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Microwave electronic spectrum of the Ne  ---Ne* long-range complex:
The interaction potential
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The full interaction potential between N&) and Ne (?P) is determined by least-squares fitting of
potential parameters to spectroscopic data, principally from the near-dissociation microwave spectra
of the Ng complex. The potential obtained in this way incorporates the potential curves for all six
electronic states correlating with N&)+Ne'(?P) and the couplings between them.
Coupled-channel calculations on the potential take account of breakdown of the Born—Oppenheimer
approximation and provide an accurate description of the microwave rovibronic spectrum involving
levels within ~10 cmi * of the first dissociation limit. The Neions are both vibrationally and
rotationally hot: the spectrum involves levels up to at lekst25/2 and there is evidence for
transitions involving levels near the second dissociation limit. The long-range levels involved have
(ryupto 12 A, compared with an equilibrium bond length of 1.756 A for the ground electronic state.
The long-range parameters of the interaction can be extracted from the fit and are compared with
recent theoretical values. @002 American Institute of Physic§DOI: 10.1063/1.143611]1

INTRODUCTION transitions involving states lying within 10 ¢rhof the dis-
fsociation limit. An effective Hamiltonian analysis was re-
ported, allowing the assignment of 182 of the lines. The
small separation between energy levels allows the rotational
ﬁamiltonian to mix both vibrational and electronic states,
]Jeading to pronounced breakdown of the Born—Oppenheimer
ﬁlpproximation.

The objective of the present investigation is to use the
Ne, spectra to determine the corresponding interaction po-
Oppenheimer approximation is poor near dissociation, S(1_')entials and_ thus_to advance our un_dersta_nding of Iong-ran_ge
that conventional selection rules break down. For Heand ~ States of diatomic molecules and in particular the ways in
HeKr*, the transition frequencies showed no obvious pat_vvhich interaction potentials and couplings affect energy level
tern, but we were able to assign them using a combination dfattérns and quantum numbers. Long-range states of neutral
double resonance experiments, Zeeman effects, and couplediatomic molecules are important in many contexts, includ-
channel calculations. The spectra were then used to detéfld the photoassociation of laser-cooled atdntisis is par-
mine the interaction potentials involved by nonlinear leastficularly topical because of the recent observation of photo-
squares fitting. Surprisingly, the interaction potentials were2Ssociation in a Bose-Einstein condensate, producing
found to be well determined over the complete range of bond/ltracold molecules in states near dissociafion.
lengths, even though the microwave data involve only en- ~ There have been a number of previous experimental in-
ergy levels within a few ciit* of the dissociation limit. The ~Vvestigations of the N ion, principally in its ground elec-
spectra provided information not only on the potential curvedronic state, as listed in Table 1. Early studies of %éS ;
but also on the couplings between them. state by dissociative recombination gave the first reliable es-

We recently published the experimental energy levelimate of the dissociation energyg=1.4 eV)?° This esti-
map resulting from the microwave electronic spectrum ofmate was refined by Frommhold and BioAdiho obtained
20Ne; near its first dissociation limit(hereafter referred to  Do=1.35+0.07 eV, and by Ciuryloet al,® who obtained
as paper )l Because of the larger reduced mass and mor®o=1.26x0.08 eV. More recently, Halet al® recorded a
strongly attractive potential of Ne, the density of states is Vibrationally resolved threshold photoelectron study of Ne
even greater than for the He—rare gas ions and a complicat@]d were able to resolve vibrational structure from 20 low-

rovibronic spectrum was observed, with 276 microwavelying vibrational levels of the Ng ion in its ground state.

The Franck—Condon profile is clearly perturbed by the pres-
3 Author to whom correspondence should be addressed. Permanent addregg:ce of aytmomsmg states and the absolute vibrational as-
School of Chemistry, University of Exeter, Stocker Road, Exeter SIgnmentis uncertain because of small Franck—Condon fac-

EX4 4QD, United Kingdom. tors to the lowest vibrational levels. Hadt al. considered

We have performed a number of microwave studies o
long-range ionic complexes such as HéAand HeKr in
states very close to dissociation and used the results to d
termine accurate interaction potentiafs. The near-
dissociation region is characterized by a high density o
states, so that electronic and vibrational transitions, as we
as rotational transitions, fall in the microwave region of the
electromagnetic spectrum. In addition, the Born—

0021-9606/2002/116(9)/3662/8/$19.00 3662 © 2002 American Institute of Physics
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TABLE |. Experimental and theoretical studies of N€X 23 1,,).
Method Do/eV welem™t wX./cm™t  Reference
Experiment
Dissociative recombination 1.350.07 7
Rainbow scattering 1.300.1 (Dg) 22
Vacuum UV photoionization spectroscopy 1:2@.08 23
Photofragment spectroscopy 1886.1 e 24
Study of Rydberg states 586.0+2.0 5.4-0.8 10
Dissociative recombination 1.200.08 D) 8
Photoelectron spectroscopy 1.290.01 569.4-3.2 7.450.2 9
Dissociative recombination 1.260.02 25
Microwave spectroscopy 1.346 587.8 7.71 This work
Theory
SCF 1.61 660 26
Cl 1.20 550.1 7.1 27
Density-functional method 1.310 597.0 6.1 28
UMP4 1.258 29
MRCCI+Q 1.32 598.5 8.2 24
QCISD(t) 1.376 D) 591 30
MR MBPT 1.283 588.3 8.7 31
RCCSD-T 1.376 605.2 8.0 11

two vibrational assignments, and gave analyses based on &%, ground state. The spin—orbit coupling splits and mixes
signing the first observed component as eitherO or v the = andII states of Ng into six states)=1/2 and()

=2; thev =2 assignment was considered because it gave & 3/2 states ofy andu symmetry correlating with the disso-
value ofD, that was closer to those observed previously. Theciation limit Ne* (?P5,,) + Ne(*S), and Q=1/2 states ofy
value obtained fot, depends on the vibrational assignment.and u symmetry correlating with the limit Ng2P;,)

Kim et al!? carried out complementary studies of Rydberg+Ne(*S). Curves calculated from thab initio results of
states converging on the §ldonic core inv=0, 1, and 2 Naumkin and Wal€$ are shown in Fig. 1. At long range, all

states and confirmed their vibrational assignment by isotopithe curves are dominated by the attract®gr ~* charge-
studies; the resulting value @f,, 586+2 cm ! i [

, suggests induced dipole interaction.
that the lowest level observed by Hal al. was actuallyv The present paper reports the fitting of interaction poten-
=3. The value ofw.x, obtained by Halletal,® 7.42
+0.16 cm 1, is probably the more reliable because they ob-
served many more vibrational levels.

There have also been a number of electronic structure  1se0 "
calculations of the interaction potentials for Neat various ‘I'l
levels of accuracy. Table | summarizes these, and gives the i
resulting binding energies and vibrational parameters. The | 'l‘l
most recent of the calculations are those of Naumkin and I
Wales!! who were motivated by an interest in the structure S I{l\ U
of ionic Ne clusters and the role of Bleor Ne; as the core 500 | ‘1“1
species of larger clusters. Naumkin and Wales performed i
open-shell coupled-cluster RCC8D calculations on Ng& . ‘1\\( o)
with an aug-cc-pVQZ basis set, designed as the preparatorw i ¢
step for a diatomics-in-molecules study of charged neon? °| B
clusters. i

The interaction potential for Ne'§) + Ne™ (2P) is best
described in terms of separated atom states. 15 Nte %007
orbital angular momentum of Nequantizes along the inter-

 Ne('S;) + Ne™ (*P.;)

Ne* (zpslz)

w

LA
atomic axis to form> and Il states; because of the homo- L1 a
nuclear symmetry, and in the absence of spin—orbit coupling, 1001 ! /
there are four states that are degenerate at dissociation, le NS
beled> g, Ily, %,, andIl,. Addition of spin—orbit cou- 1(3/2), 1(1/2),
pling splits the atomiéP state of Né&, and thus the disso- 1500 ‘ , , ‘ ; : ‘

1.0 1.5 20 25 30 35 4.0 4.5 5.0

ciation limit of Nej , into components with total atomic

(orbital+spin) angular momentund,=1/2 and 3/2. For
Ne®, the ?P,,, excited state lies\=782 cm ! above the

Internuclear separation / A

FIG. 1. The potential energy curves for Ne
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tials to the experimental data presented in paper I. Most opotential minima. Under these circumstances it is more con-
the 94 transitions previously unassigned have been identifiegenient to parameterize the spin-frBeand Il curves rather
and included in the fit. The new assignments have been coithan V, and V,. The two representations are easily ex-
firmed with double resonance or Zeeman experiments. changed when necessary at a givensing Eq.(1), though
the curves have a simple functional form only in the repre-
REPRESENTATION OF THE INTERACTION sentation used for the parameterization. L
POTENTIAL It is often conceptually useful to display adiabatic curves
including spin—orbit coupling, as in Fig. 1. For low-lying

In our previous investigations of HeAr(Ref. 1) and  vibrational states, where the Born—Oppenheimer approxima-
HeKr",? we were able to find a simple functional form for tion is good, these are the curves that determine the energy
the interaction potential, incorporating correct isotropic andevel pattern. They may be obtained by diagonalizing the 3
anisotropic interactions at long range, which was adequate t& 3 matrix of V(r, 8,) + Hspin—orbitin €ither a Hund's cas&)
explain all the spectra. However the ground electronic statesr a Hund’s caséc) basis set. In the present work, the spin—
of these complexes have well depths of 2827¢rand 208  orbit coupling operator is assumed to be the same in the Ne
cm™ %, respectively, whereas the well depth of the;Nenin  molecule as in the Ne atomic ion and thus to show no
its ground state is around 10800 chRepresenting such a significant variation withr. This approximation should be
deep potential in a way that is satisfactory at both short angood at long range, in the region probed by the near-
long range presents a greater challenge. dissociation spectra, and proved adequate in the present

The electronic Schuiinger equation for the homo- work. It would however be interesting to test it usiag
nuclear species Neseparates into two independent prob-initio calculations with spin—orbit coupling included explic-
lems ofg andu electronic symmetry. The interaction poten- itly. The resulting curves are
tials for g andu states are therefore represented separately.
However, the long-range coefficients fgr and u states V(N +Vp(r) A
should be the same; the two fits thus provide different deter- Vi, (1) =—————+5=D(r),
minations of the long-range parameters, and comparing them
allows us to assess the accuracy of the results.

The interaction potential between a closed-shell atom
and one in aP state may be represented in two ways, in
terms of Vy and Vyy or in terms ofV, and V,. The two _ Vs(r)+Vp(r) A
representations are equivalent and interchangeable, V“llz(r)_ 2 + E+ D),

Vi1 =Vn(r), 2

Vs(r)=Vo(r)+5Vy(r), whereA is the splitting between the atomic spin—orbit states
L (1) and
Vi(r)=Vo(r)—35Va(r).

In Refs. 1 and 2, we chose to parametelizeandV, rather  p(r)= %\/A2+[V2(r)—vn(r)]z— ZA[Vs(r)=Vp(n)]. )
thanVy andVy; because th&, andV, curves were quali-

tatively different:V, is much smaller thawy, and decays as Each set of adiabatic potentials is constructed separately for
r~© rather tharr ~# at long range; for HeAr and HeKFf, it the states ofj andu electronic symmetryFigs. 2 and R

has no sign change as a functiorroHowever, initial fitting In our previous studies of HeArand HeKr, we em-

for Ne; showed that(for the g stateg Vo, and V, are of  ployed a Morse function to describe the short-range part of
comparable magnitude in the well region and both have deefhe potential, supplemented with both isotropic and aniso-
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tropic long-range contributions. The same functional form isinternuclear axis. The alternative to this is cégg where a
employed here for the spin-free potentials for,Ne mechanical rotation quantum numbRris defined but() is
-~ not. In casde), J, couples taR to give a resultani. Case(e)
Va=Ar(1=ayexd = Aa(r=red] is thus an entirely space-fixed coupling scheme, with no
molecule-fixed projection quantum number$’Ne has
nuclear spin =0, so there is no hyperfine structure.
In practice, the energy level patterns of real systems near
_ Y [CnlaDna(r) @ dissociation are intermediate between cégeand casde).
n=46810 r" ' As seen above, it is convenient to label potential curves with
values of(). In general, casé) is observed when the energy
associated with molecular rotation is small compared to the
separation between levels with the sadpebut different().
Conversely, casée) is observed when the rotational energy

1
+AAaAeXF{ - E:BA(r —Tep)

whereD,,(r) are Tang—Toennies damping functibhthat
prevent the long-range terms dominating at slhahd have
the functional form,

"B is large compared to the separation. In previous wWdorke

Dp, ()=1—exp(—B,r) 2 - (5)  found that HeAf was best described by cag® quantum
m=0 ' numbers (with significant rotational couplings whereas

The subscript\ takes the value¥, Ily, 2, andIl,. HeKr* was remarkably close to pure ca®. Ne; is inter-

At long range, the interaction between Ne and"'Ne  mediate between the two in this respect, with levels that are
weak compared to the atomic spin—orbit coupling. Underest described by cage) quantum numbers at low but
these circumstances, the atonhicand S quantum numbers come closer to casg@) at highJ.
remain coupled to form a resultads, as in the free Né The dominant long-range term in the interaction poten-
atom. There are then two possibilities for how the rotationatial is the charge/induced-dipole interactionC,r %),
motion of the diatomic molecule is included. In Hund’s casewhose coefficient is determined by the dipole polarizability
(c), the projection) of J, onto the internuclear axis is a of the Ne atom? This interaction is isotropic, so the coeffi-
good quantum number. There is no quantum number for theient takes the same value firandIlI states; its value was
end-over-end rotation itself. Instead, only the total angulafixed atC,= 1.335Eha§ during the fitting process. The dis-
momentumJ is defined; likeJ,, J has projectior{) onto the  posable parameters of E¢b) for each potential curve are
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thusA,, B, [Cela, [Cgla, and[Cyola . It would in prin- TABLE Il. The parameters of the final interaction potential.
ciple be possible to fit to these parameters directly, but our
previous investigations of the potentials for HéAland

HeKr" showed that the parameters of such a fit are highlyParameter  Units ~ Value ~ 95% conf. ~ Value  95% conf.

g states u states

correlated. The correlation problem is reduced by rearrang- . mE, 0.128117 0.000365 51.997130 0.674 786
ing the parameters of the potential, replackg and[ Cg] en mE, 5792196  0.014511 0.510428 0.032491
with the well depthe , and the equilibrium bond lengthg, . les a8 9212993  0.006860  3.195730 0.072518
The procedure for flndlng the values @fA and [CB]A I e 3‘071 4,193 729 0.004 235 6.315 226 0.111 942

. - Bs (ag)™! 2.417502  0.008527 2.305779  0.048 446
needed to give specified values ©f andr., has been de- B (a) ! 2476164 0022252 2549226 0.599878

scribed elsewherkFurther reductions in parameter correla- Cs Eal 1.335 (Fixed 1.335 (Fixed)
tion are achieved by holding the paramete€sg], fixed so [Cels Enad 9112339 1569079 11.371651 6.998 988
that the ratio ofC,4/Cg (y in this parameter sgts set at the  [Celu Erag 5955124 0907559  6.257588  3.323900
value predicted by the single-oscillator formula of Thakkar As mE, 0081623 (Derived —5.291854 (Derived
and Smith** In the present work, th€,,/Cj ratio for Nej mE, 1184987 (Deriveg  0.499013 - (Derived

11
i 2 [Cels  Enag 438.7067  (Derived —419.6579 (Derived
was fixed at 11ag, a value based on the lower bounds of the ¢, Ea8 562157 (Derived  203.3153  (Derived

Ce and Cg coefficients of neutral Nefrom Standard and y a? 110 (Fixed) 11.0 (Fixed)
Certain®® as - 1.0000000 (Fixed 1.878186  0.671526
The isotropic coefficientCg], in the long-range expan-  an - 4846694 3.070511  0.879177  0.169900

sion has a contribution from both the charge/induced-
guadrupole interaction and the isotropic dispersion interac-
tion. The quadrupole polarizability of the Ne atom is
known'® and a simple Slater—Kirkwod8 calculation of the
dispersion interaction allowjsCs], to be estimated as 7.69 The choice of which near-dissociation energy level data
Enal. The anisotropic contributions are more difficult to es-to include in the fit is important to the quality of the fit and
timate, with contributions from atomic quadrupole/induced-the rate at which it converges. Spacings between energy lev-
dipole and anisotropic dispersion interactions. At the start okls on the experimental energy level diagram were selected
this work, a value for the quadrupole moment of N@as  to represent separations between vibrational levels, rotational
available @ ye+=1.12283)," and an estimate of the induc- progressions-doubling-type separations and separations
tion contribution could be made. The anisotropic contribu-between electronic states for both high and ldwrhis pro-
tion to the dispersion was not known but was thought to besided a balanced set of level separations that was calculated
smaller and of opposite sign to the induction term. Fromfrom the trial potentials at each iteration of the fit.
these considerations, we estimated the upper and lower To obtain starting points for the fits to experimental data,
bounds on the[C¢] coefficients as 7.69[Cg]3<11.29  the functional form of Eq(4) was first fitted to theb initio
Enag and 5.89<[ C4];;<7.69 Epag. calculations of Naumkin and WaléSUnfortunately, the un-
certainties in theab initio well depths leave room for some
ambiguity in the absolute vibrational assignments. For levels
at the bottom of the well, this can be resolved using the
results of Kimet all° described above. Spectroscopic fits to
The potentials foig andu symmetries were fitted inde- the microwave data are nevertheless possible for several
pendently of one another. At each stage of the fit, energglightly different quantum number assignments near disso-
levels for the trial potential were calculated using theciation. In the present work, this was resolved for thetates
coupled-channel method as implemented in the prograry including thew, value of Kimet al'® and thewx value
BOUND,® including all channels correlating with tH#P,,  of Hall et al® in preliminary fits. This provided a number of
and?Pg,, states of Né. Such a calculation includes the cou- possible vibrational assignments for tiestate levels for
plings between electronic and spin-orbit states and thus takd®th Q=1/2 and)=3/2.
full account of deviations from the Born—Oppenheimer ap- ~ Suitable starting points for fitting to thgestate potentials
proximation. In the present work, the coupled-channel calcuwere harder to find, and as a result there was less uncertainty
lations were performed in a case) representation for rea- in the vibrational assignments. In paper I, the rotational con-
sons of computational convenience, as described previbuslystant for one progression of levels was found to be consid-
A fully-coupled calculation in a cage) basis set would have erably larger than for others near it in energy; this arises
given identical results. Derivatives of the spectroscopic frebecause there is a double minimum in the potential for the
guencies with respect to potential parameters were calculatdd1/2), state, and both inner-well and outer-well levels exist.
by finite differences, and nonlinear least-squares fitting waghe presence of the inner-well levels proved to be a very
carried out using theNoLLs package?® I-NOLLS is an inter-  useful constraint. Finding a starting point that provided an
active least-squares fitting package that gives the user déner-well level in the energy region near dissociation was
tailed control over the progress of the fit, with the ability to extremely difficult and only one vibrational assignment
inspect statistical information, switch between alternativeproved to be satisfactory for trgestate levels.
spectroscopic assignments and add or remove experimental In our earlier work on HeAf and HeKr, Zeeman
data and fitting parameters as the fit proceeds. g-factors were included in the data set used for fitting the

THE LEAST-SQUARES FIT OF THE INTERACTION
POTENTIAL
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TABLE Ill. Experimental data required to construct Fig. 2 and comparison with transition frequencies calculated from the final potential.

Frequency Calculated/ Obs—Calc. Level Level Frequency Calculated/ Obs—Calc. Level Level

/MHz MHz IMHz number J number J IMHz MHz IMHz number J number J
8702.4 8687.6 14.8 15 32 29 52 41099.4 41107.8 -7.9 52 9/2 54 9/2
9448.7 9410.9 38.0 27 5/2 29 5/2 41752.3 41 496.4 256.1 52 9/2 40 712
14 520.2 14 473.1 47.1 39 712 24 5/2 42229.5 42 094.5 134.6 12 3/2 23 5/2
15590.9 15580.4 10.5 9 3/2 2 1/2  43047.2 42 823.8 223.4 78 13/2 80 13/2
16 875.0 16 995.6 —-121.0 45 712 32 5/2 43747.0 43 855.3 —108.3 12 3/2 4 1/2
17 021.2 170735 —54.4 33 5/2 31 5/2 45576.8 45 687.9 —-110.7 5 1/2 14 3/2
17 257.8 17 257.6 0.2 8 3/2 10 3/2 45748.3 46517.0 —768.6 57 9/2 70 11/2
17 270.7 17627.4 —356.7 61 9/2 73 11/2 45983.2 46 003.3 —-20.5 25 5/2 43 712
17 870.3 17 793.7 76.5 42 712 58 9/2 48053.9 47 701.7 352.7 56 9/2 73 11/2
18 186.1 18 252.0 —65.2 37 712 23 5/2 48 419.5 47 674.1 745.2 53 9/2 70 11/2
19445.8 19477.2 -31.4 45 712 58 9/2 48 597.9 47 425.5 1172.4 79 13/2 85 15/2
19804.4 19798.9 3.2 60 9/2 74 11/2 49439.1 49 478.2 —-39.2 25 5/2 16 3/2
20087.1 20046.4 40.1 60 9/2 48 7/2 51082.9 51224.4 —141.5 12 3/2 28 5/2
20913.3 20890.7 22.6 21 5/2 10 3/2 580235 57731.9 292.0 52 9/2 55 9/2
21019.9 21084.3 —65.1 64 9/2 47 712 58 973.5 59 085.8 —-112.2 13 3/2 24 5/2
21148.0 20841.5 306.5 53 9/2 40 7/2 61055.9 61124.1 —-67.9 25 5/2 10 3/2
21165.7 211155 50.1 60 9/2 62 9/2 61066.2 61074.6 -7.5 56 9/2 47 712
21238.9 21598.6 —359.7 75 11/2 73 11/2 61664.2 61539.3 124.9 25 5/2 44 712
212447 21234.7 10.0 8 3/2 2 1/2 694927 70969.1 —1476.4 67 11/2 77 13/2
21986.4 22011.2 —-25.0 60 9/2 72 11/2 74 490.9 76 703.2 —2120.1 79 13/2 83 15/2
22742.3 22 451.9 290.3 71 11/2 73 11/2 87 620.0 88 347.2 728.1 37 712 51 9/2
23161.3 23159.1 2.3 26 5/2 29 5/2 93829.6 93916.8 —-87.7 25 5/2 19 3/2
23166.9 23270.0 —102.8 46 712 35 5/2 95738.3 95 935.8 —-197.5 12 3/2 31 5/2
23 233.7 23023.1 210.2 69 11/2 68 11/2 99592.7 99 958.0 —365.3 22 5/2 36 712
23418.6 23181.7 237.2 39 712 40 7/2 113060.8 113410.3 —349.5 46 712 40 712
24 184.3 24 224.2 —-39.8 22 5/2 23 5/2 113594.9 113708.7 —-114.6 3 1/2 18 3/2
24434.1 24324.1 110.2 79 13/2 68 11/2 113787.0 113953.7 —166.6 17 3/2 24 5/2
25226.5 24991.2 235.3 71 11/2 82 13/2 115813.7 115917.4 —103.7 3 1/2 6 1/2
25781.7 25737.8 44.1 45 712 29 5/2 117 002.6 116 759.4 243.2 9 3/2 7 3/2
26 692.5 26 624.8 67.9 41 712 58 9/2 118423.0 118441.4 -18.3 37 712 20 5/2
26 881.5 27 334.1 —452.6 71 11/2 81 13/2 123 866.0 125106.1 —1240.1 79 13/2 66 11/2
27 306.9 27 301.5 5.86 56 9/2 72 11/2 1238775 1239245 —-47.0 30 5/2 11 3/2
29178.0 29 360.8 —-183.0 45 712 49 712
20195.4 29195.0 0.4 60 9/2 63 9/2 Transitions observed from fit predictions.
296137 298061  —192.9 45  7/2 34  5/2 226214 226499 —28.6 87 32 18 32
29718.9  29415.3 303.6 67 11/2 55  9/2 191075 191567 —49.9 9 72 47 T2
29875.8 20834.8 41.0 42 7/2 59 g/2 213150 19 289.6 2025.1 94 17/2 83 15/2
20989.7 30061.8 —72.4 30 5/2 50 7/2 22 239.5 22 275.3 —-35.4 88 3/2 19 3/2
30856.7 30913.8 —56.7 21 5/2 38 7/2 25744.3 24 629.3 1115.0 86 1/2 6 1/2
32812.1 32819.1 ~7.0 3 1/2 2 1/2 45 284 43 984.6 1299.2 92 15/2 77 13/2
33085.5 33351.6 —266.1 78 13/2 84 15/2 48 030.2 49 685.9 —1655.7 97 17/2 96 17/2
34 138.6 34 105.7 32.9 1 1/2 2 1/2 76 493.7 81 608.7 —5114.8 99 19/2 102 21/2
40641.0 40376.1 265.8 37 7/2 40 7/2 118 037.5 120 255.1 —2220.7 98 17/2 83 15/2
40907.6 40 243.7 663.9 78 13/2 70 11/2

potentials. For Ng&, however, theg-factors were found to be up to J=31/2 were calculated for each potential and com-
insensitive to detailed variation of the potential parameterspared with the initially unassigned transition frequencies.
They remained a useful check of the quality of the fit and inThis allowed a single potential to be selected. Guided by the
particular the accuracy of the level assignment. predictions of the fit, a further 12 levels gfsymmetry and 5

As described above, several different vibrational assignef u symmetry were identified and their positions were con-
ments were explored for thestates, and three of them pro- firmed by double resonance. Refining the fit then provided
duced reasonable minima in the target functigh (the  assignments for all but 31 of the remaining transitions within
weighted sum of squarg$or the chosen experimental data. the error of the fit{297 MH2. We know from Zeeman stud-
To distinguish between the three resulting potentials, levelges that some of the remaining transitions correlate with the
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TABLE IV. Correlation matrices for fits to the potentials for thestates(lower triangle andg states(upper triangle

u/g €y en les lem Bs Bn [Cels [Celn ay ag
ey u/g —0.601 —0.035 0.348 0.277 0.323 —0.439 0.511 —0.490
en 0.515 u/g —0.569 —0.280 0.422 0.061 —-0.226 -0.104 0.368
les 0.691 0.595 u/g 0.392 -0.772 -0.213 0.566 -0.011 -0.011
lem —0.942 —-0.692 —0.660 u/g 0.209 —-0.235 0.016 0.035 0.067
Bs 0.691 0.644 0.978 —0.700 u/g —-0.091 —-0.782 —0.090 i 0.261
Bs -0.417 0.525 0.037 0.236 0.049 u/g 0.072 0.941 —-0.876
[Cels —-0.747 —-0.514 —0.846 0.724 —-0.801 0.105 u/g 0.003 e —-0.297
[Celn —0.400 —0.208 —0.079 0.463 0.128 0.162 0.243 u/g —-0.865
As —0.506 —0.596 —0.959 0.529 —-0.967 —0.200 0.777 —-0.235 u/g
An —-0.885 -0.167 —0.408 0.813 —-0.431 0.751 0.523 0.379 0.219 u/g

secondJ,=1/2 dissociation limit, so the presence of unas-overlap of the atomic wave functions and, for the ground
signed lines is to be expected. For example, the Zeemastate, this results in a weak chemical bond. A simple Morse
effect for the transition at 23 101.6 MHz suggests that it is dunction is used to describe this part of the potential in the
J=3/2-3/2 transition withg-factors corresponding to the present work, with Tang—Toennies damping functions pre-
J,=1/2 dissociation limit. venting ther ~" expansion from dominating at short range.
The parameters of the final potential that gave the besBuch functional forms have been used previously for systems
predictions are presented in Table Il. The comparison bewith potential well depths? of order a few hundred cit,
tween observed and calculated transition frequencies, includut they may not be adequate for a detailed description of the
ing the newly assigned transitions, is given in Table Ill. Thedeeper potential well in Ne An alternative possibility that
correlation matrix for the fit is given in Table IV. For both  we considered was to start from a pointwise representation of
andu states, the parameters are highly correlated. the potential, fromab initio calculations, and to morph it as
The root mean squar@ms) deviation for the set of 84 described by Meuwly and Hutsdfisuch an approach would
level separations included in the final fits is 218 MHz. Mostgive an efficient representation of the shape in the well re-
of the error arises from the poor determination of the posigion, but we decided that we preferred to have an explicit
tion of the lowest observefl =3/2, vibration progression. representation of the leading long-range contributions.
The error in the transition frequencies to levels in this pro-  We have determined empirical values of g coeffi-
gression is of the order of 1 GHz. Although the separationgients for each of the four spin-free electronic states, and it is
between the levels, and hence the rotational spacings, aneteresting to compare them with theoretical values. Medved
well reproduced by the interaction potential, the absoluteet al?* have recently calculated the quadrupole moments and

binding energy is poorly determined. the dipole polarizabilities of a range 8P atoms, including
Ne®, and have estimated the isotropic and anisotropic coef-
DISCUSSION ficients for Ng . Their values arg Cg4]o=6.86 E,ad and

_ _ [Cel,=8.71E,as. For Ng , [Cg]o has approximately equal

Some properties of the electronic states of Nes de- contributions from dispersion and quadrupolar induction,
termined by the fitted potential parz_imeters, are presented Whereas[Cq4], is dominated by the atomic quadrupole/
Table V. OE‘{ ground-state potential has a well depth Ofiq,ced dipole term. The coefficients fiirand 1T states are
11244.9 cm~ and supports 44 vibrational energy levels. (q|ated to[CeJo and[CeJ, through equations analogous to
However, the absolute quantum number assignment of tths. (1) above, and are the same fgrand u states. The
near-dissociation levels is not conclusively determined, anﬁjesulting theoretical values may be compared with those ob-
the true well depth could differ from this by a few percent. Aoinaq from the fits to experimental data: for tHe
well depth of this size places considerable demands on thé’tates, [Cele=9.112(1.563); [Celeuc=10.354; [Cel,
representation of the interaction potential over the entire_ 11_372(6_9%9)' and for the Il states, [Cq]
range of bond lengths. At short range there is significant:5_955(0_908);[C6]Ca|C:5_128; [Cﬁ]u=6.258(3.324)(aﬁ
in Epag, with 95% confidence limits in parenthese$he
empirical values thus agree with the theoretical values to

TABLE V. Characteristics of fitted potentials for thge and u electronic
states.

Numper of TABLE VI. Comparison of rotational constanBsfrom the effective Hamil-
State/ vibrational Blem™* tonian fit of paper 1 with those from expectation values calculated from the

[case(c)] De/em™t ro/A levels  we/leml v=0 wXx./cm ! best-fit potential.

|(12), 112449 1765 44 587.8 05849  7.71 =39 -6 0-40 -7 o-41 v-s5
I(1/2), 7653 2212 14 194303337 934 gy, (12), 1(32), 1(1/2), 1(32), |(1/2), 1(3/2),
1(32), 1120 3337 10 338 01421 310

|(32), 12704 2215 25 1969 0.3351 846  EffectiveH 1347.2 1368.2 9289 9463 579.7 5919

I (1/2), 261.0 3.10 Expectation 1353.4 1333.6 9329 9269 5845 576.6
I1(1/2); 630 3.90 value
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