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Dissociative ionization of OCS induced by highly charged ion impact
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Dissociation of OCSq+ (q = 3–7) produced by 18-keV/u Ne8+ ion impact has been investigated using
recoil ion momentum spectroscopy. Ten complete three-body Coulomb fragmentation channels were analyzed.
Scattered projectile charge state (Ne7+ or Ne6+) differentiated branching ratios and the kinetic-energy release
(KER) distributions were analyzed for different fragmentation channels. Through Dalitz plots, Newton diagrams,
and native frames, we have studied the concerted and sequential fragmentation mechanisms for channels
leading to O+ + C+ + S+, O+ + C+ + S2+, O2+ + C+ + S+, and O+ + C+ + S3+. For concerted dissociation
mechanisms, the molecular bending fragmentation dominates in these channels. For sequential dissociation
mechanisms, the KER distribution for the dissociation of intermediate ions CO2+/CS2+ were determined and
the rotation of the intermediate molecular ion CO2+ before the second step dissociation was discussed. Thereby
the relative branching ratios of events coming from sequential versus concerted mechanism were also estimated.
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I. INTRODUCTION

The dissociation of multiply ionized molecules has been
a very active area of research for its fundamental and appli-
cation importance, such as plasma physics [1] and planetary
atmospheric chemistry [2,3]. The ionization of triatomic
molecules results, in most cases, in transitions to excited states
of the molecular ions and eventually leads to dissociation
via two-body or three-body fragmentation pathways, showing
interesting dynamics [4–7]. For example, the three-body frag-
mentation (three ionic fragments) of polyatomic molecular
ions can proceed via one-step (concerted) or two-step (se-
quential) processes, depending on the time delay between two
bond cleavages. Meanwhile, in the process of fragmentation,
some of the excessive energy of excited molecule states is
released as the kinetic energy of the fragments. Thus, the
determination of the kinetic-energy release (KER) contains
rich dissociation dynamics information. With the cold target
recoil ion momentum spectroscopy (COLTRIMS) [8], the
fragmentation mechanism can be identified more clearly and
convincingly by analyzing the momentum correlation and an-
gular information of all resultant fragments. Recently, there
are many works to study the fragmentation mechanism of a
molecule with the Dalitz plots, Newton diagrams, and native
frames [9–13].

OCS is important in the global cycling of sulfur and has
been discovered in the atmosphere, volcanic gases, ice cores
in Antarctica, and the interstellar medium [14]. A lot of effort
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has been directed to studying the ionization and fragmenta-
tion of OCS induced by intense lasers [12,15–19]. Sanderson
et al. [15] studied the Coulomb explosion of OCS in laser
pulses and proposed a classical enhanced ionization model to
explain their observation. The kinetic-energy release during
two- and three-body Coulomb explosions of OCS induced
by 790-nm 50-fs laser pulses [16] has been measured us-
ing three-dimensional (3D) covariance mapping, and it was
observed that OCS3+ dissociated into two distinct energy
channels giving C+ + O+ + S+ iontriplets. Brites et al. [17]
made multireference configuration interaction calculations of
a number of electronic states of the OCS2+ to examine kinetic-
energy releases. Wales et al. [18] reported the concerted and
sequential dissociation mechanisms of OCS3+ and OCS4+.
They found that for increasing pulse length (from 7 to 200 fs),
the concerted three-body dissociation exhibited increasing
bending and the amount of sequential dissociation events de-
creased, however, for 200 fs, the count of the stepwise process
increased again. By using the energy selected Auger electron-
photoion-photoion coincidence, Saha et al. [19] investigated
the state-selected fragmentation mechanism of OCS2+. Re-
cently, Rajput et al. [12] have employed the native frame to
separate sequential from concerted breakup for OCS3+, even
when their signals overlapped. This native frame applicable
for any projectile (electrons, ions, or photons) provides de-
tailed information on each step of the sequential breakup.
In the aspect of electron collision [20,21], Wang and Vidal
[20] reported the dissociation of multiply ionized carbonyl
sulfide using two- and three-dimensional covariance mapping
techniques. The fragmentation dynamics of OCS after dou-
ble, triple, and quadruple ionizations by electron collision
at 500 eV was investigated by Shen et al. [21]. Compared
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to photoionization, the work on highly charged ion (HCI)
impact [13,22–24] ionization of OCS is rather limited. Re-
cently, the fragmentation dynamics of OCS induced by HCI
collision has been studied by Jana and co-workers using fast
ions (150-keV Ar+ and 5-MeV/u Si12+) [22,23]. From the
coincidence map of the fragments, Jana and co-workers have
separated complete two- and three-body (two ionic and one
neutral fragment) dissociation channels of OCSq+ (q = 2–4).
A native frame based on the angular correlation of fragments
has been used by Kumar et al. [13] to check for an active
sequential mechanism in the three-body breakup of OCS3+
using 1.8-MeV Xe9+. Wales et al. [24] used Ar4+ and Ar8+

projectile impact at 15 keV/q, which applied the ion impact
and coincidence momentum imaging technique. The breakup
of OCS from 2+ up to 6+ and compared the experimental
KER with theoretical values simulated from the Coulomb
explosion. Furthermore, they are focused on the fragmentation
mechanism of OCS3+ ions and found the generation of a
CO2+ over a CS2+ metastable by a ratio 5/2.

In the present paper, we report on systematic investiga-
tions of three-body dissociation of multiply charged OCSq+
(q = 3–7) induced by 18-keV/u Ne8+ impact. The scattered
projectile charge state differentiated branching ratios will
be presented for ten three-body dissociation channels iden-
tified in our experiment. Using the COLTRIMS, the KER
distribution for each channel was determined. Dissociation
mechanisms of the main channels leading to O+ + C+ + S+,
O+ + C+ + S2+, O2+ + C+ + S+, and O+ + C+ + S3+ will
be further analyzed using the Dalitz plots, Newton diagrams,
and native frames. Both concerted and sequential dissociation
processes are observed for each of the above channels. The
molecular bending of OCS3+ and OCS4+ at the moment of
concerted dissociation and the rotation of the CO2+ interme-
diate ion before the second step dissociation will be discussed.

II. EXPERIMENTAL SETUP

The experiment was conducted on the highly charged ion
collision platform at Fudan University in Shanghai. It mainly
consists of a permanent-magnet 14.5-GHz electron cyclotron
resonance ion source and a COLTRIMS setup. The details
of the experimental setup have been described in previous
publications [25]. In brief, an 18-keV/u Ne8+ beam crossed
a cold target jet produced by a OCS gas at 1 bar escaping
through a 20-μm nozzle into the vacuum chamber. After an
interaction, the target molecule could undergo dissociative
ionization and give rise to various fragmentation processes
involving C-O and/or C-S bond cleavages leading to two or
three fragments. Fragment ions in the interaction zone were
extracted by a static electric field of 220 V/cm, which en-
sured that ions with kinetic energy of less than 20 eV were
collected in a 4π solid angle. The recoil ions flying through
the acceleration section of 10 cm in length and a field-free
section of 20 cm were detected by a position sensitive detector
equipped with two multichannel plates of 75 mm in diam-
eter. Meanwhile, the scattered projectiles passing through a
parallel plate-electrostatic analyzer were recorded by another
position-sensitive detector. They were differentiated in the
charge state according to their position on the detector. In
the present experiment, scattered projectile ions Ne7+ and

FIG. 1. Triple ion coincidence TOF map resulting from the
OCSq+ (q = 3–7) dissociation caused by 18-keV/u Ne8+ impact.
The charge of the scattered projectile ions is not differentiated for
Ner+ (r = 4–7).

Ne6+ were dominant, whereas a small amount of Ne5+ and
Ne4+ ions were also observed. For each event, the scattered
ion signal served as the time reference for the time of flight
(TOF) measurements of the associated ionic fragments. Fi-
nally, based on the TOF and the corresponding position data
recorded by the position-sensitive detector, the 3D momentum
vectors for each recoil ion were constructed.

III. RESULT AND DISCUSSION

A. Relative branching ratios of three-body dissociation channels
of OCSq+ (q = 3–7)

Three-body Coulomb explosion channels resulting
from the dissociation of OCSq+ (q = 3–7) induced by
18-keV/u Ne8+ impact are observed. In the following, a
dissociation channel is labeled (a, b, and c) according to the
convention OCS(a+b+c)+ → Oa+ + Cb+ + Sc+. There are ten
dissociation channels identified in the triple ion coincidence
TOF map shown in Fig. 1: (1, 1, 1), (1, 1, 2), (2, 1, 1),
(1, 2, 1), (1, 1, 3), (2, 1, 2), (1, 2, 2), (2, 2, 1), (2, 2, 2), and
(2, 2, 3). In order to illustrate the coincident measurement
of three charged fragments, the sum of the TOFs of the first
and second detected ions TOF1 + TOF2 is plotted along the
horizontal axis, whereas that of the third detected ion TOF3
is plotted along the vertical axis. Each ellipse surrounded
by a black elliptic line on the coincidence map is related
to a simultaneous detection of three ions. The ellipses at
the top of the map for TOF3 around 3800 ns correspond to
channels with the detection of a S+ fragment. The two parts
of an ellipse above or below the line defined by the nominal
TOF of S+ are related to dissociation events when S+ is
emitted backward or toward, respectively, the TOF tube. Near
channel (1, 1, 1), there are some other ellipses with much
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TABLE I. Branching ratios of three-body dissociation channels of OCSq+ (q = 3–7) by Ne8+ impact taken without differentiation of the
scattered projectile charge state Ner+ (r = 4–7) and in coincidence with Ne6+ and Ne7+. Measured kinetic-energy release for three-body
dissociation channels of OCSq+ (q = 3–7) together with the predictions by the CEM.

Branching ratio (%) KER (eV)

Channels Ner+ (r = 47) Ne7+ Ne6+ Experimental CEM

(1, 1, 1) 15.1 11.6 3.4 18.0/24.0 27.0
(1, 1, 2) 39.7 16.0 20.2 38.3 41.5
(2, 1, 1) 2.0 0.5 1.3 42.0 44.7
(1, 2, 1) 2.3 0.7 1.4 43.5 48.6
(1, 1, 3) 0.9 0.1 0.7 58.5 56.0
(2, 1, 2) 8.3 0.8 6.6 65.5 64.5
(1, 2, 2) 14.7 1.5 12.0 66.4 72.4
(2, 2, 1) 1.4 0.1 1.1 71.4 78.8
(2, 2, 2) 8.1 0.2 5.9 98.6 107.9
(2, 2, 3) 7.6 0.1 4.0 126.6 136.9

lower statistics due to the isotopes of 13C, 33S, and 34S. The
ellipses for TOF3 around 2680 ns correspond to channels
with the detection of a S2+ or (and) an O+. The TOFs of O+
and S2+ are degenerated. When both ions are involved in a
dissociation event as in the case of channels (1, 1, 2) and (1,
2, 2), two coincidence ellipses above the nominal TOF of
O+/S2+ with different slopes are observed for each channel.
This is due to the fact that for these two channels, the last
ion arriving at the detector associated with TOF3 corresponds
surely to one of the ions O+ or S2+ emitted backward the
TOF tube. The momentum vector P of each ion is deduced
from the observed TOF T : PTOF = qE (T0 − T ) [21], where q
is the ion charge and E is the extraction field. T0 is the central
value of TOF corresponding to the ions with zero momentum
along the extraction axis. In the experiment, O+ and S2+ have
an initial momentum. The slope of an ellipse is only sensitive
to the charge of the last detected ion. These results in the
special tweezers structure of the corresponding ellipses in the
TOF map.

In Fig. 1, one can note ten three-body fragmentation chan-
nels for OCSq+ (q = 3–7). In principle, the relative branching
ratio of each channel could be obtained by the count of the
corresponding ellipse divided by the total count of the ten
channels. However, due to the incomplete collection or fi-
nite angular acceptance for ions with kinetic energy larger
than 20 eV under the present experimental condition, some
energetic ionic fragments with a large translational velocity
component with respect to the TOF axis are not collected. This
leads to the characteristic structure of most of the ellipses in
Fig. 1. As an example, for channel (1, 2, 1), the count is larger
in the vicinity of both ends of the ellipse, corresponding to
events when fragment ions are ejected along the TOF axis
or in a small angle to the TOF axis. Whereas, the count is
negligible in the middle part of the ellipse, corresponding to
events when the ions are ejected with a larger angle to the TOF
axis. Using the standard COLTRIMS methodology, we have
determined the three-dimensional momenta of all ionic frag-
ments for each dissociation event. Based on the assumption
that the emission angles of the ions are isotropic. To extract
the branching ratios, an angle restriction for the momenta of
ions is applied during the data processing. For example, an

angle of less than 20 ° toward or backward from the TOF
axis can avoid the energetic ion losses, thus, ensuring the
reasonableness of the assumptions. With this restriction, all
recoil ions could be collected in 100%, and the ion pair loss
due to the dead time of the detector could be also avoided, for
example, in dissociation channels involving O+ and S2+. The
branching ratios of three-body dissociation without differenti-
ation of the scattered projectile charge for Ner+ (r = 3–7) are
then obtained and listed in Table I. In this paper, the relative
uncertainty, about 20% for each value, is mainly contributed
by the data statistics and the detection efficiency.

The total three-body dissociation branching ratios for
OCSq+ with q varying from 3 to 7 are found to be about
15.0%, 44.0%, 25.3%, 8.1%, and 7.6%, respectively. The
maximum contribution comes from OCS4+. It is well known
that in ion-molecular target collisions at intermediate veloc-
ity (v on the order of 1 a.u.), both electron capture and
direct ionization take place and the cross section decreases
with increasing number of electrons removed from the target
[26]. Therefore, one should expect that the population of
OCSq+ produced due to Ne8+ impact decreases with increas-
ing charge q. The contribution of OCS3+ to the three-body
dissociation is relatively low. The reason is that the dominant
dissociation process of OCS3+ is the two-body fragmentation
(such as CO2+ + S+, CS2+ + O+, etc.).

Triple ion coincidence TOF maps are also built in coinci-
dence with the selective scattered projectile charge state Ne7+

or Ne6+. Using the same data analysis procedure as described
above, the count corresponding to each channel is obtained.
The related branching ratio, defined as the count of a projec-
tile charge selected channel divided by the total count of all
three-body fragmentation channels without differentiation of
the scattered projectile charge are obtained for Ne7+ and Ne6+

and listed in Table I. One can note that the three-body frag-
mentation channel (1, 1, 1) was contributed in the major part
by one-electron-capture collisions (Ne7+ for 11.6%) and in
the smaller part by two-electron-capture collisions (Ne6+ for
3.4%). For quadruply charged molecules OCS4+, the three-
body dissociation channels (1, 1, 2), (2, 1, 1), and (1, 2, 1) are
contributed by one- or two-electron-capture collisions with
comparable branching ratios, about 17% for Ne7+ and 23%
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FIG. 2. (a) and (b) KER distribution for three-body dissociative
channels of OCSq+ (q = 3–5) without differentiation of the scattered
projectile charge state Ner+ (r = 4–7) (solid line). (a) Dotted lines:
KER distributions for channels (1, 1, 1) and (1, 1, 2) in coincidence
with Ne6+ or Ne7+.

for Ne6+. For OCS5+, the three-body dissociation channels (1,
1, 3), (2, 1, 2), (1, 2, 2), and (2, 2, 1) are contributed mainly
by two electron capture collisions, 20.4% for Ne6+, whereas
only 2.5% for Ne7+. For highly charged molecules OCSq+
(q = 6, 7), the three-body dissociation channels (2, 2, 2) and
(2, 2, 3) are related mostly to Ne6+ or other lower charge states
Ner+ (r < 6).

B. KER spectra for three-body fragmentation
of OCSq+ (q = 3–7)

For each three-body dissociation event, the KER of the
corresponding dissociation process is determined from the
momenta of all involved charged fragments obtained with the
COLTRIMS. The center-of-mass (c.m.) is used in reconstruct-
ing the fragment momentum. The KER distributions for ten
three-body fragmentation channels are drawn, and the peak
values are listed in Table I. The uncertainty of the KER value
in the present paper mainly comes from the resolution of the
momentum spectrometer and uncertainty of the data statistics,
which are about 0.5 eV. The KER distributions are presented
in Fig. 2(a) for parent molecular ions OCSq+ (q = 3, 4) and
in Fig. 2(b) for OCS5+. For channel (1, 1, 1), one can note
a maximum of the KER distribution at about 24 eV and a

narrow peak at lower energy around 18 eV. The main peak is
in agreement with ∼24 eV of Jana et al. [23] using Si12+ ions,
whereas the low-energy peak is similar to that of Wales et al.
[18] by the strong-field laser. The structure with double com-
ponents observed in our experiment indicates that both high-
and low-excitation energy states are populated for OCS3+
parent ions in collisions with Ne8+ at 18 keV/u. The KER
distributions measured in coincidence with Ne7+ and Ne6+
are presented in the Fig. 2(a) and show similar structures.
This suggests that the excitation energy distribution of OCS3+
prepared in one- or two-electron-capture collisions is quite
comparable.

For the three-body fragmentation channels of OCS4+, three
KER distributions are presented in Fig. 2(a). The distribution
for channel (1, 1, 2) appears wider than the other two channels
(2, 1, 1) and (1, 2, 1). The KER distributions of the (1, 1, 2)
channel differentiated by the final charge of projectiles Ne7+
and Ne6+ show two distinct curves with comparable counts
centered around 35 and 39 eV, respectively, in Fig. 2(a).
The cross section of one-electron capture is much larger than
that of two-electron capture, indicating that the collision pa-
rameter of the two-electron-capture process is smaller and
the collision is more intense. This makes the OCS4+ cor-
responding to Ne6+ on higher excited states, resulting in a
larger KER peak value. A tail extended to the higher-energy
range can be also noted for the distribution related to Ne6+.
Therefore, we can see that OCS4+ parent ions undergoing
three-body dissociation (1, 1, 2) are prepared with a broader
excitation energy distribution contributed at lower energy by
one-electron-capture collisions and at slightly higher energy
by two-electron-capture collisions. Meanwhile, for channels
(2, 1, 1) and (1, 2, 1), the contribution from collisions related
to Ne7+ is found much lower than that related to Ne6+ (see
Table I) and the KER distributions are accordingly narrower
than for channel (1, 1, 2). Comparing with previous exper-
iments using laser ionization, the KER distribution range in
the current experiments is found significantly wider, and the
KER peak is larger. The peak values of KER for channel (1,
1, 2) measured in the present paper are much larger than the
values obtained by Bryan et al. [16] (18 eV) and Ma et al. [27]
(20 eV). We hypothesize that these low-energy values could
be attributed to the molecular structure deformation in the
intense laser field before the Coulomb explosion. For the dis-
sociation of OCS5+, significant differences can also be noted
for the same reason. A small KER peak value of 34 eV is mea-
sured by the above two groups for channel (1, 2, 2), whereas,
in the present paper, we found a larger value of 66 eV. Despite
the very different excited-state population of OCSq+ (q =
4, 5) compared with laser excitation experiments, the KER
peak values of most of channels (1, 1, 2), (2, 1, 1), (1, 2, 1), and
(2, 1, 1) measured in this paper are in good agreement with
the results obtained by Wales et al. [24] in the HCl collision
and Shen et al. [21] in electron impact. So, the ionization and
excitation mechanism plays an important role in the energy
distribution of OCSq+ and, consequently, in the dissociation
of the molecular ions. Comparable energy ranges are found
for dissociation channels in experiments using HCI and elec-
tron impact. For highly charged ions OCS6+ and OCS7+, the
dominant three-body fragmentation channels (2, 2, 2) and
(2, 2, 3), respectively, are analyzed. The KER distributions are
not presented here, but the peak values are listed in Table I.
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FIG. 3. (a) Dalitz plot and (b) Newton diagram for channel (1, 1, 2). The momentum of O+, C+, and S2+ in the concerted dissociation
process of a linear OCS4+ is simulated by CEM, and the corresponding point is drawn in the Dalitz plot (the black dot). The slope of the
winglike structure also was simulated by CEM (red dashed line).

To compare with the measured KER peak values, we
have estimated the kinetic-energy release for each dissociation
channel using a simple CEM [28]. In this model, a molecular
ion of linear structure is supposed to be composed of three
ions Oa+, Cb+, and Sc+ at their initial positions separated by
the average lengths R of the bonds of a neutral OCS (RC−O ∼
1.16 Å and RC−S ∼ 1.56 Å). To simulate the dissociation, all
molecular bonds are considered to break simultaneously, and
the fragment ions are driven apart purely by their Coulomb
repulsive force. The obtained values are listed in Table I.
Despite the roughness of the model, the CEM values follow
quite well the evolution of the KER values, the KER peak
value increases with the increasing charge of OCSq+, and for
a given charge state, the variation of the KER according to the
distribution of the charge on the molecule.

C. The dissociation mechanisms of three-body channels
for OCSq+ (q = 3–7)

Three-body fragmentations of OCSq+ involve the break
of two bonds, the O-C and C-S bonds. In the following, we
are interested in the dissociation mechanism of OCSq+, the
concerted dissociation, i.e., the simultaneous break of the two
bonds and the sequential dissociation, i.e., the break of the two
bonds in two steps. For each channel, the momentum correla-
tion and angular information of fragment ions will be analyzed
in detail in order to extract the information concerning the
dissociation mechanisms.

1. Concerted dissociation and sequential breakup of OCS3+

and OCS4+ via CO2+ + S+ and CO2+ + S2+

The Dalitz plot provides a powerful tool to visualize the
momentum correlation of resultants and, thus, to identify the
dissociation mechanisms [9–11]. Briefly, considering a dis-
sociation channel (a, b, or c), for each dissociation event,
using the momenta pi, i = 1–3 obtained with COLTRIMS for
the corresponding fragment ions Oa+, Cb+, and Sc+, we have
calculated the normalized momentum square values defined as
εi = p2

i /�p2
i . According to the conservation of momentum, in

a Dalitz plot, the data are plotted within a circle inscribed in an
equilateral triangle. Put the center of the circle at the origin of
the Cartesian coordinates, then the x and y axes in the Dalitz
plot are defined as x = (ε1 − ε3)/

√
3 and y = ε2 − 1/3. Here,

each event is represented by a point (ε1, ε2, and ε3) plotted
within a circle of radius 1/3 inscribed in an equilateral trian-
gle. Each side of the triangle with the fragment in the process
is an axis label i.e., Oa+, Cb+, and Sc+. The vertical distance of
an event point from each edge equals the value of εi calculated
for the corresponding fragment.

For dissociation channel (1, 1, 2), the Dalitz plot is built
and shown in Fig. 3(a). In this figure, one can note first an
intense spot near the bottom edge (C+) of the triangle. For
events in this area, the momentum of C+ is much smaller than
those of the other two fragments showing a typical feature
of concerted dissociation of OCS4+. For a linear structure,
C+ in the middle of the molecule, pushed by O+ and S2+
from both sides, should receive little momentum during the
dissociation. Using the CEM, we have calculated the momenta
of O+, C+, and S2+ obtained in a concerted dissociation
process of a linear OCS4+. The corresponding point is drawn
in the Dalitz plot (the black dot). For OCS4+ with a bending
structure, C+ should gain slightly larger momentum during
the dissociation leading to a shift of the event points above
the black dot in the region of the intense spot. Therefore, this
intense spot is attributed to the concerted dissociation process
where all bonds break simultaneously. In Fig. 3(a), one can
note another area, the left-winglike structure extending from
the edge (C+) to the edge (O+). For events in this area,
the momentum of S2+ varies slowly, whereas the momenta
of C+ and O+ show a strong correlation. This feature is in
agreement with the sequential dissociation process OCS4+ →
S2+ + CO2+ → O+ + C+ + S2+. In this process, the S2+ ion
is lost by the molecule in a first step, and when the repulsion
force between the escaping S2+ and CO2+ becomes negligi-
ble, the second bond breaks: CO2+ → C+ + O+. The slope of
the wing is simulated quite well with a sequential dissociation
Coulomb model considering the rotation of the intermediate
molecule CO2+ (the red dashed line in the Dalitz plot). Event
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points near the edge (C+) correspond to the cases when O+
flies in the same direction as the intermediate parent CO2+
and C+ in the opposite direction, those near the edge (O+)
correspond to the cases when C+ flies in the direction of CO2+
and O+ in the opposite direction, whereas event points at the
middle of the wing correspond to the cases when the bond
of CO2+ is perpendicular to the velocity of CO2+. Therefore,
this winglike structure is attributed without ambiguity to the
sequential dissociation process, the break of the C-S bond at
the first step followed by the break of the O-C bond via the
intermediate fragment CO2+. The metastable states of CO2+
have been widely investigated [29,30]. Its lifetime spans from
submicroseconds to a few seconds, and those could be pop-
ulated in the present experiment as two-body channels. For
channel (1, 1, 2), another sequential dissociation process can
be considered, i.e., the break of the O-C bond at the first step
followed by the break of the C-S bond via the intermediate
fragment CS3+, OCS4+ → CS3+ + O+ → O+ + C+ + S2+.
This process should lead to a right-winglike structure in the
Dalitz plot, which is obviously absent in the Dalitz plot of
Fig. 3(a). It indicates that the above sequential dissociation
process is not observable in the present paper. The reason
could be that there are usually no metastable states for triply
charged diatomic ion CS3+.

To see this more directly, the same data are displayed in a
Newton diagram [9–11] in Fig. 3(b), wherein the momentum
vector of S2+ is set as the unit vector along the x axis. The
end points of the relative normalized momentum vectors of
O+ and C+, respectively, are plotted above and below the
x axis. The two intense spots along with two semicircular
distributions correspond to the concerted and the sequen-
tial fragmentation mechanisms, respectively. The semicircular
structures arise due to the rotation of the intermediate CO2+
molecular ion which acquires some angular momentum in the
first breakup and rotates as it dissociates. The Newton diagram
structure of other dissociation channels with the sequential
dissociation process is similar to Fig. 3(b), so it will not be
shown in the following.

To get more information on the fragmentation dynamics,
a native frame based on a one-dimensional angular distribu-
tion proposed recently is used [12,13]. All events of channel
(1, 1, 2) without differentiation of the concerted and sequential
dissociation processes are analyzed in the same way. From
the measured momentum vector of S2+, �pS2+ , we obtained
the velocity vector of the c.m. for the ensemble of C+ and
O+, equaling �vc.m. = −�pS2+/(MC + MO). Using the measured
momentum vectors, �pO+ and �pC+ , the momentum vectors �p′

O+
and �p′

O+ in the c.m. frame reference are obtained. The corre-
sponding velocities are presented in Fig. 4. Angle θ among
�p′

O+ , �pS2+ , and the kinetic energy of O+ and C+ in the frame
reference c.m. called E ′(C+, O+) are then obtained. Each
event is plotted in a two-dimensional spectrum according to
E ′(C+, O+) and θ as shown in Fig. 5(a). The spot on the top of
Fig. 5(a) is contributed by events corresponding to the intense
spot in the Dalitz plot [Fig. 3(a)]. It is, therefore, attributed
to the concerted dissociation. The vertical trail corresponding
to events leading to the left-wing structure in Fig. 3(a) is
attributed to two-step sequential dissociation via the CO2+
intermediate fragment. In addition, angular α distributions
between momentum vectors of Oa+ and Sc+ ions for the

FIG. 4. Schematic of the kinematics of dissociation channel
(1, 1, 2).

concerted dissociation of channels (1, 1, 2), (2, 1, 1), (1, 2,
1), and (2, 1, 1) are shown in Fig. 6.

Figure 5(c) (the black line) is obtained by the projection
of Fig. 5(a) on the θ axis. The main peak associated with
the concerted dissociation is centered on ∼140 °. The cor-
responding angle α between the momentum vectors of O+
and S2+ ( �pO+ and �pS2+ ) is found to be about 160 ° in Fig. 6.
The value is smaller than the initial bending angle of the
molecule at the moment of dissociation due to the Coulomb
repulsion [6]. Although the geometry of the OCS molecule
cannot be directly measured here, the momentum vectors give
some indication of bending structure. It is obviously differ-
ent from 180 °, the angle expected for Coulomb explosion
of a molecular ion with a linear geometry. It suggests that
molecules OCS4+ prepared in collisions with 18-keV/u Ne8+

are brought most probably to excited states with a bending
structure before the concerted dissociation. A similar process
is observed in a previous work for CO3+

2 in collisions with
3.2-keV/u Ar8+ ions [9]. It is named asynchronous concerted
dissociation to differentiate from the synchronous concerted
dissociation where the molecules kept the linear structure as in
the neutral ground state. However, in that previous work, the
most likely configuration of the dissociating CO3+

2 is found to
be linear, whereas in the present case, the contribution from
COS4+ with linear structure is very small comparing to the
bending structure.

Similarly, for channel (1, 1, 1), the Dalitz plot and the
native frame are shown in Figs. 7(a) and 7(b), respectively.
In Fig. 7(a), one can note the intense spot near the edge
(C+) corresponding to the concerted dissociation OCS3+ →
O+ + C+ + S+, the left-winglike structure corresponding to
the sequential two-step process OCS3+ → CO2+ + S+ →
O+ + C+ + S+ via the CO2+ intermediate fragment and the
right-winglike structure corresponding to the sequential dis-
sociation process OCS3+ → CS2+ + O+ → O+ + C+ + S+
via the CS2+ intermediate fragment. To compare with the case
of OCS4+, we are interested in the sequential dissociation
of OCS3+ via the intermediate CO2+. Therefore, to draw
Fig. 7(b), for each event, we have determined the momenta
�p′

O+ and �p′
C+ in the c.m. frame reference of the ensemble of C+

and O+ and angle θ between �p′
O+ and �pS+ . The projection of

Fig. 7(b) on the θ axis is presented in Fig. 7(c) (the black line).
The main peak associated with the concerted dissociation is
centered on about 135 °. The corresponding angle α between
the momentum vectors of O+ and S+ ( �p′

O+ and �pS+ ) is found
to be about 160 ° in Fig. 6. It suggests that molecules OCS3+
prepared in the present experiment are brought most probably
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FIG. 5. (a) and (b) A density plot of O+ + C+ + S2+ events as a function of the kinetic energy of C+ and O+ in their c.m. reference
E ′(C+, O+) and θ in the sequential dissociation process for (a) all events and (b) events with low KER restriction, KER < 32 eV, and the gate
used to select the sequential breakup events is marked as a red box. (c) Projection of (a) on the angular axis θ for all events (solid-black line)
and events (solid-red line) within a red box, and the dotted line represents the fitting line of the counting of sequential dissociation process
with the change in θ . (d) KER spectrum for the breakup of CO2+ into C+ + O+ during the second step of the sequential dissociation of OCS4+

obtained by partial projection of (a) on the E ′(C+, O+) axis for θ < 90◦.

to excited states with a bending structure before the concerted
fragmentation. These values are comparable to the previous
measurement obtained in collisions with 1.8-MeV Xe9+ [13].
However, in experiment using an intense femtosecond laser,
smaller angle between �p′

O+ and �pS+ , θ = 120◦, is reported
[12]. It shows that for the concerted dissociation of OCS3+,

FIG. 6. Angular α between momentum vectors of Oa+ and Sc+

ions for the concerted dissociation of charged molecules OCS3,4,5+.

the bending structure of the molecule is slightly different
depending on the ionization excitation mechanism.

2. Disentangling sequential from concerted three-body
fragmentation of OCS3+ and OCS4+

For the sequential dissociation process, under the hy-
pothesis that the contribution of the transverse momentum
component due to the rotation of OC2+ to �p′

O+ and �p′
C+ is

negligible. The kinetic-energy E ′(C+, O+) in the c.m. of the
ensemble C+ and O+ corresponds to the KER associated with
the second step of dissociation of the intermediate CO2+.
From Figs. 5(a) and 7(b) one can see clearly that for θ >

90 ° the contribution from sequential dissociation events are
overlapped with that of concerted dissociation, whereas for
θ < 90◦ only sequential events are concerned. By the pro-
jection of Figs. 5(a) and 7(b) on the E ′(C+, O+) axis in the
angle region <90 °, the E ′(C+, O+) distribution for the dis-
sociation of the intermediate CO2+ are obtained and shown
in Figs. 5(d) and 7(d). These KER spectra extend from 3 to
12 eV with peaks at ∼7.0 and 6.9 eV in the case of OCS4+ and
OCS3+, respectively. In previous studies on OCS3+ sequential
dissociation via CO2+ for channel (1, 1, 1), Rajput et al. [12]
and Kumar et al. [13] have reported KER distributions for the
second step dissociation process CO2+ → C+ + O+ centered
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FIG. 7. (a) Dalitz plot for channel (1, 1, 1). (b) A density plot of O+ + C+ + S+ events as a function of the kinetic energy of C+ and O+ in
their c.m. reference E ′(C+, O+) and θ , and θ represents the angle between �p′

O+ and �p′
S+ . (c) Projection of (b) on the angular axis θ (the black

line), and the dotted line represents the fitting line of the sequence dissociation process count. (d) KER spectrum for the breakup of CO2+

into C+ + O+ during the second step of the sequential dissociation of OCS3+ obtained by partial projection of (a) on the E ′(C+, O+) axis for
θ < 90◦.

around 6.5 and 7.5 eV, respectively. The agreement of our
results measured in channels (1, 1, 1) and (1, 1, 2) suggests
that intermediate CO2+ ions in sequential dissociation pro-
cesses are prepared in molecular states in a comparable energy
range quite independent of the first step dissociation. Excited
states of CO2+ in this energy region have been determined
with the help of the KER analyses in the CO2+ fragmentation
experiments [11,31]. According to the previous experimental
and theoretical results, the following electronic states may be
involved in the second step dissociation of CO2+ : X 3�, 1�,
and 3�+. Furthermore, the KER distributions for the three-
body sequential dissociation of the channel (1, 1, 1) and (1,
1, 2) are found to be centered around 18 and 32 eV in Fig. 8,
corresponding to the lower-energy part of the total KER dis-
tribution in Fig. 2(a).

In Figs. 5(c) and 7(c), the angle part θ < 90◦ is exclusively
due to the sequential dissociation. A slow count increase with
the angle with the increase can be noted in both cases. To
see the evolution of the count-angular distribution in a wider
range for sequential dissociation, one has to get rid of the
large contribution of the concerted dissociation around 140 °.
Taking advantage of the fact that the sequential dissociation
occurs mainly in the low KER range, we have built reduced
density plots with a restriction in the KER, <32 eV for OCS4+
in Fig. 5(b) and <18 eV for OCS3+ (not shown here). There-
fore, in the regions θCO,S > 160◦ and E ′(C+, O+) > 7 eV,

the contribution of the concerted dissociation process can
be considered as negligible. The projection on the θ axis of
corresponding reduced density plots in a selected energy slice
7 eV < E ′(C+, O+) < 12 eV are presented in Figs. 5(c) and
7(c), respectively (the red line). Following the count evolution
with the angle increasing, a steady increase can be noted

FIG. 8. The KER distributions for the three-body sequential dis-
sociation of channels (1, 1, 1) and (1, 1, 2) via the CO2+ intermediate
ion.

042810-8



DISSOCIATIVE IONIZATION OF OCS INDUCED BY … PHYSICAL REVIEW A 103, 042810 (2021)

FIG. 9. (a) and (b) Dalitz plot for channels (2, 1, 1) and (1, 1, 3). (c) KER spectrum for the breakup of CS2+ into C+ + S+ during
the second step of sequential dissociation of OCS4+. (d) KER spectrum for the breakup of CO2+ into C+ + O+ during the second step of
sequential dissociation of OCS5+.

for both OCS3+ and OCS4+ parent ions. In previous works
[12,13], a uniform angular distribution is observed in the se-
quential dissociation of OCS3+ via CO2+. It is the case when
the lifetimes of the intermediate CO2+ are much larger than
the rotation period of the molecule. Indeed, the lifetime of one
of the possibly involved state X 3� depends sensibly on the
vibration quantum number, ranging from picoseconds to sev-
eral hundreds of picoseconds. On the other hand, the rotation
period τR of CO2+ depends on the rotation quantum number
J, for J = 1, τR = 8 ps [30,32,33]. In the present paper, due
to the different excitation mechanism using highly charged
ions instead of the femmtosecond laser, the E ′(C+, O+) dis-
tribution presents a shift to a larger energy value, centered on
7 eV instead of 6.5 eV. Therefore, states of the larger vibration
quantum number with a shorter lifetime may be populated. In
the case when the lifetime of the molecule is comparable to
τR and considering the fact that the first half period of CO2+

rotation corresponds to the variation of θCO,S from the initial
maximum value to 0 °, a dissociation event count decay as
a function of decreasing θCO,S is expected. So, the angular
dependence of the sequential dissociation count observed in
this paper can be interpreted by a partial population of CO2+

vibrational states with a larger quantum number and a shorter
lifetime in the two-step dissociation of OCS3+ and OCS4+

prepared in our ion impact experiment.
The number of concerted and sequential events is obtained

from Figs. 5(c) and 7(c). The ratio for the breakup of OCS3+

via concerted and sequential dissociation is found to be about
0.79:0.21. The ratio for the breakup of OCS4+ is found to be
about 0.84:0.16. The ratio of sequential dissociation events
for OCS4+ is lower than that for OCS3+. The reason is that
the higher charge state usually means more excitation energy
and, thus, less metastable states.

3. Concerted dissociation and sequential breakup of OCS4+ via
CS2+ + O2+ and OCS5+ via CO2+ + S3+

The experimental Dalitz plots [cf. Figs. 9(a) and 9(b)] for
channels (2, 1, 1) and (1, 1, 3) show very similar signatures
compared with that for channel (1, 1, 2). The intense spot near
the edge (C+) corresponding to the concerted dissociations
OCS4+ → O2+ + C+ + S+ and OCS5+ → O+ + C+ + S3+.
In the corresponding region, angle α between the measured
momentum vectors of O2+ and S+ is found to be about 160 °
for channel (2, 1, 1), a nearly same angle is found between
the momentum vectors of O+ and S3+ for channel (1, 1, 3)
in Fig. 6. For both cases, the contribution from OCS4+ and
OCS5+ with the bending structure before the concerted dis-
sociation is dominant comparing to the linear structure. Clear
winglike structures can be noted in Figs. 9(a) and 9(b) which
correspond to the sequential breakup processes. Different
from the two-wing structure as in Fig. 7(a), only one wing
is present in each of the Dalitz plots. From the strong momen-
tum correlation between C+ and S+ shown in Fig. 9(a) and
between O+ and C+ in Fig. 9(b), we can conclude that the
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sequential breakup of channels (2, 1, 1) and (1, 1, 3) occurs
only via CS2+ and CO2+, respectively, intermediate molecular
ions.

Comparing with the channels analyzed in the previous
sections, the counts of the two channels (2, 1, 1) and (1, 1, 3)
are too small to allow for the angular analysis with the native
frame. The E ′(C+, S+) distribution of the second step in the
sequential dissociation of OCS4+, CS2+ → C+ + S+ is ob-
tained by analyzing selectively events in the winglike part of
the Dalitz plot in Fig. 9(a). Shown in Fig. 9(c), it extends from
3 to 11 eV with a peak at ∼6.0 eV. This peak value is almost
the same as in the (1, 1, 1) sequential dissociation channel
via the CS2+ intermediate ion measured in previous works
[12,13]. Based on the kinetic-energy release data, the CS2+
molecular ions are populated most probably around the state
X 3X υ=13 [34] before dissociation.

Similarly, the E ′(C+, O+) spectra of the second step in
the sequential dissociation of OCS5+, CO2+ → O+ + C+ is
shown in Fig. 9(d). It is generated by analyzing selectively
events in the winglike part of the Dalitz plot in Fig. 9(b). This
E ′(C+, O+) distribution extends from 2 to 16 eV with a peak
around ∼7.5 eV. Based on theoretical results by Lundqvist
et al. [31], the contributing states of CO2+ could be X 3�, 1�,
3�+, and 2 1�+ (range from 7.6 to 9.5 eV). Comparing the
E ′(C+, O+) distributions measured in sequential dissociation
of parent molecular ions OCSq+ with different charge states,
q = 3–5 via the CO2+ intermediate ion, one can note that the
E ′(C+, O+) peak values for the dissociation process CO2+ →
O+ + C+ are very similar and independent of the first step
dissociation and the charge of the parent molecular ions.

Apart from the four channels analyzed above, (1, 1, 1),
(1, 1, 2), (2, 1, 1), and (1, 1, 3), no trace of a sequential mech-
anism is observed for the remaining six dissociation channels
listed in Table I. By comparing the dissociation products of
all three-body channels in Table I, it can be inferred that
the sequential dissociation process occurs when the CO2+ or
CS2+ intermediate ions could be formed in the first step, but
metastable states of COq+ or CSq+ intermediate ions have
never been observed for q > 2. This is probably due to the
fact that these higher charged diatomic ions are prepared in
dissociative states and the parent molecules could only un-
dergo concerted dissociation.

IV. SUMMARY

In the present paper, the fragmentation dynamics of the
OCS molecule in collision with 18-keV/u Ne8+ ions beam
was studied using the COLTRIMS technique. The three-
dimensional momenta of all recoil ions were reconstructed.
Ten three-body Coulomb explosion channels resulting from
the dissociation of OCSq+ (q = 3–7) were analyzed using
the triple ion coincidence map. For each channel, branch-
ing ratios were provided, and the kinetic-energy release of
the fragmentation was compared to the Coulomb explo-
sion model. The evolution of KER values obtained within
a simple CEM was found in good agreement with the
experimental data. The correlation between the final pro-
jectile charge state and the KER was briefly discussed.
Furthermore, dissociation mechanisms in three-body frag-
mentation channels of OCSq+ (q = 3–7) were analyzed
using Dalitz plots, Newton diagrams, and native frames.
Both concerted dissociation and sequential breakups of
OCSq+ (q = 3–5) via CO2+ or CS2+ were observed in the
following channels: OCS3+ → CO2+ + S+ → O+ + C+ +
S+, OCS4+ → CO2+ + S2+ → O+ + C+ + S2+, OCS4+ →
O2+ + CS2+ → O2+ + C+ + S+, and OCS5+ → CO2+ +
S3+ → O+ + C+ + S3+. For concerted dissociation, we
found evidence for a bending of the molecule prior dissocia-
tion. The sequential dissociation events were all found related
to the dissociation of metastable intermediate ions CO2+ or
CS2+. The KER distributions for the dissociation of CO2+
or CS2+ were deduced, and the corresponding excited states
were identified. Furthermore, in sequential dissociation chan-
nels involving CO2+, the angular distribution was found with a
slight anisotropy, which was interpreted as a result of the very
short lifetime CO2+ in the two-step dissociation of OCS3+ and
OCS4+.
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