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Using the most accurate potential curves available fortfig; andX '= states of lithium molecules, we

compute the positions of shape resonances. We also calculate the deexcitation probability from a bound level
v’ with rotational numbeN’ to the continuum of the lower state, and conclude that a shape resonance should
be measurable for the transitiorf’E[g—>a 3% Such a shape resonance has been identified from the spectra
of the transition from thes’=2,N"=4 level of 2°I1 into theN”=4 continuum ofa = . Its position is in

good agreement with the theoretical predictif®1050-294{09)09909-9

PACS numbgs): 33.20.Vq, 33.50.Dq, 33.70.Ca, 34.20.Cf

[. INTRODUCTION tion facilitated optical-optical double resonance spectroscopy
has been used to access th&lIg state of "Li, via 2°II,
—(A'=;~b %)X '=; excitation using two single-
mode tunable dye lasers. THe'S | ~b 3I1, mixed levels
provide gateways through which the triplet manifold can be
=2 /N’'=4 rovibrational level, there is an unidentified feature accessed. When the two laser frequencies were held fixed to

i ’ ’ I+ 3 I+ i
in the spectrum close to the transition to the last bound Ieve?éc'te E,l 23,1'19 V3'N+ —AZ,~Db HU‘_X_ g transition,
v"=9, N"=4 of the lower electronic statg3]. We argue ITg v',N'—a % fluorescence was dispersed by a Spex
here that the feature can be attributed to a transition into 4404 0.75 M double-grating monochromator.
g-wave shape resonance lying in the vibrational continuum
of the a 3= state. Similar shape resonances occur in the -
groundX = state and the singlet and triplet states of the v'=0 '
isotopic variantsLi, and Li’Li. We predict their positions | / I
and widths.

Using photoassociation techniques, shape resonances
have been measured for collisions betw&&Rb atoms[4], )
and ®Rb atoms[5] in the ultracold temperature regime.
These are resonances associated with quasibound diatomic
levels trapped behind a centrifugal barrier, and are important
because the collision energies of ultracold atoms are typi-
cally lower than the centrifugal barrier even for the lowest
partial waves. The position and width of a shape resonance is
very sensitive to the details of the potential, and knowledge
of these quantities may lead to even more accurate potential - 1

In spectroscopic experiments on the molecilg,, an
array of emission lines arising in transitions from thé
state to the 33 state has been detected and analyjaed].
In addition to the series of lines originating from tkeé

weak feature

o
Intensity (arb. units)

1
5 458.68 458.78
Wavelength (nm, in vacuumy)

Intensity (arb. units

curves. In addition to improving the accuracy of the scatter- 3 4

: 1

ing lengths, shape resonances may be expected to shed nev . A.J u . T
light on the elastic and inelastic interactions of cold atoms. 4520 456.0 460.0 464.0 468.0
The important role of elastic shape resonances in inelastic Wavelength (nm)

scattering has long been recogniZé&d. Shape resonances R
may lead to a new kind of spectroscopy of states inside the FLC;'+1' Reso;\_/r?d fluoreﬁcencle? SF’eCtr”mhg”% V,:g’s/:j
centrifugal barrief7] with a tunneling lifetime long enough & ,Zu State. The ten sharp lines are thelk, v'=2,N"=

3y + "_n_ "_ H H H
for inelastic interactions to occur due to weak interaction 2 2, V'=0-9,N"=4Q; lines. .The upper r'g.ht spectrum is an
terms that are difficult to study otherwise. enlargement of the threshold region with a high-resolution scan

(monochromator slit, 4Qum). A weak feature appears at 2:8.2
Il. EXPERIMENT cm ! from thev”=9 level. The dip was caused by insertion of the
mechanical chopper in one of the laser beams momentarily to fa-
The experimental details have been described in Réf. cilitate checking of the optical-optical double resonance signal level
Lithium vapor was generated in a heatpipe oven. Perturbaagainst possible laser-frequency drift.
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TABLE I. RKR data generated from the molecular constants of 10

Ref.[1]. Here, the equilibrium distance R,=3.842 239 A.

G\e/1 Rmin Rmax
v (cm™Y) R) A)
0 94.2493 3.6224 4.0750
1 280.5636 3.4678 4.2558
2 464.6401 3.3643 4.3866
3 646.5657 3.2817 4.4973
4 826.4178 3.2115 4.5965
5 1004.2656 3.1497 4.6880
6 1180.1703 3.0941 47742
7 1354.1864 3.0434 4.8562
8 1526.3618 2.9966 4.9352
9 1696.7388 2.9531 5.0116
10 1865.3544 2.9124 5.0860
11 2032.2412 2.8742 5.1588
12 2197.4275 2.8380 5.2302
13 2360.9381 2.8038 5.3005
14 2522.7946 2.7713 5.3698
15 2683.0156 2.7403 5.4384
16 2841.6177 2.7107 5.5064
17 2998.6151 2.6824 5.5738
18 3154.0201 2.6553 5.6409
19 3307.8437 2.6294 5.7076
20 3460.0955 2.6044 57741
21 3610.7837 2.5804 5.8404
22 3759.9157 2.5574 5.9067
23 3907.4980 2.5352 5.9729
24 4053.5359 2.5138 6.0391
25 4198.0344 2.4931 6.1054
26 4340.9971 2.4732 6.1718
27 4482.4271 2.4540 6.2384
28 4622.3264 2.4355 6.3052
29 4760.6958 2.4176 6.3723
30 4897.5350 2.4003 6.4397
31 5032.8423 2.3835 6.5074
32 5166.6140 2.3674 6.5755
33 5298.8449 2.3518 6.6441
34 5429.5273 2.3366 6.7131
35 5558.6508 2.3220 6.7827
36 5686.2023 2.3079 6.8529
37 5812.1651 2.2942 6.9238
38 5936.5188 2.2809 6.9955
39 6059.2385 2.2680 7.0680
40 6180.2947 2.2555 7.1414
41 6299.6522 2.2433 7.2158

@The termYo=—0.223 2 cm! is included.

Three pairs of A 137 ~b 3, mixed levels[A 'S
v=13,J=4, 7, 11 withb 3, v=19, N=5 (F;,J=4e), 7
(F,,J=7e), 10 (F,,J=11e), respectively have been iden-
tified in ’Li,. When the 2II; v/ =2, N'=4, F;,J'=3e
level is excited via thé 31, N=5, F;,J=4e intermediate
level, the upper ?Hg N’=4, F3,J'=3e level can fluoresce
to thea 3= N”"=4 (F5,J"=3f) and 2 F,,J"=3f) lower
levels according to the selection rules. ThBl#AJ,N’'=4
—N"=2 3Q,3 lines are much weaker than theN=AJ,

Dipole moment (a.u.)

0 4 8 12 16 20 24 28

Distance R (a.u.)

FIG. 2. The dipole moment for the’#l;—a 33 transition. It
should tend to zero rapidly at large Theab initio values indicated
by @ were not used.

N’'=4 —N"=4 Q3 lines such that oniN'=4 —N"=4 Q5

lines (and collision-induced’ =N" Qg lines) have been ob-
served in our resolved fluorescence spectra. Figure 1 is the
23, v'=2,N'=4—-a3%] resolved fluorescence spectrum
with a monochromator slit of 20@m. The ten sharp lines in
the spectrum are transitions into tae’>_ v”=0-9 levels.

The upper spectrum is an enlargement of the threshold re-
gion with a high resolution scatmonochromator slit, 40
um). A weak feature appears at about 202 cmi' ! from

the spectral line corresponding ¥§=9.

Ill. THEORY

The probability of spontaneous emission from a bound
vibrational levelv’ of the initial electronic state of Liinto
the vibrational continuum of the lower state, in a transition in
which there is no change in the rotational quantum number
N’, is given by[8,9]
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FIG. 3. Elastic phase shify.(E) (a) and elastic cross section
on(E) (b) for N"=4 in the a 3% state. In(c), we show
dA, \(E)/dE for v =2N'=4.
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FIG. 5. Sketch of the potential curves for t@ebranchtransi-

FIG. 4. Theoretical prOﬁ'eS for the last level'=9 and the tions with N’ =4 from bound levels of ?Hg to a 323 . The cen-
resonance. The lines are a prOdUCt of a Lorentzian and a GaUSSiWuga| barrier in the lower state gives rise to a Shape resonance
with a width corresponding to the experimental resolution of 0.162|gcated above the last bound lewel=9 atE,, and defines three
A. If the background signal in the continuum is removed, the the-g|assical turning pointR; ,R,, andRs. The bound levels with the
oretical and experimental location and relative intensities come intgargest Franck-Condon overlap are indicatedvly v, andv.
good agreement.

In the Born-Oppenheimer approximation, the radial wave

dA, v (E) 4 ezwi, 5 function of the excited bound statg, \/(R) is the well-
dE -3 hed Dy (B)[*, (1) pehaved normalized solution of the equation
where w,,=(E, s —E)/# is the frequency of the emitted d? , 2K N’(N’'+1)
photon,E, /. is the energy of the initial leveE is the en- ﬁ+ Ke— ﬁVX(R)_ R uy n(R)=0,

ergy of the relative motion in the final state, abd, . (E) is (4)
the transition dipole matrix element. The transition dipole

matrix element is given b .
9 y whereE,, n=#%2K?/2u, p is the reduced mass, aMj(R)

® is the excited interatomic potential. The lower-state eigen-
Dyn(E)= jo dR {, \(RID(R)Ugn(R) . (2 function ug (R) is the regular solution of the partial wave
equation

whereu,. n(R) is the nuclear wave function of the initial
vibrational level,ug \(R) is the energy normalized nuclear d? , 2M N"(N"+1)
wave function in the final vibrational continuum, abdR) ﬁ*k - ﬁvg(R)_ T Ug,n(R)=0, (5)
is the electronic transition moment connecting the two elec-

tronic states. The bound-bound spontaneous emission prob- . . ) .
ability is given by where V4(R) is the lower-state interatomic potentia,

=#%2k?/2u, andk is the wave number. The radial wave func-

4203 tion is normalized with respect to the energy, andy.(R)
Aerr_)vHNuz § ﬁc3 |D¥'N/|2 y (3) haS the aSymptOt'C fOI’m
herew=(E, ' — E,ny)/h and the dipole matrix element 2p | "o
Yv e\tf’eNgl)—(mri vnr)/fi and the dipole matrix elemen e r(R)~ ,u; ) sin KR— rou]. ®
is Dy =JodR ), y (RID(R)U,» nr(R) [9]- mh?k 2

TABLE Il. Turning points defined by the shape resonance inNHe4 partial wave of the 33| state of’Li, and inner turning points
Rnmin for the four lowest levels of the 3&19 state of’Li, for N'=4, and outer turning point&,,,, for the four highest levels.

I0910 Eres R1 R2 RS Rmin Rmax
(a.u) (2o (2o (2o v’ (a0) v’ (ao)
—6.23 6.3826 37.521 45.90 0 6.848 70 29.15

1 6.555 71 32.65
2 6.360 72 37.89

3 6.204 73 47.15
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FIG. 6. The probability of spontaneous
dA, N =4(Eeg9/dE for the various levely’ of the 231'[ state for
the 2°Il;—a 33 transition withN’=N"=4. The resonance en-
ergy is Eres— 10624,

where y»(K) is the elastic scattering phase shift. The elasti
cross section for a particular partial walg is

47 )
on(E)= E(2N"Jr 1)sire[ Syr(K)] . (7)

If shape resonances occur, their positiéps and width T’
may be determined from

-1

= 2( 5N,,(E)) 8

E=E/es

with the resonance lifetime given by=#/T".

IV. POTENTIALS AND DIPOLE MOMENT

For the lowera 33 state, we adopt the potential de-
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FIG. 7. Rotational energy levels of thhd=9 and 10 vibrational
levels of thea 3= state of’Li,. Shape resonances occur fgf=4
and 5. ForN"=4, we show the location of the resonance both in
dA, \(E)/dE (labeled 1 at E,.=10 %% a.u., and in the elastic
cross sectiomry(E) (labeled 2 at E, =10 52%a.u. ForlN"=5, we

cshow only the location of the resonance in the elastic cross section

(labeled 3 at E,.c=10 %8 a.u.(see also Table I}l

We takeCg=31 965 a.u., an€€g=1 006 900 a.u. from Ma-
rinescu[11]. Finally, we estimated the value of the dissocia-
tion energyD (1) for the 23H state using the value af,
=29 844.654 01 cm![12], D (X) 8516.75 cm? of the
X'z, state [10] and the energy differenceA=2
X 14 903 887 cm? between the 8+ 2s and 2+ 2p limit:
De(I)=A+Dg(X)—T,=8479.870 cm?, (12
which is larger than the value 8 380 chproposed in Ref.
[14].

We used the valuebB g Of the electronic transition mo-
ment D(R) calculated by Ratcliff, Fish, and Konowalow
[15] for distances ranging from 3.5 to 2A§ The accuracy
of the data is limited for largeR and we continued the di-
pole moment folR>21.0a, by an exponential

scribed in Ref[10]. To construct the excited-state potential

for 23Hg, we used RKRRydberg-Klein-Reesdata supple- D(R)=Apexp(—BpR) for R=21.0a, (13
mented byab initio values. From the molecular constants in
Ref. [1], we generated RKR data for levels up to ke  where Bp=—dInDre(R)/dR[,;=0.4568 and Ap

Table ). Ab initio data from Ref[1] for R=3.75, were  =Dge«(R)expBR)|,1.0= 10.268. At very largR, D(R) var-

used to complete the short-range section of the potential. Fags asR™ 7 but the long-range dipole makes little contribution

R<3.75,, the short-range form is given by to the dipole matrix. FOR<3.5a,, we use the linear form
D(R)=D(3.5)+(R—3.5)dD/dR|3;5, where dD/dR|;5

V(R)=Aexp —BR) for R<=3.75%, (99 =-1.3487. The full curve with the original data points
from Ref.[15] is shown in Fig. 2.
with
JNV(R) V. RESULTS
A=V(R)expBR)[375 and B=— R, (10) We computed the elastic phase shift and elastic cross sec-

tion for partial waves with angular momentuN’ less or
equal to 7 for thea 33| potential of ‘Li,. We found a shape

resonance foN”=4 at an energ¥,.sof 107 °?a.u. or 0.13
—1

At large distance, we extended the potential with the long-
range form

cm - above the dissociation threshold. We illustrate the
c. ¢ phase shift and the cross section in Fig) &nd 3b), re-
V(R)=— Z6_=8 (11) spectively. The calculated radiative intensity distribution for
R¢ R® the transitionv’ =2N’ =4 to E,N"=4 is shown in Fig. &).
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TABLE lll. Shape resonances for the triplat®s. potentials. Herey/,,, corresponds to the highest
vibrational level withN”=0. For Li,, the resonances arise froni=10 moving into the continuurfsee
also Fig. 7. For 5Li,, the first resonanceN’=4) is due to the appearance of a new quasibound lexel (
=10): the next two correspond td =9 being lifted into the continuum. FdiLi — "Li, the N"=2 resonance
is due tov”= 10 being lifted into the continuum, and the next two resonances are dife=t6 moving into
the continuum.

I0910 Eres r T
N” v” (a.u) (a.u) (9
"Li,: D,=333.78 cm?, v/ ,=10
4 10 -6.23 2.0x10°7 1.20x10°1°
5 10 —5.87 1.0% 106 2.25x10 !
SLi,: De=333.74 cm?, v .,=9
4 10 —6.47 135108 1.79x10°°
5 9 —-5.82 5.7%10°7 4.23x10° 11
6 9 —5.55 2.1%10°° 1.11x10 ¢
SLi—"Li: D,=333.76 cm?, v},=10
2 10 —6.90 1.50<10°7 1.62x10 1°
6 9 —5.86 5.8%10°8 4.15x 10710
7 9 —5.47 8.3% 1077 3.00<10 !

Because of the rapid decrease wRiof the dipole moment, nance feature, we multiply the resonance transition probabil-
the energy at which the intensity is maximal lies below theity dA, _,y: - 4(Eres)/dE 1.01X10°° a.u. by its width
resonance energy &=10 °%a.u. and the second maxi- T',,.=8.48<10 8 a.u. to getA(v’=2N’=4— continuum)
mum apparent in the elastic cross section in Fih)3s  =856x10 % a.u.(or 3.54<10* s ). We expect the fluo-
suppressed. The width is also smaller: 848 ° a.u. com-  rescence signal of the shape resonance to be 0.076 times the
pared to 2.0k 10"’ a.u. (see also Table I}l The shift in  intensity of the line into the last bound level=9,N" =
energy is 0.02 cm' placing the feature at 0.11 cthabove We have convolved the calculated values of the transition
threshold The last bound levet =9 N"=4 is located 2.28 probability by a Voigt profile formed by a Lorentzian and a
cm™* below threshold; hence, the feature is located at 2.3%aussian with W|dths set to the instrumental value of 0.162
cm ! above the last bound level of tee®S | state of 'Li,. A (or 3.5<10°° a.u) [3]. They are presented in Fig. 4,
We have computed the bound-bound spontaneous transithere they are compared with the measured features. The
tion probability between the level’ =2 N’ =4 of the upper theoretical and experimental profiles match closely.
state and the highest lying level'=9N"=4 of the lower Similar features will be present in association with dis-
state. We obtained\(v'=2N'=4—v"=9N"=4)=1.12 crete transitions from other vibrational levels of the 231'1g
x10 1 a.u.(or 4.63<10° s 1). To compare with the reso- state. The largest values will occur when the Franck-Condon

TABLE IV. Shape resonances for the smgbetlz+ potentials. Herey,,, corresponds to the highest
vibrational level withN”=0. For "Li,, the first two resonances arise frofi=41 moving into the con-
tinuum, and the third oneN"=7) is due tov”=40 being lifted into the continuum. FdiLi,, the first
resonance N"=2) is due to the highest level”=38 being lifted into the continuum, and the next two
resonances t9”=37 becoming a quasibound level. F&iri—’Li, all three resonances are duewt=39
being lifted into the continuum and becoming a quasibound level.

IOglO Eres r T
N” v (a.u) (a.u) ()
"Li,» Dg=8516.75 cm?, vj,=41
2 41 —7.64 2.35%10°° 1.03x10°8
3 41 —6.47 3.2%10°7 7.36x10 1!
7 40 —5.70 5.84<10° 8 4.14x 1010
®Liy; D=8516.70 cm?, vj.—38
2 38 —-6.88 1.36<10° 7 1.78<10°1°
6 37 —5.96 7.0&10°° 3.42x10°°
7 37 —5.47 5.0x 107 4.83x10° 1t
®Li—7Li: D,=8516.73 cm?, v/ ,~=39
4 39 —6.34 5.1x10°8 4.73x10°10
5 39 —5.84 6.9% 1077 3.49x10 !

6 39 —5.59 2.28<10°8 1.06x10° %
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factor is maximal, and the classical turning points of thetransition is consistent with our calculations. Figure 7 shows
bound and continuum wave functions most nearly coincidethe rotational energy levels of the’=9 and 10 vibrational
In Fig. 5, we sketch the turning points defined by the shapéevels of thea 3= state of 'Li,. Forv”=10, shape reso-
resonance; the inner wall turning polR{ =6.383,, and the  nances appear above the dissociation thresholN'fer4 and
inner and outer turning points of the centrifugal barrier are5, one of which we identify with the observed spectral fea-
R,=37.522, and R3=45.9(,. The levels with the best ture.
overlap arev’ =2 with the inner turning point located at 6.36  The accuracy of the measurement does not allow an ex-
ap, v/ =72 with its outer turning point located at 37889  perimental determination of the width of the resonance. The
andv’=73 with its outer turning point located at 47&p  uncertainty in the position of the resonance prevents us from
The turning points of the surrounding levels are listed inusing it to modify the inner wall of thea 3% potential
Table Il. We have calculated the intensities fdrup to 73,  curve, which would make possible a more precise evaluation
and we illustrate them in Fig. 6. Due to the rapid decrease off the scattering length. A more precise determination of the
D(R) at largeR, the intensities are, with the exception of the position of the resonance is possible using a triple resonance
v'=1 feature, all much less than the feature correspondingpectroscopy where the fluorescence detection is replaced by
tov'=2, even for levelsy’ =72 and 73. Thes' =1 feature  stimulated emission pumpirid6]. The laser frequency cali-
is predicted to have an intensity equal to 77% of #le=2  bration accuracy is much higher than that of fluorescence-
feature. Althoughv’=1 has not been populated in this ex- based methods. These experiments are planned at Temple
periment, it would be obscured by the high background sigUniversity.
nal [3].
We have searched numerically for shape resonances in the
scattering by the interaction potentials of ﬂdéEg state of
‘Li, and theX '=; anda 3% states of°Li’Li and °Li,. The authors gratefully acknowledge helpful discussions
For the X = interaction potential, we adopted the curve with Dr. A.J. Ross. The Fourier Transform experiment in
described in Ref.10]. The locations and widths of several of Lyon by Dr. A.J. Ross and co-workers supplied the calibra-
the resonances are listed in Tables Il and IV. It may betion for the spectrum shown in this paper. We also thank Dr.
possible to detect them experimentally. Accurate measuredlexandra Yiannopoulos for her assistance with the experi-
ments could be used to improve the interaction potentials. ment at Temple University, and for pointing out the correc-
tion in T,. We also acknowledge G. Lazarov for technical
V1. DISCUSSION AND CONCLUSION assistance. The work of R.C. was supported by the National
Science Foundation through a grant to the Institute for The-
The feature measured in the spectrum dfig—a 3S]  oretical Atomic and Molecular Physic§TAMP), and of
from the initial levelv’=2N’'=4 corresponds to a shape A.D. by the U.S. Department of Energy, Division of Chemi-
resonance in the continuum of tke®S | state. Its position cal Sciences, Office of Energy Research. A.M. Lyyra grate-
of 2.5+0.2 cm! above the last level”=9 is in good fully acknowledges support from the National Science Foun-
agreement with the theoretical value of 2.4 CmFurther-  dation(Grant Nos. CHE-9222801 and CHE-93201.1(0 Li
more, the fact that the feature was seen only for one specifithanks NNSF, China for support.
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