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The 13Ag state of Na has been studied extensively by both filtered fluorescence and ionization
detection and analyzed by both Dunham-type expansion and near-dissociation exgiion
models in the analysis. Our observations have covered 99.998% of the potential well depth with the
outermost Rydberg—Klein—Ree$RKR) turning point at 28.02 A. NDE analysis gives
T.=28 032.468+0.020) cm ™}, D,=7162.436(+0.02) cm !, andR,=3.463 81(+0.000 28 A.
Significant long-range behavior in the near dissociation levels has been observed. Fitting of the
RKR turning points gives the long-range coefficiertg=1.388 (+0.03)x10° cm *A® and
Cs=0.4008(+0.0046%x10° cm 1 A®. These newly observed results show reasonable agreement
with recent theoretical calculations. €95 American Institute of Physics.

I. INTRODUCTION Rydberg states as well as ultracold collisions involving ex-
cited state atoms, but also provide a stringent test of the
Several rovibrational level® =3-7, 35, 38, 39, 50-55, recent high quality theoretical calculations.
57, 58, and 6Rof the 13Ag state of Na have been experi- As pointed out in Ref. 1, PFOODR spectroscopy is one
mentally observed by the high resolution cw perturbationof the most fruitful technigques in the investigation of excited
facilitated optical—optical double resonance techniqueriplet gerade states. In this technique a PUMP laser is used
(PFOODR.** Along with other Rydberg states in Blathe  to transfer molecular population from the ground singlet
fine—hyperfine structure of the®d, state has been charac- (X ') levels into the singlet & 'S} )~triplet (b °I1,)
terized as Hund'’s caséfs) for those observed levefsRef-  mixed ungerade levels which act as windows for the PROBE
erence 4 also reported jzEg~2 3Hg~1 3Ag triple pertur-  laser to access excited gerade triplet states. When high reso-
bation analysis for levelsug ,vy,v,)=(6,2,9 and (7,3,8. lution cw lasers are used, one can resolve the fine—hyperfine
Ab initio calculations=® have corroborated these experimen-structures which provide important information about elec-
tal results. One interesting feature emerging from the mosronic interactions unavailable from singlet spectra alone. It
recent theoretical studieoth ab initio”® and long-range is therefore a rewarding venture to extend the PFOODR
analysi€19 is that the A, state of Na has a purely attrac- spectroscopy of the 1A, state of Na over the entire poten-
tive potential at long range. Since théﬂg state is a Ryd- tial well depth, especially the highest vibrational levels near
berg state that dissociates into Na)3-Na(3d) asymptotes the dissociation limit so that the long-range potential of the
and is the lowest one of its symmetry, a detailed experimenl SAg state can be constructed accurately and the associated
tal study of its long-range potential cannot only reveal valu-molecular properties at long range can be studied quantita-
able insights into the |0ng_range interactions in mo|ecu|artiVE|y. In addition, direct observation of the near dissociation
rovibrational levels enables accurate determination of the
2 ] o dissociation energy through long-range analysis without
Also at Department of Physics and Astronomy, University of lowa, lowa . . . .
City, lowa 52242. large extrapolations. The importance of such direct experi-
bpresent address: Department of Chemistry, Massachusetts Institute 8iental observation of rovibration levels near dissociation
Technology, Cambridge, Massachusetts 02139. limit has been summarized by Tellinghuisén.

9Present address: Department of Physics, University of Texas at Austin, To achieve this goal several Challenges must first be
Austin, Texas 78712. ’

9AIso at Department of Chemistry. To whom correspondence should béN€l: (i) dir?Ct Opservation of both the highjlying near di§§0-
sent. ciation rovibrational levels and the low-lying near equilib-
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FIG. 1. Experimental setup.

rium rovibrational levels, which are vital in the determina- Two different kinds of detection schemes were used in
tion of the dissociation energy and the long-range potentialthis investigation. At first, a filtered photomultiplier tube
and (i) analysis of the spectral data over a wide range ofpMT) as described in Refs. 1-4 was used to monitor the
vibrational levels from which the long-range potential can beyyyiolet fluorescence from the excited triplet states. While
constructed. In this work(i) is achieved by using a high s method was used in generating a vast amount of success-
sensitivity cylindrically shielded ionization detectbrand a ful OODR spectra in the literature, its sensitivity was not

fr\:l E;?pcﬁglsrgcg%rllasig’aﬁg%%I';g?ﬁéif;ﬁ%%%ipx?g high enough to observe the exEraemely weak PROBE transi-
sults and analysis will be reported in detail in this paper. t|03ns(Franck—Condon factor10™) into v >84 levels in the
1°Aq state. More recently, a cylindrically shielded ionization
detectot? had demonstrated its superior sensitivity to the
conventional filtered PMT method in the OODR spectra of

Figure 1 shows the schematics of the experimental setpe singlet states of NéS—Zlm this work, near dissociation
up. The PUMP laser was a CR 899-&oherent In. ring levels (v =85-99 of the 1°A, state were observed for the
dye laser operated with DCM or Rhodamine 6G dyes andirst time using this novel ionization detector.
pumped by an Innova 200-2&oherent Ing.argon ion laser. In both detection schemes, the PUMP laser was modu-
Depending on the transition frequencies, the PROBE lasdated by a mechanical chopper and a lock-in amplifier was
was either a CR 899-29 Ti:sapphire ring laser operated witlused to selectively amplify the OODR signals. For the very
short wavelength intracavity optics and pumped by a CR-18veak signals, several different ground state'g. ;) levels
(Coherent Ing. argon ion laser, or a CR 899-29 ring dye were chosen for PUMP transitions to the same intermediate
laser operated with rhodamine 6G or rhodamine 110 dyegfels. In this way, the desired OODR signals were con-

and pumped by the Innova 200-25 argon ion Iaser.' Both th‘ﬁrmed and spurious signals from coincidental pumping were
PUMP and the PROBE lasers were cw high resolution lasers

(linewidth 500 kHz and their frequencies were calibrated el|m||natedd. ¢ h ional-t . tio for th kest
either with an iodine cell for the dye lasers or a uranium n order to enhance signai-to-noise ratio for the weakes

hollow cathode lamp for the Ti:sapphire laser. The pumptransitions into the last few vibrational levels just below the
and PROBE laser beams propagated collinearly in the sanféiSsociation limit, signal averages from repeated slow scans
direction (i.e., the copropagating geometrinto the sodium had to be taken. In some cases, a 10 GHz scan took as long
heatpipe oven. The sodium heatpipe was operated at abo@s an hour to complete. Figure 2 shows the data from one of
630 K and with about 0.1 Torr argon as buffer gas. these scans.

Il. EXPERIMENT
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FIG. 2. PROBE laser spectrum for high lying vibrational levels of tl"?aglstate of Na. The numbers in the parentheses designate the vibrational and
rotational quantum numbets and N, respectively, of each assigned transition. The intermediate level populated by the PUMP taséF,js(v'=32,
J'=12), which is 18 040.9510 cnt above the minimum of thX '3 state of Na (Refs. 1-4.

Ill. RESULTS On the other hand, the vibrational levels in the data set span

For all the data taken in this studv. the int diate | across the entire potential well depth fram0 to v =95. It
or all the data taken in this stu 3y, € intermediate 1eVsg not surprising that this data set presents an enticing albeit
els are the(Qd=1 component of thé °II,, state. Since the ; -
. s 3 challenging task for the analysis.
hyperfine splitting of th&)=1 component of thé °II, state

: liaible? the tvpical Hund fine—h M Since the term values of the intermediate levels have all
'S Negigibie, ™ e typical Hund s ca'lseb(gs') INE—NYPETINE ~ heen accurately determined in previous studies, the term val-
multiplet structure as shown in Fig. 2 is mainly from the

3 10 v ues of the ng state can be unambiguously calculated and
174, state. _Th|s Is indeed the case for _all the data ob- referred to the minimum of the grount! 12g state potential
served, ranging fronv=0 to the highest vibrational level

. L well. This allowed us to focus the analysis on the rovibra-
v=95. Selt_ectmn rul_es give f""? allovyed, PROBE t?ranches[ional level energies of the %g state instead of on the tran-
from each intermediate level, viAN=J", J'+1, andJ’'*=2.

Usually theN=13'+2 b h ker than the ofh sition frequencies between the two states as in some thses.
sually tnelN=_ =< branches are weaker tan fhe ofers,, ihe calculation of all the term values of thegﬂg levels,

For every recorded PROBE transition, the “center of graV-ihe dissociation energ® ((X) of the groundX 125 state of

ity” average (i'e." average of.the fine—.hyperfine 'multiplgt Na, is taken as 6022.080.03 cm ! from the most recent
fr\(/eqruelr:c:‘[lr?s rwel?\?tzdﬁ:y thhelr r;ﬁ]SpeCtr'r\]/e Eegtk :ntfng'tr']esand accurate wofR?* and the second-order correctforof
'?h:Iise ceentgr'S(\jvh?ch gises ﬁ?ee tererznc\(/)altf)e0 fgr tiesasasiZneai%Z) = —0.0315 cm™ of the groundX '§' state has also

o een taken into account.
rovibrational level.

The term values obtained from the two different detec-
tion schemes are combined with those published results i
the literaturé=* for the analysis to follow. Altogether, the
total data set is comprised of 501 distinct rovibrational levelsa, summary of some commonly used algorithms
covering 57 vibrational bands. In particular, levels both near )
the equilibrium and near the dissociation limit have beent: /ntroduction
extensively searched for in this work to ensure the quality of  Data representation and potential inversion have been
the long-range analysis to follow. Figure 3 shows the datahe central themes in the spectroscopy of diatomic
distribution with various sources identified. Since PFOODRmolecules’® While these two procedures are intrinsically re-
must take the singlet '=) ~triplet (b 3IT,) mixed levels lated to each other, and in some cases, are combined together
as the intermediate levels, we are not at liberty to choose anip a single schemgsuch as the inverted perturbation ap-
rotational quantum number in the PROBE step as we wishproach (IPA) and its variations and extensiéhs?d, it is

V. DATA REPRESENTATION AND POTENTIAL
VERSION
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FIG. 3. The field of the,N) distribution of the data set employed in the analysis.

nevertheless worthwhile to distinguish them for the sake of ~ Using the relations given by Dunhathpne can obtain
clarity in the ensuing discussions. The goal in data represerthe potential coefficients,’'s from the rovibrational level
tation is to obtain some compact and accurate expressions é&mergy coefficient¥',,’'s and thus at least in principle con-
summarize all the experimental rovibrational term values irstruct the potential from the experimental data. However,
a given electronic state. The quality of data representatioBeckel and Engelk€ have pointed out that Eq2) has a
can be best judged by the four criteria elucidated by Tromgonvergence radius d®, since the Born—Oppenheimer po-
and Le Roy*® accuracy, physics, compactness, and extrapotential V(R) has a pole aR=0 due to the nuclear—nuclear
lation ability. The problem of potential inversion is to con- repulsion term. Therefore, thigtential inversion procedure
struct a molecular potential curve based on the observedo longer converges wheR>2R,. Though alternatives of
rovibrational term values in a given molecular electronicEqg.(2) may be employed to extend the convergence radius in
state. the potential inversion procedufsuch as the work of Ref.
There have been many excellent presentations and r&3), there have been instances where Eg.itself can no
views on spectral data representation and molecular potentifdnger be satisfactorily employeas an expression for spec-
inversion!®2327-3%The summary below is focused mainly on tral data representationin fact, despite the large amount of
those methods that are pertinent to our analysis of tﬁbgl Y,n's that have to be used, intolerable fitting residuals arise

state of Na. especially when the data are fitted from the potential mini-
mum all the way up to levels close to the dissociation limit,
2. Dunham’s procedure as is the case for the 3]39 state of Na. Clearly, a new

algorithm is called for.
Often times, Eq.(1) is recast into a more convenient
m:

In his classic work' Dunham derived the relations be-
tween the coefficients of the commonly used double summaf- ;
tion expression for diatomic energy levébften referred to 0

as the Dunham-type expansjon *
. | E(v,9)= 2 Kn(v)[II+1)]™, 3
m=0
E(v,)=2, 2 Yim(v+ 5| [J@+1)]™ (1)
=0 m=0 2 and
and the coefficients of a power series expansion of the mo- o 1!
lecular potential about its equilibrium minimum: Kn(v)= 2, Ylm(v + 5] (4)
=0
R—R,|? “ [R=-R|"
V(R =Ad —4 1+ Z an R : (20 where Ko(v)=G, is the rotationless vibrational energy,
€ n=t € Ki(v)=B, is the inertial rotational constant, and,(v)
whereA, is a constant. =-D,,Ks3(w)=H,, Ky(v)=L,, andKs(v)=M,, etc. are
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the centrifugal distortion constants. For théAig state of

Nay, J is no longer a good quantum number in Hund’s case

(bgg) coupling. The §(J+1)] factor in Egs.(1) and(3) is
replaced byIN(N+1)—A?] in the analysis, wher#l is the
rotational quantum number ard=2 is the projection of the

Ji et al.: Potential of Nay(1 3A,)

Alternatively, exponential expansions can be used:

L

2 pi<vD—v)'}.
(10

GU=D—XO(n)(vD—v)2”’(”Z)ex;{

molecular electronic angular momentum along the internu-

clear axis.

3. The near-dissociation expansion theory

At sufficiently large internuclear distances, the long-

range potential attains the limiting forf>4-3¢

V(R)~D-C,/R", 5

Other molecular propertigsuch aBvNDE) can also be
expanded as

11)

L
> p|m<vD—v>'}.
=1

Equation(8) is, in a mathematical sensk>? an analyti-
cal continuation of Eqg4) and(6) by Padeapproximants. In

Km(v)= K;"](v)exr{

whereD is the energy at the molecular dissociation limit andgeneral Eqs(8)—(11) require nonlinear least-squares fitting.
C, is the leading long-range coefficient. Depending on theThis can be conveniently done by computer cotRgh as

choice of the zero of the energy scale,can be either 0

GuNDE andBuNDE).>3 Applications of the NDE algorithm

when the energy is referenced to the dissociation limit, or thén diatomic spectroscopy have demonstrated its superiority

molecular dissociation enerdy, when the energy is refer-

over the conventional Dunham-type expansion for large

enced to the minimum of the molecular potential. Based orspectroscopic data séfs'>4%*-5fts capability in interpola-

Eq. (6), Le Roy and Bernsteiff:® Stwalley?**¢~39and Le

tion of missing data and extrapolation to both higand low

Roy**~*derived the near dissociation limiting behaviors of y for unobserved vibrational levels have been systematically

the molecular propertiek ,(v). Specifically, they are:
for m=0,

K5 (v)=D—Xq(n)(vp—v)?"""2), (6)
and, form=1,
Kin(0) = Xm(N) (vp—v)t2(n=2)=2ml, (7)

wherevp is the effective vibrational index at dissociation
(and generally is noninteger and X (n)=Xq(n)/
[u"(C)2Y "2 where u is the reduced mass of the di-
atomic molecule an&,,(n) are known constant$-*

It is apparent that the Dunham-type expansion &q.
does not have the correct limiting behavjsuch as the sin-
gularity of K,(v) atvp for higher ordem] and thus cannot

tested and concluded in Refs. 11, 13, and 47. In summary,
NDE extrapolation to low is no worse than Dunham-type
expansion; NDE interpolation of gaps between the observed
vibrational leveld(i.e., missing dateis comparable to or bet-
ter than Dunham-type expansion; and NDE extrapolation to
high v is far betterthan Dunham-type expansion.

4. The Rydberg —Klein —Rees method for potential
inversion

The Rydberg—Klein—Ree®RKR) method is perhaps the
most widely used potential inversion procedure in diatomic
spectroscopy. The classical turning poiRts(v) andR, (v)

be readily and reliably applied to vibrational levels close toare calculated from the integrals:

dissociation. In order to incorporate the corrégi(v) be-
havior for both near equilibrium and near dissociation
Beckel and co-worker¥ %’ and Le Roy and co-

workerg®1448-0haye developed the near dissociation ex-
pansions(NDE) as expressions for spectral data representa-

tion. In its most complete forrt the vibrational energy ex-
pression(GuNDE) can be summarized as

G,=D—Xo(M)(vp—v)*"""Z[L/IMT?,

where [L/M] is a Padeapproximant of ordet. andM:
NDQI-1+M |

—
|:

ands is set either at 1, which yields the “outer” Pads-
pansions, or at @ (n—2), which yields the “inner” Pade
expansionsz=(vp—v)-"VPY, whereL PWDVis the power
of the expansion variablewg—v); andNDP1 andNDQ1

8

1+p,ZNPPL4 p,ZNDPI+L ... NDP1—-1+L

1+ quNDQl_j’_ q22NDQl+1+ oo

+p.z
+quz

v dv’ ‘
R.(v)—R_(v)= o [G (v)—G (U )]1/2 =2f,
(12)
and
1 11 B,(v')dv’
R_(v) Ri(v) 2B Ju,,[G,(v)-G,(v)]"?

=2g. (13

Evaluation of thef and g integrals requires well-
behaved continuous representation of tkg(v’) and
B,(v') functions. This means that the procedure of spectral
data representation must first be performed properly and, fur-
thermore, the quality of the RKR potential rests largely with
the quality of the representation of ti@&,(v') andB,(v")
functions. It should be emphasized traty well-behaved

are the leading powers in the numerator polynomial and theepresentation of th&,(v') andB,(v") can serve this pur-

denominator polynomial, respectively. Together witi-
WDV, NDP1, andNDQ1 determine how quickly the cor-
rection function L/M]°® to the limiting behavior{Eg. (6)]
would “turn on.”

pose. As explained in the foregoing discussions, the
Dunham-type expansion in E@), when it is valid, is just
one of the many applicable function forms. Another option is

to use spline interpolation of the observ&g's andB,’s so
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that thef andg integrals can be evaluated numerically. SOMETABLE I. Primary molecular constants of the®A, state of Na.
RKR potential curves in Nahave been constructed by this

- ; _ ; ; Magnier Li
numer|cal_telc5:t12nl|que when the Dunham-type expansion is no ot 2125 of 212 This wort This worké
longer valid.
When this spline interpolation approach was applied to'e 28026 28030.3 28 032.4802 28 032.468
the data set in the 3\, state of Na, however, the highest 04 (0029 (0.020f
. J - 0T g, - the ighest -~ 128.7 130.01 129.565 6964 129.4635
few outer turning points exhibited irregular behavior. This is (0.02 (0.013) (0.0010
because thef integral (or the well width function ap- Y, —0.4806 —0.451 2850119
proaches infinity at the dissociation limit, so that even small ’ (0.0014 (0.0023
errors in the shape of th@,(v") function in the long-range 10740 (é'gig (00'17;1 8171705
region can give rise to large errors in the associated turninggsy, 02425 _0.215 657 1907
point differences’ Note that this singularity is different (0.0039 (0.037
from the inner wall “wiggling” which is due to the irregular Yo 0.1227 0.122159 1588 0.122 232
behavior of theg integral and thus cannot be remedied sim- (0.0009 (0.000024 (0.000 020
. . 10%Y 4, —0.7302 —0.646 275 1870
ply by inner wall smoothing. (0.0066 (0.0072
The NDE algorithm given by the previous section offers 1¢y,, 0.608 091 0525
physically and mathematically more reliable representation (0.18
of the G,(v') andB,(v'), especially when the vibrational 10°Ya _(g-‘l‘g 111 3098
levels are near the_ (_1|SSOC|at|on Ilmlt_, pr_lmarlly be.cau.se EqlegY4l 0.976 790 9115
(8)—(11) have explicitly the correct limiting behavior in the (0.489
long-range region. In our codéRKR1),%® nonlinear least- 10fv,, —-0.40 —0.426 928 4626
squares fitted NDE coefficients f@, andB, are taken as (0.09 (0.0063
the input to evaluate thé andg integrals. De 7039 71(%45? 7%5%‘;;? 7(36022'1?6
While it is possible(and, in some cases, even desirable g 3.47 34579 3.464 844 3.463 81
to calculate the effective potentidd;(R) directly by the (0.0056 (0.000 34 (0.000 28

RKR method?**?it is more common to construct the rota- = = —— —— — _

tionless RKR potential curve which is given by E¢k2) and pargmr:gf: are In cm’, except thak, is in A. o uncertainties are in

(13). This requires the extraction @,'s andB,’s from the  5rrom Refs. 7 and 8.

observed rovibrational term values. Since our data set coriFrom Ref. 3. Note that there is a printing error in Ref. 3 for the value of
. . . . o

ta_lns levels Wlth. hlgh rotatlona_ll quantum .numberor levels .. 9Based on Dunham fitting of data se€6=<20, and 2=N=<51. The figures

with very !arge 'nte_muplear distances, h'Qher'orqer centrifu-given here are obviously not all significant. However, rounding would ad-

gal distortion contributions cannot be neglected in the deter-ersely affect the ability to reproduce accurately the energy levels.

mination of theGU’s and vas_ Unfortunately, the accessible ®Based on NDE fitting of the entire data set®©<95, and 2N<51.

. - ; . Th d-ord tioivg, for th dX '3 state and the A
rotational quantum numbers are limited by the intermediate e second-order correctiolfy, for the groundk " state and the 1A

s - state, respectively, have been included.

window levels and there are not enough to determine unantcaiculated fromB,= Y, =h/(872cuR2).

biguously all the higher-order centrifugal distortion constants

directly through least-squares fit. ) ) ) o )
To circumvent this problem, Hutson’s cdd&* (CDIST) been included in th&, value. The dissociation enerdy, is

has been adopted to calculate the centrifugal distortion corfalculated relative to the spin—orbit-averaged Ng(3
stants K (v), where m=2-5. An iterative procedure is +Na(3d) limit. [This is justified in Sec. V A. Molecular

taken. First, direct fifi.e., with m=0—1 in Eq.(3)] to the constants from previously published wddnd recengb ini-

experimental data gives the approximse and B, values E|I'cr)1 calculatllon§ hare also I|I<St|§|d in Table | for _compﬁnson.
from which an approximate RKR potential is constructed.f_t _EST :jesuttr? Sl ow rte”?gr ? N lalgreelmet;t. Slr(ljcgt elcurrent
With the first approximate RKR potential, the CDIST code It includes the lowest vibrational [evels, tig andb, val-

computes the centrifugal constants which will be held fixedtuheeS ::rT *}fﬁefgoée n&}wcacgitse?ggr:?soit;r:nrsig d3.clg t%znggal’
in the next fitting ofG, andB, constantgi.e., withm=0-5 wiy Tl u Ic! brodu

—0— i =1
in Eq. (3), but them=2—5 terms are held fixed at the com- servedy =0-20 term values to withinc0.01 cm - or better.

puted valuek In this way, a set of “mechanically consistent” The exception comes with tie =6, N=38) level, where the

. difference between the observed and the calculated term
molecular constants can be obtained when the observed ro

i imi value is 0.02 cm.
tational levels are limited%61

B. Limited analysis by Dunham fit C. Full analysis by NDE fit

Due to the inadequacies of Dunham-type expansion in |n order to account for the contributions from the cen-
data representation, only a limited set of data could be fittegrifugal distortion terms, the full NDE analysis adopts the
by Eq.(1). Table | lists the Dunham coefficients of théA, iterative procedure outlined at the end of Sec.(A4). The
state of Na for vibrational levelsv =0-20. Second order principal steps are also illustrated in Fig. 4. Convergence was
corrections ofY{9=0.0016 cm* for the 1°A, state and achieved after three iterations. The final converged values of
Ye§? = —0.0315 cm’ for the groundX 'S state have G, andB, from the least-squares fit are listed in Table I,
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Fit data to get initial G, and By

T(v, N) = T+ Gy + BIN(N+1) - A2]

v

Fit G, and By by NDE — Re-fit to get improved G, and By

v

Construct RKR potential

v

Compute Dy, Hy, Ly, and My —

Subtract centrifugal distortion

terms from the measured T(v, N)

FIG. 4. The iteration procedure used in the full NDE analysis.

along with the associatedr1deviations in the fit. These re- averagedp has a value of 96.800.20, in excellent agree-
sults as well asAG, ,,, are also plotted in Fig. 5. It is ment with our recommended valug,=96.885-0.049 in
apparent from the plots that the=39, 83, and 84 levels are Table IlI.
perturbed so that these data points were excluded from the Thevy and D, obtained in the abov&vNDE fits are
final fits. Since the NDE algorithm has been shown to beheld fixed together with the theoretiodl in the subsequent
able to interpolateG, and B, functions between the ob- BuNDE® fits. The final converged and rounded results are
served data points;**#’the missing intermediate vibrational listed in Table IV. The parameters in Table IV can reproduce
levels in Fig. 3 should not have severe adverse effects on thibe B, values in Table Il satisfactorily, with the largest dif-
quality of the overall potential. The data presented in Table Iference of about 2% for the=92 level.
form the basis for the ensuing NDE and long-range analysis. The quality and consistency of the NDE fits is also dem-
In order to carry out the NDE analysis effectively, the onstrated in Fig. 5, wher&, andB, curves calculated from
GuNDE® fit was conducted first. Recent theoretical calcula-the NDE parameters in Tables Il and IV overlap completely
tions show that the iAg state of Na has a purely attractive with the circles denoting the observed experimental values in
potential at long range® with the leading (limiting)  Table Il (except the perturbed=39, 83, and 84 leve)sand
coefficient C;=792 281.769 cm' A®. This theoreticalC;  with the curves computed quantum mechanically by the
value was held fixed in all the NDE fits. This is warranted CDIST code.
because these theoretical values are of high quality and be- One of the powerful features of the NDE algorithm is its
cause long-range limiting behavior is not very sensitive tocapability to extrapolat&, andB, for levels higher than the
errors inC,. Based on considerations of deviations fromobserved ones;134’as long as part of the data set is in the
limiting behavior by higher-orde€,,, contributions, the lead- long-range region. In the case of théAIg state of Ng, G, ,
ing power in the expansion is set lyPWDV=1, NDP1 andB, values of the unobserved=96 level can be extrapo-
=2, andNDQ1=2. Considering the compactness, accuracylated based on the NDE fits in Tables Il and IV. This enables
and numerical stability against round-off errors, {it#15] us to construct physically reliable RKR potential fram0
inner Padeexpansior Eq. (8) with s=10/3] is chosen among all the way up tov =96, even though the last bound level
all the converged fits as the recommended expression to repras not experimentally observed.
resent the entire set of observég values listed in Table II. These finalG, andB, NDE coefficients are taken as the
The results are listed in Table Ill. Note that the individual input for the RKR®2 program which computes the first-order
expansion paramete{s);} have no physical significance, so RKR potential curve. Table V lists the output from the pro-
their statistical uncertainties are not reported. The residualgram. The final RKR potential curve of théAg state of Na
of the GuNDE fit (i.e., the differences between t&, val- is plotted in Fig. 6. The inner wall “wiggling” occurred at
ues in Table Il and the calculated values from the parametens=65. For levels fromv =65 up[or corresponding to inner
in Table I1l) are in general quite small. The largest residual isturning pointR_(65)=<2.3597 A the inner turning points are
0.07 cm'! for the v=6 level. To verify the model depen- smoothed according %3
dence of the fittedd, andvp values, an “averaging-over-
models” procedure as described in Ref. 14 is performed. F
the 119 converged NDE fits based on E)—(10) with
total number of fitting parameters between 10 and 17, the X exp—2.590 700 1®R_(A)}. (19

%U(R_) (cm 1)=505.7974+0.266 864 3% 10’
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TABLE II. Least-squares fittes, andB, values and their associated sta- Viations (about 0.5 cm?) occur forv=83 and 84, where
tistical 1o deviations. Note: All quantitiegexceptv) are in units of cm™. perturbations are present as indicated in Fig. 5.
The entries listed here are the final converged values after three iterations of Finally, De: Te’ Ve, and Re of the lSAg state of Na

the steps outlined in Fig. 4 and in the text. . - . . .
P 9 determined by the NDE algorithrtwith Y3 correction in-

v G, a(G,) B, a(B,) cluded are listed together in Table |, along with the primary
0 64.6767 0.0049 0.121 848 0.000 002 mo_leculgr con;tants determined by other means in the fore-
1 193.3494 0.0082 0.121 207 0.000005 going discussions. The excellent agreement between these
2 321.1145 0.0134 0.120 582 0.000008 completely different and independent approaches is particu-
3 448.0034 0.0705 0.119 961 0.000043 |arly gratifying and reassuring and demonstrates the ability
4 574.0199 0.0577 0.119 325 0.000 035 f the NDE fits t t the | dat tf

5 699.0835 0.0327 0.118 732 0000020 OF the NDE TS to represent the large data set ifrom near
6 823.2410 0.0149 0.118 144 0.000007 dissociation levels all the way down to near equilibrium lev-
7 946.7171 0.0208 0.117 448 0.000013 els.

13 1668.0808 0.0077 0.113 872 0.000 346

14 1785.2265 0.0026 0.113 204 0.000 065

15 1901.4861 0.0005 0.112 711 0.000 052

17 2131.3284 0.0127 0.111 170 0.000 025 3

19 2357.5416 0.0009 0.109 911 0.000 006 \SFLSNG RANGE ANALYSIS OF THE 1 A, STATE

20 2469.2905 0.0099 0.109 296 0.000 062 &

35 4033.6657 0.0067 0.098 911 0.000 035 ; ;

38 4320.1831 0.0247 0.096 419 0000145 Some general considerations

iz igéi-i;gg 8-81(1)3 g-gg? ggg 8-838 gg‘l‘ The highest observed vibrational level=95) has a ro-

50 5367 7931 0.0072 0.086 513 0.000 026 tat_|onless_ bmc_img energy of about_0.14 ¢n Since Ehe

51 5447.3869 0.0059 0.085 549 0.000022  Spin—orbit splitting of Na(8) atom is only 0.049 le.,

52 5525.6819 0.0093 0.084 596 0.000024  spin—orbit interactions can be reasonably neglected in the

gi gg%-g‘l‘gg g-gégi 8-822 gzg 8-888 8171 long-range analysis of the observed near dissociation levels

55 5752 5801 0.0150 0081 541 0000052 Teported here. Thergfore the spln—prblt-gv.erag'ed' $Da(3

62 6231.0018 0.0016 0.073 222 0.000007 +Na(3d) asymptote is taken as the dissociation limit in the

63 6292.9527 0.0010 0.071879 0.000004  determination ofT, or D,. This is supported by the experi-

64 6353.1715 0.0020 0.070 479 0.000007  mental observation that the fine—hyperfine structure remains

65 6411.6004 0.0050 0.069 059 0000017 o\ Lo Hund ling for the hiahest vib

66 6468.2039 0.0014 0.067 520 0.000005 the typical Hund's caseblzs) coupling for the highest vibra-

67 6522.9041 0.0012 0.066 009 0.000005 tional levels observed, such as shown in Fig. 2. In fact, the

68 6575.6623 0.0009 0.064 383 0.000003  theoretical long-range calculatidfor the Na(3) +Na(3d)

69 6626.4149 0.0018 0.062 706 0.000 007 e ;

20 66750923 0.0015 0.060 969 0,000 005 asymptote also neglected. the spin orb|_t |nteract|ons_.

71 67216455 0.0011 0.059 150 0.000 004 Before we proceed yv!th the ar]aIyS|s, we must first Qe—

72 6766.0015 0.0019 0.057 265 0.000006 termine the region of validity of the inverse-power expansion

73 6808.1047 0.0011 0.055 309 0.000004 in the long range:

74 6847.8899 0.0021 0.053 256 0.000 006

75 6885.2949 0.0011 0.051 115 0.000 004 c

76 6920.2664 0.0020 0.048 890 0.000 007 V(R)=D- >, —=. (15)

77 6952.7459 0.0011 0.046 607 0.000 004 m=nh RT

78 6982.6934 0.0014 0.044 215 0.000 006

9 7010.0743 0.0011 0.041 732 0.000003  For the 1°A, state of Na, we haven=5 as the leading term,

80 7034.8772 0.0039 0.039 149 0.000 015 hich f th q | bet th

81 70570784 0.0038 0.036 529 0.000016 Which comes from the quadrupole resonance between the

82 7076.7146 0.0042 0.033 815 0.000018 Na(3s) and Na(3l) atoms; and it is followed by the disper-

83 7093.3463 0.0109 0.029 442 0.000027  sion termsm=6,8,10 etc(see Ref. 43

84 7108.0794 0.0132 0.026 841 0.000 032 Traditionally, the Le Roy radi#é®°R,  has been widely

85 7120.9058 0.0037 0.025516 0.000 011 d he | bound for E b id f irs of

86 7131.1525 0.0031 0.022 806 0.000009 Used as the lower bound for EG.5) to be valid for pairs o

87 7139.4590 0.0034 0.020178 0.000012 atoms ins states:

88 7146.0513 0.0034 0.017 666 0.000 012

89 7151.1697 0.0032 0.015 275 0.000 009 R.r= 2[(r2),§’2+ <r2>é/2 , (16)

90 7155.0296 0.0042 0.013 022 0.000 012

91 7157.8559 0.0045 0.010895 0.000017 \yhare(r2)12 s the r.m.s. distance of the outermost electron

92 7159.7977 0.0061 0.009 278 0.000031 . )

93 7161.1151 0.0056 0.007 150 0.000 064 (l.e., the valence eleCtr@m the atom. For Na(§) +Na(3d),

94 7161.8810 0.0040 0.004 920 0.000102 we haveR r=16.5 A.

95 7162.2892 0.0025 0.003 580 0.000 080 More recently, a modified criterid, g, Which explic-

itly takes into account the spatial orientation of the atomic
orbitals, has been proposed and shown to be an appropriate

) ) _ generalization ofR g to pairs of atoms with nos- state
To test the quality of the RKR potential, eigenvaluesjnyolveds®

obtained from the RKR potential by solving the radial Sehro

dinger equation with the EIGEN coffeare compared with RLR-mZZ‘/g[<nIm|ZZ|n|m>,]&/2
the experimentally observed term values. The differences are ol 2
about 0.1 cm? or less in most cases. Noticeably larger de- +(n'l'm’[Z%n"I"'m")g ], 17)
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---------- AG,,,;, from NDE coefficients
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e B, from NDE coefficients
0.02 < - --B, computed by CDIST

FIG. 5. Primary molecular constants of thémg state of Na as a function of the vibrational quantum numbexa) Vibrational energyG, vsv. (b) AG, ;1>
vsv. (c) Rotational constarB, vsv. The small horizontal bars i@ and(c) are error bars representing the @incertainties from the least-squares fit of the
experimental term values. In all three plots, the curves calculated from the fitted NDE coeffiaénts from Tables Il and IYoverlap completely with the
curves computed by the CDIST co¢leased on the RKR potential in Table.V
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the 1A, state of Na.
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Parameter Recommended value During fit

LPWDV 1 fixed
NDP1 2 fixed
NDQ1L 2 fixed

107°Cg (cm 1 AS) 0.792 281 77 fixed
Xo(5) (cm™ Y 0.018 294 384 fixed
Up 96.884 825 620.049  variable

D, (cm™Y 7162.436+0.021 variable
10q, 0.123 667 090 556 variable
107q, —0.266 806 293 657 variable
10%q; 0.286 774 876 597 variable
10%q, —0.193 388 922 357 variable
10Pgs 0.901 767 702 744 variable
10°q, —0.305 503 033 758 variable
10°q, 0.772 290 708 653 variable
10'%;q —0.147 605 647 135 variable
10", 0.213 985 861 088 variable
10%g,, —0.233 925 577 848 variable
10%q, 0.189 713 705 325 variable
10%q,, —0.110 655 782 284 variable
10%%q45 0.438 794 982 949 variable
10%%q4 —0.105 896 461 424 variable
107%,5 0.117 371 319 830 variable

@The second-order correctioff=0.0557 cm* has been included.

Various fitting schemes have been employed to deter-
mine the long-range coefficientS,,'s from spectroscopic
data in the literaturd’°®"-"°Here we present the results of
two different approaches.

B. Fitting of the potential turning points

Once the reliable RKR potential curve is constructed,
outer turning points ob =85-95 levels are graphically ex-
amined in Fig. 7 according to the linear relation:

[V(R)—D.]R®=—CsR—Cs. (18

It is apparent in Fig. 7 that the outer turning points of
v=88-92 levels conform to Eq18) so these turning points
are used in the linear least squares fit to extracOthandCg
coefficients, which are listed in Table VI.

C. Direct determination from the spectroscopic data

Le Roy and co-workef§ have developed an algorithm
which extracts the long-range coefficiellg’s directly from
the spectroscopic data. Compared with the turning point fit-
ting method, it can directly take into account the effect of
uncertainties in the experimental data. Interparameter corre-
lation is also reduced in this direct fitting procedure. Based
on JWKB quantization condition of diatomic molecule in the

wheren andn’ are the principal quantum numbetsand!’ long-range potential given by E@L5), the coefficientC,,'s
can be determined by fittinG,’s andB,’s into

are quantum numbers of the atomic electronic angular mo
mentum; andn andm’ are the components dfandl’ on the I,

internuclear axigz for the outermost electrons in atords Bv:m, (19
and B, respectively. Note that the angular dependence in

z=r cosd reflects the separation of the two atoms along thevhere 8=(2u/fi?), u is the reduced mass of the molecule,
internuclear axis. For the 1\, state of Ng, we have andl, is given by

Rr.m = 12.43 A This roughly corresponds to the outer R, Cr, -1/2

turning point ofv =88 level. In the following analysis, only I|—f R'[ Z ﬁ—(D—Gv)} dR, (20
v=85 levels(corresponding tdR,=10.6 A) are considered m=n

in the long-range fits. This choice of long-range levels isand
corroborated by the observation that the inflection pgiet,

. . . R 1/2
zero of the second derivativéor AG,, 1, is aroundv =80 V=0 _(E) f *H 2 &} _[ E &
. . . . . . D Rm Rm
in Fig. 5(b) and and that the inflection point f&;, is around ™) Jo m=n m=n
v =84 in Fig. 5c), since these inflection points also indicate 1/2 1/2
] ” : B\ [~ Cm
the “onset” of the long-range behavior. —(D-G,) drR—| & > == dR
v o = Rm
R, | m=n
(21)
TABLE IV. Parameters in the exponentiBb NDE fit of the 13Ag state of 70 ;
Na,. A computer codgCmDFIT)" is used to carry out the
nonlinear least-squares fi&, andB, values as well as their
Parameter Recommended value  During fit associated uncertainties for 86<95 in Table Il are taken
10°5C, (cm L A9) 0.792 281 77 fixed as the input. To address the issue of model dependencé
10°X,4(5) (cm™) 0.23505 fixed as dependence on data sets with different gizélse
Up 96.884 825 62 fixed “averaging-over-models” procedure as described in Refs. 14
181 ‘g-ggg gg% 4212 Var!ag:e and 69 is adopted here to generate the fibglvalues and
102’:)2 0,291 590 17 i their uncertainties listed in Table VI. While higher-order
103pi 0.126 422 62 variable terms(such asC,;5andC;,) help to damp the fluctuations of
10°ps —-0.348 724 41 variable the lower-order coefficients during the fits, they tend to have
10'pg 0.628 7017 variable unreasonably large uncertainties themselves, possibly due to
118191p7 _8;431; 224 Va'_'agl'e interparameter correlation with the truncatezen higher-
1013'88 099703 i orden terms. Since all then=10 terms make negligible con-
1016p190 0412 variable tributions to the potential of interest, these higher-order co-

efficients are not listed in Table VI. This choice of truncation
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TABLE V. RKR potential of the A, state of Na. R,=3.463 809 A. TABLE V. (Continued
dG,/dv dG,/dv
v G, (emYH  (emh B, (cm™ R_(A) R: (A) v G,emhH  (cmD B, (cm™ R_(A) R, (A)
0 64.6948 129.0846 0.12185204 3.319947 3.62148566  6468.2256 55.6654 0.06752515 2.356061  7.082 274
1 193.3585 128.2285 0.12118671  3.222050 3.74559267  6522.9354 53.7445 0.06596692 2.352535  7.165 694
2 321.1379 127.3283 0.12058644  3.157494 3.83531468  6575.6949 51.7645 0.06435428 2.349166  7.253 305
3 448.0159 126.4293 0.12000316 3.106633 3.91098869  6626.4444 49.7243 0.06268361 2.345952  7.345 600
4 5740004 1255414 0.11940910 3.063900 3.97862770  6675.1231 47.6229 0.06095055 2.342894  7.443 144
5 699.1014 124.6614 0.11879106  3.026 777 4.04100671  6721.6695 454598 0.059 15007 2.339993  7.546 592
6 823.3238 123.7833 0.11814597 2.993849 4.09966872  6766.0221 43.2352 0.05727658 2.337248  7.656 711
7 946.6673 122.9031 0.11747720  2.964203 4.15555373  6808.1195 40.9494 0.05532421 2.334661 7.774 404
8 1069.1286 122.0190 0.11679184  2.937198 4.20927174  6847.0008 38.6034 0.05328716 2.332232  7.900 749
9 1190.7042 121.1317 0.11609860 2.912357 4.26122475  6885.3069 36.1991 0.05116017 2.329962  8.037 046
10 1311.3914 120.2425 0.11540626 2.889304 4.31169576  6920.2805 33.7393 0.04893915 2.327852  8.184 872
11 14311893 119.3532 0.11472269  2.867743 4.36088077  6952.7686 31.2290 0.04662181 2.325902  8.346 153
12 1550.0981 118.4646 0.11405415 2.847432 4.40893278  6982.7244 28.6761 0.04420846 2.324113  8.523 255
13  1668.1189 117.5771 0.11340500 2.828176 4.45596479  7010.1106 26.0926 0.04170274 2.322484  8.719088
14 1785.2525 116.6900 0.11277755 2.809816 4.50207880  7034.9049 23.4953 0.03911231 2.321015 8.937 238
15 1901.4987 115.8023 0.11217220 2.792224 454736281  7057.1043 20.9073 0.03644937 2.319705 9.182 127
16  2016.8564 114.9125 0.11158755  2.775299 4.59190082  7076.7320 18.3573 0.03373095 2.318551  9.459 217
17  2131.3225 114.0192 0.11102075 2.758962 4.63577483  7093.8428 15.8795 0.03097876 2.317547  9.775263
18  2244.8933 113.1214 0.11046775 2.743154 4.67906484 71085274 135111 0.02821871 2.316687 10.138 660
19 2357.5635 112.2182 0.10992368 2.727831 4.72185085  7120.9142 11.2900 0.02547973 2.315964  10.559 899
20 2469.3279 111.3095 0.10938319 2712966 4.74621186  7131.1680 9.2505 0.02279229 2.315366 11.052 217
21 2580.1807 110.3952 0.10884074  2.698539 4.80622387  7139.4850  7.4202 0.02018629 2.314882 11.632564
22  2690.1166 109.4758 0.10829093  2.684541 4.84795888  7146.0840 5.8164 0.01768867 2.314498 12.323 099
23 2799.1307 108.5516 0.10772871 2.670969 4.88948689  7151.1954  4.4449 0.01532074 2.314201 13.153724
24 2907.2185 107.6232 0.10714964 2.657822 4.93087390  7155.0491  3.2991  0.01309541 2.313977 14.166 764
25 3014.3759 106.6909 0.10655004  2.645103 4.97218091  7157.8633  2.3622  0.01101417 2.313814 15.426 502
26 31205991 105.7547 0.10592706 2.632813 5.01346392  7159.8352 1.6102 0.00906376 2.313699  17.040 780
27 3225.8840 104.8145 0.10527882 2.620954 5.05477693  7161.1365 1.0167 0.00721202 2.313624 19.216 031
28  3330.2264 103.8695 0.10460435 2.609524 509616494  7161.9140 0.5599  0.00540277 2.313579 22.421201
29 3433.6213 102.9192 0.10390360 2.598518 513767295  7162.2990 0.2321  0.00355332 2.313557 28.021 329
30 3536.0626 101.9623 0.10317736 2587930 517933796  7162.4246  0.0440 0.001584 04 2.313549 42.534 364
31 3637.5433 100.9978 0.10242717 2577746 5.221195
32 3738.0553 100.0246 0.10165516 2.567 953 5.263 276
33 3837.5892  99.0415 0.10086393 2.558531 5.305 607
2‘5‘ iggg-éggg gg-gﬂg g-égg ggg gg g-gjg ‘7“233 g-ggi‘ ﬂfof the higher-order dispersion terms can be corroborated by a
36 41302143 950240 009840452 2532283 5434 324slmple estimation based on the recursion relation
37 42257241  94.9935 0.09756609 2.524126 5.477 865 sz -
38 43201970  93.9501 0.09672286 2.516224 5.521752 Cria=7y , (22)
39 4413.6199  92.8934 0.09587698  2.508554 5.565 999 Cm
40 45059794  91.8234 0.09503009 2501092 5610623 . di ol ant of th d ¢
41 45972622  90.7397 0.09418327 2493818 5.655640" < o ¥ 1S & CIMENSIoniess constant ot ine order o
42 4687.4542  89.6420 0.09333697 2.486713 5.701 073uUnity.” "
43 47765412  88.5295 0.09249098  2.479760 5.746 946
44 48645081  87.4015 0.09164447  2.472946 5.793 288 . .
45  4951.3388  86.2569 0.09079599  2.466 257 5.840 135 D. Discussion
2‘3 :‘Ezg;ig 22-82‘2‘2 8-823 ggi gg g-jgg ggg g-gg; gig Table VI also lists the recent theoretical calculations of
48  5204.8343  82.7098 0.08821609 2.446878 5.984 159C5 andc%/alues by Bussery and Frer? an(_i Marinescu gnd
49 52869334 814844 008733493 2440636 6.033516 Dalgarno.” They agree reasonably well with our experimen-
50 5367.7951 80.2348 0.08643758 2.434503 6.083 658tal values extracted by two different approaches. All four sets
51 5447.3943  78.9592 0.08552044  2.428483 6.134 6640f long-range coefficients are graphically examined in Fig. 7,
gg 2252-28‘7‘3 ;g-ggig 8-82; 21‘29 22 g-ﬁz ggg 2-;28 gigwhere the quantitative differences among them have been
54 5678.3427  74.9621 0.08261501 2.411166 6.293 757dram:?1t|cally magnified by the fact(ﬁ(.G. Wh”e th? four sets
55 5752.6107 735684 0.08158430 2405667 6.349 1420 Cm's do not overlap one another in Fig. 7, FigaBdem-
56 58254686  72.1418 0.08051775 2.400319 6.405 8goonstrates that all of them can provide satisfactory represen-
57 5896.8829  70.6810 0.07941306 2.395129 6.464 121tation of the long-range potential of the3Ag state of Na.
So %o 076500 0070104 205085 ossnser c apparently large discrepancy of Ul values deter
60 6102.1059 66.0765 0.07585274 2.380572 6.649 115 mlne_d n this WOFk IS malnly_due to_the mte_zrparameter cor-
61 61673783 644610 007457971 2376068 6.714 748relatlon in the fit. This numerical deficiency is aggravated by
62 6231.0132 62.8012 0.07326201 2.371737 6.782678the fact that the long-range potential is overwhelmingly
63 6292.9651  61.0945 0.07189882 2.367577 6.853 126dominated by the&, term for all the bound levels used in the
64 6353.1856 59.3380 0.070 489 16 2.363 581 6.926 345fit’ as Shown in F|g 6)) |t is a|so apparent from F|g(B)
65 6411.6237  57.5292 0.06903182  2.359743

7:022617that the contribution from th€g term is insignificant.
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FIG. 6. RKR potential curve of the %g state of Na and the wave function of the =95, N=2) level.

It might appear to be paradoxical that a reasonably high

quality RKR potential could be constructed with the con- 562
straints onCs alone in Sec. IV C, despite the fact that g e
term actually contributes much more to the potential than the 58-S,
Csterm even at the outermost observed turning p@irt95, §°~ ...............
or R,=28.02 A. This can be understood first by noting that e D N
the limiting form of G, in Eqgs.(6) and(8) has a power of 3 o N N
for n=6, which is quite close to the power of 10/3 for=5. R N
In addition, there is a fortuitouut not accidentalcancel- 64
lation of deviations from the limiting behavior by thme=n ]
higher-order terms. In general, when the second inverse- _ -66- o
power term in Eq(15) hasm=n+1, the leading correction g ]
o -68-
TABLE VI. Long-range coefficients of the %g state of Na. = .
i 2724
Bussery & RKR turning Averaged ]
Aubert- Marinescu &  point fit, this G, & B, fit, 743 .
Frecorf? Dalgarné=° workade this worléef 1 \'\&
107%C; 0.792 0.8778 1.388 0.23 -769 0 data from RKR turning points . R
_ - @ data used in the turning point fit
(cm™1AS) (0.03) 0.12 78] —— Cs and C4 from turning gpoI;nt fit
10°8C, 0.522 041 0.498 76 0.4008 0.557 R Ss ang gs I{rom I;Fssfery et al. |
_1 R6 : ce==Ls an 6 1TOm arinescu et al.
(cm* A9 (0.0048 (0.040 Y Ju — C,,C, and C; from G, and B, fit
1078Cq 0.49 ]
(cm A8 (0.32x10°) .82.]
R AR L RARRREL T RS
aSign convention: positive values are attractive. 10 12 14 16 18 Rzg 22 24 26 28 30
From Ref. 9. )
‘From Ref. 10.
YBased on least squares fit of88<92 RKR turning points.
1o uncertainties are in parentheses. FIG. 7. Turning point fitting of the long-range coefficients of th%A@ state
Based on “averaging-over-models” fit @, andB, for 85<v<95. of Na,. Other sets of long-range coefficients are also examined in the plot.
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FIG. 8. The long-range potential of théAg state of Na. (@) Comparison of the potential curves determined by various mébn&.omparison of theCs,
Cs, andCg contributions to the long-range potential. T8g’s in the plot are taken from the direct fitting of the long-range rediy’s andB,’s.

to the one ternC,, limiting expression for level energies is bound levels®2%"® Thus, molecules in such a long-range
identically zero. This issue has been quantitatively addressestate are often referred to as long-range molecules. To under-
in detail in Ref. 42. In passing we note that a very similarstand this in the picture of quantum mechanics, the rotation-

case occurs in tha state ofl ,.” less vibrational wave function of the =95, N=2) level is
plotted in Fig. 6. It is apparent that the molecule spends most
E. Properties of the 1 °A, state at long range of its vibration period around the outer turning point. In fact,

The highest observed vibrational level=95) has a the molecule has a much larger probability to be outside the
binding energy of only 0.14 ciit and an outer turning point outer wall of the potential than that to be near the inner wall,
of 28.02 A, i.e., about B,. It has long been pointed out that even though the former is classically forbidden. A direct con-
molecules at such long range will exhibit some unique orsequence of this “exotic” wave function is that the transition
even exotic properties that are not seen in the normal deeplyrobability for the PROBE step diminishes exponentially as
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v approaches . Quantitative calculation gives the Franck— complete picture of these fundamental interactiGsch as
Condon factor(FCH for the highest observed PROBE tran- exchange interaction at moderately long range, and recou-
sition, 1 SAg(v=95)Hb *,(v'=25), to be 3.%x10°° pling of angular momenta at very long range, or even retar-
(normalized to 1.0 which is about five orders of dation effects at extremely long rang€&urthermore, the po-
magnitude smaller than FGRL..435<10 ! for one of the tential curves provided by these studies would pave the way
strongest transitions observed in the experimenfor the study of state-selected ultracold photodissociation of
[1 SAg(v=l4)<—b 3I1,(v'=25)]. This is the obvious rea- purely attractive long-range molecules, where fine-structure
son that these long-range molecules are extremely difficult tehanging and alignment effects are important aspects of the
access by conventional spectroscopic approaches and haglgnamical processes. While such detailed experimental study
rarely been observed experimentally until recently. In passon the photodissociation dynamics is extremely difficult, it
ing we note that the transition to the extrapolated levehas been carried out in the Nal® (11X 'S ") system in
[1 ?’Ag(v =96)—b 31,(v'=25)] has a FCF of 3410 '.  amolecular bearfY State selectivity in photodissociation has
Despite the efforts that had been attempted, the sensitivity dieen achieved in the study of thg (B MIe—X 125) sys-
the experimental setup was not enough to detect such wedkm by all-optical triple resonancAOTR) spectroscopy
signals. recently?>8! |t remains a great challenge to carry out similar
The low kinetic energy and high density of states of theinvestigations into the 3A state of Nain the future.
long-range molecules lead to some unusual aspects in radia-
tive, nonradiative, and collision-induced transitions involv- Vl. CONCLUSION

ing long-range level3™**™ For radiative electronic transi- e have demonstrated that the cylindrically shielded
tions, the Franck—Condon principle requires that the mosjynization detector can provide the high sensitivity for obser-
favorable transitions are limited to those between two longyation of long-range molecules in OODR spectroscopy. Our
range levels with similar_ outer turning _points in the upperanalysis of the ng state of Na shows that the near disso-
and lower states. In addltlon,' the atomic asymptotes of th%iation expansion(NDE) theory is a more versatile and
upper and the lower electronic states must have electric dphysically reliable approach both in data representation and
pole allowed transitions between them for the transitions bem potential inversion. The observed rovibrational levels in
tween the upper and the lower long-range levels to be favoithe 134 state of Na have covered over 99.998% of the
able. This unique property has been ingeniously utilized byotential well depth and exhibited significant long-range be-
photoassociative spectroscopy t%:hmques_ to observe longavior. We hope that this work will pave the way for more
range molecules in recent yedPs’® Such highly selective jnyestigations in the future, such as perturbation analysis be-
electronic transitions, however, lead to weaker UV/violetyyeen the ng state and other nearby electronic states of
fluorescence which is inOtaI to the filtered PMT detectionNaz, as well as those mentioned in the last section. Further-
method described earlier in Sec. Il. This is because electrigyore, we hope that the success of the NDE analysis in this
dipole transitions are not allowed between the NA(3 detailed case study may stimulate further interests of apply-
+Na(3d) and Na(3)+Na(3s) asymptotes. On the other jng the NDE approach to spectral analysis as well as molecu-

hand, the extremely Iong vibrational period and Iarge inteHar dynamics studies of other molecular systems.
nuclear separation give rise to greatly enhanced cross sec-

tions for collisional ionization process&ssuch as associa- ACKNOWLEDGMENTS
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