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The three-body fragmentation dynamics of cyclopropane (C3Hy) induced by Ni'®* ions at an impact energy
of 5.8 MeV/u are studied using a cold target recoil ion momentum spectroscopy (COLTRIMS) reaction
microscope. Two completely measured three-body fragmentation channels of CgHg+ were identified definitely,
ie.,C:H;T — H + CHJ + C,HY and C;H}"™ — H*™ + CHYI + C,Hj . Itis found that sequential fragmentation
processes are dominant for the channels considered. For each channel, two distinct sequential mechanisms are
distinguished, depending on whether the CH or CC bond breaks first. The observation is further supported
by the characteristic kinetic energy release (KER) distributions associated with different mechanisms. Addition-
ally, the reason for the prevalence of sequential fragmentation processes and their varying degrees of importance

for the two channels are briefly discussed.
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I. INTRODUCTION

The multibody fragmentation processes of molecules have
been extensively studied both experimentally and theoreti-
cally for several decades. The interest in these processes stems
not only from their fundamental aspects, but also from their
importance in various applied fields such as planetary atmo-
spheres, chemistry, plasma physics, and biology [1,2].

Different coincidence techniques have been developed in
the past to study the fragmentation process. In particular,
multiple-coincidence momentum imaging techniques such
as the reaction microscope or cold target recoil ion mo-
mentum spectroscopy (COLTRIMS) [3-5] have been widely
applied to measure the fragmentation process, enabling the
reconstruction of the three-dimensional momentum vectors
of all ionic fragments and thus determining the momen-
tum correlations. Considerable effort has been devoted to
studying the fragmentation dynamics of small molecules
initiated by various ionizing radiation, such as charged
ion [6-9], electron [10-15], intense laser field [16-18],
or synchrotron radiation [19-21]. Different fragmentation
mechanisms, such as sequential fragmentation in which the
molecule dissociates by breaking chemical bonds one af-
ter another, and concerted breakup in which the chemical
bonds break simultaneously [6,17,22-24], can be readily re-
vealed from the momentum correlation among the final ionic
fragments for three-body fragmentation processes. Addition-
ally, the geometry of molecules can be reconstructed through
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direct multibody breakup using Coulomb-explosion imaging
[25-28].

Among the various molecules investigated in the past,
hydrocarbon molecules have gained special interest [29,30].
Hydrocarbons are widely present on Earth and in interstel-
lar space and they play a crucial role in industry. In recent
years, there has been significant attention towards the frag-
mentation of hydrocarbons induced by interacting with heavy
ions, particularly due to its implications for radiation damage
of biological tissues [31-33]. In the fragmentation process
of hydrocarbon molecules, proton migration is a univer-
sal and important dynamic pattern. This is mainly because
the mass of the hydrogen atom is much smaller compared
to carbon. It has been demonstrated in a large number of
studies that H migration was effectively involved in the frag-
mentation of the hydrocarbons. For example, it has been
suggested that hydrocarbon fragmentation contributes signif-
icantly to the formation of the most prevalent interstellar
molecular ion, HY [34-36], through proton migration. Proton
migration may also be involved in H;’ formation during the
fragmentation of the hydrocarbons [10,37,38]. Furthermore,
proton migration-induced isomerization is also common in
hydrocarbon molecules. For instance, Wei et al. [9] ob-
served that the ethane dication C2Hé+, in addition to direct
Coulomb explosion, could undergo isomerization to inter-
mediate [H,C(H,)CH,]** and further dissociate into CH;r +
CHY.

Compared to chain-structure hydrocarbon molecules, the
fragmentation of ring-structure hydrocarbon molecules is
more interesting and complex as it involves ring-closing
or ring-opening during fragmentation. Previous studies on
ring-structure hydrocarbon molecules mainly focused on
six-membered aromatic rings. For instance, studies on the
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ring-opening dynamics of 1,3-cyclohexadiene induced by
photoexcitation have been conducted due to their relevance
to critical reactions in biochemistry [39—42]. Recently, the
ultrafast ring-opening fragmentation of benzene [43—45], fol-
lowed by various hydrogen migrations [46], has also been
investigated.

As the smallest naphthenes, cyclopropane is a fundamental
structural element found in a broad range of naturally occur-
ring and synthesized compounds [47]. Cyclopropane serves
as an excellent prototype for studying ring deformation dy-
namics due to its unique molecular structure. It has a highly
strained triangular carbon structure with D3;, symmetry in its
ground state. The ionization potential of cyclopropane has
been determined to be around 10 eV [48]. The ionization
dynamics has been the subject of considerable discussion
in the literature for many years. It has been found that the
ionization process induces significant ring deformation and
Jahn-Teller distortion [49,50]. Researchers have also inves-
tigated the ionization cross sections for electron [51] and
bare-ion [52] impact ionization. It has been observed that the
ionization cross sections for ion impact are weakly dependent
on the projectile charge g compared with the ¢> dependence
given by the first Born approximation [52]. Additionally, the
isomer effects have attracted considerable interest for ioniza-
tion of C3Hg isomers [52,53]. For ion impact ionization [52],
the dominant product for cyclopropane is C3H{ ions, while
for propene it is C3HZ ions, indicating an obvious isomer
effect. However, no significant isomer effect was found for
electron impact [53]. Electron impact experiments have also
measured the electronic structure of cyclopropane [54] and
the appearance potentials of ions formed from C3H‘g [55].

Although previous studies have examined the fragmenta-
tion dynamics of cyclopropane, only a restricted range of
scenarios have been explored. A joint experimental and theo-
retical study of dissociative double photoionization of C3H§Jr
revealed intensive ring-deformation and Jahn-Teller distortion
by controlling the energies of photons [56]. More recently, a
comparative study of the fragmentation dynamics of cyclo-
propane and propene following 4 keV /u Ar®* collisions was
reported [57]. The major two-body and three-body dissocia-
tion channels of C3H§+ dications were investigated, revealing
obvious isomer effects. Despite these significant improve-
ments, there is currently limited information available on the
fragmentation dynamics of C3Hg+ trication.

In the present work, the three-body fragmentation of cyclo-
propane induced by 5.8 MeV /u Ni'** ion impact was studied
by using a COLTRIMS spectrometer. While most previous
experiments on ion-induced fragmentation of molecules fo-
cused on slow collisions, we chose a high energy for this study
to explore the potential differences in fragmentation patterns
compared to slow collisions since it is known that multiple-
electron removal processes show strong dependence on the
impact energy [58]. Interestingly, we observed the fragmenta-
tion of C3H3+, which is not seen in slow Ar®* collisions. This
observation was made possible by the multiple-electron re-
moval ability of high-energy ions. The momentum vectors of
all ionic fragments produced in the three-body fragmentation
of C3Hg+ were determined. The Dalitz plots and Newton dia-
grams revealing the momentum correlation of the fragments,
as well as the kinetic energy release (KER) distributions, were

used to study the dissociation mechanisms of the three-body
fragmentation dynamics. Our study provides valuable insights
into the fragmentation dynamics of cyclic molecules induced
by high-energy ion impact.

II. EXPERIMENTAL SETUP

The experiment was performed on a COLTRIMS setup
newly installed at the Heavy Ion Research Facility in
Lanzhou (HIRFL) of the Institute of Modern Physics, Chi-
nese Academy of Science, Lanzhou, China. The new setup
extends our investigations of ion-induced molecule fragmen-
tation process to a much higher-energy region, from about
1 to 100 MeV /u. The details of the COLTRIMS have been
given elsewhere [7,59]. Briefly, the Ni'®* ions produced in
the electron cyclotron resonance (ECR) ion resource are ex-
tracted, charged selected by an analyzing magnet, accelerated
by the sector focusing cyclotron (SFC) to the desired energy,
and then transported to our experimental terminal. Several sets
of quadrupole magnets and three sets of four-jaw adjustable
slits upstream from the target chamber were used to focus and
collimate the beam to a size of about 0.5 mm in diameter. In
the reaction chamber, the N i1t jon beam crosses a two-stage
differentially pumped supersonic gas jet beam produced by
supersonic expansion of C3;Hg gas through a 30-um nozzle.
The ion fragments and the electrons created in the collisions
were extracted perpendicular to the incoming Ni'** beam by
a homogeneous electrostatic field and then traveled through a
field-free drift tube. The acceleration region spans a distance
of 107.5 mm, whereas the drift tube measures 215 mm in
length. The ions and electrons were detected with multihit
time and position-sensitive detectors located at the end of the
drift tubes. In this work, the energy of Ni'’* ion beam is 5.8
MeV /u. The electrostatic field in the acceleration region is
about 186 V/cm. The arriving time of the electron served as
the reference for measuring the recoil ion time of flight (TOF).

The TOF information is used to identify the species of the
ionic fragments. Different dissociation channels can be distin-
guished from the TOF correlation spectrum. The momentum
vectors of the ionic fragments can be reconstructed using
the time and position information recorded by the detector.
By utilizing momentum conservation condition, the random
coincidences can be efficiently suppressed.

For three-body dissociation processes, the Dalitz plot is
a very powerful tool for investigating molecular fragmenta-
tion dynamics, as demonstrated in a large number of studies
[60,61]. In the Dalitz plot, the Cartesian coordinates x and y
are expressed as

€1 — € (1)
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where the reduced kinetic energy ¢; = j; /%, 5}, with j; and
13% being the momentum vectors of the ith and jth fragments.
This definition implies that a set of three fragment momenta
falls within a circle inscribed in an equilateral triangle, with
each edge of the triangle representing a specific fragment. The
reduced kinetic energy of a fragment can be determined by
measuring its perpendicular distance to one of the three edges
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FIG. 1. Triple-ion TOF correlation map. The sum of the TOFs
of the first and the second hit ions versus the TOF of the third hit
ions. The solid ovals are used to select the events of the three-body
dissociation channels.

of the triangle. To gain further insights into the fragmentation
dynamics, the Newton diagram is employed. In this diagram,
the momentum of one of the three fragments is taken as
1.0 arbitrary unit, aligned along the x axis and represented
by an arrow. The relative momentum vectors of the other
two fragments with respect to the arrow are plotted in the
upper and lower half planes of the diagram, respectively. The
Newton diagram provides a straightforward visualization of
the fragmentation dynamics [6].

III. RESULTS AND DISCUSSION

In the present experiment, the triple-ion TOF correlation
map shown in Fig. 1 is employed to identify the different
multibody dissociation channels. The x axis represents the
sum of the TOFs of the first and second hit ions, while the y
axis represents the TOF of the third hit ion. Various multibody
dissociation channels could be identified in Fig. 1. The distinct
sharp-line structures marked by solid ovals correspond to the
three-body dissociation channels as follows:

C;H}" — H™ + CHJ + CHY, A3)
C3H" — H' + CH} + CH] . 4)

Apart from the above three-body dissociation channels, the
structures located at the lower-left side of these channels are
attributed to multibody fragmentation processes involving at
least one undetected H (or H"). We focus and discuss only
the two fully measured three-body fragmentation channels of
C;H;" in the following analysis.

As depicted in Fig. 1, it is evident that the channel
C3H}™ — H' + CHJ + C,HY is the preferred pathway for
the three-body dissociation of C3Hg+. Two oblique stripe
structures marked by red and gray dashed rectangles are
observed in the experimental Dalitz plot of this channel as
shown in Fig. 2(a), implying that different fragmentation
mechanisms may be involved in this channel. In Fig. 2(b), we
present the Newton diagram normalized to the momentum of
H" (represented by black arrow) for this channel. The two
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FIG. 2. (a) Dalitz plot and (b) Newton diagram for the channel
GH}* — H™ + CHJ + C,Hj.

different contributions distinguished in the Dalitz plot can be
identified as well in the Newton diagram. A clear circular
structure marked by red dashed lines exhibits in the Newton
diagram, which is an evidence of a sequential fragmentation
process via C3H; ™ — H* + C3H2" — HT + CH; + C,Hj,
i.e., the initial CH bond cleavage is followed by subsequent
CC bond cleavage. In addition, a weaker circular structure
marked by the gray dashed semicircle appears in the Newton
diagram, indicating a different sequential dissociation process
occurring in this channel.

To further distinguish these two sequential process, the
native frame method [62] is employed, which allows the de-
termination of the relative contribution of different pathways.
Assuming that the sequential process proceeds via C\;Hg+ —
H™ + C3H§+, Fig. 3(a) shows the native frame plot for this
channel, where the angle 6, defined by the relative angle
between the momentum vector of H' and C3H§+ in the native
frame, is plotted versus the KER of C3H§Jr in the second frag-
mentation step. It has been well established that in such a plot
the sequential fragmentation exhibits a uniform distribution
while the direct concerted fragmentation produces an inhomo-
geneous distribution with an intense area. Moreover, it would
be possible to examine the validity of the assumption of the
sequential process from the native frame plot: if the assump-
tion is true, a vertical distribution appears, whereas an inclined
distribution shows up. Thereby, the vertical distribution along
the red dashed line shown in Fig. 3(a) corresponds to path-
way I, ie., CGGHJ' — H™ 4+ C3H:" — H' + CHJ + C,HJ.
The corresponding Newton diagram is shown in Fig. 3(b).
In contrast, the inclined distribution along the gray dashed
line corresponds to another sequential fragmentation process
denoted as pathway II. The Newton diagram of this pathway
is shown in Fig. 3(c) where the momentum vector of CH;
is fixed on the x axis and the relative momentum vectors
of the H' ion and C,H7 ion are plotted on the lower and
upper half planes, respectively. The appearance of a smaller
circular structure in Fig. 3(c) indicates that pathway II cor-
responds to the sequential dissociation process C3H2+ —
CHJ + CHi" — CHJ + H" + C,H{, where the initial CC
bond breaking is followed by subsequent CH bond breaking.

The KER distributions are supportive of the assignment
of the sequential pathways described above. Figure 3(d) dis-
plays the total KER distributions of channel C3H2+ — Ht +
CHJ + C,H{ . It can be seen that the total KER distribution of
this channel exhibits a single peak centered at about 13.5 eV,
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FIG. 3. (a) Native frame plot by assuming sequential fragmen-
tation of C;H}* via H' + C3H3T. [(b),(c)] Newton diagram for
pathway I and pathway II, respectively. (d) KE distributions with
all the experimental data for the channel C;H;™ — H' + CHJ +
CZH;. [(e),(f)] KE distributions for pathway I and pathway II,
respectively.

while there are two peaks presented in the kinetic energy (KE)
distribution of the H™ ion (4.6 eV and 7.8 eV) and CH;r ion
(3.5 eV and 6.6 eV). The CQH;r ion shows a peak centered
around 1.8 eV with a shoulder structure at 3.2 eV. These
distinct features correspond to the two sequential pathways.
To gain further insight into the origin of these structures, the
KE distributions of ionic fragments for the two pathways are
illustrated in Figs. 3(e) and 3(f), respectively. Notably, the
structures depicted in Fig. 3(d) arise from different KEs of
the ionic fragments involved in different pathways.

By using Gaussian fittings, the average KER for pathway
I and pathway II was determined to be 12.9 eV and 14.5 eV,
respectively. The KE of the H* ion for pathway I is nearly
twice as much as that for pathway II. The KE of the CHY
ion for pathway I, in turn, is considerably lower compared
to pathway II. The apparent difference of KEs can be readily
attributed to the different Coulombic repulsions experienced
by the H' ion in the two pathways. For pathway I, the majority
of the KE of the H' ion originates from the first step, wherein
it encounters a strong Coulombic repulsion caused by the
double-charged intermediate C3H§Jr ion. Unlike pathway I,
the KE of the H" ion for pathway II primarily arises from
the Coulombic repulsion between H* and CQH;_ in the second
step since C,HJ inherits most of the KE of the intermediate
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FIG. 4. (a) Dalitz plot and (b) Newton diagram for the channel
GH;™ — H™ + CHY + C,Hj.

CzHiJr produced in the first step due to the small mass ratio
between HT and C,HJ . It thus follows that the KE of the H"
ion for pathway II is roughly half that of pathway I, assuming
the length of the broken CH bond is nearly equivalent for both
pathways.

For channel C3H;" — HT + CH + C,HJ involving the
proton migration, two oblique stripe structures marked by red
and gray dashed rectangles are observed in the Dalitz plot
shown in Fig. 4(a). The Newton plot in Fig. 4(b) also shows
a prominent semicircular structure marked by a red dashed
line and a weaker semicircular structure marked by a gray
dashed line. This indicates that there are two distinct sequen-
tial fragmentation processes contributing to this pathway. The
native frame plot is employed to further distinguish the two
sequential processes, as shown in Fig. 5(a). Here it is assumed
that the sequential process proceeds via HT + C3H§+. In the
same way, the vertical distribution along the red dashed line
and the inclined distribution along the gray dashed line cor-
respond to two different sequential fragmentation processes
(i.e., pathway I’ and IT') depending on which of the two kinds
of bonds breaks first. In combination with the Newton dia-
gram for the two contributions shown in Figs. 5(b) and 5(c),
pathway I’ is attributed to C3H; ™ — H* + C3HI* — H™ +
CHj + C,HJ while pathway II' corresponds to C3H;™ —
CHf + CoH3" — CHY + H™ + C,Hj.

Figure 5(d) shows the KE distributions of the ionic frag-
ments. All three KE distributions exhibit a peak with a
shoulder structure. The peak values for H*, CHY, and C,H;
ions are determined to be 7.4 eV, 2.7 eV, and 1.4 eV, respec-
tively. The KE distributions for the two sequential pathways
are presented in Figs. 5(e) and 5(f), respectively. It can be
observed that the HT ion in pathway I' has much higher
KE compared to pathway II', while the KE of CH; ion in
pathway I’ is considerably lower compared to pathway II'.
This is expected as the H' ion experiences stronger Coulomb
repulsion in pathway I, resulting in higher KE of HT due to
its much smaller mass. Based on Gaussian fits, the average
KER values for pathway I’ and pathway II' are determined to
be 12.8 eV and 14.0 eV, respectively.

To further investigate the sequential fragmentation dynam-
ics, the KER distributions for each fragmentation step are
reconstructed [7,62] and compared with previous studies. In
Ref. [63], Gluch et al. studied the fragmentation of C3H§+ —
CHY + C,HJ and the KER value is determined to be 4.58 eV.
Based on ab initio quantum-chemical calculations, they re-
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FIG. 5. (a) Native frame plot by assuming sequential fragmen-
tation of C;H}* via H' + C3H3T. [(b),(c)] Newton diagram for
pathway I’ and pathway II', respectively. (d) KE distributions with
all the experimental data for the channel C;H;™ — H' + CHY +
C2H2+ . [(e),(f)] KE distributions for pathway I' and pathway I,
respectively.

vealed the fragmentation mechanism, i.e., the C3H§+ with
the doublet C; symmetry dissociates into CH;’ (singlet, D3,
symmetry) and vinylidene C;HJ (doublet, C,, symmetry) via
a transition state. In the present work, the KER for the second
fragmentation step in pathway I’ is approximately 4.7 eV, as
can be seen in Fig. 5(a), which closely matches the reported
KER value by Gluch et al. [63], indicating that the proposed
dissociation mechanism may explain the second fragmenta-
tion step in pathway I'.

According to the analysis above, it is evident that the
sequential fragmentation pathways mediated by C3H§Jr play
a significant role in the channels C3H}" — H* + CHJ +
CH{ and C3H;" — H' + CHI + C,HJ. Interestingly, no
ion pairs of HT + C\;H?r were found in the present ion-ion
coincidence TOF map, while a peak corresponding to C3H§Jr
ion were indeed observed in the TOF spectrum of the first
hit ion, consistent with the observations of dissociative dou-
ble ionization of C3Hg [56] and the fragmentation of C3Hg
following 4 keV /u Ar®* collisions [57]. We speculate that the
electronic states of the C3H§+ ions formed from C3H§+ and
CgHgJr may be quite different, leading to a large difference in
lifetimes of C3H§+ ions. On the one hand, the proposed mech-
anism of single neutral hydrogen evaporation in [56] may

TABLE 1. The relative branching ratios of the two sequential
pathways for the two dissociation channels.

Channel Relative branching ratio

Pathway I (I') Pathway II (IT')

41.2% £ 1.4%
18.3% £ 1.3%

H* + CH} + C,HY
H* + CH! + C,H;

58.8% £ 2.0%
81.7% £ 5.8%

explain the presence of C3H§Jr in the TOF spectrum. In this
case, the lifetime of the C3H3" ion formed from C3Hg " should
be long enough to reach the ion detector. On the other hand,
the observation of a complete semicircle structure in Newton
diagrams and the absence of ion pair H + C3H:" island in
ion-ion coincidence TOF map imply that the lifetime of the
intermediate C3H§+ ion formed from C3Hg+ is comparable to
its own rotation period of no more than a few ps, which is
much shorter than that of the C3H§Jr formed from C3H§+. The
intermediate state of the C3H§+ ion formed via emission of
a H by C3H2Jr can survive for some time and then further
dissociate into two C-based ions.

We now turn to a comparison of the two channels. The
relative contributions from the respective two sequential path-
ways demonstrate varying degrees of importance. Table I
displays the relative branching ratios of the two sequential
pathways for the two dissociation channels. Different from
the channel H 4+ CH} + C,HJ, where the contributions of
the two sequential pathways are comparable, for the chan-
nel HT + CHJ + C,HJ which involves proton migration, the
contribution of pathway I’ is much larger than pathway IT'.
This can be understood considering the timescales of the
relevant processes. The estimated timescale for the first step of
sequential fragmentation is typically around tens of fs [64,65],
whereas the timescale for proton migration is on the order of
tens to 100 fs [66,67]. Clearly, the timescale of the first step
of sequential fragmentation is comparable to that of proton
migration, indicating that proton migration may compete with
the first fragmentation step for the channel involving pro-
ton migration. Depending on in which step proton migration
occurs, the relative contributions of the different sequential
processes may vary significantly. For the channel C3Hz+ —
H™ + CHY + C,HJ, pathway I’ could be dominant assuming
that the first step of sequential fragmentation is faster than
proton migration.

Finally, it should be noted that the experiment was con-
ducted using highly charged (Ni'°*) ions at an impact energy
of 5.8 MeV /u, which is in a largely unexplored energy range.
Unlike previous studies on molecule fragmentation primarily
performed using low- and intermediate-energy ions [6,68—
72], where concerted breakup plays a vital role, the sequential
fragmentation pathways dominate in the present experiment at
the much higher energy considered for both dissociation chan-
nels. It is plausible to surmise that the velocity of projectiles
has a strong influence on the dynamics of molecular fragmen-
tation. This hypothesis is supported by previous studies using
different projectile velocities, which indicated that multiple-
electron removal processes exhibit a strong dependence on
the impact energy [5,58]. For instance, in the high-energy
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region, postcollisional ionization mechanisms such as Auger
and Coster-Kronig dominate, whereas at low and intermedi-
ate energies, direct multiple ionization of the outer shell of
the target is the main contribution [73]. The fragmentation
patterns can be influenced by the distribution of primary va-
cancies resulting from the different mechanisms of electron
removal [68]. However, it is worthwhile to note that, for the
fragmentation of benzene [44,46], which possesses a ring
structure, only the sequential mechanisms are observed, in
contrast to small molecules where concerted breakup is the
dominant fragmentation mechanism [12,17,62]. This suggests
that the molecular structure itself may serve as an alternative
explanation for the observations. Therefore, further theoreti-
cal investigations beyond qualitative explanations, as well as
extensive experimental measurements, are essential to provide
a more refined analysis.

IV. SUMMARY

In summary, the three-body fragmentation dynamics of
C3Hg induced by the 5.8 MeV /u Ni'”* jon beam were investi-
gated using a COLTRIMS setup. The fragmentation dynamics
were revealed for the two most abundant three-body dissoci-
ation channels of C3H}*, i.e., C3H; ™ — H* + CHJ + CHJ
and C3H; " — H* + CH{ + C,Hj, using Dalitz plots, New-
ton diagrams, and the native frame method. It was discovered
that both channels primarily proceed through sequential frag-

mentation processes, with two distinct sequential mechanisms
identified for each channel depending on which type of bond,
CH or CC, breaks first. The KER distributions of the two
channels were also obtained. For different pathways, the dif-
ference of the kinetic energy of a specific fragment is distinct
between different pathways, which is understandable and
supportive of the fragmentation dynamics. Additionally, the
KER distribution of each breakup in the channel C;H; " —
H" + CHY + C,HJ was reconstructed and compared with
available studies, offering new insights into the fragmentation
dynamics. Furthermore, we briefly discussed the prevalence
of sequential fragmentation processes and the varying degrees
of their importance for the two channels, as well as the ab-
sence of intermediate ion pairs.
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