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The mean lifetimes of théHe 2°Ne?* and ®He ??Ne?* isotopes of the HeNe molecular ion have been
measured to be 5510 ns and 72 14 ns, respectively. These mean lifetimes are similar to each other and
about a factor of 3 smaller than the previously reported mean lifetime of the most abuttiaffiNe®*
isotope. The small differences between the mean lifetimes of the different isotopes suggest that the long-lived
HeNe?* decays mainly by dipole electronic transitions to lower dissociating states. We have performed
multireference configuration interactigMRCI) calculations of the HeN& ground state and many excited
electronic states. The electronic ground state is found to be metastable and deep enough to sustain a single
vibrational state in contrast to previous calculations. However, its calculated mean lifetirielips which is
too short to be detected in our experiments. Excited states associated with the\E&" dissociation limits
are bound by the long-range interaction betweeANand polarized He. Similarly, the lowest state associated
with a He?* + Ne dissociation limit is also bound by long-range interaction. Due to an avoided crossing, the
singlet state correlating with the first excited He Ne™ limit is metastable. These states decay mainly by
dipole electronic transitions to lower dissociating states. Decay rate calculations suggest five possible elec-
tronic states which are in agreement with the measured vdl8&850-294{®7)05608-4

PACS numbds): 31.50+w, 34.50.Gb

I. INTRODUCTION implies that the initial and final states are only weakly
coupled. Another possibility is that a metastable state is
A couple of years ago, we reported that long-lived stategpopulated for which dipole transitions are either forbidden or
of “He?°Ne?* are formed in charge-stripping collisions be- very slow. This metastable state then decays by tunneling
tween 900 keV*He ?°Ne™ and Ar atoms, and that the mean through the potential-energy barrier. For the latter decay
lifetime of the most abundant isotope is 1832 ns[1]. At mechanism, large isotopic effects are expected as a result of
that time the low-lying'S, * electronic states of this molecu- the shift of the vibrational energy levels caused by the
lar ion had been investigated using configuration interactiothange of the reduced mass. Thus, mean lifetime measure-
[2] and many-body perturbatidB] theories. Only the lowest ments of different isotopes can indicate which decay mecha-
of these states has a local minimum, but the calculatetdism is more likely. Such measurements have been used re-
potential-energy curves are too shallow to support any vibracently to determine the decay mechanism of N&Af4]. In
tional levels. Thus, it was suggested that the observed londgsec. Il measurements of the mean lifetimes of two other
lived HeNe?* was formed in bound or metastable highly HeNe*" isotopes, namely3He?°Ne?* and 3He ?’Ne?*,
excited electronic statdd]. In particular, states of different are presented. These measurements were done using the
symmetry than thé'>* symmetry of the electronic ground same method we used previougly], and the results dis-
state were considered to be likely candidates. This was basetissed in Sec. IV suggest that the long-lived H&Neecays
on the assumption that states of the same symmetry wilby dipole transitions to lower dissociating states.
decay to the ground state and dissociate much faster than the In order to determine which state of the HelNemolecu-
measured mean lifetime. lar ion was the measured long-lived one, we have performed
Not only was the long-lived electronic state not identified, extensiveab initio multireference configuration interaction
but also the decay mechanism of the H8Navas then un- calculations which are described in Sec. lll A. The local
known. It is possible that these molecular ions are formed inminimum of the newly calculated ground electronic state is
a bound excited state and then decay by dipole transitions tmuch deeper than suggested by previous calculafiys.
a lower unbound state which then rapidly dissociates. GiveiThis local minimum can sustain a single vibrational state. Its
the long mean lifetimes, i.e., the small transition rates, thisnean lifetime, however, is too short to be detected in our
measurements. Among the calculated potential-energy
curves there are a few possible long-lived states. We have
*Present address: Siemens Medical Systems, 4040 Nelson Agalculated the decay rates by tunneling and by dipole transi-

enue, Concord, CA 94520. tions of all those bound and metastable stafese Sec.
TPresent address: Hoechst AG, D-65926 Frankfurt am Main, GerHl B). The calculated mean lifetimes are compared to the
many. measured ones in Sec. IV.

1050-2947/97/5@)/126813)/$10.00 56 1268 © 1997 The American Physical Society



56 MEAN LIFETIME MEASUREMENTS AND CALCULATIONS ... 1269

Il. EXPERIMENT complete-active space self-consistent fi¢@AS-SCH [7]

o and multireference configuration interaction metkibtRCI)
. The mean lifetimes of théHe ZONe2+ and *He ZzNezf E}L In this approach, thegzeroth-order wave function is gen-
isotopes have been determined using the same experimenigheq py including all symmetry-adapted configuration state
method that was used by us previously to measure the Moginctions obtained by distributing the eight valence electrons
only brlefly The HeNé+ molecular ions were formed by 25'2p(Ne) and :B(He) atomic orbita|s[the 1s (Ne) orbital
charged-stripping collisions of 900 keV HeNewith Ar.  was kept doubly occupiddNatural CAS-SCF orbitals were
The different isotopes of the HeNeparent molecular ions individually optimized for each electronic state and subse-
were formed in the accelerator rf ion source which containedjuently employed in the MRCI treatment, which covered all
a mixture of He and Ne isotopes. The isotope of interest irsingle and double excitations from the reference space de-
each measurement was then selected by an analyzing magsetibed abovdthe Is electrons of Ne were not correlajed
and directed through the differentially pumped target cell.The MRCI total energiegyrc, were corrected by the renor-
The doubly charged molecular ions thus formed were themnalized multireference Davidson correctif] to obtain fi-
deflected toward a surface barrier detector by a parallel platéal energiesErci o, Which are approximately size exten-
electrostatic analyzer. The number of HéNewhich disso-  sive

ciated in flight after the analyzer was determined from the 2
number of He fragments detected. These fragments have E — Euoe+ AE 1-¢ )
only a small fraction of the beam energ¥Egeam for the MRCI+Q™ =MRCl ¢ ¢z

3He 2°Ne?*, for exampl¢ and can be distinguished from the _
other fragments, molecules, and atoms taking advantage 6{€'€:AEc denotes the energy difference between the MRCI

the fact that the detector produces a signal proportional to th@"€rdy and the energy of the CAS-SCF reference wave func-
particle energy. To assure that the He fragments will nofion, andcy is _the weight of the reference space in the total
coincide with the Ne fragment from the dissociation of theMRCI expansion.

same molecule a mask covering half the detector was used. FOF the expansion of the molecular orbitals, a Gaussian
(Note that the fragments of a diatomic molecule move inPasis set of the atomic natural orbit&iNO) [10] type was

opposite directions in the center-of-mass frame, and thus, {fS€d- Following Widmark, Persson, and Rdps0l(b)], a
half the detector is covered only one of them can be del7S7p4d3f] contraction of a (1¢9p4d3f) primitive set
tected. For details se¢l,5]. was employed for neon and supplemented by gvtype
The number of detected He fragments from the dissociafunctions with exponents of 3.18 and 1.2g&nerated by an
tion in flight after the analyzer of the HeRé molecular ~€ven-scaling procedure from omeexponent, energy opti-
ions is given in Fig. 1 for the different isotope§The m|_zed fo_r the neon atom in aconﬁgura_uon interaction calcu-
“He 20Ne?* data are taken from Refl]). The data were lation with all single and double excitationsThe corre-

fitted assuming a single exponential decay which yields th&Ponding helium basis h3s4p3d2f] contracted functions

following expression: from a (9%4p3d2f) primitive set. Only the pure spherical
harmonic components of the basis functions were used, thus
N(He)=3Ng[e Xv7—e lalvT], (1)  the one-particle set includes a total of 135 contracted Gauss-

ian functions. Transition dipole moments between the differ-
whereN, is the number of HeN&" formed in the target cell, ent electronic states of HeRé were calculated from the
x andlq are the distances from the target cell to the analyzeCAS-SCF wave functions employing the CAS state interac-
exit and the detector, respectively,is the beam velocity, tion method[11] to avoid errors due to the nonorthogonality

and is the effective mean lifetimgl,5]. of the CAS-SCF wave functions of the same symmetry. All
calculation were performed with theoLCAs-2 and -3 suites
ll. THEORETICAL METHODS of quantum chemistry programi$2] on IBM RS/6000 work-
stations.

A. Potential-energy curves Atomic test calculationgsee Table )| demonstrate the

The low-lying molecular states of the HeRie system performance of the MRCI method and the employed one-
which we investigated byb initio quantum chemical mo- particle basis for properties of interest for the present con-
lecular orbital calculations and the associated dissociatiotext. For the prediction of atomic energy levéls3], the
channeld6] are given in Table I. It should be noted that a largest error occurs in the second ionization energy of the
series of atomic asymptotes is located between the asympeon atom, which is underestimated by 0.22 eV due to the
totes V and VI from Table | corresponding to HeNe'*, incomplete treatment of the correlation energy. However, for
where a nonvalence excited state of the neon atom is inthe present purpose this accuracy in the ionization energies is
volved, such as € 2p* x! with x=3s,3p, etc. These states acceptable on the background of the additional computa-
were not included in our investigation, sin€g they are tional efforts associated with a further extension of the al-
expected to be completely repulsitdue to the large size of ready fairly large basis sets to highequantum numbers and
Ne**) and (ii) the one-particle description employed, al- of the n-particle space treatment, which would be required to
though quite extensivésee below, is not optimized with  bring the calculated ionization energies in better agreement
respect to an adequate description of such nonvalence ewith experiment. Considerably lower erraimax. 0.05 ey
cited states of the atom and the corresponding moleculasccur for the electronic excitation energies of the neon ions,
Rydberg states. Adiabatic potential-energy curves for allvhich provides confidence in the performance of the MRCI
states included in Table | were calculated using themethod for the treatment of the electronically excited states
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FIG. 1. The number ofa) *He 2°Ne?", (b) 3He ?’Ne?", and(c) “He ?°Ne?" (the data were taken from RéfL]) molecular ions, which
passed the electrostatic analyzer, as a function of their flight time from the targéThellerror bars o) and(b) represent statistical errors

only.]

of HeNe?". Finally, the calculated dipole polarizability of of the singly charged HeNe ion (Table Ill, see below
the helium atom almost matches the experimental valu&olving the nuclear Schdinger equation in the respective
while the respective MRCGHQ result for neon underesti- MRCI+Q potential, we obtain the following spectroscopic
mates the experimental result by 4%, which is satisfactorgonstants:R,=2.702 a.u.; D,=0.707 eV; and w,=956
for our purpose. Note that the SCF dipole polarizability incm™. Unfortunately, the HeN& ground-state’s experimen-
the employed basis amounts to 2.30 a.u., 0.07 a.u. lower thaal data seem not to be completely settf&8], but our the-
the SCF limit[14]. Based on earlier studi¢&4], most of the  oretical results compare well to earlier MRD-CI calculations
discrepancy between our MRER value of the dipole po- in the slightly smaller basis sets of Gemein, deVivie, and
larizability and the experimental number must be attributedPeyerimhoff [[15](b)] who obtained R.=2.67 a.u.,
to basis set incompleteness, in particular the lack of addib,=0.70 eV, andw,=857 cni’. A final test on the accu-
tional diffuses andp functions. racy of the MRCI method for the treatment of electron cor-
Further information on the performance of the employedrelation was performed for part of thé'S ™ ground-state
methods comes from a calculation on %é3 * ground state  potential-energy curve of HeNé. In contrast to earlier the-
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TABLE |. Theoretically investigated electronic states of HéNe

Relative

energy Associated molecular
Dissociation limit Label (ev)? states
He' (?S)+Ne™ (?P) | 0.00 XI3*, AMI, a®M, b3St
He(*S) +Ne?* (°P) I 16.50 ¢y, d%
He(*S) +Ne?* ('D) I 19.66 BA,CHI, DS
He(*S) +Ne?* (1S) v 23.37 EX*
He ™t (?S) +Ne* (%9) \Y 26.88 FIs*t, e33*
He?" +Ne(*S) VI 32.81 G+t

@Atomic term energies are weighted averages over the individllevels from Ref[13].

oretical work using the configuration interaction method within the treatment of the dynamical electron correlation. The
significantly smaller basis sefg], we find that both a dis- corresponding total energies are given in Table IV. First note
tinct local minimum and local maximum, instead of only a that in terms of total energies in the metastable region, the
broad shoulder, occur at around 2.0 and 2.5 a.u., respetRCI+Q and CCSIT) approaches deviate gt most 1
tively. The resulting metastable region of the potential-mH, and thus the corresponding parts of the potential energy
energy curve supports a single vibrational level which wasare quite similar. The total well depth is 182 meV in the
localized using the Numerov method. The MRQD MRCI+Q potential-energy curve and 142 meV in the
potential-energy curve for this region is plotted in Fig. 2 CCSOT) potential-energy curve. The location of the mini-
together with the corresponding curves calculated from twanum is quite similar with both method$2.000 a.u.
single-reference Hartree-FodklF) based methods(i) the MRCI+Q and 1.998 a.u. CCSD)], while the CCSDT)
coupled cluster approximation including all single andmaximum is at a slightly shorter He-Ne internuclear dis-
double excitations and a perturbative estimate of the tripleance, consistent with the lower barrier height. The good
excitations[16] [CCSD(T)], and (ii) the modified coupled- qualitative and quantitative agreement with the CCBD
pair functional(MCPF) approach[17]. For cases in which calculation suggests that the chosen MR@ method for
the Hartree-Fock determinant represents already a goathe calculation of the potential-energy curves should be reli-
zeroth-order wave function of the system, the former ap-able in terms of the treatment of dynamical electron correla-
proach usually picks up at least as much of the correlatiomion. On the other hand, the MCPF calculation recovers a
energy as the MRCI scheme, while the latter is somewhagignificantly smaller fraction of the correlation ener@-9
less rigorous but has been included since MCPF has franH in the metastable regiprmlbeit the qualitative shape of
quently been used in similar calculations. If there were largehe metastable potential-energy curve is very similar to the
differences between the potential-energy curves resultingther two methodsgbarrier height of 226 meV, minimum at
from the three computational schemes, this would point tal.987 a.u., and maximum at 2.508 a.u.

degeneracy problems in the wave function or to deficiencies The MRCI expansions for all calculated electronic states

TABLE II. Results from atomic calibration calculations.

lonization energies Calc. Expt.
MRCI+Q method

Ne(*S)—Ne" (?P)+e~ 21.47 eV 21.59 eV

Ne™(?P)—Ne&(3P)+e~ 40.86 eV 41.08 eV

He(*S)—He" (?S)+e~ ° 24.57 eV 24.59 eV

Atomic excitation energies

Ne™"(?P)—Ne" (29) 26.81 eV 26.86 eV
Ne?* (*P)—Ne?* (D) 3.19 eV 3.16 eV
Ne?" (3P)—Ne?* (19) 6.88 eV 6.87 eV

Atomic dipole polarizabilities

Ne 2.56 a.u. 2.67 a.l.
He® 1.37 a.u. 1.38 a.lf.

@Atomic term energies are weighted averages over the individuavels from Ref.[13] since spin-orbit
coupling was not included in the calculations.

bSince the helium atom is a two-electron system, 1@ correction was not used.

‘Referencd23].
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TABLE lll. The X2 * electronic ground-state potential-energy ~ TABLE IV. Total energiegin a.u) of theX % * ground state of

curve of HeNg . HeNe?™ in the metastable region calculated with three different
methods.
R(a.u) E(a.u)
500 130,920 022 R (a.u) Emrei+o Ecesom Emcrr
2.30 —130.973 923 1.60 —129.700950 —129.701754 —129.689111
2.50 —130.985 886 1.70 —129.722 315 —129.722295 —129.717 285
2.60 —130.988 269 1.80 —129.733859 —129.733353 —129.728 458
2.70 —130.988 996 1.90 —129.738916 —129.738330 —129.733 205
2.80 —130.988 504 1.95 —129.739917 —129.739302 —129.734614
2.90 —130.987 272 2.00 —129.740 206 —129.739574 —129.734 158
3.00 —130.985 621 2.05 —129.739970 —129.739335 —129.733632
3.20 —130.981 769 2.10 —129.739364 —129.738745 —129.732961
3.50 —130.976 473 2.20 —129.737 557 —129.737056 —129.730798
3.70 —130.973 558 2.30 —129.735618 —129.735396 —129.728 529
4.00 —130.970 468 2.40 —129.734 137 —129.734406 —129.726 770
5.00 —130.966 321 2.46 —129.733638 —129.734406 —129.726 135
6.00 —130.965 381 2.50 —129.733506 —129.734667 —129.725 926
9.00 —130.964 774 2.54 —129.733549 —129.735176 —129.725 900
50.00 —130.963 023 2.60 —129.733958 —129.736438 —129.726 225
2.80 —129.738376 —129.745306 —129.730418

are listed in Table V aR=3.0 a.u. The calculated potential-
energy curves of the ground and excited electronic states of B. Decay rates
HeNe?" are presented in Fig. 3. The incomplete set of
MRCI+ Q numbers for thes state shown in Fig. 4 is due to
severe root flipping problems in the CAS-SCF orbital opti-
mization. TheG andF states have been also calculated usin
the ground state CAS-SCF orbitals with no optimizatitai
beled MRCI in Fig. 4 as explained in further detail below.
The numerical potential-energy values are tabulated on th
e-PAPS systeri18]. Finally, the transition dipole moments
between the different electronic states of H&Nere given

in Table VI.

Within the Born-Oppenheimer approximation, the excited
bound electronic states of HeRle can only decay to the
atomic fragments via initial dipole transitions to lower repul-
%Sive states, which dissociate spontaneously. Metastable ex-
cited states, such as te'S ™ state, can also decay by tun-
geling through the potential-energy barrier, while the
metastabléX 13, * ground state decays only by tunneling. We
have calculated the average decay rate of each vibrational
state for each relevant decay mechanism as discussed below
in order to find states which agree with the experimental

T T T T T T 1 values.

— MRCI+Q || 1. Decay by tunneling

-129.72 [ CCsD(T) 1 Metastable electronic states have a local minimum and

‘ -~ MCPF ] thus can decay by tunneling through the potential-energy
barrier. The energy of the resonant vibrational states as well
as the tunneling decay ratee., the resonance widtlhave
been calculated using the phase-shift method described in
detail in our previous work19]. The mean lifetimes of vi-
brational states decaying by tunneling decrease rapidly with
increasing vibrational quantum number because the barrier
they have to tunnel through becomes smaller. It is important
to note that typically the mean lifetimes differ by large fac-
tors from one vibrational state to the other as can be seen
from the exponential dependence in the known WKB tunnel-
ing rate formulg20] (in a.u)

-129.73

E (a.u)

-128.74

Yoo - —22a /"R NVRI—E.
HeNe®* X'z 7, toce 2 ARV, 3

16 1.8 20 22 24 26 28 whereyu is the reduced mass of the molecule, which is of the
R (a.u.) order of a few thousand a.u. for common diatomic mol-
ecules. For example, factors of about three orders of magni-
FIG. 2. The potential-energy curves of the!S* electronic tude have been calculated for hlgh'y excited vibrational
ground state of HeN&™ calculated by(i) MRCI+Q (solid line); () states of NeAf™ in its electronic ground statel9]. Large
CCSDT) (dashed ling and(c) MCPF (dashed-dotted line differences are also expected between the mean lifetimes of
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TABLE V. MRCI expansions for different electronic states of HéNeat R=3.0 a.u.

State Number  Total number Important configurations Extra Ref. Mulliken populations
of Ref. of CSFs Occupation Coefficient weight (natural MRCI orbitals
CSFs in MRCI a b ¢
X5+ 8 201 848 22022 0.836 0.027 He: 1.68(2=1.04
20222 —0.522 Ne: 3.9%), 0.96(py),1.99(p-); 3 =8.96
Al 3 129 259 22132 0.987 0.026 He: 1.68(2=1.04
Ne: 3.996), 1.95(p,), 1.00(p.), 1.99(_); ==8.96
a’ll 3 202 555 22112 0.985 0.028 He: 1.85(2 =1.07
Ne: 3.996), 1.92(p,), 1.00(, ), 1.99(0_); > =8.96
b33 3 232 704 21122 0.987 0.026 He: 1.6p(2=1.01
Ne: 3.996), 1.00(py), 1.99(0-); %=8.99
¢33 1 125773 22211 0.990 0.020 He: 1.95(%=1.96
Ne: 4.006), 2.00(,), 1.00(..); > =8.04
d31 3 202 555 12 212 0.971 0.034 He: 1.89(2=1.90
22112 0.152 Ne: 4.08§, 1.08(p,), 1.00(p,), 1.99(p_); ==8.96
BA 8 20 148 22 202 0.698 0.026 He: 1.8](2=1.92
22220 —0.698 Ne: 4.00¢), 0.87(pg), 1.59(0~); % =8.07
c 3 129 259 21232 0.981 0.030 He: 1.9R(%=1.92
22132 0.087 Ne: 4.08}, 1.05(,), 1.00(p,), 1.99(_); ==8.07
D™ 8 201 848 02 222 —0.750 0.031 He: 1.95]; 2 =1.92
13222 —-0.075 Ne: 4.00§), 0.87(po), 1.59(p-); ==8.07
20 222 0.060
22 202 0.445
22 220 0.445
ELt 8 201 848 02 222 0.619 0.025 He: 1.98(2=1.94
20222 —0.185 Ne: 3.94%), 1.23(pg), 1.43(pp.); 2=8.06
22202 0.526
22220 0.526
Fis* 8 201 848 02 222 —0.060 0.045 He: 1.95]; =1.92
13222 —0.086 Ne: 4.00¢), 0.87(pg), 1.59(0.); >=8.07
12 322 0.051
20 222 0.969
ez’ 3 232704 21122 0.962 0.070 He: 1.68(%=1.10
Ne: 3.056), 1.87(0y), 1.96(p-); = =8.90
Gt 8 201 848 20222 0.835 0.072 He: 0.8%(%=0.86
22022 -0.476 Ne: 3.24}, 1.92(py), 1.96(p-); 2=9.14

8 or the three activer and two activer orbitals. “2” denotes double occupation, “1” high-spin coupled single occupation, and “3”
low-spin coupled single occupation.

®Only coefficients|c|>0.05 are given.

°po andp, denote ther and = components of th@-type atomic orbitals, the total population is denoteas

different isotopes of a molecular ion decaying by tunnelingtronic dipole moment orR (for details see Refl21]). The
because of the shift of the vibrational energies caused by theverage decay rate from any initial st&te¢o any final dis-
different reduced masses (see Ref[4]). sociative stata is

2. Decay by dipole transitions Wﬁa: fo dr V\Ea( R)an( R)|2, (4)

Excited electronic states can decay by dipole transitions to
lower states. These transitions are considered to be vertica¥here the electronic spontaneous decay rafe, &lti,(R), is
i.e., the nuclear motion is negligible relative to the dipolediven by
transition time. Thus, one can use the Born-Oppenheimer 3
approximation. The Franck-Condon principle, on the other s _f wia(R) R)[2 5
hand, is not expected to be valid for Hele because the ka3 3 MR ®)
dipole moments depend strongly on the internuclear dis-
tance,R (see Table V). We have used a simple approxima- where w,,(R) =E(R) —E4(R) is the transition frequency,
tion which takes into account the dependence of the eleandr,(R) is the dipole moment. For these calculations the
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ABS T T T T T T calculated states correlating with the calculated+e?"

" asymptotes(ll-IV, Table [) are bound by the long-range
attractive electrostatic interaction between the?Nand the
polarized He. Each of these states has a minimum around an
internuclear separation of 4—5 a.u. which is deep enough to

. sustain a few bound vibrational states. The same applies to
el theG13 " state, which correlates with the Het Ne disso-
ciation limit. The peculiar shapes of the potential energy
curves of the= andG states call for further comment. First,

a more technical point: near the local maximum of fhe

] state potential-energy curve, the CAS-SCF orbital optimiza-
p's tion procedure failed due to severe root flipping problems.
The individual F state energies used for the plot in Fig. 3
. were calculated in two separate runs, each approaching the
barrier location from shorter and longer internuclear dis-
tances, respectively, and using the natural CAS-SCF orbitals
from a neighboring point as an initial guess. A sligabout

3 mH) energy difference in the extrapolated barrier locations
el explains the weak discontinuity in thE state potential-
B energy curve seen in Fig. 3 arouRd=4.5 a.u. Root flipping
Yy 2 3 4 5 6 7 8 9 10 and divergence problems for ti@ state were even more
pronounced and could not be solved for internuclear dis-
tancesR>3.8 a.u. Consequently, the long-range potential-

FIG. 3. The potential-energy curves of all the electronic states of NErgy curve for this state could not be computed using in-

HeNe?* calculated by the MRCGHQ method. dividually optimized orbitals. .
To overcome these problems, a second set of calculations

of the F and G states was performed, where the natural
orbitals, in which the MRCI wave function was expanded,
were those from the CAS-SCF calculation of te>*
ground state. In these calculations th&) correction was
IV. RESULTS AND DISCUSSION not applied, since the ground-state orbitals might be biased
against either of the two excited states. The MRCI potential-
energy curves, thus obtained, are plotted in Fig. 4. It is
clearly recognized that in the adiabatic picture, st&temnd
G, which have the same space and spin symmetB/*
undergo an avoided crossing at around 4.6 a.u. As a conse-
guence, thd= state potential-energy curve exhibits a barrier
and is therefore metastable. The minimum and maximum
-128.7 e AV locations are aR=3.099 andR=4.641 a.u., respectively,
I and the barrier height amounts to 0.420 eV. This potential
well supports five vibrational states for tiele 2Ne?* iso-
tope at 424, 1131, 1798, 2419, and 2984 Crabove its
minimum. (These values were calculated neglecting the ef-
fect of tunneling on the vibrational levelsNote that the
extremum points lie at almost the same internuclear separa-
tions as in the MRCHQ treatment with individually opti-
mized orbitals, which suggests that the use of the ground-
state orbitals for the MRCI expansion of tikestate yields
physically meaningful results.
MRCI Utilizing a diabatic picture, i.e., where no dynamical cou-
| —— MRCI-0.035 plings between the states occur and crossings between
-129.00 ----- 1' ----- é """ é """ "1 """ {') """ é """ ; """ é '''' 9')""'10 potential-energy curves of the same spatial and spin symme-
try are allowed, theF state derives from the Hé + Ne
R (au.) asymptote, which is intrinsically attractive due to the charge
induced-dipole interaction2]. Conversely, theG state at
FIG. 4. The potential-energy curves of theand G electronic ~ Shorter internuclear distances derives from the Coulomb-
states of HeN&" calculated by MRCHQ method(symbolg and ~ repulsive Ne (%S,3s'3p°®) +He ™ (*S) asymptote. As a con-
by MRCI method using the ground state CAS-SCF natural orbitalssequence of the avoided crossing, tGe state potential-
(lines). (The latter were shifted by -0.035 a.u. in order to matchenergy curve also adopts a bound shape. The total well depth
them with the more precise MREK calculationk amounts to 9.7 mH, and the minimum is located at around

-129.0

c'no
B'A

Energy (a.u.)

-129.5

—— Bound
R B Repulsive
1o S | o Metastable

wave functions of the vibrational stateg,(R), were evalu-
ated using the Fourier grid meth$a2].

The potential-energy curves of HeRleare shown in Fig.
3 for the dissociation limits listed in Table I. Th¢s ™"
ground state and thE 13" states are metastable, while the
other states associated with the H&S)+Ne*(?P) and
He' (°S) + Ne™ (2S) dissociation limits are repulsive. All the

-128.8

E (a.u.)

-128.9

A MRCI+Q
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TABLE VI. Transition dipole moments$in a.u)

From: BIA cl c33 - dert

To: Al X1+ Al a’ll a’l b33+

R(a.u)

1.50 0.0163 0.0075 0.6916 0.0360 0.6652 0.0129

1.60 0.0153 0.0094 0.7329 0.0353 0.7218 0.0103

1.70 0.0129 0.0108 0.7673 0.0328 0.7725 0.0068

1.80 0.0098 0.0114 0.7950 0.0294 0.8175 0.0034

1.90 0.0064 0.0108 0.8156 0.0255 0.8566 0.0001

2.00 0.0030 0.0105 0.8283 0.0211 0.8892 0.0026

2.20 0.0034 0.0077 0.8270 0.0123 0.9305 0.0070

2.50 0.0103 0.0013 0.7601 0.0007 0.9181 0.0110

2.80 0.0136 0.0050 0.6408 0.0064 0.8241 0.0130

3.00 0.0142 0.0081 0.5508 0.0090 0.7344 0.0135

3.50 0.0128 0.0107 0.3460 0.0104 0.4946 0.0124

4.00 0.0098 0.0091 0.2033 0.0087 0.3012 0.0097

5.00 0.0045 0.0045 0.0658 0.0042 0.0992 0.0045

6.00 0.0020 0.0018 0.0204 0.0017 0.0313 0.0018

7.00 0.0007 0.0007 0.0061 0.0006 0.0097 0.0006

8.00 0.0002 0.0002 0.0018 0.0002 0.0029 0.0002

9.00 0.0001 0.0001 0.0005 0.0001 0.0008 0.0001

From: D1t ElSt Fis* G+
To: Xis* Al Xis* Al Xzt Al Xis*
R(a.u)

1.50 0.8893 0.2663 0.2852 0.0100 0.3044 0.3066

1.60 0.9475 0.2564 0.3775 0.0317

1.70 0.9973 0.2420 0.5927 0.0778 0.1829 0.2915

1.80 1.0435 0.2193 0.8656 0.1269 0.0968 0.2958

1.90 0.4768 0.0155 1.0881 0.1732 0.0039 0.3017

2.00 0.1973 0.0348 1.0113 0.1610 0.1092 0.3039

2.20 0.3081 0.0289 0.9384 0.0808 0.2878 0.2849

2.50 0.4725 0.0259 0.7794 0.0314 0.4132 0.1987 0.1418
2.80 0.5689 0.0215 0.5827 0.0215 0.4102 0.1022

2.90 0.3620
3.00 0.5561 0.0181 0.4569 0.0198 0.3759 0.0656 0.3104
3.10 0.2619
3.50 0.3970 0.0113 0.2443 0.0159 0.2615 0.0238 0.1576
3.70 0.1414
4.00 0.2433 0.0075 0.1361 0.0115 0.1667 0.0093 0.1193
4.40 0.1115 0.0045 0.0863
5.00 0.0807 0.0028 0.0437 0.0050 0.0457
5.70 0.0209
6.00 0.0257 0.0010 0.0137 0.0019

7.00 0.0079 0.0004 0.0042 0.0007

8.00 0.0024 0.0001 0.0012 0.0002

9.00 0.0007 0.0000 0.0005 0.0001

4.7 a.u., which supports 29 vibrational states for thedeeper potential well than calculated previously by Monta-
“He ?°Ne®" isotope, for example. Given all these difficul- bonel, Cimiraglia, and Persic[2(a)] and others[2(b—d].
ties, the mean lifetime of the vibrational states bound to thé-urthermore, the local minimum of the present potential-
G state are less accurate than those of the other states aadergy curve is 0.1743 Hartree lower than the previous one.
they should be considered as estimates only. These estimatdste that there is even a qualitative difference between the
are, however, sufficient to compare the calculations with thesets of calculationsvhile ours sustains a resonant vibra-
experimental datéas discussed belgw tional state, the older ones do ndfhe previous potential-
Now, let us focus on th& 3" ground state shown in energy curveg2(a)] was computed using an MRCI approach
Fig. 5. This state, according to our calculations, has a muchased on only four reference configurations, HF-SCF
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TABLE VII. Dipole transition rates and mean lifetimes esti-

B e e mated atR aroundR, of each state.
b Montabonel et al.- 0.1743 - — - WedR) R
: nital Inal Tl
i —— This w ka
s work state state (a.u) (a.u) ()
BIA Al 4.0 4971012 4.9x10°°
cil X3+t 4.0 4.0 1012 5.9x10°°
-129.735 | - AMI 4.0 2.13<10°° 11x10°°
) Diy* XSt 40  29X10°  83x10°°
g Al 4.0 2.90< 10712 8.3x107°
W ¢33~ adll 4.0 1.64< 10712 15x10°°
d®II alll 5.0 2.03<107° 12%x107°
-129.740 - b3St 40  21X1012  11x10°°
Els* Xis* 5.0 1.99<10°° 12x10°°
AT 4.0 147101 1.6x10°6
2.0 2.5 3.0 Fista Xzt 3.0 4.70<10°8 0.51x107°
1 —9 —9
R (a.u.) Al 3.0 1.40< 10 17x10
Gzt X3t 4.7 2.00<10°° 12.1x10°°

FIG. 5. The calculatedX'S* ground-state potential-energy
curve of HeNé*. Solid line—this work; dashed line from Ref. arheF s * state can also decay by tunnelifege text

[2(a)].

method(see Sec. Il B. This short mean lifetime makes it
orbitals and employing a much less flexible 6-311 Ge., impossible to detect the HeNé ground state in our mea-
4s3pld and 3 for Ne and He, respectivelyone-particle  surements. This result is in agreement with the prediction
description than in the current investigation. Consequentlythat it is very unlikely to detect the HeNé in its ground
the expansion of the MRCI wave function employed in Ref.state made by Frenkingt al. [3] based on their computed
[2(a)] is significantly less accurate than the one constructegotential-energy curve which agrees well with the results of
in our present study, leading to the quantitative and qualitaMontabonel, Cimiraglia, and Persi¢a(a)].
tive differences between the two sets of calculations. It Tunneling decay rates of isotopes with different reduced
should be noted that the reason for the occurrence of a bamasses are expected to vary by large factors as discussed in
rier in the ground-state potential-energy curve can be attribSec. Il B (see also Ref4] for an example calculationThe
uted in a diabatic picture to an interaction of this state withmeasured mean lifetimes of the three HéNdsotopes are
the high-lying state correlating with the Hé+ Ne asymp- 55+ 10, 72+ 14, and 184 32 ns for the(3,20, (3,22, and
tote as indicated previously by Mercier, Chamband, and4,20 combinationgi.e., u=4775, 4833, and 6077 a)ure-
Levy [2(d)]. As mentioned above, the metastable groundspectively. These differences are much smaller than those
state potential-energy curve is deep enough to sustain expected for tunneling, suggesting that the long-lived
single vibrational state which decays by tunneling throughHeN&* molecular ions decay by dipole electronic transi-
the potential-energy barrier. The energy of thee °Ne?*  tions to lower dissociating states. This conclusion guided our
ground statef,_,=—129.737 a.u., and its mean lifetime, theoretical search for the appropriate states of each isotope.
T,-0=11 ps, have been calculated using the phase-shift The electronic dipole decay rates at a fix@d(around

TABLE VIII. Long-lived states(electronic and vibrational;) of He ?2Ne2* with decay rates in agree-
ment with the measured ones. The main dissociating state each one decays to by dipole electronic transitions,
the main initial vibrational state of the parefitle ?Ne* molecular ion feeding thern;, and the charge-
stripping transition energg,,, (see texk

Decaying HeN&" state: d3m DIzt clt EX? Giz*
o 3+4 6,7 6 9+10 5,6
Dipole transitions to state: a Ml Xis* Al XISt X3+t
Populated from HeNé(v;): 4 2,3 2,3 2 5

En (a.U) 1.51 1.63 1.63 1.77 2.10
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TABLE IX. Mean lifetimes of HeNé™ vibrational stategns). TABLE X. Mean lifetimes of HeN&™ vibrational states bound
to the G electronic stateéns).

(@) 3He?Ne?*

v C1H D 12+ d3H E12+ v 3He20N62+ 3He22NeZ+ 4HeZONeZ+

0 12.4 10.8 25.8 28.2 0 13.2 13.2 13.0

1 14.3 11.5 29.1 23.7 1 20.1 20.0 18.9

2 17.4 13.3 36.9 21.2 2 29.0 28.9 26.3

3 237 185 53.7 20.3 3 38.7 38.4 34.7

4 33.1 26.9 98.8 21.2 4 49.8 49.4 43.7

5 43.3 38.6 110 23.5 5 64.1 63.6 54.8

6 62.5 56.8 181 26.3 6 82.2 81.5 68.9

7 96.8 87.6 280 29.2 7 102 102 85.7

8 153 143 546 326 8 129 127 104

9 272 256 1140 43.6 9 162 160 128

10 533 519 2940 151 10 203 200 156

11 1260 1310 11 800 205 1; :2))2; :22 1255

12 4210 5010 328 13 420 412 291

13 754 14 545 533 361

(1;; N 2420 15 715 698 452
16 952 925 570

v ch Dix* dI E'xT 17 1286 1 246. 726

0 12.4 10.8 25.8 28.2 18 1768 1706. 934

1 14.3 11.5 29.1 23.7 19 2482 2385 1216

2 17.4 13.3 36.7 21.1 20 3568 3410 1606

3 23.6 18.3 53.1 203 21 5273 5009 2153

4 32.9 26.6 97.9 21.1 22 8051 7593 2938

5 429 38.1 110 23.4 23 12776 11948 4089

6 615 56 177 26.2 24 21 205 19651 5823

7 95.1 85.9 274 29.0 25 31 307 30611 8516

g o w0 sk wa 2 12840

9 263 247 1090 42.2 o8 30767

10 508 495 2730 147

11 1180 1220 10400 180

12 3772 4430 299 Rg), shown in Table VII, have been calculated using &).

13 705 for the F 13" metastable state and all the bound electronic

14 2200 states. The estimated mean lifetimes are also shown in the

(c) “He 2°Ne?* table. For states which have two dipole-transition decay

v ciI DI+ d 30 Ely+ modes the decay rate and mean lifetime of each decay mode
was calculated neglecting the other. The mean lifetimes of

0 12.3 10.7 25.6 28.5 excited vibrational states are expected to increase with in-

1 14.0 11.3 28.3 24.2 creasing vibrational qguantum numhberbecause the nuclear

2 16.3 12.6 34.2 21.5 wave functionsy,(R) span a wider range of internuclear

3 20.8 15.9 44.6 20.3 distances where the dipole moments are typically smaller

4 28.2 225 74.8 20.4 (see Table VI. TheB*A andc33 ™ states have mean life-

5 36.9 30.6 103 21.9 times on the order ojxs (see Table VIJ, and thus do not

6 47.3 43.0 123 24.4 contribute to the HeN&" decay measured in our experi-

7 67.0 61.3 198 27.0 ments. However, this does not exclude the pOSSI_bI|I1}_/ that
they are populated and behave as a “stable” fraction in the

8 98.3 90.2 288 29.5 N 1< +

9 148 139 E16 325 HeNe?* beam. The metastable 3" state deca)_/s much
faster to theX S ™ ground state than to the excited'Il

10 245 229 981 39.9 state. Neglecting the slower decay mode a mean lifetime of

11 429 415 2120 118 0.51 ns is estimated at the local minimum of this state. Thus

12 857 866 6040 117 one expects the mean lifetime of the ground vibrational state

13 2100 2290 265 to be about 0.5 ns. The excited vibrational states are ex-

14 7540 9830 580 pected to have only slightly longer mean lifetimes because

15 1330 the potential well has a much shorter range relative to the

16 3980 bound electronic states, and as a result smaller changes in the

dipole moments. Furthermore, the highly excited vibrational
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1 1 1 1 M 1 1 1 1
I 1 T 1 1 1
"128.84 - 129.20 I s
R E'=" ]
) .
- 3., 22, 2+
-128.85 | 12924 | : He™"Ne
1 1 ] ]
1 T 1 1
120.33 |- co
-128.86 | D1Z+
’T ‘ """
o =t ;
p — -129.36 | -
~ = : : : i : :
Ly -130.96 | - & 12044 | -
3
129.46 | dII i
2
-130.98 |- 2+ i X B i
Xz 5, 2 TR e
o He™Ne’
I ] -130.96 | -
1 1 1 1 1 1 1 1 1 4‘\;

2 3 4 5 6 7 8 9 10 130,08 L ZE x 55 3He22Ne+}
R (a.u.) A 1

FIG. 6. The possible vertical transition from the electronic
ground state of the parefHe ?2Ne™ populating they;=5,6 vibra- R (a.u.)
tional states of th&s '3 state of the dication, which have mean o
lifetimes in agreement with experiment. Note, that this transitions
originate mainly from they;=5 vibrational state. FIG. 7. The possible vertical transitions from thkle 2Ne™

ground state to thd °IT, CI1, D 13, E!S * states of the dication
states may decay even faster by tunneling through th@hich have mean lifetimes in agreement with experiment.
potential-energy barrier, thus reducing the mean lifetimes of
these states. Thus, tife!S " state decays much faster, and from the dissociation of the long-lived HeRié we have
the B'A andc 33~ states much slower, than the measuredchosen to ignore the “stable” molecular ions, i.e., we fo-
rates. cused on a narrow window of mean lifetimes.

The estimated mean lifetimes aroum} of the d°II, In the charge-stripping collisions a vertical transition from
CI, D", EIX*, and GIS™ states suggest that the the HeNe™ parent molecular ions populates the vibrational
mean lifetimes of some of the vibrational states bound instates of the long-lived HeNé molecular ions, whose de-
these potential wells might be in agreement with the expericay we observed experimentally. Consider, for example,
mental values. The mean lifetimes of these states in th€igs. 6 and 7 for the case of thigle 2?Ne?* isotope: In the
3He ??Ne®" isotope have been calculated as explained irfirst figure it is shown that collisions which populate the
Sec. Il B taking into account only the fast decay modev;=5, 6 vibrational states bound to tf@'S " electronic
shown in Table VIII. The calculated mean lifetimes of all state originate preferentially from thge=5 state of the par-
vibrational states are shown in Tables IX and X for all mea-ent molecular ion. This is due to the required overlap be-
sured isotopes. Some of the vibrational stépegited in bold  tween the initial and final vibrational wave functions. In the
face are in good agreement with the measured decay ratesecond figure we show the respective vertical transitions to
shown in Fig. 1 for all measured isotopes and for all theseoopulate the vibrational states of interest of the remaining
electronic states. Note, that for td€Il andE 'S " states of four electronic states which may have been measured. In
the 3He?>Ne?* isotope, only a mixture of the 84 and Table VIIl we summarize the information we have about the
9+10 vibrational states, respectively, is in agreement withstates with calculated mean lifetimes in agreement with ex-
the experimental decay rate. Thus, it is indicated that dipol@eriment. The energy needed for the transitify} is also
electronic transitions to lower dissociating states are the degiven in the table. Using the information listed in Table VIII
cay mechanism of the measured long-lived H&Nenolecu-  one can argue that th@ 'S * state should be the least likely
lar ions. However, the questiomhich of the bound excited of the five to be populated in the charge-stripping collisions
electronic states is populated in the charge-stripping colli-because a higher excitation energy is needed. Furthermore,
sions,is still open. Vibrational states with shorter mean life- this state is populated from the highest initial vibrational
times will dissociate in flight before the analyzer and thusstate which is typically a smaller fraction of the incoming
will not be detected. On the other hand, vibrational statesdeNe* beam, because singly charged molecular ions pro-
with longer mean lifetimes will reach the detector beforeduced in rf ion sources, like the one used in our accelerator,
their decay and will, in practice, be detected as ‘“stable”typically have a Boltzmann distribution of vibrational states
HeNe?". However, by looking only at the He fragments with an effective temperature of a few thousand degrees, thus
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the fraction of HeNé molecular ions in a given vibrational tronic transitions should have a different symmetry than the

statev; falls off with increasing; . dissociating states below them is not always valid.
The situation for the other four states is more compli-
cated. For example, tt®I1 state is populated from a higher V. SUMMARY

Tt 1
\ngﬂog‘? d étf‘;i (s)Iattgse vsr?ircehmor:-'?nlgiér}?gmt?c?uchln’the The mean lifetimes of two additional isotopes of the long-
same initial vibrational st'ates On tﬁe other hand t(‘:]heyexcitzst"ved HeNe* " molecular fon were measured. The massive
. ' e Lo *He 2ONe?* isotope has the longest mean lifetime #83p

tion energy needed for the charge-stripping transition is low-

3 o ns, while the mean lifetimes of the lighter isotopes are closer
est for thed3H state, and thus, the Iowgst tran:'3|t.|.on energy, sach other, 5510 ns for *He 2Ne2", and 72+ 14 ns for
favors thed °II state over the others while the initial vibra-

3He 22Ne?". The similarity between the latter is due to their

tional state feeding it is least populated. Therefore, qua“tafeduced masses being much closer to each other than to the

tive arguments based on tDe charge-stripping mechanisil, o4 mass ofHe 20Ne* . Our calculations indicate that
forming the long-lived HeN&" cannot help to exclude any

3 1 15+ 15 + 15+ H
of these states, even ti&'> * state which is expected to be thed*II, CTI, D X", E"X", andG "2 " electronic states

N o : )
the least likely according to the argument given above canno?.f HeNe?* have vibrational states which decay at rates con

e o Sistent with the measured decay rate for all isotopes mea-
be excluded because the transition energy and initial popula- d. Th d by dinol o | di
tion differences are not that large. Thus the number of posg,ur(_e - These states decay by dipole transitions to lower dis-

; sociating states, a decay mechanism for which only small

sible electronic states associated with the measured long- . o
lived HeN&?* molecular ions cannot be reduced from five otopic effects are expected. Addmonal measurements are
"needed to determine the relative population of these long-

In ord.er to determme the relative pop.ulanon.o.f each Of. Fhes‘ﬁved states in HeNe+Ar charge-stripping collisions. Fi-
long-lived states in the charge-stripping collisions addltlonaln lly. the new calculations of the 1S+ ground electronic
measurements are needed, such as spectroscopy of the emi:’ 9

ted photons or measurements of the kinetic energy releas% te indicate t_hat It Is metgstable In contrast to being un-
X L . ound as predicted in previous calculations. However, the
upon dissociation. Given the very low rate for HeNepro-

. X . only vibrational resonance in the ground-state potential-
duction (typically, a few per secondhe latter approach is energy curve has a mean lifetime ofL1 ps, too short to be
more promising. Another possible approach is to conduct 9y PS

guantitative theoretical study of the transition probabilities to%ietected In our measurements.

) ; ; n
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