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A new technique is described which is capable of observing the stability of specific states of doubly
charged molecular ions with vibrational level resolution. The method is based on the process of double
photoionization using synchrotron radiation. Pairs of threshold electrons identify the initial state, and
the resulting ions are characterized by their times of flight. Lifetimes have been measured for specific
levels of CO21 and confirm, except for the very lowest levels, the intrinsic instability of this species on
the ms time scale. [S0031-9007(98)07388-8]

PACS numbers: 33.60.Cv, 33.70.Fd, 33.80.Gj
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Doubly charged molecular ions or dications are intrin
sically unstable species owing to the Coulomb repulsi
between the nuclei which, in most diatomic molecule
leads to potential curves whose bound parts, where th
occur, lie well above their dissociation limit. Neverthe
less, doubly charged molecular ions have been obser
in mass spectrometers for over 60 years, indicating lif
times of at least microseconds. The advent of ion stora
rings has extended our knowledge on their stability an
in the case of CO21, Andersenet al. [1] demonstrated that
this dication can exist in a state that has a lifetime in e
cess of several seconds. This dication was also shown
exist in two other states with lifetimes in the ms rang
The spectroscopy of molecular dications has progress
markedly with the development of a new photoelectro
spectroscopic technique, threshold photoelectrons co
cidence (TPEsCO) spectroscopy [2]. In this techniq
double ionization thresholds are localized by the dete
tion of pairs of near-zero energy electrons or thresho
electrons. Vibrational structure of CO21 was resolved in
this way with a resolution of 80 meV allowing the doubl
ionization potential to be determined with unprecedent
accuracy and vibrational series to be identified [3]. Im
proved resolution of vibrational structure in CO21 was
obtained by Lundqvistet al. [4] using Doppler free kinetic
energy release spectroscopy which depends on the inh
ent instability of dications. Here the C1 and O1 fragment
ions are detected in coincidence and their kinetic ener
determined from the measurement of their time of flig
(TOF). In order to be detected as a well-resolved peak
this technique, the dications must dissociate in less th
0.1 ms. In the case of CO21, this technique revealed all
the features observed in the TPEsCO spectrum as w
resolved peaks except for the very lowest levels, indic
ing that, except for a handful of levels, CO21 states have
lifetimes of less than0.1 ms. In this Letter we present a
new technique that prepares dication in well-defined v
brational states and studies their dissociation dynami
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By means of this technique we have been able to prop
an assignment for the states responsible for the stor
ring observations of Andersenet al. [1] and identify oth-
ers with lifetimes in thems range.

The experimental method is based on TPEsCO sp
troscopy combined with ion time-of-flight spectroscop
and coincidence techniques. Synchrotron radiation is u
to doubly ionize the molecule of interest, and a particul
state of the dication is prepared by adjusting the phot
energy to be that of the state threshold. In this situati
the photoionization process results in two threshold ele
trons and the formation of the state is then identified
the coincident detection of the electron pair. This coi
cidence signal then triggers a voltage pulse which swe
the ions into a TOF spectrometer where their mass a
energy are measured. Thus, for a diatomic molecu
this experiment involves the coincident detection of tw
threshold electrons and one or two ions, depending
whether the dication fragments or not.

The experiments were performed on beamline SA31
the Super ACO storage ring in Orsay, France. This bea
line is equipped with a plane grating and operates with
resolution of about 35 meV in the 40 eV region. Durin
the observations an aluminum filter was inserted to
move higher order photons. A schematic diagram of t
instrument is presented in Fig. 1. The light beam cross
at right angles the target gas beam effusing from a hyp
dermic needle. The interaction region is set 10 mm fro
the entrance of the electron spectrometer and 5 mm fr
that of the ion TOF spectrometer. The photoelectrons
detected in an electron spectrometer based on a 45
radius 90± cylindrical electrostatic analyzer which is oper
ated in the threshold mode using the penetrating field te
nique [5]. Here, the field from an extraction electrode, s
at 300 V, penetrates into the interaction region through
grounded shield electrode to create a shallow potential
pression that guides threshold electrons into the optics
sembly. Electrons with energies above a few meV esca
© 1998 The American Physical Society 3619



VOLUME 81, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 26 OCTOBER1998

te

th

a
-
t

re
-

n
e
r-

c-
-

ns
or-

-
n
i-

d
F

FIG. 1. Schematic diagram of the instrument. The TOF tu
is 12 cm long and the mean radius of the 90± cylindrical
electrostatic analyzer is 45 mm. The ions are detected
microchannel plates (MCP) and electrons are detected
ceramic channel electron multipliers (CEM) with5 3 15 mm
rectangular apertures separated by a thin shield plate to pre
cross talk.

from the depression and are not collected. This techniq
combines high efficiency, as threshold electrons are c
lected over4p sr, as well as high resolution (meV range
The threshold electrons are detected on two channel e
tron multipliers (CEM), set side by side, with the inpu
optics adjusted such that the electron intensity is divid
equally between them. Double ionization events are d
tected as coincidences in the signals of the CEM’s occ
ring during a 10 ns time window.

The ions are analyzed in an improved Wiley-McLare
type two-field TOF spectrometer constructed followin
the design principles described by Eland [6]. The dr
tube is 12 cm long and is typically operated at a potent
of 21 kV. This corresponds to a pusher pulse of 300
(2 ms long) on the shield electrode and 100 V on the g
needle. Under these conditions the flight time of CO21

is of the order of2 ms compared with about0.15 ms for
electrons in the threshold electron spectrometer. A furth
0.15 ms is required by the electronics to apply the push
pulse, making a dead time of about0.3 ms between the
double ionization event and the application of the swe
field in the interaction zone. During this time the C1 and
O1 ions with typical kinetic energies from dissociatio
of 3 eV travel about 3 mm which is insufficient to affec
their collection efficiency. The detection efficiency fo
ions was determined to be 25% compared to 45%
electrons. In this configuration, lifetimes of CO dication
in the range 0.1 to10 ms can be measured.

The vibrational structure of CO21 obtained with im-
proved photon beam resolution using the TPEsCO meth
has recently been reanalyzed and reassigned [7]. T
spectrum is shown in Fig. 2 along with the state assig
3620
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ments. The main result of the reassignment is to loca
the 1

S1 y ­ 0 level one vibrational quantum lower, just
26 meV above theX3P y ­ 1 level, compared to the ini-
tial assignment of Dawberet al. [3]. These new assign-
ments and energies are now in very good agreement wi
those obtained theoretically by Larssonet al. [8]. The
full line in Fig. 2 corresponds to a Gaussian fit and is the
sum of the component states that were each fitted as
progression by adjusting the molecular constants. A fea
ture of threshold electron (single or pair) spectra is tha
the intensity envelopes of the vibrational progressions a
not smooth. This is a consequence of autoionization pro
cesses that predominate in the near threshold region.

The stability of vibrational states such as those show
in Fig. 2 was studied by setting the photon energy at th
threshold energy of a specific level and recording the co
responding flight times of the resulting ions in coincidence
with electron pairs as described above. Typical TOF spe
tra for selected levels are displayed in Fig. 3 and repre
sent coincidences between three particles, two electro
and one ion. These spectra can contain a sharp peak c
responding to CO21 ions that survive to the detector and
two broad, roughly rectangular peaks from C1 and O1

fragment ions. The width of these peaks is a direct in
dication of the kinetic energy released in the dissociatio
process and their profile is related to the angular distr
bution of the fragments, a rectangular form indicating an
isotropic distribution. CO21 ions that dissociate during the
flight to the detector yield fragment ions that are recorde
at times between the sharp and broad peaks. The ion TO

FIG. 2. TPEsCO spectrum of CO showing vibrational levels
of the lowest three states of the CO dication. The full line
represents a Gaussian fit to the data.
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FIG. 3. TOF spectra of the ions resulting from formation o
the indicated levels of CO21 and corresponding to coincidences
between three particles, two electrons and one ion. The f
lines are simulated spectra from which the lifetime of th
levels can be obtained. The CO21 peak in the spectrum of
the X3P y ­ 2 level is contributed by the tail of the lower
lying X3P y ­ 1 and 1

S1 y ­ 0 levels (see text). Note that
doubly charged species are more efficiently detected than sin
charged ones. The TOF spectra were obtained in typica
5–8 hours.

spectra of Fig. 3 have been corrected for random co
cidences which were evaluated by triggering the push
pulse with a signal generator. The correction procedu
can be verified by plotting the flight times of the C1 and
O1 ion coincidences. Such a plot for the1P y ­ 1 level is
f
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shown in Fig. 4 and now represents coincidences betwe
four particles, two electrons and two ions. In such a plot
true coincidences appear around a line of slope21 with a
spread dependent on the thermal motion of the molecul
in the target beam. The intensities here should then b
coherent with the intensities in the TOF spectra such a
those of Fig. 3 once the ion detection efficiency (25%) fo
the second ion is taken into account.

If the lifetime is much longer than the time of flight
s2 msd, then a single peak corresponding to CO21 is
recorded and this is so for the second peak of Fig. 2 com
posed of a superposition of theX3P y ­ 1 and 1

S1

y ­ 0 levels as can be seen in the top plate of Fig. 3
On the other hand, if the lifetime is much shorter than th
TOF then only the C1 and O1 ions appear in the spectrum
as for the1P y ­ 1 level. In the intermediate situation
where the lifetime is of the same order as the TOF bot
the parent ion and its fragments appear in the spectrum
and this is the case, in this study, for theX3P y ­ 2, 1

S1

y ­ 1, and1P y ­ 0 levels. In these situations the life-
time can then be estimated by modeling the ion TOF dis
tributions. The present simulation is based on the Mont
Carlo method and contains the instrumental geometry, p
tential configuration, kinetic energy release, angular distr
bution (isotropic), thermal motion of target molecules as
well as the time delay in the pusher pulse electronics. Th
simulations corresponding to lifetimes of 700 and 200 n
for the 1

S1 y ­ 1,and X3P y ­ 2 level, respectively,
are shown as full lines in Fig. 3. A lifetime of 200 ns
was also determined for the1P y ­ 0 level (not shown).
The central CO21 peak, not accounted for in the simu-
lation, is contributed by the wing of the intense peak o
theX3P y ­ 1 and1

S1 y ­ 0 levels. Incompletely re-
solved neighboring levels can contribute to the TOF spec
tra, particularly those lying at energies immediately below
and must be taken into account when analyzing the dat

FIG. 4. TOF spectrum of C1 and O1 ions resulting from
dissociation of the1P y ­ 1 state and corresponding to
coincidences between four particles, two electrons and two ion
3621
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TABLE I. Lifetimes and energies of the lowest vibrationa
levels of CO21.

Lifetime

Vibrational Energy This work
State level (eV)a smsd Others

X3P 0 41.325 .10 .3.8 sb

1 41.489 .10 0.8 msb

2 41.650 0.2 6 0.1 ,0.1 msc

3 41.813 ,0.1 ,0.1 msc

4 41.960 ,0.1 msc

1
S1 0 41.525 .10 6 msb

1 41.725 0.710.2
20.1 0.6 msc

2 41.925 ,0.1 msc

1P 0 41.846 0.210.15
20.2 ,0.1 msc

1 42.020 ,0.1 ,0.1 msc

2 42.185 ,0.1 msc

aRef. [7]; bRef. [1]; cRef. [4].

Threshold electron analyzers are characterized by asy
metric transmission functions with a tail of “hot” electrons
whose magnitude depends on the experimental paramet
In the present experiments, to enhance the signal intens
the threshold analyzer resolution was slightly lower tha
that which produced the spectrum of Fig. 2, and there is
slight overlap between theX3P y ­ 1 andy ­ 2 states.
It must also be kept in mind that the relative intensity of th
CO21 peak is probably enhanced in the TOF spectra b
cause of the more efficient detection of this ion due to th
higher charge and kinetic energy with which it impinge
on the detector.

CO21 lifetimes corresponding to the observations o
Andersenet al. [1] and Lundqvistet al. [4] along with
the present results are reported in Table I. The lev
numbering of the1

S1 state of Lundqvistet al. [4], based
on that of Dawberet al. [3], has been increased by one
following the results of Hochlafet al. [7]. In their storage
ring experiments, Andersenet al. [1] observed CO21 ions
with three long lifetimes (.3.8 s, 6 ms, 0.8 ms). The
longest lived state was assigned toX3P y ­ 0, but
neither of the other two lifetimes was attributed to an
of the 3P, 1

S1, or 1P states. It was considered, first
assuming Franck-Condon transitions dominate in the i
source, that the relative populations of these states wo
be much higher than those observed and, second, ba
on their calculations, that these states were too stron
predissociated by the repulsive3S2 state [1]. Instead,
levels of the21

S1 state lying almost 4 eV above the
ground state were proposed. However, this latter sta
was observed both in this work and in that of Lundqvis
et al. [4] to have a short lifetime, below0.1 ms. Here
the X3P y ­ 1 and the1

S1 y ­ 0 levels (20% of peak
in Fig. 2) were observed to have lifetimes in excess
10 ms; consequently, we tentatively assign the 0.8 m
and 6 ms lifetimes to these states, respectively. T
longer lifetime is assigned to1S1 y ­ 0 as in the present
observations1

S1 y ­ 1 was found to be longer lived
3622
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than 3P y ­ 2; thus, it is reasonable to assume that
1
S1 y ­ 0 lives longer thanX3P y ­ 1. This same

conclusion was also reached in the theoretical calculation
of Andersenet al. [1]. As can be seen in the table, the
lifetimes observed here are in good agreement with thos
determined by Lundqvistet al. [4] except for theX3P

y ­ 2 and 1P y ­ 1 levels where we observe lifetimes
longer than0.1 ms.

The stability of CO21 is now the most well documented
of any dication. In fact, it has only one quasistable
level, the y ­ 0 level of the X3P ground state with a
lifetime .3.8 s [1]. The lifetime of higher levels decreases
dramatically as their energy increases and, 0.4 eV abov
the ground state, no level with a lifetime greater than
0.1 ms appears to exist. However, this rapid decrease doe
not have a simple dependence on energy as the lifetim
of the 1

S1 y ­ 0 level was found to be longer than
that of theX3P y ­ 2 level lying immediately below it.
Nevertheless, some 30 discrete levels have been observ
in the CO21 spectrum with energies up to 4.5 eV above the
ground state with a width determined by the instrumenta
resolutions,40 meVd, indicating lifetimes of at least2 3

10214 s. In fact, theory indicates that the lifetime of all
the discrete vibrational levels known [3,4] for CO21 is
determined by the coupling to a single dissociative state
the 3

S2 state, and thus all dissociate to ground state
C1s2Pd and O1s4Sd fragments as was observed.

Herein, the characteristics of a new experimental tech
nique have been demonstrated whereby, for the firs
time, the stability of specific vibrational states of doubly
charged molecular ions can be studied. In principle, the
penetrating field method is capable of resolutions down to
the meV range. In the future, with the appropriate light
source, such resolution will furnish more detailed infor-
mation on diatomic dications and open up the rich and
complex field of polyatomic dication structure dynamics.
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