], confirming almost perfectly the proposed The sub-Doppler experiment is based on a molecular ef-
model and the predicted rates. However, there were few medusive beam of lithium crossed at a right angle by a cw
sured rates, which could not be interpreted in a framework ofunable dye laser oscillating around 460 nm, the total laser-
induced fluorescence being collected vs the laser frequency.
Narrow absorption profiles=£65 MHz full width at half
*Electronic address: Patrice.Cacciani@univ-lillel.fr maximum are then recorded and calibrated using Fabry-

II. EXPERIMENTAL SETUP: OBSERVED
PERTURBATIONS
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[12] and the 2129+ molecular statédashed ling[13—15 have both
potential barriers. The barriers allow an existence of several vibra-
tional levels whose energies are above the dissociation linst (2  FIG. 2. Dissociation rates of the series=7, 8, and 9 vsJ.
+2p). No direct coupling exists between these two molecularFilled squares are experimental dataffarity, and open diamonds
states, but they are both coupled to thjel'ﬂg state(dotted ling [16] are fore-parity data. The curves represent rates calculated using the
by the u-g symmetry-breaking term and the rotational coupling u-g symmetry breaking model. The agreement is very good, except
term 'L +J7L"), respectively. Since the intermediatell;  for three levels of theB'Il, states ¢=7J.=52), (v=8J,
state exhibits no barrier fol=0, it possesses only a continuum =48), and ¢ =9,J.,=50).

vibrational spectrum above the dissociation limit. Measurable per-

turbations occur on predissociation of quasibound levels of the ivalent transmission of the two filters at 671 nm. and a
B'II, and 2'S states when they coincide in energy. equivaient transmis '

nearly constant quantum efficiency of the detector over the

Perot fringes and the tellurium absorption spectfdr. visible spectral range. The parametercan be easily esti-
Predissociation is investigated in two ways: measuremerffiatéd from the knowledge of Franck-Condon factors and
of spectral broadening when the dissociation rate is higﬁrom the transmission curve of the yellow filter. Figure 1 qf
enough to be detected>(10 MHz) and detection of the Bouloufaet al. [11] shows an example of such spectra. This
atomic (2— 2s) fluorescence, which occurs after dissocia-technique allowed measurements of low dissociation rates
tion of the excitedd 11, level above the @+ 2s asymptote.  for nine vibrational series, in the range 8.30° s™'-40
In the latter technique, we are able to distinguish the molecux 10° s™*, much lower than the radiative rate of 110
lar fluorescence, which is emitted into many vibrational X 10° s™. For such values, detecting a spectral broadening
states of th&X '3 ground state, from the atomic one at 671 is almost impossible. Thus, the selective detection of atomic
nm. This is achieved by using different colored filters in thefluorescence is a key point to put into evidence the breaking
light detection system. A first frequency scéa is per-  of theu-g symmetry forSLi"Li.
formed with a yellow filter, which collects a maximum of the A symmetry-breaking model was invoked, introducing a
fluorescence, cutting only the laser stray light. A second scagoupling termh,q to the Hamiltonian of theBLi’Li mol-
(b) is performed with a red filter, which transmits only the ecule. This term is not zero fdiLi’Li because the center of
atomic fluorescence. The lines present in this lati¢spec-  mass of the molecule does not coincide with the center of
trum represent transitions connected to predissociated levelgolecular symmetry. Since the “defect” of symmetry is
Comparing the intensities of the two spectra, we can measuigy,|, the termh,; was treated in a perturbative way. A
the branching ratip between dissociation and fIuorescenc:e.Schr--cdinger equation includindh,, was solved using the

More precisely, we measure mapped Fourier grid method. An approximate coupling
strength was first evaluated at the infinite internuclear sepa-
_ '_a _ (aA+k) (1) ration, where the coupling is responsible for the isotopic shift
7 k7 of the 2p— 2s atomic transition at 671 nm. Then the cou-
pling was fitted to experimental data. By adjusting only one
where A is the spontaneous transition probability of tBe parameter, we were able to reproduce all the experimental
state,« is the fraction of the molecular fluorescence trans-data(Fig. 2), except for three values o (J.), which were
mitted to the light detector through the yellow filter, elhés  far outside experimental error bar. This requires a theoretical
the dissociation rate. This equation is valid assuming arexplanation.

Energy above 2s + 2p (cm'l)
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I1l. THEORETICAL MODEL AND CALCULATION i =7 Iy o7 =0 Iy

The accidental character of observed perturbations in the 70 e s ©
B 11, spectrum suggesf$] an interaction with quasibound I
levels rather than with a continuum. In addition B'1,,,
there is only one molecular state}Bg , dissociating to the
2s+2p asymptote, which has a potential barriedat0. The
barrier is high enough to support several quasibound vibra-
tional levels for values ofl as high as 80. For all other
molecular potential curves converging to the same asymp-
tote, there is no barrier d=0, and the attractive curves are
such that in the range of rotational levels considered here, the
centrifugal term is not strong enough to create a barrier.
Therefore, the 33 state is the only possible candidate

o
S

2

Energy above 2s+2p (em™)
(%) P
8 S

I ":‘\:1.

200 . -
(dashed line in Fig. )1 This hypothesis is consistent with the ;

fact that the perturbations are observed only égparity 16 ¢ |
B 1, levels. No direct coupling exists betwe&tII, and [ i N

2 12g states. However, both states are coupled to the con- 0 2000 3000
tinuum of the 1'II, state. TheB'II, state is coupled to JJ+1)

1 1Hg by theu-g symmetry-breaking coupling, discussed in

the Introduction, whereas thelzg state is coupled to mg FIG. 3. Diagram of rovibrational energies of tBe'I1,, (crossep

b the familiar rotational couplin operator— 1/ and ZlEg+ (circles molecular states. Roman and italic numbers
y piing P enumerate vibrational seriesof the B 1Hu and 2137 levels, re-

2 + - -1 + ;
(2uR)(I"L™+J7L") [18]. The effect of such a coupling .s[;l)ectively. Three levelén small rectanglesof the B ?Hu state ¢
has been frequently observed between bound states Wlt:7J:52) (0=8J=48), and (=9J=50) are perturbed by

AA==1, whereA is the projection of the electronic angu- yhree close levels of the 2., state. The diagram suggests that

lar momentum on the molecular axis. It leads, for exampleere could be more perturbations, which have not been observed
to A-doubling shifts forll states. Here, we consider the cou- gxperimentally.

pling between the vibrational continuum of thellf[g(e)
state with 2'S ;' quasibound levels or, from the other side,  Figure 3 gives energies d 11, and 2's, molecular
the predissociation of these levels towards tHﬂ;(e) con-  levels as a function of the quantitfJ+1). For a fixed
tinuum. value ofv, they are almost linear functions 8{J+1). Ro-
Thus, vibrational levels oB I, and 2'S states can tational series of th@® 11, state are represented by almost
weakly interact. The effect is very small and can in principleparallel lines for eacls (roman number whereas rotational
be only observed only when B'II, vibrational level ap- series of the 33 state are represented by another set of
proaches very closely in energy to éﬁg level. The effect parallel lines with a different inclination to the abscissa axis
is stronger for large rotational quantum numbdrsince the  (italic numbel. Crossing points between the two sets of ro-
rotational coupling increases linearly withvalues. An ex- tational series are possible candidates to produce perturba-
perimental confirmation arises from the fact that the perturtions if the abscissa of a crossing point is closeld+ 1)
bations are observed only for highA second confirmation values with integed. Small rectangles in Fig. 3 show posi-
comes from a comparison of energiesBtIl, and 212;r tions of theB I, rovibrational levels for which abnormal
levels. Energies of th® 11, levels are very well known predissociation rates were observed:=(7J.=52), (@
from the experiment. The situation is different for théE?Q+ =8,J.=48), and (=9,J.=50). As one can see in Fig. 3,
levels. Experimentally, they were first observed by Fourierthe rotational series of the 11, levels cross with the ?2;
transform spectroscopy, by excitation of tBe'll, levels, series near these specified positions, respectively, with (
which relax towards the ?Zg state by inelastic collisions =19J=52), (v'=20J=48), and ¢'=22J=50) levels.
[14]. The vibrational levels were observed upute-16 and  However, the coincidence is not good for thB I, ,v
an Rydberg-Klein-ReefRKR) potential curve was obtained =9,J=50) level, most likely, because of a poor accuracy of
for the bottom of the potential. Later, a near-infrared, two-the 212; potential curve in the energy range of 500 ¢
photon laser experimef15] allowed the direct excitation of above the dissociation limit. The above analysis also gives
the vibrational levels up to=21. Therefore, the knowledge some insight where other possible perturbations could occur.
of the potential curve remains limited by energies less thamBelow we give a quantitative approach to describe the effect
400 cmi'! below the dissociation energy. Consequently, noon the predissociation rates of tBe'Tl, levels.
quasibound 22; levels have been observed experimentally, In order to treat this effect quantitatively, we solve the
and further knowledge relies necessarily am initio calcu-  Schralinger equation for vibrational motion in the three-state
lations[13]. For our study, we joined the accurate RKR po- potential of Lb. For the solution, we employ the mapped
tential curve smoothly to thab initio curve in order to de- Fourier grid method with an absorbing potential as described
scribe the whole potential. It implies that energies of thein Refs.[6,11]. Vibrational wave functions in the channels
quasibound 237 levels are reproduced with limited accu- B'Il, and 2'X ", and the continuum wave function in the
racy. channel 111'1g are represented by an expansion on a Fourier
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grid of N=305 points typically. An absorbing imaginary po- ' T T T T T T T T T T
tential is placed at the end of the grid in order to absorb 2 : FPerturbed level v=8, J=48 ————
dissociating flux. Complex eigenvalues are obtained by di- : T
agonalization of a BIX 3N matrix. The real part of energies | *-%v=9 ||
yields the energies of the levels, and the imaginary part gives | g z:}‘l’ |
their half-widths. From the latter, the predissociation rate is 5| + v=12| |
computed as described in R¢L1]. The Hamiltonian of the L = 3 XZS _
considered system is written as L _
\og i v * 1
. 1 d? . JJ+1)-0? S ol : ) ]
H=— ﬂ @ +V(R)+ 2,LLR2 ! vy § € <— Perturbed level v=7, J=52 |
where( is the projection of the total angular momentum on i
the molecular axis. It coincides with the projection of the i i
orbital electronic momentum on the ax@.is 0 or 1. The Tx, 1
coupling h,y betweenB 'II, and 1'I1, is the same as in LN
Ref.[11] with no direct coupling betweeR 'I1, and 2'% ;. R
The coupling between 41, and 2'3; is a rotational cou- - =3 X M T 1
. 2 . . 0 Ly ke @ JB, |my | "'i.OI:Q.-»ﬂ- Loy e o 1
pling termbJ(JI+1)/(2uR?) [16], whereb is given by 0 100 200 300 400 500 600 700 800 900 1000

Energy above 2s+2p (cm )
b=2(MIL*| 12"y =\2L(L+1). 3)

FIG. 4. Calculated predissociation rates of Bl levels. The

. . . rates show almost the same behavior as in the two-state calculation
The factory2 arises when the basis set is changed from they ref. [11], except two perturbations that are produced by acciden-
degenerate setlll A==*1, to the one with statesIle, (g interactions with the 25 levels.

1. As the states 237 and 1'11, dissociate to Li(3)
+Li(2p), we haveL=1, givingb=2. Thus, the complete
potential is represented by ax3 R-dependent matrix:

IV. RESULTS

A. Perturbed predissociation rates ofB II,,
rovibrational levels

VlHu(R) hug 0 Calculated predissociation rates Bf'II, rovibrational
—_— levels are shown in Fig. 4. For clarity, the figure shows only
A hug Vi (R) byII+1) B 'I1,, rovibrational levels; the rates of'Z ; levels are not
V= 2uR? 4 shown. As one can see, they essentially display the same
Y EEECEN behavior as in the two-state calculation of REf1]. Two
0 w Vis+(R) levels p =7,J=52) and ¢ =8,J=48) clearly exhibit pertur-
2uR? ’ bations, as observed in the experiment. Experimental rates

for the corresponding levels are X80° s ! and 32

71 . 71
The accuracy of calculated energies and dissociation rates 10° s™7, the calculated ones being smaller,XT0° s

in the mapped Fourier method is controlled by a paramgter 2"d 20<10° s™*, respectively. No significant change is ob-
[9]. In the present calculation, this parameter is chosen to be€rved in the calculated rates for the<(9,J="50) level,
0.6. It provides a relative error in determination of energiecthough it is observed in the experiment. We attribute this
of low bound levels about T~ 10"° ( absolute error is disagreement to an insufficient knowledge of thes2" po-
107421075 cm™1). The accuracy of excited and predissoci-te”“al used in the calculation. I_:or this level, the_ Franck-
ated levels is worse, about 0.01 ctha The poor accuracy of Condon overlap between a Cpntlnuum wave function of the
these levels is not caused by an insufficient density of grid- ng_ state and a corresponding wave function of theeg
points: the density is high enough At=0.6. This drop of level is very small. In principle, by appropriate fitting of the
accuracy is due to the fact that the absorbing potential i@ >4 Potential near the barrier, one could obtain a more
situated at relatively short internuclear distantfesm 20 to ~ favorable Franck-Condon overlap, and therefore better
40 a.u). Exponentially decaying tails of excited vibrational agreement between experimental and theoretical rates.
wave functions reach this region. Therefore, the tails of these A change ofB 'I1,, predissociation rates due to the pres-
wave functions are not properly represented. Shifting the abence of nearby 23 levels can be described qualitatively
sorbing potential toward large distances would improve théby considering wave functions @& *I1,,, 11Hg and 2129+
accuracy, but it would require longer calculations. The acculevels. The situation is demonstrated in Fig. 5, where the
racy of the predissociation rates is also limited by this fact. ltthree-component wave function of thHl ,(v=28,J=48)

is around 1-3%. However, for the purpose of the presenlevel is plotted. The maximum amplitude of thel]flg con-
study, such accuracy is largely sufficient. tinuum component is 0.0018, instead of 0.0011 without a
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0 10 20 30 40 FIG. 6. Predissociation rates as functions of the energy differ-
R (a.n.) ence betweeB 'I1, and 2'X ; vibrational levels, shown by circles

between'Il,(v=7J.=52) and 'Y (v'=19J=52), squares be-
. L . tween 'I1,(v=8J.=48) and 'S, (v'=20J=48), and triangles
~ FIG. 5. The wave function of thB “TI (v =8,J=48) predisso- between'IT (v =9J,=50) and'S/ (v’ =22J=50). 100 165 *
ciated level. Because of the interaction with two other molecular - 9

; “'Yeorresponds to 0.53 ¢,

states, the wave function has three components. The continuum
component on the ?I.Hg state(middle panel is oscillating at large
distances up t&R=40 a.u., where an absorbing optical potential is toionizing resonances in atoms.

used in our numerical calculations. The interaction betweéH | The total predissociation rafé; of a givenB 11, vibra-
and 2'3; states enhances the amplitude of thHlI}, continuum  tional levelv,, due to the couplindh, with the 1111, state

wave function. This tums into a corresponding increase of thecan pe represented by the familiar formula
Franck-Condon overlap between wave functions of tHﬂ; and

B 11, levels and, therefore, to a higher predissociation rate.
D=2 (i hygl ¢, ) (5)
coupling with the 2129+ state. The corresponding increase in ’
dissociation rate relative to a two-state calculation is de-
scribed by (0.0018/0.0013¥ 2.7. . . .

Since the accuracy of the 2 potential used in the where ¢, is the wave function of the bouna, level with
present calculation is probably not sufficient to reproduceenergyE, calculated with no coupling between théHg and
exactly the energy positions of quasibounds levels B I, states;z,b%eg” is the wave function of the I, con-
within few wave numbers, we have tried to determine howtinuum calculated at the same enefgyin standard theory of
sensitive are the perturbations to small modifications of thgceshpach resonances, the continuum wave function has a
potential curve. For this goal, we have artificially modified weak dependence on eneryThis is not true in the present
the barrier of the 22; potential. As a result, energies of the case, since the continuum level is perturbed by a nearby
213 levels vary relatively to theiB ‘IT, partners. Figure 6 23 vibrational level , at energyE,=E— A, giving zpﬁeg"

shows dependences of predissociation rates of the thregstrong energy dependence. The formalism of Beutler-Fano
B, e levels vs the energy difference between th€g  profiles can be adapted to the present case to describe this
and B 'I1, levels. The three dependencies show a strongiependence in terms of a few parameters. For that purpose,
resonant character and reach zero at a certain energy diffefre consider the widtfi'; in Eq. (5) as a square of a matrix

ence, leading to a cancellation of predissociation. It can b%lement\/ﬁ wpert hyol ¢ of the operator\/ﬂh be-
noticed that the behavior of the rate curve for Béll,(v “in<iti;|g | ug|Str;¥l and a “final® yPe stai and
=9,J=>50) level is quite different from two other curves; the o ‘ﬂﬂu I .
lHu(U=9,J=50) curve disp|ays a Very narrow resonance.follow the de“Va“on Of Ref[20] [See Eqs(36©—(371) In

theory of Beutler-Fano profilegsee, for example, Refs. we only have to replace the dipole moment operataw?2
[19,20), which was initially developed for studying of au- by the operator/2wh,q. The final formula reads
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TABLE I. Parameter®, I';,, andI'y obtained from the fit of the dependenciég(E) to the analytical
formula of Eq.(5) and from direct calculation of predissociation ratgsandI'y. The agreement is very
good, confirming the interpretation. A different behavior of the cdiy€E) for the pairv =9, vy=22 is due
to a relatively lowI'y value.

r,, 1°st r,, 1°st Iy, 10°0s? Iy, 100s?

Parameter (Fit) (Calculatedl (Fit) (Calculatedl Q
vy=7,v4=19 6.61 6.54 85.56 92.1 1.19
vy=8,v4y=20 7.87 7.89 59.4 58.5 1.34
V=9, vg=22 6.50 6.46 1.23 3.84 1.32
(Q+¢€)? this goal we have reduced the magnitude of the rotational
FT(E)ZFUT, (6)  coupling and have again calculated the dependence of the
€

predissociation rate as a function of the energy difference

between the two interacting levelsl,(v=_8J=48)

and 12;(1):20,]:48). The result of this calculation is

given in Fig. 7. The reduction of the coupling by a factor of
E-Ey _ i @) 2 does not change the general form of the resonant curve but
[y2 Tyl2 it does change the overall width by a factor of 4, which is in

agreement with the previous discussion.

where

€=

is a reduced energy. The parametégsandI’, have a simple
physical interpretationl’y is the width of a corresponding

2'3 predissociated level, in absence of thi, 4 coupling, B. A-doubling of Li, 114 bound levels
i.e., it can be represented as In order to check the validity of our calculation, we have
applied our model to interpret experiment results of Linton
VI(J+1) et al.[16]. In their experiment, the effect of th& doubling
Tog=2m(s [b———— i "*")?, )
9 2uR? 9
[ I T T I T [ T I T I T I ]
where s is an unperturbed wave function of thg level, E‘f‘\_ = Full JL coupling
and ¢{°"P¢"is the unperturbe¢both, h,, andJL, couplings 20 T ® I coupling divided by 2
are set to be zejaontinuum wave function of the stalé; . | u * i
The width T, is related to the predissociation BfII, vi- i
brational levels whedL coupling is neglected, i.e., s I _
—~ ‘Q “\
= Tow
1_‘u:277'< wl'[ulhug|¢nl'[0npen>21 9 =1 i ! "\, .h T
i Py AR
wherey;  is the wave function of the correspondiBg'Il,, § 10— '».‘. "'-.._____L
level. When both perturbations are simultaneously intro- | ceccssssses, ’“-mm.....;-:f_:
duced, the total width of the,, level is described by Ed5). ------...__:“"""ﬁ.
The analytical formuld5) can be tested fitting the depen- gl "'-._" oy i
dencies of total predissociation rates for the thrggiven in " '
Fig. 6. Itis clear from the figure that the variation of widths i w |
obtained by varying the energy differenaefollows closely LI
this analytical formula. The shape of the curves for the vari- Gl . 1 . u . A T R R
ouswv,, is determined by a variation of the rotational coupling 600 -400  -200 0 200 400 600
matrix element yielding different values for thg widths. A=v’ 9.1
) ; =v’[IT ]-v[Z ], (10"s
Table | gives the fitted values for the parame®rd”,,, and L, v 8] ( )
I'y and compares them with values calculated diretRyates FIG. 7. The effect of a reduced coupling betweehlT, and

T'g can be directly calculated as descn.bed be]cﬁhbtalned_ 2 lE;’ molecular states on the predissociation rate of hg, (v
analytical curves are represented in Fig. 6 by dashed I|ne;81\]=48) level. We have modified th&S ! potential curve to
As one can see, the agreement between calculated and anRsduce a variable difference in energy bgetween Yhie, (v =8,]
lytical dependencies fdr'+(E) is very good. The parameter _4g) and's ! (v =20,)=48) levels. Squares show calculation for
Iy controls the overall amplitude of the curvEz(E), Q  the actual rotational coupling, circles represent a calculation for a
controls the shape of the curve, afigldetermines the width.  coupling twice smaller. The fitted paramet@sl’, , andI’ for the
Numerically, we have also investigated the effect of thelast curve are 1.38, 7.9410° s, and 14.2& 10° s ¢, respec-
rotational coupling on the shape of the resonant curves. Falvely. The parameters for the former curve are given in Table I.
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LI T T " T 2125 level approaches very closely a giveriLHg level.
& oo v=0 : The amplitude of the variation is determined by a corre-
Lag P S sponding Franck-Condon overlap between the vibrational
Ak y=3 + 4 114 and 2'3 ;' wave functions. Compared with a pertur-
5 i ': A bation method, where every individual-splitting is ob-
>b V=6 . tained as a sum over all the vibrationat2, levels located
i g i below and above the consideredlﬂg level, the present
+ i 4 method provides thd -doubling for all vibrational levels in
E 10 *.*" one single diagonalization. The experimental data of Linton
= P *_***’ *A_.-‘ et al. [16] are shown in Fig. 8 as open symbols. The agree-
o [ AL e e ment is satisfactory although not perfect. The comparison is
T A asasaasstt A g also presented in Table Il for both moleculs, and "Li,.
5 ’“‘ﬂ'ﬁ‘“‘“ﬁ“ﬁ:ﬁm‘?"’ : For the completeness of the table, we give also values of
-1- " : obtained in the mentioned perturbation model of R&6].
i £ Since the energy positions of12;r and 111'1g bound levels
¢ are determined in the experiment very accurately, the origin
Un > of the discrepancy between theory and experiment should is
o £ 5 attributed to the present theoretical model. One possibility
P ST NI T TR S NI N S N/ . .
0 5 10 15 20 25 30 35 40 45 50 could be the employed approximatipgq. (3)] of the rota-
T value tional coupling. By a small change of the constharitom its

approximated value of 2, a better agreement between the
experimental data and calculations could be obtained. In this

FIG. 8. A-doubling of several vibrational ]jl'[g levels as a
case,b should be considered as fitted to the experiment.

function of the total angular momentutfor the ®Li, molecule.
Open gray symbols are experimental dgtta].
C. Predissociation rates of 2% levels

1 ; . . L
of 17114 bound levels has been observed in homonuclear pregissociation rates of 12+ rovibrational levels have

6 - 7 . — H . g -
molecules’Li, and ‘Li,. Thereforeh, (=0 for this case.  neyer been observed experimentally for neither homonuclear

Let us recall briefly the origin of thé\-doubling. In the o heteronuclear isotopomers. In the perspective of experi-
absence of the rotational coupling between the2 and  mental measurements, we have calculated these rates in the
111, states in Eq(4), 1 I14 rovibrational levels would be  framework of our model including only two coupled-2,
doubly degeneratee(andf parities. This parity is linked t0  ang 1111 channels(no u-g symmetry breaking is consid-
symmetry with respect to a plane containing the moleculagreq therg Results of the calculation are presented in Fig. 9
axis. In presence of rotational coupling,parity levels of 5 6i7Li . Similar to the u-g symmetry-breaking calcula-
1'11, are coupled to 23§ levels, the degeneracy is broken, tions, all rotational series for a given vibrational quantum
and causes an energy splitting betweeandf 1 I levels.  number show different behaviors in two energy regions. At
The actual form of the coupling between'®2; and 1'II;  |ow energies, the rates display an oscillatory behavior deter-
makes the\ -doubling varying linearly with}(J+1). There- mined by the Franck-Condon overlap between discrete and
fore, it is convenient to represent the splitting= between  continuum wave functions. At larger energies, the rates grow
two 11HQl levels[12] as exponentially due to the dominant tunneling effect. However,
there is one qualitative difference from the case of interact-
ing B'IT, and 1'IT; molecular states. In contrast with the
u-g symmetry-breaking calculations, the minima for all ro-
where the parameteris expected to depend weakly dnAn  tational series in Fig. 9 are located at the same energy around
important advantage of the present method relies in its abilitg00—450 cm®. Of course, if theu-g symmetry-breaking
to treat theA-doubling globally, but not locally, as it was term is added, we return to our three coupled states calcula-
treated in Ref[16]. tion and the predissociation rates of‘zg levels may ex-

In order to calculate theé\-doubling, we have diagonal- hibit some extra accidental perturbations. In the figure, we
ized the Hamiltonian including two molecular stateé‘i%F have marked the levels that are involved in the three pertur-
and 11Hg [see Eq(4)]. Then, theA -doubling is determined bations considered above. The'&E19J=48) and ¢’
as a shift in energy of a 1_ng rovibrational level with re- =20J=52) quasi bound 22; levels coupled with the
spect to the energy of the same level in absence of the coL1—11'[g continuum are located near the maximum of the first
pling between ’22; and 111'[g. part of the curve(maximum Franck-Condon overlapThe

As an example, Fig. 8 shows the calculated parameters dissociation rate of the thirdv( =22J=50) 23 level is
for several vibrational levels of theLi, molecule as a func- almost ten times smaller because of an unfavorable Franck-
tion of J. For the most of rovibrational levels} is almost  Condon overlap between the corresponding wave functions.
constant as expected. However, each rotational series ofla this region dissociation by tunneling is not yet effective.
given vibrational level shows a resonantlike behavior inThis observation provides an insight into how one can im-
some regions od. These strong variations opoccur when a  prove agreement between theory and experiment for the third

AE=qJ(J+1), (10
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TABLE Il. Comparison of calculated and measured values of
the A-doubling forLi, and "Li,. The strengths of thd -doubling
are given in terms of the parameter ¢ in cm™* [16]. The upper
number for each rovibrational level is the experimental value from
Ref.[16], the middle number is the calculated value from R&@],

PHYSICAL REVIEW A 68, 042506 (2003

the lowest numbe(in bold) is the result of the present work.

6Li, TLi,
v J=5 7 14 25 31 | 17 19 38 40
0 4.46
2.56
520 518 510 487 471
1 4.82 452 431
2.58 245 243
518 517 510 491 4.85
2 800 589 4.65 4.58 3.64
2.64  2.64 262 2.69 2.52
529 528 525 525 539 425
3 667 411 486 595 3.20
286 286 292 365 2.44
570 571 583 71 —0.12 3.81
4 271 423 514|320
152 264 311|171
877 —133 290 523 6.39 298
5 467 533  8.66 422
3.15 349  6.04 3.06
623 631 690 116 —33|5.22
6 14.67 —0.54 1.11
10.55 -132 0.44
19.6 225 —78.6 —2.42 0.02 0.81
7 1.1 095 137 175
—0.05 0.13 030 0.82
—1.07 —0.87 0.01 137 088|032 052 174
8  4.67 0.52 1.16
1.05 0.49 0.13
1.69 176 071 206 2.44 0.55
9 2.66
1.59
2.75
10 —1.13
—1.65
—223
11 2.34
1.30
2.35
12 0.29
-0.34
0.42

perturbation arising due to the interaction betweer 0,J

T I T l T I T I T .I :_‘l * I .F T I ’ T
> + +’+’+ + 4
£y t: xc : : : : "* x+
100'10..00...‘E:
-Illll.-.. .E.
.0000000.,‘. . .
AdAA e " [
MAM Ada,, e o "
10F La
«44‘ ‘a
= <‘< a
og B j,....,,' P
v_ -
: 1 : v 'v P V=16 -
v v A . v=17
2 ‘ y | v=18
S “ y 4R v=19
~ ; 2N v=20
DA v=21
I =
0.1 v » 7Y v=22 .
b > > . v=24
v . v=24
L v=25
M v=26
0.01- A v=27 .
B Wt No JL coupling
0 100 200 300 400 500 600 700 800

Energy above 2s+2p (cm'l)

FIG. 9. Dissociation rates of Z* rovibrational levels of
BLi"Li, calculated in the two-state model. Only the'2; and
lH molecular states are included.

such a way that it would give a larger predissociation rate for
the level @ 4=22J=50).

V. CONCLUSION

In the present study, we have considered accidental per-
turbations of predissociation rates BfII, °Li’Li quasi-
bound levels, recently observed in a sub-Doppler experiment
[11]. The data were first explained hyg symmetry break-
ing and the coupling of th& 11, state with the continuum
of the 11Hg state. This two-state model, developed in the
framework of the mapped Fourier grid method, allowed us to
describe almost the whole set of experimental data except
three perturbations. We have interpreted the perturbations as
due to an indirect coupling of thB I, state with a third
molecular state, 22*, which also has a potential barrier
and dissociates to (52+2p) In fact, 11Hg continuum wave
functions are significantly coupled to both2; andB 1T,
quasibound levels and a relatively strong effective interac-
tion between the 23 ; andB 'II,, levels occurs through this
continuum, only when aZ; IeveI approaches & 111,
level.

The second result, which validates our model, is the cal-
culation of A-doubling in the 111'[ spectrum of7L|2 and
8Li,. Our calculation reproduces qualltatlvely well the varia-
tion observed in experimental ddta6].

=50) B'II; and @'=22J=50) 2’3 levels. The calcu—
lated ratel’ is small for the level ¢’ = 22,J 50) 2'3,
translates into a narrow width of the dependehg€E) (see

As a third result, we have calculated predissociation rates
of 23 | rovibrational levels located above the dissociation
limit. The tunneling effect and the coupling with thelﬂl

Fig. 6). In the experiment it is quite unlikely that two levels continuum ofe parity have been taken into account. Predis-
(vg=22J=50) and ¢,=9,J=50) approach so closely. sociation of these levels has never been observed experimen-

This suggests that the potentiat®; should be modified in
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Hopefully, future experimental studies will provide infor- behaviors (Fig. 6), which is interpreted using theory of
mation needed to improve the12; potential above the dis- Beutler-Fano profiles.
sociation limit. At present time, the accuracy of our calcula-
tions is mainly limited by a poor accuracy of this potential. ACKNOWLEDGMENT
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situation where two closed channels are coupled via a third We would like to thank Philippe Durand for discussions
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