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New high resolution polarization data have been obtained foAth¥ band system o¥Li, , and

new Fourier transform data for the homonuclear lithium dimers. They are combined with earlier data
for 88Li, and "L, in the first systematic combined-isotopomer analysis of data fer. Mihis
analysis of 8445 rovibrational transitions yields an improved and internally consistent set of
molecular constant for the three,Lisotopomers, and determines the electronic isotope shift and
leading vibrational and rotational Born—Oppenheimer breakdown correction terms for both
electronic states. €002 American Institute of Physic§DOI: 10.1063/1.1514670

I. INTRODUCTION rected and extended Hsu'’s original assignments, and reported
a set of molecular constants for tfig 7} isotopomer which
Recent years have seen numerous detailed spectroscopigscribed vibrational levelsv(X)=0-14 and v(A)
investigations of the Li molecule!™* However, in spite of =0-25, forJ up to 781" In 1986 Barakagt al 8 extended
the availability of extensive data sets for both thiei, and  the data range t@ (A) =26, but poor Franck—Condon over-
68.i, isotopomers, no proper combined-isotopomer analysemp made higher vibrational levels inaccessible using one-
of data for this system have been reported. This is a notephoton transitions from the ground state.
worthy omission, since Born—Oppenheimer breakdown A decade later, the development of photoassociation
(BOB) effects are expected to be substantial for species witBpectroscopy allowed Abrahagh al to measure the binding
small reduced mass, and,Lwould seem to be one of the energies of numbers of levels lying between 0.37 and 150
best nonhydride systems for studying such interactionssm=! of the dissociation limits of 'Li, and ®fLi,. A year
Moreover, in view of the prominence of Liin studies of l|ater, Urbanskiet al? used triple resonance spectroscopy to
ultracold molecules formed by photoassociation® a de-  observe vibrational levels (A)=27-62 of the{7,7} isoto-
tailed knowledge of the relative energies of the states of th¢omer, and combining their measurement with the results of
different isotopomers is of considerable practical importancethe Kusch—Hessel analysis, determin@estate molecular
The present paper takes a first step in the direction of @onstants for’Li, spanning the range (A)=0-62. That
comprehensive combined isotopomer analysis for the obsame year, Lintoret al® used optical—optical double reso-
served electronic states of,Li nance to excite levels of thE'X; and F 'S  states of
The A'S [-X'3  system is the most thoroughly stud- i, whose fluorescence into thé state spanned Ievels
ied and widely exploited electronic band spectrum of.Li y(A)=1-84, the highest of which lies only2.4cm ?
Levels of theA'X | state have been used as intermediatesrom dissociation; however, they did not report a set of mo-
for double resonance experlmeﬁfé2 providing access to a lecular constants.
wide range of other singlet electronic states. Particular gate- More recent results on th§,6 isotopomer were ob-
way levels®*also provide access to the manifold of triplet tained by Wanget al,* who used sub-Doppler polarization
states using perturbation-facilitated optical—optical doublespectroscopy to perform a high resolution one-photon study
resonance spectroscopy. of 38 bands in theA—X system spanning the rangdX)
Modern spectroscopic studies of the-X systemof Ly  =0-8 and v(A)=0-24, essentially the same range
start from the thesis work of Hs§.While there were some spanned by the Kusch—Hessel analysis of {hg} isoto-
questions regarding his analysisthe data set 0f~18000  pomer data of Hst® However, the molecular constants they
lines are of quite high quality, and have been the cornerstongported were for th¢6,6} isotopomer alone.
of most later work on this system. Kusch and Hessel cor-  The objective of the present work is to combine some of
the best results from the earlier work with new measure-

dAuthor to whom all correspondence should be addressed. Electronic mai_r:nents for all three _isotopomer_ic f(_)rms of;lin a Combined'
lyyra@astro.temple.edu isotopomer analysis which will yield a compact and inter-
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TABLE I. Summary of the data for tha 'S 7—X '3 system of Lj used in the present analysis.

X13, state

AlSS Uncertainty Source
Isotopomer Type No. linesv range v range Jrange (cm™?) Ref.
", A—X absorption 1417 0-6 0-13 0-45 0.02 16
A-X absorption 1365 0-13 0-3 0-66 0.010 This wdrion)
A-X fluorescence 1085 0-12 2-40 0.006 This workLyon)
6.8, A-X absorption 934 0-24 0-7 0-43 0.005 4
A—X absorption 2016 0-13 0-2 0-74 0.010 This wdrion)
A-X fluorescence 1403 0-13 1-49 0.006 This worlyon)
67, A-X absorption 225 0-5 0-3 0-39 0.005 This wotKemple

nally consistent representation of the data for all threeDoppler polarization spectra had typical linewidtfwll
species, and allow the first quantitative determination ofwidths at half maximumof 0.006 cmi', and the small re-

BOB effects in this system. duced mass of lithium dimers gives rise to a relatively sparse
distribution of rovibrational levels at this resolution. More-
II. EXPERIMENTAL DATA over, perturbations between states are very rare for the lower

N , _ , levels of theA state?®?!and the associated coupling is weak
_ The data utilized in the present combined-isotopomely e 1 the weakness of the spin—orbit interaction. Therefore,
parameter fit” analysis of the\—X system of Ly are Sum- ,arjanning or perturbed spectral lines were not an impedi-
marized in Table . We were fortunate to obtain a listing of ent 1 rovibrational assignments, although occasional du-
the original "Li, absorption data of Hsff, and since our plicate assignments appear. Another property which helps
interest here is focused on the delineation of BOB effects, we,qirm the spectral assignments is the band intensity profile.

selected from that data set 45 bands consisting of 1417 [in§§5564 on these considerations, our assignments are believed
with v(A)=0-6 anduv(X)=0-13, and withd’ and J” to be unambiguous.

<46. However, since the uncertainties in these data were The new absorption and fluorescence spectra were re-

estimated to é:)e about four times larger than those for the jeq using heatpipe sources containing either naturally oc-
more recenf®Li, measurements of Ref. 4, supplementary,ring Jithium metal or a sample of 95% enrich¥d. The

data were clegrly reéqyired. The present paper there7fqre aNfzatpipes were operated at about 750 °C, using argon as a
lyzes the publishe@®Li, A-X data of Ref. 4 and théLi,  p s gas. The absorption spectra from 610 to 790 nm were
lines from Ref. 16 together with new measurements froMecoged on a Fourier transfortRT) spectrometer using a
three types of experimenti) high resolution sub-Doppler a1, halogen lamp as a light source, and appropriate opti-

i I ’7 I i - i i . - .
polarization spectroscopy ofLi, 6((;2_ Dopp7lt7ar.llm|ted cal filters. The instrumental resolution was 0.07 ¢mbut
Fourier transform absorption spectra’oti, and"'Li,, and measuredDoppler limited linewidths were nearer to 0.1

m i 7'7 1 . . . . .
(iif) resolvedA—X fluorescence spectra &fLi, and"Liz, ¢yt The uncertainty in the line peak positions is taken as

also recorded by Fourier transform spectrometry. one tenth of the linewidth. However, many lines were not
The new excitation spectrum 6fLi, was obtained us-

ing the sub-Doppler polarization experiment described in
Ref. 4. With careful calibration against iodine lines, the un-
certainties in the line frequencies are estimated to be
~0.005cm , much of which is due to the Doppler broad-
ened iodine reference lines. Some 225 rovibrational transi-
tions were measured f6rLi, , with v (A) ranging from 0 to
5 andv(X) from 0 to 3(see Table)l Figure 1 compares a
segment of this polarization spectrulower trace with the
Doppler broadened Fourier transform absorption spectrum o
68Li, described belowupper tracg Both spectra were ob-
tained using samples 95% enriched Sini, and the weak
87.i, lines in the polarization spectrum are indicated by as-
terisks. The analogou&eLi, results from Ref. 4, consisting
of 934 transitions in 32 bands with(A) ranging from O to
24 andv(X) from 0 to 7, are also utilized in the present
combined-isotopomer analysis. \,\ ,
The vibrational and rotational assignment of th.i, L S LR L L R R UL L L DR AL

i o . ; . 13915 13916 13917 13918 13919 13920
and®Li, polarization data was quite straightforward. Using viem”

the published molecular constants for {ffe7} isotopomet.’ _ Four . _ _
the normal firstorder semiclassical mass-scaling'C: - Comparison of Fourier transform absorption spectrufiriof (up-
er tracé with sub-Doppler polarization measuremefitsver trace. Lines

. . 9 . e . .
relationship® can pred'_Ct most transitions to _W'th'n 0.2 |apeled with an asterisk afélLi, transitions, which are discernable only at
cm™ 1. Spectral congestion was not a problem, since the sulhigh resolution and sensitivity.
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measured to the expected accuracy because of overlap, and AM@ AMY m+1/2
. : @ 1 A B B M1
obvious blends were removed from the data set. Absorption Y =1 Y|+ — 5ﬁm+ —Om(| — 2
lines were assigned to transitions between vibrational levels A Mg a
0-3 in the ground state and-QL3 in the A state for each

. : : . . As for any homonuclear diatomic, for LiA=B, so &
, ) 4 I,m
isotopomen(2 016 lines for®8Li, and 1 365 lines fof''Li,). B 5|,Lr'n and there is only one set of BOB correction

i i — 9m™
The problem of line oyerlap was partially compensated’&erm coefficients to be determined.
for by measuring laser-induced fluorescence spectra.

X ) : For the reference isotopomera€l), wm,=pm; and
single-mode cw dye lasdiSP 380D operating with DCM « o o i
dye was used to excited a chosAna-X transition (O<v’ AM3=AMg=0, so Eq.(1) collapses to the familiar Dun

=<5). Backwards fluorescence along the heatpipe axis w. gam expansion for the levels of a vibrating rotof> Simi

collected on a pierced mirror, and focused on to the entrancarly’ if a#1 and all of the{4; } are |_dent|cglly zero, Eq.
(1) becomes the level-energy expression which would be ap-
aperture of the FT spectrometer. Spectra were recorded usi . : . ; .
. e . opriate if all isotopomers of the given molecular species
a near-infrared sensitive Si avalanche detector, and transj- . : ;
. . . e adexactlythe same potential energy functicandthe first-
tions were observed involving levels”=0-12 of theX . .
. . order semiclassical (or Jeffreys—Weentzel-Kramers—
state. The measured linewidths were around 0.06 ‘tm I o "
Brillouin or Bohr—Sommerfeldquantization condition were

However, the absolute calibration of the fluorescence SpECtrgxact for this species. The fact that neither of those condi-

not only relies on the performance of the FT spectrometer,; . ; . .
ons is ever exactly true gives rise to a need for the atomic-

but also requires the laser excitation to occur at the peak of . . .
the Doppler profile. Since the dye laser was sometimes 0],grﬂass—dependent corrections terms associated with the param-
. ' . . - eters{&lA +. While the relative magnitudes of these two
the peak maxima, the fluorescence lines were shifted W'trt] es of'rgontributions cannot be determined in an empirical
respect to thécalibrated absorption lines. The fluorescence “ygrameter-fit” analvsis based on a fit to level ener P ox-
data thus give accurate energy spacings for the ground Statgressions such as éq}.) and both are aenerall res?r/]t "
(estimated uncertainties 0.006 ¢h), but are not reliable for b ' 9 y P '
the characterization of th& state. Some 1403 such fluores- has become customary to refer to terms of this type collec-

cence lines were measured f&FfLi, and 1085 lines for tively as “BOB corrections.” .
T, The expansion of EqJ) is formally exactly equivalent

The complete data set used in the present analysis m to an expression introduced some years earlier by Ross, Eng,

be obtained either from the corresponding author’s data‘:;}/nd Kildal?® for which Bunkef” and Watsoff had provided

. : . theoretical justification, and the expansion parameters of the
archive web site(http://www.temple.edu/molecular_optjcs P 23 .
or from the Journal’s supplementary material archive two forms can be readily interrelatédHowever, in Eq.(1)
' the BOB energy corrections are additive rather than multipli-

cative, and the reference species whose parameters are di-
rectly determined by the fit is an actual molecular species,
The present analysis of data for the-X system of Lj rather than a hypothetical model system in which the first-
was based on use of the combined-isotopomer level energyrder semiclassical quantization condition is exact and the
expression introduced in Ref. 23. For isotopomer” ‘of a intermolecular potential energy function is exactly the same
general diatomic molecule A—B in & electronic state for all isotopomers. Other advantages of the combined-
formed from atoms of masMj, and Mg, the energy of isotopomer level energy expression of Et) are discussed

IIl. METHOD OF ANALYSIS

vibration—rotation level ¢,J) is written a$* in Ref. 23.
Minax | max(M) In principle there are no restrictions regarding which iso-
E%(v,d)= E 2 Ylam(v_,_%)l [J(J+1)]™ topomer is selected as the reference species whose param-
m=0 (=0 ’ eters{Y{ .} explicitly appear in Eq(1). If no rounding is

m1/2 performed, exactly the same quality of fit and exactly the
ﬂ) (w+H[I+1)]™ same set of single-isotopomgx ", .} parameters are obtained
from Egs. (1) and (2) for any choice of reference
isotopomer® Thus, although the data f&®Li, used in the
AMQ AMg present analysis span a wider range of levelgA) =0—24
X{Yll,m+ o Ot i ] @) andu(X)=0-14) than those fofLi, (v(A)=0-13 and
v(X)=0-13), we adopted the conventidrof using the
wherea=1 (as inY{ ,=Y{',!) labels the selected reference most abundant isotopomér’Li,, as the reference species.
isotopomer, AM =Mz~ Mj is the difference between the In the fits reported herein, each of theexperimental
mass of atom A in isotopomer and its mass in the reference datay,,{i) was weighted by the inverse square of its esti-
isotopomer, u,=Ma Mg/(Ma+Mg) is the usual reduced mated uncertainty(i), and the overall quality of fit is char-

Mmax I madM)

m=0 [=0

[e3

A B

mass of isotopomew, andYg=0. Use of this expansion acterized by the value of dimensionless standard ®rror
means that in a combined-isotopomer data analysis, indepen-

dent{Y, } expansion parameters only need be determined — 1 O Yeadi) = Yopd i) ]2 v

for the reference isotopomer=1, with those for other iso- TTTIN=M ;1 u(i) ' G
topomers being defined by a combination of the usual first-

order semiclassical mass scaling with additive BOB correcwherey.,{i) is the value of datum predicted by theM

tion terms: parameter model being fitted to. The parameter uncertainties
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TABLE II. Fits to delineate which BOB parameteliﬂsfm (units cm'2) for the A 1S F—X 125 system of Ly may be determined in the present analysis.

GroundX '3 state Al state

Case Vib—rot levels 10 8, 10°x 85, Vib-rot levels 35 103 6t 10°X 85, p

(i) Band constants a a Dunhand7,5,3,% a 0.0 0.0 1.188
(i) Band constants a a Dunhand7,5,3,3 a 0.0 9.6(=2.2) 1.184

(i) Band constants a a Dunham7,5,3,3 a 9.1(+0.6) 0.0 1.130
(iv) Band constants a a Dunhan{7,5,3,3 a 9.1(+0.6) 8.8(+=2.1) 1.125

(v) Dunhan5,4,3,2,0 0.0 0.0 Band constants a a a 1.089

(vi) Dunhang5,4,3,2,0 0.0 1.0(2.0) Band constants a a a 1.089

(vii) Dunhang5,4,3,2,0 5.9(=0.5) 0.0 Band constants a a a 1.049

(viii) Dunhan{5,4,3,2,0 5.9(=0.5) 1.5(2.0) Band constants a a a 1.049

(ix) Dunhan{5,4,3,2,0 0.0 0.0 Dunhanv,5,3,3 0.0 0.0 0.0 5.352
(x) Dunhang5,4,3,2,0 0.0 0.0 Dunhanv,5,3,% 0.438(+0.003) 0.0 0.0 1.415
(xi) Dunhan5,4,3,2,0 5.8(x0.6) 0.0 Dunhanv,5,3,3 0.450(x=0.003) 0.0 0.0 1.385
(xii) Dunhani5,4,3,2,0 0.0 0.0 Dunha#¥,5,3,3 0.409+0.004 6.1(+0.7) 0.0 1.391
(iii) Dunhan{5,4,3,2,0  6.0(=0.6) 0.0 Dunhad?,5,3,3} 0.420(-0.004) 6.4€-0.7) 0.0 1.357
(xiv) Dunhang5,4,3,2,0 0.0 —7.1(=0.3) Dunhan{7,5,3,% 0.375(=0.003) 0.0 0.0 1.229
(xv) Dunham5,4,3,2,0 0.0 0.0 Dunhad?,5,3,3} 0.375(-0.003) 0.0 7.1¢£0.3) 1.225
(xvi) Dunhani5,4,3,2,0 0.0 1.7(-2.3) Dunhar{7,5,3,%4  0.375(x0.003) 0.0 8.8¢2.3) 1.225
(xvii) Dunhan{5,4,32,0  5.6(x0.5)  —7.5(x0.3) Dunhar{7,5,3,4  0.341(x0.004)  8.9¢-0.6) 0.0 1.138
(xviii) Dunhan{5,4,3,2,0  5.6(=0.5) 0.0 Dunhaf?,5,3,4  0.341(x0.004) 8.9¢-0.6) 7.5(0.3) 1.134
(xiX) Dunhard5,4,32,0  5.6(x0.5) 0.9(2.1) Dunhani7,5,3,4  0.341(+0.004) 8.9¢-0.6) 8.4(x2.1) 1.134

8Sets of band constants are used for each vibrational level of each isotopomer of one state, so BOB parameters are not relevant for this case.

reported herein are 95% confidence limit20) uncertain-  where the two terms in parentheses allow the isotopic iden-
ties, and the atomic masses used in the combined-isotopomity of either one or both atoms to change. As discussed in
mass scaling, M(’Li)=7.0160041u and M(5Li) Ref. 34, unless one has data which allow a precise determi-
=6.015122 3 u, were taken from the 1993 mass tdble.a  nation of thedifferencesbetween the dissociation energies
fit which yields o4=<1, on average all data are represented®. of different isotopomers, one cannot determine indepen-
within their respective experimental uncertainttés. dent values of this leading BOB correction for the individual
The present analysis was performed using progran¢|ectr0nic states considered in the analysis. As a result, the
DSPARFIT,>® which can simultaneously fit any combination of quantity actually determined from our analysis is the differ-
microwave, infrared, electronic band, or fluorescence serieénce between the individual values &y, for the two elec-
data, for one or multiple isotopomers, and involving one ortronic states:
more electronic states, to band-constant or Dunham- ~ U ¥
expansion or near-dissociation expansion level-energy ex- 9, A)= 5,dA) — 85, X) 5
pressions. If desired, it can also determine Born—
Oppenheimer breakdown and/o-doubling  correction rection parameter@,'j'm could be determined for each state?

terms. It can also utilize the “sequential rounding and refit- _ , ) . :
d 9 The results of a series of fits addressing this question are

ting” procedure of Ref. 30 to obtain a final parameter set ) . . :
involving the smallest possible nhumber of significant digits,summa”Z(ad n Ta_ble ”f The f|rs_t e|g_ht rows o_f Table Il ;how
the results of fits in which the vibration—rotation energies of

while ensuring no significant loss of accuracy in predictions, N 1w+ T+
generated from those parameters. levels in either theX 'X; or the A*X | state were repre-

sented by sets of band consta{®, , B,, D, ,...} for each
vibrational level of each isotopomer, while those for the
other state were represented by the combined-isotopomer ex-
The initial stage of the analysis involved the determina-pression of Eq(1). Use of Eq.(1) means that vibrational and

tion of which orders to use in the double polymonial expan-rotational BOB correction parameters may in principle be
sion of Eq.(1) for each electronic state. From a series of trialdetermined for that state, but since the other state is repre-
fits it was quickly determined that an optimum representatiorsented by independent sets of band constants for each isoto-
of the data set of Table | was obtained usinga,=4 and  pomer, the electronic isotope shift paramedse(A) is not
Ima{m) =5, 4, 3, 2, and Ofom1=0+—4 respectively, to define  gefined in such fits. However, this type of fit reduces the
the{Y m} expansions for th& "4 state, andnne,=3 With  effects of interstate correlation and facilitates the delineation

'ma%(T):Z 5, 3, and 1 fom=0-3 to define those for the f \yhich vibrational and rotational BOB correction terms
A's " state. Note that, as shown by E@®), the constant may be determined from these data.

The remaining question was then: How many BOB cor-

IV. RESULTS AND DISCUSSION

contribution to the isotope shift for levels of isotoponaeof The results in the first four rows of Table Il show that
Liz in a given electronic state is given by inclusion of thes'(A) parameter in the analysis yields a
AM?Y AM? . significant (~5%) improvement in the overall quality of fit,
Y00~ aA + aB 800; (49 and the modest uncertaintyf ~7%) in the resultingsy (A)
Ma Mg value gives further assurance of its physical significance. The
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situation is not so clear for the leading BOB correction to thehand, within the uncertainties, the individual values for the
inertial rotation constanrﬁ'afl(A) which determines the isoto- two states are the same as those yielded by the individual-
pic shift of the equilibrium bond length, since allowing it to state BOB analyses of row&) and(viii ). Indeed, except for
vary yields only a marginal improvement in the quality of fit. the four cases in which all of the BOB corrections g ;
On the other hand, the associated parameter uncertainty vgere attributed to only one state or the otfeasegxiv) and
only a small fraction of the parameter value itself. Moreover,(xv), and(xvii) and(xviii )], all of the fitted values oﬁcL,[l(A)
within the uncertainties, these values &bfl(A) are essen- and 65f1(X) yielded by the various models are essentially the
tially the same as those determined in all of the other Table Ikame.
fits in which it was a free parameter. This model indepen-  The model independence of th%fl(x) values associ-
dence provides some assurance that a meaningful value afed with casesvi), (viii), (xvi), and (xix) suggests that in
861(A) may also be determined in the present study. spite of their large predicted uncertainties, the fact that

Rows (v)—(viii) of Table Il summarize the results of fits s5',(X) has a non-negligible positive value of magnitude
in which band constants were used for #héX state and ~10"5cm ™! is probably correct. On the other hand, it is
Dunham expansions with BOB corrections for tl}(e“‘Eér difficult to justify recommending a set of parameters in
state. The fact that the values of; for these cases are which one of the fitted values has an uncertainty greater than
smaller than those for caséis—(iv) merely reflects the fact 200%. Thus, we select modeétviii) (second to last row of
that the data set spans a wider rangey ofalues for theA  Table 1)) as our optimum representation of the information
state than for the state, so the additional flexibility associ- contained in the data set considered here. At the same time,
ated with use of band constants for each level of each isotdo take account of the probable small positive value of
pomer, rather than smooth Dunham expressions, makes 5{5{1(X), our final estimated uncertainty io,%[l(A) is based
larger difference here. In this case we again see that allowingn the results of casdgvi) and (xix).
the leading vibrational BOB parametéfo(x) to vary yields The resulting recommended molecular constants are
a distinct improvement ”;f (th|s time by 4% and a param- listed in Table Ill. The parametel’s aCtua”y determined by the
eter value with a fairly small uncertainty of 8%. In contrast, fits are those associated with the chosen reference isoto-
freeing the leading rotational BOB parameti§h,(X) yields ~ Pomer”'Li,, while those for the “minority” isotopomers in
no significant improvement iEf, and in this casgrows (vi) the second_and th_wd columns qf Table Il were generated
and (viii )] the predicted parameter uncertainty is larger tharfrom those in the first column using E(@), and the values
the parameter value itself. On the other hand, the fact tha®f o at the bottom of columns two and three are the dimen-
very similar values of'(X) are obtained in casesi) and smn]e;s rms discrepancies for that one isotopomer obtained
(viii) suggests that these estimates&bﬁ(X) may in fact be  ©ON fixing its molecular constants at the rounded values deter-
physically significant. This question is considered further inmined from the combined-isotopomer analysis. Relatively
the following. more significant digits are required to represent thihke

The remaining entries in Table Il correspond to fits in fved) minority-isotopomer parameters, since the compensat-
which the energy levels of both electronic states were repréld changes associated with the sequential rounding and re-
sented by Eq(1). The very large value o(?f associated with fitting procedure do not come into play, and they can only be

the first of these fits, cas@), shows that complete neglect rounde(rj] at the first digkit r?f thle “parameter sensitivifﬁ'ﬁf’
of BOB effects yields an unacceptably poor representation of "' the present work the electronic state energy for isoto-

the data. The fact that the values @f for all of the subse- ,'[Dhoemeesrt?ml;gzp;eni?ntegf%;heo:/:#:izl azagn,erraths:ir:ihriggg y
guent case$x)—(xix) are four to five times smaller shows 9y P oy

o ) i . This choice is based on the fact thgff is an actual experi-
that the electronic isotope shift terif(A) is by far the 1 one observable, while in a “parameter-fit” analy3i§ is

most important BOB correction for this system. The results

PO orres _ at best an extrapolated quanfify’> In a “potential-fit”
summarized in rowsxi)—(xiii) also clearly confirm our con- o4y sis involving fits to exact quantal eigenvalue-difference
clusion that physically significant values of the leading vi-

: _ simulations of the observed transition frequencres! the
t:)rat!onatll tBOB parameter may be determined for both elecélectronic energy at the potential minimufd would be a
ronic states.

) ) . natural parameter of the fit, and its differences for different
For the leading rotational BOB paramete?@l, the re-

. : - s isotopomers would directly reflect the atomic-mass-
sults for casesxiv)—(xvi) and casesxvii)—(xix) of Table Il dependent “adiabatic” correction to the potential energy
show that the data are quite sensitive to the difference

function. However, in the present type of analysis those
3L (A)Egu (A)— o- (X) shift_s are combine_d with contribqtions from _b_reakdov_vn of
0.1 0.1 01 the first-order semiclassical quantization condition. While es-
~7.5+0.26x10 >cm ™}, (6) timates of the latter can be generated from standard
formulas!®?°it does not seem desirable to mix such an after-
which is determined with a predicted uncertainty of only 3%,the-fact interpretation with the actual data analysis. Hence,
and that this term yields a significart=(15%—20% reduc-  T;=Tg~' is one of the parameters determined by the fit,
tion in oy . However, they also show that the separate valuesvhile values ofTg for the minority (&>1) isotopomers are
for the two electronic states are highly correlated parameterdetermined by taking account of isotopic zero-point energy
whose individual values have much larger uncertaintieslifferences and the BOB terms.
(~25% for 5'5!1(A) and >100% for 5'5[1(X)). On the other As seen in Table Ill, the overall zero-point level isotope
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TABLE lIl. Properties of theX 'S andA 'S states of Lj determined from a simultaneous fit of 8445 data
for three isotopomers to level energy differences defined by(Bg.the numbers in parentheses are 95%
confidence limit uncertainties.

All —isotopomerfit

Fron'"’Li, Constants and Ed2)

", 671, 68,
X 1%, state constants

To 0.0 7.108 688 13.947 141

Y10 351.406 64200 365.731 6639 379.516 224

Yoo —2.583 24(82) -2.798 158 15 —3.013076 3

Y30 —0.005 832140 —0.006 574 743 —0.007 346 586
10 Ya0 -1.3(1) —1.525311 —1.768 618
10* Ys0 —0.061 7(33) —0.0753449 —0.090 656 4

You1 0.672 529 799) 0.728 482 24 0.784 434 779
10* Y11 —70.461(31) —79.434 62 —88.759 912
10 Yo1 —0.3068(70) —-0.359 9734 —0.417 394
10 Ys1 —0.007 5(7) —0.009 158 62 —0.0110198
10 Y1 —0.000 54624) —0.000 693 929 —0.000 866 421
10 Yoo —97.928(60) —114.900 49 —133.228 65
10’ Yio —0.419(17) —0.511 662 —0.615641
10 Yoz —0.007(3) —0.008 896 5 -0.011 108
10’ Yio —0.001 44(12) —0.001 904 75 —0.002 467 86
101 Yos 1.318(12) 1.675 089 2.091 469
10%° Y13 0.017(3) 0.022 487 0.029 135
10t° Yas3 —0.004(3) —0.0019273 —0.002591 3
10 You —7.9(9) —10.876 —14.622

%o 0.0056(5)

A3 state constants

To 14 020.586 315) 14 025.703 532 14 030.624 272

Noo 0.0 —0.056 74 —0.113 481

Y10 255.476 68260) 265.890 301 3 275.910 936 3

Yoo —1.580 147(1200 —1.711 610 69 —1.843074 38

Y30 0.001 6(2) 0.001 803 77 0.002 015 524

Y0 0.000 199 2240 0.000 233 724 55 0.000 271 006 73
10 Yso —160.681(13000 —196.215 48 —236.090 2
10 Yoo 4.372(370 5.556 517 6.937 712
10’ Y70 —0.049(4) —0.064 814 52 —0.08397594

Yo1 0.497 454 993) 0.538 828 201 0.580 199 426
10* Y11 —54.828 3(160) —61.811 037 —69.067 357
10 Ya1 0.234 75370 0.2754359 0.3193716
10 Yas1 —5.55(40) —-6.777 38 —8.154 67
10 Y1 0.06(2) 0.076 256 0.095 211
10 Ys1 —0.002 64(34) —0.003 492 05 —0.004 524 42
10’ Yoz —75.008(49) —88.00 809 —102.046 55
10 Y12 0.6114(40) 0.746 611 0.898 336
10’ Yoo —0.006 6(4) —0.008 3882 —0.0104732
10 Y32 —0.000 22(2) —0.000 291 —0.000 377 03
10%° Yoa 1.031(7) 1.310331 1.636 043
10t° Yis —0.010 6(4) -0.0140211 —0.018 166

3, 0.341(4)

& 0.008 9(6)
10* 561 0.75(20)
No. of data 8445 225 4353
No. parameters 282 0 96
i 1.134 1.343 1.167

4n addition to the 4 BOB correction and 38 Dunham expansion parameters, the fit determined 170 independent
initial-state term values for the upper states of EheA fluorescence series and Af-X emission excited by

lines of indeterminate accuracy.
PThese 96 parameters are the initial-state term values for the upper state§efAHiorescence series and of
A-X emission excited by lines of indeterminate accuracy.

shift parameter is53(A) = 0.341 (+0.004) cm . Thus, the

total effective isotopic shift frond’Li, to ®®Li, in the A'S
state is 8Y o(®6Li,) = —0.1135( 0.0015) cm ¢, while that

between”'Li, and®'Li, is exactly half that valu¢see Eq.

(4)]. As in Egs.(5) and (6), the “tilde” in the symbol?ovo

indicates that this is the difference between the total zero-
point isotope corrections in the upper and lower electronic

states.

While combined under the general label of “BOB cor-

rections,” the terms associated with the parame{ei]gn}
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contain two different types of contributions. The first are Since 55f1(A) is positive and the mass differendeM ;
those associated with breakdown of the first-order semiclass negative going froniLi to °Li, the BOB corrections to the
sical quantization condition which was the basis for the condeading inertial rotational constant8() for ®%Li, is nega-
ventional isotopic vibrational parameter scaling by powers ofive. Thus, although the uncertainties are fairly large, the
(m1/u,)Y?, while the second are those due to the smallpresent analysis predicts that the equilibrivkts | -state
“adiabatic correction” differences between the electronic po-bond length implied by this constant increases from the
tential energy function for different isotopomers. The formerheavier to the lighter isotopomers.

are labeled “sc” and the latter “el:”

SHn= Orinc+ orin. (7)  ACKNOWLEDGMENTS

As they have the same functional dependence on the atomic  Thjs work was supported by National Science Founda-
masses, these two types of contributions cannot be distifion through Grant No. PHY 9983533, by an NSF/CNRS
guished from one another in “parameter-fit” analyses such ago|jaborative research grant, the Natural Sciences and Engi-
that reported here. _ o ~ neering Research Council of Canada. We are very grateful to
Substituting the expansion coefficients of Table Il into pr, Hsy for providing us with a printout of hi&Li, A—X

the usual expression for the semiclassical contribution to thgansition data, and we thank Professor Li Li for her com-
zero-point energy generated from Dunham th&bfy ments on the manuscript.

« YoitYao YioY1s (Y10Y10?
0,0~ - 3 8
4 12Yo4 144(Yq 1) 1E. R. I. Abraham, N. W. M. Ritchie, W. I. McAlexander, and R. G. Hulet,
. . ~ J. Chem. Physl03 7773(1995.
yields the differencesY{(A)=Y5H(A) — Y5(X)=0.1056,  2K. Urbanski, S. Antonova, A. Yiannopoulou, A. M. Lyyra, Li Li, and W.
0.1144, and 0.1232 cnt for ""Li,, ®'Li,, and®8i,, re- C. Stwalley, J. Chem. Phy%04, 2813(1996; erratum116, 10577(2002.

3 ) ) ;
tivelv. mbinina th r lts with th verall differ- C. L_|nt0n, F. Martin, I. Russier, A. J. Ross, P. Crozet, S. Churassy, and R.
Speclively Comb g these results e overall diffe Bacis, J. Mol. Spectrosd.75 340(1996.

encessY§ , from Table IIl yields estimates for the'Li, and ~  x. Wang, J. Yang, J. Qi, and A. M. Lyyra, J. Mol. Spectros6d, 295
68i, A—X electronic isotope shifts of 5T,=—0.066 (1998.

I 5 ; . .
(i0.00l) and-0.131 (i 0'002) cnm 1, respecnvely. We be- P. Pillet, A. Crubellier, A. Bleton, O. Dulieu, P. Nosbaum, |. Mourachko,
i h his is the fi . I d g f and F. Masnou-Seeuws, J. Phys3@ 2801(1997.

leve that this Is the first experimental determination of ansg e and A. Dalgamo, Phys. Rev. B8, 498 (1998.

electronic isotope shift for any Lisystem. "R. Cté and A. Dalgarno, J. Mol. Spectrost95, 236 (1999.

Note that this estimate of the electronic isotope shift has’K. M. JC(JHES(,)F’- D. Lett, E. Tiesinga, and P. S. Julienne, Phys. Ré¢, A

i S 012501(2000.

theﬁ?ame sign, but is significantly s.maller th;gl t-h+@.3251 °R. A. Bernheim, L. P. Gold, P. B. Kelly, C. Kittrell, and D. K. Veirs,
cm - difference between the spacings of the’>, (_S Chem. Phys. Lett70, 104 (1980).
+2P) and X 12; (?S+2S) potential asymptotes fof’Li,  !°R.A. Bernheim, L. P. Gold, C. Tomczyk, and C. R. Vidal, J. Chem. Phys.
and %8Li, .38 This provides further evidence that the BOB 11?7"?861_(195'3]-'\/' i G Linon P Croset A 3. Ross. R. Badis. and
. . . . . Russier, r. artin, C. Linton, P. Crozet, A. J. ROSS, R. bacClis, an .
corrections to the V|brat|_0|_1al Ieyel energy expressions for Churassy, J. Mol. Spectrost68, 39 (1994.
these states are not negligible, since they must cumulativelk. urbanski, S. Antonova, A. M. Lyyra, L. Li, and B. Ji, J. Chem. Phys.

account for the difference between these vafiies. 109, 912(1998.

18X, Xie and R. W. Field, J. Mol. Spectrost17, 228(1986.

L. Li, T. An, T.-J. Whang, A. M. Lyyra, W. C. Stwalley, R. W. Field, and
V. CONCLUSIONS R. A. Bernheim, J. Chem. Phy86, 3342 (1992.

. . . . . 5P Yi, M. Song, Y. M. Liu, A. M. Lyyra, and L. Li, Chem. Phys. Le®49,
New high resolution polarizatioA—X transition data for 426'(200]). g " W ' Y

7, and absorption and dispersed fluorescence data fofp. k. Hsu, Ph.D. thesis, Fordham University, 1975.
"Li, and*Li,, augmented with previou3®Li, and "/Li,  }’P.Kusch and M. M. Hessel, J. Chem. Ph§, 586 (1979, _
A—X transition data, comprise a set of 8445 rovibrational B. Barakat, R. Bacis, F. Carrot, S. Churassy, P. Crozet, F. Martin, and J.
. i for the thr iisot mers. Our f Verges, Chem. Physl102 215(1986.
transition lines for the three _&. sotopomers. Our use Of 195 | "pynham, Phys. Rew., 721 (1932.
these data in the first combined-isotopomer analysis per®The known spin—orbit mixed levels of this state for all three isotopomers
formed for L, has yielded improved and internally consis- are listed 7a7nt_i characterized by ¥t al. (Rﬁef-_lS; five such pairs are
tent values of the molecular constants for the three isoto- ‘;’;L"_W”(g’gf' ';32 (Refs. 14 and 21two for *Li; (Ref. 13 and one for
. . . Liy . 15.
pomers in the twp states. Only 38 Dunhe}m coefficients angllG_ Lazarov, A. M. Lyyra, and L. Li, J. Mol. Spectros205, 73 (2001.
four BOB correction parameters are required to represent atbsee EPAPS Document No. E-JCPSA6-117-001244 for an ASCII file com-
of these data within the experimental uncertainties. This prising the input data file for progransparrIT (Ref. 33 containing all of

analysis yields a value afT,=—0.131 (+0.002) cm ! for the data used in the present analysis, and for the fit output file listing those
the A—X electronic isotopeeshift fromLi , to 6.6 ) and data together with the differencgsalc.-obs| yielded by the final fit. This

. . . . . document may be retrieved via the EPAPS home pdbtp://
good estimates of the leading vibrational BOB correction \yw aip.org/pubservs/epaps.himbr from ftp.aip.org in the directory

parameters for both states and of the leading BOB rotational /epaps/. See the EPAPS homepage for more information.
correction parameter for th®'S, " state. Note, however, that 2'R. J. Le Roy, J. Mol. Spectrost94, 189 (1999. _
the difference between tha- and X-state rotational BOB %For a singlet state withA>0, the form of Eq.(1) remains the same,

but the rotational factors become powers [afJ+1)—A?], and if

: ~Li _ oli Li _

correction terms 50!1(A)_ 50[1(A)_ 50!1(X)_7-5(i 0.3) A doubling is resolved the additional term SE%{®(v,J)
x 10 %cm™ ! is much more accurately determined than the =433 19%0) [II+1)]™ (+ for e and — for f sublevels is re-
values for the individual states. quired.

Downloaded 15 Oct 2003 to 129.97.80.195. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



9346 J. Chem. Phys., Vol. 117, No. 20, 22 November 2002 Wang et al.

G, Herzberg,Spectra of Diatomic Moleculeévan Nostrand, Toronto, the input data and the predictions of the fit were 5.35 times the experi-
1950. mental uncertainties.

A, H. M. Ross, R. S. Eng, and H. Kildal, Opt. Commui2, 433  **R. J. Le Roy,DsPARFIT 20 A Computer Program for Fitting Multi-
(1974. Isotopomer Diatomic Molecule Spectra, University of Waterloo Chemical
2p. R. Bunker, J. Mol. Spectros68, 367 (1977). Physics Research Report No. CP-653, 2001. The source code and manual

283 K. G. Watson, J. Mol. Spectrosg0, 411 (1980. for this program may be obtained from the “Computer Programs” link at

While the{Y{',} are unaffected by the choice of reference isotopomer, the, http://leroy.uwaterloo.ca

4 .
. J.Y. Seto, Z. Morbi, F. Charron, S. K. Lee, P. F. Bernath, and R. J. Le Roy,
numerical values of they,, parameters would be. However the values J. Chem. Phys110, 11756(1999.

associated with different choices are simply related to one another and tsg ;| o Roy and J. van Kranendonk, J. Chem. PB{s4750(1974).
the Aﬁm parameters of the Ross—Eng—Kildal-Bunker—WatsBefs. 36\, M. Kosman and J. Hinze, J. Mol. épectro§6, 93(1975.

26-28 form of this expansiofsee Egs(6) and(9) of Ref. 23]. 873, A. Coxon, J. Mol. Spectros@17, 361 (1986.
®R. J. Le Roy, J. Mol. Spectrost:91, 223 (1998. 38C. J. Sansonetti, B. Richou, R. Engleman, Jr., and L. J. Radziemski, Phys.
381G, Audi and A. H. Wapstra, Nucl. Phys. A565, 1 (1993. Rev. A52, 2682(1995.

32Gimilarly, oy=5.35 would mean that on average, the difference betweerf®R. J. Le Roy and Y. Huang, J. Mol. Struct.: THEOCHE41, 175(2002.

Downloaded 15 Oct 2003 to 129.97.80.195. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



