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We present a method that allows state-selective measurement of the lifetime of metastable doubly charged
molecular ions. The method is based on the simultaneous measurement of kinetic-energy release upon disso-
ciation and lifetime and relies on three-dimensional fragment imaging. The experimental determination of the
energy and lifetime of a vibrational state provides a stringent test for the theory. Using this method, we have
measured the lifetime of two vibrational states'8E*%0?* . Explicitly, r=670+50 ns andr=26+5 ns were
measured for the states witfy,=5.713 eV andE,=5.841 eV, respectively. The measured mean lifetimes
and kinetic-energy releases are consistent with previous measurements, and the results indicate that further
theoretical work is required.
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[. INTRODUCTION to curve mixing or curve crossing, and the last one is the
electronic decay from an excited metastable bound state, to a

. . . dissociative state. Very often, two or even three decay
Doubly charged diatomic ions are unique metastable spe- : ) . . .
. : . : oL . mechanisms can coexist, and the different branching ratios
cies with unusual bonding and dissociation properties. These . S o
are usually a strong function of the initial rovibrational state

species play an important role in various aspects of gas phasé(? the molecular ion.

chemistry. Dications exhibit a wide range of lifetimes against Over the last few years, the mean lifetimes of a variety of

dissociation, depending on the decay mechanism and the p8bubly charged molecular ions have been measured. Among
sition of the vibrational-rotational level with respect to the all, the one that has attracted the largest interest i%*QI(D]
barrier height. Although many doubly charged ions haV&I'h'e measured mean lifetimes span a wide range of 'times

been iqvestigated by both ex_perimentalists and theoristﬁfom submicroseconds to a few seconds. Newton and Scia-
comparison between the experimental results and the theo%anna[Z] and Hirschet al. [3] reported mean lifetimes of

for the lifetimes of these species has been extremely difficult - . -
P y 0"%% and 163 us, respectively, and a dissociation energy

The main reason is the sensitivity of the lifetime, over man o
I_of 5.75+0.02 eV[2]. Mean lifetimes around and somewhat

orders of magnitude, to the initial quantum states of the mo 2
g g below 1 us were observed by Dujardat al.[4], by Safvan

ecule prior to dissociation. As it is difficult to produce mo- ,
lecular ions in a well defined vibrational distribution, differ- and Mi%ghur[S] (1.0+0.25 "L?)’ and b_y Field and Elar@]
ent experiments will usually lead to different lifetimes. (600500 Ns). In contrast with the single pass experiments

Another uncertainty in these measurements is related tBentioned above much longer lifetimes were observed using
the decay mechanism. Even state-selected measurementtB¢ storage ring techniqué,8]. Anderseret al.[7] reported
the lifetime of doubly charged ion&B?* does not always mean lifetimes of 0.8 and 6 ms with an additional “stable”
help to identify the dissociation process. These processes caamponent with a lifetime larger than 3.8 s. Matletial. [8]
be classified, in general, under three categories. The first orreported mean lifetimes of 0.2, 4, and 15 ms, with a couple
is related to tunneling through the barrier formed by theof “stable” components with values of 4 and 8 s. The main
avoided crossings between, for example, two adiabaticeasons for such a wide range of values for the lifetime are
potential-energy curves corresponding A" +B and A" the lack of control of the initial quantum state distribution of
+B*. The second category is related to predissociation duthe CG" molecular ion, and that each experimental setup is
sensitive to a specific range of dissociation times.
Recently, measurements dfC*%0?* dissociation with
*Present address: ELGEMS, 10 Hayozma St., Tirat Ha'Carmelyibrational level resolution have been reportg@—12|.
Israel. From the spectra of these measurements it is possible, in
TPresent address: JILA, National Institute of Standards and Tectsome cases, to evaluate the lifetime. Both Lundqeisal.
nology and University of Colorado, Department of Chemistry and[10] and Penentt al. [12] measured a mean lifetime of
Biochemistry and Department of Physics, University of Colorado,about 0.65us associated with the predissociation of the
Boulder, CO 80309-0440. IS+ state(see Fig. 1 The advantage of these methods is
*Corresponding author. Electronic address: ibi@phys.ksu.edu that the measured lifetimes are associated with well defined
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g 100 - molecular ion. Curvel) supports metastable states whid and
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o 4 The large width of the last is due to the distribution of initial
20 internuclear distances described by the vibrational wave
i . ' ' L] function. This broad distribution might have some structure
01 5 2.0 25 3.0 35 reflecting the shape of the initial distributigey, (R)|? if a
R specific initial state is dominant, otherwise it typically
(a.u.) washes out. The measured energy distribution thus provides

a clear indication if an electronic transition to a dissociating
state was involved or not. However, predissociation and tun-
neling have the same signature and one has to study the
I . .molecular structure to distinguish between these two. For
initial states so that. the results can be directly compared W'“&xample, it may be possible to differentiate between them if
theoretical calcplatlons. . the final statés) of the fragments igsare different, so that the

. 'T‘ the following, we present a method for measuring theKER is related to a different asymptote, as shown in Fig. 2.
lifetime of metastable states of doubly charged molecular In the case of decay by an electronic transition to a lower
ions. The method is state sensitive, and can differentiate b%ﬁssociating statfprocessc) in Fig. 2] a simultaneous mea-

twet(;n ddn‘ferer}t mo?es offdecay. Theddy?amlfc ra?ge Offthesurement of the KER and the decay rate provides an experi-
method goes Irom tens of nanoseconds (o a 1ew {ens of M, anta) value of the transition rate as a function of internu-

croseconds. We have chosen to focus on thé'Q@olecular  qjear distance, as the KER can be traced back to this

ion for this experiment in order to be able to compare oure,, inate. Tunneling decay ratggocessb) in Fig. 2], on

results W|t_h both existing theoretical calculations and Pr&Vithe other hand, are very sensitive probes of the accuracy of

ous experimental data. structure calculations. This can be seen from the WKB for-
mula for the tunneling rate,

FIG. 1. (a) Potential-energy curves ar®y) coupling terms of
CO?*, from Anderseret al.[7].

Il. DISSOCIATION MECHANISMS
- b
AND KINETIC-ENERGY RELEASE T‘locexp<2\/ﬂj - V(R)—EU|>, @
a

A schematic potential energy curve diagram of a typical
doubly charged molecular ioAB?* is shown in Fig. 2,
where all three different types of decay mechanism are indiwhereu is the reduced mass of the molecidegndb are the
cated. Also shown is the kinetic energy relead€BR) upon  classical turning points,, is the energy of the levell, and
unimolecular dissociation of the doubly charged moleculaV(R) is the potential-energy curve. A small change in the
ion. This KER can be used, at least partially, to characterizgotential-energy curv¥(R) results in a large change of the
the decay mechanism. For example, very narrow distribudecay rate. Thus, measurements of decay rates provide a
tions are associated with decay by predissociafienoted stringent test for theoretical treatments of molecular struc-
(@ in Fig. 2] and tunneling through the potential-energy bar-ture. However, for a direct comparison between the theory
rier [(b) in Fig. 2], while a wide distribution is the result of and experiment, the rovibrational state decaying by tunneling
electronic decay to a lower dissociating stei® in Fig. 2].  has to be identified. Here again, this can be achieved if both
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detector, the number of molecules dissociating at a distance
is given by

Projectile

: 1
Imaging N(z)dz= —Ngexp(—z/v,7)dz 2)
Detector UpT

The distanceD between the fragments upon hitting the
surface of the detector, located at a distarice £) from the
dissociation point, is related to the KHR, via

2450 mm

L=

N
R £ :E 2_ = MaMg 2 3)
k 2 MU 2 2
(L=2)7\ (mpy+mg)
Dissociation |/ .
point ‘ wherep is the reduced mass of the molecutg, andmg are

the masses of the fragments,is the relative velocity be-
tween the two fragments, arigl, is the beam energy. The
relation between the distan& and the dissociation poirzt
is given by

-—. (4

Up

D L-z
[

Using probability conservation, one can relate the number of
[ fragments hitting the detector separated by a distance be-
/ tweenD andD +dD to the number of molecules dissociat-
ing betweerz andz+dz

CO" beam
N(z)dz=N(D)dD. (5)
FIG. 3. Schematic view of experimental setup. . . .
Thus, using Eqgs(2) and (4), we can obtain an explicit ex-

the lifetime and the KER are measured simultaneously, agresston forN(D):
shown schematically in Fig. 2.

dz 1 UbD/U —-L Up
Predissociation ratefprocess(a) in Fig. 2] are sensitive N(D)=N(z) E‘ :v_TNO exp( T) >
probes of the coupling between the curves, and the overlap b b
between the initial and final vibrational wave functions. No D L
Measurements of such decay rates serve to test calculations = U—Tex vr m. : (6)

of these coupling terms. Once more, a direct comparison
with theory can be achieved only if the measured lifetime isFrom Eq.(6), it can be seen that the distribution of distances
state specific, i.e., the KER is measured simultaneously. between the two fragments depends directly on both the life-
In the following section, we describe an experimentaltime = and the KER(through the fragment velocity). _
method where both the lifetime and KER are measured si- 1he distributions calculated for two metastable states with
multaneously for the unimolecular dissociation of doublydifferent KER'SE, and lifetimesr are shown in Fig. 4. The
charged molecular ions. chosen valu_es are 'prlcal for what is expected from the uni-
molecular dissociation of C&. The two states are clearly
separated, and the thick line represent the superposition of
IIl. METHOD these two states, assuming branching ratios of 90% and 10%,
o . respectively. For these calculated spectra, the detector was
The basic idea of the simultaneous measurement of thRcated at a distance of 2450 mm from the origin, and the
lifetime and KER upon unimolecular dissociation of a long- beam velocity wag,=1.67 mm/ns.
lived state is to measure the distance between the dissociat- In order to measure the distance distributibiiD), a
ing fragments produced from fagteV to MeV) molecular  multihit three-dimensional3D) imaging detection system is
ions, a long distance from their dissociation point. The sepaneeded. In the following, we describe the experimental setup,
ration in space between the fragments is a function of botlas well as the results obtained for the unimolecular dissocia-
their kinetic energy in the center of mass frame and thdion of CO?*.
elapsed time from when the molecular ion was formed. For
simplicity, we will assume that the state decays by either IV. EXPERIMENTAL SETUP
tunneling or prediSSOCiation, in which case the KER has a S|ng|y Charged]-zcl‘soJr molecular ions were produced in
unique value for a given initial quantum state. the rf ion source of the Technion 1-MV Van de Graaff ac-
The inset in Fig. 3 demonstrates the idea schematicallycelerator from C@, and accelerated to 407 keV. The mo-
Assume thalNy doubly charged molecular ions are producedlecular ions were then directed by a 15° analyzing magnet
at a distancé from the surface of a detector. If the molecu- toward a windowless ga¢Ar) target cell where charge-
lar ions move at a constant velocity, in the direction of the  stripping reactions took place, producing tH€0?" ions.
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FIG. 4. Simulated three-dimension&BD) spectrum of two

states withs function KER distributions. The parameters of the two FIG. 5. Schematic view of the detection system. The electronic
states are 7=600 ns and E,=5.7 eV, 7=60 ns and E,

. . . . units used are: constant fraction discriminai@FD), charge sen-
=6.0 eV, with 90% and 10% populations, respectively. The SIMU-gitive analog-to-digital convertefQ-ADC), camac branch driver

lation includes the convolution of the sum of these two states WiIh(CBD) VERSAmodule Eurocar/ME), frame threshold suppres-
the instrumental broadenir(gee text sor(F'I"S) ’

A velocity selector was used before the target cell to direct
only charged projectiles through and further clean the beargvaluate the component of the three-dimensional distance
from any contaminants having a different velocity from the parallel to the beam directiom,At, the difference between
12c1%0" beam. The pressure in the 3 mm long differentially the time of arrival of the two fragmentdt, was measured.
pumped target cell was kept at 100 mTorr, while the pressur&his time difference is up to 5 ns for a kinetic-energy release
in the rest of the system was below F0Torr. The reaction of 6 eV at the beam energy used. Thus a fast timing system
products emerging from the target cell were separated by awith high resolution is essential for such measurements. In
electrostatic parallel plate deflector. Details about these partsddition to the CCD camera, the phosphor anode was viewed
of the experimental setup and the experimental procedurasy a 16 wire anode photomultiplier tug®MT), which pro-
are described in previous publicatiofi3—-15. duced the timing signals while maintaining the correlation
The 2C'%0%* dications were deflected by the electric with the position information. The correlation is kept by as-
field through a narrow vertical slif0.73 mm wide located  sociating the poor one-dimensional resolution position infor-
30 mm after the electrostatic deflector exit and directed tomation from the PMT with the more precise two-
ward a 40 mm diameter microchannel pl&¢CP) detector dimensional information from the CCD output. The timing
placed 2450 mm downstream, as shown in Fig. 3. At thigesolution was about 0.31 ns fo{At), whereAt=t;—t,.
beam velocity, all C and O fragments of the dissociation The relative error imt is much larger than that of the two-
are confined within the detection solid angle as long as thélimensional distancegd, and thus it dominated the uncer-
kinetic energy released upon dissociation is less than 21 eMainty of our measurements. The three-dimensional distance
i.e., well above the expected 6—7 eV. The center of the debetween the fragments is given by
tector was blocked by a 1.5 mm diameter disk positioned 266
mm in front of it in order to stop the nondissociated molecu- D=\(vAt)?+d? (8
lar fraction. As a result mostly ion pairs hit the detector, thus
improving the efficiency of the measurement. The detection

¢ ists of 2 MCP detector located in front of & ph To reduce random coincidences the phosphor screen volt-
System consists ot a etectorfocated In front ot a pRoS; ¢ a5 turned off 60 ns after the first hit, using a photodiode

phor screen anode. The phosphor screen was imaged Viat rovide the trigger signal, and turned back on once data
cha_rge-coupled qu'O@:CD} camera in order 1o dec_ode the proF():essing was dgogne. Agdetailed description of this multipar-
positions of all h'ts’ as ShOWF.‘ In Fig. .5' the centroids of theticle three-dimensional imaging detector can be found in Ref.
light spots provide thet andy information for each detected [16]

ion, with an uncertainty of about 3@&m in both directions. :
The projection of the distance between the fragments ont

the detector plane is defined as

In addition to C'+ O™ ion pairs from unimolecular dis-
Qociation of 2CL60%", N* +N* ion pairs from the dissocia-
tion of ¥N,?" were also detected. This is due to the pres-

d= \/(Xl_x2)2+(y1_y2)21 ) ence of a small contaminant beam ]6N?+ , molecula.r ions
with the same mass over charge ratio and velocity as the
later referred to as the two-dimensional distance. In(2g.  main *?C®*0" beam. Furthermore, even if tHéN,2* disso-
X1, andy; , are thex andy positions of each particle. To ciates immediately after formation in the target cell, both N
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LA L ML Fig. 6, while the lower limit 10 ns) is related to the time
- l of flight between the gas target and the defining Sitse
200 L i Fig. 3), which is a distance of 387 mm.
: 1 A complete analysis of the KER spectrum shown in Fig. 6
should include a superposition of functions of the form given
. in Eq. (6) (convoluted with the experimental resolutjon
] Each of these functions has three parameters to be defined
from the fit: the number of ionBl, in the state az=0 (i.e.,
] at the defining slit shown in Fig.)3the KERE,, and the
i lifetime 7. However, because of the large number of states
] present in this spectrum, and the limited resolutidoe to
the limited distance between the defining slit and the MCP
detectoy, we have focused on the three states having mean
lifetimes between 200 and 700 ns according to Peréeat.
[12]. Our experiment is more sensitive to this range of decay
times because of the similarity to the flight time through the
FIG. 6. Three-dimensional spectrum B'%0%". The lineisa  System. To reduce the number of fit parameters we used the
three-state best fit to the data, wittl) E, =5.713 eV, 7, KER values reported by Lundqyvist al.[10] for these states,
=680 ns, andN,=2375; (2) E,,=5.841 eV, 7,=26 ns, and E,=5.713, 5.655, and 5.841 eV. Using these values, we
N,=160; (3) Ey,=5.655 eV,73=320 ns, andN;=50. Note that have fitted the KER spectrum up ©=18.55 mm(which
the KER values are not free parameters but are taken fron{ Rif.  corresponds t&,=5.841 eV) using the mean lifetimes and
(see text for details the number of ions in each state as free parameters. The
results shown as a full line in Fig. 6 yield a lifetime of 680
fragments will be deflected along the same trajectory as thec60 ns for the state withE,=5.713 eV, and a much
14N,2* dication, because they all have the same energy tshorter value of 268 ns for the state withE
charge ratio. Thus, even a minute fractiond, " relative = =5.841 eV. The fitted number of ions in the state witj
to the 2C'%0* beam will produce a noticeable rate of N =5.655 eV was consistent with zero, thus suggesting that it
+N™ ion pairs. It was possible to distinguish between theis not populated significantly in comparison to the other two
nitrogen and carbon-oxygen ion pairs as the two fragmentstates in the charge-stripping collisions forming the’CO
have different distances from the molecule center of masg;urthermore, the value of the mean lifetime of this state,
which has to be within the beam spot. The carbon-oxyge320+220 ns, has no significant impact on the quality of the
ion pair has a ratio of 3 to 4 between their distances relativdit, and as a result it cannot be determined to better precision
to the center of mass, while the nitrogen pairs have equghan the measurement of Penettal. [12], who reportedr
distances. True ion-pair events were distinguished from ran=200x 100 ns for this state.
dom multihits on the detector by constraining the center of We repeated the fit with only the first two states having
mass of the two hits to a small beam spbf]. In this sense, E,=5.713 and 5.841 eV. The results shown as a full line in
our data analysis is similar to the one done in KER measurerig. 7 yield similar values for the mean lifetimes and branch-
ments using three-dimensional imagifgee, for example, ing ratios as before with improved precision due to the re-
Bruijn and Los[18]). duced number of parameters. The values widpe=2410
+90 and 7=670+54 ns, andNy=160+30 and r=26.3
+5.1 ns, respectively, for these two stai@ghere the re-
ported errors are two standard deviatiprishe experimental
The yield of ion pairs as a function of their distance from results obtained with the present method are consistent with
each other is shown in Fig. 6. No data are shown for shorthe previous state-specific measurements of Lundetiat.
distances because of the overlap with the competiig N [10] and Penenet al.[12], as shown in Table I.
+ N7 dissociation channel and random events. A simulation No attempt was made to fit the hidk, side of the KER
was used for the data analy$tsased on Eq(6)] to include  spectrum(i.e., E,>5.841 eV), due to the large number of
all effects of detector resolutiofwhich are different for the possible contributing states for which the resolution is insuf-
spatial and time coordinates ficient. However, the measured distance distribution Dor
From a comparison between Fig. 6 and Fig. 4, itis easy to>18.5 mm in Fig. 7 is consistent with the range of energy
observe that more than one vibrational state is decaying dureleases as measured by Lundqgesal. [10] (we show one
ing the time of flight between the narrow slit and the detec-such state as an example in Fig. Furthermore, from the
tor. A rough estimate based on E() suggests that the overall shape of the spectrum, it is certain that none of the
KER’s measured in the present case are in the range of 5.5 alditional states have lifetimes longer than 30 ns.
6.6 eV. Such a range of energy is in agreement with the From the measured number of ions and the mean lifetime
range of energies measured by Lundgwstal. [10]. The of each state it is possible to determine the relative popula-
upper limit for the lifetime(650 ng can be obtained from the tion of the states following the charge-stripping collision
slope of the short distance side of the distribution shown irCO* +Ar—CQO?* at 407 keV. Note that the measurbt

200

N (Counts)

100

3D distance (mm)

V. RESULTS AND DISCUSSION
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[T~ T l T collisions, or in other words the relative cross sections for

3 . these processes.

200 |- The measured mean lifetime of the state wily

: =5.841 eV, assigned to be thdI(v=0) state, is much

more precise than the previously reported valugs12 (see

s Table ). In contrast, the previous measurements by
200 Lundqyvistet al.[10] and by Penenét al.[12] are superior in
determining the energy of the dissociative states. They di-
rectly measure the KER in the first and the excitation energy
in the second. Another advantage of the present technique is
the wide range of lifetimes accessible by selecting the beam
velocity such that the flight time through the system matches
the mean lifetime one intends to measure.

In spite of the nice agreement between the measured en-
) ergies and lifetimes also obtained for the state wih
3D distance (mm) =5.713 eV, by Lundqviset al. [10] and by Penenet al.

[12] as well as with the present technique, the identity of this
decaying state is still to be clarified. According to Lundqvist
et al. [10] the measured state i " (v=0) while Penent
etal. [12] associated it with the next vibrational state,
IS*(v=1). The latter assignment is based on the nice
agreement with the calculated vibrational levels bound to the
potential-energy curves reported by Anderstral. [7] and
shown in Fig. 1.

To further probe this inconsistency it is useful to compare
the measured mean lifetime to the theoretical prediction also,
because this presents a sensitive test of theory, as discussed
in Sec. I. This is due to the strong dependence of the mean
are related to the relative populations of the ‘CCstates |ifetimes on the coupling between the states involved in the
when these molecular ions reach the slit definig0 (see  predissociation. Andersemt al. [7] computed potential-
Fig. 3. The populations at the target cell were determined teenergy curvegPEC'’S for the CG* system, but they pre-
be 3400-160 and 16-10 for the states with KER’s of sented the energies and mean lifetimes only for the reso-
5.713 and 5.841 eV, respectively, i.e., th&* and 11 nances of the®C'%0?" isotope. To compare our results on
states, suggesting that the latter is populated more frequentf?C®0?* with theory we modeled the decay process, for the
than the former by a factor of more than 50. Furthermore, theelevant reduced mass of the molecular ion, using the
data suggest that th81 state is not significantly populated potential-energy curves and coupling from Andersgral.
in these collisions. It is important to note that in our studies 7], shown in Figs. (a) and 1b), respectively. As discussed
a removal of one electron was needed to produce th&'CO by Larssoret al.[20], the 3T ground state decays by direct
in contrast to the double ionization in the studies ofpredissociation due to its coupling to the repulsiv® ~
Lundqvistet al. [10] and Penenet al.[12]; thus the relative state.'X ", on the other hand, decays by indirect predisso-
populations are expected to be different. To populate*ifie  ciation, i.e., by its coupling to théll rather than by direct
state by charge-stripping a COmolecular ion in its elec- coupling to the repulsivés ~ state. To check the validity of
tronic ground state, the electron removed has to be a pairealir computational method, described briefly below for both
electron; in contrast, the singlet staté&* and Il are direct and indirect predissociation, we first repeated the cal-
populated when the unpaired electron is removed. The sugulations for the **C!%0?* isotope. We found reasonable
gested method thus also allows one to study the relativagreement between our calculations and the more exact val-
populations of long-lived states following charge-stripping ues reported by Anderse al.[7] for this isotopgsee Table

N (Counts)

100

FIG. 7. Three-dimensional spectrum HC°0?". The line is a
two-state best fit to the data, witltl) E,=5.713 eV, 7,
=670 ns, andN;=2410; (2) Ek2=5.841 eV, ,=26 ns, and
N,=160 (both shown as dashed linedote that the KER values
are not free parameters of the(Bee text for detai)s In addition we
show (dash-dotted linethe possible contribution of th&lI(v=5)
state, for which Lundgviset al. reportedE,=6.71 eV [10], 7
=30 ns, andN3;=160. A few additional vibrational states with
mean lifetimes of the same order of magnitude will fill the lafye
region.

TABLE I. Measured mean lifetimeén ns) of two states of*?C'®0?". The KER and excitation energy
from the CO ground state for these states are as foll¢aysFor the I1(v=0) state,E,=5.841 eV and
Eexc—41.818 eV[10], and E,,.=41.853 eV[12]; (b) for the 'S*(v=0 or 1) state (see text, E,
=5.713 eV antE.,=41.69 eV[10], andE.,.~=41.725 eV[12].

Lundgvistet al. Penentet al. Field and Eland  Safvan and Mathur

State This work [11] [12] [6] [5]
mn 26+5 <50 200° 399
5 670+ 50 600+ 100 700"239 600" 599 1000+ 250
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TABLE II. Calculated mean lifetimes, KER’s, and excitation energies of some states of.co

13C1602+ 12C1602+

7(8) 7(8) KER (eV) Ecyc (V)
State Ref[8] This work This work This work This work
S[I(v=0) 2.0x10°2 1.4x1072 0.72x10°? 5.282 41.250
Mv=1) 3.0x10°7 2.9x10°7 1.7x10°7 5.451 41.419
M(v=2) 4.2¢10°10 2.9x10° 10 5.614 41.582
IS (v=0) 2.0x10°8 0.81x10°¢ 0.78x10°8 5.512 41.480
Sw=1) 1.3x10°° 0.78x10°° 0.88x10°° 5.745 41.713

1), suggesting that the approximations used here are aavhere 1, 2, and 3 denote the*, °II, and 33~ states,
equate. respectively; the coupling between the intermediate and re-
The energies as well as the wave functions of the vibrapulsive state$,,, .3 is given by
tional levels bound to théll and '3 * states were calculated :
using the phase-amplitude meth¢@i9]. This method in- o
cludes the shifts of the vibrational energy levels due to tun- H2,vj 37 fo ‘/’2yv1( R)H2(R) 3 e(R)dR; (13
neling. Tunneling rates are negligible except for the highest
exci':edthvibratio_nal statles. '|f'hU5k; ?hur' e:‘ergé |9er|5 matChhe mixing coefficientsa,, .,,, are given by the perturba-
nicely the previous values for both isotopésee, for ex- . ; _
ample, Refs[7,12). tion formula(if H{,<AEy)
The direct predissociation rate of any vibrational reso- Hyo
nance bound in théll potential-energy curve was calcu- A1p,:20,= E; (14
lated by integrating oveR the product of the vibrational 12

wave functions and the electronic coupling between the twg,q the coupling between the two bound staigg(R) is
crossing states,

: 2 Hu= |, (RHA R, (RIGR (19
| nrudmmsRar @ 0

1
—=I (au)=27
T

Note thata,, ., andH,, .3 might be either positive or
01320 vj ;3

where negative, thus resulting in accidental cancellation. For further
details see Ref§21] and[22].
HE(R)=(¢1(r,R)[H|$5(r,R)) (10 For the electronic couplindd®(R), between the3Il,

I3+ and %3~ states we used the values calculated by
is evaluated at an internuclear distarRewhile ¢, andye  Andersenet al.[7] [Fig. 1(b) here and Fig. 3 in their paper
are the bound and continuum vibrational wave functions offhe wave functions of the vibrational resonances of ifle
the 3T and 33~ electronic states involved. Using the equa-and 'S * states were calculated using the phase-amplitude
tion above is a better approximation for the predissociatiormethod. The continuum wave functions of the repulsie
rate than the commonly used expression evaluaté&®gt state were evaluated at the energy of the resonances using the
same method. To calculate the indirect predissociation rate
1 . ) ) of any vibrational resonance bound to th&* state, the
S=0 (@u)=27H(R) (v | )", (11 widths of all vibrational resonances of tHél state were
needed. The latter were calculated using & The calcu-

because it takes into account better the dependence of tied mean lifetimes, KER, artg,, (excitation energy from
electronic couplind1¢(R) on R (for a detailed discussion see the CO ground stajeof a few low lying states are presented
Ref. [21]). in Table II.

The I3* state decays predominantly by indirect predis- NOw that we have calculated botlrg tzhfz_energy and the
sociation because of its mixing with th¥l state, which mean lifetime for each state of th€C'°0?* isotope, they
rapidly predissociates by spin-orbit coupling with the repu|_should both match for each vibrational state. For the state
sive 33~ state. Indirect predissociation is affected by moreWith @ measured mean lifetime of 670 ns, for example, agree-
than one vibrational level in th&ll state, and thus the width Ment with either energy or mean lifetime is possible, but not

of each vibrational resonance bound to thE* state is yvith both as required. It is import_ant to note that.the three
independent measurements of this state, using different ex-

given by - ' . -
perimental techniques, are in good agreement with each
1 2 other for the mean lifetime as well as for the energy of this
——=T,, (au)=2m >, a;, 2, Hy, 3| , (12)  state, even if previous work disagreed about the identity of
oy o T the statg10,12. Explicitly, the mean lifetime was measured
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to be 60G-100 ns by Lundqviset al. [10], 700235 ns by ~ Future calculations might also provide possible state with
Penentt al.[12], and 676-50 ns by us. These values are in mean lifetimes in the few seconds range, i.e., as long as those
good agreement with the calculated value of 780 ns for th@bserved in storage ringg,8].
13 *(v=0) state, especially when one considers also the
uncertainty in the calculated value, which is due to the ap- V1. SUMMARY
proximation methods used. The uncertainty in the computed
value, however, cannot account for differences of orders of The mean lifetimes of two states 6fC'°0?* were mea-
magnitude that exist between the measured values and tis¢ired to ber=670+50 ns andr=26*5 ns for the states
computed value for the next vibrational state. The energyith E,=5.713 eV andE,=5.841 eV, respectively. The
level of the state, measured either as KBR] (and in this latter state is more likely to be populated in the charge-
work) or as excitation energy from the CO ground sfd8],  stripping reaction CO+Ar—CO?" at 407 keV by at least a
was determined to bE,=5.713 eV E.,.~=41.69 eV) by factor of 50. A method for the simultaneous measurement of
Lundqvist etal. [10] and E,=5.748 eV E., the mean lifetime and kinetic energy released upon dissocia-
=41.725 eV) by Penerdt al.[12]. The difference between tion, based on three-dimensional imaging of the dissociating
these two high precision measurements is 35 meV, which iflagments, was presented. The measured values reported in
much smaller than the energy gap between the two loweghis paper are in good agreement with previous measure-
vibrational states of thé>* state(see Table l. The mea- ments[10,12 with improved precision on the mean lifetime
sured energy is in good agreement with the calculated valugeasurement. The decay rates of a few low lying states of
for the 13" (v=1) state and not with the ground vibrational CCO?* by direct and indirect predissociation were calculated.
state that agreed with the measured mean lifetime. In order tbhe calculated mean lifetime of th& *(v=0) state is in
resolve this conflict between the experimental results and ougood agreement with experiment but the energy of this state
calculations based on the available PEC’'s and couplings too low in comparison with the measured value. On the
terms[7] we tried to shift the!S* potential-energy curve other hand, the calculated energy of the* (v=1) state is
upward relative to the®ll, such that the energy of the in good agreement with the experimental value but the cal-
13 *(v=0) would match the measured value. This resultecculated lifetime of this state is shorter than the measured
in a mean lifetime for indirect predissociation of the value by orders of magnitude. There is a need for improved
13 *(v=0) state that is two orders of magnitude too short intheoretical treatment of the CO structure and decay rate.
comparison to the measured value. The disagreement be-
tween the experimen.ta}l re_sults and the computed values ACKNOWLEDGMENTS
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