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Molecular tunneling ionization of the carbonyl sulfide molecule by double-frequency
phase-controlled laser fields
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We have investigated the orientation-selective molecular tunneling ionization of carbonyl sulfide (OCS)
molecules induced by linearly polarized double-frequency phase-controlled laser fields consisting of a
fundamental and a second-harmonic light with a pulse duration of 130 fs and an intensity of 5 × 1013 W/cm2.
We performed simultaneous measurements using gas mixtures of OCS and carbon monoxide to calibrate the
relative phase difference of the phase-controlled fields and to verify the mechanism of the tunnel ionization. It is
demonstrated that there is a definite correlation between the orientation of ionized molecules and the structure
of the highest occupied molecular orbital. We have discussed the experimental results by means of the weak
field asymptotic theory. In addition, we have analyzed the quantum dynamics of photoelectrons in simultaneous
ion-electron detection. The experimental results can be explained by a two-step model including the interaction
with the parent ion. The recollision process plays a minor role for determining the preferable directions of polar
molecules in the tunneling ionization at the experimental laser intensity used.
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I. INTRODUCTION

The highly nonlinear optical response of atoms and
molecules has been intensely investigated because of recent
progress in techniques to generate intense, ultrashort laser
pulses. In nonresonant photoionization processes, an increase
in laser intensity causes a transition from multiphoton ioniza-
tion (MPI) to tunneling ionization (TI); the latter occurs when
the laser field suppresses the binding potential of the electron
so strongly that the wave function of the outermost electron
penetrates and escapes the tunneling barrier [1–7]. Recent
studies have revealed that TI occurs mainly in the attosecond
(1 as = 10−18 s) time region, when the electric field of the
laser reaches its maximum value because of a highly nonlinear
optical response [8,9]. Analogous to scanning tunneling
microscopy (STM), where quantum-tunneling phenomena are
applied to observe atomic-scale objects in the space domain,
the use of TI induced by intense laser fields enables us to
observe ultrafast phenomena in the time domain. Therefore,
TI is one of the most important and fundamental phenomena
for measuring and controlling physics in the attosecond time
regime [10–12].

For atomic TI the so-called Ammosov-Delone-Krainov
(ADK) theory [3] is often used to compare the absolute values
and electric field dependence of ionization rates between
theory and experiment. The ADK model has been extended
by Tong and Lin to treat molecular systems [13,14]. At first
glance, a qualitative consequence of the molecular ADK model
is that the TI rate reflects the geometric structure of the highest
occupied molecular orbital (HOMO) [15–19]. Namely, more
photoelectrons are extracted via tunneling from the large-
amplitude lobe of the HOMO along the opposite direction
of the electric field vector. As a consequence of the angular
dependence of the TI rate, molecules aligned in a certain
direction are selectively ionized in a randomly oriented gas-
phase molecular ensemble, and the photofragment-emission
pattern induced by molecular TI reflects the asymptotic
structure of the molecular orbital [15,16]. As examples of

homonuclear diatomic molecules, a butterfly-shaped pattern
reflecting the structure of the π orbital in O2 molecules and
a dumbbell-shaped pattern reflecting the σ orbital structure in
N2 molecules have been observed in two-dimensional (2D)
photofragment-emission pattern imaging [15]. On the con-
trary for heteronuclear molecules with asymmetric structures,
control of the molecular orientation or orientation-selective
measurement is required to discriminate the head-tail order of
the molecules. (In general, alignment does not discriminate
between the head-tail order of molecules, whereas orientation
does discriminate.) Recent TI experiments on carbon monox-
ide (CO), which has an asymmetric structure [its HOMO is
shown in Fig. 1(b)], induced by intense double-frequency
phase-controlled laser fields consisting of a fundamental
light and its second-harmonic light (hereafter, the ω + 2ω

laser fields) [20,21], and cold target recoil ion momentum
spectroscopy (COLTRIMS) [22] has demonstrated that more
tunneling ionization was observed from the C side with a
large-amplitude lobe of HOMO than the O side (see Fig. 1).

Recently, however, a molecule with asymmetric structure
that shows a different trend to the asymptotic structure of
HOMO has been studied [23–25]. The angular dependence of
the TI rate for carbonyl sulfide (OCS) molecules [its HOMO is
shown in Fig. 1(a)] shows that the ionization rate is maximum
when the laser field points from nuclei O to S [Fig. 1(a)],
indicating that more tunneling ionization occurs from the O
side having a smaller amplitude of HOMO. This has been
attributed to the linear Stark shift of the ionization potential.
The Stark effect reduces or raises the ionization potential when
the laser-field vector is parallel or antiparallel to the permanent
dipole of HOMO, leading to a maximum ionization rate for the
antiparallel configuration, where more electrons are ionized
from the smaller-amplitude side of the HOMO. Namely, the
effect of the Stark shift provides the opposite trend to that of
the asymptotic amplitude of the HOMO [23–25].

Moreover, the situation for OCS molecules has been found
to be somewhat complicated. The angular dependence of the
TI rate for OCS is dependent on the laser polarization for
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FIG. 1. Molecular structures and isocontours of the highest
occupied molecular orbitals (HOMOs) of (a) OCS and (b) CO
determined by ab initio calculations using the GAUSSIAN 03W

software package [method: MP2; basis sets: 6-311++G(3df,2pd)].
The shadings indicate the signs of the wave functions. The direction
of the orbital dipoles is shown by the thick arrows.

both circularly polarized (CP) and linearly polarized (LP)
fields [26]. For TI of OCS with single-frequency CP laser
fields it was found that maximum ionization occurs when the
electric field points along the permanent dipole moment, i.e.,
along the molecular axis [23–25], whereas for TI of OCS
with single-frequency LP laser fields it was found that the
ionization yield is maximum when the field is perpendicular
to the molecular axis [26]. They discuss the possibility that the
discrepancy is caused by the recollision of ionized electrons
with the parent ions or by electronically excited states in the
multiphoton ionization process [26]. At present, this question
remains unanswered.

Meanwhile a theory, called the weak field asymptotic theory
(WFAT), based on the Siegert states in a static electric field has
been developed within the single active electron approximation
[27]. In the WFAT, the solution to the Schrödinger equation
is described by the asymptotic expansion with respect to the
field strength, treating the Stark effect rigorously. In this theory
the TI rate is factorized into a simple product of two parts:
One depends only on the target structure and the other on
the field strength. It is also shown that the dominance of
either the Stark shift or the shape of the HOMO depends
on molecules and cannot be determined by just looking at
the shape of the HOMOs. Using accurate Hartree-Fock wave
functions, a larger TI rate is found from the C side for CO
dominated by the Stark shift, indicating that further experimen-
tal and theoretical studies including multielectron effects are
needed [28].

In this paper, we investigate orientation-selective molec-
ular TI (OSM-TI) of OCS by using double-frequency LP
laser fields to obtain more information in addition to that
from single-frequency LP and CP laser fields. Simultaneous
detection of photofragment ions and photoelectrons from
OSM-TI has been performed to track the ground-state orbital
and quantum dynamics of photoelectrons from their phase-
dependent behaviors. The results obtained by the LP phase-
controlled ω + 2ω laser fields suggest that TI is dominated by
the asymptotic amplitude of HOMO (when the electric field
points opposite to the permanent dipole), which is different
from the results obtained from both single-frequency LP and
CP fields.

II. EXPERIMENT

The total electric field of an LP laser field consisting of
two frequencies, the fundamental (ω) and its second harmonic
(2ω), is given by E(t) = E1cos(ωt) + E2cos(2ωt + φ), where
E1 and E2 are the amplitudes of the electric fields and φ is
the relative phase difference between the fundamental and
its second harmonic. The amplitude of the electric field in
the positive (negative) direction is twice that in the negative
(positive) direction when φ = 0 (π ) and E1 = 2E2 [20,29–32].

In general, a single-frequency LP laser field—with a
wave form that is symmetric with respect to the negative
and positive directions along the laser polarization—cannot
discriminate the head-tail order of molecules because the
ionization rate of molecules with negative orientation along
the direction of polarization is equal to the rate of those with
positive orientation. In contrast, the asymmetric wave form
of a double-frequency LP ω + 2ω laser field can selectively
ionize molecules while discriminating the head-tail order of
molecules with asymmetric structure if the relevant ionization
is a nonlinear process such as TI. We have experimentally
demonstrated that OSM-TI is induced as a consequence of the
directionally asymmetric TI of molecules with an asymmetric
HOMO [20,29–31].

The experimental apparatus, which has been described pre-
viously [20], consisted of a Ti:sapphire laser system, a robust
phase-controlled ω + 2ω laser-field generator, and a time-of-
flight mass spectrometer (TOF-MS) designed for simultaneous
ion-electron detection equipped with a supersonic molecular
beam source. Briefly, the output beam of the Ti:sapphire laser
system (800-nm wavelength, 130-fs duration, 1.0-mJ/pulse
pulse energy, 20-Hz repetition rate) was delivered to the
robust phase-controlled ω + 2ω laser-field generator. With this
optics set, we could control the relative phase difference φ

between the ω and 2ω pulses by using a rotatable 10-mm-thick
quartz plate with a resolution of about 30 as (0.05π ) after
second-harmonic generation (β-barium borate, type I phase
matching, 1-mm thickness, conversion efficiency: 30%). The
ratio I2/I1 was adjusted to around 0.25 (E2/E1 = 0.5), where
I1 and I2 are the intensities of the ω and 2ω pulses, respectively.
The phase-controlled ω + 2ω laser beam was focused on a
supersonic molecular beam of OCS or CO, which was used as a
reference molecule [diluted (5%) with He gas], in the TOF-MS
by an aluminum concave mirror (200-mm focal length). We
estimated the total intensity I = I1 + I2 to be approximately
5 × 1013 W/cm2 (I1 = 4 × 1013, I2 = 1 × 1013 W/cm2) at
the focus. The ionization potential and orbital dipole (HOMO)
of OCS are 11.18 eV and 2.24 D, whereas those of CO are
14.0 eV and 4.39 D.

The TOF-MS, designed for simultaneous ion-electron
detection, consisted of a Wiley–McLaren-type two-stage
accelerator, field-free drift tubes for electrons and ions, and
two opposing position-sensitive detectors. Photofragment ions
and photoelectrons produced by the ω + 2ω pulses were each
accelerated by static electric fields toward one of the opposing
detectors. After passing through a drift tube, the photofragment
ions and photoelectrons were detected by position-sensitive
detectors composed of a microchannel plate (MCP) with
a phosphor screen (77-mm diameter). The two-dimensional
(2D) angular distributions of photofragment ions and photo-
electrons acquired from each position-sensitive detector were
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recorded by a charge-coupled device (CCD) camera system.
Mass selectivity of the fragment ions for the 2D images was
achieved by gating the gain of the detector (temporal width:
100 ns) at the arrival time of each photofragment ion.

We use the definition of the experimental configuration
based on the polarization direction, the detection axis,
and the direction of the electric field maxima at relative
phase difference φ = 0 reported in [20]. In the mea-
surement of one-dimensional (1D) TOF spectra, the polar-
ization direction of the ω + 2ω laser fields is set to be
horizontal and parallel to the detection axis, and we define
φ = 0 to be the condition when the electric field maximum
points toward the ion detector (forward/backward configura-
tion). In this configuration, we could simultaneously measure
the phase dependence of all photofragment ions under identical
conditions of the relative phase difference φ and laser intensity.
In the measurement of the 2D photofragment (photoelectron)
angular distribution, the polarization direction of the ω + 2ω

laser fields is set to be horizontal and perpendicular to the
detection axis, and we define φ = 0 to be the condition
when the electric field maximum points leftward (rightward)
with respect to the ion (electron) detector (leftward-rightward
configuration). In this configuration, we could simultaneously
measure the phase dependence of both the mass-selected
photofragment ions and the photoelectrons under identical
conditions of the relative phase difference φ and laser intensity.
To calibrate the relative phase difference φ, we performed
a simultaneous measurement using gas mixtures of target
molecules and reference CO molecules [30] in the forward-
backward configuration. This method provides an accurate
phase relationship between target molecules and reference
molecules under identical experimental conditions, i.e., within
the same experimental run.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the kinetic energy spectra and the
leftward-rightward yield ratio (IL/IR) as a function of the
relative phase difference and kinetic energy for OC+ (upper
panel) and S+ (lower panel) photofragment ions when OCS
molecules were irradiated with ω + 2ω pulses. The kinetic
energy spectra of the photofragment ions in Fig. 2(a) were
obtained from the inset images of 2D angular distributions
of photofragment ions along the laser polarization direction.
Pronounced angular localizations along the laser polarization
were observed in the 2D distributions of the photofragment
ions [Fig. 2(a) insets].

Clear periodicities of 2π were observed in IL/IR as
a function of φ for both OC+ and S+ [Fig. 2(b)]. The
phase dependence between OC+ and S+ indicates that they
were completely out of phase with each other. This result
shows that phase-controlled ω + 2ω pulses can discriminate
the molecular orientation of the head-tail order. The phase-
dependent behaviors of both OC+ and S+ are not depen-
dent on the kinetic energy [Fig. 2(b)]. The fact that OC+
(S+) ions produced various dissociation channels such as
OCS+→OC++S, OSC+→OC+S+, and OCS2+→OC++S+
indicates that leftward-rightward asymmetries do not originate
from the difference of the dissociation channels but from the
orientation of ionized molecules.

FIG. 2. (Color) (a) Kinetic energy spectra and (b) density plots of
the leftward-rightward yield ratio (IL/IR) as a function of the relative
phase difference φ and kinetic energy for OC+ photofragment ions
(upper panel) and S+ photofragment ions (lower panel) produced
from OCS molecules irradiated with the phase-controlled ω + 2ω

laser fields. The kinetic energy spectra in (a) were obtained from
the inset images of the 2D angular distributions of photofragment
ions at φ = 0. The double-headed arrows indicate the direction of
polarization.

Furthermore, the leftward-rightward asymmetries show that
the OC+ (S+) ions were preferentially emitted to the left (right)
of the detector at φ = 0, when the electric field maximum
pointed to the left. Conversely, the directional asymmetries of
each of the photofragment ions were reversed at φ = π . This
result shows that electrons are much more strongly extracted
from the large-amplitude part of the HOMO at the field maxima
of the ω + 2ω laser fields.

We note that in our experiment we do not explicitly measure
the angular dependence of the TI rate. If ideal molecular TI
occurs in the deep tunneling regime, a butterfly-shaped pattern
reflecting the structure of the π orbitals should be observed
in the 2D photofragment emission. It is known that laser
pulses with durations of more than 100 fs increasingly induce
dynamic molecular alignment (not orientation) by the torque
generated by the interaction between the laser field and the
induced dipole within the laser pulse duration [15]. Almost all
molecules experience some contribution of dynamic molecular
alignment due to an induced dipole. Therefore, the 130-fs
ω + 2ω pulse in this experiment induces dynamic alignment,
and thus our measurement is a result of the OSM-TI in aligned
molecules during the laser pulse rather than in randomly
oriented molecules.

As an additional experiment to calibrate the relative phase
difference φ, and to verify the mechanism of OSM-TI
regardless of the orientation of the detected molecules, we
performed simultaneous measurements using gas mixtures
of OCS and CO as a reference in the forward-backward
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FIG. 3. Forward-backward yield ratio (IF /IB ) using gas mixture
of OCS-CO as a function of the relative phase difference φ: (open
circles) S+ produced from OCS and (closed circles) C+ produced
from reference CO.

configuration [20,30]. Recent experiments on CO by using
phase-controlled ω + 2ω laser fields [20,21] and COLTRIMS
[23] have confirmed that more electrons are extracted from
the C side with the large-amplitude lobe of the HOMO than
the O side. Figure 3 shows the forward-backward yield ratio
IF /IB of C+ generated from CO, and S+ generated from
OCS, as functions of the relative phase difference φ using the
gas mixture OCS-CO. Because C+ generated from CO could
interfere with that generated from OCS in the TOF spectrum,
we minimized the contribution of C+ from OCS below 20%
of the total C+ signal intensity by adjusting the ratio of partial
pressures between OCS and CO in the gas mixture. We also
carefully checked that the phase dependence of C+ is solely
caused by CO and not by OCS. The S+ generated from OCS
and the C+ generated from CO were completely in phase
with each other. (The relative phase difference φ in this paper
was calibrated by the result shown in Fig. 3.) As shown in
Fig. 1, we have experimentally confirmed that there is a definite
correlation between the orientation of detected molecules and
the geometric structure of the HOMO when the LP ω + 2ω

laser field is used. It has been reported that the contribution of
HOMO-1 [33,34] to TI for CO was �30% of the total signal
with a laser intensity about ten times higher than that used in
our experiments [22]. The contribution of HOMO-1 seems to
have been much smaller in the present study.

Simultaneous ion-electron detection enables us to track
the quantum dynamics of photoelectrons by using phase-
dependent oriented molecules as a phase reference [20].
Figure 4(a) shows the kinetic energy spectra and the leftward-
rightward yield ratio (IL/IR) of photoelectrons as functions of
the relative phase difference and kinetic energy generated from
OCS (upper panel) and reference CO taken from [20] (lower
panel). The kinetic energy spectra of the photoelectrons in
Fig. 4(a) were obtained from the inset images of 2D angular
distributions of photoelectrons along the laser polarization
direction. Pronounced angular localizations along with the
laser polarization were observed in the 2D distributions of

FIG. 4. (Color) (a) Kinetic energy spectra and (b) density plots
of the leftward-rightward yield ratio (IL/IR) as a function of the
relative phase difference φ and kinetic energy of photoelectrons
produced from OCS (upper panel) and CO (upper panel) irradiated
with phase-controlled ω + 2ω laser fields. The kinetic energy spectra
(a) were obtained from the inset images of 2D angular distributions
of photoelectrons at φ = 0. The double-headed arrows indicate the
direction of polarization.

the photoelectrons [Fig. 4(a) insets]. In the corresponding
photoelectron spectrum in Fig. 4(a), the energy distribution
shows a broad and exponentially decreasing dependence,
indicating that the laser intensity reaches the TI regime.
Clear periodicities of 2π were observed in the IL/IR ratio
from both OCS and CO. The phase-dependent behaviors
of photoelectrons were dependent on photoelectron kinetic
energy. The same tendency exists between OCS and CO,
which can be divided into two regions: slow photoelectrons
(0–0.3 a.u.), with directional asymmetry around φ = π (0), and
fast photoelectrons (0.3–0.7 a.u.), with directional asymmetry
around φ = π /2 (3π /2) [20].

We now discuss the molecular TI of OCS from the stand-
point of the quantum dynamics of the phase-dependent photo-
electrons generated by the ω + 2ω laser fields. In our previous
study of CO molecules, we reported that the quantum dynamics
of photoelectrons generated by the ω + 2ω field could be
explained by a two-step model that consists of quasistatic TI
and the following of the motion of photoelectrons driven by
ω + 2ω laser fields in the potential of the parent ion based
on a semiclassical approach [20,35–37]. The phase-dependent
behavior of the slow photoelectrons is in good agreement
with the two-step model including the core effects. This result
can be explained by the effect in which slow photoelectrons
are emitted toward the counterintuitive direction because of
the strong attraction of the parent ion [20,36,37]. Then,
the effect of the parent ion becomes weaker for the phase-
dependent behavior of the fast photoelectrons, and directional
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asymmetry at φ = π/2 (3π/2) is observed [20,36]. This
result is consistent because fast photoelectrons, which are
less affected by the interaction with the parent ion than
slow ones, are driven by the intense ω + 2ω laser fields,
shaking off the attractive force. We have successfully explained
the transition from slow photoelectrons to fast electrons in
the phase-dependent behavior of directionally asymmetric
photoelectron emission in CO induced by the ω + 2ω laser
field [20]. We note that the result with the numerical solution to
the time-dependent Schrödinger equation is in good agreement
with the experiment [20], indicating that the relative phase
dependence of photoelectron spectra is not very sensitive for
randomly oriented molecules. To clarify this point, further
analysis would be required using a time-dependent theory such
as the adiabatic theory for ionization [38,39].

Returning to the OCS experimental results, a comparison
of the experimental results between CO and OCS shows
that they exhibit similar behavior. Therefore, we can safely
say that the more electrons are ionized from the S side of
OCS with a larger lobe of HOMO and the phase-energy
dependence of the generated photoelectrons for OCS can be
explained by molecular TI reflecting the geometric structure
of the HOMO and the dynamics of photoelectrons driven by
ω + 2ω laser fields based on the two-step model. We discuss
our experimental results with the TI rates with the WFAT
which includes the dipole moment of the HOMO rigorously
within the single active electron approximation under the
weak field limit [40]. For the CO case, the WFAT has more
static ionization rates from the O side, which is opposite
to the experimental results. Since the WFAT fully contains
the information on the TI rates from the HOMO, the main
source of the difference between the theory and experiment is
due to multielectron effects such as the dipole moment of the
core cation of CO+. Recently a time-dependent Hartree-Fock
calculation shows a good agreement with experimental data
for a circular polarized light, and the importance of dynamic
core polarization effects was discussed [41]. For the OCS case,
the TI rate of the WFAT indicates a higher and shaper peak
at the O side (�30°) and lower and broader peak at the S
side (�120°) due to the π -orbital nature of the HOMO; see
Fig. 11 in Ref. [40]. We calculated the TI yields from the S
side and the O side by summing up the angular dependence of
the ionization rate over each of the S side (90°–180°) and the
O side (0°–90°) and found that the resulting ratio of �1.7 is
consistent with the experiment. The dynamic core polarization
is concluded to be small for the TI of OCS. A comprehensive
theory involving multielectron effects for any molecules is
ongoing.

Finally, we discuss the differences in the experimental
results for TI induced by the single-frequency CP and LP
laser fields reported by other groups [23,26] and by the
double-frequency LP laser fields in this study.

First, it has been pointed out that in LP laser fields, a
tunneled photoelectron recollides with the parent ion by the
oscillating laser field, whereas in CP laser fields it does not
revisit the parent ion [23,26]. This recollision process induces
recombination and rescattering of tunneled photoelectrons,
and might induce the deviation from a pure TI process.
Considering the laser intensity in the experiments with CO
and OCS, the recollision process should make certain contri-

butions, and should be observed as a difference in the phase
dependence. However, the observed phase-dependent behavior
of the photoelectrons can be explained by the two-step model
including the core effect, which does not include the effect
of the recollision process [20,36,37]. Therefore, molecular
TI reflecting the geometric nature of the HOMO seems to
be the main process, and the contribution of the recollision
process that could induce deviations from the molecular TI
reflecting the geometric nature of the HOMO seems not to be
strong enough to reverse the direction of the selectively ionized
molecules expected by molecular TI reflecting the geometric
nature of the HOMO. The analysis including the rescattering
process with the adiabatic theory [38,39] is a challenging task.

Second, it has been pointed out that the difference in
experimental results can be attributed to the participation of
different intermediate excited states in the ionization process
[26,42–44]. The two-step model used in this work is valid
in the adiabatic regime where the ratio between atomic and
laser time scales (ω/Ip for a monochromatic field) is much
smaller than unity [38,39]. Our experimental conditions are
in the vicinity of the onset of the adiabatic regime. In other
words, in terms of the Keldysh parameter γ�1.1 is in the
boundary between the TI and MPI regimes. Thus other
ionization mechanisms, in which excited states play a role,
may contribute to the ionization process. In addition to the
excited states induced by single-frequency LP laser fields, the
LP ω + 2ω laser field induces excited states different in parity
because of the different selection rules for the one-photon
transition of the 2ω photon and the two-photon transitions of
the ω photon. Therefore, in this context we can say that the
molecular TI for OCS is sensitive to the relevant excited states
in the ionization process. However, it remains unclear why
the LP ω + 2ω laser fields lead to the OSM-TI reflecting the
geometric structure of the HOMO. One possible explanation
is a quantum interference effect between intermediate excited
states [45,46]. Because the relevant intermediate states differ
in parity owing to the different selection rules for the one-
and two-photon transitions, the interference between the two
transitions induces the breaking of spatial symmetry. This
interference effect with spatial symmetry breaking might
enhance the penetration of the wave function of the outermost
electron to the tunneling barrier, leading to OSM-TI. Further
theoretical analysis that considers intermediate excited states
is required. From an experimental viewpoint, we note that we
have observed an enhancement of OSM-TI induced by LP
ω + 2ω laser pulses with nanosecond duration, where MPI
plays a role, rather than femtosecond pulses [31].

IV. CONCLUSION

We investigated the OSM-TI of OCS induced by LP phase-
controlled ω + 2ω laser fields with a pulse duration of 130 fs
and an intensity of 5 × 1013 W/cm2. We have experimentally
confirmed that there is a definite correlation between the
orientation of detected molecules and the geometric structure
of the HOMO. The orientation of ionized OCS molecules is
consistent with that predicted by the recently developed weak
field asymptotic theory (WFAT) including the effects of the
dipole moment of HOMOs [27,28,40]. More ionization is
extracted from the S side of OCS molecule. By comparing the
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phase-dependent behavior of photoelectrons between OCS and
CO, we analyzed the quantum dynamics of photoelectrons in
simultaneous ion-photoelectron detection. The experimental
results for OCS, as well as for CO, can be explained by a
two-step model including the interaction with the parent ion,
and the recollision process plays a minor role to determine
the preferable TI directions of polar molecules. A comparison
between the present experiment and other experiments [20,24]
indicates that molecular TI for OCS is sensitive to the relevant
excited states in the ionization process. Because the model

used in the work considers only the HOMO and does not
include information on intermediate excited states, a TI theory
that considers intermediate excited states is required.
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