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Fragmentation of CO4+
2 , created by the impact of slow, highly charged ions (96 keV Arq+; 8 � q � 14) on

CO2, has been studied by recoil ion momentum spectrometry. CO4+
2 was found to dissociate into three ionic

fragments through two channels: CO4+
2 → O+ + C2+ + O+ [the (1,2,1) channel] and CO4+

2 → O2+ + C+ + O+

[the (2,1,1) channel]. The kinetic energy of each fragment ion and the total kinetic energy release (KER)
distributions for these channels were derived. Ab initio quantum chemical calculations at the multiconfiguration
self-consistent-field configuration-interaction level of theory were carried out to obtain the potential energy
curves of CO4+

2 , from which the expected KER values were derived. A comparison of the experimental KER
distributions with the expected KER values for different excited states enabled the estimation of the relative
probabilities of accessing different electronic states of CO4+

2 . These probabilities were found to depend on the
projectile charge q. The fragmentation was visualized using the Dalitz plots, which revealed that the (1,2,1)
channel arises exclusively via concerted fragmentation, while the (2,1,1) channel also has a small contribution
from sequential fragmentation.

DOI: 10.1103/PhysRevA.103.032821

I. INTRODUCTION

The dissociation dynamics of multiply ionized polyatomic
molecules has been a topic of study in recent years [1–5]. With
the rapid development of momentum imaging techniques
[6,7], it is now possible to map the momentum vectors of all
ionic fragments in coincidence. However, obtaining detailed
kinematics of polyatomic molecular ions has been a challenge
because of many-body involvement in the dissociation chan-
nels. Several experiments have been carried out addressing the
question of whether the multiply ionized triatomic molecular
ion of molecules such as CO2, CS2, N2O, or OCS dissociate
via a concerted process or sequential process [2,4,8,9]. In
a concerted process, all bonds of the molecular ion break
simultaneously and the atomic ions move apart due to their
Coulomb repulsion. In the other extreme process of sequential
or stepwise dissociation, the molecular ion first separates into
two ionic fragments and, after some time when they hardly in-
teract with each other, the second step of dissociation occurs.

CO2 has been regarded as a prototype molecule for the
study of three-body fragmentation dynamics and has captured
a lot of attention. In this context, CO3+

2 is one of the most
studied molecular cations of CO2, created under the action
of a variety of projectiles such as slow (v < 1 a.u.) [2], in-
termediate velocity (v ≈ 1 a.u.) [10], and swift (v > 1 a.u.)
highly charged ions (HCIs) [11–14], electron impact [15,16],
synchrotron radiation [17,18], or femtosecond laser pulses
[19–22]. A large number of these investigations [2,10,15,22]
were centered around the separation of different fragmenta-
tion pathways, i.e., concerted and sequential processes, and
the corresponding kinetic energy release (KER) distributions.
By analyzing the KER distributions of CO3+

2 fragmentation,
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Neumann et al. [2] concluded that the total energy deposited
into the system is the key parameter to control the fragmen-
tation dynamics. Using ab initio calculations, Wang et al.
could identify the participating electronic states of CO3+

2 in
its three-body fragmentation [15].

However, studies of the three-body fragmentation dynam-
ics of COn+

2 (n � 4) are rather scarce. In studies of the
fragmentation dynamics of COn+

2 (3 � n � 6) under the ac-
tion of an intense laser field, a dependence of the KER
distribution on the pulse width was observed [20,21]. Sieg-
mann et al., using swift HCIs, Xe18+ and Xe43+ at 5.9 MeV/u,
explored KER distributions of different dissociation chan-
nels of COn+

2 (3 � n � 6) [11]. Khan et al., using 1 MeV
Ar8+ ions, explored concerted and sequential processes in
the fragmentation of CO4+

2 and CO5+
2 [10]. Wang et al., us-

ing 500 eV electrons, studied two fragmentation channels:
CO4+

2 → O+ + C2+ + O+ [the (1,2,1) channel] and CO4+
2 →

O2+ + C+ + O+ [the (2,1,1) channel] [23]. Significant differ-
ences in peak positions and the shape of the KER distributions
of these two channels were observed. The differences were
attributed to different states of CO4+

2 being accessed.
The charge of the projectile is an important parameter that

decides the strength of the perturbation, and hence experi-
ments on the creation and fragmentation of molecular ions
under a range of projectile charges open up the possibility
of preferentially populating different excited states. In the
slow collisions with HCI, various electronic states of CO2

may get populated by different ionization mechanisms such
as direct ionization or, more probably, by electron capture
from the target molecule. In the present study, we investigate
the (1,2,1) and (2,1,1) dissociation channels of CO4+

2 created
by the impact of slow HCIs (Arq+; 8 � q � 14) at 96 keV
(v ≈ 0.31 a.u.) on CO2. We observe total KER distributions
of both fragmentation channels. We calculate the potential
energy curves (PECs) of CO4+

2 by performing ab initio
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quantum chemical calculation based on multiconfiguration
self-consistent-field configuration interaction (MCSCF-CI)
and, with the help of computed PECs, estimate the KER
values. By fitting the experimental KER distributions to a
sum of distributions based on the computed estimates, we
identify the contributions of different excited states to the frag-
mentation. We present the relative probabilities of accessing
different excited electronic states of CO4+

2 dissociating into
the (1,2,1) and (2,1,1) channels and their variation with the
projectile charge. In addition, the fragmentation mechanisms
of both channels have also been visualized using the Dalitz
plot method. This analysis reveals that a symmetric concerted
process dominates the (1,2,1) channel, while the (2,1,1) chan-
nel arises mainly through an asymmetric concerted process
with a weak signature of sequential fragmentation.

II. EXPERIMENTAL DETAILS

The present experiment has been carried out at the electron
beam ion source (EBIS) facility at IISER Pune [24]. The
source is manufactured by Dreebit GmbH, Germany, operated
at room temperature [25]. It can deliver ions of charge state up
to Ar16+. The whole system can be raised to 5–25 kV positive
potential and allowing extraction of ions with energy up to
5−25 keV/q. The capability of the EBIS to deliver ions of
all charge states within a range makes it a very convenient
tool for a systematic study of projectile charge dependence of
fragmentation dynamics. Fragments resulting from the colli-
sion were analyzed using a multihit capable ion momentum
spectrometer. The details of the momentum spectrometer and
experimental setup can be found elsewhere [26]. Briefly, an
Ar-ion beam from EBIS overlaps with the effusive beam of
the target gas molecule CO2 at the center of the collision
chamber housing the recoil ion momentum spectrometer. The
momentum spectrometer is a single-field time-of-flight (ToF)
spectrometer combined with a two-dimensional position (x, y)
sensitive detector. The ion acceleration region is of length
110 mm followed by a field-free drift region of length 220 mm
so as to satisfy the Wiley-McLaren space focusing condition
[27]. The fragment ions are guided towards the detector by a
uniform electric field of strength 60 V/cm. The direction of
the field is taken to be the +z direction. The ion detector is
an 80-mm-diameter microchannel plate with a delay-line an-
ode. Ejected electrons are detected by a channeltron mounted
on the opposite side. The ion time-of-flight measurement is
triggered by coincidence with the ejected electrons. Ion time
of flight (t ) and arrival positions (x, y) are recorded in list-
mode format. The recorded data are analyzed offline after
completion of the experiment. The raw selection of three-
body fragmentation events is by simple triple ion coincidence;
further refinement is done by imposing the momentum con-
servation condition, ensuring that the ionic fragments arise
from the dissociation of the same molecular ion [26]. The
low ion beam current, of the order of 10–15 pA, and low gas
pressure (2–5×10−7 mbar) are maintained to keep accidental
coincidences at a lower rate. The t, x, y information is mapped
one to one to the momentum components pz, px, py of the
fragments. From this information, the kinetic energy of all
ionic fragments is derived. Fragmentation of highly charged
molecular ions such as CO4+

2 results in rather high kinetic

energy atomic ions, and efficient collection of these while also
realizing adequate energy resolution is a challenge. In this ex-
periment, an extraction field of 60 V/cm has been applied and
the achieved resolution of the total kinetic energy is ≈1.0 eV.
Based on the simulations, it was found that fragment ions with
energies up to 8.5 eV/q are transported without loss to the
detector, irrespective of their direction of emission from the
interaction volume. Postcollision charge state analysis of the
projectile, which can be useful for separating various ioniza-
tion mechanisms such as direct and capture ionization, is not
possible in the present experimental setup.

III. COMPUTATION OF POTENTIAL ENERGY CURVES

Potential energy curves (PECs) of the several excited states
of CO4+

2 leading to O+ + C2+ + O+ and O2+ + C+ + O+

dissociation have been calculated through ab initio cal-
culations using the GAMESS [28] suite of programs. The
multiconfiguration (MC) self-consistent-field (SCF) method
[29] along with configuration interaction (CI) has been
used to obtain the PECs of the excited states. The
electronic configuration of the neutral CO2 (1�+) is
(1σu)2(1σg)2(2σg)2(3σg)2(2σu)2(4σg)2(3σu)2(1πu)4(1πg)4. In
the MCSCF-CI calculation, the inner five molecular orbitals
are considered as a core orbital and the rest of the orbitals
along with four virtual orbitals are taken as active orbitals
with eight active electrons for the CO4+

2 ion. The density
convergence criterion for this calculation has been set at 10−6

to obtain well-converged virtual orbitals. For the (2,1,1) dis-
sociation limit, the MCSCF calculation is carried out with
point group symmetry C1, where the two oxygen atoms are
no longer equivalent to each other. However, for the (1,2,1)
channel, the point group symmetry is taken to be D2h, as it
imposes two oxygen atoms to be identical. We have assumed
symmetric stretch of the O–C–O bond from its equilibrium
bond length of ≈1.16 Å up to ≈10 Å with a step size of
0.02 Å, and the energy of the excited states at each step is
noted to get the entire PEC. In this case, three different basis
sets, (i) split valence double zeta basis, (ii) Pople’s triple split
6311-G basis set, and (iii) Dunning-type correlation consistent
basis sets augmented with a set of diffuse function (aug-cc-
pVTZ), are used to make sure that the calculated PECs are
independent of the basis set. To validate our calculations, we
have reproduced the PECs of neutral CO2 (1�+) and excited
states of CO3+

2 , which lead to the O+ + C+ + O+ dissoci-
ation. Our calculation shows a good match with previous
results [15].

IV. RESULTS AND DISCUSSION

Since the timescale for multiple ionization is approxi-
mately 10 fs [30,31] and the projectile-target interaction time
in our experiment is subfemtoseconds, we can assume a ver-
tical transition from the ground state of CO2 to its multiply
ionized state. Three-body fragmentation channels of CO4+

2
observed in the experiment are

CO2
4+ → O+ + C2+ + O+ (1, 2, 1), (1)

CO2
4+ → O2+ + C+ + O+ (2, 1, 1). (2)
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FIG. 1. Potential energy curves of CO4+
2 calculated using the 6311-G-type basis set. Curves contributing to the (1,2,1) and (2,1,1)

fragmentation channels are shown in the left and right panels, respectively. The separated atom limits are O+(4S), C2+(1S), O+(4S), and
O2+(3P), C+(2P), O+(4S), respectively. The vertical strip represents the Franck-Condon region. Numbers shown adjacent to the upper curves
are the expected values of the kinetic energy release, in eV, resulting from excitation to the respective curves.

A. Kinetic energy release distributions

The KER distributions of the (1,2,1) and (2,1,1) fragmenta-
tion channels under the action of different Arq+ (8 � q � 14)
ions at same energy of 96 keV are shown in Fig. 2. It is
readily noticed that our KER distributions are quite differ-
ent from the previous results on fragmentation, reported by
Siegmann et al. using swift HCI [11]. For both channels,
they have reported broad KER distributions extending from
25 to 100 eV, with peak values around 57 eV [for channel
(1,2,1)] and around 62 eV [for channel (2,1,1)] and lacking
a finer structure. They also observed that experimental KER
spectra of these two channels are quite similar to each other,
which is contrary to our findings. Wang et al. have reported
some structures in KER distributions of both channels under
electron impact [23]. They observed a sharp peak at ≈42.5 eV
with a wide lobe at ≈54 eV in the (1,2,1) channel and a

weak peak at ≈43 eV with a lobe at ≈51 eV in the (2,1,1)
channel. However, statistics were very low in these channels
because of the low cross section for the formation of CO4+

2
in electron impact. In our experiment, the KER distribution of
the (1,2,1) channel ranges from 30 to 80 eV and that of the
(2,1,1) channel ranges from 25 to 90 eV. There are significant
differences in the KER distributions of the two channels. The
two dominant features in both channels are around 39 eV and
around 52 eV. The relative intensities of these two structures
are strongly influenced by the projectile charge. For example,
for the (1,2,1) channel, the structure around 52 eV is enhanced
in the case of Ar10+ impact (blue curve), while in the case of
Ar12+ impact (black curve), the same feature is suppressed.
For the (2,1,1) channel, the Ar12+ impact (black curve) results
in an enhanced relative intensity of the structure appearing
around 39 eV in the KER distribution. Apart from these two
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FIG. 2. Total kinetic energy release (KER) distributions resulting from collisions with different Arq+ ions at an energy of 96 keV. Left:
O+:C2+:O+ (1,2,1) fragmentation; right: O2+:C+:O+ (2,1,1) fragmentation. Areas under the curves are normalized to unity.
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FIG. 3. Fitting of multiple Gaussian curves (normalized to total counts) to experimental KER distributions for Ar10+ ion impact at 96 keV
for the (1,2,1) and (2,1,1) fragmentation channels. Error bars on the experimental data show statistical errors. Fit residuals are shown at the
bottom of the graph.

readily observed peaks, there are also some other structures
in KER distributions. To identify these, KER distributions of
both channels corresponding to different Arq+ ions have been
fitted to the sum of multiple Gaussian functions.

To obtain the initial parameters for the fit, we take the
Franck-Condon region to be ±2σ of the probability density
of the ground vibrational state of CO2 and project this width
onto the PEC of upper electronic states (shown in Fig. 1). The
projected width is taken to be equal to ±1.5σ for the KER
distribution. The width of the Gaussian function correspond-
ing to each upper state is fixed in this manner, and is not a
fitting parameter, while the amplitudes and centroids of the
Gaussians are determined by a least-squares fit of the sum
of multiple Gaussians to the experimental KER distributions.
Figure 3 shows the experimental KER distribution and the
multiple Gaussian fit for both fragmentation channels in the
case of Ar10+ impact. The consistency of the fit has been
checked by varying the standard deviation values by ±10%.

The values of the centroids obtained by fitting are listed in
Table I for the two fragmentation channels for all projectiles.
These values are compared with the KER values estimated
from the PEC for different states, which are also mentioned in
the table. A fair agreement is seen between the fitted values of
KER and those estimated from the PECs, and this permits us
to match the features in the experimental KER distributions
with the participating excited states.

We observe, in Table I, that the values of the centroids
do not vary much with the projectile charge, except in two
instances in channel (1,2,1). For the 1� excitation, the PEC-
based estimate matches the fitted centroids for all projectiles,
except Ar12+, for which the fitted value is lower. On the
other hand, for the 5� excitation, the PEC-based estimate
matches the fitted centroid for Ar12+, but the centroids for all
other projectiles are higher. As seen from Fig. 2, in the KER
distribution beyond approximately 50 eV (1� excitation), the
tail is longer for projectiles other than Ar12+. Since the fit

TABLE I. First two columns: Excited states of CO4+
2 contributing to the two observed fragmentation channels and the KER values predicted

from the computed PE curves and their range based on the Franck-Condon overlap. Next five columns: Centroids (with fitting error) of the
Gaussian functions fitted to experimental KER distributions for the two breakup channels for different projectiles. All values are in eV.

Predicted Centroids of peaks fitted to experimental data

State and KER Ar8+ Ar10+ Ar11+ Ar12+ Ar 14+

O+ + C2+ + O+ [(1,2,1) channel]
1�+ 40.9 ± 2.5 39.3 ± 0.1 39.1 ± 0.1 38.7 ± 0.1 38.8 ± 0.1 38.4 ± 0.1
3� 44.0 ± 3.1 44.5 ± 0.4 44.4 ± 0.2 44.5 ± 0.3 44.2 ± 0.4 44.3 ± 0.2
1� 53.0 ± 4.5 52.9 ± 0.8 52.7 ± 0.3 53.3 ± 0.5 50.5 ± 2.2 53.0 ± 0.4
5� (or higher) 58.0 ± 4.9 63.7 ± 1.5 62.7 ± 0.5 64.6 ± 1.4 59.2 ± 4.5 64.7 ± 1.6

O2+ + C+ + O+ [(2,1,1) channel]
3� 39.5 ± 3.6 38.2 ± 0.4 38.2 ± 0.4 35.3 ± 0.6 36.8 ± 0.3 36.7 ± 0.2
5� 43.7 ± 3.2 44.5 ± 0.8 43.6 ± 0.4 41.2 ± 0.4 41.6 ± 0.5 43.7 ± 0.3
7� 53.0 ± 5.7 52.7 ± 0.4 52.6 ± 0.1 51.5 ± 0.2 49.1 ± 0.4 51.9 ± 0.2
higher 67.2 ± 0.6 65.2 ± 0.3 65.9 ± 0.4 61.8 ± 1.1 65.7 ± 1.0
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Gaussian function fitted to the experimental KER distribution for the two fragmentation channels, (1,2,1) and (2,1,1). For the (1,2,1) channel,
the state shown as [5�] is to be understood as 5�, or higher, consistent with Table I.

to the KER distribution is a multipeak fit with peak widths
fixed by the Franck-Condon overlap, the dominant structure
corresponding to 1�+ and 3� excitations causes a shift of
the centroids of the neighboring fit functions toward a lower
value. For similar reasons, the prominent tail at higher KER
for projectiles other than Ar12+ causes the fitted peaks corre-
sponding to the 5� excitation for those projectiles to emerge
at a higher value.

Referring to Figs. 1 and 2, we see that for channel (1,2,1),
the sharp peak around 39.5 eV can be attributed to dissociation
of CO4+

2 via its 1�+ state. The second prominent feature at
around 52.5 eV arises by dissociation via the 1� state, while
the features at even higher KER values are due to the dissoci-
ation via 5� or other higher-lying states. For channel (2,1,1),
CO4+

2 dissociates via 3� and 7� states, which give rise to
two dominant features in the KER distribution at around
39.5 eV and around 52.0 eV, respectively. Features at higher
energy, once again, could be due to higher-lying electronic
states, which do not appear in our calculation. Based on the
Coulomb explosion (CE) model, the KER value of channel
(1,2,1) comes out to be ∼56 eV, while for the (2,1,1) channel,
it is ∼50 eV. However, the experimental value of the average
KER for the (1,2,1) channel is lower than that for the (2,1,1)
channel for all projectiles—the exact opposite of what the
CE model suggests. A similar observation was reported in
the work of Siegmann et al. [11], and they attributed it to
the oversimplification inherent in the CE model, especially
in the context of a multielectron system.

The normalized areas of the fitted Gaussian distributions
(normalized to the area under the experimental KER distri-
butions for each projectile and each fragmentation channel
separately) give us the relative probabilities of the contribution
of each state toward the yield of that fragmentation channel.
The relative probabilities are shown in Fig. 4. For channel
(1,2,1), 1�+, 3�, and 1� are the main participating electronic
states. Of these states, the 3� state is almost equally probable
for all projectiles. However, the probability of accessing the
1�+, 1�, and 5� states is different for different Arq+ ions.
The low-lying 1�+ state is dominantly accessed in the case
of Ar12+ impact and the least in the case of Ar10+ impact.
On the other hand, higher-lying states 1� and 5� have a

smaller probability in the case of Ar12+ impact and a greater
probability for Ar10+ impact. Ar11+ and Ar14+ show nearly
equal probability of accessing the 1�+ state, which is the
highest contributing state. For channel (2,1,1), Fig. 4 shows
that 3� and 7� are the two main states that are accessed. The
3� state is most likely to be accessed in the case of Ar12+

impact. On the other hand, the 7� state is more likely to
be accessed in the case of Ar10+. Furthermore, the dominant
7� state is almost equally probable for Ar8+, Ar11+, and
Ar12+ projectiles. Thus, the probability of accessing differ-
ent electronic states of CO4+

2 dissociating into (1,2,1) and
(2,1,1) channels depends on the projectile charge. Ar10+ and
Ar12+ are found to show stark differences in the probability
of accessing different states, compared to other projectiles,
as is also clearly seen in Fig. 2 (blue and black curves). For
the (1,2,1) channel, the low-lying 1�+ state has the highest
probability of being accessed for all projectiles except Ar10+,
while the 1� state has the highest contribution in the case of
Ar10+ impact. For the (2,1,1) channel, the 7� state has the
dominant contribution for all projectiles, and especially so for
Ar10+ impact. For both fragmentation channels, the average
KER is lower in the case of Ar12+ impact compared to all
other projectiles.

It should be noted that the (relative) probabilities for
higher-lying states are likely to be greater than the estimates
based on the observed yields at high KER due to the low
collection efficiency for higher-energy fragments, as men-
tioned in the experimental details. However, this shortcoming
will not alter the reported projectile charge dependence for
accessing a given excited state.

B. Correlations between fragment momenta

As discussed in the previous section, the greatest dif-
ferences in the distribution of the probability of accessing
different electronic states of CO4+

2 are seen for Ar10+ and
Ar12+ projectiles. In this section, we present the effect of these
two projectile ions on fragmentation mechanisms of CO4+

2
by using a Dalitz plot, which permits visualization of the
correlation between fragment ion momenta in terms of the
reduced kinetic energy. The x and y coordinates in a Dalitz
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FIG. 5. Dalitz plots and the kinetic energy distributions for the (1,2,1) channel (upper panels) and the (2,1,1) channel (lower panels) for
Ar10+ and Ar12+ impact. Note that the intensity scale for the KE distribution of C+ for channel (2,1,1) has been halved. The counts scale in the
Dalitz plots is logarithmic to the natural base.

plot are given by

x = E1 − E3

31/2ET
, y = E2

ET
− 1

3
, (3)

where Ei (i = 1, 2, 3) are the kinetic energies of the three
fragments and ET is the total kinetic energy release, ET =
E1 + E2 + E3. For the (1,2,1) channel, i ≡ O+

(1), C2+, O+
(2),

and for the (2,1,1) channel, i ≡ O2+, C+, O+.
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Dalitz plots for the (1,2,1) channel are shown in Fig. 5 (up-
per half). The intense region at the bottom (x = 0, y = −0.33)
for both channels reveals that the central ion C2+ carries very
small energy and the two O+ ions are emitted back to back,
which is a signature CO4+

2 having a linear geometry. The
density distribution in the Dalitz plots is, on the whole, sym-
metric about the x = 0 axis. This leads to the inference that
the (1,2,1) channel is due to a symmetric concerted process.
There are no significant differences in the Dalitz plots for the
Ar10+ and Ar12+ projectiles, except that the spread along the
x axis is greater in the case of Ar10+ than that for Ar12+. The
energy sharing among ionic fragments (O+, C2+, O+) can be
understood directly from the kinetic energy (KE) distributions
of each fragment, shown in Fig. 5. It is evident that C2+ carries
away very little energy, and most of the released energy is
equally shared by the two O+ ions, consistent with a linear,
concerted fragmentation. For Ar12+ impact, EO+ distribution
has a sharp peak at around 19 eV; however, it has a wider
distribution for Ar10+ impact. This difference is reflected in
the spread of Dalitz plots along the direction of the x axis for
both projectile ions.

Dalitz plots for the (2,1,1) channel are shown in Fig. 5
(lower half). In addition to the intense region at the bottom, a
weak trace is seen extending towards the top right. The bottom
region is asymmetric about the x = 0 axis. It indicates that
although the fragmentation leading to the (2,1,1) channel is
concerted, it is asymmetric. The C+–O2+ bond stretches more
than the C+–O+ bond. The additional asymmetric weak trace
away from the intense region arises due to sequential frag-
mentation of CO4+

2 with a final sharing of charges as (2,1,1)
via the O2+ + CO2+ intermediate stage. Khan et al. [10] have
also observed such weak trace of the sequential fragmentation
for this channel. The Dalitz plot for Ar10+ has a comparatively
broader and intense concerted region as compared to Ar12+. In
the lower panels of Fig. 5, the KE distributions of fragments
(O2+, C+, O+) show that for the (2,1,1) channel, the peak of
carbon ion energy distribution lies slightly above zero because
of the asymmetry of the fragmentation. KE distributions of O+
and O2+ ions have peaks at higher values around 22.5 eV and
around 27.0 eV for Ar10+ and lie somewhat lower at around
17.5 eV and around 21.5 eV for Ar12+. The small lobe in the
KE distributions of C+ at around 15 eV and of O+ at around
3 eV corresponds to sequential fragmentation, as has been
verified by picking up events from regions of the Dalitz plot
corresponding to the sequential process. The contribution of
the sequential process to total events comes out to be around
6% for Ar12+ and around 3% for Ar10+ ion.

V. CONCLUSION

Three-body fragmentation dynamics of CO4+
2 , created un-

der the impact of slow HCIs Arq+ (8 � q � 14) on CO2 at
an impact energy of 96 keV, was investigated. Total KER dis-
tributions of the fragmentation channels O+ + C2+ + O+ and
O2+ + C+ + O+ were measured for all Arq+ ions. Ab initio
quantum chemical calculations were carried out to obtain
potential energy curves of CO4+

2 under certain symmetry con-
straints. With the help of computed PECs, the values of the

KER for both channels were estimated. Experimental KER
distributions were fitted to the sum of multiple Gaussian distri-
butions. By comparing the centroids of the Gaussians with the
estimated KER values, it was found that the (1,2,1) channel
arises mainly via excitation to 1�+, 3�, and 1� states, while
the (2,1,1) channel arises mainly via 3� and 7� states. The
relative probability of accessing these electronic states was
found to depend on the charge state of the projectile. For
the (1,2,1) channel, the low-lying 1�+ was found to have
the highest probability of being accessed for all projectiles
except Ar10+, whereas, for the (2,1,1) channel, the 7� state
was found to dominate irrespective of the projectile, and es-
pecially for Ar10+ impact. Taken together, the most striking
difference in the relative contributions of different states was
seen between Ar10+ and Ar12+ impact, which is likely to
be a reflection of different ionization mechanisms being at
play for the two projectiles. In fact, for both fragmentation
channels, the average KER is found to be the lowest for Ar12+

impact among all projectiles. Thus, Ar12+ impact leads to a
preponderance of gentler ionization mechanisms than other
projectiles; ionization mechanisms leading to higher KER
values are suppressed for Ar12+ impact.

The distribution of the correlated momenta of the frag-
ments, visualized using Dalitz plots, was used to identify
concerted and sequential processes. The (1,2,1) fragmentation
channel appears entirely via a concerted fragmentation, with
symmetric stretching of the two bonds. The (2,1,1) channel
is mostly due to concerted fragmentation, with asymmetric
stretching of the bonds, accompanied by a small amount
of sequential fragmentation, with the doubly charged frag-
ment separating first. The fraction of sequential fragmentation
events was found to be higher for Ar12+ impact than for Ar10+

impact. For both fragmentation channels, Ar10+ impact gives
a broader momentum distribution compared to Ar12+ impact.

In summary, low-energy HCIs are seen to be suitable
candidates to influence the fragmentation dynamics of poly-
atomic molecular ions. Depending on the projectile charge,
there are differences in the probabilities of participation of
different excited states and these lead to patterns in the
fragmentation kinematics and dynamics. Different projectiles
can lead to a preponderance of certain ionization mech-
anisms, and this alters the probabilities of populating the
excited states that are precursors to fragmentation. Limitations
of our experimental setup do not permit separation of the
ionization mechanisms, which may be addressed by more
involved experimental strategies comprising electron spec-
troscopy and postcollision projectile charge state analysis.
Further insights can be obtained via more accurate and less
restrictive calculations of the excited-state potential energy
surfaces.
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