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Orientation dependence in multichannel dissociative ionization of OCS molecules
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With 800-nm, 25-fs elliptically polarized ionization pulses, we observe molecular frame photoelectron angular
distributions (MF-PADs) correlated with different dissociative ionization channels: OCS+ → S++CO, CO++S,
CS++O, and O++CS. We find that the asymmetry in the MF-PAD depends on the specific dissociation channel
and the laser intensities. For the dissociation channel leading to the production of O+, the OCS molecules are
more likely to be ionized when the electric field points toward the O atom, while for other dissociation channels,
they are more likely to be ionized when the electric field points toward the S atom.

DOI: 10.1103/PhysRevA.96.011401

Tunnel ionization in atoms and molecules is a basic pro-
cess in high-order harmonic generation (HHG) [1,2], above-
threshold ionization (ATI) [3], laser-induced photoelectron
diffraction [4], and nonsequential double ionization [5]. For
small symmetric nonpolar molecules such as N2, O2, and CO2,
angle-dependent ionization rates are successfully predicted by
the molecular-orbital Ammosov-Delone-Krainov (MO-ADK)
model [6]. In general, the angular dependence of the ionization
rate reflects the shape of the highest occupied molecular
orbital (HOMO) of the molecule [7]. However, in the case
of asymmetric polar molecules, it is not easy to predict the
angular dependence of the ionization rate. For example, the
MO-ADK model predicts that OCS molecules are more likely
to be ionized when the electric field points toward the O
atom than when it points toward the S atom, which is not
consistent with the experimental result reported in Ref. [8],
where the orientation dependence of the ionization rate is
investigated by using a sample of oriented molecules in the
presence of an intense laser field. The observation reported
in Ref. [8] is explained by an extended tunneling model in
which the laser-induced Stark shifts associated with the dipoles
and polarizabilities of the molecule and its cation are taken
into account [9,10]. Some groups are also trying to construct
appropriate tunneling models [11–13] to predict photoelectron
angular distributions from polar molecules ionized by intense
femtosecond pulses.

In addition to tunnel ionization, molecules can dissociate
into fragment ions if the produced molecular cations are
prepared in vibrational levels which cannot be supported
by molecular ionic states after tunnel ionization. Here we
investigate orientation dependence in dissociative tunnel ion-
ization of OCS molecules. The present study consists of
the following two steps: (1) We observe molecular frame
photoelectron angular distributions, which we call MF-PADs,
of OCS molecules by doing the coincidence measurements
between the fragment ions and photoelectrons. (2) Then we
reveal the correlation between the orientation dependence of
ionization and the specific dissociative ionization channel. The
orientation dependence in laser tunnel ionization from multiple
orbitals in diatomic HCl molecules was investigated by using
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a similar experimental technique [14]. In contrast, we report
the experimental study on orientation dependence in the multi-
channel dissociative ionization of triatomic OCS molecules. In
the case of triatomic molecules, their cations can dissociate into
some different dissociation channels. Specifically, OCS+ ion
can dissociate into S++CO, CO++S, CS++O, and O++CS.
Obviously, it is much more advantageous for us to discriminate
a specific dissociation channel from other channels to obtain
more detailed information about the orientation dependence
of ionization rate in triatomic molecules. Then based on the
observed results, we discuss the tunnel ionization dynamics
of OCS molecules. As for the theory of dissociative tunnel
ionization, we find that the first work was recently reported
with analytic expressions for the nuclear kinetic energy
distribution of the ionization rates [15]. In Ref. [15], although
the nuclear kinetic energy release (KER) spectrum and the
way to image the field-dressed nuclear wave function from
the KER spectrum are mainly discussed for the simplest
molecular ion H2

+ as an example, nothing has been discussed
about alignment dependence in dissociative tunnel ionization
of H2

+. Therefore, we emphasize that there is no existing
tunneling model which can be used to predict photoelectron
angular distributions from OCS molecules depending on a
specific dissociative ionization channel.

To observe MF-PADs, we employ the angular streaking
method [16,17], where a circular polarization or an elliptical
polarization with higher ellipticity is used for an ionization
pulse. Then the final drift velocity of the ionized electron
is determined by the vector potential at the instant of the
ionization. Suppose that the actual angle-dependent ionization
rate of a sample molecule looks as in Fig. 1(b) at the instant
of ionization. When the molecules are irradiated with the
left circularly polarized pulse [drawn as counterclockwise
(CCW) in Fig. 1], the photoelectron angular distribution
should look as in Fig. 1(a). On the other hand, when the
molecules are irradiated with the right circularly polarized
pulse [drawn as clockwise (CW) in Fig. 1], the photoelectron
angular distribution should look as in Fig. 1(c). Consequently,
MF-PADs reflect the orientation dependence of tunnel ion-
ization in the sample molecule. The opposite photoelectron
angular distributions obtained with left and right circularly
polarized pulses can be used to ensure the validity of the
observed results.
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FIG. 1. Principle of the angular streaking method. Suppose that
the actual angle-dependent ionization rate of a sample molecule looks
as in (b) at the instant of ionization. When the molecules are irradiated
with the left circularly polarized pulse [drawn as counterclockwise
(CCW)], the photoelectron angular distribution should look as in
(a). On the other hand, when the molecules are irradiated with
the right circularly polarized pulse [drawn as clockwise (CW)], the
photoelectron angular distribution should look as in (c).

As an ionization pulse, we use the output from a Ti:sapphire
based chirped pulse amplification system (FEMTOLASERS
Produktions GmbH, FEMTOPOWER PRO V CEP) with the
center wavelength of ∼800 nm and the pulse width of ∼25 fs.
The intensity of the ionization pulse is controlled by the
combination of a half-wave plate and a thin film polarizer.
On the other hand, the ellipticity of the ionization pulse is
controlled by rotating a half-wave plate placed before the
quarter-wave plate. Thereby we prepare both clockwise and
counterclockwise elliptical polarizations with the ellipticity
of 0.84.

To make coincidence measurements, a coincidence velocity
map imaging spectrometer, which we call a CO-VIS apparatus,
was developed in our group and its basic design is similar
to that reported in Ref. [18]. The schematic diagram of
the CO-VIS apparatus is shown in Fig. 2(a). The CO-VIS
apparatus consists of three chambers, i.e., the source chamber,
the differential pumping chamber, and the main chamber. The
sample gas is supplied by an Even-Lavie valve [19] equipped
in the source chamber. The femtosecond ionization pulse is
focused by a 100-mm-focal-length concave mirror located in
the main chamber, in which two time-and-position sensitive

FIG. 2. (a) Schematic diagram of a coincidence velocity map
imaging spectrometer (CO-VIS) apparatus. (b) Coordinate system to
be used in data analysis.

detectors are equipped face to face. The upper detector is
used to detect photoelectrons and the lower one is used to
detect fragment ions. The coordinate system to be used in data
analysis is defined in Fig. 2(b). The molecular beam propagates
along the y axis and the time-of-flight (TOF) axis is parallel to
the z axis. By utilizing the elliptical polarization with its major
axis parallel to the z axis, we can determine the direction
of the sample molecules which dominantly contribute to the
observed momentum distributions of the fragment ions. This
approach is essential in the CO-VIS measurements to obtain
the laboratory-frame photoelectron angular distributions and
to further transform them into the MF-PADs. This is because
the time resolution for photoelectrons is not high enough
in the CO-VIS measurements to obtain the so-called three-
dimensional momentum distributions of photoelectrons in
contrast to the COLTRIMS (cold target recoil ion momentum
spectrometer) measurements [14,16,17].

Figure 3(a) shows a typical momentum distribution of CO+

fragment ions. The horizontal axis represents the momentum
along the z axis and the vertical axis represents the momentum
along the y axis. The strong signal near the center comes
from N2

+ ions, which are one of the dominant background
molecules in the vacuum chamber and its mass-to-charge
ratio (A/q = 28) is the same as that of CO+. However, since
the molecular beam propagates downward in the momentum
distribution shown in Fig. 3(a), the signals of the CO+ fragment
ions are shifted downward according to the velocity of the
molecular beam, which is estimated to be about 400 m/s.
A pair of CO+ ions with smaller momenta comes from the
dissociation channel. That is, OCS+ ions dissociate into CO+

and neutral S. On the other hand, a pair of CO+ ions with
larger momenta comes from the Coulomb explosion. That is,
OCS2+ dications dissociate into CO+ and S+. Although the
CO+ ions are successfully discriminated from the background
N2

+ ions because of the velocity of the molecular beam,
strictly speaking, the momentum distribution of CO+ and that
of N2

+ are not completely separated as shown in Fig. 3(a).
To avoid the effect of the incompleteness in the separation of
the momentum distributions between the two kinds of ions,
we use the CO+ ions produced from the OCS+ cations within
the vertex angle π/2 or π/4 as shown in Fig. 3(a) in the
following analysis because those CO+ ions are expected to be
well separated from N2

+ ions. The validity of this treatment
for the fragment ions is discussed below.

Here we explain the procedure to obtain an MF-PAD.
First, we observe both photoelectrons and (fragment) ions
with the mass-to-charge ratios A/q = 1 (H+ from background
molecules such as H2O) to 60 (OCS+). Then we select
a specific dissociation channel [e.g., OCS+ → CO++S as
shown in Fig. 3(a)] for which its resultant fragment ions (CO+)
fly along the TOF axis, which is made possible by utilizing the
elliptical polarization with its major axis along the z axis as
explained above. By applying the coincidence condition, we
can obtain an MF-PAD as shown in Fig. 3(b). In this MF-PAD,
the horizontal axis represents the momentum along the x axis
and the vertical axis represents the momentum along the y

axis. The asymmetry in the momentum distribution shown in
Fig. 3(b) shows the orientation dependence of tunnel ionization
leading to the specific dissociation channel: OCS+ → CO++S
as discussed below. As explained above, since the CO+ ions
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FIG. 3. (a) Typical momentum distribution of CO+ fragment ions. The CO+ ions labeled A are produced by the dissociation OCS+ →
CO++S, while those labeled B are produced by the Coulomb explosion OCS2+ → CO++S+. In the data analysis, the CO+ ions produced
from the OCS+ cations within the vertex angle π/2 or π/4 are used. In the figure, the vertex angle π/2 is shown. See text for the details. (b)
An MF-PAD can be obtained by applying the coincidence condition. The photoelectrons are all correlated with the CO+ ions produced from
the OCS+ cations within the vertex angle π/2.

produced from the OCS+ cations within the vertex angle π/2
or π/4 as shown in Fig. 3(a) are used in the analysis, the
photoelectrons shown in Fig. 3(b) are all correlated with those
CO+ ions.

Next we ensure the validity of our observations. Figure 4
shows MF-PADs obtained in different conditions all correlated
with CO+ fragment ions. The left panels are the MF-PADs
when OCS molecules are along the z axis with their O atoms
directed upward. On the other hand, the right panels are
those when OCS molecules are along the z axis with their O
atoms directed downward. The upper panels are the MF-PADs
obtained with clockwise elliptical polarization while the lower
panels are those obtained with counterclockwise elliptical
polarization. One can see that the up-down asymmetry in an
MF-PAD is reversed when one of the above two conditions,
i.e., the direction of OCS molecules or the helicity of elliptical
polarization, is reversed. Such a behavior in the MF-PADs
is consistent with our expectations explained by using Fig. 1
and ensures the validity of our observations. Since those four
MF-PADs shown in Fig. 4 are physically equivalent with each
other, we can take an average for the up-down asymmetry in
the photoelectron angular distributions leading to the specific
dissociation channel: OCS+ → CO++S.

To quantify the up-down asymmetry, Nup/Ntotal with Nup

the number of photoelectrons observed in the upper half of
MF-PADs and Ntotal the total number of the photoelectrons
concerned, by using a set of four MF-PADs as shown in Fig. 4,
we introduce an asymmetry parameter AMF-PAD defined by the
following equation:

AMF-PAD = 1

4

∑
pol, axis

σpol σaxis

(
0.5 − Nup

Ntotal

)
, (1)

where two parameters σpol and σaxis are introduced to com-
pensate for the inversion in the up-down asymmetry when the
observation condition is reversed. That is, σpol is 1 (−1) for
clockwise (counterclockwise) elliptical polarization. And σaxis

is 1 (−1) when the S atom points toward +z (−z) direction.

As a consequence of these definitions, when the asymmetry
parameter AMF-PAD is positive (negative), the OCS molecules
are more likely to be ionized when the field points toward the
S (O) atom. In other words, if we follow the tunnel ionization
picture in the long-wavelength limit, when the asymmetry
parameter AMF-PAD is positive (negative), the OCS molecules
are more likely to be ionized from the O (S) site.

Figure 5 shows the summary of the degrees of asymmetry
AMF-PAD in MF-PADs as a function of the intensity of
the ionization pulse. As mentioned above, the asymmetry
parameter is obtained by using the photoelectrons correlated
with the fragment ions produced from the OCS+ cations within
the vertex angle π/2 or π/4 as shown in Fig. 3(a). The fact that
the results obtained by using the photoelectrons correlated with
the fragment ions within the vertex angles π/2 and π/4 are
in good agreement with each other for specific dissociation
channels ensures that the results are not influenced by the
background ions such as N2

+. The asymmetry parameter
AMF-PAD is positive for the dissociation channels leading to
the production of the fragment ions S+, CO+, and CS+,
while it is negative for the dissociation channel leading to
the production of the fragment ions O+. Therefore, for the
dissociation channel leading to the production of O+, the OCS
molecules are more likely to be ionized when the electric
field points toward the O atom, while for other dissociation
channels, they are more likely to be ionized when the electric
field points toward the S atom. As a general tendency, the
degrees of asymmetry are small when the intensity of the
ionization pulse is low. For the dissociation channel leading
to the production of CS+, the degree of asymmetry saturates
already at 1.0 × 1014 W/cm2 and starts to decrease at higher
intensities. For other dissociation channels, the degrees of
asymmetry saturate at around 1.5 × 1014 W/cm2 and start
to decrease at higher intensities. The decrease in the degrees
of asymmetry suggests the significant production of OCS
dications at higher intensities.

We consider how the OCS+ cations dissociate into the
specific fragment ions. In order for the singly charged cations
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FIG. 4. MF-PADs obtained in different conditions all correlated with CO+ fragment ions. The left panels are the MF-PADs when OCS
molecules are along the z axis with their O atoms directed upward. The right panels are those when OCS molecules are along the z axis with
their O atoms directed downward. The upper panels are the MF-PADs obtained with CW elliptical polarization while the lower panels are those
obtained with CCW elliptical polarization. The color legend is shown in Fig. 3. In all the panels, the photoelectrons are all correlated with the
CO+ ions produced from the OCS+ cations within the vertex angle π/2 as shown in Fig. 3(a).

to dissociate, the ions must be prepared on dissociative excited
states. Here we consider the following three dissociation chan-
nels: OCS+ → S++CO (I), CO++S (II), and CS++O (III),

FIG. 5. Degrees of asymmetry AMF-PAD in MF-PADs as a function
of the intensity of the ionization pulse for different dissociation
channels. The specific dissociative ionization channels are shown
in the legend. The asymmetry parameter is obtained by using the
photoelectrons correlated with the fragment ions produced from the
OCS+ cations within the vertex angle π/2 or π/4 as shown in
Fig. 3(a). The vertex angles are also shown in the legend.

which are well studied in the experiments with synchrotron
radiations [20] and radiations from a rare-gas discharge lamp
[21]. Figure 5 of Ref. [20] shows the relevant potential energy
curves of OCS+. One can consider two scenarios: In scenario
1, tunnel ionization onto dissociative excited states takes place
directly, which corresponds to the ionization of HOMO − n.
In scenario 2, tunnel ionization onto the ground X state of
OCS+ takes place first, and then multiphoton excitation onto
dissociative excited states follows.

We first examine the possibility of scenario 1. As a rough
estimate, we compare the experimental production rate of the
specific fragment ion pfrag with that predicted by the ADK
theory [22]. For the experimental value, we take the ratio of
the number of the specific fragment ions to that of OCS+ ions.
For the theoretical value, we take the ratio of the ionization
rate on the A, B, and C state of the OCS+ to that on the X
state of OCS+. In fact, it is reported that both the A and B
states contribute to the production of S+, while the C state
contributes to the production of both S+ and CO+ fragment
ions [21]. On the other hand, CS+ ions are produced via even
higher states of OCS+ [21], resulting in even lower ionization
rates. We find that the experimental production rates of the
specific fragment ions are much higher than those predicted
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by the ADK theory [23], meaning that scenario 1 is very
unlikely. Therefore, scenario 2 is more plausible, suggesting
that multiphoton excitation from the ground state of OCS+

to dissociative excited states takes place. From the viewpoint
of tunnel ionization and considering the HOMO of an OCS
molecule, our results for the dissociation channels producing
S+, CO+, and CS+ are consistent with the result reported in
Ref. [8]. That is to say the ionization rate is higher when the
electric field points toward the S atom.

Next we consider the laser intensity dependence of the
asymmetry parameter AMF-PAD [especially for the S+ channel
(I)] based on the published information [24]. It is natural to
think that in the intensity regime lower than ∼5×1013 W/cm2,
the first excited A state contributes to the production of S+,
while in the higher intensity regime, the B and C states
start to contribute to the production of S+, CO+, and CS+.
Since the decay times of the A(2�3/2) and A(2�1/2) are 110
and 80 ns [24], respectively, and are much longer than the
rotational period (82 ps) of OCS molecules, the molecules can
rotate many times during the dissociation along the A(2�3/2)
and A(2�1/2) states. Consequently, the photoelectron angular
distributions cannot be reflected in the MF-PADs in the lower
intensity regime. On the other hand, since the MF-PADs
correlated with S+, CO+, and CS+ fragments have clear
asymmetry in the higher intensity regime as shown in Fig. 5,
the decay times of the B and/or C states, which are unknown,
are expected to be shorter than the rotational period (82 ps) of
OCS molecules.

Then we consider the dissociation channel OCS+ →
O++CS, for which the orientation dependence of the disso-
ciative ionization is different from that for other channels (I),
(II), and (III). Since the orbital shapes and the Stark shifts of
HOMO-1 and HOMO-2 are different from those of HOMO,
the observed orientation dependence for the O+ channel may
suggest the tunnel ionization from HOMO-1, HOMO-2, etc.,
which is actually consistent with our observation that the
production ratio of the O++CS channel is the smallest among
the four dissociative ionization channels studied here at the
lower intensity of 5 × 1013 W/cm2, but it becomes the second
at the higher intensity of 2.4 × 1014 W/cm2 [23].

Finally we discuss future subjects. Theorists are encouraged
to develop an appropriate theoretical model of dissociative
tunnel ionization which can be used to predict photoelec-
tron angular distributions from polar polyatomic molecules
depending on a specific dissociative ionization channel.
Employing longer-wavelength ionization pulses, which better
satisfy the tunnel ionization condition, should be interesting
and important to investigating the scaling law in the orientation
dependence in multichannel dissociative ionizations of OCS
molecules. Few-cycle pulses will make the dissociation pro-
cess simpler because the multiphoton excitation after tunnel
ionization can be suppressed. Then the degrees of asymmetry
AMF-PAD in MF-PADs shown in Fig. 5 may be accordingly
suppressed if scenario 2 discussed above is the dissociation
mechanism of OCS+ cations for the channels (I), (II), and (III).

In conclusion, we have observed MF-PADs correlated with
different dissociative ionization channels: OCS+ → S++CO,
CO++S, CS++O, and O++CS. We find that the OCS
molecules are more likely to be ionized when the electric
field points toward the O atom for the dissociation channel
leading to the production of O+, while they are more likely to
be ionized when the electric field points toward the S atom for
other dissociation channels. If we follow the tunnel ionization
picture in the long-wavelength limit, the OCS molecules are
more likely to be ionized from the S site for the dissociation
channel leading to the production of O+, while they are more
likely to be ionized from the O site for other dissociation
channels.
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