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Abstract. We report the fragmentation dynamics of triply charged, diatomic, molecular ions of NO and
CO. Dissociative fragmentation after multiple ionization of NO and CO is studied under the impact of
200 keV proton beam using a recoil-ion momentum spectrometer. Kinetic Energy Release distributions
(KERDs) for various fragmentation channels were obtained. We have also calculated the potential energy
curves (PECs) for ground and several excited states of NO*T and CO3" molecular ions using the multi-
reference configuration interaction (MRCI) method. The obtained KERDs are discussed in the background
of the calculated PECs as well as the simple Coulomb excitation model. Coulomb breakup of the unstable
precursor molecular ion shows a clear preference for the N** 4 OT (and C** + OT) fragmentation channel.

1 Introduction

The study of ionization and fragmentation dynam-
ics of small and large molecules is an active area of
atomic physics research. Fragmentation of molecular
ions leads to the creation of atomic ions and free radi-
cals. The creation and evolution of such ionic and neu-
tral fragments is a key aspect in understanding the
processes related to plasma physics, atmospheric and
space physics, radiation damage, etc. In a laboratory
environment, the precursor molecular ion can be gen-
erated by collisions of neutral molecules with photons,
electrons or heavy ion projectile beams. The advent of
recoil ion momentum spectrometer (RIMS) [1], along
with a position-sensitive detector, allows for detailed
investigation of the subsequent molecular fragmenta-
tion process. In the past couple of decades, there have
been extensive studies on the dissociation dynamics
of multiply charged molecular ions produced in colli-
sions with heavy ions [1-4], electrons [5-8] and pho-
tons [9,10]. Although the target molecules under inves-
tigation range from diatomic molecules to polyatomic
systems, including large bio-molecules and PAHs (poly-
cyclic aromatic hydrocarbons), it is the diatomics which
have been studied extensively.

Several studies (experimental and theoretical) have
investigated the ionization and fragmentation of simple
diatomics such as Ny, Oz and CO under particle and
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photon impact. In collisions where the ionization and
subsequent Coulomb fragmentation of the precursor
molecular ion take place at time scales shorter than the
vibrational time period of the molecular ion, the kinetic
energy release distribution (KERD) provides complete
information of the internal excitation of the molecu-
lar ion. The KER values observed experimentally can
be directly compared with calculated potential energy
curves (PECs) for the neutral and ionized molecule.
The electronic states and corresponding PECs for neu-
tral, singly ionized, and doubly ionized diatoms are
readily available in the literature [11-15]. However, such
calculations for multiply charged molecular ions are
rather limited [16-18]. For example, there are very few
reports on the fragmentation dynamics of NO molecule
[19-22] and the PEC calculations are available only up
to doubly charged (NO?*) molecular ions [15,19,23].
In order to produce multiply charged molecular ions,
sufficient energy needs to be deposited in the neutral
molecule to cause multi-electron ionization/excitation.
Collisions with energetic heavy ion beams are the most
efficient way of producing multiple ionization in the
parent molecule. Additionally, in collisions with heavy-
ion beams with hundreds of keV energy, the interaction
time is less than a few femtoseconds. This interaction
time is shorter than the typical vibrational and rota-
tional time scales of the molecules, and hence, the elec-
tronic excitation of the molecule is a Franck-Condon
transition. Therefore, the KER depends on the internu-
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clear separation, which is characteristic of the precursor
molecular ion state.

In this paper, we present our combined experimen-
tal and theoretical study on the fragmentation of triply
charged NO3* and CO3* molecular ions produced in
collisions of the neutral molecules with 200 keV proton
beam. Kinetic energy release distributions have been
obtained for NO* and CO?" (¢ = 2,3) molecular ions.
We have also calculated the energy of excited elec-
tronic states and corresponding PECs for triply charged
molecular ions. The theoretical PECs for CO?** com-
pare well with existing calculations, whereas for NO3+
molecular ion the PECs have not been reported previ-
ously.

2 Experiment and data analysis

The experiments were performed at two accelerator
facilities in India. Measurements with CO molecular
target were performed at 300 keV ECR ion accelera-
tor (ECRIA) at TIFR, Mumbai. For the NO molecu-
lar target, the experiments were performed at the low
energy ion beam facility (LEIBF) at IUAC, New Delhi.
The time-of-flight mass spectrometer (TOFMS) setup
at both the accelerator facilities are very similar and
have been described in detail elsewhere [25,26]. Briefly,
a collimated beam of 200 keV (250 keV for NO) pro-
tons was made to collide with an effusive molecular gas
target in a high vacuum scattering chamber. The recoil
ions, following a collision, were extracted by a TOFMS
located perpendicular to the projectile ion beam as well
as the gas jet. A channel electron multiplier (CEM) was
used to detect the electrons emitted in the ionization
process. The output signal from the CEM was used as a
start signal for the data acquisition system. The disso-
ciated ionic fragments were detected on the other end of
the TOFMS using a micro-channel plate (MCP) detec-
tor equipped with a position-sensitive delay line anode
(DLD). Signals from the MCP and the DLD were fed to
a multi-hit time to digital converter (TDC). The TDC
allows the detection of both ionic fragments from a sin-
gle dissociation event. Analysis of the coincidence data
was performed on an event-by-event basis to obtain the
3D momenta of the ionic fragments. The three momenta
of each ion pair were then used to obtain the KERD for
a given dissociation channel.

In the present projectile energy range, charge exchange
processes such as electron capture may also contribute
to multiple ionization of the diatomic molecules. How-
ever, in the present experiments, we have not analyzed
the projectile beam after the collisions. Hence, the data
presented are integrated over all processes leading to
multiple ionization and fragmentation of the parent
molecule.
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3 Theoretical potential energy curves

In order to calculate the potential energy curves (PECs)
for the CO3t and NO3* molecular ions, we have first
obtained the PECs for the ground states of CO and
NO molecules. The ground states of CO and NO
molecules are 'X* and 2II, respectively. The PECs
are calculated using the multi-reference configuration
interaction (MRCI) method with complete active space
self-consistent field (CASSCF) reference functions. For
CASSCF calculations, we have considered the full-
valence type active space. We have used the MOL-
PRO software package [27] which uses an internally con-
tracted version of the MRCI approach (icMRCI) [28-
30] for robust and accurate generations of the PECs at
various internuclear separations (grid points). The basis
set used in our calculations is the correlation consistent
cc-pVbhZ basis set.

We have calculated these PECs for a sufficiently large
set of grid points starting from 0.8 A to 4.0 A to
ensure the position of the minima for both CO and NO
molecules. The minimum for the *X7 (1) state of neu-
tral CO(NO) molecule occurs at an inter-nuclear sep-
aration of 1.13 A (1.15 A) with a dissociation energy
of 11.17 eV (6.46 e€V). The corresponding experimental
values reported previously are 1.128 A (1.154 A) [31]
and 11.09 eV (6.496 eV) [32] for CO(NO) molecule.
The PECs for the CO3+(NO3") molecular ions are cal-
culated with respect to the total molecular energies
obtained at the minimum of the '3 (°II) state. Sim-
ilar to the neutral counterparts, we adopt the icM-
RCI approach based on CASSCF reference functions
with full-valence active space and cc-pV5Z basis sets
to calculate the PECs for these ionic systems. How-
ever, unlike neutral CO and NO, our aim is to calcu-
late 3 states for each of the 8 symmetries: 22+, 45+,
2y, 4%, 20, 40, 2A, 4A for CO?YF, and 'XT, IR,
3yt 3%, I, 210, 'A, 3A for NO3T. Hence, to have
balanced descriptions of the orbitals for all the three
states of a particular symmetry, we have chosen a state-
average CASSCF approach for each symmetry. The grid
points for the PECs of these ionized species are calcu-
lated from 0.9 to 2.00 A with grid separation of 0.05
A and then from 2.00 to 3.00 A with grid separation
of 0.10 A. However, the grid points are adjusted (by a
minimal amount) in very few cases where proper con-
vergence is not achieved during icMRCI calculations.
In general, calculations of the PECs up to 3 A are
sufficient to identify the channels of atomic fragmen-
tation for the 24 states calculated for each of the triply
ionized molecules. From around 2.5 A, the PECs are
almost consistent with the fall with increasing inter-
nuclear separation as expected following the equation
Eap(eV) = Ea(eV) + Ep(eV) + 14.49242 [6]. Here,
EAp is the total energy of the molecular state, E4(Ep)
and qa(qp) are the energy, and charge of the fragment
ions at the dissociation limit of the state, and R is the
internuclear separation in A. The last term of this equa-
tion represents the Coulomb repulsion energy (in eV)
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between two charged particles kept at a distance of R
apart.

The vertical excitation energies for the first states of
4%7, 2%, 211 and 2A symmetries of CO?** are calcu-
lated to be 81.92 eV, 83.17 eV, 81.32 eV, and 83.83 eV,
respectively. These results agree quite well with simi-
lar calculations with cc-pVQZ basis sets performed by
Kumar and Sathyamurthy [33]. They obtained these
values 81.82 eV, 82.63 eV, 81.26 eV, and 83.13 €V,
respectively. Also, our estimated value of 83.83 eV for
the first state of 2A symmetry is in good agreement
with the experimental value of 83.4 eV [34,35]. The
energy states of the fragmented ions, C*, C?*, N*,
N2+, Ot and O? are calculated using the same icM-
RCI approach and the same quality of basis functions.
The excitation energies between the different states are
compared with the corresponding values obtained from
the atomic spectra database of the National Institute of
Standards and Technology (NIST) [36], and good agree-
ments were found between these two sets of energies.

4 Results and discussions

In ion-molecule collision experiments, the molecular
ion can be created in multiple charge states depend-
ing on the degree of parent ionization. The multi-
ply ionized parent molecular ion is short-lived due
to mutual Coulomb repulsion between the two (for
diatomic molecules) nuclear centers and dissociates into
fragment ions. In previous studies with highly charged
heavy ions with CO, multiply charged molecular ions
up to CO™" have been observed [37]. On the other
hand, a few hundred keV protons act as relatively soft
projectiles resulting in mainly doubly and triply ion-
ized molecular ions. In the present measurements, we
have observed parent molecular ions up to CO** and
NO**. However, the discussion is limited to the disso-
ciation of doubly and triply charged molecular ions as
the yield for quadruply charged ion was rather small.
We have measured the kinetic energy release distribu-
tions for a) the single symmetric dissociation channel of
CO?* and NO?* molecular ions and b) the two asym-
metric dissociation channels of CO?* and NO3* molec-
ular ions. In Table 1, we have listed the experimentally
observed most probable KER values for each dissoci-
ation channel. The KER values calculated using the
simple Coulomb explosion model are also shown in the
same table.

The Coulomb explosion model is a simple model
describing the fragmentation of molecular ions. In this
model, the individual atomic centers of the parent
molecular ion are considered as point charges, and the
Coulomb repulsion between these atoms determines the
kinetic energy release of the dissociation process. The
energy expected from this model is given by: E(eV) =
14.4%7 where qa and qp are the asymptotic charges

e

of the two fragments, and R, is the equilibrium inter-
nal nuclear distance of the neutral molecule. R, corre-
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sponds to the distance from which vertical transition is
expected to take place according to the Franck—Condon
principle. However, the model excludes the effect of
the charge cloud in the inter-nuclear region as well as
the electron correlation effects. Therefore, the Coulomb
explosion model is known to predict KER values higher
than those obtained experimentally [38].

Thus, it is intuitive to assume that the most proba-
ble KER value is smaller than that predicted by the
Coulomb explosion model. However, in the present
experiment, we have found an opposite trend in the case
of NO?*+ molecular ion. The most probable KER value
for the dissociation of NO3* lies above the Coulomb
energy. A multi-charged diatomic molecule can accom-
modate a large number of repulsive potential energy
curves, giving rise to a wide range of KERs. If low-
lying molecular states are characterized by high elec-
tron densities in the internuclear region, it will gener-
ally give KER values less than the Coulomb energy.
Whereas highly excited molecular states with signifi-
cantly reduced nuclear screening can give KER values
greater than the Coulomb energy [39].

4.1 Dissociation of CO2+ and NO?*

The experimentally observed KER spectra for dissocia-
tion of doubly charged CO?t and NO?* molecular ions
are shown in Figs. 1 and 2. The doubly charged parent
molecular ion dissociates into singly charged fragments,
CT4+0O7 (and N*+07) due to mutual repulsion, which
is the most dominant fragmentation channel for this col-
lision system. Dissociation into a charged and a neutral
fragment cannot be observed with our present experi-
mental setups. The KER spectrum for CO?* fragmen-
tation channel after collision with photons [40,41] and
charged particles [6,7,34,37,39] has been reported by
several groups. The most probable KER value mea-
sured in this experiment (see Tablel) and the overall

8000 |

(o2}

o

o

o
T

Intensity (arb. units)
N P
o o
o o
o o

0 " 1 " 1 " 1 " 1 n -
0 5 10 15 20 25 30

KER (eV)
Fig. 1 Kinetic energy release spectra for the fragmentation

of CO*™ molecular ion. Theoretical values [24] are indicated
by vertical lines at the top of the graph
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Fig. 2 Kinetic energy release spectra for the fragmentation
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Fig. 3 (Color online) Kinetic energy release spectra for
CO** fragmentation. Theoretical values obtained from
CASSCF-MRCI calculations are indicated by vertical lines
at the top of the graph for both channel 1 (black) and chan-
nel 2 (blue)

shape of the KER distribution are in agreement with
the reported values in the literature [34,37,39,42-44].
The observed KER values can be accounted for by
considering three low-lying electronic states of CO?*
ion [24]. The KER spectra contains contributions from
12,11 and X311 dissociating into ground state
products of CT(?P) + O*(4S). It is to be noted that
the KERD has a long tail up to 30 eV, which may
arise due to the participation of higher electronic states
of the precursor ion. Dissociation dynamics of the NO
molecule has not been studied as extensively as the CO
molecular target. Nevertheless, few experimental stud-
ies have been reported for NO?* fragmentation in col-
lisions with photons [9,45,46] and electrons [5,47]. The
KER spectrum is similar to that obtained for CO%**
ion. The potential energy curves (PECs) for NO?** have
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Fig. 4 Kinetic energy release spectra for NO*' fragmenta-
tion. Theoretical values obtained from CASSCF-MRCI cal-

culations are indicated by vertical lines at the top of the
graph for both channel 1 (black) and channel 2 (blue)

been calculated by various groups [14,19,23]. One can
associate the measured KER spectra with a few promi-
nent PECs. For both CO?* and NO?T fragmentation,
it is seen that the most probable KER value is much
smaller than that calculated using the Coulomb explo-
sion model. However, the tail of KER spectra extends
well beyond this value on the high-energy side. Such
large KER can be attributed to the high lying elec-
tronic states of the doubly charged parent molecular
ion. The high lying electronic states are more repulsive
due to a steeper slope in the Franck—Condon region
owing to the weaker screening of the positive nuclear
centers, thus leading to a higher KER of the fragment
ions.

4.2 Dissociation of CO31 and NO3T

The dissociation of a triply charged heteroatomic
molecular ion such as CO3T or NO3* can proceed
via two channels where the total electronic charge of
the parent molecular ion is shared asymmetrically by
the two fragment ions. The two possible fragmentation
channels are represented as channel 1 and channel 2 as
below:

Co3+ _ C2+ 4 O+
NO3*t — Nt 4 OF
CO3t — Ct +0%*
NO?*t — Nt 4+ 0?*

(1)

(2)

The KER spectra for these two fragmentation chan-
nels are shown in Figs. 3 and 4. It is observed that
channel 1 is the dominant mode for charge asymmet-
ric dissociation. In Table 1, we have shown the relative
intensities of channels 1 and 2. In the case of CO3T dis-
sociation, the measured yield of channel 1 is ~ 4 times
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larger than channel 2. The same in the case of NO?* dis-
sociation is found to be ~ 2. The dominance of channel
1 over channel 2 has also been seen in previous stud-
ies with CO molecular target [42,48-50]. The reported
ratio varies from 2 to 5 depending on the charge, mass,
and energy of the projectile ion. Similar data for NO3+
dissociation, however, have not been reported so far.
The dissociation dynamics of CO3* molecular ion has
been discussed in detail by Handke et al. [18]. The
authors performed a three-hole population analysis,
characterizing the distribution of positive charge on the
two nuclear centers, for the creation of CO3* molecular
ion. It was shown that after the Franck—Condon transi-
tion all states of the triply charged molecular ion were
characterized by charge delocalization, with slight pref-
erence for channel 2 over channel 1. This is contrary to
the experimental observations. On the other hand, the
calculated PECs (in [18] as well as in the present work)
clearly show a number of curve crossings, even for low
lying states, resulting in strong interaction between dif-
ferent molecular states. Therefore, the dissociation of
the parent molecular ion may not proceed along one
particular PEC following vertical transition. According
to Handke et al., the charge distribution switches dur-
ing the dissociation process resulting in predominance
of channels 1 over 2.

The difference in the yield of the two dissociation
channels can be explained based on the ionization
potential of the two participating atoms. The ionization
potential of the Carbon (and Nitrogen) atom is smaller
compared to that of the Oxygen atom. Subsequently,
the total energy needed to create the final dissociation
state is 49.3 eV and 64.2 eV (CO** and NO3*, respec-
tively) for channel 1 as opposed to 59.9 eV and 69.7 eV
for channel 2 [34,51]. A relatively larger yield of chan-
nel 2 in the case of NO3* dissociation is in agreement
with the smaller difference in ionization energies of the
final state fragment ions.

The most probable values of KERD differ slightly
for channel 1 and channel 2, as listed in Table 1. The
KER spectrum for CO3* fragmentation can be com-
pared with previous experimental investigations. The
most probable KER value depends on the choice of the
projectile, and values ranging from 11 eV to 27 eV have
been reported for channel 1 [8,37,43]. For channel 2, the
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most probable KER value is generally higher than that
for channel 1. The difference in most probable KER
appears to be strongly dependent on the choice of the
projectile. For example, with heavy-ion projectiles in
the MeV range, the most probable KER for dissocia-
tion via channel 2 has been shown to be ~ 10 eV larger
than that for channel 1. In collisions with photons, this
difference is much smaller [52]. In the present experi-
ments with 200 keV proton, this difference is also not
very large (see table 1). The evolution of the most prob-
able KER values can be investigated in relation to the
interaction strength of the projectile. Collisions with
photons and electrons fall under perturbative regime
where multiple ionization of the molecular ion is accom-
panied by excitation to low-lying dissociating states.
This results in lower value of most probable KER when
compared with the Coulomb explosion model. Whereas,
collisions with heavy ion projectile lead to predominant
excitation to high-lying dissociating states of the multi
charged molecular ion. This results in a broader KER
distribution and a larger value of most probable KER,
comparable to that predicted by the Coulomb explo-
sion model. In addition, studies on molecular fragmen-
tation with highly charged ions (HCIs) have shown that
the high Coulomb field of the outgoing projectile also
affects the KER distribution [53].

The KER spectra can be compared with the cal-
culated potential energy curves for CO3*T and NO3*
molecular ions. As stated earlier, numerous theoreti-
cal calculations are available for CO3*. However, the
theoretical potential energy curves for excited states
of NO3* molecular ions have not been reported. In
Tables 2 and 3, we have listed the calculated PECs
for CO3* and NO?* molecular ions, respectively. The
observed KER spectra are in good agreement with the
calculated PEC values. In Figs. 5 and 6, we have also
shown the PECs for a few selected states. The steep
slope and repulsive nature of excited states give rise to
higher KER. We also observe that for the case of NO3+
fragmentation, the higher excited states appear to con-
tribute dominantly, resulting in a larger value of the
most probable KER.

The KER values discussed above are based on the
direct dissociation of the molecular ion, where it evolves
only on a single PEC. A molecular ion can also disso-

Table 1 Experimentally Observed most probable values in the KER spectra for the various fragmentation channels for
CO?" and NO?* (¢ = 2, 3) fragmentation induced by proton impact. The values calculated from a pure Coulomb explosion

model are also included

Fragmentation channel KER (eV) Coulomb energies (eV) Relative intensity (%)
Ct+07" 6+0.6 12.8% 91.51

c*t 40" 16+ 1 25.5% 6.76

ct 4+ 02" 1941 25.5% 1.73

Nt 4+ 0Ot 5+1 12.52° 62.87

N2t 407 2042 25.04° 23.34

N 4+ 02F 3242 25.04° 13.8

@At equilibrium distance of 1.128 A
At equilibrium distance of 1.151A
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ciate via indirect processes. Predissociation is one such
indirect process, where a molecular ion jumps from one
PEC to another during dissociation due to coupling
with another PEC. Now, two PECs can couple with
each other through spin-orbit interaction. And, accord-
ing to the rules of the spin-orbit interaction [54], the
coupling can only happen between molecular states of
different symmetries. The rate of predissociation would
depend on the Franck—Condon (FC) factor between the
two participating PECs as well as on the position of the
crossing point [55]. Although we have not calculated the
different vibrational states of PECs, their lifetime, or
FC factors, our calculation clearly shows the crossing
of repulsive states with molecular states having local
minima.

Among all the calculated PECs of CO**, only one
molecular state can predissociate via spin-orbit cou-
pling, which is the 22X state. It has a local minimum

@ Springer
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Table 2 The possible molecular states of CO*" dissoci-
ating into C*T + O™ and CT + O?*" along with the KER
values obtained from the PEC calculation. The KER values
are also compared with that from Ref. [34]

Molecular Dissociation KER KER
states limit (eV) (eV)
(calc.) [34]
125t C*T('S) + 0T (?P) 16.97 —~
225+ C*T(®P) + 0T (®D) 14.42 13.74
32e Tt C*T(®P) + O (*P) 19.93 —~
125 C?t(1S) + 0T (*D) 19.53 19.55
22y~ C*T(®P) + 0T (*9) 26.37 —~
325" C**(*P) + OT(°D) 24.42 -
1°11 C**('S) + 0T (°D) 18.13 -
2211 C*T('S) + 0T (?P) 19.83 —~
3°11 C*T(*P) + O (*S) 20.49 -
12A C*T('S) + 0T (*D) 20.64 21.25
22A C**(*P) + OT(°D) 22.89 -
32A C**(*P) + OT(°D) 23.44 -
1'e7 C**(*P) + OT(°D) 20.06 -
249t C**(*P) + OT(°P) 22.85 -
3yt C**(*P) + O (°P) 29.01 -
149 C?T('S) + 0" (*S) 22.07 22.72
249~ C*T(*P) + O (*S) 23.52 -
3y C**(*P) + OT(°D) 22.94 -
14 C?T(3P) + OT(*9) 17.21 17.85
211 C**(*P) + OT(°D) 19.30 -
341 C**(*P) + OT(°D) 24.29 -
1A C**(*P) + OT(°D) 21.21 -
21A C**(*P) + OT(°D) 24.37 -
32e Tt CT(®P) + O*"(®P) 19.07 —~
24t C*T(*P) + O*T(*P) 23.66 -

at 1.2 A, with a potential barrier height of 1.75 eV.
And, it has a dissociation limit of C2T(3P) + O*(2D)
with KER of 14.42 eV. This state is crossed by the
2211 repulsive state at an internuclear separations of
around 1.13 A (obtained by B-Spline fit to the calcu-
lated values). Thus, 22XF state can predissociate via
the 2211 into C2*(1S) + O*(?P) producing a KER of
19.26 eV. On the other hand, for NO3*, there are two
possible candidates for predissociation. The calculated
PEC for 1'S+ state of NO?*t has a local minimum at
1.15 A, with a potential barrier height of 218 meV.
And, it has a dissociation limit of N?*(?P) + O*(?D)
with KER of 14.42 eV. This state is crossed by the 13II
repulsive state at an internuclear separation of around
1.13 A (obtained by B-Spline fit to the calculated val-
ues). Thus, 1'% state can predissociate via the 1311
into N2*(2P) + OT(4S) producing a KER of 17.76 eV.
Similarly, 3'¥* state of NO?>* has a local minimum
at 1.15Awith a potential barrier height of 372 meV.
And, it has a dissociation limit of N2*(2P) + O (?P)
with KER of 20.22 eV. The two repulsive states 2'II
and 3%II cross the 3'S1 state at an internuclear sepa-
ration of around 1.15 A (obtained by B-Spline fit to the
calculated values). Thus, 1'X7" state can predissociate
via the 21 or 3°II into N?*(2P) + O (?D) producing
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Table 3 The possible molecular states of NO?*T dissociat-
ing into N2t 4+0% and O** +N™ along with the theoretically
calculated values of KER

Molecular Dissociation KER
states limit (eV)
(calc.)
et Nt (2P) + O"(®D) 14.42
PADINE Nt (2P) + O1(?P) 16.45
3yt Nt (2P) + O1(?P) 20.22
1'e- Nt (2P) + O*(®D) 23.32
215~ Nt (2P) + O"(®D) 25.72
3%~ Nt (2P) + O1(?P) 28.02
111 Nt (2P) + O"(®D) 15.37
21 NZt(2P) + O"(®D) 21.81
3T Nt (2P) + O"(®D) 24.70
1A Nt (2P) + O"(®D) 17.58
2'A Nt (2P) + O"(®D) 24.02
3'A N (2P) + O1 (?P) 27.99
132t N (2P) + O"(®D) 16.72
235+ N (2P) + O1(?P) 19.71
RSO IR N (2P) + O1(?P) 24.07
132~ NZH(2P) + O (%9) 19.52
23%~ N+ (2P) + O"(®D) 23.30
3%~ N (2P) + O"(®D) 26.13
1°11 NZH(2P) + O (%9) 17.56
2311 Nt (2P) + O"(®D) 18.94
3*T0 Nt (2P) + O"(®D) 21.23
13A Nt (2P) + O"(®D) 22.13
23A Nt (2P) + O"(®D) 25.76
3PA N (2P) + O1(®P) 24.49
3tet NT(*P) 4+ 0> (*P) 19.69
3%~ NT(*P) 4+ 0> (*P) 27.49
3'A NT(*P) 4+ 0> (*P) 27.47
33et NT(*P) 4+ 0> (®P) 23.55
3PA N*T(*P) 4+ O**(*P) 23.97

a KER of 21.89 eV. Thus, predissociation can lead to
higher KER compared to the direct dissociation pro-
cess. Our PEC calculation clearly explains the KER
range of 14 eV to 28 eV through contributions from
both pre- and direct dissociation. As discussed earlier,
the high energy tail in KER distribution could be due to
contributions from high lying states. Those high lying
states could dissociate via direct or indirect (predissoci-
ation) process. Detailed calculations of high lying states
are thus needed to explain the high energy tail of the
KER spectra.

5 Conclusion

In this work, we have investigated the dissociation
dynamics of multiply charged molecular ions of CO
and NO. The parent molecular ions are created in ion-
izing collisions with 200 keV (250 keV for NO) pro-
ton. The dissociation pathways and corresponding KER
spectra were measured using a recoil ion momentum
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spectrometer. For the fragmentation of triply charged
molecular ions, a preference for the channel (chan-
nel 1) in which the carbon (nitrogen) ion carries a
higher (g=2) charge is clearly observed. In addition,
it is also observed that the most probable KER value
is higher for the channel (channel 2) having a higher
charge (¢=2) on the oxygen ion. For the fragmentation
of CO3*, both the channels showed a most probable
KER value less than the Coulomb energy. Whereas,
for the case of NO3* fragmentation, the most proba-
ble KER value is found to be larger than the one cal-
culated from a simple Coulomb explosion model. This
behavior was attributed to the electron cloud screening
effect in the internuclear region. We have also calcu-
lated the potential energy curves of several low lying
states for the triply charged CO3t and NO37 ions. The
measured KER distribution is found to match well with
the calculated PECs. For the fragmentation of both the
molecular ions, we see a high energy tail, which can be
attributed to the excitation of the molecular ions to
high lying states. But, the calculated low lying states
of the NO3T molecular ion do not show a significant
contribution between the most probable value and the
high energy tail of the KER spectra. A few predisso-
ciating states, for both the molecular ions, have been
shown to give higher KER values than the direct dis-
sociation process. For the NO3* molecular ion, there
could exist high lying repulsive states which can predis-
sociate via coupling with metastable ones. The direct
and indirect dissociations from these states could con-
tribute to the KER spectra beyond the most probable
value as well as in the high-energy tail region. Detailed
ab initio calculations of high lying states for both het-
eroatomic molecules are thus needed to explain the high
energy region in KER spectra.
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