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Collision-induced dissociation of CO2
1 ions
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Collision-induced dissociation experiments have been conducted on CO2
1 ions using three types of ion

sources, different collision energies, light and heavy targets, and three different apparatuses possessing differ-
ent values of energy and angular resolution. Results of all these collision experiments establish that collision-
induced dissociation dynamics is remarkably different from that obtained in photoionization experiments.
Although the O1 1 CO channel is the energetically lowest dissociation pathway, dissociation into CO11O is
found to be the preferred channel. Our measurements of the ratio CO1 to O1 are substantially higher than that
obtained in photoionization experiments. Determinations of kinetic energies released upon dissociation of
CO2

1 are also made. Rationalization of our results is attempted in terms of curve crossings of low-lying excited
states of CO2

1 ions. @S1050-2947~98!13109-8#

PACS number~s!: 34.20.2b, 34.50.Gb, 31.15.Ar, 33.15.Fm
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I. INTRODUCTION

In the past two decades the CO2 molecule has attracte
much attention, primarily due to the importance of both t
neutral and the ionized form in nuclear and laser techno
gies and in studies of terrestial and planetary atmosph
@1–3#. Various techniques have been used to study the st
ture and fragmentation dynamics of this molecule. Dissoc
tive ionization of CO2 resulting in O1 and CO1 fragments
has been studied by photoionization mass spectrom
@1,4,5#. The photoelectron-photoion coincidence techniq
has been used to probe state-selected dissociation dyna
@4#; the competition between dissociation and ionization
CO2 has been investigated using intense, picosecond l
fields @6,7#. The relative abundances of the O1and CO1

fragments have also been studied in low-energy elect
impact experiments @8#. Collision-induced dissociation
~CID!, which has been a widely used ion-molecule collisi
technique for structure determination and fragment pathw
analysis@9–12#, has also been useful in identifying the ele
tronic states of the dissociation products of CO2

1 @13#.
The fragments O1 and CO1 cannot be produced by direc

ionization of the neutral molecule since the appropri
Franck-Condon factors are such that the dissociation c
tinua of theX, A, andB electronic states of CO2

1 are not
accessible by vertical ionization from the ground state of
neutral molecule. This was established by the absence of
peak in the CO2 photoelectron spectrum@5# near the appear
ance thresholds for O1 and CO1 fragments ~19.07 and
19.466 eV, respectively, as measured experimentally as
as deduced from thermochemical data!. The next ionic state
C, lies above the dissociation limit for O11CO and, hence
fully predissociates. This was directly established
photoion-photoelectron coincidence measurements ca
out by Eland@4#. Ab initio calculations of the potential en
ergy surfaces of the ground and excited electronic state
CO2 and its singly charged ion have been carried out
PRA 581050-2947/98/58~4!/2834~10!/$15.00
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many researchers with varying degrees of success@14–18#.
Configuration interaction~CI! calculations of Praetet al.
@18#, who obtained vertical ionization and excitation energ
that are in reasonably good accord with experimental val
@19#, have provided the most detailed information on t
dissociation mechanism of the CO2

1 molecular ion.
The results of all recent calculations agree that the low

energy pathway for dissociation favors the formation of O1

1CO fragments. From the experimental viewpoint, at le
as far as noncollision experiments are concerned, the m
sured ratio of CO1 to O1, which should be equal to the rati
of the populations of vibrationally excited levels of the ful
predissociatingC state to the population of the ground sta
has been found to be around 0.3@4,20,21#. It is of interest to
note that this value is actually close to the value expecte
one assumes thatall of the CO2

1 ions in states that lie abov
the lowest-energy dissociation limit yield CO1 @21# ~in other
words, if one assumes that once the threshold for CO1 for-
mation is crossed, O1 ions are completely quenched!. The
complete quenching of O1 ions in such cases has been r
tionalized by invoking curve crossing models~see, for in-
stance, the extensive discussion in Praetet al. @18#, and ref-
erences therein!.

Does this picture hold when dissociation is induced
collisions? We have attempted to address this question
studying the dissociation dynamics of CO2

1 ions undergoing
collisions with targets of various masses, like He, N2 , and
C60 at impact energies of 1–3 keV and also at 50 keV.
differences were found in the translational energy spectra
the dissociation products obtained using different tar
gases, and for comparative purposes we focus attention
what follows below, only on the spectra obtained with H
The major finding we report here is that the measured r
of CO1 to O1 was much higher in our experiments~signifi-
cantly larger than unity! than what has been observed
photoionization experiments where O1 is the more abundan
fragment ion. This ratio was determined using three differ
2834 © 1998 The American Physical Society
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translational energy spectrometers, each of which emplo
a different type of ion source to account for different degre
of internal excitation~vibrational and rotational energy! of
the precursor ion. Low and high collision energies were e
ployed to account for any possible instrumental factors
lated to angular acceptance angles that might affect the
ciencies with which different fragment ions were ener
analyzed. Irrespective of the target gases used and the
dent translational energy of the CO2

1 ions, the ratio was
found to be the same. There is evidence to suggest tha
measured CO1 to O1 ratio is independent of the degree
the internal excitation of the precursor CO2

1 ions. CID ex-
periments in general, and meaurement of fragment ion ra
in particular, are instrinsically difficult to perform because
the conflicting requirements of~i! adequate angular resolu
tion ~in order to have a wide enough acceptance angle to
able to transmitall energetic fragment ions through ener
analyzers! and ~ii ! adequate energy resolution~in order to
distinguish between the translational energies of differ
fragment ions!. Constraint~i! requires translational energ
spectrometers to be operated with wide slits whereas c
straint~ii ! requires the use of narrow slits. Moreover, diffe
ent ion sources, and different operating conditions~viz. gas
pressure, anode voltage, plasma density! produce precurso
ions with varying amounts of internal energy. In order
minimize experimental uncertainties, the CID studies we
port here were conducted under a variety of experime
conditions:~a! using three types of ion sources,~b! different
collision energies,~c! light and heavy targets, and~d! three
translational energy spectrometers possessing different
ues of energy and angular resolution.

We have also determined average values of kinetic e
gies released (Ek) when the molecular ion dissociates in
either of the two channels, producing O1 and CO1 frag-
ments, and we have compared our results with values
duced by us using contemporary potential energy functi
of low-lying electronically excited states of CO2

1 . The av-
erageEk values can be interpreted in a manner that is c
sistent with the measured CO1 to O1 ratio using a curve-
crossing model involving excited electronic states of CO2

1 .

II. EXPERIMENTAL METHOD

Our CID experiments were carried out using the ion tra
lational energy spectrometry~TES! method. Application of
the TES technique to studies of the dissociation of molec
ions has been described in a number of recent reports~see,
for instance,@22#, and references therein!. In the present
study, our CID experiments were carried out on three diff
ent ion translational energy spectrometers. In one appar
~TES1!, ions were produced by electron impact in a hig
pressure, arc type of ion source. The high pressures use
such a source ensure that collisional deactivation proce
very efficiently and, as a result, the cation species that
extracted from such a source are predominantly in th
ground electronic state. In another apparatus~TES2!, ions
were produced using a conventional low-pressure, Nier t
of ion source; in such a source it is expected that cati
would be produced in an unknown mixture of ground a
low-lying metastable states. In the first two spectromet
~TES1 and TES2!, ions were extracted by an accelerati
ed
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potential of 1–3 kV. The extracted ions were transpor
through a cylindrical electrostatic lens assembly to produc
collimated ion beam. Subsequently, a Wien filter~crossed
electric and magnetic fields! was used to carry out analys
on the basis of mass-to-charge ratio and an electrostatic
ergy monochromator was used to produce a monoenerg
ion beam which intersected, in a 90° crossed-beams ge
etry, a gas jet of neutral target atoms or molecules. Forw
scattered collision products were energy analyzed by a
ond electrostatic energy analyzer. TES1 and TES2 are
cated in Mumbai. In the third apparatus~TES3, located in
Aarhus!, ions were produced using yet another type of i
source, a low-pressure Nielsen plasma source. Cations
duced in this source were electrostatically accelerated to
ergies of 50 keV. These energetic ions are magnetically m
selected and directed to a gas cell where they underw
single collisions with target atoms or molecules. After ex
ing the target cell, the charged fast fragments were ene
analyzed using a cylindrical electrostatic energy analyzer
all three types of apparatus, ion detection was by means
channel electron multiplier operating in the particle counti
mode, coupled to conventional fast electronics and a mu
channel analyzer.

Typical gas pressures within the high-pressure ion sou
used in TES1 were in the 1310212531022 Torr range.
Immediately outside the ion source and in the region of
energy analyzers and the detector, the pressure was m
tained in the 102821027 Torr range by means of fast dif
ferential pumping; in the collision region, the number den
ties in the neutral molecular beam corresponded to press
in the region of 531024 Torr range. In the low-pressure io
source used in TES2, typical working pressures were
proximately 12531026 Torr. The plasma source in TES
was operated at gas pressures of;1023 Torr. Typical oper-
ating pressures in the remaining part of TES2 and TE
were in the region of 131027 Torr. TES1 used parallel plate
electrostatic energy analyzers for monochromation and p
collision analysis of ion kinetic energies. The correspond
analyzers in TES2 were of the 90° cylindrical electrosta
type. In TES3, momentum monochromation of the 50-k
incident beam was achieved with a magnet; an electros
hemispherical analyzer was used for postcollision ene
analysis.

Details of the three spectrometers can be found in a n
ber of recent publications on the use of TES in studies
dissociation, excitation, and charge stripping proces
~TES1@23–28#, TES2@29,30#, TES3@31#!. It is pertinent to
make note of the geometrical acceptance angles for pro
ion energy analysis in the three instruments. In TES1,
distance between the well-defined collision zone~possessing
an interaction volume of 1 mm3) and the entrance slit of the
postcollision energy analyzer along with the width of this s
were adjusted such that the apparatus had an angular re
tion of 431023 radians in the dispersing (x-y) plane and an
angular resolution of 0.17 radians in the nondispersing (x-z)
plane. In TES3, the distance between the interaction reg
and the entrance slit of the electrostatic analyzer was fixe~1
m!, but slit widths could be varied, and hence the angu
resolution for a given measurement could be chosen. In
periments conducted with an He target, the slit width w
adjusted such that the apparatus had an angular resol
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2836 PRA 58V. R. BHARDWAJ et al.
of 131024 radians in the dispersing plane and;2.5
31024 radians in the nondispersing plane. As the incid
CO2

1 ion dissociated in the interaction region in TES1 or
TES3, these geometrical acceptance angles ensured tha
the signals of those dissociation products were record
which occurred when the O-C-O internuclear axis was p
allel to the direction of the incident beam. On the basis of
geometrical configuration of the apparatus~slit widths and
distances between the interaction region and the entranc
the postcollision energy analyzer! we computed that the de
gree of orientation of the incident linear (O-C-O)1 molecu-
lar ion that was demanded in the two spectrometers, TE
and TES3, was 0°69.5° and 0°60.01°, respectively, in the
non-energy-dispersing plane and 0°60.24° and 0°
60.005°, respectively, in the energy-dispersing plane. T
cylindrical energy analyzers~mean radius555 cm in each
case! used in TES2 were focussing devices, with the obj
and image focal points located at a distance of;19 cm from
the entrance and exit planes, respectively. In this type
instrument it is not easy to directly correlate the geometr
acceptance angle with angular resolution for such focus
devices, but comparisons of measurements carried out in
present study using both TES2 and TES1 of averageEk val-
ues and ofEk distributions ~as indicated by fragment ion
peak shapes! lead us to believe that the angular resolutio
were not too different in the two instruments. Implications
this aspect of our experimental design have been discuss
the context of collision-induced dissociation studies el
where@25,26,32#; at this juncture it is sufficient to draw at
tention to the fact that momentum transfer to the target a
or molecule in all our collision systems was negligib
Simple kinematics applied to our zero-degree scattering s
ation indicates that the recoil imparted to the target w
<0.1 eV in the present measurements.

In TES3, when C60 was used as the target gas the entra
slits of the electrostatic analyzer were completely op
~;15 mm! in order to ensure total collection of the fragme
ions. The fact that the measured CO1 to O1 ratio was found
to remain the same when He and C60 were used as target
~with the slit width being 0.2 mm in the former case a
being 15 mm in the latter case! suggests minimal energ
discrimination and close to 100% collection efficiency as
as fragment ion analysis and detection is concerned.

III. RESULTS AND DISCUSSION

A. Translational energy spectra

Figure 1 shows typical translational energy spectra
CO1 and O1 fragments obtained when CO2

1 ions collided
with He atoms at an impact energy of 2.5 keV. TES1 w
used in this case, with the high-pressure ion source opera
in a low-arc-current mode~the mean electron energy bein
156 eV, the arc current being 0.02 A, giving rise to
medium-temperature plasma within the source at press
as high as 1021 Torr!. In this spectrum, and in the ones
follow ~Figs. 2–4!, the ratio of CO1 to O1 ions was found to
be ;6, which is approximately 20 times higher than wh
was observed in photoionization experiments@1,4,20,21#.
The measured ratio of the O1 to CO1 intensity in these
photoionization experiments was;3, in good agreemen
t
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with the ratio predicted from the relative populations of v
brationally excited levels of CO2

1 in the C state. This ratio
was deduced by assuming that all the CO2

1 ions above the
dissociation limit yield CO1. All CO2

1 ions formed in the
excited vibrational levels ofC state have, indeed, bee
shown to dissociate to CO1 in a photoion-photelectron coin
cidence experiment of Bombachet al. @20#. Armenanteet al.
@8# obtained a similar value for the ratio using electrons
place of photons as the ionizing agents. They studied
ratio as a function of the electron energy and found tha
increases sharply between 18 eV and 20 eV, which t
attributed to possible double collisions, while between 21
and 30 eV the ratio falls sharply, which could be due
high-energy states being accessed that can dissociate to
O1 and CO1. Beyond 30 eV, the ratio was observed
remain close to unity since all dissociation channels
open. Thus the dissociation mechanism proposed was
below the threshold for CO1 formation, most of the CO2

1

ions dissociate to form O1 and CO fragments. As the
threshold is passed the O1 yield is quenched and CO1 frag-
ments are exclusively formed. This proposed mechan
was consistent with the results ofab initio molecular orbital
calculations of low-lying states of CO2

1 @18#.
Apart from determining the ratio of different fragment io

peaks, the translational energy spectrum shown in Fig. 1
enables estimation of the energy loss associated with the
sociation process. In the case of CO2

1 projectiles, ifVel is
the postcollision analyzer voltage at which the elastica
scattered parent ions are transmitted to the ion detector,
CO1 fragments would be expected to be transmitted at
analyzer voltage of@Vel3(28/44)-DV#; the corresponding
voltage at which O1 fragment ions are transmitted would b
@Vel3(16/44)-DV#. DV is a voltage which accounts for th
energy loss associated with the excitation from the grou

FIG. 1. Translational energy spectra of the products of the
sociation of CO2

1 resulting from collision, at 2.5 keV energy, with
He. The spectra were obtained using TES1 with the high-pres
ion source operating in the low-arc-current mode (Iarc50.02 A,
Vanode5156 V!. The elastically scattered CO2

1 peak appeared at a
analyzer voltage (Vel) of 1586 V. The mean values of the kineti
energy released (Ek , in the center-of-mass frame! are indicated for
the two channels. The ion intensities are in arbitrary units.
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electronic state of CO2
1 to the excited dissociating stat

CO2
1! . Multiplication of DV with the analyzer constan

yields a direct experimental measure of the energy loss
enables deductions to be made about the highest dissoci
electronic state that takes part in the overall dynamics.

Although the broad and featureless peaks obtained in T
measurements of CID processes~Figs. 1–3! make it difficult

FIG. 2. Collision-induced dissociation of CO2
1 upon impact, at

1.4 keV energy, with He. The translational energy spectra of
two dissociation channels were obtained using TES2 with a con
tional, low-pressure, Nier type of electron impact ion source. T
elastically scattered CO2

1 peak appeared at an analyzer volta
(Vel) of 116.3 V. The mean values of the kinetic energy relea
(Ek , in the center-of-mass frame! are indicated for the two chan
nels.

FIG. 3. Translational energy spectra of the products of the
sociation of CO2

1 resulting from collision, at 2.5 keV energy, wit
He. The spectra were obtained using TES1 with the high-pres
ion source operating in the high-arc-current mode (Iarc50.25 A,
Vanode5156 V!. The mean values of the kinetic energy releas
(Ek , in the center-of-mass frame! are indicated for the two chan
nels.
it
ing

S

to make measurement ofDV with precision, from a very
large number of spectra measured in the present experim
we deduce an energy loss value of;661 eV. This value
suggests that the amount of translational energy converte
potential energy during the collision is sufficiently large f
collisional excitation of the projectile CO2

1 ions up to the
C 2Sg

1 state, which has a vertical excitation energy of 19
eV with respect to then50 level of theX 1S1 ground elec-
tronic state of neutral CO2. Higher energy electronic state
need not, therefore, be invoked in discussion of the pres
low-impact-energy results.

Figure 2 shows the translational energy spectra meas
using TES2 in 1.4 keV collisions between CO2

1 and He;
these spectra were obtained using the low-press
(;1025 Torr), electron impact ion source, with an electro
energy of;100 eV). Figure 3 shows the translational e
ergy spectra of the fragment ions obtained as a result of
keV collision between CO2

1 and He in TES1 under high-arc
current conditions~the mean electron energy was still 15
eV, as in the case of the spectra depicted in Fig. 1, but the
current was tenfold higher, 0.25 A, giving rise to a hig
pressure, high-temperature plasma within the ion sour!.
Similar spectra were also obtained at different values
mean electron energy~106 eV and 200 eV!, with the arc
current being kept at 0.25 A.

Figure 4 shows the translational energy spectra meas
using TES3. The top panel shows the fragment ion spect
obtained as a result of a 50-keV collision between CO2

1 and
He ~the CO2

1 ions were produced in our ion source operati
with an anode voltage of 230 eV!. The bottom panel shows
the corresponding spectrum of product ions obtained w
CO2

1 collided with C60 molecules. In both cases, the CO1 to
O1 ratio was measured to be;5.

All measurements carried out using TES1, TES2, a
TES3 confirmed that the CO1 to O1 ratio was;526 ~cf.
the corresponding ratio measured in photoionization exp

e
n-
e

d

-

re

d

FIG. 4. The top panel shows the translational energy spect
of the fragment ions when CO2

1 collides with He target at an im-
pact energy of 50 keV; in the spectrum shown in the bottom pa
the target used was C60. These spectra were obtained using TES
the parent CO2

1 ions were produced in a plasma ion source and
mean electron energy was 230 eV.
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2838 PRA 58V. R. BHARDWAJ et al.
ments was, as noted above,;0.3). Before considering the
implications of such a significant difference, it might be
interest to also consider the kinetic energies released u
dissociation of CO2

1 into CO11O and O11CO fragments.
It is also of interest to note that evidence for a CO1 to O1

ratio of ;5.5 was also forthcoming from dissociative ele
tron capture measurements carried out in He1-CO2 colli-
sions are impact energies between 9 and 200 eV@33#. Dis-
sociation of CO2

1 ions occurred from the doubly-excite
2fu state, located at an energy of 24.6 eV above the gro
electronic state of CO2

1 .

B. Energetics

In spectra measured using TES1~Figs. 1,3!, the half-
widths of the peaks relating to CO1 and O1 fragments were
of the order of 20 V and 10 V, respectively; the correspon
ing half-width for the elastically scattered CO2

1 peak ~not
shown in the spectra! was approximately 0.6 V. In TES2
~Fig. 2!, the half-widths of the fragment ion peaks (;3 V
for CO1, ;2 V for O1) are much larger than the hal
width of the elastically scattered CO2

1 ion beam(;0.3 V).
In TES3 ~Fig. 4, top panel!, the half-widths of the fragmen
ion peaks were of the order of 24 V, 14 V and 21 V f
CO1, O1 and C1, respectively. The peak corresponding
CO2

21 dication formation by a charge stripping process h
the same width as the elastically scattered CO2

1 peak ~7.6
V!. As in the lower-impact-energy case, the broadening
served in fragment ion peaks is caused by the conversio
released dissociation energy into translational energy.

When linear CO2
1 ions fragment, they do so with th

internuclear axis having a range of angles with respect to
axis of the translational energy spectrometer and, as
cussed above in the context of the instruments’ angular
ceptance angles, only those incident molecular ions that
dergo dissociation such that their O-C-O axes lie within
range of TES acceptance angles fall within the purview
the present experiments. At the center of each of the
fragment ion peaks the energy release values are clos
zero: this part of the energy distribution is essentially due
those ions that fragment with their internuclear axes at an
to the TES axis which are close to the maximum accepta
angle in each instrument. The tails of each peak measure
high-energy components of the released energy that re
from those dissociation processes that occur when the O-
internuclear axes are parallel to the flight path of the mole
lar ion. Indeed, for large energy releases, the forward
backward moving fragment ions can be readily differentia
~see, for instance@25#, for a simulation of trajectories o
fragment ions possessing different kinetic energy rele
components following dissociation of triatomic ions
TES1!. Consider the spectra measured using TES1~Figs.
1,3!. The angular acceptance half-angle in TES1 is de
mined by the 60 mm distance between the CO2

1-He interac-
tion zone and the entrance to the postcollision energy a
lyzer whose entrance slit had a half-width of 0.25–0.5 mm
the course of the present series of experiments, yieldin
geometrical angular resolution of60.24°260.48°. For an
impact energy of 2.5 keV, CO1 fragments possessing a
averageEk value of 90 meV in the center-of-mass fram
on
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~total Ek5250 meV) and O1 fragments produced with an
averageEk value of 25 meV~total Ek540 meV), result in
laboratory scattering angles of;0.43° and;0.3°, respec-
tively. Clearly, TES1 discriminates to some extent agai
the higher-energy components in theEk distribution for both
fragment ions, but more so for CO1 fragments. Conse-
quently, the CO1 to O1 ratio which we have determined i
our present experiments must be regarded as alower limit. In
order to obtain a realistic estimate of the distribution of e
ergies released upon dissociation some of our earlier stu
have compared simulated trajectories of fragment io
which possess a range of different energy release val
with measured peak shapes@25,34#. Measurement of the
half-width of the fragment ion peak yields an incomplete
definedaveragevalue of the center-of-mass kinetic energ
released upon dissociation. Nevertheless, measuremen
half-widths have been extensively used in the mass sp
trometry of polyatomic ions using single and double focu
sing instruments in which a determination of angular acc
tance angles has been impossible to make. Such averagk
measurements have proved useful in gaining qualitative
sight into the dissociation dynamics.

If E is the kinetic energy of, for example, a projecti
homonuclear diatomic molecule, andEk is the average value
of the kinetic energy released~in the center of mass! upon
dissociation, the measured energy in the laboratory fra
e lab , can be deduced simply by addition of collision veloc
ties:

e lab5E/26~EkE!1/21Ek/2.

An amplification ofEk in the laboratory frame occurs in
such transformations; this energy ‘‘amplification’’ makes
possible to study dissociation processes even in instrum
possessing relatively modest energy resolution capabil
and the TES technique has been successfully used to e
date the role of vibrational@24# as well as rotational@32#
states in collision-induced and unimolecular dissociat
processes. In the present study we do not concern ourse
with the fine structure observed in the peaks and will foc
attention only on the average value of kinetic energy relea
upon dissociation of CO2

1 into the two dissociation chan
nels.

Despite the significantly different pressure conditions u
der which CO2

1 ions were formed in TES1 and TES2, th
averageEk values deduced from the two spectra were fou
to be remarkably similar: 109620 meV ~TES1! and 120
624 meV ~TES2! when CO2

1 ions dissociate to CO11O.
The correspondingEk values for the O11CO limit were
measured to be 2567 meV ~TES1! and 2767 meV
~TES2!. The Ek value of the CO1 fragment changed from
109620 meV to 208630 meV in TES1 when the arc cur
rent was enhanced by one order of magnitude~resulting in a
much hotter plasma within the ion source!. However, O1

fragment ions continued to be produced at essentially th
mal energies even under the high-arc conditions. The res
obtained from TES3 show that despite the substanti
higher collision energy, the averageEk values are not sig-
nificantly altered. From TES3 data, theEk value measured
for the CO11O channel was 28065 meV and theEk value
of the O1 fragment was found to be 9363 meV. Though
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new fragmentation channels open at this collision energy~for
instance, production of C1 ions!, indicating that higher state
are being accessed, the CO1 to O1 ratio remained higher
than that observed in photoionization experiments, in acc
with the findings from our low-collision-energy experimen
using TES1 and TES2. Moreover, the averageEk values de-
duced from TES3 data were found to be not inconsist
with those obtained using TES1 and TES2.

Unlike the situation that pertained in the photoionizati
experiments of Eland and co-workers@4,21#, where detection
of ions in coincidence with the photoelectrons enabled st
of well-specified excited states of CO2

1 , many electronic
states can be populated in the collisional excitation proc
of the type probed in the present experiments. Figure
shows various low-lying electronic states of CO2

1 that can
be accessed in TES1 and TES2 experiment~note the discus-
sion on our energy loss measurements! and the relative en-
ergetic positions of the dissociation products in differe
electronic states. Collision-induced dissociation of a m
ecule, such as a triatomic ion, ABC1, is conventionally un-
derstood as a sequential process in which the molecular
upon collision with a neutral atom or moleculeM , is initially
excited to a higher electronic state,

ABC11M→ABC1* 1M2Q.

The excitation energyQ results from the conversion o
the kinetic energy of the projectile ion to its potential energ
The excitation can be to a stable, predissociating, or pu
repulsive electronic state of the molecular ion. In the lat
two cases, the second stage of the dissociation process o
when the molecular ion fragments, releasing a range of
netic energies to the fragments in the center-of-mass fra

ABC1*→AB11C1Ek

or

ABC1*→A1BC11Ek .

FIG. 5. Overview of low-lying electronic states of CO2
1 and

various dissociation limits.
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The energy released in either of these processes is sh
between the two fragments in the inverse ratio of th
masses and reflects the shape of the potential energy fun
of the intermediate electronically excited state. As no
above, determination ofQ in the course of a large number o
measurements carried out using both TES1 and TES2
indicated that theC state of CO2

1 dominates the dissociatio
dynamics.

Figure 6 shows the different vibrational levels of theC
state of CO2

1 along with possible dissociation channels@21#.
It is to be noted that the CO1(2S)1O(3P) dissociation limit
lies 75 meV above the~0,0,0! vibrational level of theC state.
Furthermore, below the threshold for CO1(2S) production
there are only two dissociation pathways leading to O1(4S)
production, with the neutral CO (1S) fragment being pro-
duced either in the ground or the first vibrationally excit
state. In the former case, the amount of excess energy
could be carried away by the fragments is 324 meV;
corresponding value in the later case~excitation to the first
vibrational level! is 58 meV.

There are two other dissociation channels that can g
rise to formation of O1 fragments, and both lie in the vicin
ity of the D state. Although our energy loss measureme
made using TES1 and TES2 offer strong indications that
D state is unlikely to be involved in the overall dynamics,
is of interest to consider the following. The channel leadi
to O1 (2D) formation with the accompanying CO (1S) frag-
ment in its ground vibrational state lies; 230 meV below
the D state while the channel leading to O1(2D) and CO
(1S) in its first vibrationally excited state lies;36 meV
above theD state. Consequently, if dissociation of CO2

1

were to somehow take place from theD state, theEk value
for O11CO formation would be expected to be close
either of these energy values. Apart from the CO1(2S)
1O(3P) dissociation limit, which is 75 meV above th
ground vibrational level of theC state, there are two mor
limits, CO1(2S)1O(1D) and CO1(2P)1O(3P), which
lie, respectively, 0.49 eV and 1.16 eV below theD state. So
theEk value associated with formation of CO1 should be in
excess of 0.4 eV if dissociation were to take place from t
state.

The near-thermalEk values for O1 fragment ions mea-

FIG. 6. Vibrational levels of theC2Sg
1 state of CO2

1 and vari-
ous dissociation limits.
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sured in TES1 and TES2 experiments, irrespective of
source conditions, are consistent with the postulate that
put forward on the basis of our energy loss measurem
that CO2

1 ions dissociate from theC state to produce O1

with the neutral fragment CO in the first vibrationally excite
state. It is pertinent to note here that in the photoio
photoelectron experiment carried out by Eland@4#, analysis
of theEk values also indicated that 89% of CO2

1 dissociated
to produce CO in the first vibrationally excited state. Als
the relatively low values of averageEk that we measured
when CO2

1 ions dissociated to form CO1 reinforces our
belief that the dissociation essentially takes place from thC
state. It is noteworthy that in the first two of our apparatus
particularly when our ion sources were operated under l
pressure conditions, the averageEk value measured wa
;114 meV, in reasonably good accord with the value of
meV, which would be expected if the CO2

1 ions were in the
~1,0,0! vibrational level of theC state during the initial col-
lisional excitation process. When the ion source in TES1 w
operated under high-pressure conditions, the measureEk

value became;208 meV. The amount of excess ener
expected to be released if CO2

1 ions were produced in the
~0,0,1! vibrational level of theC state is 217 meV, in grati-
fyingly good accord with our measured value.

Does this observation indicate that there could be co
sional excitation to high vibrational levels of theX ground
state of CO2

1 within the ion source, which, in turn, is re
flected in vibrational excitation of theC state during the
subsequent CO2

11M collisional excitation process? Thi
would be contrary to expectations that under high-press
conditions in the TES1 ion source it is collisionaldeactiva-
tion that is the dominant process.

Our analysis so far has been carried out under the assu
tion that there is negligible rotational excitation of the d
atomic fragment. The only experimental evidence for su
rotational excitation is somewhat tentative, and it emana
from a comparison of fragment ionEk values deduced from
the photoionization experiments of Eland@4# and Bombach
et al. @20#. The following averageEk values for the forma-
tion of O1 were measured in the latter experiments: with C
being formed in then50 or 1 vibrational level from CO2

1 in
the ground vibrational level of theC state, the averageEk
values were 130650 meV~for n50) and 20610 meV~for
n51). The branching ratios forn50 andn51 were mea-
sured to be 0.56 and 0.38, respectively. Similarly, when
CO2

1 ions, prepared either in the~1,0,0! or the~0,1,1! vibra-
tional level of theC state, dissociated to form CO1, the Ek
values measured were, respectively, 45620 meV and 170
650 meV; the corresponding branching ratios were 1 a
0.67 @20#. In the experiments of Eland@4#, however, signifi-
cantly different branching ratios were found. By compari
his measured TOF spectrum with one that was simula
using Monte Carlo techiques~with Ek values being the fitting
parameters!, Eland deduced branching ratios of 0.15 a
0.85 for averageEk components of O1 of 130 meV and 57
meV, respectively. No rotational excitation was allowed
in these simulations. Indeed, Bombachet al. @20# found that
the use of Eland’s branching ratios in their simulations
sulted in very bad agreement with measured spectra and
n
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speculated that the reason for this disagreement might be
CO fragments are produced in rotationally excited states

The role of rotational excitation in the dissociation d
namics of molecular ions has been noted in earlier TES
periments@32#. In the case of CID of CO2

1 ions, such exci-
tation is consistent with the scenario for the dissociat
dynamics that is discussed below in terms of curve crossin
rotational excitation is the preferred mode for mediation
internal conversion from, say, anA1 state to aB1 state as
interaction ofB1 symmetry is required and no vibration be
longs to this species in a bent triatomic molecule.

In view of the conflicting nature of the averageEk values
measured in two photoionization experiments, it is of inter
to note that theEk values measured for the CO11O and
O11CO channels when CO2

1 ions undergo collision-
induced dissociation have been measured in an earlier
periment using a conventional low-pressure Nier type
electron impact ion source. At considerably higher values
impact energy~8 keV! than in our first two experiments
averageEk values were determined to be 169 and 30 me
respectively, for the CO11O and O11CO channels@13#.

In the present experiments we also made a series of m
surements at different values of electron energy within
ion sources in both TES1 and TES2 to explore whether CO2

1

ions that might be produced in electronically excited sta
might yield dissociation dynamics that were different. W
observed that the fragment ion peak shapes~and, hence, the
gross distribution ofEk values! and the ratio of CO1 to O1

remained essentially the same, irrespective of the value
electron energies in the two types of ion sources employe
the present experiments. This lends strong credence to
belief that the CO2

1 ions are predominantly produced in th
groundX state in both TES1 and TES2 in our experimen
and that dissociation dynamics essentially involves only
C state.

C. CO1 to O1 ratio

Having used the results of energy loss measurement
establish some support for the conjecture that collisional
sociation to different product states appears to predomina
take place from theC state of CO2

1 ~and ourEk measure-
ments are not inconsistent with this conjecture!, can one now
rationalize the measured CO1 to O1 ratio?

Figure 7 shows a correlation diagram valid for linear g
ometry of the CO2

1 ion. Some of the relevant electronicall
excited states which may be involved in the production
the observed fragments are shown. From the figure it is c
that O1 and CO1 can be produced by any of the three leve
4S, 4P, and 2P, provided that dissociation takes place su
that the linear geometry of the ground electronic state
CO2

1 is preserved. TheC state is predissociated by a low
lying quartet state (a4Pu), which lies 1.2 eV above it. Thes
two states cross each other when the O-C-O angle is 16
resulting in a possible intersystem crossing. The efficien
for such a crossing was shown to be low@18# because the
predominant configurations of these two states are diexc
with respect to each other. When in a more stable bent
ometry ~the energy minimum being at 120°) thea state un-
dergoes a further, more efficient, intersystem crossing w
the groundX state. Once in theX state the system dissociate
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into the relevant asymptote, giving rise to CO1 ions. Al-
though there is a curve crossing between theX and 4S states
in the linear geometry the O1 ions cannot be formed due t
negligible spin-orbit coupling.

In Fig. 8 we attempt to represent the dynamics in picto
fashion. In the linear geometry, the4S2 state correlates to
the O11CO dissociation limit and crosses thea4P state at
rCO51.35 Å ~the other C-O internuclear distance being ke
fixed at 1.128 Å, the equilibrium internuclear separation
carbon monoxide!. In the linear geometry there is adiabat
interaction between these two states of different symm
and multiplicity. However in the bent geometry, these tw
states belong to the same4A9 symmetry representation, an
nonadiabatic interaction in the form of an avoided cross
becomes possible. So, when the potential surfaces of t
two states are plotted, as in Fig. 8, as a function of the in
nal degrees of freedom~the C-O bond length and the O-C-
angle!, they are degenerate at one point only, and eve
where else they repel each other. The resulting surface
double cone with its apex at the point of degeneracy. Suc
conical intersection is depicted in Fig. 9 where the two s
faces cross at a common apex at rCO51.35 and an O-C-O
angle of 180°. As shown in the figure, the lower sheet of
cone, which is the potential energy surface of the lowesta4P
state, correlates with the O1(4S)1CO(1S1) dissociation
limit, but only in the bent geometry.

FIG. 7. Correlation diagram linking various low-lying electron
states of CO2

1 to different dissociation limits.

FIG. 8. Potential energy functions for the lowest quartet sta
of CO2

1 plotted as a function of O-CO internuclear distance~left
panel! and O-C-O angle~right panel!. In the former case, the O
C-O angle is frozen at 180° and the other O-CO distance is fro
at the equilibrium internuclear separation of the ground electro
state of CO~1.128 Å!. In the right panel, one C-O internuclea
distance is fixed at 1.128 Å and the other at 1.38 Å.
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The dissociation dynamics of the CO2
1 ion is, therefore,

capable of being rationalized using the conical intersect
picture in the following fashion. The population in theC
state undergoes a slow intersystem crossing to the quara
state that is more stable in the bent geometry. Once in
bent geometry, the system relaxes due to the conical in
section between thea and 4S states and, as a result, O1

fragment ions are formed. If, on the other hand, a furth
intersystem crossing with theX state takes place, formatio
of CO1 fragment ions becomes possible, but this proc
demands that the entire dynamics occurs in the linear ge
etry.

Since in collisions selective excitation to specific ele
tronic or rovibrational states is not possible, it may be p
tulated that apart from accessing the ground vibrational le
of the C state, rovibrationally excited levels are also a
cessed. Indications for this have been obtained in theEk
measurements made in the present experiments. Moreov
has been noted that CO2

1 ions in excited vibrational levels o
the C state yield only CO1 fragment ions. But the large
abundance of CO1 fragments still cannot be explained sinc
CO2

1 ions in the ground vibrational level of theC state
should produce energetically favored O1 ions unless one as
sumes that in collisional excitationall ions are vibrationally
excited, a conjecture that is difficult to support on both e
perimental and theoretical grounds. We carried out our
periments over a range of CO2

1-M impact energies in orde
to account for any possiblity of collisional excitation of th
projectile CO2

1 ions to different electronic and/or rovibra
tional states, giving rise to possible changes in the CO1 to
O1 ratio. We also carried out experiments at different valu
of the electron energy within our three ion sources, to
count for any possiblity of CO2

1 ions being formed in dif-
ferent excited states which, upon collision withM , might
undergo CID in different fashion, hence resulting in a diffe
ent CO1 to O1 ratio. However, in our protracted series
CID experiments using three spectrometers, we obser
that the CO1 to O1 ratio remained independent of both im
pact energy~at least in the range 1–5 keV and at 50 keV! as

s

n
ic

FIG. 9. Conical intersection resulting from the accidental deg
eracy of the4P and 4S potential energy surfaces shown in Fig.
~see text!.
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well as electron energy in the ion source~in the range of
;202250 eV).

So, how do we rationalize the CO1 to O1 ratio measured
in the present series of experiments? We postulate tha
apparent enhancement of CO1 intensities that we observe i
our collision experiment can be explained when dissocia
takes place only in theC`v symmetry point group. Unde
such circumstances, the intersystem crossing of theC state
with the vibrational continuum of theX state leads exclu
sively to formation of CO1 fragment ions.

IV. CONCLUDING REMARKS

CID experiments have been conducted on CO2
1 ions un-

der a variety of experimental conditions:~i! using three types
of ion sources,~ii ! different collision energies,~iii ! using
light and heavy targets, and~iv! using apparatuses possessi
different values of energy and angular resolution. Result
all these collision experiments appear to establish
collision-induced dissociation dynamics is remarkably diff
ent from that obtained in photoionization experiments. A
though the O11CO channel is energetically the lowest di
sociation pathway, dissociation into CO11O is found to be
the preferred channel in our collision experiments. This
rationalized by considering the conical intersection that
sults from the accidental degeneracy of the lowest-ene
a4P and 4Sg

2 potential energy surfaces of CO2
1 : the popu-

lation in theC2Sg
1 state undergoes a slow intersystem cro

ing to the quarteta state that is more stable in the be
geometry. Once in the bent geometry, the system relaxes
to the conical interaction between thea and 4S states and, as
a result, O1 fragment ions are formed. If, on the other han
a further intersystem crossing with theX state takes place
formation of CO1 fragment ions becomes possible, but th
process demands that the entire dynamics occurs in the li
geometry.
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Our measurements of the ratio CO1 to O1 are found to be
substantially higher than results of photoionization expe
ments. This is indicative of the fact that collision-induce
dissociation of CO2

1 ions appears to take place only in th
C`v symmetry point group. Under such circumstances,
intersystem crossing of theC state with the vibrational con
tinuum of theX state leads almost exclusively to formatio
of CO1 fragment ions, thereby enhancing the CO1 to O1

ratio.
The average kinetic energies released upon dissociatio

different channels of those CO2
1 ions whose internuclea

axis is nearly parallel to the axes of the two spectrome
have been measured and are in accord with calculated va
It would be of interest to extend such experiments to ot
triatomic molecules for which experimental information e
ists on photon-induced dissociative ionization: differences
the dissociation dynamics pertaining to photon-induced p
cesses and collision-induced ones clearly exist, and ma
not only of intrinsic interest but may also be of importance
various applications concerned with plasma process
chemistry and in the atmospheric sciences. To this end,
perimental work on the valence isoelectronic ion, CS2

1 has
been initiated in our laboratories.
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