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Collision-induced dissociation experiments have been conducted gh ©8s 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 O + CO channel is the energetically lowest dissociation pathway, dissociation irte-OQs
found to be the preferred channel. Our measurements of the ratit€O" are substantially higher than that
obtained in photoionization experiments. Determinations of kinetic energies released upon dissociation of
CO," are also made. Rationalization of our results is attempted in terms of curve crossings of low-lying excited
states of CQ' ions.[S1050-294798)13109-9

PACS numbses): 34.20—b, 34.50.Gb, 31.15.Ar, 33.15.Fm

I. INTRODUCTION many researchers with varying degrees of suct&4s1§.
Configuration interaction(Cl) calculations of Praett al.

In the past two decades the €@olecule has attracted [18], who obtained vertical ionization and excitation energies
much attention, primarily due to the importance of both thethat are in reasonably good accord with experimental values
neutral and the ionized form in nuclear and laser technolof19], have provided the most detailed information on the
gies and in studies of terrestial and planetary atmospheragissociation mechanism of the GOmolecular ion.

[1-3]. Various techniques have been used to study the struc- The results of all recent calculations agree that the lowest-
ture and fragmentation dynamics of this molecule. Dissociaenergy pathway for dissociation favors the formation ¢f O
tive ionization of CQ resulting in O and CO" fragments +CO fragments. From the experimental viewpoint, at least
has been studied by photoionization mass spectrometrys far as noncollision experiments are concerned, the mea-
[1,4,9. The photoelectron-photoion coincidence techniquesured ratio of CO to O*, which should be equal to the ratio
has been used to probe state-selected dissociation dynamigthe populations of vibrationally excited levels of the fully
[4]; the competition between dissociation and ionization ofpredissociating state to the population of the ground state,
CO, has been investigated using intense, picosecond laséas been found to be around (04320,21. It is of interest to
fields [6,7]. The relative abundances of the"@nd CO note that this value is actually close to the value expected if
fragments have also been studied in low-energy electronone assumes thatl of the CG' ions in states that lie above
impact experiments[8]. Collision-induced dissociation  the lowest-energy dissociation limit yield G@21] (in other
(CID), which has been a widely used ion-molecule collisionyords, if one assumes that once the threshold fof G-
technique for structure determination and fragment pathwayhation is crossed, ©ions are completely quenchedrhe
analysig9-12, has also been useful in identifying the elec- complete quenching of Oions in such cases has been ra-
tronic states of the dissociation products of £Q13]. tionalized by invoking curve crossing moddlsee, for in-

The fragments © and CO" cannot be produced by direct stance, the extensive discussion in Prstedl. [18], and ref-
ionization of the neutral molecule since the appropriateerences therejn
Franck-Condon factors are such that the dissociation con- Does this picture hold when dissociation is induced by
tinua of theX, A, andB electronic states of CO are not collisions? We have attempted to address this question by
accessible by vertical ionization from the ground state of thestudying the dissociation dynamics of ¢Qdons undergoing
neutral molecule. This was established by the absence of argpllisions with targets of various masses, like He,, Mind
peak in the CQ@ photoelectron spectrufib] near the appear- Cg, at impact energies of 1-3 keV and also at 50 keV. No
ance thresholds for © and CO fragments(19.07 and differences were found in the translational energy spectra of
19.466 eV, respectively, as measured experimentally as wethe dissociation products obtained using different target
as deduced from thermochemical dafBhe next ionic state, gases, and for comparative purposes we focus attention, in
C, lies above the dissociation limit for @-CO and, hence, what follows below, only on the spectra obtained with He.
fully predissociates. This was directly established byThe major finding we report here is that the measured ratio
photoion-photoelectron coincidence measurements carrieaf CO* to Of was much higher in our experimer(signifi-
out by Eland[4]. Ab initio calculations of the potential en- cantly larger than unifythan what has been observed in
ergy surfaces of the ground and excited electronic states gfhotoionization experiments where"Gs the more abundant
CO, and its singly charged ion have been carried out byfragment ion. This ratio was determined using three different
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translational energy spectrometers, each of which employepotential of 1-3 kV. The extracted ions were transported
a different type of ion source to account for different degreeshrough a cylindrical electrostatic lens assembly to produce a
of internal excitation(vibrational and rotational energyf  collimated ion beam. Subsequently, a Wien filterossed

the precursor ion. Low and high collision energies were emelectric and magnetic fieldlsvas used to carry out analysis
ployed to account for any possible instrumental factors repn the basis of mass-to-charge ratio and an electrostatic en-
lated to angular acceptance angles that might affect the effergy monochromator was used to produce a monoenergetic
ciencies with which different fragment ions were energyion beam which intersected, in a 90° crossed-beams geom-
analyzed. Irrespective of the target gases used and the inGiyry, a gas jet of neutral target atoms or molecules. Forward
dent translational energy of the GOions, the ratio was scattered collision products were energy analyzed by a sec-
found to be the same. There is evidence to suggest that thghd electrostatic energy analyzer. TES1 and TES2 are lo-
measured CO to O" ratio is independent of the degree of cated in Mumbai. In the third apparatG§ES3, located in

the internal excitation of the precursor ¢Oions. CID ex-  Aarhug, ions were produced using yet another type of ion
periments in general, and meaurement of fragment ion ratiosource, a low-pressure Nielsen plasma source. Cations pro-
in particular, are instrinsically difficult to perform because of duced in this source were electrostatically accelerated to en-
the conflicting requirements df) adequate angular resolu- ergies of 50 keV. These energetic ions are magnetically mass
tion (in order to have a wide enough acceptance angle to bselected and directed to a gas cell where they underwent
able to transmitll energetic fragment ions through energy single collisions with target atoms or molecules. After exit-
analyzery and (ii) adequate energy resolutidin order to  ing the target cell, the charged fast fragments were energy
distinguish between the translational energies of differentinalyzed using a cylindrical electrostatic energy analyzer. In
fragment iong Constraint(i) requires translational energy all three types of apparatus, ion detection was by means of a
spectrometers to be operated with wide slits whereas corchannel electron multiplier operating in the particle counting
straint(ii) requires the use of narrow slits. Moreover, differ- mode, coupled to conventional fast electronics and a multi-
ent ion sources, and different operating conditigvig. gas  channel analyzer.

pressure, anode voltage, plasma dengitpduce precursor Typical gas pressures within the high-pressure ion source
ions with varying amounts of internal energy. In order toused in TES1 were in the>10 1—5x10"2 Torr range.
minimize experimental uncertainties, the CID studies we reimmediately outside the ion source and in the region of the
port here were conducted under a variety of experimentaénergy analyzers and the detector, the pressure was main-
conditions:(a) using three types of ion source) different  tained in the 108—10"7 Torr range by means of fast dif-
collision energies(c) light and heavy targets, ard) three  ferential pumping; in the collision region, the number densi-
translational energy spectrometers possessing different vafies in the neutral molecular beam corresponded to pressures
ues of energy and angular resolution. in the region of 5< 10" Torr range. In the low-pressure ion

We have also determined average values of kinetic enesource used in TES2, typical working pressures were ap-
gies releasedHy) when the molecular ion dissociates into proximately 1-5x10 ¢ Torr. The plasma source in TES3
either of the two channels, producing"Cand CO™ frag-  was operated at gas pressures-df0~2 Torr. Typical oper-
ments, and we have compared our results with values dexting pressures in the remaining part of TES2 and TES3
duced by us using contemporary potential energy functiongvere in the region of X 10”7 Torr. TES1 used parallel plate
of low-lying electronically excited states of GO The av- electrostatic energy analyzers for monochromation and post-
erageE, values can be interpreted in a manner that is coneollision analysis of ion kinetic energies. The corresponding
sistent with the measured CQo O ratio using a curve- analyzers in TES2 were of the 90° cylindrical electrostatic
crossing model involving excited electronic states of,CO type. In TES3, momentum monochromation of the 50-keV
incident beam was achieved with a magnet; an electrostatic
hemispherical analyzer was used for postcollision energy
analysis.

Our CID experiments were carried out using the ion trans- Details of the three spectrometers can be found in a num-
lational energy spectrometi§fTES) method. Application of ber of recent publications on the use of TES in studies of
the TES technigue to studies of the dissociation of moleculadissociation, excitation, and charge stripping processes
ions has been described in a number of recent refises, (TES1[23-28, TES2[29,30, TES3[31]). It is pertinent to
for instance,[22], and references therginin the present make note of the geometrical acceptance angles for product
study, our CID experiments were carried out on three differion energy analysis in the three instruments. In TES1, the
ent ion translational energy spectrometers. In one apparatutistance between the well-defined collision zgpessessing
(TESY), ions were produced by electron impact in a high-an interaction volume of 1 m#h and the entrance slit of the
pressure, arc type of ion source. The high pressures used jrostcollision energy analyzer along with the width of this slit
such a source ensure that collisional deactivation proceedsere adjusted such that the apparatus had an angular resolu-
very efficiently and, as a result, the cation species that aréion of 4x 102 radians in the dispersing{y) plane and an
extracted from such a source are predominantly in theiangular resolution of 0.17 radians in the nondispersing)(
ground electronic state. In another apparaflES2, ions plane. In TES3, the distance between the interaction region
were produced using a conventional low-pressure, Nier typand the entrance slit of the electrostatic analyzer was fikxed
of ion source; in such a source it is expected that cationsn), but slit widths could be varied, and hence the angular
would be produced in an unknown mixture of ground andresolution for a given measurement could be chosen. In ex-
low-lying metastable states. In the first two spectrometerperiments conducted with an He target, the slit width was
(TES1 and TESR ions were extracted by an acceleratingadjusted such that the apparatus had an angular resolution

Il. EXPERIMENTAL METHOD
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of 1xX10™* radians in the dispersing plane and2.5 CO,+He - CO"+ 0 CO,+ He - 0"+ CO
x 10~ 4 radians in the nondispersing plane. As the incident

CO," ion dissociated in the interaction region in TES1 or in E —109£20 maV 30 ME 2527 mav
TES3, these geometrical acceptance angles ensured that only 8of “

the signals of those dissociation products were recorded,

which occurred when the O-C-O internuclear axis was par- g

allel to the direction of the incident beam. On the basis ofthe S 80 20
geometrical configuration of the apparatigdit widths and g

distances between the interaction region and the entrance of > 40

the postcollision energy analyzere computed that the de- 2

gree of orientation of the incident linear (O-C-O)nolecu- g 10

lar ion that was demanded in the two spectrometers, TES1 20
and TES3, was 0+ 9.5° and 0%:0.01°, respectively, in the
non-energy-dispersing plane and $0.24° and O0°

+0.005°, respectively, in the energy-dispersing plane. The 0 975 1000 1025 1050 825 550 575 600 625
cylindrical energy analyzergmean radius55 cm in each
case used in TES2 were focussing devices, with the object Analyzer voltage (V) Analyzer voltage (V)

and image focal points located at a distance-df9 cm from
the entrance and exit planes, respectively. In this type of FIG. 1. Translational energy spectra of the products of the dis-
instrument it is not easy to directly correlate the geometricakociation of CQ" resulting from collision, at 2.5 keV energy, with
acceptance angle with angular resolution for such focussintle. The spectra were obtained using TES1 with the high-pressure
devices, but comparisons of measurements carried out in tHen source operating in the low-arc-current modg,(#0.02 A,
present study using both TES2 and TES1 of avefageal- Vanode= 156 V). The elastically scattered GOpeak appeared _at an
ues and ofE, distributions(as indicated by fragment ion analyzer voltage (M) of 1586 V. The mean values. of.the kinetic
peak shapedead us to believe that the angular resolutions€"ergy releasecs, in the center-of-mass framare indicated for
were not too different in the two instruments. Implications of "€ tWo channels. The ion intensities are in arbitrary units.

this aspect of our experimental design have been discussed in

the context of collision-induced dissociation studies else—Wlth the ratio predicted from the relative populations of vi-

where[25,26,32; at this juncture it is sufficient to draw at- brationally excited Ievels_ of CO in the C state. This ratio
tention to the fact that momentum transfer to the target aton}@s deduced by assuming that all tj‘?z‘:@)ns above the
or molecule in all our collision systems was negligible. dissociation limit yield CO. All CO; ions formed in the
Simple kinematics applied to our zero-degree scattering situexcited vibrational levels ofC state have, indeed, been
ation indicates that the recoil imparted to the target wa$shown to dissociate to COin a photoion-photelectron coin-
<0.1 eV in the present measurements. cidence experiment of Bombaeh al. [20] Armenanteet al.

In TES3, when gowas used as the target gas the entrancéB] obtained a similar value for the ratio USing electrons in
slits of the electrostatic analyzer were completely operPlace of photons as the ionizing agents. They studied the
(~15 mm in order to ensure total collection of the fragment ratio as a function of the electron energy and found that it
ions. The fact that the measured C@ O ratio was found ~ increases sharply between 18 eV and 20 eV, which they
to remain the same when He ang,@vere used as targets attributed to possible double collisions, while between 21 eV
(with the slit width being 0.2 mm in the former case and@nd 30 eV the ratio falls sharply, which could be due to
being 15 mm in the latter cassuggests minimal energy high-energy states being accessed that can dissociate to both
discrimination and close to 100% collection efficiency as farO™ and CO". Beyond 30 eV, the ratio was observed to

as fragment ion analysis and detection is concerned. remain close to unity since all dissociation channels are
open. Thus the dissociation mechanism proposed was that,

below the threshold for CO formation, most of the CQ

IIl. RESULTS AND DISCUSSION ions dissociate to form © and CO fragments. As the
threshold is passed the'Qyield is quenched and COfrag-
ments are exclusively formed. This proposed mechanism

Figure 1 shows typical translational energy spectra ofvas consistent with the results ab initio molecular orbital
CO* and O fragments obtained when GOions collided ~ calculations of low-lying states of CO[18].
with He atoms at an impact energy of 2.5 keV. TES1 was Apart from determining the ratio of different fragment ion
used in this case, with the high-pressure ion source operatir@eaks, the translational energy spectrum shown in Fig. 1 also
in a low-arc-current modéthe mean electron energy being enables estimation of the energy loss associated with the dis-
156 eV, the arc current being 0.02 A, giving rise to asociation process. In the case of CQprojectiles, ifV, is
medium-temperature plasma within the source at pressurgke postcollision analyzer voltage at which the elastically
as high as 10! Torn). In this spectrum, and in the ones to scattered parent ions are transmitted to the ion detector, then
follow (Figs. 2—4, the ratio of CO to O" ions was foundto CO" fragments would be expected to be transmitted at an
be ~6, which is approximately 20 times higher than whatanalyzer voltage of V¢ X (28/44)AV]; the corresponding
was observed in photoionization experimefiis4,20,21.  voltage at which O fragment ions are transmitted would be
The measured ratio of the 'Oto CO' intensity in these [V X (16/44)AV]. AV is a voltage which accounts for the
photoionization experiments was 3, in good agreement energy loss associated with the excitation from the ground

A. Translational energy spectra
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FIG. 2. Collision-induced dissociation of GOupon impact, at FIG. 4. The t_Op panel shows the tran_slational energy Sp_eCtrum
1.4 keV energy, with He. The translational energy spectra of theff the fragment ions When CP collides with He_ target at an im-
pact energy of 50 keV; in the spectrum shown in the bottom panel,

two dissociation channels were obtained using TES2 with a conve . -
tional, low-pressure, Nier type of electron impact ion source. Theln€ target used wasg6. These spectra were obtained using TES3,

elastically scattered CO peak appeared at an analyzer voltagethe parent Cg ions were produced in a plasma ion source and the
(Vg)) of 116.3 V. The mean values of the kinetic energy released"€an electron energy was 230 eV.

(Ex, in the center-of-mass framare indicated for the two chan- . o
nels. to make measurement &V with precision, from a very

large number of spectra measured in the present experiments
. . . . we deduce an energy loss valueeb+1 eV. This value
eIechmc stgtg Of CO to the .EXCIted dissociating state suggests that the amount of translational energy converted to
CO,"". Multiplication of AV with the analyzer constant ,stential energy during the collision is sufficiently large for
yields a direct experimental measure of the energy 10ss; i{yisional excitation of the projectile C ions up to the
enables deductions to be made about the highest dlssouan@zz + state, which has a vertical excitation energy of 19.4
electronic state that takes part in the overall dynamics. v vvgith resp,ect to the'=0 level of theX S * ground elec- '
me';g:?:%g;?: é)fr(éellg %?ggsgélégfsls_p; %k:kgbiiatljri}ﬁgtjlr: TE ronic state of neutral CQ Higher energy e_Iectronic states

' need not, therefore, be invoked in discussion of the present

low-impact-energy results.

CO,+He— CO™+ 0O CO,+ He— 0"+ CO Figure 2 shows the translational energy spectra measured
5 - using TES2 in 1.4 keV collisions between ¢Oand He;
E,=227+40 meV E —40413 meV these_sspectra were pbtalne_d using th(_a low-pressure
k (~10"° Torr), electron impact ion source, with an electron
40 20 energy of~100 eV). Figure 3 shows the translational en-

ergy spectra of the fragment ions obtained as a result of 2.5
keV collision between C¢) and He in TES1 under high-arc-
current conditiongthe mean electron energy was still 156
eV, as in the case of the spectra depicted in Fig. 1, but the arc
20 10 current was tenfold higher, 0.25 A, giving rise to a high-
pressure, high-temperature plasma within the ion squrce
Similar spectra were also obtained at different values of
mean electron energfl06 eV and 200 e)/ with the arc
current being kept at 0.25 A.
0 0 Figure 4 shows the translational energy spectra measured
975 1025 550 600 using TES3. The top panel shows the fragment ion spectrum
obtained as a result of a 50-keV collision between,Cénd
Analyzer voltage (V) Analyzer voltage (V) He (the CGQ" ions were produced in our ion source operating

FIG. 3. Translational energy spectra of the products of the diswith an anode yoltage of 230 eVThe botFom pane_l shows
sociation of CQ" resulting from collision, at 2.5 keV energy, with the forrespond'_ng spectrum of product ions obtained when
He. The spectra were obtained using TES1 with the high-pressurfeQ,  collided with Ggo molecules. In both cases, the C@

ion source operating in the high-arc-current modg¢0.25 A, O ratio was measured to be5. _
Vanode= 156 V). The mean values of the kinetic energy released All measurements carried out using TES1, TES2, and

anode

(Ex, in the center-of-mass framare indicated for the two chan- TES3 confirmed that the COto O" ratio was~5—6 (cf.
nels. the corresponding ratio measured in photoionization experi-

30 15

Intensity (arb. units)

10 5
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ments was, as noted above0.3). Before considering the (total E,=250 meV) and O fragments produced with an
implications of such a significant difference, it might be of averageE, value of 25 meV(total E,=40 meV), result in
interest to also consider the kinetic energies released updaboratory scattering angles ef0.43° and~0.3°, respec-
dissociation of CQ' into CO"+0 and O +CO fragments. tively. Clearly, TES1 discriminates to some extent against
It is also of interest to note that evidence for a C® O the higher-energy components in thg distribution for both
ratio of ~5.5 was also forthcoming from dissociative elec- fragment ions, but more so for COfragments. Conse-
tron capture measurements carried out in*HBO, colli-  quently, the CO to O ratio which we have determined in

sions are impact energies between 9 and 20438} Dis-  Our present experiments must be regardedlaw/er limit. In
sociation of CQ" ions occurred from the doubly-excited order to obtain a realistic estimate of the distribution of en-

rgies released upon dissociation some of our earlier studies
ave compared simulated trajectories of fragment ions,
which possess a range of different energy release values,
_ with measured peak shapé25,34. Measurement of the
B. Energetics half-width of the fragment ion peak yields an incompletely
In spectra measured using TE$HEigs. 1,3, the half- definedaveragevalue of the center-of-mass kinetic energy

widths of the peaks relating to COand O fragments were released upon dissociation. Nevertheless, measurements of
of the order of 20 V and 10 V, respectively; the correspong1alf-widths have been extensively used in the mass spec-
ing half-width for the elastically scattered GOpeak (not trometry of polyatomic ions using single and double focus-

Shown 1 h Spchvas apronato 06 n Tesz S8 TSI  deleniralon of s o
(Fig. 2, the half-widths of the fragment ion peaks 8 V 9 P : lag

h ful i ini litative in-
for CO", ~2 V for O*) are much larger than the half- measurements have proved useful in gaining qualitative in

: : . sight into the dissociation dynamics.
width of the elastically scattered GDion beam(-0.3 V). If E is the kinetic energy of, for example, a projectile

In TES3(Fig. 4, top pane| the half-widths of the fragment homonuclear diatomic molecule, afg is the average value
ion peaks were of the order of 24 V, 14 V and 21 V for of the kinetic energy releasdih the center of magsupon
CO', O" and C', respectively. The peak corresponding to gissociation, the measured energy in the laboratory frame,
COJ" dication formation by a charge stripping process has,, , can be deduced simply by addition of collision veloci-
the same width as the elastically scattered,CPeak (7.6 ties:
V). As in the lower-impact-energy case, the broadening ob-
served in fragment ion peaks is caused by the conversion of €1ap=E/2% (E(E)V*+ E,/2.
released dissociation energy into translational energy. o . )
When linear CQ' ions fragment, they do so with the An amphﬁcauo_n of Ey in the Iaboratory .frar.ne occurs in
internuclear axis having a range of angles with respect to theUch transformations; this energy “amplification” makes it
axis of the translational energy spectrometer and, as dié:;ossmle.to study dissociation processes even in mstrur_n'e.nts
cussed above in the context of the instruments’ angular ad20SS€sSINg relatively modest energy resolution capabilities
ceptance angles, only those incident molecular ions that urnd the TES technique has been successfully used to eluci-
dergo dissociation such that their O-C-O axes lie within adate the role of vibrational24] as well as rotational32]
range of TES acceptance angles fall within the purview ofstates in collision-induced and unimolecular dissociation
the present experiments. At the center of each of the tw®"0c€Sses. In the present study we do not concern ourselves
fragment ion peaks the energy release values are close yyth the fine structure observed in the _peaks and will focus
zero: this part of the energy distribution is essentially due td{tention only on the average value of kinetic energy released
those ions that fragment with their internuclear axes at angledPon dissociation of CO into the two dissociation chan-
to the TES axis which are close to the maximum acceptancgels. o . -
angle in each instrument. The tails of each peak measure the Despite the significantly different pressure conditions un-
high-energy components of the released energy that resuier which CQ" ions were formed in TES1 and TES2, the
from those dissociation processes that occur when the O-C-@verageE, values deduced from the two spectra were found
internuclear axes are parallel to the flight path of the molecuto be remarkably similar: 16920 meV (TES1) and 120
lar ion. Indeed, for large energy releases, the forward and-24 meV(TES2 when CQ" ions dissociate to CO+O.
backward moving fragment ions can be readily differentiatedThe correspondindz, values for the O+ CO limit were
(see, for instancg25], for a simulation of trajectories of measured to be 257 meV (TESD) and 277 meV
fragment ions possessing different kinetic energy releas€TES2. The E, value of the CO fragment changed from
components following dissociation of triatomic ions in 109+-20 meV to 20830 meV in TES1 when the arc cur-
TESJ. Consider the spectra measured using TEBi)s.  rent was enhanced by one order of magnit(@sulting in a
1,3). The angular acceptance half-angle in TES1 is determuch hotter plasma within the ion souycélowever, G
mined by the 60 mm distance between the,GBle interac-  fragment ions continued to be produced at essentially ther-
tion zone and the entrance to the postcollision energy ananal energies even under the high-arc conditions. The results
lyzer whose entrance slit had a half-width of 0.25—0.5 mm inobtained from TES3 show that despite the substantially
the course of the present series of experiments, yielding higher collision energy, the avera@g values are not sig-
geometrical angular resolution af0.24°— *+0.48°. For an nificantly altered. From TES3 data, tlg value measured
impact energy of 2.5 keV, CO fragments possessing an for the CO"+ O channel was 2865 meV and theE, value
averageE, value of 90 meV in the center-of-mass frame of the O" fragment was found to be 38 meV. Though

24, state, located at an energy of 24.6 eV above the grounﬁ
electronic state of CQ .
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CO*+0 co; 0*+CO FIG. 6. Vibrational levels of th€?3 ;" state of CQ" and vari-

ous dissociation limits.

FIG. 5. Overview of low-lying electronic states of GOand o )
various dissociation limits. The energy released in either of these processes is shared

between the two fragments in the inverse ratio of their

new fragmentation channels open at this collision enéiggy =~ Masses and reflects the shape of the potential energy function

instance, production of Cions), indicating that higher states Of the intermediate electronically excited state. As noted

are being accessed, the €Q@o O* ratio remained higher above, determination @ in the course of a large number of

than that observed in photoionization experiments, in accorfl€asurements carried out using both TES1 and TES2 has

with the findings from our low-collision-energy experiments indicated that th€ state of CQ" dominates the dissociation

using TES1 and TES2. Moreover, the aver&gevalues de- dynamics.

duced from TES3 data were found to be not inconsistent Figure 6 shows the different vibrational levels of t@e

with those obtained using TES1 and TES2. state of CQ" along with possible dissociation channf2d].
Unlike the situation that pertained in the photoionizationlt is to be noted that the Ca?3)+0(3P) dissociation limit

experiments of Eland and co-workgrs21], where detection lies 75 meV above thé,0,0 vibrational level of theC state.

of ions in coincidence with the photoelectrons enabled studyrurthermore, below the threshold for CGS) production

of well-specified excited states of GQ many electronic there are only two dissociation pathways leading to(tS)

states can be populated in the collisional excitation procesgroduction, with the neutral CO'E) fragment being pro-

of the type probed in the present experiments. Figure Bluced either in the ground or the first vibrationally excited

shows various low-lying electronic states of gfohat can State. In the former case, the amount of excess energy that

be accessed in TES1 and TES2 experinfante the discus- could be carried away by the fragments is 324 meV; the

sion on our energy loss measuremegrtsd the relative en- corresponding value in the later ca@xcitation to the first

ergetic positions of the dissociation products in differentvibrational leve) is 58 meV.

electronic states. Collision-induced dissociation of a mol- There are two other dissociation channels that can give

ecule, such as a triatomic ion, ABCis conventionally un- rise to formation of O fragments, and both lie in the vicin-

derstood as a sequential process in which the molecular ioffy of the D state. Although our energy loss measurements
upon collision with a neutral atom or molecwM, is initially ~ made using TES1 and TES2 offer strong indications that the

excited to a higher electronic state, D state is unlikely to be involved in the overall dynamics, it
is of interest to consider the following. The channel leading
ABC* +M—ABC™* +M—Q. to O™ (D) formation with the accompanying CAY) frag-

ment in its ground vibrational state lies 230 meV below
the D state while the channel leading to'(PD) and CO

oo o : . (*2) in its first vibrationally excited state lies-36 meV
the kinetic energy of the projectile ion to its potential energy.above theD state. Consequently, if dissociation of €O

The excitation can be to a stable, predissociating, or purel
repulsive electronic state of the molecular ion. In the Iatter};\’ere to somehow take place from tbestate, thek, value

. -
two cases, the second stage of the dissociation process OCCLfJ? O™+ CO formation would be expected to be close to

when the molecular ion fragments, releasing a range of ki-eit er of these energy values. Apart from the Q&)

netic energies to the fragments in the center-of-mass framer OC'P) dissociation limit, which is 75 meV above the
ground vibrational level of th& state, there are two more
limits, CO"(?2)+0(*D) and CO (2I1)+OCP), which
lie, respectively, 0.49 eV and 1.16 eV below thestate. So
the E, value associated with formation of CGshould be in
or excess of 0.4 eV if dissociation were to take place from this
state.

ABC** ~A+BC*+E,. The near-thermaE, values for O fragment ions mea-

The excitation energ results from the conversion of

ABC"™* =AB"+C+E,
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sured in TES1 and TES2 experiments, irrespective of iorspeculated that the reason for this disagreement might be that
source conditions, are consistent with the postulate that w€O fragments are produced in rotationally excited states.
put forward on the basis of our energy loss measurements The role of rotational excitation in the dissociation dy-
that CQ" ions dissociate from th€ state to produce © namics of molecular ions has been noted in earlier TES ex-

with the neutral fragment CO in the first vibrationally excited Periments(32]. In the case of CID of C@ ions, such exci-
state. It is pertinent to note here that in the photoion-tation is consistent with the scenario for the dissociation

photoelectron experiment carried out by Elddd, analysis dynamics that is discussed below in terms of curve crossings:
of the E,, values also indicated that 89% of GQdissociated rotational excitation is the preferred mode for mediation in
to produce CO in the first vibrationally excited state. Also,!memal_ conversion from, say, ah.l state to aBl. sta?e as
the relatively low values of average, that we measured |nteract|on.ofBl symmetry IS rqulred .and no vibration be-
when CQ" ions dissociated to form CO reinforces our longs to this species in a bent triatomic molecule,

belief that the di . iallv tak | ; h In view of the conflicting nature of the averagg values
elief that the dissociation essentially takes place fronhe e55ured in two photoionization experiments, it is of interest

state. It is noteworthy that in the first two of our apparatusesyy note that theE, values measured for the CQ-O and
particularly when our ion sources were operated under lown+ . co channels when CH ions undergo collision-

pressure conditions, the averagg value measured was jnqyced dissociation have been measured in an earlier ex-
~114 meV, in reasonably good accord with the value of 95,eriment using a conventional low-pressure Nier type of
meV, which would be expected if the GOions were in the  electron impact ion source. At considerably higher values of
(1,0,0 vibrational level of theC state during the initial col- impact energy(8 keV) than in our first two experiments,
lisional excitation process. When the ion source in TES1 waaverageE, values were determined to be 169 and 30 meV,
operated under high-pressure conditions, the measkged respectively, for the CO+0 and O +CO channel§13].

value became~208 meV. The amount of excess energy In the present experiments we also made a series of mea-
expected to be released if GOions were produced in the surements at different values of electron energy within the
(0,0,1) vibrational level of theC state is 217 meV, in grati- ion sources in both TES1 and TES2 to explore whethe; CO
fyingly good accord with our measured value. ions that might be produced in electronically excited states

Does this observation indicate that there could be colli-Might yield dissociation dynamics that were different. We
sional excitation to high vibrational levels of the ground ~ Observed that the fragment ion peak shafaesl, hence, the
state of CQ" within the ion source, which, in turn, is re- 9SS distribution oF, values and the ratio of COto O
flected in vibrational excitation of th€ state during the remained esse_ntu_ally the same, Irrespective of the values of

. . . electron energies in the two types of ion sources employed in
subsequent CO+M collisional excitation process? This

) - the present experiments. This lends strong credence to our
would be contrary to expectations that under hlgh—pressurBelief that the CQ' ions are predominantly produced in the
conditions in the TES1 ion source it is collisiordgactiva-

: . ) groundX state in both TES1 and TES2 in our experiments
tion that is the dominant process.

- ) and that dissociation dynamics essentially involves only the
Our analysis so far has been carried out under the assump- ;oo

tion that there is negligible rotational excitation of the di-
atomic fragment. The only experimental evidence for such
rotational excitation is somewhat tentative, and it emanates
from a comparison of fragment idg, values deduced from Having used the results of energy loss measurements to
the photoionization experiments of Elapdl] and Bombach establish some support for the conjecture that collisional dis-
et al. [20]. The following averagéE, values for the forma- sociation to different product states appears to predominantly
tion of O" were measured in the latter experiments: with COtake place from theC state of CQ" (and ourE, measure-
being formed in the’=0 or 1 vibrational level from Cg in ments are not inconsistent with this conjecjuman one now

the ground vibrational level of th€ state, the averagg, rationalize the measured CQo O" ratio?

values were 13@850 meV(for v=0) and 26- 10 meV (for Figure 7 shows a correlation diagram valid for linear ge-
v=1). The branching ratios for=0 andv=1 were mea- ometry of the CQ" ion. Some of the relevant electronically
sured to be 0.56 and 0.38, respectively. Similarly, when thexcited states which may be involved in the production of
CO," ions, prepared either in t&,0,0 or the(0,1,1) vibra-  the observed fragments are shown. From the figure it is clear
tional level of theC state, dissociated to form CQtheE, thatO" and CO" can be produced by any of the three levels
values measured were, respectively 4% meV and 170 43, 411, and I, provided that dissociation takes place such
+50 meV; the corresponding branching ratios were 1 andhat the linear geometry of the ground electronic state of
0.67[20]. In the experiments of Elan@t], however, signifi- CO," is preserved. Th€ state is predissociated by a low-
cantly different branching ratios were found. By comparinglying quartet stateg*I1,), which lies 1.2 eV above it. These
his measured TOF spectrum with one that was simulatetivo states cross each other when the O-C-O angle is 160°,
using Monte Carlo techiquewith E, values being the fitting resulting in a possible intersystem crossing. The efficiency
parameters Eland deduced branching ratios of 0.15 andfor such a crossing was shown to be 1¢48] because the
0.85 for averagde, components of O of 130 meV and 57 predominant configurations of these two states are diexcited
meV, respectively. No rotational excitation was allowed forwith respect to each other. When in a more stable bent ge-
in these simulations. Indeed, Bombagthal. [20] found that  ometry (the energy minimum being at 120°) thestate un-

the use of Eland’s branching ratios in their simulations re-dergoes a further, more efficient, intersystem crossing with
sulted in very bad agreement with measured spectra and thélye groundX state. Once in thX state the system dissociates

C. CO™ to O ratio
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FIG. 9. Conical intersection resulting from the accidental degen-
eracy of the*II and *S potential energy surfaces shown in Fig. 8
(see text

FIG. 7. Correlation diagram linking various low-lying electronic
states of CG' to different dissociation limits.

into the relevant asymptote, giving rise to CQons. Al- _ o _ o
though there is a curve crossing betweenxrend 43 states The dissociation dynamics of the GOion Is, therefore,

in the linear geometry the Dions cannot be formed due to capable of being rationalized using the conical intersection
negligible spin-orbit coupling. picture in the following fashion. The population in ti&

In Fig. 8 we attempt to represent the dynamics in pictorialstate undergoes a slow intersystem crossing to the quartet
fashion. In the linear geometry, tHfs, ~ state correlates to State that is more stable in the bent geometry. Once in the
the O" +CO dissociation limit and crosses thélIl state at bent geometry, the system relaxes due to the conical inter-
rco=1.35 A(the other C-O internuclear distance being keptsection between tha and *3 states and, as a result,"O
fixed at 1.128 A, the equilibrium internuclear separation infragment ions are formed. If, on the other hand, a further
carbon monoxide In the linear geometry there is adiabatic intersystem crossing with thé state takes place, formation
interaction between these two states of different symmetryf CO" fragment ions becomes possible, but this process
and multiplicity. However in the bent geometry, these twodemands that the entire dynamics occurs in the linear geom-
states belong to the samfé” symmetry representation, and etry.
nonadiabatic interaction in the form of an avoided crossing since in collisions selective excitation to specific elec-
becomes possible. So, when the potential surfaces of theggynic or rovibrational states is not possible, it may be pos-
two states are plotted, as in Fig. 8, as a function of the interg|aed that apart from accessing the ground vibrational level
nal degrees of freedofithe C-O bond Iength and the O-C-O of the C state, rovibrationally excited levels are also ac-
angle, they are degenerate at one point only, and EVelYtessed. Indications for this have been obtained in Ehe

where else they repel each other. The resulting surface is Measurements made in the present experiments. Moreover, it

douple cone W'th Its apex at the. point of degeneracy. Such Ras been noted that GOions in excited vibrational levels of
conical intersection is depicted in Fig. 9 where the two sur-

faces cross at a common apex g 1.35 and an 0-C-0 1% % 8 M S0 EEL TERIET, e BELTE 988
angle of 180°. As shown in the figure, the lower sheet of the g P

cone, which is the potential energy surface of the lovaébt CO," ions in the gmur?d vibrational level of th€ state
state, correlates with the ‘@*S)+CO('3 ") dissociation should produce energetically favored @ns unless one as-
limit ,but only in the bent geometry sumes that in collisional excitaticall ions are vibrationally

excited, a conjecture that is difficult to support on both ex-

4 perimental and theoretical grounds. We carried out our ex-

. z 440 periments over a range of GOM impact energies in order
g pint % to account for any possiblity of collisional excitation of the
5 ks projectile CQ" ions to different electronic and/or rovibra-
dpn tional states, giving rise to possible changes in the"G®
O™ ratio. We also carried out experiments at different values
Ro.co—— ——0-C-Oangle

of the electron energy within our three ion sources, to ac-

FIG. 8. Potential energy functions for the lowest quartet state£OUNt for any possiblity of CQ ions being formed in dif-

of CO," plotted as a function of O-CO internuclear distarflat ~ ferent excited states which, upon collision wih, might
pane) and O-C-O angldright pane). In the former case, the O- undergo CID in different fashion, hence resulting in a differ-

C-O angle is frozen at 180° and the other O-CO distance is froze@nt CO" to O ratio. However, in our protracted series of
at the equilibrium internuclear separation of the ground electronidCID experiments using three spectrometers, we observed
state of CO(1.128 A). In the right panel, one C-O internuclear that the CO to O ratio remained independent of both im-
distance is fixed at 1.128 A and the other at 1.38 A. pact energyat least in the range 1-5 keV and at 50 kel
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well as electron energy in the ion sour@Ge the range of Our measurements of the ratio C@ O are found to be
~20-250 eV). substantially higher than results of photoionization experi-
So, how do we rationalize the CQto O ratio measured ments. This is indicative of the fact that collision-induced
in the present series of experiments? We postulate that thfissociation of CQF ions appears to take place only in the
apparent enhancement of Cantensities that we observe in C., symmetry point group. Under such circumstances, the
our collision experiment can be explained when dissociatiofyersystem crossing of the state with the vibrational con-

takes place only in the€.,, symmetry point group. Under i ,um of theX state leads almost exclusively to formation
such circumstances, the intersystem crossing ofCletate of CO* fragment ions, thereby enhancing the C@& O*
with the vibrational continuum of th& state leads exclu- ratio ’

sively to formation of CO fragment ions. The average kinetic energies released upon dissociation to
different channels of those GO ions whose internuclear
axis is nearly parallel to the axes of the two spectrometers
CID experiments have been conducted onzt(bns un- have been measured and are in accord with calculated values.
der a variety of experimental conditior(§} using three types It would be of interest to extend such experiments to other
of ion sources(ii) different collision energies(iii) using triatomic molecules for which experimental information ex-
light and heavy targets, arfi¥) using apparatuses possessingists on photon-induced dissociative ionization: differences in
different values of energy and angular resolution. Results ofhe dissociation dynamics pertaining to photon-induced pro-
all these collision experiments appear to establish thatesses and collision-induced ones clearly exist, and may be
collision-induced dissociation dynamics is remarkably differ-not only of intrinsic interest but may also be of importance in
ent from that obtained in photoionization experiments. Al-various applications concerned with plasma processing
though the O +CO channel is energetically the lowest dis- chemistry and in the atmospheric sciences. To this end, ex-

sociation pathway, dissociation into C@ O is found to be  perimental work on the valence isoelectronic ion,,C8as
the preferred channel in our collision experiments. This isyeen initiated in our laboratories.

rationalized by considering the conical intersection that re-
sults from the accidental degeneracy of the lowest-energy
a'll and X potential energy surfaces of GO the popu-
lation in theCZEg+ state undergoes a slow intersystem cross-
ing to the quarteta state that is more stable in the bent Experiments using TES1 and TES2 were conducted in the
geometry. Once in the bent geometry, the system relaxes duaboratories of the Atomic and Molecular Sciences group at
to the conical interaction between theand S states and, as TIFR, Mumbai, and were supported by the Tata Institute of
aresult, G fragment ions are formed. If, on the other hand, Fundamental Research. Experiments using TES3 were con-
a further intersystem crossing with thé state takes place, ducted at the laboratories of the Aarhus Center for Advanced
formation of CO™ fragment ions becomes possible, but thisPhysics(ACAP), funded by the Danish National Research
process demands that the entire dynamics occurs in the line&oundation. Paul Mathur is thanked for implementing some

IV. CONCLUDING REMARKS

ACKNOWLEDGMENTS

geometry. of the computer data-handling procedures.
[1] K. E. McCulloh, J. Chem. Phy&9, 4250(1973. [12] J. H. Beynon, M. Bertrand, E. G. Jones, and R. G. Cooks, J.
[2] A. Crowe and J. W. McConkey, J. Phys. 349 (1974). Chem. Soc. Chem. Commun. 341972.
[3] M. J. Hubin-Franskin, J. Delwiche, and P. M. Guyon, Z. Phys.[13] K. C. Kim, M. Uckotter, J. H. Beynon, and R. G. Cooks, Int. J.
D 5, 203(198%7. Mass Spectrom. lon Phy&5, 23 (1974.

[4] J. H. D. Eland, Int. J. Mass Spectrom. lon Ph§;s397(1972. [14] W. von Niessen, G. H. F. Diercksen, and L. S. Cederbaum, J.
[5] C. R. Brundle and D. W. Turner, Int. J. Mass Spectrom. lon Chem. Phys67, 4124(1977).

Phys.2, 195(1969. [15] W. B. England, B. J. Rosenberg, P. J. Fortune, and A. C. Wahl,
[6] G. R. Kumar, C. P. Safvan, F. A. Rajgara, and D. Mathur, J. J. Chem. Phys65, 684 (1976.

Phys. B27, 2981(1994). [16] W. Domcke, L. S. Cederbaum, J. Schirmer, W. von Niessen,
[7] G. R. Kumar, P. Gross, C. P. Safvan, F. A. Rajgara, and D. C. E. Brion, and K. H. Tan, Chem. Phy40, 171 (1979.

Mathur, Phys. Rev. A3, 3098(1996. [17] P. Roy, I. Nenner, P. Millie, P. Morin, and D. Roy, J. Chem.
[8] M. Armenante, R. Cesaro, V. Santoro, N. Spinelli, F. Vanoli, Phys.84, 2050(1982.

G. Del Re, A. Peluso, and S. Filippi, Int. J. Mass Spectrom.[18] M. Th. Praet, J. C. Lorquet, and G. Raseev, J. Chem. Phys.

lon Phys.87, 41 (1989. 4611(1982.
[9] H. M. Rosenstock and C. E. Melton, J. Chem. PH36,.314  [19] A. W. Potts and G. H. Fattahallah, J. Phys1®& 2545(1980.

(1957. [20] R. Bombach, J. Dannacher, J.-P. Stadelmann, and J. C.
[10] R. G. Cooks,Collision SpectroscopyPlenum, New York, Lorquet, J. Chem. Phy§9, 4214(1983.

1978. [21] J. H. D. Eland and J. Berkowitz, J. Chem. Phgg, 2782

[11] J. Durup, P. Fournier, and P. Dong, Int. J. Mass Spectrom. lon (1977).
Phys.2, 311(1969. [22] V. R. Marathe and D. Mathur, iPhysics of lon Impact Phe-



PRA 58 COLLISION-INDUCED DISSOCIATION OF CQ" IONS 2843

nomenaedited by D. Mathu(Springer-Verlag, Berlin, 1991  [29] M. Krishnamurthy and D. Mathur, Rapid Commun. Mass

Chap. 8. Spectrom9, 344 (1995.
[23] D. Mathur, F. A. Rajgara, and V. Krishnamurthi, Proc.-Indian [30] D. Mathur and M. Krishnamurthy, iRhysics of Electronic and
Acad. Sci., Chem. Scil04, 509 (199J. Atomic Collisions edited by L. J. DubeJ. W. McConkey, C.
[24] G. R. Kumar, V. Krishnamurthi, and D. Mathur, Rapid Com- E. Brion, and J. B. A. MitchellAIP, New York, 1993, p. 587.
mun. Mass Spectron, 734 (1993. [31] H. Shen, P. Hvelplund, D. Mathur, A. Barany, H. Cederquist,
[25] G. R. Kumar, L. Menon, and D. Mathur, Phys. Rev.48, N. Selberg, and D. C. Lorents, Phys. Rev53 3847(1995.
1257(1993. [32] V. Krishnamurthi, D. Mathur, and G. T. Evans, Rapid Com-
[26] M. Krishnamurthy and D. Mathur, Chem. Phys. L&16 203 mun. Mass Spectronh, 557 (1991).
(1993. [33] M. R. McMillan and M. A. Coplan, J. Chem. Phygl, 3063
[27] D. Mathur, F. A. Rajgara, and C. Badrinathan, Phys. Rev. A (1979.
42, 5282(1990. [34] D. Mathur and J. H. D. Eland, Int. J. Mass Spectrom. lon

[28] M. Krishnamurthy and D. Mathur, J. Phys. &, 1177(1994). Processed 14, 123(1992.



