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A coincidence momentum imaging method is used to investigate the dissociative ionization of carbonyl
sulfide (OCS) irradiated by linearly polarized 800 nm femtosecond laser pulses. As a typical asymmetric
molecule, kinetic-energy release (KER) distributions of two-body Coulomb explosion (CE) along C-S or C-O
bond breakage from OCS?* (¢ = 2, 3, 4) exhibit a different behavior when the parent charge state increases.
Two processes, i.e., concerted enhanced multiple ionization and ladder-climbing-type sequential ionization, are
proposed for the C-S and C-O bond breakage, respectively. With the help of the potential-energy curves (PEC)
obtained from the multistate density-functional-theory method, the KER values are calculated for these CE
channels of OCS?*. The overall good quantitative agreement between the experiment and calculation confirms
the validity of the ionization mechanism assumed. In our approach, the global minimum of cationic PEC for the
OCS can be treated as R, for enhanced ionization. Furthermore, a bimodal KER distribution was observed for
the channel of OCS** — O + CS*, and with the help of PEC, we believe that both of the ionization processes

are involved in the dynamics of its formation.
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I. INTRODUCTION

Strong-field-induced multiple ionization of molecules has
been intensively investigated, particularly because it triggers
complex ultrafast electron-nuclei motion [1-3]. Removal of
one or more electrons from a molecule may alter the potential-
energy surface (PES) on which the nuclei moves, resulting
in bond breakage or bond formation. Meanwhile, the nu-
clear motion reconstructs the distribution of the remaining
electrons, which dramatically influences further multiple-
ionization dynamics in a strong laser field. It is therefore
critical to understand the mechanism of dissociative multiple
ionization [4-6] along different bond stretches, especially for
asymmetric molecules.

The essential role of coupling between nuclei movement
and electron ionization has been confirmed by the studies of
diatomic molecules, whose double-ionization rate exhibit a
dramatic enhancement at a certain internuclear distance when
the molecular axis is parallel to the field vector [7-10]. The
electron at this critical distance R, can tunnel into the con-
tinuum through the field-suppressed intramolecular potential
barrier when the electronic density is localized on the upper
potential well, which is the so-called enhanced ionization (EI).
EI has been widely used in explaining numerous experimental
works for triatomic molecules, hydrocarbon molecules, and
even clusters [11-14], and it can qualitatively well explain
most observations; however, R, can only be extracted from
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measured kinetic-energy release (KER) by assuming pure
Coulomb potential, which is a rough approximation for poly-
atomic molecules. Moreover, the strong-field-induced disso-
ciative ionization of asymmetric molecules has not yet been
thoroughly studied, especially for the multiple-ionization pro-
cesses. Dehghanian ef al. [15] studied the enhanced ionization
and excitation of the nonsymmetric HeH* molecule driven
by an intense laser pulse by solving the three-dimensional
time-dependent Schrodinger equation. They determined that
EI is suppressed when the permanent dipole moment of the
molecule is parallel to the electric field of the laser pulse.
This is because the electron must tunnel a much wider lifted
potential barrier to reach the continuum or the absence of the
coupling of the ground state and excited states in this situation
[7.8].

Furthermore, Kawata er al. [16] predicted that the response
of Hy* to a laser field can be classified into two regimes.
In the adiabatic regime (R < R.), the electron transfers from
one end of the molecule to the other end every half optical
cycle. In the diabatic regime (R > R.), internuclear electron
transfer is suppressed on account of electron repulsion and
laser-induced electron localization. The ionization dynamics
of this molecule depend heavily on both the electron distri-
bution along the molecule and the nonadiabatic transitions
between the lowest three electronic states. OCS is a typical
asymmetric molecule. Accordingly, its ionization and dis-
sociation have been researched with synchrotron radiation,
particle collision, and the intense laser pulse [17-22]. Bryan
et al. [23] investigated three-body Coulomb explosion (CE)
of highly charged carbonyl sulfide (OCS) by the covariance
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mapping technique. They identified the existence of two sets
of ionization pathways. Only one of them can be modeled
using the EI model. It was noted that molecular excitation and
multielectronic processes must be considered; nevertheless, a
quantitative explanation was lacking. Recently, Sakemi et al.
[24] measured molecular-frame photoelectron angular distri-
butions of different channels for laser-induced dissociative
ionization. They verified that the OCS molecules are more
likely to be ionized when the electric field points toward
the O atom for the production of O*. The above theoretical
and experimental studies involved the proposal of uniquely
interesting ionization and dissociation features of asymmetric
molecules. In particular, the multiple dissociative ionization
mechanism along the C-S or C-O bond breakage for OCS
is expected to be different; however, direct experimental re-
search is still needed.

In this paper, we present an experimental study of dissocia-
tive ionization (DI) of the OCS molecule and the verification
of all two-body CE channels from the parent ion OCSY*
(g =2, 3, 4). The enhanced ionization model can explain
the CE along the C-S stretch. In addition, a ladder-climbing-
type sequential multiple-ionization process is proposed for
the CE along the C-O stretch. The potential-energy curves
(PEC) for those CE channels are calculated with the multistate
density-functional-theory (MSDFT) method to calculate the
theoretical KER. The overall good quantitative agreement
between the experimental and theoretical results confirms
the validity of the proposed mechanism and reveals possible
nuclei dynamics during the DI. R, for EI is obtained from
the global minimum of PEC for the cation state. Moreover,
the bimodal KER distribution of the (O™ — CS™) channel can
be interpreted as the coexistence of sequential and enhanced
ionization processes since there are two minima in PES along
the C-O stretch of OCS™.

II. EXPERIMENTAL AND THEORETICAL METHODS

Laser pulses of 800 nm with a pulse duration of 50 fs
and repetition rate of 1 kHz produced from a Ti:sapphire
laser system were used to irradiate the targets [25,26]. The
linearly polarized laser beam was focused by a concave
mirror (f = 7.5cm) onto a supersonic OCS gas jet (seeded
by helium) inside the vacuum chamber (base pressure, 1.8 x
1071 mbar). Cold-target recoil-ion momentum spectroscopy
(COLTRIMS) [27] was used to confirm the two-body CE
channels. Further details are presented in our previous publi-
cations [2,28]. Briefly, the intense laser pulses interacted with
targets and produced ion fragments, which were accelerated to
the DLD80 detector by a uniform electric field (38.6 V/cm).
Three-dimensional momenta of fragment ions could be re-
trieved from the measured position and time of flight. The
ion count rate in all experiments was controlled below 0.4 per
pulse to keep the false-coincidence rate low. Additionally, the
strict momentum-conservation rule was consistently used to
exclude the false-coincidence events. The laser intensity was
calibrated by the ratio of Xe?>*/Xe* and compared with the
previous measurement results [29].

A hybrid of the wave function and density functional the-
ory, denoted as the MSDFT method, was used to calculate the
potential-energy curves of OCS?*+ [30,31]. In this approach,

the diabatic states are defined by block-localized Kohn-Sham
(BLKS) orbitals according to the bond-breakage products.
BLKS orbitals constrain the electron density for each diabatic
state in the orbital space. Specifically, for C-S bond breaking,
the atomic basis functions are conveniently divided into two
blocks: one block on CO and one block on S. The charge (or
elections) can be localized on two blocks to represent differ-
ent diabatic states. The adiabatic ground and excited states
are yielded through the diagonalization of the configuration-
interaction (CI) Hamiltonian. All the theoretical calculations
were computed using the Perdew-Burke-Ernzerhof (PBEO)
functional at the aug-cc-pVTZ level and implemented in
our local modified general atomic and molecular electronic
structure system (GAMESS) package.

III. RESULTS AND DISCUSSION

The multiple-charged OCS can dissociate through two-
body CE along the C-S bond or C-O bond. We employed
the ion-ion coincidence method to extract all two-body CE
channels, as shown in Fig. 1. Each narrow parabolic line in the
figure represents a CE channel, which is unambiguously iden-
tified by applying the momentum-conservation conditions.
The color scale represents the relative yields of each channel.
These channels are classified into two groups according to
their bond breakage, CO™* + S"* or O+ + CS** group (m,
n, r, and s represent the charge of the fragment ions), as shown
in (1) to (8).

The C-S bond-breakage group is

0oCcs*™ — Ccot + S+, (1)
0CS* — CcOot + §*, (2)
oCcs* — co*t + 8T, (3)
0oCS* — Ccot + S+, “4)
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FIG. 1. Photo-ion and photo-ion coincidence (PIPICO) spectrum
obtained from the interaction of linearly intense femtosecond laser
pulses (1.2PW /cm?). Eight two-body CE channels are shown. La-
beled numbers represent the channels as follows: 1: CO* + St; 2:
CO* 4 §**; 3: CO** + S*; 4: CO*T + S3+; 5: O + CS*; 6: OF +
CS?*; 7: O** 4+ CS™; and 8: O** + CS?*. The color map indicates
the ion yield for each channel.
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FIG. 2. Experimentally deduced distance (R) of two fragments before CE is shown as the increase of the charge state of the parent ions. (a)
Red squares and circles denote CO™* + S™* channels; blue straight and inverted triangles represent Ot 4+ CS** channels with the intensity
of 0.5 and 1.2 PW/cm?, respectively. The nuclear distance R calculated from the lower (peak I) and larger (peak II) energy components of
channel (5) are also shown as a green diamonds and blue triangles, respectively. The marks (m, n) and (r, s) denote the charge distribution of
each channel. (b) The corresponding FWHM of KERs for each channel in (a) with the intensity of 0.5 PW /cm?.

The C-O bond-breakage group is

0oCcs* — Ot 4+ Cs™, (5)
0CS** — O +CS*, (6)
0CS** — 0** +CS™, (7
0CS* — O™ +CS**. (8)

The overall ion-pair yields for channels (5)—(8) were much
lower than those for channels (1)—(4). We obtained the KERs
and momentum distributions for all the CE channels, and then
further extracted the distance R between the mass centers of
two fragments just before the CE according to the simple CE
model [Fig. 2(a)]. From the measured KER distributions, we
deduced their full width at half maximum (FWHM) for all
the channels as the charge state increased from 2 to 4, as
shown in Fig. 2(b). The values of R for all the channels are
plotted in Fig. 2(a) for the increasing parent-ion charge state
from two to four. It is clear that the changes of R values
with the increasing charge state are very different for the
respective C-S and C-O bond breakages. That is, the value of
R scarcely changes (approximately 3.3 A) for the C-S bond
breaking, whereas it increases for the C-O bond breakage
from 2.3 to 3.2 A as the parent charge state increases from
2 to 4. In the classical enhanced ionization model [7,10],
the constant R for C-S bond breakage can be treated as
the critical distance R,. After removing one electron from
neutral OCS, the C-S bond of the cations begins to extend
from the equilibrium distance R, to R, and leads to electron
localization. Then, one or few electrons can be immediately
removed through laser-field-induced tunneling ionization in a
concerted manner. However, for C-O bond breakage, the R
value is almost linearly extended as the charge states increase
from 2 to 4, which cannot be explained by EIL

At the same time, the asymmetric nature of OCS may lead
to a high charge-asymmetric distribution for CE channels,
which also relies on the bond breakage. From the same parent-
ion state OCS**, the high charge-asymmetric channel (1, 3)

is dominant for C-S bond breakage, and only the charge-
symmetric channel (2, 2) for C-O bond breakage is observed.
In contrast, both (1, 3) and (2, 2) channels were observed for
C-S bond breakage by Bommer et al. using a synchrotron
radiation source [32]. We thus infer that the strong-field-
induced electron localization effect may influence these bond-
breakage-dependent charge-asymmetric distributions of the
CE channel. Within the enhanced ionization model, multiple
ionization may occur in a concerted way at a larger critical
distance R, with electron localization, and then the electron
is easily ionized from the S site [33]. Thus, the electron
transfer along the molecular bond may be strongly prohibited
and the charge-symmetric channel suppressed, as suggested
by Kawata et al. based on the calculation of H;™ [16].
However, the DI along the C-O bond may proceed through
a sequential process, and the C-O bond extension is not large
enough for electron localization, thus, electron transfer along
the molecular bond may still play an essential role, which
enhances the yield of the charge-symmetric channel (2, 2).
These observations scarcely rely on the laser intensities. In the
case of Ny, the charge-asymmetric channel (3,1) is strongly
suppressed at critical distance R. [34] because N is much
more easily ionized than N2+ after electron localization, and
the author claimed that this was direct evidence for the elec-
tron localization in EI of the symmetry molecule. This issue
is consistent with our observations for asymmetric molecule
OCS; electron localization along the C-S stretch enhanced
the ionization from S>* to S** because of its relatively lower
ionization potential compared to CO*. This effect was absent
for sequential ionization along the process of the C-O stretch.

The DI of the molecules has been extensively studied;
however, most results only provide a qualitative analysis by
assuming the pure Coulomb potential for the CE model. This
is because the accurate calculation of PEC is very expensive
or even impossible. Here, we intend to provide a quantitative
explanation for our measured KER distribution by calculating
the PEC for the CE channels up to OCS**. The density
functional theory is a less expensive electronic structure
method with high accuracy. However, it fails for the bond-
breaking process owing to the well-known problem of the
fractional spin error [35]. We recently developed the MSDFT
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FIG. 3. Potential-energy curves of dissociative channels of OCSY* (¢ = 1—4) along the (a) C-S stretch and (b) C-O stretch. Solid arrows
refer to the scheme of (a) the concerted enhanced ionization mechanism starting from the minima of PEC of the cation state along the C-S
stretch and (b) the sequential vertical multiple-ionization process originating from the minima of each charge state (1-3) along the C-O stretch.
The dashed arrows denote the possible movement of nuclei wave packets.

and diabatic-at-construction (DAC) strategy to overcome this
problem and compute the diabatic and adiabatic states at the
same root [30,31]. The calculated PECs using this method for
the main CE channels from OCS?* (¢ = 1—4) along the C-S
and C-O stretches are shown in Fig. 3. The PECs along the C-
S stretch are nearly Coulombic for OCSY" (g = 2—4), while
deep potential wells exist around 1.0-1.3 A for OCS?* (¢ =
1—3) along the C-O stretch. For the cation state, the minimum
of the PEC along the C-S stretch is located at ~2.2 A, which
is larger than the equilibrium C-S bond distance (1.56 A).
Thus, the nuclei wave packet may intend to evolve toward this
minimum from the Frank-Condon region, and the so-called
R, can be possibly reached along the C-S bond through the
bond extension for this cation state. At this position, the
enhanced ionization may proceed through field ionization to
the higher charge state. The PECs of dication, trication, and
tetravalent cation are all Coulombic and the molecular ions
may immediately dissociate along those curves. Then, the CE
occurs nearly at the same position of R, which is consistent
with our observation in Fig. 2(a).

Along the C-O stretch in Fig. 3(b), the minimum of the
cation PEC is located at ~1.1 10\, which is almost the same as
its equilibrium bond distance (1.15 A). This well may inhibit
the significant bond extension, which leads to the suppression
of enhanced ionization along this C-O stretch. Thus, further
ionization to the dication state mainly occurs through vertical
ionization around the Frank-Condon region. The CE from the
dication state along the C-O bond breakage must overcome
a potential barrier. Accordingly, more photons may need to
be absorbed for the excitation of vibrational wave packets,
and the molecule may finally cross the barrier where the
CE occurs. We name this DI process as ladder-climbing-type
sequential ionization. The CE from the trication state may

also follow this ladder-climbing-type dissociative ionization
mechanism along the C-O stretch. Therefore, our calculations
confirm that the pure Coulombic or non-Coulombic PEC of
OCS?*+ along the C-S or C-O stretch lead to the concerted
EI or ladder-climbing-type multiple DI processes. Moreover,
we observe an overall broader FWHM of the (O"t + CS*™)
group than the (CO™" + S™"*) group, as shown in Fig. 2(b).
The FWHM of the KER distribution is affected by the shape
of the potential-energy curves. The deeper potential well may
contain more vibrational states, which leads to a broader
FWHM [36]. The calculated overall deeper potential well for
each stage by photon absorption for the (O™ + CS**) group
than the (CO™" + S"%) group can effectively elucidate our
observation.

Furthermore, we can deduce the kinetic-energy release
from the PEC of each CE channel according to the proposed
mechanism and quantitatively compare them with the mea-
surement. As shown in Fig. 3(a), the position of the minimum
of the cation PEC can be assumed as R... In addition, the calcu-
lated peak values of KER for (CO™t + S"T) are the difference
between the potential energy at R, and the dissociation limit
for each charge state. For the (O + CS**) group, the KER
value can be calculated from the potential-energy difference
between the barrier position and dissociation limit. The calcu-
lated and measured KER values are compared in Table I. The
deviations between them for the (CO™* + S"*) group are less
than 5%, which shows quite a good quantitative agreement.
This excellent consistency strongly supports our proposed
concerted EI mechanism for the (CO™* + S"*) group. More
importantly, based on our calculation, R, can be treated as the
global minimum position of PEC along the C-S stretch for
the cation state, which provides an intuitive interpretation for
this critical distance for EI of the polyatomic molecule. For
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TABLE 1. Direct comparison of experimental and theoretical
deduced KERs according to our proposed DI mechanism along the
C-S and C-O stretches.

Experimental Results

Theoretical
Channel 0.5PW/cm? 1.2PW/cm? Calculation
C-S bond breakage
1.CO* + S* 43 43 4.5
2.COT + $** 8.7 8.6 9.2
4.CO* + $3* 12.8 12.6 13.0
C-O bond breakage
5.0" +CS* 4.0(I)/5.9(11) 4.0(1)/5.9(11) 3.5(I)/5.7(11)
6.0" + CS** 9.5 9.5 7.7 (10.1)*
8.0 + CS** 17.4 17.2 19.1

2Deduced KER from diabatic PEC.

the (O™ + CS**) group, a reasonable agreement for channels
(5) and (8) is still achieved, although not as well as for
the (CO™t + S"*) group. The calculated KER is lower than
the experimental one for channel (6). The agreement can
be improved by considering the diabatic PEC, which is not
shown in Fig. 3. The calculated PECs we used here did not
simultaneously consider the elongation of both C-S and C-O
bonds, which may occur during the C-O bond breakage and
lead to the KER deviation from experiment.

We are unable to deduce the KER from the PEC for
channels (3) and (7), which also have a rather low yield in
the measurement. This may be because the calculated PEC
do not include all the contributions of excited states that may
have a strong influence on those weak channels. This can
also have a contribution to the relatively larger deviations for
the (O™t 4 CS**+) group. For channel (8), vertical ionization
from OCS** to OCS** at the Frank-Condon (FC) region
becomes difficult since the ionization potential is quite high.
The ionization may occur during the C-O bond extension
along the PEC of OCS** before CE. Thus, we approximately
deduce the minimum KER value from the potential-energy
difference between the barrier position where the CE occurs

200

for OCS** and the dissociation limit of OCS** [purple arrow
in Fig. 3(b)], and the deduced KER value reasonably agreed
with the measurement.

Furthermore, as shown in Fig. 4, channel (5) (OCS** —
O* 4 CS™) has a bimodal KER distribution (black circles).
The two components can be obtained through a two-peak
fitting procedure. They are respectively labeled as peak I and
peak II. The KER distribution of channel (1) (OCS?** —
CO* +S™) (red squares) is also inserted for comparison.
Peak I of channel (5) is around 4.0 eV and peak II is around
5.9 eV. Their corresponding R values are respectively shown
in Fig. 2(a), where the low-energy component corresponds to
an even larger value of R (green diamond) than in channel (1).
At the same time, the FWHM of the low-energy component
is also much smaller than its high-energy component, as
shown in Fig. 2(b). This indicates that the dramatic C-O bond
extension before double ionization may also play a role for
this particular channel.

Induced by electron collision at energy of 500 eV, Shen
et al. [18] also observed this type of bimodal peak for channel
(5) with kinetic energy of 4.3 and 7 eV and they roughly
ascribed them to the contribution of the 33X~ state of
the 27! 37247 configuration and the 1°I1 state of the
90~ !37 245! configuration, respectively. Ramadhan et al.
[17] found the bimodal peak locating at 5 and 10 eV for chan-
nel (5) with synchrotron radiation, and they attributed them to
the contributions of several different electronic states. Here,
this bimodal KER distribution for channel (5) is observed in
strong-field-induced CE, and the interpretation based on the
multiple excited states’ contribution cannot give reasonable
quantitative agreement between experiment and calculation
without the exact PEC. Here we propose that peaks I and II
may have a different underlying mechanism. The PEC along
the C-O stretch of the OCS cation in Fig. 3(b) exhibits not
only a deep potential well at the FC region, but also a second
shallow potential well around 2.1 A. The C-O bond extension
may reach the second shallow potential well through vibration
excitation or the coupling of excited states. Then, further
ionization may occur at this distance through the enhanced

T
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FIG. 4. (a). Bimodal KER distributions of channel (5) O 4 CS* at the intensity of 0.5 PW /cm? are shown as black circles. The KER
distribution of channel (1) CO™ + S* is inserted (red squares) for comparison. The red and black solid lines represent the Gaussian fitting
results. The two-peak fitting curves for channel (5) and its lower-energy component are similar to the value of channel (1). (b), (c) The
momentum angular distributions for channel (1) and channel (5), respectively. P, stands for the momentum of the fragment along the laser
polarization direction. The red solid ring in (c) represents the momentum corresponding to peak I in (a).
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ionization mechanism, as indicated in Fig. 3(b) (dashed line).
From this position, we can deduce the KER from the PEC
of OCS dication. The calculated values have a good quanti-
tative agreement with the measurement (shown in Table I),
indicating the validity of our interpretation. Interestingly, peak
I has a very similar KER distribution and FWHM value as
channel (1). We believe that the same enhanced ionization
mechanism and similar critical distance (2.1 and 2.2 A, re-
spectively) lead to nearly identical KER distributions along
the different bond breakages. As discussed in the previous
paragraph, peak II mainly come from the ladder-climbing-
type sequential double-ionization process. The fragment’s
momentum angular distributions of channel (1) and channel
(5) have been shown in Figs. 4(b) and 4(c). The fragments
of channel (1) mainly ejected along the laser polarization
direction, which gives typical anisotropic distributions for
two-body CE through enhanced ionization. This angular dis-
tribution can be correlated with the molecular alignment, mul-
tiple orbital ionization, and different ionization mechanisms,
which have been widely discussed before [5,37,38]. Channel
(5) shows overall stronger anisotropic distribution since the
ladder-climbing-type sequential ionization has much higher
threshold intensities. Looking into the details of Fig. 4(c), the
angular distribution for higher-energy fragments is slightly
more anisotropic than low-energy fragments (divided by the
red solid circle, which corresponds to peak I). The lower-
energy region has a similar pattern of angular distribution as
channel (1), which may support that peak I come from the
same enhanced ionization mechanism.

IV. CONCLUSION

In summary, we studied the DI of asymmetric molecules
OCS by measuring the evolution of KER distributions with
the increasing charge state using the CE imaging method. We
observed that the DI dynamics strongly relies on the C-S or
C-O bond breakage. By combining the PEC and the proposed
mechanism for different bond breakage, the calculated KERs
showed overall good quantitative agreement with the mea-
surement. This finding supports our conclusion that the con-
certed enhanced ionization and the ladder-climbing-type se-
quential ionization dominate the DI for C-S bond breakage
and C-O bond breakage, respectively. Moreover, EI can also
contribute to the (OCS?*t — O* + CS*) channel because of
the existence of local minima of the cation PEC along the C-O
stretch, and this issue was confirmed by the good agreement
of the KER between the calculation and measurement. Our re-
sults thus interpret the bond-breakage-dependent dissociative
dynamics of the asymmetric molecule OCS in a quantitative
manner and offer a way to understand strong-field-induced
polyatomic molecular DI.
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