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Abstract: The fragmentation dynamics of the COq+
2 (q = 2, 3) molecular ions formed under the impact

of 1 MeV protons is studied using a recoil ion momentum spectrometer equipped with a multi-hit
time- and position-sensitive detector. Both two-body and three-body fragmentation channels arising
from the doubly and triply ionized molecular ions of CO2 are identified and analyzed. Kinetic
energy release (KER) distributions have been obtained for various channels. With the help of Dalitz
plots and Newton diagrams concerted and sequential processes have been assigned to observed
fragmentation channels. In addition, angular correlations are used to determine the molecular
geometry of the precursor molecular ion. It is found that the symmetric breakup into C+ + O+ + O+

involves asymmetric stretching of the molecular bonds in CO3+
2 prior to dissociation via concerted

decay implying the fact that collisions with 1 MeV proton induces an asynchronous decay in CO2.

Keywords: recoil ion momentum spectroscopy; coulomb fragmentation; coincidence imaging

1. Introduction

Over the past few decades, the fragmentation dynamics of multiply charged molecular
ions have been studied extensively. These studies are of fundamental interest as they help
identify and understand the electronic states of molecular ions. Knowledge of these electronic
states works as a verification tool for state-of-the-art theoretical models. These studies are also
crucial in plasma and fusion research [1], atmospheric and space physics [2], and radiation
therapy [3,4]. When one or more electrons are stripped off from a diatomic or polyatomic
molecule, a molecular ion is produced, which might be in a metastable or unstable state de-
pending upon the excitation energy available to the system. A multiply charged (charge state
more than 2) molecular ion usually goes to an unstable state and eventually fragments into
atomic ions and neutrals due to the Coulomb repulsion between the ionic cores. Investigating
the fragmentation dynamics of these molecular ions are important to identify the various
electronic states that these molecular ions access after ionization/excitation or both. The
fragmentation dynamics of these molecular ions can be studied by detecting the fragments
in coincidence and measuring their momenta and KER distributions. The KER distributions
of the individual fragments and their angular correlations are crucial to determine the ge-
ometry of the molecular ions as well as to detect nuclear motions prior to fragmentation.
The dissociation dynamics of a multiply charged polyatomic molecular ion is much more
complicated compared to diatomic ions due to the presence of multiple bonds. The carbon
dioxide molecule is a prototype system for understanding few-body dissociation dynamics
under the impact of particles or photons owing to simple linear geometry of the molecule.
Fragmentation dynamics of CO2 has been studied experimentally using highly charged ions at
slow [5], intermediate [6], and swift velocity [7–10], synchrotron radiation [11,12], femtosecond
laser pulse [13–15], as well as slow protons [16] and low energy electrons [17–19]. In addition,
extensive theoretical studies [17,20–22] complement the experimental results. The CO2+

2 and
CO3+

2 molecular ions are isoelectronic to the isomeric pair NCN and CNN radicals, which
also have a linear geometry in the ground state. In photofragmentation studies, it has been
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shown that N2 production from both CNN and NCN radicals is a dominant photodissoci-
ation channel [23–25]. This channel is attributed to the bent intermediate states of the free
radicals. The NCN and CNN radicals are important in combustion chemistry [24]. Recently,
a similar fragmentation channel for CO2+

2 molecular ions producing O+
2 ionic fragments has

also been observed in laser-induced ionization and subsequent dissociation study [26]. The
C-

3 radical is also part of the same isoelectronic family. It is relevant for plasma physics and
hydrocarbon chemistry and is even found in the interstellar space [27,28]. Thus, the study of
dissociation dynamics of COq+

2 (q = 2, 3) molecular ions can provide important information
about different electronic states of these radicals.

The simplest fragmentation mechanism for a triatomic molecule is the one where
the two molecular bonds break in a single step and the charged fragments move away
due to mutual Coulomb repulsion. This type of fragmentation is termed as concerted
fragmentation [5]. Additionally, the two bonds can break one after another. This decay
is termed as sequential fragmentation. In the first step, the parent molecular ion under-
goes a two-body breakup. Subsequently, the daughter molecular ions further decay into
ionic or neutral fragments. During the dissociation, the unstable molecular ion can also
rotate as well as vibrate about its equilibrium geometry. The typical time period for the
rotational and vibrational motion of molecular ions is ≈10−12 s and 10−14 s, respectively.
The fragmentation can happen within or beyond these typical time scales. Hence, we can
distinguish between the two extremes of a three body fragmentation, namely concerted and
sequential decay, by comparing the two time scales. One is the time difference (∆t) between
the cleavage of the two molecular bonds and the other is the mean rotational period τrot
of the primary daughter molecular ion [29]. If (∆t) >> τrot then the three body decay is
called sequential. On the other hand, for a concerted decay, we have (∆t) << τrot. As ∆t
approaches zero we reach the asymptotic limit of a concerted decay and with ∆t = 0 a
three body decay is called a synchronous concerted decay. A situation may also arise where
0 << ∆t << τrot. This is termed as asynchronous concerted decay. The two concerted
decay mechanisms can be illustrated using the symmetric and antisymmetric stretching
modes of a linear triatomic molecule [30]. The symmetric stretching causes both the bonds
to elongate in phase and eventually break exactly at the same time. This results in ∆t being
zero, which is the characteristic of a synchronous concerted decay. In the antisymmetric
stretching mode, the elongation of one bond happens together with the contraction of the
other. If τvib is the characteristic vibrational period of the parent molecular ion, then during
a complete fragmentation process, the second bond will break half a vibrational period
later than the first one. As a result ∆t would be τvib/2, characteristic of an asynchronous
decay. Hence, in this type of decay, the bonds break in a time span such that the molecular
vibration precedes the fragmentation process.

Sequential decay can be further classified into two processes. (a) Initial charge sep-
aration s(i) , where an atomic ion and a diatomic cation are released in the first step by
the break-up of one of the bonds and (b) deferred charge separation s(d), where a neutral
atom is released in the first step. The complete kinematics of a concerted decay can only
be inferred when all three fragment ions are detected in coincidence. However, if there
is a neutral fragment, such as in s(d) process, the 3d momenta of this neutral can only
be deduced indirectly provided the other two ions are detected in coincidence and their
momenta are known completely.

In their pioneering study, Neumann et al. [5] have shown that the amount of energy
deposited into a system is the key parameter to determine which pathway will dominate
during a molecular fragmentation. In the present experiment, we have used 1 MeV protons
(vp ≈ 6 a.u.). This projectile charge and energy combination translates into a perturbation
strength k (qp/vp) of ≈0.16 a.u., which falls in the weak perturbative regime. The projectile
velocity corresponds to an interaction time (tint) of 37 as which is much shorter than the typical
time scale of molecular fragmentation (10 fs) as well as rotational (10−12 s) and vibrational
(10−14 s) time scales. Previous experiments with highly charged ions fall under different
values of k as well as tint. For instance, the works by Adoui et al. (8 MeV u−1 Ni24+) [7],
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Siegmann et al. (5.9 MeV u−1 Xe18+ and Xe43+) [8], Neumann et al. (3.2 keV u−1 Ar8+) [5],
Jana et al. (5 MeV u−1 Si12+) [9], and Khan et al. (1 MeV Ar8+) [6] correspond to values of 1.34
(13 as), 1.17 (15 as), 2.80 (15 as), 22.3 (657 as), 0.85 (17 as), and 7.94 (233 as), respectively, of k
(tint). Recently, Srivastav and Bapat [16] studied the fragmentation of CO3+

2 into C+ + O+ + O+

under the impact of protons having velocities of 0.5 a.u. (k = 2.04, tint = 480 as) and 0.83 a.u.
(k = 1.21, tint = 285 as).

In the present work, we have studied the fragmentation dynamics of COq+
2 (q = 2, 3)

molecular ions produced under the impact of 1 MeV protons using the multiple-hit co-
incidence imaging technique. The slopes and shapes of the different islands observed in
the ion–ion correlation diagram were used to identify different fragmentation channels.
The time-of-flight and position information were used to reconstruct the momenta of each
detected fragment ion. The reconstructed momenta were further used to calculate the KER
for each fragmentation channel. The momentum distributions, angular correlations and the
KER distributions were utilized to identify different fragmentation processes.

2. Experimental Setup

The present experiment has been carried out at the 1.7 MV Tandetron Accelerator
Facility at the Indian Institute of Technology Kanpur, India. A newly built recoil ion
momentum spectrometer (RIMS) [31,32] equipped with a time and position-sensitive
multihit detector was used to obtain the three dimensional momenta of ionic fragments. The
details of the experimental setup have been described in detail earlier [33]. Briefly, a beam
of 1 MeV proton obtained from the 358 Duoplasmatron source is made to collide with an
effusive jet of neutral CO2 gas in a crossed beam geometry. The RIMS is mounted orthogonal
to the ion beam and gas jet direction. Acceleration field of 145 V cm−1 is used to extract the
electrons and recoil ions produced in the interaction zone. The electrons produced in this
collision are detected by a channel electron multiplier (CEM). The ions are extracted using
an extraction field of 145 V cm−1 followed by an accelerating field of 260 V cm−1 towards
a microchannel plate of 40 mm diameter equipped with a delay line anode. The present
spectrometer conditions result in a KER resolution of ≈1.2 eV for three-body fragmentation
and a 4Π collection efficiency of particles having energy <8 eV/q. The output from the
CEM works as the start for the data acquisition system. The background vacuum was better
than 5× 10−8 mBar and the working pressure was kept below 1× 10−6 mBar. The beam
current used in our present experiment was ≈200 pA. The time and position data was
recorded on an event-by-event basis using a time-to-digital converter. The time-of-flight
and the position information of each ion are stored in a list mode file using the CoboldPC
software (CoboldPC 2011 R5-2-x64 version 10.1.1412.2, Roentdek Handels GmbH, Frankfurt,
Germany) The initial momentum vectors of the fragment ions were reconstructed from the
timing and position information.

3. Results and Discussions

In collisions with 1 MeV protons, the CO2 molecule can be ionized to several de-
grees producing a multiply charged molecular ion, which further dissociates into charged
fragments. The correlation diagram or the coincidence plot between the time-of-flights
of fragment ions helps to identify different fragmentation channels. Unlike diatomic
molecules, the coincidence plot is more complex for triatomic molecules.

3.1. Two-Body Break-Up

In Figure 1, we have shown the coincidence time-of-flight plots between first ion
(fragment ion with smallest time-of-flight) vs. second ion (Figure 1a) and second ion vs.
third ion (Figure 1b). From the coincidence spectra, one can identify a sharp trace of
O+ + CO+ channel arising due to the two body fragmentation of CO2+

2 . This is the only
complete two body break-up channel observed in our present experiment. The slope of the
trace is−1.0± 0.03, as expected from the momentum conservation for a two-body Coulomb
fragmentation. The KER distribution for this channel is shown in Figure 2. This spectrum
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shows a narrow structure around a peak value of 6 ± 0.3 eV and extends only up to 16 eV.
This signifies that this channel arises from a prompt dissociation of the precursor CO2+

2
molecular ion and that it only evolves through a few number of PECs. Zhang et al. [22] have
obtained the PECs of the 14 low-lying states of CO2+

2 using multistate multiconfiguration
second-order perturbation theory (MS-CASPT2) and complete active space self-consistent
field (CASSCF) methods. A few of the theoretical KER values for the O+ + CO+ channel
are shown as vertical lines on the top axis of the KER spectrum. The most probable KER
can be accounted for by considering the decay of CO2+

2 from four electronic states: c1Σ−u ,
b1Σ+

g , A3∆u, and A3∆u as shown in Table 1. The decay from a1∆g can contribute to the KER
spectra in the region below the most probable value. Whereas, the range beyond the most
probable value can be explained based on the dissociation from the following six electronic
states: a1∆g, E3Πg, b1Σ+

g , D3Πu, E3Πg, and 23Πg.
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Figure 1. Ion-ion coincidence spectra for the fragmentation of CO2 under the impact of 1 MeV proton
for (a) the TOF of the second ion versus the TOF of the first ion and (b) the TOF of the third ion versus
the TOF of the second ion. The plot for the TOF of third ion versus the sum TOF of the first and the
second ion is also shown in the inset.

Figure 2. KER distribution for the fragmentation of CO2+
2 into O+ + CO+. The vertical lines on the

top axis are the calculated KER values as reported in ref [22].

The KER spectrum can also be compared with previous studies. In their photoion–
photoion coincidence (PIPICO) experiment, Dujardin and Winkoun [34] measured three
distinct KER values around 4.5 eV, 6.5 eV, and 9.4 eV for this channel. Whereas, under
the impact of 5 keV electron, Wang et al. [35] obtained a KER around 6.8 eV. In their
experiment with 1.3 keV electron, Sharma et al. [17] obtained a KER around 5.9 eV and
from their ab initio calculations assigned this peak to the 3Σ−g state of the CO2+

2 molecular
ion dissociating into O+ (4S) + CO+ (X2Σ+)channel. Another measurement with 12 keV
electron by Bhatt et al. [18] showed a KER value around 4.7 eV. The Coulomb explosion
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model predicts two possible values (6.2 eV and 12.4 eV) (at an equilibrium distance of
1.16 Å [36] between C and O atoms) as the point charge on the CO+ molecular ion can be
assumed to be either near the C atom or the O atom [18].

Table 1. The possible molecular states of CO2+
2 dissociating into O+ + CO+ along with the theoretically

calculated values of KER by Zhang et al. [22] using multistate multiconfiguration second-order
perturbation theory (MS-CASPT2) and complete active space self-consistent field (CASSCF) methods.

Molecular Dissociation KER
States Limit (eV) [22]

c1Σ−u O+(4Su) + CO+(A2Π) 6.01
b1Σ+

g O+(2Du) + CO+(X2Σ+) 6.11
A3∆u O+(4Su) + CO+(A2Π) 6.24
A3∆u O+(2Du) + CO+(X2Σ+) 6.51
a1∆g O+(4Su) + CO+(A2Π) 5.37
a1∆g O+(4Su) + CO+(X2Σ+) 7.93
E3Πg O+(4Su) + CO+(A2Π) 8.15
b1Σ+

g O+(4Su)CO+(X2Σ+) 8.98
D3Πu O+(4Su)CO+(X2Σ+) 9.50
E3Πg O+(4Su)CO+(X2Σ+) 10.05
23Πg O+(4Su) + CO+(A2Π) 10.68

In the ion–ion coincidence plot (Figure 1) we observe a ‘tail’ followed by a ‘V’ shape
structure which starts at the end of the sharp trace of O+ + CO+ channel and extends up
to the forward diagonal (the TOF1 = TOF2 line). This particular structure is characteristic
of a metastable molecular ion [37]. The time-of-flights of these metastable molecular ions
would lie between that of a stable CO2+

2 and the fragment ions (CO+ and O+). As we go
closer to the O+ + CO+ coincidence along the tail, the time period between the formation
and dissociation of the precursor molecular ion gets shorter. In contrast, coincidences closer
to the ‘V’ region signify a longer time period prior to dissociation [38]. Thus, the ‘tail’ part
arises due to the fragmentation of (CO2+)* in the extraction region. Whereas, the ’V’ arises
when it fragments in the drift tube. This ‘V’ has two arms, extending from the point on the
forward diagonal corresponding to the time-of-flight (≈3972 ns) of a stable CO2+

2 molecular
ion. The origin of these arms can be explained on the basis of the momentum gained by the
O+ and CO+ fragment ions. Therefore, in the upper arm the CO+ was detected first due to
its momentum gained towards the detector. On the other hand, in the lower arm, the O+

gained momentum toward the detector. Lifetime measurements for the metastable (CO2+)*
molecular ion have been carried out extensively by various groups [17,37,39–41] and values
in the range of 0.9–21 µs have been reported. Field and Eland [37] obtained a lifetime of
0.9 ± 0.2 µs using a set of equations utilizing the charge separation mass spectrometry
technique. These set of equations can be modified [6] for our double field system and
the intensity in the ‘V’ and ‘tail’ region can be used to estimate the lifetime of the (CO2+)*
molecular ion. We obtained a metastable lifetime of 1.6 ± 0.2 µs in our experiment.

3.2. Three-Body Break-Up

3.2.1. Fragmentationof CO2+
2

In the last section, we discussed the two-body prompt dissociation of the CO2+
2 molec-

ular ion. Here, we will describe its three-body fragmentation. As prescribed by Eland [42],
the shape and slope of the coincidence traces can be used to determine the fragmentation
dynamics. Thus, for a two-body Coulomb fragmentation, the slope of the island in the
coincidence map is −q1/q2 due to the conservation of momentum. Here, q1 and q2 are the
charges of the first and the second ion, respectively. Three-body dissociation is much more
complex. As already discussed, the dissociation of CO2+

2 can happen via either concerted
or sequential fragmentation.
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1. In the concerted decay, the two C=O bonds break simultaneously:

CO2+
2 → C+ + O+ + O (1a)

→ C + O+ + O+ (1b)

As already discussed, the concerted decay can be classified into a synchronous and an
asynchronous way depending upon the time period of fragmentation compared to that of
molecular vibrational and rotational motion. However, since the CO2 molecule has a linear
geometry, it is expected, in the first case (Equation (1a)), that a C+ ion would carry much
less momentum compared to the O atom and O+ ion. This implies that the coincidence
trace would be predominantly vertical. In the second case (Equation (1b)), the presence of
a neutral C atom implies that the two O+ ions are anticorrelated. Hence, the slope of the
coincidence island would be −1.

2. For a sequential or two-step decay, there can be two different situations:

(a) In the initial charge separation (s(i)) process a charged fragment is released due to
the break-up of the C=O bonds. Depending on which ion (C+ or O+) is released
first, s(i) is further categorized [19] as follows:

(I) If the lighter ion C+ is released in the first step:

CO2+
2 → C+ + O+

2 → C+ + O+ + O : s(i)1 (2)

In this case, the slope of the coincidence trace should be:

−(q1/q2)
m2

m2 + m3
(3)

where m1, m2, and m3 are the masses of the lighter ion, the heavier ion,
and the neutral atom, respectively.

(II) Whereas, in the following case

CO2+
2 → CO+ + O+ → C+ + O + O+ : s(i)2 (4)

the C+ ion is released in the second step and the heavier O+ ion is released
in the first step, hence the slope of this coincidence trace should be:

−(q1/q2)
m1 + m3

m1
(5)

(b) For a deferred charge separation (s(d)) process, a neutral fragment is released
due to the break-up of the C=O bonds.

CO2+
2 → CO2+ + O→ C+ + O+ + O (6a)

→ O2+
2 + C→ O+ + O+ + C (6b)

In both of these cases, the motion of the two fragment ions produced in the second
step, are governed by the mutual Coulomb repulsion and are not affected by the neutral
fragment. Thus, similar to a two-body Coulomb fragmentation, the slope of the coincidence
trace for a deferred charge separation would be simply−(q1/q2). However, the second case
(Equation (6)) is special because it demands the isomerization of CO2+

2 molecular ion to
form an O2+

2 intermediate and ejection of a neutral C atom and to the best of our knowledge,
this particular channel has never been observed experimentally.
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The slopes of the different fragmentation channels from CO2+
2 were extracted from

the correlation diagram and fitted with the method of least squares. Table 2 shows the
comparison between the theoretical predictions and experimental observations.

Table 2. Comparison of the slopes of the best-fit line to the various islands in ion pair coincidence
map obtained from CO2 in collision with 1 MeV proton with theoretical predictions [42,43] and
previous experimental results [18,19,44]. Here, s(i)1 (s(i)2) represents the C+ ion released in the first
(second) step of the initial charge separation process, whereas s(d) represents the deferred charge
separation process. R is the regression coefficient of the best-fit line.

Fragmentation
Channel

Experimental Results

Theoretical Predictions [42,43] Present Experiment Electron Impact

s(i)1 s(i2) s(d) Concerted Slope (Fitted) R 0.2 keV [19] 0.6 keV [44] 12 keV [18]

O+ + CO+ - - - −1 −1.09 ± 0.03 0.99 −1.01 ± 0.01 −1.00 ± 0.02 −1.00 ± 0.02
C+ + O+ + O −0.5 −2.33 −1.0 ∞ −2.21 ± 0.01 0.99 −1.75 ± 0.04 −2.75 ± 0.04 −2.75 ± 0.04
O+ + O+ + C −0.57 - −1.0 −1 −1.16 ± 0.02 0.97 −1.03 ± 0.03 −1.00 ± 0.02 −1.00 ± 0.02

C+ + O+ + O Channel

For the C+ + O+ + O channel, we have obtained a slope of −2.21 ± 0.01. This matches
well with the theoretical predictions and earlier measurements. Bhatt et al. [18], in their
experiment with 12 keV electron impact, obtained a slope of −2.75 ± 0.04 for the same
channel. They attributed the slight departure of the experimental slope from the theoretical
value, to the contribution from the concerted decay (Equation (1a)). Wang et al. [19] mea-
sured a slope of −1.75 ± 0.04 in their experiment with 200 eV electron. They explained this
fragmentation channel to have contribution from both s(i)2 and deferred charge separation.

To better understand the fragmentation process, we take help of the Dalitz plot [45].
The coordinates in a Dalitz plot are defined as XDaliz = (ε1 − ε2)/

√
3 and XDaliz = (ε3 − 1/3),

with εi = |Pi|2/ ∑i |Pi|2. Here, Pi is the momentum of the ith fragment in the center-of-
mass frame. However, to obtain these two diagrams, we need all three momenta. Hence,
first ultilizing the coincidence technique the momenta of the fragment ions in all three
dimensions are obtained. Furthermore, momentum conservation is imposed to deduce the
neutral atom momentum. Figure 3a shows the Dalitz plot for the C+ + O+ + O channel. It is
similar to the result obtained by Laksman et al. [46] with 270 eV photon. We can observe
two distinct structures in this diagram.

Figure 3. Experimentally observed Dalitz plots of the three-body fragmentation of CO2+
2 , (a) for

CO2+
2 → C+ + O+ + O, (b) CO2+

2 → C + O+ + O+, and of CO3+
2 , (c) for CO3+

2 → C+ + O+ + O+. The
corresponding Newton Diagrams are shown in (d–f), respectively.
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(i) An intense symmetric structure around the C+ axis. This symmetry is because of
the equal momentum sharing between the O+ ion and the neutral O atom. The distribution
around the minimum C+ momentum is a clear signature of the linear structure of the CO2
molecule. The C+ ion is released with a smaller momentum, while the other two fragments
(O+ and O) are emitted back to back. Thus, this structure corresponds to the concerted
process, where the two C=O bonds break simultaneously. (ii) A second structure can also
be distinguished in this diagram, distributed in the perpendicular direction to the O+ axis.
This indicates a weak correlation between the O+ ion and all other fragments [46]. This
is a typical signature of a two step s(i)2 process, where the O+ ion is released in the first
step. The CO+ cation further fragments into C+ and O after the primary fragments (O+

and CO+) have left the Coulomb field region. As a result, the C+ and O are anticorrelated.
The same data is displayed in a Newton diagram in Figure 3d. The most probable

momentum of the O+ ion is shown by an arrow along the x-coordinate. The relative
momentum of the C+ and O are mapped in the upper and lower half of the diagram,
respectively. Although, we could not distinguish between the concerted and the sequential
s(i)2 process in this diagram, the anticorrelation between C+ and O is clearly visible.

To further understand the dynamics we take help of the distributions of the momentum
correlation angles (MCAs) α, β, and γ. These angles are shown schematically in Figure 4a
and can be obtained from the momentum vectors of the associated ith and jth fragment

ions as: MCA = cos−1
(

~Pi .~Pj

|~Pi ||~Pj |

)
). Figure 4d–f show these angular distributions for the

C+ + O+ + O channel. Both the O+ ion and O atom show a double peak structure in the
angular distribution with respect to the C+ ion. The O+ (neutral O) ion has two peaks
around 110◦ (45◦) and 160◦ (100◦). These values are in good agreement with measurements
reported earlier [18]. The double structure obtained in our present experiment is explained
by considering both sequential and concerted decays. In the sequential process, the O
atom is released toward C+ at 45◦, whereas the O+ ion at 160◦ to balance the C+ + O center
of mass momentum. On the other hand, in the concerted process, both the O+ and O
fragments are released at 110◦ and 100◦ with respect to the C+ ion. The angle β was found
to be around 170◦.

Figure 4. (a) Schematic diagram of a COq+
2 (q = 2, 3) molecular ion fragmenting into C+ + O+ + O+

along with definitions of different angles (α, β, γ, θ, and χ) in the momentum space (discussed in the
text). (b) The distribution of the momentum space molecular bond angle (θ) and (c) the angle χ for
the C+ + O+ + O+ channel. The distribution of (d) α, (e) β, and (f) γ for all the three-body breakup
channels ((1,1,0), (0,1,1), and (1,1,1)). The scaling is performed for visual clarity.
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In contrast to the above discussion, the presence of the first structure together with
the second one in the Dalitz plot has been attributed to missed three-ion coincidences by
Laksman et al. [46]. One factor contributing to this case is the finite dead time (∼35 ns [33])
of the spectrometer, which causes the third one to be missed if the TOFs of the second
and the third ion are the same. As a result, a triple coincidence is recorded as a double
coincidence. The other contributing factor is the finite detection efficiency of the detector,
due to which there is a probability that the third ion could be missed even if the TOFs are
very different for all the ions. The contribution from these missed triple coincidences could
also be the reason for the deviation of the slopes in the 2D coincidence plots from those
reported in the earlier studies.

The KER distribution for the fragmentation of CO2+
2 into C+ + O+ + O is shown in

Figure 5a. The kinetic energies (KEs) of the individual fragments are also shown in the same
plot. The KER spectra has a broad distribution around the most probable value 10.8± 1 eV,
with a small structure around 1.2± 0.13 eV, and it extends form 0 eV to around 50 eV. The
most probable value of KE are 1.5± 0.05 eV, 7.5± 0.5 eV, and 1.5± 0.12 eV for C+, O+, and
O, respectively. Additionally, the KE of O+ ion shows an additional contribution at zero.

Figure 5. The KER distributions for the three-body fragmentation of COq+
2 (q = 2, 3) into (a) (1,1,0)

and (b) (0,1,1) channels along with the kinetic energies (KEs) of the individual fragments. (c) KEs of
individual fragments in the (1,1,1) channel. The arrows show the position of the most probable KE of
each fragments. The scaling is performed for visual clarity.
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O+ + O+ + C Channel

For the O+ + O+ + C channel, we have obtained a slope of−1.16± 0.02. This is in good
agreement with the theoretical prediction of −1.0 for a concerted as well as s(d) process.
However, as discussed above, the deferred charge separation for this channel demands
isomerization of the CO2 molecule to form an O2+

2 cation. In our experiments with 1 MeV
proton we have not seen any trace of O2+

2 in the TOF spectrum. Therefore, a concerted
process (Equation (1b)) seems to be predominantly contributing to this channel [18,19].

Figure 3b shows the Dalitz plot for the O+ + O+ + C channel. We can observe two
distinct structures in this diagram. (a) An almost symmetric intense structure around the
C axis. The distribution close to the minimum C momentum is again a clear signature of
the linear structure of the CO2 molecule. The C ion is released with a smaller momentum,
while most of the momentum is shared between the other two fragments (O+ and O+).
Hence, this structure corresponds to the concerted process, where the two C=O bonds
break simultaneously. This structure is almost identical to that obtained by Wang et el. [19]
with 200 eV electron. (b) Two separate structures can also be observed at the two opposite
O+ edges, which are symmetric around each O+ axis. These correspond to events where
one of the O+ has low momentum, while the C and the other O+ ion are released one after
the other. This momentum sharing is a clear signature of a two step s(i)1 process, where the
O+ ion is released in the first step. While the CO+ cation further fragments into O+ and C
after the primary fragments (O+ and CO+) have left the Coulomb region. As a result, the
O+ and C are anticorrelated.

Figure 3b shows the Newton diagram for this channel where the most probable mo-
mentum of the first O+ ion is plotted along the x-axis. Although, we could not distinguish
between the concerted and the sequential s(i)1 process in this diagram, but the anticorre-
lation between O+ and C is clearly visible. The low momentum of the C atom can also
be seen.

The angular distributions of α, β, and γ for the O+ + O+ + C channel is shown in
Figure 4d–f. The two O+ ions show peak structure around 160◦ (α) and 125◦ (γ), with a
small contribution around 160◦ in the distribution of the angle γ, whereas the angle β has a
broad distribution around 110◦.

The KER distribution for the O+ + O+ + C channel is shown in Figure 5b along with the
kinetic energies (KEs) of the individual fragments. The KER spectra has a broad distribution
around the most probable value of 8.4± 0.8 eV. And, it extends form 0 eV to around 30 eV.
The most probable values of KE are 4.0± 0.1 eV, 3.5± 0.2 eV, and 0.5± 0.04 eV for O+, O+,
and C, respectively. The KE of the O+ ions show an additional contribution at 0.5 eV. The
most probable value of KER of the O+ + O+ + C channel is smaller than that of C+ + O+ + O
channel. This difference can be explained by the CE model by noting that due to the linear
configuration of the CO2 molecule the distance between the two oxygen atom (2.32 Å) is
larger that that between the carbon and oxygen atoms (1.16 Å).

3.2.2. Fragmentationof CO3+
2

Similar to CO2+
2 , we can also observe several sequential and concerted fragmentation

channels for the decay of CO3+
2 as follows:

(I.) Concerted fragmentation

CO3+
2 → C+ + O+ + O+ (7a)

→ C2+ + O+ + O (7b)

→ C + O+ + O2+ (7c)
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(II.) Two-step s(i)1

CO3+
2 → C+ + O2+

2 → C+ + O+ + O+ (8a)

CO3+
2 → C2+ + O+

2 → C2+ + O+ + O (8b)

(III.) Two-step s(i)2

CO3+
2 → CO2+ + O+ → C+ + O+ + O+ (9a)

→ C2+ + O + O+ (9b)

→ C + O2+ + O+ (9c)

CO3+
2 → CO+ + O2+ → C + O+ + O2+ (9d)

→ C+ + O + O2+ (9e)

(IV.) Two-step s(d)
CO3+

2 → CO3+ + O→ C2+ + O+ + O (10a)

→ C+ + O2+ + O (10b)

CO3+
2 → O3+

2 + C→ C + O2+ + O+ (10c)

Among the above fragmentation channels, we could only observe three in Figure 1:
(a) C+ + O+ + O+, (b) C2+ + O+ + O, and (c) O2+ + O+ + C. Among these, only the
first channel has significant statistics.

C+ + O+ + O+ Channel

Figure 3c shows the Dalitz plot for the C+ + O+ + O+ channel. The dominant structure
is the almost symmetric distribution around the right edge of the circle where the O+ ion
has maximum momentum. As discussed above, it is a signature of two-step s(i)2 process,
where an O+ is released in the first step leaving a metastable CO2+, which decays in the
second step producing O+ and C+ ions. In addition, there are traces of counts on the left
side of the C+ axis. A sequential process in a three-body break up can be easily identified
in a Newton diagram. During the first step, the intermediate CO2+ ion acquires some
angular momentum. If the lifetime of this CO2+ ion is of the order of it’s half-rotational time
period, then it can rotate while dissociating in the next step [5,15], which shows up as semi-
circular structures in the Newton diagram [5,47]. Figure 3f shows the Newton diagram
for this channel where the most probable momentum of the first O+ ion is plotted along
the x-axis. It shows two lobes on the upper and the lower half of the diagram, the C+ ion
and the second O+ (y < 0 plane) are anti-correlated, and there is no prominent semicircular
structure. This hints towards the fact that either the lifetime of the CO2+ ion is less than the
half-rotational time period or the vibrational motion precedes the fragmentation process
(the asynchronous concerted decay).



Atoms 2023, 11, 75 12 of 16

To further shed light upon the underlying process, we discuss the MCA distributions.
The distributions of α, β, and γ for the C+ + O+ + O+ channel is shown in Figure 4d–f.
The two O+ ions show peak structure around 140◦ (α) and 130◦ (γ). While γ has a small
contribution around 60◦. The results from Jana et al. using 5 MeV u−1 Si12+ shows that the
angle between the momentum vectors of the two O+ ions (β) is about 165◦. By comparing
with earlier reported studies, they concluded the C+ + O+ + O+ fragmentation to be a
concerted decay from linear as well as bent structures of CO3+

2 . In our data the angle β is
around 150◦, which is less compared to the other two fragmentation channels. Therefore,
our present data also indicates contribution from bent states. The presence of several
bent geometries of CO3+

2 molecular ion are also confirmed from the distribution of the
momentum-space molecular bond angle θ as shown in Figure 4b, which has a broad
distribution around 120◦. Similar results have been also reported by other groups [7,8,18].

In an extreme example of concerted (synchronous) breakup, the molecule dissociates
via symmetric stretching around the central C atom. Thus, the C+ ion would obtain zero
momentum and the two O+ ions are ejected simultaneously with same energy. If the
central C+ ion is released with a finite energy, then the break must have happened from
a bent geometry of the precursor molecular ion, whereas in a concerted process, if there
is any deviation from the equal sharing of energy between the two terminal ions, then it
would correspond to an antisymmetric stretching of the molecule [30]. The kinetic energies
(KEs) of the individual fragments for the C+ + O+ + O+ channel is shown in Figure 5c. In
Figure 6a–c, we have plotted the complete KER distribution for the above channel in three
regions: (a) 0–9.6 eV, (b) 9.6–16.8 eV, and (c) 16.8–35.0 eV. The KER spectrum has a most
probable value of 7.2± 0.4 eV (Figure 6a) with a broad structure around 20 eV (Figure 6c). It
extends from 0 eV to about 35 eV. The most probable values of KE (the position of which are
depicted as arrows in Figure 5c) are 1.5± 0.05 eV, 1.5± 0.1eV, and 0.5± 0.04 eV for C+, O+,
and O+, respectively. The most probable value of KER for this charge symmetric channel is
smaller than that of the asymmetric channels. The non-zero kinetic energy of the C+ ion
implies that bent geometries are contributing to the fragmentation. In addition, the unequal
energy of the two O+ ions signifies that vibrational motions precede the fragmentation
process, and hence it is an asynchronous concerted decay. To confirm this vibrational
stretching we take help of the distribution of the angle χ (Figure 4a). A uniform distribution
in χ represents a stepwise sequential process [30], whereas a sharp distribution indicates
the involvement of a concerted process. Figure 4c shows the distribution of χ for the
C+ + O+ + O+ fragmentation channel showing a broad structure around 50◦, which could
imply the presence of bending as well as stretching modes during the fragmentation of
CO3+

2 . These three regions are also shown in the KER spectrum of Figure 5c shaded in
yellow, orange, and blue. The corresponding Dalitz plots, Newton diagrams, and the
distribution of the angle χ are also shown in Figure 6. For KER range of 0–9.6 eV, most of
the counts in the Dalitz plot (Figure 6a) are situated near the bottom of the triangle and
right of the C+ axis indicating the presence of asynchronous decay [48]. As the KER range
increases the counts get dispersed away from the central region towards the left and right.
In the KER range between 16.8 eV and 35 eV, there are almost no counts around the C+ axis,
while dominant structures are around the two O+ axes. The unequal energy sharing due to
stretching of one of the C=O bonds can easily be identified in both the Dalitz plot and the
Newton diagram (Figure 6f). The stretching of the bond is also reflected in the distribution
of the angle χ (Figure 6f–h). With increase in the available energy, as the stretching becomes
more dominant, an asymmetry takes over the initial isotropic distribution.
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(d) (e) (f)

(j) (k) (l)

Figure 6. (a–c) The KER distributions, (d–f) Dalitz plots, (g–i) Newton diagrams, and (j–l) the
distributions of the angle χ for the three-body fragmentation of CO3+

2 into (1,1,1) channel. The KER
ranges of the three columns are; Left column: 0–9.6 eV, Middle column: 9.6–16.8 eV, Right column:
16.8–35 eV.

4. Conclusions

We have studied the dissociation dynamics of a simple, linear triatomic molecule CO2
under the impact of 1 MeV protons. We have measured the two- and three-body dissociation
of doubly and triply charged molecular ions of CO2. For the O++CO+ fragmentation
channel from the CO2+

2 molecular ion, we see a prompt dissociation resulting in narrow KER
distribution. This KER distribution can be well explained based on the different electronic
states reported by earlier theoretical and experimental studies. The CO2+

2 molecular ion also
shows a metastable character in the ion–ion correlation diagram as a tail and ’V’ structure.
Using the intensity of these structures, we have estimated the life time of the metastable
(CO2+)* molecular ions. We have also discussed the three-body dissociation of CO2+

2 , which
produces two ions and a neutral. All three-body dissociation are discussed using Dalitz
plots, Newton Diagrams, and angular distributions. For both the C+ + O+ + O and
O+ + O+ + C channels, we have observed contribution from both concerted decay. In
addition, for the C+ + O+ + O channel, we see signature of an s(i)2 process, whereas
in the O+ + O+ + C channel contains signature of an s(i)1 process. The contributions
from all these processes are also be verified from the angular distributions. We have
further discussed the charge symmetric fragmentation of CO3+

2 molecular ions producing
C+ + O+ + O+. The angular distributions for this channel hint toward the fact that the
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three-body fragmentation is happening from bent molecular geometries of the precursor
molecular ions. The Dalitz plots and Newton diagrams further suggest that molecular bond
stretching precedes the fragmentation process in this charge symmetric dissociation. The
linear triatomic CO2 molecule has three vibrational modes, namely symmetric stretching,
asymmetric stretching, and bending vibration. The typical time scales of these three
stretching modes are 25 fs, 14 fs, and 50 fs [49], respectively, which are much larger than
the interaction time (tint) of 37 as for the present collision system consisting of 1 MeV
protons and CO2 molecules. The population of these different vibrational modes depends
on the available energy of the molecular system. The KER distribution works as a tool
to investigate different energy regimes in the fragmentation process. In the lowest KER
range, we have observed that the fragmentation is happening due to concerted decay from
a linear geometry of the precursor molecular ion (synchronous decay). With the increase in
KER values, we observe more contributions from the bending and asymmetric stretching
(asynchronous decay) modes.
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