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Predissociation in theB 1Pu state of 6Li 7Li: Accidental perturbations beyond
the ungerade-gerade symmetry breaking
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Recently, an unusual predissociation was observed for some vibrational levels of theB 1Pu molecular state
of 6Li 7Li @Bouloufaet al., Phys. Rev. A63, 042507~2001!#. It was interpreted as due to theungerade-gerade
symmetry breaking that couples theB 1Pu quasibound levels to the 11Pg 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 11Pg continuum with quasibound levels of the 21Sg

1 state. In addition, our method allows a calculation
of the L-doubling in the 11Pg state and dissociation rates of quasibound 21Sg

1 levels for three isotopomers
of Li 2. Comparison with experimental data is discussed.

DOI: 10.1103/PhysRevA.68.042506 PACS number~s!: 33.20.Wr, 33.20.Sn, 33.80.Gj
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I. INTRODUCTION

For alkali dimers, theB 1Pu state that converges to th
first excited asymptote (ns1np) exhibits a barrier to disso
ciation. Dissociation by tunneling has been observed for2

@1#, Na2 @2#, K2 @3,4#, and Rb2 @5#. Recently, unexpectedly
high predissociation rates of someB 1Pu vibrational levels
were observed in the6Li7Li molecule@6#. Tunneling effects
were too small to explain these rates, which were attribu
to the ungerade-geradesymmetry breaking, which occur
only in the 6Li7Li isotopomer. After the first experimenta
detection of the effect, showing only a couple of unexpec
predissociation rates, a theoretical model was develope
was suggested that these high predissociation rates
caused by a coupling between quasidiscrete vibrational
els of theB 1Pu state with the vibrational continuum of th
1 1Pg state. Since theungerade-geradesymmetry is not per-
fect in 6Li7Li, this coupling is not strictly zero. The effect i
very small and the coupling was treated as a perturba
leading to a calculation of predissociation rates for differ
rovibrational levels of the molecule. In these calculatio
the Fourier grid method@7–10# with an absorbing potentia
was employed. For a fixed vibrational levelv and various
rotational quantum numbersJ, the calculated predissociatio
rates exhibit an oscillating behavior vs rotational energy. I
linked to oscillations of the Franck-Condon factor betwe
the B 1Pu quasidiscrete vibrational levels and those of t
1 1Pg continuum. Later, systematic measurements were
ried out @11#, confirming almost perfectly the propose
model and the predicted rates. However, there were few m
sured rates, which could not be interpreted in a framewor
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the proposed model. These discrepancies occur for three
tational quantum numbers and for thee-parity component
only. As an example, the dissociation rate, measured forv
58,Je548), is three times larger than the calculated o
whereas the agreement is good for all neighboring value
J. In this work, we explore the origin of these addition
perturbations and we interpret them as due to an indi
coupling between quasidiscrete levels of theB 1Pu state and
those of the 21Sg

1 state, which also displays a potential ba
rier and dissociates to (2s12p). Completing our previous
theoretical model, where theB 1Pu levels are coupled by a
u-g symmetry breaking term to the continuum of the 11Pg
state, we now include the known rotational coupling of th
continuum with the 21Sg

1 levels. The potentials of the thre
states are shown in Fig. 1.

The paper is organized as follows. In Sec. II, we descr
briefly the experimental setup, focusing on the technique e
ployed to measure the predissociation rates, and we reca
three anomalous data points. Then, in Sec. III we prese
model treating the coupling of the three molecular states
Sec. IV we discuss results of the calculation and compar
the experimental measurements. We also present the cal
tion of theL-doubling for the 11Pg state, and we compar
results with previous measurements@16#. Finally, a conclu-
sion is exposed in Sec. V.

II. EXPERIMENTAL SETUP: OBSERVED
PERTURBATIONS

The sub-Doppler experiment is based on a molecular
fusive beam of lithium crossed at a right angle by a
tunable dye laser oscillating around 460 nm, the total las
induced fluorescence being collected vs the laser freque
Narrow absorption profiles (.65 MHz full width at half
maximum! are then recorded and calibrated using Fab
©2003 The American Physical Society06-1
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Perot fringes and the tellurium absorption spectrum@17#.
Predissociation is investigated in two ways: measurem

of spectral broadening when the dissociation rate is h
enough to be detected (.10 MHz) and detection of the
atomic (2p→2s) fluorescence, which occurs after dissoc
tion of the excitedB 1Pu level above the 2p12s asymptote.
In the latter technique, we are able to distinguish the mole
lar fluorescence, which is emitted into many vibration
states of theX 1Sg

1 ground state, from the atomic one at 67
nm. This is achieved by using different colored filters in t
light detection system. A first frequency scan~a! is per-
formed with a yellow filter, which collects a maximum of th
fluorescence, cutting only the laser stray light. A second s
~b! is performed with a red filter, which transmits only th
atomic fluorescence. The lines present in this latter~b! spec-
trum represent transitions connected to predissociated le
Comparing the intensities of the two spectra, we can mea
the branching ratior between dissociation and fluorescenc
More precisely, we measure

r5
I a

I b
5

~aA1k!

k
, ~1!

where A is the spontaneous transition probability of theB
state,a is the fraction of the molecular fluorescence tran
mitted to the light detector through the yellow filter, andk is
the dissociation rate. This equation is valid assuming

FIG. 1. The Li2 potential curves involved in unexpected pred
sociation observed in6Li7Li. The B 1Pu molecular state~solid line!
@12# and the 21Sg

1 molecular state~dashed line! @13–15# have both
potential barriers. The barriers allow an existence of several vi
tional levels whose energies are above the dissociation limits
12p). No direct coupling exists between these two molecu
states, but they are both coupled to the 11Pg state~dotted line! @16#
by the u-g symmetry-breaking term and the rotational coupli
term (J1L21J2L1), respectively. Since the intermediate 11Pg

state exhibits no barrier forJ50, it possesses only a continuu
vibrational spectrum above the dissociation limit. Measurable p
turbations occur on predissociation of quasibound levels of
B 1Pu and 21Sg

1 states when they coincide in energy.
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equivalent transmission of the two filters at 671 nm, and
nearly constant quantum efficiency of the detector over
visible spectral range. The parametera can be easily esti-
mated from the knowledge of Franck-Condon factors a
from the transmission curve of the yellow filter. Figure 1
Bouloufaet al. @11# shows an example of such spectra. Th
technique allowed measurements of low dissociation ra
for nine vibrational series, in the range 0.33106 s21–40
3106 s21, much lower than the radiative rate of 11
3106 s21. For such values, detecting a spectral broaden
is almost impossible. Thus, the selective detection of ato
fluorescence is a key point to put into evidence the break
of the u-g symmetry for 6Li7Li.

A symmetry-breaking model was invoked, introducing
coupling termhug to the Hamiltonian of the6Li7Li mol-
ecule. This term is not zero for6Li7Li because the center o
mass of the molecule does not coincide with the center
molecular symmetry. Since the ‘‘defect’’ of symmetry
small, the termhug was treated in a perturbative way.
Schrödinger equation includinghug was solved using the
mapped Fourier grid method. An approximate coupli
strength was first evaluated at the infinite internuclear se
ration, where the coupling is responsible for the isotopic s
of the 2p→2s atomic transition at 671 nm. Then the co
pling was fitted to experimental data. By adjusting only o
parameter, we were able to reproduce all the experime
data~Fig. 2!, except for three values of (v,Je), which were
far outside experimental error bar. This requires a theoret
explanation.

a-

r

r-
e

FIG. 2. Dissociation rates of the seriesv57, 8, and 9 vsJ.
Filled squares are experimental data forf-parity, and open diamonds
are fore-parity data. The curves represent rates calculated using
u-g symmetry breaking model. The agreement is very good, exc
for three levels of theB 1Pu states (v57,Je552), (v58,Je

548), and (v59,Je550).
6-2
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III. THEORETICAL MODEL AND CALCULATION

The accidental character of observed perturbations in
B 1Pu spectrum suggests@6# an interaction with quasiboun
levels rather than with a continuum. In addition toB 1Pu ,
there is only one molecular state, 21Sg

1 , dissociating to the
2s12p asymptote, which has a potential barrier atJ50. The
barrier is high enough to support several quasibound vib
tional levels for values ofJ as high as 80. For all othe
molecular potential curves converging to the same asy
tote, there is no barrier atJ50, and the attractive curves ar
such that in the range of rotational levels considered here
centrifugal term is not strong enough to create a barr
Therefore, the 21Sg

1 state is the only possible candida
~dashed line in Fig. 1!. This hypothesis is consistent with th
fact that the perturbations are observed only fore-parity
B 1Pu levels. No direct coupling exists betweenB 1Pu and
2 1Sg

1 states. However, both states are coupled to the c
tinuum of the 11Pg state. TheB 1Pu state is coupled to
1 1Pg by theu-g symmetry-breaking coupling, discussed
the Introduction, whereas the 21Sg

1 state is coupled to 11Pg

by the familiar rotational coupling operator21/
(2mR2)(J1L21J2L1) @18#. The effect of such a coupling
has been frequently observed between bound states
DL561, whereL is the projection of the electronic angu
lar momentum on the molecular axis. It leads, for examp
to L-doubling shifts forP states. Here, we consider the co
pling between the vibrational continuum of the 11Pg(e)
state with 21Sg

1 quasibound levels or, from the other sid
the predissociation of these levels towards the 11Pg(e) con-
tinuum.

Thus, vibrational levels ofB 1Pu and 21Sg
1 states can

weakly interact. The effect is very small and can in princip
be only observed only when aB 1Pu vibrational level ap-
proaches very closely in energy to a 21Sg

1 level. The effect
is stronger for large rotational quantum numbersJ, since the
rotational coupling increases linearly withJ values. An ex-
perimental confirmation arises from the fact that the per
bations are observed only for highJ. A second confirmation
comes from a comparison of energies ofB 1Pu and 21Sg

1

levels. Energies of theB 1Pu levels are very well known
from the experiment. The situation is different for the 21Sg

1

levels. Experimentally, they were first observed by Fouri
transform spectroscopy, by excitation of theB 1Pu levels,
which relax towards the 21Sg

1 state by inelastic collisions
@14#. The vibrational levels were observed up tov516 and
an Rydberg-Klein-Rees~RKR! potential curve was obtaine
for the bottom of the potential. Later, a near-infrared, tw
photon laser experiment@15# allowed the direct excitation o
the vibrational levels up tov521. Therefore, the knowledg
of the potential curve remains limited by energies less t
400 cm21 below the dissociation energy. Consequently,
quasibound 21Sg

1 levels have been observed experimenta
and further knowledge relies necessarily onab initio calcu-
lations @13#. For our study, we joined the accurate RKR p
tential curve smoothly to theab initio curve in order to de-
scribe the whole potential. It implies that energies of t
quasibound 21Sg

1 levels are reproduced with limited accu
racy.
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Figure 3 gives energies ofB 1Pu and 21Sg
1 molecular

levels as a function of the quantityJ(J11). For a fixed
value ofv, they are almost linear functions ofJ(J11). Ro-
tational series of theB 1Pu state are represented by almo
parallel lines for eachv ~roman number!, whereas rotationa
series of the 21Sg

1 state are represented by another set
parallel lines with a different inclination to the abscissa a
~italic number!. Crossing points between the two sets of r
tational series are possible candidates to produce pertu
tions if the abscissa of a crossing point is close toJ(J11)
values with integerJ. Small rectangles in Fig. 3 show pos
tions of theB 1Pu rovibrational levels for which abnorma
predissociation rates were observed: (v57,Je552), (v
58,Je548), and (v59,Je550). As one can see in Fig. 3
the rotational series of theB 1Pu levels cross with the 21Sg

1

series near these specified positions, respectively, withv8
519,J552), (v8520,J548), and (v8522,J550) levels.
However, the coincidence is not good for the (B 1Pu ,v
59,J550) level, most likely, because of a poor accuracy
the 21Sg

1 potential curve in the energy range of 500 cm21

above the dissociation limit. The above analysis also gi
some insight where other possible perturbations could oc
Below we give a quantitative approach to describe the ef
on the predissociation rates of theB 1Pu levels.

In order to treat this effect quantitatively, we solve th
Schrödinger equation for vibrational motion in the three-sta
potential of Li2. For the solution, we employ the mappe
Fourier grid method with an absorbing potential as descri
in Refs. @6,11#. Vibrational wave functions in the channe
B 1Pu and 21Sg

1 , and the continuum wave function in th
channel 11Pg are represented by an expansion on a Fou

FIG. 3. Diagram of rovibrational energies of theB 1Pu ~crosses!
and 21Sg

1 ~circles! molecular states. Roman and italic numbe
enumerate vibrational seriesv of the B 1Pu and 21Sg

1 levels, re-
spectively. Three levels~in small rectangles! of the B 1Pu state (v
57,J552), (v58,J548), and (v59,J550) are perturbed by
three close levels of the 21Sg

1 state. The diagram suggests th
there could be more perturbations, which have not been obse
experimentally.
6-3
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grid of N5305 points typically. An absorbing imaginary po
tential is placed at the end of the grid in order to abs
dissociating flux. Complex eigenvalues are obtained by
agonalization of a 3N33N matrix. The real part of energie
yields the energies of the levels, and the imaginary part g
their half-widths. From the latter, the predissociation rate
computed as described in Ref.@11#. The Hamiltonian of the
considered system is written as

Ĥ52
1

2m

d2

dR2
1V̂~R!1

J~J11!2V2

2mR2
, ~2!

whereV is the projection of the total angular momentum
the molecular axis. It coincides with the projection of t
orbital electronic momentum on the axis.V is 0 or 1. The
coupling hug betweenB 1Pu and 11Pg is the same as in
Ref. @11# with no direct coupling betweenB 1Pu and 21Sg

1 .
The coupling between 11Pg and 21Sg

1 is a rotational cou-
pling termbAJ(J11)/(2mR2) @16#, whereb is given by

b5A2^ 1PuL1u 1S1&5A2AL~L11!. ~3!

The factorA2 arises when the basis set is changed from
degenerate set,1P L561, to the one with states1Pe ,
1P f . As the states 21Sg

1 and 11Pg dissociate to Li(2s)
1Li(2 p), we haveL51, giving b52. Thus, the complete
potential is represented by a 333 R-dependent matrix:

V̂5S V 1Pu
~R! hug 0

hug
V 1Pg

~R! bAJ~J11!

2mR2

0
bAJ~J11!

2mR2
V 1S

g
1~R!

D . ~4!

The accuracy of calculated energies and dissociation r
in the mapped Fourier method is controlled by a parameteb
@9#. In the present calculation, this parameter is chosen to
0.6. It provides a relative error in determination of energ
of low bound levels about 1028;1029 ~ absolute error is
1024–1025 cm21). The accuracy of excited and predisso
ated levels is worse, about 0.01 cm21. The poor accuracy o
these levels is not caused by an insufficient density of g
points: the density is high enough atb50.6. This drop of
accuracy is due to the fact that the absorbing potentia
situated at relatively short internuclear distances~from 20 to
40 a.u.!. Exponentially decaying tails of excited vibration
wave functions reach this region. Therefore, the tails of th
wave functions are not properly represented. Shifting the
sorbing potential toward large distances would improve
accuracy, but it would require longer calculations. The ac
racy of the predissociation rates is also limited by this fact
is around 1–3 %. However, for the purpose of the pres
study, such accuracy is largely sufficient.
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IV. RESULTS

A. Perturbed predissociation rates ofB 1Pu

rovibrational levels

Calculated predissociation rates ofB 1Pu rovibrational
levels are shown in Fig. 4. For clarity, the figure shows on
B 1Pu rovibrational levels; the rates of 21Sg

1 levels are not
shown. As one can see, they essentially display the s
behavior as in the two-state calculation of Ref.@11#. Two
levels (v57,J552) and (v58,J548) clearly exhibit pertur-
bations, as observed in the experiment. Experimental r
for the corresponding levels are 153106 s21 and 32
3106 s21, the calculated ones being smaller, 103106 s21

and 203106 s21, respectively. No significant change is o
served in the calculated rates for the (v59,J550) level,
although it is observed in the experiment. We attribute t
disagreement to an insufficient knowledge of the 21Sg

1 po-
tential used in the calculation. For this level, the Franc
Condon overlap between a continuum wave function of
1 1Pg state and a corresponding wave function of the 21Sg

1

level is very small. In principle, by appropriate fitting of th
2 1Sg

1 potential near the barrier, one could obtain a mo
favorable Franck-Condon overlap, and therefore be
agreement between experimental and theoretical rates.

A change ofB 1Pu predissociation rates due to the pre
ence of nearby 21Sg

1 levels can be described qualitative
by considering wave functions ofB 1Pu , 1 1Pg and 21Sg

1

levels. The situation is demonstrated in Fig. 5, where
three-component wave function of the1Pu(v58,J548)
level is plotted. The maximum amplitude of the 11Pg con-
tinuum component is 0.0018, instead of 0.0011 withou

FIG. 4. Calculated predissociation rates of theB 1Pu levels. The
rates show almost the same behavior as in the two-state calcul
of Ref. @11#, except two perturbations that are produced by accid
tal interactions with the 21Sg

1 levels.
6-4
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coupling with the 21Sg
1 state. The corresponding increase

dissociation rate relative to a two-state calculation is
scribed by (0.0018/0.0011)252.7.

Since the accuracy of the 21Sg
1 potential used in the

present calculation is probably not sufficient to reprodu
exactly the energy positions of quasibound 21Sg

1 levels
within few wave numbers, we have tried to determine h
sensitive are the perturbations to small modifications of
potential curve. For this goal, we have artificially modifie
the barrier of the 21Sg

1 potential. As a result, energies of th
2 1Sg

1 levels vary relatively to theirB 1Pu partners. Figure 6
shows dependences of predissociation rates of the t
B 1Pu e levels vs the energy difference between the 21Sg

1

and B 1Pu levels. The three dependencies show a stro
resonant character and reach zero at a certain energy d
ence, leading to a cancellation of predissociation. It can
noticed that the behavior of the rate curve for theB 1Pu(v
59,J550) level is quite different from two other curves; th
1Pu(v59,J550) curve displays a very narrow resonanc
The dependences shown in Fig. 6 can be interpreted u
theory of Beutler-Fano profiles~see, for example, Refs
@19,20#!, which was initially developed for studying of au

FIG. 5. The wave function of theB 1Pu(v58,J548) predisso-
ciated level. Because of the interaction with two other molecu
states, the wave function has three components. The contin
component on the 11Pg state~middle panel! is oscillating at large
distances up toR540 a.u., where an absorbing optical potential
used in our numerical calculations. The interaction between 11Pg

and 21Sg
1 states enhances the amplitude of the 11Pg continuum

wave function. This turns into a corresponding increase of
Franck-Condon overlap between wave functions of the 11Pg and
B 1Pu levels and, therefore, to a higher predissociation rate.
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toionizing resonances in atoms.
The total predissociation rateGT of a givenB 1Pu vibra-

tional levelvu due to the couplinghug with the 11Pg state
can be represented by the familiar formula

GT52p^cPg

pertuhugucPu
&2 ~5!

wherecPu
is the wave function of the boundvu level with

energyE, calculated with no coupling between the 11Pg and
B 1Pu states;cPg

pert is the wave function of the 11Pg con-

tinuum calculated at the same energyE. In standard theory of
Feshbach resonances, the continuum wave function h
weak dependence on energyE. This is not true in the presen
case, since the continuum level is perturbed by a nea
2 1Sg

1 vibrational levelvg at energyEg5E2D, giving cPg

pert

a strong energy dependence. The formalism of Beutler-F
profiles can be adapted to the present case to describe
dependence in terms of a few parameters. For that purp
we consider the widthGT in Eq. ~5! as a square of a matrix
elementA2p^cPg

pertuhugucPu
& of the operatorA2phug be-

tween an ‘‘initial’’ cPu
state and a ‘‘final’’cPg

pert state and

follow the derivation of Ref.@20# @see Eqs.~3.60!–~3.71! in
Ref. @20##. In order to adapt the treatment to the present ca
we only have to replace the dipole moment operator 2mv r̂
by the operatorA2phug . The final formula reads

r
m

e

FIG. 6. Predissociation rates as functions of the energy dif
ence betweenB 1Pu and 21Sg

1 vibrational levels, shown by circles
between1Pu(v57,Je552) and 1Sg

1(v8519,J552), squares be-
tween 1Pu(v58,Je548) and 1Sg

1(v8520,J548), and triangles

between1Pu(v59,Je550) and1Sg
1(v8522,J550). 100 109 s21

corresponds to 0.53 cm21.
6-5
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TABLE I. ParametersQ, Gu , andGg obtained from the fit of the dependenciesGT(E) to the analytical
formula of Eq.~5! and from direct calculation of predissociation ratesGu and Gg . The agreement is very
good, confirming the interpretation. A different behavior of the curveGT(E) for the pairvu59, vg522 is due
to a relatively lowGg value.

Parameter
Gu , 106 s21

~Fit!
Gu , 106 s21

~Calculated!
Gg , 109 s21

~Fit!
Gg , 109 s21

~Calculated! Q

vu57, vg519 6.61 6.54 85.56 92.1 1.19
vu58, vg520 7.87 7.89 59.4 58.5 1.34
vu59, vg522 6.50 6.46 1.23 3.84 1.32
ro

-

s

r
ng

ne
a
r

.
h
F

nal
the

nce

of
but
in

e
on

r
r a

.

GT~E!5Gu

~Q1e!2

11e2
, ~6!

where

e5
E2Eg

Gg/2
5

D

Gg/2
~7!

is a reduced energy. The parametersGg andGu have a simple
physical interpretation.Gg is the width of a corresponding
2 1Sg

1 predissociated levelvg in absence of thehug coupling,
i.e., it can be represented as

Gg52p^cSg
ub

AJ~J11!

2mR2
ucPg

nonpert&2, ~8!

wherecSg
is an unperturbed wave function of thevg level,

andcPg

nonpert is the unperturbed~both,hug andJL, couplings

are set to be zero! continuum wave function of the statePg .
The width Gu is related to the predissociation ofB 1Pu vi-
brational levels whenJL coupling is neglected, i.e.,

Gu52p^cPu
uhugucPg

nonpert&2, ~9!

wherecPu
is the wave function of the correspondingB 1Pu

level. When both perturbations are simultaneously int
duced, the total width of thevu level is described by Eq.~5!.

The analytical formula~5! can be tested fitting the depen
dencies of total predissociation rates for the threevu given in
Fig. 6. It is clear from the figure that the variation of width
obtained by varying the energy differenceD follows closely
this analytical formula. The shape of the curves for the va
ousvu is determined by a variation of the rotational coupli
matrix element yielding different values for theGg widths.
Table I gives the fitted values for the parametersQ, Gu , and
Gg and compares them with values calculated directly.~Rates
Gg can be directly calculated as described below.! Obtained
analytical curves are represented in Fig. 6 by dashed li
As one can see, the agreement between calculated and
lytical dependencies forGT(E) is very good. The paramete
Gu controls the overall amplitude of the curve,GT(E), Q
controls the shape of the curve, andGg determines the width

Numerically, we have also investigated the effect of t
rotational coupling on the shape of the resonant curves.
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this goal we have reduced the magnitude of the rotatio
coupling and have again calculated the dependence of
predissociation rate as a function of the energy differe
between the two interacting levels1Pu(v58,J548)
and 1Sg

1(v520,J548). The result of this calculation is
given in Fig. 7. The reduction of the coupling by a factor
2 does not change the general form of the resonant curve
it does change the overall width by a factor of 4, which is
agreement with the previous discussion.

B. L-doubling of Li 2 1 1Pg bound levels

In order to check the validity of our calculation, we hav
applied our model to interpret experiment results of Lint
et al. @16#. In their experiment, the effect of theL doubling

FIG. 7. The effect of a reduced coupling between 11Pg and
2 1Sg

1 molecular states on the predissociation rate of the1Pu(v
58,J548) level. We have modified the1Sg

1 potential curve to
produce a variable difference in energy between the1Pu(v58,J
548) and1Sg

1(v520,J548) levels. Squares show calculation fo
the actual rotational coupling, circles represent a calculation fo
coupling twice smaller. The fitted parametersQ, Gu , andGg for the
last curve are 1.38, 7.913106 s21, and 14.283109 s21, respec-
tively. The parameters for the former curve are given in Table I
6-6
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of 1 1Pg bound levels has been observed in homonuc
molecules6Li2 and 7Li2. Therefore,hug50 for this case.

Let us recall briefly the origin of theL-doubling. In the
absence of the rotational coupling between the 21Sg

1 and
1 1Pg states in Eq.~4!, 1 1Pg rovibrational levels would be
doubly degenerate (e and f parities!. This parity is linked to
symmetry with respect to a plane containing the molecu
axis. In presence of rotational coupling,e parity levels of
1 1Pg are coupled to 21Sg

1 levels, the degeneracy is broke
and causes an energy splitting betweene and f 1 1Pg levels.
The actual form of the coupling between 21Sg

1 and 11Pg

makes theL-doubling varying linearly withJ(J11). There-
fore, it is convenient to represent the splittingDE between
two 1 1Pg levels @12# as

DE5qJ~J11!, ~10!

where the parameterq is expected to depend weakly onJ. An
important advantage of the present method relies in its ab
to treat theL-doubling globally, but not locally, as it wa
treated in Ref.@16#.

In order to calculate theL-doubling, we have diagonal
ized the Hamiltonian including two molecular states: 21Sg

1

and 11Pg @see Eq.~4!#. Then, theL-doubling is determined
as a shift in energy of a 11Pg rovibrational level with re-
spect to the energy of the same level in absence of the
pling between 21Sg

1 and 11Pg .
As an example, Fig. 8 shows the calculated parameteq

for several vibrational levels of the6Li2 molecule as a func-
tion of J. For the most of rovibrational levels,q is almost
constant as expected. However, each rotational series
given vibrational level shows a resonantlike behavior
some regions ofJ. These strong variations inq occur when a

FIG. 8. L-doubling of several vibrational 11Pg levels as a
function of the total angular momentumJ for the 6Li2 molecule.
Open gray symbols are experimental data@12#.
04250
r

r

ty
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2 1Sg
1 level approaches very closely a given 11Pg level.

The amplitude of the variation is determined by a cor
sponding Franck-Condon overlap between the vibratio
1 1Pg and 21Sg

1 wave functions. Compared with a pertu
bation method, where every individualL-splitting is ob-
tained as a sum over all the vibrational 21Sg

1 levels located
below and above the considered 11Pg level, the present
method provides theL-doubling for all vibrational levels in
one single diagonalization. The experimental data of Lin
et al. @16# are shown in Fig. 8 as open symbols. The agr
ment is satisfactory although not perfect. The compariso
also presented in Table II for both molecules6Li2 and 7Li2.
For the completeness of the table, we give also valuesq
obtained in the mentioned perturbation model of Ref.@16#.
Since the energy positions of 21Sg

1 and 11Pg bound levels
are determined in the experiment very accurately, the or
of the discrepancy between theory and experiment shou
attributed to the present theoretical model. One possib
could be the employed approximation@Eq. ~3!# of the rota-
tional coupling. By a small change of the constantb from its
approximated value of 2, a better agreement between
experimental data and calculations could be obtained. In
case,b should be considered as fitted to the experiment.

C. Predissociation rates of 21Sg
¿ levels

Predissociation rates of 21Sg
1 rovibrational levels have

never been observed experimentally for neither homonuc
nor heteronuclear isotopomers. In the perspective of exp
mental measurements, we have calculated these rates i
framework of our model including only two coupled 21Sg

1

and 11Pg channels~no u-g symmetry breaking is consid
ered there!. Results of the calculation are presented in Fig
for 6Li7Li . Similar to theu-g symmetry-breaking calcula
tions, all rotational series for a given vibrational quantu
number show different behaviors in two energy regions.
low energies, the rates display an oscillatory behavior de
mined by the Franck-Condon overlap between discrete
continuum wave functions. At larger energies, the rates g
exponentially due to the dominant tunneling effect. Howev
there is one qualitative difference from the case of intera
ing B 1Pu and 11Pg molecular states. In contrast with th
u-g symmetry-breaking calculations, the minima for all r
tational series in Fig. 9 are located at the same energy aro
400–450 cm21. Of course, if theu-g symmetry-breaking
term is added, we return to our three coupled states calc
tion and the predissociation rates of 21Sg

1 levels may ex-
hibit some extra accidental perturbations. In the figure,
have marked the levels that are involved in the three per
bations considered above. The (v8519,J548) and (v8
520,J552) quasi bound 21Sg

1 levels coupled with the
1 1Pg continuum are located near the maximum of the fi
part of the curve~maximum Franck-Condon overlap!. The
dissociation rate of the third (v8522,J550) 21Sg

1 level is
almost ten times smaller because of an unfavorable Fra
Condon overlap between the corresponding wave functio
In this region dissociation by tunneling is not yet effectiv
This observation provides an insight into how one can i
prove agreement between theory and experiment for the t
6-7
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perturbation arising due to the interaction between (v59,J
550) B 1Pu

1 and (v8522,J550) 21Sg
1 levels. The calcu-

lated rateGg is small for the level (v8522,J550) 21Sg
1 , it

translates into a narrow width of the dependenceGT(E) ~see
Fig. 6!. In the experiment it is quite unlikely that two leve
(vg8522,J550) and (vu59,J550) approach so closely
This suggests that the potential 21Sg

1 should be modified in

TABLE II. Comparison of calculated and measured values
theL-doubling for 6Li 2 and 7Li2. The strengths of theL-doubling
are given in terms of the parameter (104)q in cm21 @16#. The upper
number for each rovibrational level is the experimental value fr
Ref. @16#, the middle number is the calculated value from Ref.@16#,
the lowest number~in bold! is the result of the present work.
04250
such a way that it would give a larger predissociation rate
the level (vg8522,J550).

V. CONCLUSION

In the present study, we have considered accidental
turbations of predissociation rates ofB 1Pu

6Li 7Li quasi-
bound levels, recently observed in a sub-Doppler experim
@11#. The data were first explained byu-g symmetry break-
ing and the coupling of theB 1Pu state with the continuum
of the 11Pg state. This two-state model, developed in t
framework of the mapped Fourier grid method, allowed us
describe almost the whole set of experimental data exc
three perturbations. We have interpreted the perturbation
due to an indirect coupling of theB 1Pu state with a third
molecular state, 21Sg

1 , which also has a potential barrie
and dissociates to (2s12p). In fact, 11Pg continuum wave
functions are significantly coupled to both 21Sg

1 andB 1Pu

quasibound levels and a relatively strong effective inter
tion between the 21Sg

1 andB 1Pu levels occurs through this
continuum, only when a 21Sg

1 level approaches aB 1Pu

level.
The second result, which validates our model, is the c

culation of L-doubling in the 11Pg spectrum of7Li2 and
6Li2. Our calculation reproduces qualitatively well the vari
tion observed in experimental data@16#.

As a third result, we have calculated predissociation ra
of 2 1Sg

1 rovibrational levels located above the dissociati
limit. The tunneling effect and the coupling with the 11Pg
continuum ofe parity have been taken into account. Pred
sociation of these levels has never been observed experim
tally.

FIG. 9. Dissociation rates of 21Sg
1 rovibrational levels of

6Li 7Li, calculated in the two-state model. Only the 21Sg
1 and

1 1Pg molecular states are included.

f

6-8
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Hopefully, future experimental studies will provide info
mation needed to improve the 21Sg

1 potential above the dis
sociation limit. At present time, the accuracy of our calcu
tions is mainly limited by a poor accuracy of this potentia

Our treatment represents an illustration of a more gen
situation where two closed channels are coupled via a t
open channel. In our specific situation, numerical calcu
tions show that resonance curves exhibit different types
is

.

D

s

s

s

04250
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behaviors ~Fig. 6!, which is interpreted using theory o
Beutler-Fano profiles.
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