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Tracking the nuclear movement of the carbonyl sulfide cation after strong-field
ionization by time-resolved Coulomb-explosion imaging
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We studied the ultrafast nuclear dynamics during the dissociation of OCS™ molecules using a strong IR-laser
pump and probe technique in combination with the coincidence measurement. The nuclear movement is tracked
by analyzing the time-dependent kinetic energy release (KER) spectra. The involved dissociation states and
pathways are assigned with the help of the semiclassical Landau-Zener surface hopping calculations. The real-
time bond-breaking dynamics of the 32 A’ coupling to other states are observed for the two-body dissociation
channel and the three-body dissociation channel but with high KER. The three-body dissociation channel with
low KER is assigned to the direct breaking process from the 32 A” state. The overall agreements between the
experimental and theoretical results demonstrate that the time-resolved Coulomb-explosion imaging is a valuable
way to monitor the bond breaking and structural evolution of complex molecules.
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I. INTRODUCTION

The interaction of intense near-IR laser pulses with
molecules will induce subsequent tunneling ionization [1,2],
strong-field autoionization [3], high-harmonic generation
[4,5], dissociation, and Coulomb explosion (CE) [6-8], where
the inherent electron and nuclear dynamics is a subject of cur-
rent interest. The coherent nuclear wave packets induced by
the laser pulse evolve subsequently and lead to bond breaking,
deformation, or rearrangement [9—-15]. Tracking the nuclear
movement after strong-field ionization not only provides in-
sight into molecular dynamics on an ultrafast timescale but
also, in many cases, allows extraction of the transient struc-
tures of molecules and the properties of the active potential
energy surfaces (PESs), such as conical intersection and roam-
ing of atoms or functional groups within a molecule [16,17].
Laser-induced Coulomb-explosion imaging shows its ability
on determining the structure of molecules and clusters with
picosecond to femtosecond resolution, which paves the way to
the goal of real-time imaging of dynamical structures of com-
plex molecular and cluster dissociation processes [12—16].
Nowadays, the bond length and geometry of molecules or
clusters as well as the ultrafast evolution of conical intersec-
tion can be imaged [16]. The evolution of complex structures
during roaming on PESs of a polyatomic molecule can be
captured in real time [17]. Furthermore, the angstrom spatial
resolution of time-resolved structural evolution on a subfem-
tosecond timescale can be achieved to fully understand the
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ionization and dissociation mechanisms of molecules in ultra-
fast laser fields [8,18,19].

For carbonyl sulfide (OCS), an asymmetric triatomic
molecule, the ionization, dissociation, and high-harmonic
generation in strong laser fields have been extensively studied
[12-25]. The ionization dynamics and the involved asym-
metric molecular orbital have been tracked by measuring the
photoelectron and photoion spectra [20-24]. The resonance
enhanced ionization during bond breaking has been studied
[26,27], the Coulombic and pre-Coulombic dissociation has
been observed [26], and the concerted and sequential frag-
mentation processes during the three-body dissociation are
tracked by varying the laser pulse duration [28]. Rajput et al.
reported a clear separation between the concerted and se-
quential fragmentation channels by analyzing the three-body
breaking in the native frame [29]. Ma et al. studied the
bond-breakage-dependent dissociation and the contribution
of electron recollision during CE in the linear and circular
polarized laser fields [24,30]. Although the geometric config-
uration of the ground state of a neutral OCS molecule is linear
with the electron configuration of 6027628029022 *374, the
bending of the molecular ions after removing several elec-
trons has been extensively discussed [26-28]. Even more,
Zhao et al. successfully observed the bond rearrangement of
OCS molecules after being ionized by strong laser fields [31].
However, fully understanding the evolution of a nuclear wave
packet after strong-field ionization requires a time-resolved
Coulomb-explosion imaging (CEI) measurement assisted by
the high-quality PESs calculation and the nuclear movement
simulation.

In this work, the femtosecond dissociation dynamics of
OCS cations is studied by performing the time-resolved CEI
measurements and the semiclassical Landau-Zener surface
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FIG. 1. (a) Schematic illustration of the experimental setup.
(b) The calculated potential energy curves of OCS™ with stretching
the CO-S bond at fpcs = 165°.

hopping simulations. The nuclear movements along the PESs
of singly charged OCS triggered by strong-field ionization
are probed by a delayed strong laser pulse by performing
coincidence measurements (OCS**— CO* 4+ §2+, Ot + C*
+ ST) for channel identification. The semiclassical trajectory
simulations can well reproduce the measured time-resolved
kinetic energy release (KER) spectra of different channels,
which further reveal the ultrafast bond-breaking dynamics
related to coupling between cation states. The obtained overall
good agreements between the experimental and theoretical
results demonstrate that the time-resolved coincidence mea-
surement is a valuable way to monitor the structural evolutions
and extract the properties of the active PESs of molecules on
the femtosecond timescale.

II. EXPERIMENTAL AND THEORETICAL METHODS

The measurements are performed in the cold-target recoil-
ion momentum spectrometer [32,33] and have been described
in detail in our previous papers [12,34,35]. As shown in
Fig. 1(a), a jet of OCSs enters an ultrahigh-vacuum cham-
ber (along the y axis) and interacts with femtosecond laser
pulses. The femtosecond laser pulses (800 nm, 1 kHz, ~35 fs)
propagating along the x direction are focused onto the jet,
and less than one molecule per laser shot is ionized during
the experiment. The linearly polarized pump and circularly
polarized probe lasers (1.0x10'* W/cm?, 4.0x10'* W/cm?)
are recombined after passing through a Mach-Zehnder in-
terferometer and then are sent and focused into the reaction
chamber. The intensity of the pumping laser is adjusted to
ionize one electron from the OCS molecule. The probing
laser further ionizes the other two electrons and populates
the samples to trication states. The zero-time delay of two
laser pulses is determined by measuring the time-dependent
signal of parent ions. The full width at half maximum of the
cross-correlation profile of two pulses is ~90 fs determined
from a Gaussian fitting. The produced ions are extracted and
projected to a time- and position-sensitive detector by a weak
homogeneous electric field (16.9 V/cm). The mass-to-charge
ratio and three-dimensional momentum distribution of the
ions are calculated from the measured time and position in-
formation. To reduce the time jitter between two laser pulses

FIG. 2. (a) The measured time-dependent KER spectra of
the two-body CE channel CO" + S?*. (b) The calculated time-
dependent KER spectra from further ionizing the OCS™ to trication
state by using the semiclassical Landau-Zener surface hopping
method. The black dashed curve shown in (a) is adopted from (b) for
comparing the evolutions between experiment and theory, and the
curve is simply created by extracting the data from the simulation
spectra.

during the long-term measurements, we scan the delay from
—1 to 3 ps in steps of 33.3 fs every 10 min and repeat the scan
until collecting enough data for further analysis.

In theory, we calculate the three-dimensional PESs of
OCS™ by the complete active space self-consistent field
method [36-38], a combination of an SCF computation with a
full configuration interaction involving a subset of the orbitals
(known as the active space). Here, the active space is com-
prised of all valence orbitals (2s2p for O and C; 3s3p for S)
and all the states included in this active space are optimized
simultaneously. The calculated potential energy curves of
OCS™ with stretching the CO-S bond at bending geometric
configuration (8pcs = 165°) is shown in Fig. 1(b). Then, we
simulate the two-body and three-body breakups of OCS™
by using the semiclassical trajectory method [39]. In present
simulations, the interactions among three particles C, O, and
S are obtained by the derivative of the PES, and the fragment
ions are treated as the point charges during the Coulomb-
explosion process. Rc.o, Rc.s, and Opcs are initially set with
Gaussian distributions with the widths of 0.15 a.u., 0.23 a.u.,
and 15° centered at the neutral equilibrium geometry. Once
the particles move close to the avoided crossing position, the
OCS™ ions may transfer among different electronic states.
The transfers among four 2A’ states (22 A’~5? A’) and two 2 A”
states (32A”—4%A”) are included in our calculations and
the transfer rates are calculated by Landau-Zener theory.
The final KER spectra are obtained by projecting the real-
time nuclear geometry of molecules during the evolutions
among PESs to the trication states, where the KER is
accumulated from the repelling energies between charged
spaces during two-body (OCS** — CO™ + S>*) and three-
body (OCS** — Ot 4 C* + S*) dissociation from trication
Coulomb repulsive states.

III. RESULTS AND DISSCUSSION

The measured time-dependent KER spectra from the two-
body CE channel, OCS** — CO* 482+ is shown in Fig. 2(a),
which splits into two branches at positive delay time. For the
negative delay, the pump and probe pulses reverse roles on
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inducing and probing the dynamics of molecular cation states,
while the time-dependent KER spectra are mirroring with the
positive delay since two pulses perform a similar contribution.
The KER around 9 eV remains unchanged as the delay time
increases and the signal from this branch is generated from
direct CE of OCS**. The observed KER distribution for this
branch is in good agreement with previously reported results
for strong-field-induced CE of OCS [24]. However, the KER
of the other branch decreases gradually as the delay time
increases and reaches the asymptotic energies (~1 eV) at
the delay time of 3 ps. Since the KER from CE depends on
the transient structures, i.e., the relative position of atoms in
the molecules, the decrease of the KER value corresponds to
the bond breaking of molecules. This dissociative two-body
channel is reproduced by performing the molecular dynamics
simulations based on the semiclassical Landau-Zener surface
hopping method on the PES of the cation, and the results
are given in Fig. 2(b). Four cation states (2-5> A’) are taken
into account, and the initial conditions are sampled at 224
and 3% A’ states. The nuclear wave function of molecules is
evaluated in the full three-dimensional PESs of these four
states. The simulated KER decreases from around 7 eV at
0 ps to 1 eV at 3 ps; both the transient evolution and the
asymptotic energies agree well with the experiments as illus-
trated by the black dashed curves. This agreement indicates
that the two-body breakup process can be assigned as the
dissociation of the 32 A’ state, which has a lower potential
barrier. Furthermore, we point out that the products CO +
S+ are mainly generated by the coupling between 3% A’ and
52 A’ states from analyzing the trajectories hopped between
these PESs.

For three-body channel OCS** — C*t 4+ Ot + ST there
are three noticeable KER branches. The measured time-
dependent KER spectra are shown in Fig. 3(a). One branch
with the KER peak around 16.5 eV, which remains unchanged
as the delay time increases. The measured value is consistent
with that obtained from the direct three-body CE of OCS**
[28-30]. For the other two branches, the KER decreases as
the delay time increases, which indicates that two dissociative
states are responsible for these two channels [10—12]. The
higher one reaches the asymptotic energies around 6.3 eV
and the lower one has the asymptotic energies ~1.2 eV. The
integral KER spectra at different delay times (0.3, 0.5, and
1.0 ps) are presented in Fig. 3(b). It is worth noting that the
KER spectrum with energy below 11 eV has only one peak
at 0.3 ps, while the spectra become two-peak distributions
when the delay time reaches 0.5 and 1.0 ps. Therefore, we
can further analyze the dissociation dynamics by selecting the
data from these two channels at the delay time above 0.5 ps.
Generally speaking, the three-body CE (C*+O%"+S™) can
occur from two distinguishable pathways, the direct and the
sequential pathways [28,29,40]. The direct pathway occurs as
direct three-body fragmentation after the interaction with the
pumping laser. The released two neutral fragments get further
ionized by the probing laser in this case. The other is the
sequential pathway in which the pumping laser firstly triggers
a two-body dissociation, and then a further fragmentation of
the metastable intermediate is induced by the probing laser.

The total KER from the time-resolved measurement equals
the summation of the energy release (Ey) during the dissocia-
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FIG. 3. (a) The measured time-dependent KER for the three-
body CE channel C* + O" + S*. (b) The integral KER spectra at
three delay times (0.3, 0.5, and 1.0 ps) between pump-probe lasers.
(c) and (d) are the calculated time-dependent KER from sequential
dissociation pathway and direct three-body fragmentation pathway.
The black dashed curves shown in (a) are adopted from (b) and (c) for
comparing the evolutions between experiment and theory, and the
curves are simply created by extracting the data from the simulation
spectra.

tion process triggered by the pumping laser and the following
Coulomb energy (Ecou) accumulated from repelling between
three ions by the probing laser, i.e., KER = Ejy 4+ Ecoup- Thus,
different pathways will accumulate different final asymptotic
KER after the further CE process followed by the dissocia-
tion of the OCS™. The direct three-body fragmentation has
a smaller final KER since three pieces are far away from
each other when CE occurs. On the other hand, the ions
from the sequential pathway have larger final kinetic energies
because the CE of metastable molecular ions leads to a high
Coulomb repelling energy. Thus, the asymptotic energy is a
characteristic value to determine the dissociative channels.
Here, the channel with high final asymptotic energy can be
assigned to the sequential dissociation pathway, in which
the two-body dissociation of OCS™ occurs, and produces
CO + St after strong-field ionization by the pumping laser.
The further double ionization of CO by the probing laser leads
to the subsequent CE of CO*" — C* 4 O*. The measured
asymptotic energy ~6.3 eV of this channel is attributed to the
sum energy of the first dissociation process and the second CE
process of CO** [35]. The low KER channel can be assigned
to the direct three-body fragmentation of OCS™ with products
of O" + C + S, which accumulates a lower final asymptotic
energy. To summarize, the sequential pathway is given in

0CSt — CO + St + nfiv — CO* + St + 2¢
- O"+Ct+ST+2¢ (1)

and the direct pathway is written as

OCST - O+ C+S+nhv - 0T +CH+ ST +2¢. (2
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In order to further investigate the ultrafast nuclear dy-
namics during the three-body dissociation of OCS molecules,
semiclassical trajectory simulations are performed. The simu-
lated time-dependent KER spectra of three-body CE channels
from these two pathways are given in Figs. 3(c) and 3(d), from
where the evolutions agree with the measured transient behav-
iors for both high and low dissociative branches as marked by
two black dashed curves in Fig. 3(a). Notably, the simulation
reproduces the same asymptotic energies as obtained from
measurements. Both simulations are carried out for the cation
states, but the underlying mechanism is quite different. The-
oretically, the sequential and direct fragmentation channels
can be assigned by comparing the holding time of interme-
diate products with the rotational period of products. In the
sequential pathways, the holding time is comparable or longer
than the rotational period, while the holding time should be
much shorter than the rotational period for the direct breaking
pathway. The high KER channel is assigned to the sequential
channel, for which the dissociation mainly starts in the 324/
state, and crosses the 4% A’ and 5% A’ states by orbital overlap-
ping and conical intersection leading to the final dissociation.
The OCS™ firstly breaks into CO + S* in the same way as
the ultrafast nuclear evolution of the two-body channel as
previously discussed. These two fragments are further ionized
to produce CO*" and S* by the probing laser, then, the CO**
is further breaking into C* and O™ after a long delay time.
In the present simulation, the full three-dimensional rotation
of CO*" is considered with the lifetime set as 10 ps [29]
and the total propagation time is 100 ps. In addition to the
rotation caused by releasing an S*, the random rotation of
the molecule at the temperature condition of our experiment
is also considered. The total asymptotic energy for this path-
way equals the sum of the KER for the OCST — CO + S*
channel and the CO?** — O" + C* channel, and the value is
around 7.2 eV derived from our calculation. The simulation
of the low KER channel is performed by assuming a short
holding time of intermediate product instead of performing
the direct three-body dissociation simulations. We simplify it
to a stepwise breaking process with the first step following

0CSt —> 0+ CST, 3)

while within the pumping laser the CS* is further excited to
the direct dissociative state by absorbing two or three photons
and then dissociates following

CS* — C+S™. 4)

Then, the neutral atoms O and C are ionized to O" and C*
by the probing laser. For the simulation of the low KER
channel, the OCS™ ion is located at the 3% A” state firstly and
then transfers to the 2> A” state by radial coupling. Since the
coupling is very strong—the transfer probability is larger than
90%—the dissociations of the OCS™ ion from the 32 A” state
can be treated as a direct breakup process. Furthermore, after
the pump laser is over, we suppose that the CS™ ion has been
excited to a direct dissociative state >A and dissociates along
with the repulsive PES. Finally, the kinetic energies of three
particles can be obtained and the time-dependent KER spectra
are shown in Fig. 3(d). The overall agreement between theory
and experiment confirms that the direct breakup mechanism
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FIG. 4. (a) and (b) are the measured and calculated kinetic en-
ergy correlation diagrams for the C* and O™ ions from the high KER
channel at a delay time of 0.5 ps. (c) and (d) are the measured and
calculated kinetic energy correlation diagrams between the C* and
S* ions from the low KER channel at a delay time of 0.5 ps. The
black dashed curves and the red dashed lines are marked to present
the two different correlations between fragments.

of the OCS™ ion is indeed consistent with our experimental
results.

The energy sharing and correlations between fragments are
different for sequential and direct breaking pathways [12,41].
Thus, in order to further confirm the above conclusion on the
three-body dissociation process, the measured and calculated
kinetic energy correlations between fragments at a delay time
of 0.5 ps are shown in Fig. 4. We chose a delay time of
0.5 ps because here the KER is distinctively different in the
two channels as shown in Fig. 3(b). Choosing this delay, we
can further analyze and compare the correlations between the
fragments after selecting the data within the KER ranges of
1-4 eV and 5-7.5 eV. In the sequential dissociation pathway
where the KER is higher, the C and O do not separate before
further ionization. Thus, C* and O™ share the same total
energy from the breaking of intermediate products CO**, and
this assumption is confirmed by the measured and calculated
energy sharing between C* and O" as shown in Figs. 4(a) and
4(b). The agreement between the kinetic energy correlation
maps further demonstrates the high KER channel is generated
from sequential fragmentation pathways, and the difference
in their sum energy, i.e., 4.2 eV from an experiment com-
paring to around 5 eV from theory, may be generated from
the overestimates of the bond stretching and the underesti-
mates of vibration excitation during strong-field ionization of
molecules in simulation. There is also a noticeable asymmetry
energy correlation between C™ and O" as shown in Fig. 4(a),
which can be assigned to the rotation of CO induced by
the imparted recoil momentum of the ST atom during the
dissociation at a short delay time. The absence of asymmetry
in the simulation can be assigned as the overestimates of the
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FIG. 5. (a) The measured time-dependent KER spectra of the
Of + CS* channel. (b) is the potential energy curves of OCS*
corresponding to the bond stretching between the O and C atoms.

bond stretching of CO-S™ and the lifetime of CO*t. However,
the correlation between C* and ST of the low KER channel
from three-body breaking shows quite different distribution as
presented in Figs. 4(c) and 4(d). The correlation map can be
simply divided into two parts: one with the correlation sharing
the energy which is also influenced by the third fragments
as marked by the black dashed curves, and the other part
without energy correlation which is generated from a direct
three-body breaking pathway as marked by the red dashed
lines. These two parts are both observed in the theoretical
simulation and present the same distribution with the mea-
sured map. By tracking the dissociation trajectories, we find
that the molecules break up immediately when they first reach
the avoided crossing position for the signals marked in the red
dashed lines, and the molecular dissociation occurs after one
or several vibrational periods with a rapid bending in fpcs for
those signals as illustrated by the black dashed curves.

The agreement between theoretical calculations and exper-
imental measurements indicates that the low KER channel of
the three-body CE can be assigned as the step dissociation
with O + CS™ produced in the first step. Furthermore, this can
be checked again by comparing the time-dependent KER of
the three-body channel (low KER) with the spectra obtained
from the two-body dissociation O" + CS™. The measured
time-dependent KER of OF + CS* is shown in Fig. 5(a),

where two branches corresponding to the direct CE of dication
states and the CE by further ionization from cation states are
observed. The time-dependent branch can be assigned to the
CE followed by the dissociation of the 32 A” state, and the
corresponding potential energy curves are shown in Fig. 5(b).
The observation for the evolution of the OF + CS* channel
presents additional evidence on the assignment of the pathway
of the direct three-body CE channel.

IV. CONCLUSIONS

We have performed the pump-probe measurements to
tracking the bond breaking of OCS™ triggered by an fem-
tosecond laser. The time-dependent KER spectra of two-body
and three-body channels are measured and the corresponding
electronic states and dissociation pathways are assigned by
comparing the simulation results from performing the semi-
classical trajectory simulations. The two-body dissociation
channel and the three-body dissociation channel with high
KER are assigned to the bond breaking started from the
32 A’ state and the following couplings with other electronic
states are analyzed from the trajectories of nuclear movement.
Furthermore, the three-body dissociation channel with low
KER is assigned to the direct three-body breaking process
after populated to the 3> A” state. The assignments of the
bond breaking of three-body channels are further confirmed
by the measured and calculated kinetic energy correlation
diagrams of fragment ions. Thus, the current study paves the
way for tracking the bond breaking and structural evolution of
molecules and promotes our understanding of the elementary
reaction and light-induced molecular process.
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