
PHYSICAL REVIEW A 107, 012811 (2023)

Fragmentation dynamics of acetylene in collision with highly charged ions:
Concerted and sequential breakage of CH and CC bonds
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The three-body fragmentation of C2H2
3+ to H+ + C+ + CH+ as a consequence of one CH and one CC bond

breaking is investigated by 50-keV/u Ne8+ impact. All three fragments are detected in coincidence with a
scattered projectile (either Ne7+ or Ne6+) employing a reaction microscope, and their momentum vectors as well
as the kinetic energies were obtained. Four distinguished structures are observed in the energy correlation spectra,
indicating that abundant fragmentation mechanisms contribute to the H+ + C+ + CH+ channel. The Newton
diagrams and Dalitz plots are employed to trace fragmentation mechanisms. We found that both the concerted
fragmentation and the sequential pathway with CH bond breaking prior to CC contribute to this channel. The
possible electronic states of the C2H2

3+ precursor that may contribute to the identified fragmentation mechanisms
are analyzed with the help of quantum chemical calculations. Furthermore, the influence of the collision
dynamics between the projectile and the target to the dissociation mechanisms is discussed by comparing the
contributions from the reaction channel with transferring one electron while ionizing the other two, i.e., T1I2,
and the reversed channel T2I1. The T2I1 channel is observed to be more efficient to initiate fragmentation
mechanisms leading to higher kinetic-energy release.
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I. INTRODUCTION

The fragmentation mechanism of molecules is of funda-
mental interest in physics and chemistry, and has potential
application in many research fields like evolution of interstel-
lar media [1], radiation damage of living tissue [2], and plasma
physics [3]. The three-body fragmentation of polyatomic
molecules in which at least two chemical bonds break either
simultaneously or sequentially has attracted great interest for
several decades, and is still a hot topic in recent studies. Tak-
ing triatomic molecules as a prototype, many investigations
have been performed to reveal details of the fragmentation
mechanisms, such as the concerted and sequential breaking
of chemical bonds, and the sequence of bond breaking in a
sequential fragmentation process. In general, the three-body
fragmentation of triatomic molecules including CO2 [4–10],
OCS [4,11–16], CS2 [4,11,17,18], N2O [4,19,20], NO2 [11],
and H2O [21,22] has been well investigated.

Acetylene (C2H2) widely exists in nature, and plays a
very important role in industry, e.g., oxyacetylene cutting and
welding. As one of the smallest organic molecules, it has
been chosen as a model system to investigate intramolecular
proton migration and isomerization [23–30]. It was found that
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once the acetylene molecule is singly or doubly ionized, the
acetylene-vinylidene isomerization can occur [23–28]. In the
case of quadruply or higher ionization, the Coulomb explosion
leads to complete fragmentation of the molecule into four
separated nuclei [31–33]. The C2H2 molecule is of next higher
degree of complexity than triatomic molecules for under-
standing three-body fragmentation mechanisms. Once three
electrons are removed, the C2H2

3+ trication can dissociate
into three products either through breakage of two CH bonds,
i.e., the H+ + H+ + C2

+ channel [33–36], or through break-
age of one CH and one CC bond, i.e., the H+ + C+ + CH+

channel. For the H+ + H+ + C2
+ channel [35], we found in

our previous study that the fragmentation mechanism exhibits
characteristic features of fragmentation of linear triatomic
molecules such as CO2 [5]. The two CH bonds can break
either simultaneously or sequentially. In addition, vibrational
modes like molecular bending and asymmetric stretching also
contribute significantly to the fragmentation. Nevertheless, in
a later work by 3-keV/u Ar8+ impact [36], only concerted
fragmentation is observed, demonstrating the sensitivity of
fragmentation dynamics on the projectile energy [36].

In this paper, we focus on the three-body fragmentation
channel

C2H2
3+ → H+ + C+ + CH+. (1)

This is the simplest system involving the breakage of both
CH and CC bonds, and thus can serve as the prototype for
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understanding the competition between CH and CC cleavage
in the decay of organic matter. In pump-probe measurements,
this channel has been extensively selected as the probing
channel to visualize intramolecular proton migration and
isomerization occurring in C2H2

+ or C2H2
2+ [23,25,28]. Nev-

ertheless, the fragmentation mechanism of C2H2
3+ trication

to H+ + C+ + CH+ has not yet been studied thoroughly, al-
though this channel has been identified in several experiments
[32–34]. In the present paper, the precursor C2H2

3+ is initiated
by 50-keV/u Ne8+ impact. By measuring all three frag-
ments in coincidence with the scattered projectile employing
a reaction microscope, kinematically complete information
is achieved. Detailed analysis of the momentum correlation
between three fragments and their kinetic-energy (KE) dis-
tributions makes it possible to identify different mechanisms
that contribute to this channel.

II. METHODS

A. Experimental details

The experiment was carried out by a reaction microscope
(also called cold target recoil-ion-momentum spectroscopy)
[37,38] connected to the 320-kV platform for multidisci-
plinary research with highly charged ions at the Institute
of Modern Physics, Chinese Academy of Sciences. Since
the details of the experimental setup have already described
elsewhere [39], only a brief introduction is given here. The
collimated 50-keV/u Ne8+ beam (≈ 1-mm diameter) inter-
sects with the gas jet formed by supersonic expansion of
pure acetylene gas (≈ 2-mm diameter). After collision, the
ionic fragments from dissociation of C2H2 are extracted by
a uniform electric field perpendicular to the directions of the
beam and gas jet, and are detected by the time and position
sensitive detector. The scattered projectile ions which capture
one or more electrons from the target are separated from the
residual Ne8+ beam by a parallel electrostatic deflector, and
are detected by another time and position sensitive detector.
The ionic fragments and the scattered projectile are stored in
an event-by-event mode. During data analysis, the species of
the ionic fragments are identified according to time-of-flight
(TOF) information.

The precursor C2H2
3+ trications are produced through

transfer ionization reactions:

T1I2 : Ne8+ + C2H2 → Ne7+ + C2H2
3+ + 2e−, (2)

T2I1: Ne8+ + C2H2 → Ne6+ + C2H2
3+ + e−. (3)

Here T1I2 denotes that one of the target electrons is trans-
ferred to the projectile while another two electrons are ionized
into the continuum, and so does T2I1. Unless otherwise spec-
ified, the data presented in this paper include the contribution
from both reactions. The momentum vector of each frag-
ment is calculated according to TOF and position information.
Consequentially, the KE of each fragment, as well as the
kinetic-energy release (KER, sum kinetic energy of the three
fragments), are obtained.

The data are displayed in the Newton diagrams and the
Dalitz plots to reveal momentum correlation between differ-
ent fragments. In the Newton diagram [11], the momentum

vector of H+ is displayed as a unit on the horizontal axis,
and the momentum vectors of C+ and CH+ are normalized
and displayed in the upper and lower parts of the graph.
The Dalitz plot was originally proposed for representation of
τ -meson decay configurations [40]. In the past decade, it has
been widely applied to represent the three-body breakup of
molecules [5,35]. In the Dalitz diagram, X and Y coordinates
are defined as

X = P2
2 − P1

2

√
3�Pi

2
, (a)

Y = P3
2

�Pi
2 − 1

3
. (b)

Here Pi (i = 1, 2, 3) denotes the momentum of H+, C+, and
CH+, respectively.

B. Theoretical calculations

The state-average complete active space self-consistent-
field (SA-CASSCF) method [41,42] with the cc-pVTZ basis
sets is used to examine the energetics of ground and excited
electronic states of C2H2

3+, and gain insight into the elec-
tronic states and mechanisms leading to H+ + C+ + CH+

dissociation. In our calculations, the structures of C2H2
3+

trication were fully optimized at the SA-CASSCF/cc-pVTZ
level. An active space (7, 10) with seven valence elec-
trons distributed in ten molecular orbitals was used. For the
excited-state calculations, the state averaging included the
contributions of the ground state and 165 excited states (in-
cluding 86 doublets, 64 quartets, and 15 sextets) of C2H2

3+
with energies up to 19 eV (Tables S1–S4 in the Supplemen-
tal Material [43]). The zero-point energy corrections at the
SA-CASSCF/cc-pVTZ level, 0.30 eV for C2H2

3+(2� u) and
0.17 eV for CH+(1� g

+), were included. The MOLPRO2022
program suite [44] is used to perform all the calculations.

III. RESULTS AND DISCUSSION

A. Identification of fragmentation pathways

Figure 1(a) displays the correlation spectrum between KE
of the proton and the sum KE of C+ and CH+. Four distinct is-
lands marked as region I, II, III, and IV appear in this plot. The
rich structures shown here indicate that different mechanisms
may contribute to the H+ + C+ + CH+ channel. Especially,
the KE of the proton for region II is obviously higher than
region I, while the sum energy of C+ and CH+ is almost
the same for the two regions. This strongly indicates that the
protons in I and II are emitted from different mechanisms. In
Fig. 1(b) the data are presented in the correlation spectrum as
a function of the KER and the sum KE of C+ and CH+. The
KER values are different for different regions, indicating that
different electronic states are involved.

Figures 2(a) and 2(b) represent the Newton diagram and
Dalitz plot including all H+ + C+ + CH+ events, respec-
tively. The main spots locating in the forward and backward
directions of the red arrow in Fig. 2(a) are attributed to the
concerted fragmentation. Due to the linear geometry of C2H2,
the three fragments produced in the concerted fragmentation
process propagate mainly along the molecular axis. Also,
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FIG. 1. Energy correlation spectra. (a) Sum KE of C+ and CH+ vs KE of H+. (b) Sum KE of C+ and CH+ vs KER. Four isolated
islands appear in both spectra. Events located in the different ovals marked I, II, III, and IV arise from different fragmentation mechanisms.
I, concerted fragmentation of the low-lying states; II, sequential fragmentation; III, concerted fragmentation of the highly excited states; IV,
sequential fragmentation of the highly excited states.

there is a semicircle structure labeled as black dashed semicir-
cles which is a typical feature of the sequential fragmentation
process [4]. Correspondingly, this semicircle structure is re-
lated to the strip along the orange dashed line in Fig. 2(b),
which is the typical appearance of the sequential fragmen-
tation in the Dalitz plot. In addition to the main spots and
the semicircles, there are also additional distributions which
cannot be well separated in Fig. 2(a). For example, in the
upper plane of Fig. 2(a) there is a weak distribution in the right
side of the main spot. To get an insight into the mechanisms
behind all these structures shown in Figs. 2(a) and 2(b), we
decompose the Newton diagram and the Dalitz plot by the
filters of red ovals in Fig. 1(a), and show the partial plots in
Figs. 2(c)–2(f) and 2(g)–2(j).

As shown in Figs. 2(c) and 2(g), the main spots for con-
certed fragmentation of the linear molecule are related to
region I with the lowest KER, reflecting that this concerted
process is probably from the low-lying electronic states of
the C2H2

3+ trication. In addition, there are tail structures
extending from the main spots. These tail structures show in-
creased derivation of the C+ (CH+) momentum vectors from
the direction (opposite direction) of the H+ momentum. Such
events are allocated to bending vibration that makes the acety-
lene molecule deviate from linear configuration. Figure 2(k)
shows the KE distributions of the proton with different Dalitz
filters shown in Fig. 2(g). The black solid rectangle covers
mainly the main spot arising from concerted fragmentation of
the molecules with linear configuration, while the red dashed
rectangle covers mainly the tail structure following the main
spot, which probably arises from molecular bending vibration.
The difference in the KE curves illustrates that Coulomb
potential experienced by the proton differs as the geometry
changes due to bending vibration.

Region II corresponds to the semicircles in the Newton
diagram and the strip in the Dalitz plot, as shown in Figs. 2(d)
and 2(h). Such features demonstrate that region II arises from
sequential fragmentation. The strip in Fig. 2(h) is parallel

to the H+ edge of the triangle. The distance from the data
point to the H+ edge is P2

H+/�P2
i , i = 1, 2, 3. Thus the strip

structure along the orange dashed line in Fig. 2(h) reflects that
the momentum of the proton is independent of the other two
fragments. Consequentially, the sequential process is assigned
to the sequential pathway with H+ emitted in the first step:

C2H2
3+ → H+ + C2H2+ step 1, (4a)

C2H2+ → C+ + CH+ step 2. (4b)

This is confirmed by plotting the KE distribution of the proton
with different Dalitz filters. Figure 2(l) displays the proton
KE distributions with different filters shown in Fig. 2(h). The
curves for three filters are almost the same indicating that the
KE of the proton is independent of the rotation of the inter-
mediate dication. It can be seen in Fig. 2(d) that the intensity
decreases gradually from one end of the semicircle to the other
end. The uneven distribution is also observed in the Dalitz
plot. It reveals that the lifetime of the intermediate C2H2+ is
shorter than its half-rotational period. This is different from
sequential fragmentation of triatomic molecules like CO2 [5]
and OCS [15], but is consistent with sequential fragmentation
of C2H4

3+ to H+ + H+ + C2H2
+ [45] and our observation for

sequential fragmentation of C2H2
3+ to H+ + H+ + C2

+ [35].
For region III the Dalitz plot in Fig. 2(i) exhibits a bright

spot similar to the main spot in Fig. 2(g). In addition, the
KE distributions of the proton shown in Fig. 2(m) vary as
the Dalitz filter changes, indicating that the proton is emit-
ted in correlation with the other two fragments. This is a
typical feature of the concerted fragmentation process. The
KER value for region III is about 9 eV higher than region I
arising from low excited states. The events in region III are
assigned to concerted fragmentation of the C2H2

3+ populated
to higher electronic states. The spots in the Newton diagram
of Fig. 2(e) are much broader than the main spots in Fig. 2(c).
This can be qualitatively understood as the deformation of
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FIG. 2. (a) Newton diagram and (b) Dalitz plot with all the experimental data for the H+ + C+ + CH+ channel. (c)–(f) Newton diagrams
and (g)–(j) Dalitz plots with different KE filters I, II, III, and IV shown in Fig. 1, respectively. Black solid, red dashed, and orange dotted
rectangles are different Dalitz filters used to deduce KE distributions shown in Figs. 2(k)–2(n). The orange dashed line in Figs. 2(b), 2(h), and
2(j) is parallel to the H+ edge of the triangle. (k)–(n) KE distributions of H+ with different Dalitz filters shown in (g)–(j), respectively. The
color and style of the curves in (k)–(n) are the same as those of the corresponding Dalitz filters. Error bars of the data are calculated as the
square root of the counts. The short vertical bar represents the mean KE values of H+ for the curve with the same color and style.
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FIG. 3. (a)–(d) KE distributions of H+ (red dot), C+ (blue triangle), and CH+ (green square ) with filters of red ovals I–IV shown in
Fig. 1(a), respectively. (e) The total KER distribution including all H+ + C+ + CH+ events (thick black) and the partial plots decomposed
by filters I (red dot), II (blue triangle), III (green square), and IV (purple rhomb). The gray curve presents Gaussian fitting of the total KER
distribution. The calculated KER values from different electronic states are presented in the bottom of the figure.

the configuration from linear structure after more energy is
deposited into the target.

The Newton diagram and the Dalitz plot for region IV are
quite similar to region II. The strip parallel to the H+ edge
of the triangle, as well as the similar KE distributions of the
proton for different filters, demonstrate that the emission of
the proton is independent of the other two fragments. The
fragmentation occurred through a similar sequential pathway
to region II, i.e., a sequential pathway with the proton emitted
in the first step, and then the intermediate C2H2+ dissociates
to C+ and CH+. Since the KER for region IV is much higher
than region II, events in region IV are assigned to sequential
fragmentation of higher excited electronic states of C2H2

3+.
Based on the above discussion, fragmentation mechanisms

of the four isolated regions in the KE correlation spectra
have been identified. The CH and CC bonds can break ei-
ther simultaneously (regions I and III), or in a sequential
manner with CH breaking in the first step followed by CC
breaking (region II and IV). In Figs. 3(a)–3(d) we present
the KE distributions for these different regions. Figure 3(e)
displays the KER distribution for each region and the total

KER distribution including all H+ + C+ + CH+ events. By
Gaussian fittings of the KER distribution cures for I to IV,
the peak positions are determined to be 16.9, 20.8, 26.1, and
28.4 eV, respectively. These KER values are listed in Table I.
The concerted fragmentation of low excited states contributes
to region I with the lowest KER peaking at 16.9 eV. As
the KER increases to 20.8 eV for region II, the sequential
fragmentation channel becomes dominating. The increased
KER from region I to region II is mainly from the KE of the
proton, as can be seen by comparing Figs. 3(a) and 3(b). As
the KER increases to 26.1 eV for region III, another concerted
fragmentation channel makes the major contribution. This
channel occurs in higher excited electronic states since the
KER value is 9.2 eV higher than region I. By comparing the
KE distributions between region III and region I, it seems that
the exciting energy higher than the low-lying states distributes
among all three fragments, since the KE of each fragment
increases significantly from Fig. 3(a) to Fig. 3(c). When the
KER increases further to 28.4 eV for region IV, sequential
fragmentation with the proton emitted in the first step hap-
pened again. Both Figs. 3(b) and 3(d) show that the KE of

TABLE I. KER and branching ratios for regions I–IV, and counts and relative contribution of reaction channels T1I2 and T2I1 to these
regions. The error for the relative ratio between T2I1 and T1I2 is obtained by consideration of the standard derivation of the counts for these
two reaction channels. The error for the branching ratio is given by Gaussian fitting.

Counts Relative ratio

Region KER (eV) Branching ratio (%) T1I2 T2I1 T2I1/T1I2 (%)

I 16.9 60.3 ± 0.3 11041 1071 9.7 ± 0.3
II 20.8 20.5 ± 0.8 3392 370 10.9 ± 0.6
III 26.1 12.8 ± 2.2 1562 195 12.5 ± 0.9
IV 28.4 6.4 ± 1.7 887 124 14.0 ± 1.3
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TABLE II. Tentative assignments of the ground state and 165 excited states of C2H2
3+ responsible for the dissociation events in regions

I–IV. The KER of the dissociated product, H+ + C+(2P1/2) + CH+(1� g
+), is computed at the CASSCF/cc-pVTZ level. The spin-orbit states of

C+(4P1/2) and C+(2D5/2) are 5.33 and 9.29 eV above the ground state C+(2P1/2), respectively, taken from the NIST atomic spectra database [46].
The excited states of CH+(3� u) and CH+(1� u) are 1.33 and 3.27 eV higher than the ground state of CH+(1� g

+) at the CASSCF/cc-pVTZ
level, respectively.

KER range (eV)

Description Number of states Assignment Theory Experiment

Ground state 1 Onset 13.2 12.8
σ (C-C) (5a1) to π or π* 19 I 13.2–22.2 13–20
σ (C-H) (4a1) to higher orbitals 22 II 17.9–24.4 18–24
σ (C-C) (5a1) to σ*(C-C) (6a1) 45 III 24.4–31.4 21–32
Primarily weakened σ (C-H) (3a1 or 4a1) 79 IV 24.9–32.3 25–32

the proton is much higher than the other two fragments, since
in these regions the proton is emitted in the first step of the
sequential process, and experiences Coulomb repulsion of the
doubly charged C2H2+.

B. Electronic states contributing to different pathways

The electronic ground state of C2H2
3+(2� u) has an

unpaired electron occupying one of the πu bonding or-
bitals and the respective C-C and C-H bond lengths are
1.576 and 1.286 Å. Assuming the C2H2

3+ lies along the
z axis and belongs to the C2v point group, the dominant
electronic configuration is (3a1)2(4a1)2(5a1)2(1b1)1(1b2)0 or
(3a1)2(4a1)2(5a1)2(1b1)0(1b2)1. Here 3a1 and 4a1 correspond
to two occupied σ (C-H) bond orbitals, 5a1 is the occupied
σ (C-C) orbital made up of 2pz(C), while the 1b1 and 1b2

are a pair of degenerate πx and πy orbitals in the CC triple
bond. The optimized C2H2

3+(2� u) structure is 13.2 eV above
the potential energy of H+ + C+(2P1/2) + CH+(1� g

+). Sup-
posing the C2H2

3+(2� u) dissociates promptly into H+ +
C+(2P1/2) + CH+(1� g

+), the sum translational energies of
the three fragments, i.e., KER, should be 13.2 eV. This is
consistent with the onset of the total KER distribution for
all H+ + C+ + CH+ events observed in Fig. 3(e). However,
a large body dissociation event is found to have a KER larger
than 13.2 eV, indicating that the major contributions are from
excited electronic states of C2H2

3+, rather than the ground
state.

Based on the optimized C2H2
3+(2� u) structure, the verti-

cal excited energies of C2H2
3+ in the energy range from 13.2

to 32.3 eV [relative to the energy of dissociated ions of H+ +
C+(2P1/2) + CH+(1� g

+)] are computed at the CASSCF
level. We were unable to obtain a stable structure for the
excited C2H2

3+ ion. The 1 2A1, 1 2A2, 1 4A1, 1 4B1, 1 4B2,
1 4A2, 1 6A1, 1 6B1, 1 6B2, 1 6A2 states (see the dominant
configuration shown in the Supplemental Material [43]) are
all repulsive. Presumably all the excited states are repulsive.
For the excited-state calculations, the state-averaging included
the contributions of the ground state and 165 excited states
of C2H2

3+, including 86 doublet, 64 quartet, and 15 sextet
states. These states are sorted into four groups as summarized
in Table II. Details of these states are listed in Tables S1–S4 in
the Supplemental Material [43]. These calculated KER values
for different electronic states are represented at the bottom

of Fig. 3(e). The calculated KER values fit well with the
measured KER distribution.

The 19 excited states in Table S1 in the Supplemental
Material [43] are mostly formed by promoting an electron
from σ (C-C) orbital (5a1) to higher π or π* orbitals. Given
the repulsive nature and the disturbed σ (C-C) orbital, these
states are expected to dissociate into H+ + C+(2P1/2) +
CH+(1� g

+) ions concertedly, and contribute to the H+ +
C+ + CH+ events with KER ranging from 13.2 to 22.2 eV.
This remarkably agrees with the KER distribution for re-
gion I [red curve with dots in Fig. 3(e)]. The slightly higher
KER range given by our theoretical predictions than the
experimental values may be due to (i) the energy partition
from transitional motions of CH+(1� g

+) ions into rotational
and/or vibrational degrees of freedom during the dissociation
process and (ii) the fact that the vertical excitation energy
is used here to determine the KER for H+ + C+(2P1/2) +
CH+(1� g

+) dissociation.
The concerted fragmentation events in region III are likely

contributed by over 45 excited states shown in Table S3 in the
Supplemental Material [43]. Most states listed in this table
involve electronic excitations from σ (C-C) orbital (5a1) to
σ*(C-C) orbital (6a1) or/and π or π* orbitals. Given the
repulsive nature of these excited states and the intact σ (C-H)
bonding orbitals, the dissociations into three ions should occur
concertedly, yielding the H+ + C+ + CH+ events with KER
from 24.4 to 31.4 eV. This consistently matches with the range
of KER distribution for region III [green curve with squares in
Fig. 3(e)].

The sequential dissociation events with C-H bond breaking
in the first step are assigned to excited states with a weakened
C-H bond. We have identified 22 (Table S2 in the Supple-
mental Material [43]) and 79 (Table S4 in the Supplemental
Material) excited states responsible for the dissociation events
in regions II and IV, respectively. In Table S2 in the Sup-
plemental Material, the σ (C-H) bond in the excited states
is weakened because of the electronic excitation out of the
σ (C-H) orbital (4a1) to other higher orbitals. As the σ (C-H)
bond is depleted of electron(s) and gets weakened, the C2H2

3+
ions are expected first to undergo [H-CCH]3+ bond cleavage
and give H+ + CCH2+ (step 1), and then the ethynyl di-cation
cleaves its CC bond, CCH2+ → C+ + CH+ (step 2). The
theoretical KER of the contributed 22 excited states falls
between 17.9 and 24.4 eV relative to the H+ + C+(2P1/2) +
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CH+(1� g
+). This is consistent with KER distribution of re-

gion II displayed by the blue curve with triangles in Fig. 3(e).
Likewise, a higher set (79) of excited states which primarily
have weakened σ (C-H) orbitals (3a1 or 4a1) is responsible
for the sequential C-H and C-C bond breaking events and
contributes to H+ + C+ + CH+ events with KER from 24.9
to 32.3 eV. This agrees with the KER distribution of region IV
displayed by the purple curve with rhombs in Fig. 3(e).

C. Branching ratios of different pathways

Finally we consider the branching ratios of different mech-
anisms associating to regions I to IV in the KE correlation
spectra, and the influence of reaction channels, namely, T1I2
and T2I1, to these mechanisms. To get the branching ratios of
the four structures, a Gaussian fitting of the total KER distri-
bution is performed with the peak centers listed in Table I. As
displayed in this table, the branching ratios for region I, II, III,
and IV are 60.3, 20.5, 12.8, and 6.4%, respectively. Concerted
fragmentation following the excitation of one electron from
the σ (C-C) orbital (5a1) to a higher orbital (region I) is the
major contribution to the H+ + C+ + CH+ channel. As KER
is increased, the branching ratio of associated mechanisms
decreases. Such a trend can be explained as that excitation
of electrons to higher orbitals usually corresponds to stronger
projectile-target interaction and a smaller impact parameter,
and thus leads to smaller reaction cross sections. The relative
contributions arising from two different charge exchanging
and ionization channels, T1I2 and T2I1, are also listed in
Table I. It can be seen that the T1I2 reaction channel is the
major contribution to all four regions, while T2I1 makes a
minor contribution. Nevertheless, as the KER increases from
I to IV, the ratio between contributions of T2I1 and T1I2
increases gradually. The T2I1 reaction is more efficient to
initiate fragmentation mechanisms that lead to higher KER,
demonstrating that the fragmentation mechanisms can be in-
fluenced by collision dynamics between the projectile and the
target. This is probably due to the fact that the proportions
of enrolled electronic states are not the same for different
charge exchange reactions. The projectile-target interaction
is stronger for the T2I1 channel compared to the T1I2 chan-
nel, and thus T2I1 is more efficient for population of higher

excited electronic states listed in Tables S3 and S4 in the
Supplemental Material [43].

IV. CONCLUSION

Fragmentation dynamics of C2H2
3+ → H+ + C+ + CH+

is investigated by 50-keV/u Ne8+ impact employing a re-
action microscope. The H+, C+, and CH+ are recorded in
coincidence with the scattered projectile of either Ne7+ (T1I2)
or Ne6+ (T2I1). Momentum vectors of all three fragments
are obtained with which detailed analysis of the momentum
and KE correlation are available. Four separated structures
I to IV with KER peaking at 16.9, 20.8, 26.1, and 28.4 eV
are observed in the energy correlation spectra. By analyzing
the Newton diagram and the Dalitz plot, fragmentation mech-
anisms associated to these structures are clearly identified.
The structures with KER peaking at 16.9 and 26.1 eV are
assigned to concerted fragmentation of C2H2

3+ with one elec-
tron excited from σ (C-C) (5a1) to higher orbitals. Also, the
sequential fragmentation process with CH cleavage in the first
step followed by CC cleavage is identified. These sequential
processes lead to KERs peaking at 20.8 and 28.4 eV, and are
assigned to excited states with weakened C-H bond during
ionization. In addition, we found that the reaction channel
T1I2 accounts for the majority of the H+ + C+ + CH+ events
in all four structures, while the T2I1 reaction only makes a mi-
nor contribution. It is interesting that the proportion of T2I1 in
structures I to IV increases as the KER increases, demonstrat-
ing that the dynamics of charge exchange between the projec-
tile and the target can influence fragmentation mechanisms.
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