
This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 26277–26290 |  26277

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 26277

Dissociative ionization and post-ionization
alignment of aligned O2 in an intense
femtosecond laser field

Shinichi Fukahori, ab Ayumi Kuboa and Hirokazu Hasegawa *ab

We examined dissociative ionization of O2 in an intense femtosecond laser field (782 nm, 120 fs,

4 � 1014 W cm�2) by recording the kinetic energy distribution of O+ emitted along the laser polarization

direction as a function of the delay time between the pump pulse (9 � 1013 W cm�2) for the molecular

alignment and the probe pulse for the dissociative ionization. We found the two distinct rotational

revival patterns which are out-of-phase by p with each other in the kinetic energy distribution of O+.

One of the patterns shows the dissociative ionization is enhanced when the O2 axis is parallel to the

laser polarization direction, suggesting that the ionization is induced by the electron emission from the

3sg orbital. On the other hand, the other pattern shows that the dissociative ionization is enhanced

when the O2 axis is perpendicular to the laser polarization direction, suggesting that the ionization is

induced by the electron emission from the 1pu orbital. Because of the collection efficiency of the time-

of-flight mass spectrometer, the enhancement of the O+ yield at the anti-alignment time delay indicates

that the electron emission from the 1pu orbital is followed by the molecular alignment of O2
+ in the

course of the dissociation. We performed classical trajectory Monte-Carlo simulation of O2
+ with

the dissociation and rotational coordinates in the light-dressed potential to evaluate the effect of the

post-ionization alignment by the probe pulse.

1 Introduction

When molecules are irradiated with an intense laser field,
ionization is induced and the electronic states of the molecular
ion are coupled to each other by the subsequent laser field.1,2

Although the bound electronic states of the molecular ion are
created at the moment of the electron emission, dissociation of
the molecular ion can be induced through the laser-induced
electronic state coupling. For example, dissociative ionization
of the simplest molecule, H2, in intense laser fields has been
investigated extensively.3–12 Upon the ionization of H2, an
electron is emitted from the 1sg orbital, resulting in the
generation of the ground X 2S+

g state, from which the dissocia-
tion does not occur. However, the X 2S+

g state is coupled to the
excited A 2S+

u state by the subsequent laser field after the
electron emission, leading to the dissociation. This mechanism
of dissociation has been understood using the light-dressed

potential picture8,10 and is known as processes such as ‘‘bond
softening’’4 and ‘‘above-threshold dissociation’’.3

Meanwhile, in the case of a many-electron system, it is
possible that an electron is emitted from inner-valence orbitals
upon ionization.13–19 Therefore, identification of the molecular
orbital from which the electron is emitted is important to
understand the ionization dynamics of molecules. The shape
of the molecular orbital can be discussed on the basis of the
tunnel ionization probability sensitively dependent on the
angle between the molecular axis and the laser polarization
axis.20–34 Previously, we examined the angle-dependent prob-
ability of the non-dissociative ionization of C2H2,28 NO,32 and
H2O33,34 molecules in intense laser fields by recording the
molecular ion yield as a function of the time delay between a
pair of intense femtosecond laser pulses. In those experiments,
the rotational wave packet of the target molecules was created
through impulsive rotational Raman transition35–38 by the
pump pulse while the molecule was ionized by the probe pulse,
and the produced molecular ions were detected by a time-of-
flight mass spectrometer (TOF-MS). Because ionization prob-
ability depends on the angle between the molecular axis and
the polarization direction, i.e., the molecular alignment angle,
the recorded ion yield varies depending on the time delay
between the pump and probe pulses associated with the time
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evolution of the rotational wave packet. On the basis of a
similar technique, the angle-dependent probability of the dis-
sociative ionization of C2H2 was examined by the momentum
imaging of the fragment ions.27,39

Dissociative ionization of O2 in intense laser fields has been
examined extensively,40–44 because it is also a good example of
the laser induced electronic state coupling in the molecular ion
after the electron emission. The kinetic energy release (KER)
spectra of O+ in the (1,0) dissociation (O2

+ - O+ + O) exhibit
distinct structures, suggesting a variety of dissociative chan-
nels. The electron configuration of an O2 molecule in the
ground X 3S�g state is expressed as (1sg)2(1su)2(2sg)2(2su)2-
(3sg)2(1pu)4(1pg)2. When an electron is emitted from the high-
est occupied molecular orbital (HOMO), 1pg, the ground X 2Pg

state of O2
+ is created, and the ionization probability is found to

be enhanced when y is about 451, where y is the angle between
the O2 molecular axis and the laser polarization direction,
reflecting the shape of the 1pg orbital.22,24,31 However, the
preparation of the deeply bound X 2Pg state has not been
considered to be the major origin of the dissociation of O2

+ in
an intense near-infrared laser field.

On the other hand, when an electron is emitted from the
HOMO�1, 1pu, in an intense laser field, the a 4Pu state of O2

+

is created because the ionization energy (16.7 eV) to the quartet
a 4Pu state is lower than that (17.7 eV) to the doublet A 2Pu

state.45 Similarly, when an electron is emitted from the
HOMO�2, 3sg, the b 4S�g state of O2

+ is created. Previously,
the momentum images of O+ produced in the dissociation
processes from O2

+ were examined on the basis of the light-
dressed potential picture40 and the a 4Pu state of O2

+ was found
to be the major origin of the dissociation. These assignments
with the a 4Pu state were further confirmed by examination of
the dissociation of O2

+ in intense laser fields using an O2
+ ion

beam source as a target sample.46,47 Meanwhile, from the
molecular frame photoelectron angular distributions produced
in a circularly polarized laser field,43 it was recently found that not
only electron emission from the 1pu orbital but also electron
emission from the 3sg orbital can result in dissociation.

The electron emission from the 1pu and 3sg orbitals can be
distinguished if the delay dependence of the O+ yield associated
with the time evolution of the rotational wave packet of O2 is
examined by the pump–probe method as described above. How-
ever, in the experiment with the TOF-MS, a pinhole needs to be
installed in front of a micro-channel plate (MCP) detector to obtain
KER from TOF, indicating that this method may not be extended
from the measurement of the molecular ion to that of the
fragment ion in a KER-resolved manner. When the O2 axis is
aligned along the TOF axis, the O+ fragment ion passes the pinhole
and can be detected. On the other hand, when the O2 axis is anti-
aligned, it is considered that the O+ ion does not pass the pinhole
and cannot be detected. Thus, the recorded delay dependence of
the O+ ions may represent only the molecular axis distribution
rather than the angular dependence of the dissociative ionization
probability, due to the collection efficiency of the detection system.

We solve this problem by using a 120-fs-long pulse as the
probe. The O+ ions produced from anti-aligned O2 at the

moment of ionization can be detected by the effect called
post-ionization alignment (PIA), that is, the molecular align-
ment induced by the laser field after the ionization.48 In a
previous study,42 the PIA was observed for the 25-fs-long pulse
as the peak shift in the angular distribution of O+ towards the
laser polarization direction when the laser-field intensity was
increased. Therefore, the duration of 120 fs is sufficiently long
to induce the PIA so that O+ passes the pinhole in the TOF-MS,
and we can distinguish the electron emission from the 1pu and
3sg orbitals in the various dissociation channels. In this work,
we investigate dissociative ionization of O2 on the basis of
the angle-dependent ionization probability by recording the O+

fragment ion yield as a function of the pump–probe delay.

2 Methods
2.1 Experiment

A linearly polarized femtosecond laser pulse (782 nm, 120 fs,
10 mJ per pulse, 10 Hz) from a Ti:sapphire amplifier (a-10,
BM Industries) was split into the pump and probe pulses by a
Michelson interferometer. The delay time between the pump
and probe pulses was controlled by a linear motorized stage
located in the optical path of the probe pulse in the interfe-
rometer. The pump and probe pulses were focused on the
supersonic molecular beam of O2 diluted in He (1%, 0.3 MPa)
in a vacuum chamber equipped with a TOF-MS by a plano-
convex lens ( f = 200 mm). The space charge effect can securely
be neglected due to the low concentration of O2 and the high
ionization energy of the buffer He gas. The diameter and pulse
energy of the pump pulse were adjusted by an iris. We recorded
an image of the focal spot by a CMOS camera and the focal
diameters of the pump and probe pulses were obtained as
80 mm and 47 mm, respectively. The polarization direction of the
two pulses was set to be parallel to the TOF axis and the laser-
field intensities at the focal point are estimated to be 9.3 �
1013 W cm�2 and 3.9 � 1014 W cm�2 for the pump and probe
pulses, respectively. In the TOF-MS, an electrode with a pinhole
diameter of 5 mm was located in front of a MCP detector so that
only O+ ions emitted along the TOF axis were detected. The
acceptance angles are estimated to be �141 for the released
kinetic energy of 1.0 eV and �5.51 for 7.0 eV. The released
kinetic energies were obtained from the difference in the TOF
between the forward and backward emission of O+ and the
static electric field strength applied by the electrodes in the
TOF-MS.49

2.2 Classical trajectory simulation

The effect of the PIA induced by the probe pulse was examined
by the classical trajectory Monte-Carlo (CTMC) simulation. The
alignment angle distribution of O2

+ in the a 4Pu or b 4S�g state
with respect to the laser polarization direction was initially
prepared at the time of the electron emission in the laser pulse
on the basis of the angle-dependent ionization probability. The
dissociation of O2

+ was induced by the laser-induced electronic
state coupling, and in this simulation, we only consider the
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dissociation channels in which only one electronic state is
coupled to the initial a 4Pu or b 4S�g state, for simplicity. The
change from the initial alignment angle distribution to the
distribution after the dissociation was evaluated by the classi-
cal trajectory calculation incorporated with the light-dressed
potential picture.

In the CTMC simulation, the initial parameters at the time
of the electron emission (t0) were chosen so that their distribu-
tions assumed as follows are reproduced. The initial para-
meters are t0, the initial internuclear distance of O2 (r0), the
initial momentum along the molecular axis (p0), the initial
polar and azimuthal angles of the O2

+ molecular axis with
respect to the laser polarization direction (y0, j0), and the
initial angular momenta ( Jy0

, Jj0
) conjugated to (y0, j0).

Before ionization, O2 is in the vibronic ground state X 3S�g
(v = 0), suggesting that the Wigner distribution function50 can
be given by the product of the distribution function of the
internuclear distance r0 [Pv=0(r0)] and that of the momentum p0

[Pp(p0)]. In addition, we assumed the isotropic molecular axis
distribution of O2 in a thermal ensemble. The ionization
probability was calculated from the cycle-averaged ionization
rate W(r0,y0,t0) at t = t0, r = r0 and y = y0 obtained on the basis of
the molecular Ammosov–Delone–Krainov (MO-ADK) theory.51

The expansion coefficients in the MO-ADK theory were set to be
C1 = 2.04, C3 = 0.33, and C5 = 0.01 for the 1pu orbital and
C0 = 3.05, C2 = 1.59, and C4 = 0.08 for the 3sg orbital.52

To calculate W(r0,y0,t0), the ionization energy depending on
the internuclear distance of O2, r, was taken to be the field-free
potential energy obtained later in Fig. 6.

Firstly, t0 was chosen from the distribution according to the
ionization rate averaged over r0 and y0 as

Pt t0ð Þdt0 ¼
Ð p
0

Ð1
0 Pv¼0 r0ð ÞW r0; y0; t0ð Þdr0

� �
sin y0dy0Ð p

0sin y0dy0
dt0: (1)

Secondly, r0 was chosen from the distribution as

Pr r0; t0ð Þdr0 ¼
Ð p
0Pv¼0 r0ð ÞW r0; y0; t0ð Þ sin y0dy0Ð p

0sin y0dy0
dr0; (2)

where the product of the Wigner distribution Pv=0(r0) and
ionization rate at t = t0 associated with r0-dependent ionization
energy is averaged over y0. Thirdly, p0 was chosen from the
Wigner distribution Pp(p0). Fourthly, y0 was chosen from the
axis distribution calculated from the ionization rate at t = t0 and
r = r0 as

Py(y0;t0,r0)sin y0dy0 = W(r0,y0,t0)sin y0dy0, (3)

while j0 was chosen from the uniform distribution. Finally,
( Jy0

, Jj0
) were chosen according to the Boltzmann distribution53

of the X 3S�g state (v = 0) of O2. The initial conditions (t0,r0)
chosen in the CTMC simulation for the electron emission from
the 1pu orbital are shown in Appendix A.

Using these initial conditions, we calculated the classical
trajectory on the basis of the equation of motion (EOM)

as42,53,54

€r ¼ �1
m
@V r; y; tð Þ

@r

€y ¼ �Da
4I

eðtÞ½ �2sin 2y�
_I

I
_yþ 1

2
_j2 sin 2y� 1

I

@V r; y; tð Þ
@y

€j ¼ �
_I

I
þ 2 _y
tan y

 !
_j

8>>>>>>>>>><
>>>>>>>>>>:

; (4)

where j is the azimuthal angle, m is the reduced mass, I is the
moment of inertia, Da = a8 � a>, a8 and a> are components of
the polarizability parallel and perpendicular, respectively,
to the molecular axis, and e(t) is the laser electric field envelope.
In this calculation, the light-dressed potential energy curves
V(r,y,t) were obtained by the quasi-stationary Floquet
approach.55 The non-diagonal element representing the one-
photon parallel transition in the Floquet matrix is expressed as

v1 r; y; tð Þ ¼ 1

2
mtðrÞeðtÞ cos y; (5)

where mt(r) is the transition dipole moment as a function of r,
and the non-diagonal element representing the three-photon
parallel transition is expressed as

v3ðr; y; tÞ ¼
1

2
bt½eðtÞ�3 cos3 y; (6)

where bt is a proportional coefficient. The EOM (4) was solved
on the light-dressed potentials V(r,y,t) obtained by the diago-
nalization of the Floquet matrix. In addition, we obtained Da
using a0k defined as

a0kðrÞ ¼ akðrÞ �
2 mtðrÞ½ �2

DVðrÞ ; (7)

in place of a8, where DV(r) is the field-free one-photon transi-
tion energy, because the effect of the one-photon transition is
redundantly taken into account in the first and fourth terms in
the second line of eqn (4), where the first and fourth terms
represent the polarizability interaction and the angular depen-
dence of the light-dressed potential, respectively.

The non-adiabatic transition between the two dressed poten-
tials was treated by the surface hopping with an ant-eater
method.56 The probability of the non-adiabatic transition was
estimated from the Landau–Zener formula. The alignment
angle yN after the dissociation was obtained as48

y1 ¼ y t�ð Þ þ
ð1
t�

_ydt ¼ y t�ð Þ þ
Jy;1
rm _r

; (8)

where t* is the time after the laser–O2
+ interaction and the

angular momentum is converged to the final value of Jy,N at t*.

3 Results and discussion
3.1 Delay dependence of the TOF spectrum of O+

Fig. 1(b) shows the recorded delay (t) dependence of the TOF
spectrum around a mass-to-charge ratio of 16, I(tTOF,t).
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In Fig. 1(a), the TOF spectrum recorded when only the probe
pulse is used is also shown. The central strong peak at tTOF =
4.027 ms is assigned to the O2

2+ dication produced by the
double ionization of O2 and the delay dependence of the O2

2+

yield, as well as that of the O2
+ yield,31 is not discussed in this

paper. The other peaks are assigned to the O+ fragment ion and
the released kinetic energy EKER is also shown in Fig. 1 on the
right axis. The peaks in the energy range of EKER = 0.05–3.5 eV
are assigned to O+ produced in the (1,0) dissociation (O2

+ -

O+ + O), while the peaks in the higher energy range are O+

produced in the (1,1) dissociation (O2
2+ - O+ + O+).40

In the recorded delay dependence of the TOF spectrum of
O+, the periodic yield modulation can be seen as a function of
the delay time between the pump and probe pulses. As dis-
cussed later in Section 3.2, this periodic modulation originated
from the time evolution of the rotational wave packet of O2

created by the pump pulse. In particular, for the peak in the
range of EKER = 0.5–1.70 eV, the released kinetic energy seems

to increase and decrease. However, the kinetic energy may not
be varied by the rotational motion of O2, suggesting that this
peak consists of the low energy component and the high energy
component whose rotational revival patterns are out-of-phase
with each other.

3.2 Fourier transform of the delay-dependent TOF spectrum
of O+

Fig. 2(b) shows the Fourier transform (FT), Ĩ(tTOF,~n), of the
delay-dependent TOF spectrum, I(tTOF,t), [Fig. 1(b)] with respect
to the delay, t. The FT spectrum exhibits the peaks at the
wavenumbers of ~n = 10B0, 18B0, 26B0, 34B0, 42B0, 50B0, where
B0 = 1.43767638 cm�1 is the rotational constant of O2 in the
vibrational ground level of X 3S�g .57 These peaks are assigned to
be the energy difference S(N) = (4N + 6)B0 between the two
rotational levels of O2 whose rotational angular momentum
quantum numbers N differ by 2 (DN = 2). Due to the nuclear-
spin statistics, N takes only an odd value. Therefore, these

Fig. 2 (a) TOF spectrum for a mass-to-charge ratio of 16 (O+), obtained only by probe pulse. The same as in Fig. 1(a). (b) Fourier transform of the delay-
dependent TOF spectrum.

Fig. 1 (a) TOF spectrum for the mass-to-charge ratio of 16 (O+), obtained only by probe pulse. (b) Delay dependence of the TOF spectrum.
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peaks in the FT spectrum mean that the yield modulation
observed in Fig. 1(b) originates from the time evolution of
the rotational wave packet of O2. Moreover, the FT spectrum
exhibits the peaks at ~n = 28B0 and 44B0, which are assigned to
be the energy difference U(N) = (8N + 20)B0 between the two
rotational levels of O2 with DN = 4.

In Fig. 3(a), the delay-integrated TOF spectrum Ĩ0(tTOF) is
obtained as

~I0 tTOFð Þ ¼
ðtf
ti

I tTOF; tð Þdt; (9)

where ti = 1 ps and tf = 25 ps is shown and is found to be almost
the same as the TOF spectrum obtained when only the probe
pulse is used, shown in Fig. 1(a) and 2(a). On the other hand,
Fig. 3(b) shows the frequency-integrated TOF spectrum Ĩ2(tTOF)
defined as

~I2 tTOFð Þ ¼
X
N

ðS Nð ÞþD~n

S Nð Þ�D~n

~I tTOF; ~nð Þd~n; (10)

where the summation was performed over all the DN = 2 peaks
and D~n is set to be the typical frequency resolution of the FT,
1/(tf � ti) = 1.39 cm�1. The frequency-integrated TOF spectrum
Ĩ2(tTOF) exhibits the different spectral shape from the delay-
integrated TOF spectrum. For example, the peak at EKER =
1.03 eV in Fig. 3(a) is divided into two peaks at EKER = 0.84
and 1.32 eV in Fig. 3(b). The frequency-integrated TOF spectrum

Ĩ4(tTOF) is also obtained as

~I4 tTOFð Þ ¼
X
N

ðU Nð ÞþD~n

U Nð Þ�D~n

~I tTOF; ~nð Þd~n; (11)

where the summation was performed over all the DN = 4 peaks,
and is shown in Fig. 3(c). From these TOF spectra, five channels in
the (1,0) dissociation are identified as the energy ranges I (EKER =
0.05–0.40 eV), II (0.50–1.04 eV), III (1.04–1.70 eV), IV (1.80–2.40 eV)
and V (2.40–3.40 eV). Each delay dependence of the O+ yield is
obtained as

YX ðtÞ ¼
ðtfwd

1;X

tfwd
2;X

I tTOF; tð ÞdtTOF þ
ðtbwd

2;X

tbwd
1;X

I tTOF; tð ÞdtTOF; (12)

where X = I, II, III, . . . is the label of the energy range from EKER =
E1,X to EKER = E2,X and tfwd

i,X and tbwd
i,X are the time-of-flight

corresponding to EKER = Ei,X (i = 1, 2) for the forward and backward
emission of O+, respectively, with respect to the direction towards
the MCP detector, and will be discussed in the next subsection.

3.3 Delay dependence of O+ yield for (1,0) dissociation

3.3.1 Energy range I (0.05–0.40 eV). Fig. 4(a) shows the O+

yield, YI(t), as a function of the delay time in the lowest energy
range I. In Fig. 4(f), the energy ranges are depicted with the TOF
spectrum obtained only by the probe pulse. The O+ yield
exhibits the increase and decrease periodically and the period
is the rotational period of O2, Trot = 1/(2cB0), where c is the
speed of light. We numerically solved the time-dependent
Schrödinger equation in which the effect of the electron spin
is taken into account58 to calculate the time evolution of the
rotational wave packet of O2 created by the pump pulse.
Fig. 5(a) shows the calculated expectation value hhcos2 yii of
cos2 y as a function of time t where y is the alignment angle of
the O2 axis with respect to the laser polarization direction and
the expectation value is averaged over the initial rotational
state distribution at 7.5 K. The estimation of the rotational
temperature of 7.5 K will be discussed later in Section 3.3.2.
When the O2 axis is aligned along the laser polarization
direction, hhcos2 yii becomes close to 1, while when the O2

axis is anti-aligned, hhcos2 yii becomes close to 0. We found that
the experimental O+ yield is out-of-phase with hhcos2 yii(t). The
O+ yield increases when the O2 axis is anti-aligned with respect
to the laser polarization direction. This result suggests that O+

in the energy range I is produced when an electron is emitted
from the 1pu orbital.

We also calculated the yield of ionization corresponding to
the electron emission from the 1pu orbital as a function of the
pump–probe delay on the basis of the MO-ADK theory as in ref.
32. The delay dependence of the calculated ionization yield is
shown in Fig. 5(b) and the yield increases when hhcos2 yii
decreases in Fig. 5(a). Therefore, it is confirmed that the
observed revival pattern in the energy range I [Fig. 4(a)] which
is out-of-phase with hhcos2 yii(t) represents the electron emis-
sion from the 1pu orbital.

As discussed in the introduction, the a 4Pu state is consid-
ered to be created at the moment of the electron emission from

Fig. 3 (a) Delay-integrated TOF spectrum. (b) Frequency-integrated TOF
spectrum at DN = 2. (c) Frequency-integrated TOF spectrum at DN = 4.
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the 1pu orbital. The lowest energy range I has been assigned to
O+ produced in the bond softening associated with f 4Pg–a 4Pu

one-photon crossing followed by the dissociation into the
dissociation limit called L1 as41,46,47

O2
þ a 4Pu

� � �!1o O2
þ f 4Pg

� �
! O 3P

� �
þOþ 4S

� �
; (13)

which is depicted in Fig. 6(a). In Fig. 6, the potential energy
curves of O2

+ are obtained by the quantum chemical calculation
using GAMESS 2018 R159 at the MCSCF/aug-cc-pVTZ level

followed by the configuration interaction calculation with
the graphical unitary group approach (GUGA).60 The rotational
revival pattern observed in Fig. 4(a) agrees with these previous
assignments of the ionization to the a 4Pu state.

3.3.2 Energy range II (0.50–1.04 eV). Fig. 4(b) shows the O+

yield YII(t) in the energy range II which is the lower energy side

Fig. 5 (a) hhcos2 yii(t). (b) O+ yield calculated by MO-ADK with 1pu (inset).
(c) O+ yield calculated by MO-ADK with 3sg (inset). The pump and probe
intensities are set to be 3.3 � 1013 W cm�2 and 1.4 � 1014 W cm�2,
respectively, and the rotational temperature is set to be 7.5 K.

Fig. 6 Potential energy curves of (a) a 4Pu and f 4Pg states and (b) b 4S�g
and c 4S�u states.

Fig. 4 Recorded O+ yields as a function of delay time in the energy
ranges (a) I, (b) II, (c) III, (d) IV and (e) V. (f) TOF spectrum obtained only by
the probe pulse [same as Fig. 1(a)] with the labels of the energy ranges I, II,
III, IV and V.
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of the peak at EKER = 1.03 eV as shown in Fig. 4(f). Similarly to
Fig. 4(a), the O+ yield in the energy range II exhibits the periodic
decrease and increase. However, the O+ yield is in-phase with
the calculated hhcos2 yii(t) shown in Fig. 5(a). This result means
that the O+ yield increases when the O2 axis is aligned along the
laser polarization direction and suggests that O+ in the energy
range II is produced when an electron is emitted from the 3sg

orbital.
The O+ yield calculated on the basis of the MO-ADK theory

for the 3sg orbital is shown in Fig. 5(c). We found that the
rotational revival pattern in the calculated O+ yield agrees well
with that in the experimental O+ yield and confirmed that the
energy range II is associated with the electron emission from
the 3sg orbital. We note that the pump and probe laser-field
intensities of 3.3 � 1013 W cm�2 and 1.4 � 1014 W cm�2,
respectively, and the rotational temperature of 7.5 K are
adopted for the calculation so that the discrepancy between
the calculated O+ yield shown in Fig. 5(c) and the observed O+

yield shown in Fig. 4(b) is minimized.33

As discussed in the introduction, the b 4S�g state is consid-
ered to be created at the moment of the electron emission from
the 3sg orbital. The O+ ions in the range of EKER = 0.50–1.04 eV
can be generated by the dissociation of O2

+ into the dissocia-
tion limit called L2 by the net-two photon absorption from the b
4S�g state. Indeed, when the vibrational levels of v+ = 0 and 1 in
b 4S�g of O2

+ are prepared at the moment of the electron
emission, the absorption of two 782-nm-wavelength photons
(1.59 eV) results in EKER = 0.64 and 0.79 eV, respectively,
obtained from the ionization energies (18.17 eV for v+ = 0 and
18.31 eV for v+ = 1)61 and the energy of the L2 limit (20.70 eV).62

We consider that the energy range II can be assigned to O+

produced in the net-two photon dissociation into the L2 limit
associated with c 4S�u –b 4S�g three-photon and one-photon
crossings as

O2
þ b 4S�g
� � �!3o O2

þ c 4S�u
� � ��!�o O2

þ b 4S�g
� �

! O 1D
� �

þOþ 4S
� �

;

(14)

which is depicted in Fig. 6(b).
3.3.3 Energy range III (1.04–1.70 eV). Fig. 4(c) shows the O+

yield YIII(t) in the energy range III which is the higher energy
side of the peak at EKER = 1.03 eV as shown in Fig. 4(f). The
observed rotational revival pattern in the range III is found
to be out-of-phase with hhcos2 yii(t) shown in Fig. 5(a), while
in-phase with that in the lowest energy range I. This means that
O+ in this energy range III is produced when an electron is
emitted from the 1pu orbital, that is, the ionization to the a 4Pu

state. Thus, the peak at EKER = 1.03 eV is composed of the two
different ionization pathways to the a 4Pu and b 4S�g states,
resulting in the increase and decrease in EKER shown in
Fig. 1(b).

In previous studies,40,42,46 many assignments are proposed
as the dissociation pathways in this energy range of EKER =
1.04–1.70 eV from the a 4Pu state, which agrees with the
rotational revival pattern observed in Fig. 4(c). One of the

candidates of the dissociation pathway is two photon excitation
to the 1 4S+

u state followed by the dissociation into the L1

limit.42,46 This pathway corresponds to the above-threshold
dissociation (ATD) of the energy range I. Indeed, the energy
difference between the ranges I and III is close to the one
photon energy (1.59 eV). On the other hand, direct or sequential
three photon excitation to the 2 4Pg state followed by the
dissociation into the L2 limit is also known as a possible
candidate.40,46

3.3.4 Energy range IV (1.80–2.40 eV). Fig. 4(d) shows the O+

yield YIV(t) in the energy range IV which is a shoulder-like
structure as shown in Fig. 4(f). The observed rotational revival
pattern in the energy range IV is found to be in-phase with both
of hhcos2 yii(t) shown in Fig. 5(a) and that in the energy range II.
This means that O+ in this energy range IV is produced when an
electron is emitted from the 3sg orbital, that is, the ionization
to the b 4S�g state.

Considering that the energy difference between the ranges II
(0.50–1.04 eV) and IV (1.80–2.40 eV) is close to the one photon
energy, the energy range IV can be assigned to the ATD of
the range II. In other words, the dissociation into the L2 limit is
followed by net-three photon absorption from the b 4S�g state.
This process is achieved when the one photon emission
does not occur in Fig. 6(b), that is, nonadiabatic transition at
c 4S�u –b 4S�g one-photon crossing in the light-dressed potential
picture. Therefore, we assign this energy range IV to the three-
photon ATD as

O2
þ b 4S�g
� � �!3o O2

þ c 4S�u
� �

! O 1D
� �

þOþ 4S
� �

: (15)

In order to evaluate the similarity in the delay dependence
of the O+ yield in the two different energy ranges X1 and X2,

Fig. 7 Fourier transform of O+ yield in energy ranges (a) II and (b) IV.
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we obtain the correlation coefficient as

CX1;X2
¼

P
i

IX1
tið Þ � IX1

tið Þ
h i

IX2
tið Þ � IX2

tið Þ
h i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

IX1
tið Þ � IX1

tið Þ
h i2P

i

IX2
tið Þ � IX2

tið Þ
h i2s : (16)

The correlation coefficient CII,IV is found to be 77%, meaning
that the delay dependence of the O+ yield in the energy range IV
is slightly different from that in the range II, even though the
electrons are emitted from the same 3sg orbital. This result
indicates that not only the dynamics in the electron emission
but also the dissociation dynamics are encoded in the observed
delay dependence of the O+ yield. Indeed, the rotational revival
structure shown in Fig. 4(d) is less clear than that in Fig. 4(b).
Fig. 7(a) and (b) show the FT spectrum of the delay-dependent
O+ yield in the energy range II, YII(t), and that in the range IV,
YIV(t), respectively. The peaks at ~n = 28B0, 44B0, 60B0, 76B0 and
92B0 which are assigned to DN = 4 components are found to be
enhanced for the energy range IV. These DN = 4 frequencies in
the energy range IV are the origins of the difference from the
range II and the difference between the two FT spectra will be
discussed in Section 3.4.2.

3.3.5 Energy range V (2.40–3.40 eV). Fig. 4(e) shows the O+

yield YV(t) in the highest energy range V which is the tail-like
structure, as shown in Fig. 4(f). The observed rotational revival
pattern in the energy range V is found to be out-of-phase with
hhcos2 yii(t) shown in Fig. 5(a) while in-phase with those in the
energy ranges I and III. This means that O+ in this energy range
V is produced when an electron is emitted from the 1pu orbital,
that is, the ionization to the a 4Pu state. The energy difference
between the ranges III (1.04–1.70 eV) and V (2.40–3.40 eV) is
close to the one photon energy, indicating that the energy range
V can be assigned to the higher-order ATD of the ranges I and
III. We note that no assignments of this highest energy range V
have been reported in previous studies.

The correlation coefficients for the electron emission from
the 1pu orbital are obtained as CI,III = 97% and CI,V = 80%. As
seen in Fig. 4(a) and (c), the delay dependence of the O+ yield in
the energy range III is very similar to that in the range I. On the
other hand, the delay dependence of the O+ yield in the energy
range V shown in Fig. 4(e) is slightly different from that in the
range I. Fig. 8(a)–(c) show the FT spectra of the delay-dependent
O+ yield in the energy range I, YI(t), that in the range III, YIII(t),
and that in the range V, YV(t), respectively. Similarly to the case
for the electron emission from the 3sg orbital, the peaks
assigned to the DN = 4 components are found to be enhanced
only for the energy range V.

3.4 Effects of post-ionization alignment

3.4.1 Ionization to the a 4Pu state. The enhancement of the
O+ yield at the anti-alignment cannot be observed as long as the
emitting direction of O+ is parallel to the O2 axis at the moment
of the electron emission due to the pinhole located in front of
the MCP detector. It is considered that the O+ yield increases
when the O2 axis is parallel to the TOF axis, resulting in a

similar delay dependence to those in the energy ranges II and
VI. However, we observed the yield increase at the anti-alignment
in the energy ranges I, III and V. These results indicate that
PIA42,48 is induced by the falling edge of the laser pulse in the
course of dissociation so that the O+ ions can be detected. In order
to estimate the extent of the PIA induced by the probe pulse, we
performed the CTMC simulation, described in Section 2.2, for the
energy range I. As discussed in Section 3.3.1, the a 4Pu state is
created associated with the electron emission from the 1pu orbital
and dissociation is induced by the bond softening by one-photon
crossing between f 4Pg and a 4Pu states as in eqn (13).

The transition dipole moment between the f 4Pg and a 4Pu

states was calculated as a function of r as shown in Appendix B
and is parallel to the O2

+ axis. We also calculated the polariz-
abilities, a8 and a>, of O2

+ in the a 4Pu state as a function of r by
the finite-element method as shown in Appendix B. On the
basis of the model suggested in ref. 48, a0kðrÞ was obtained as

a0kðrÞ
.
a:u: ¼ 11:50þ 13:21 r� reð Þ=a0 and a>(r) was obtained as

a constant value of a>(r) = 5.94 a.u., where re = 1.40 Å is the
equilibrium internuclear distance of O2

+ in the a 4Pu state and
a0 is the Bohr radius. In this calculation, the same values were
used as the polarizabilities of O2

+ in the f 4Pg state as discussed
in Appendix B.

Fig. 8 Fourier transform of O+ yield in energy ranges (a) I, (b) III and (c) V.
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Fig. 9(a) shows the distribution of the initial alignment
angle (y0) at the moment of the electron emission from the
1pu orbital in the CTMC simulation in which 3 � 105 trajec-
tories were calculated. The corresponding angle-dependent
ionization probability shown in Fig. 9(b) agrees with the shape
of the 1pu orbital shown in the inset of Fig. 5(b). This means
that the O2 axis at the moment of the electron emission from
the 1pu orbital is anti-aligned with respect to the laser polariza-
tion direction. We confirmed that the obtained angle-
dependent ionization probability well reproduces the angular
dependence of the ionization rate in the MO-ADK theory as
shown in Fig. 9(b).

Among all the trajectories, the dissociation occurs for
around 1 � 104 trajectories. Fig. 10(a) shows the correlation
between y0 at the moment of electron emission and yN after
dissociation for the dissociation trajectories. The effect of the
PIA can be discussed on the basis of this correlation map. If the
classical trajectories are plotted as dots on the diagonal line yN
= y0, the effect of the PIA can be neglected. However, Fig. 10(a)

exhibits the tendency of yN o y0 (y0 o p/2) or yN 4 y0 (y0 4 p/
2), indicating that the PIA is induced by the laser field. For
example, although y0 is initially 0.3p, major trajectories
resulted in yN close to 0, that is, O+ is emitted along the laser
polarization direction. The distributions of y0 and yN for the
dissociation trajectories are also shown in Fig. 10(b) and (c),
respectively. The y0 distribution exhibits peaks at 0.3p and 0.7p
while the yN distribution exhibits peaks at 0 and p. Therefore,
we confirm the effect of PIA for the energy range I.

Fig. 11(a) shows one of the classical trajectories for which O+

is emitted along the laser polarization direction though the O2

axis is anti-aligned at the moment of the electron emission. On
the other hand, Fig. 11(b) shows one of the classical trajectories
for which the O2

+ axis rotates further by strong torque induced
by the laser field so that O+ is not emitted along the laser
polarization direction. This trajectory resulted in the broad
distribution over yN 4 y0 (y0 o p/2) in Fig. 10(a).

3.4.2 Ionization to the b 4R�g state. We also performed
similar CTMC simulation for the electron emission from the
3sg orbital. As discussed in Sections 3.3.2 and 3.3.4, at first, O2

+

is prepared in the b 4S�g state and is excited to the c 4S�u state at
the three-photon crossing. If O2

+ emits one photon at the next
one-photon crossing in the light-dressed potential picture, the
net-two photon dissociation occurs resulting in the energy
range II as in eqn (14). On the other hand, if non-adiabatic
transition occurs at the one-photon crossing, the three-photon
ATD occurs resulting in the energy range IV as in eqn (15). In
contrast to the dipole moment mt for the one photon transition,
it is hard to obtain a proportional coefficient bt in the Floquet
matrix elements from quantum chemical calculation software
packages. In this calculation, bt/e is set to be 1 � 10�32 m3 V�2,
where e is the elementary charge. We also performed similar
simulation with bt/e = 0.5 � 10�32 m3 V�2 and 2 � 10�32 m3 V�2

and confirmed that the consequences derived from the simula-
tion do not sensitively depend on the bt value except for the
dissociation probability.

We calculated 1� 105 trajectories and the distribution of the
initial alignment angle (y0) at the moment of the electron
emission is shown in Fig. 12(a). The corresponding angle-

Fig. 9 (a) Distribution P(y0)sin y0dy0 of the initial alignment angle y0 for
the electron emission from the 1pu orbital. (b) Angle-dependent ionization
probability P(y0) obtained from (a). Angular dependence of the ionization
rate in the MO-ADK theory at t0 = 0 and r0 = 1.208 Å, the equilibrium
internuclear distance of O2 in the X 3S�g state, is also shown as a solid line
with a shade.

Fig. 10 (a) Correlation between y0 and yN, (b) the y0 distribution and (c)
the yN distribution for bond softening (energy range I).

Fig. 11 Classical trajectories for bond softening (energy range I). One of
the O atoms is located at the origin and the time variation of the (r,y,j)
coordinates is depicted as the position of the other O atom. The red
vertical line represents the laser polarization direction. (a) y0 = 0.47339p.
(b) y0 = 0.22706p.
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dependent ionization probability shown in Fig. 12(b) agrees
with the shape of the 3sg orbital shown in the inset of Fig. 5(c).
This means that the O2 axis at the moment of the electron
emission from the 3sg orbital is aligned along the laser
polarization direction.

Among these 1 � 105 trajectories, 8 � 103 trajectories lead to
the net-two photon process and other 8 � 103 trajectories lead
to the three-photon ATD. Fig. 13(a) shows the angular correla-
tion map for the net-two photon process [eqn (14)]. The
correlation map exhibits the tendency of yN o y0 (y0 o p/2)
or yN 4 y0 (y0 4 p/2), suggesting that the O2

+ axis is more
aligned along the laser polarization direction by the PIA effect
in the energy range II. On the other hand, Fig. 14(a) shows the
correlation map for the three-photon ATD [eqn (15)]. Although
the major classical trajectories resulted in yN o y0 (y0 o p/2) or
yN 4 y0 (y0 4 p/2) also for the three-photon ATD, yN becomes
closer to y0 than that for the net-two photon dissociation. The
change in the O2

+ axis direction in the energy range IV is
considered to be less than that in the energy range II. There-
fore, the extent of the PIA depends on the dissociation channels

and the yN distribution, which corresponds to the angular
distribution of O+, can be different even though an electron is
emitted from the same 3sg orbital in both of the channels.
We consider that this difference in the PIA originates from the
difference in the velocity of the dissociation and results in the
difference in the FT spectra discussed in Section 3.3.4. Thus,
when the PIA effect is small, higher DN components appear in
the delay dependence of the O+ yield, reflecting the time
evolution of the molecular axis distribution of O2 rather than
the angle-dependent ionization probability.

3.5 Delay dependence of O+ yield for (1,1) dissociation

As seen in Fig. 1(b), the yield of O+ produced in the (1,1)
dissociation exhibits the periodic increase and decrease as a
function of time associated with the time evolution of the rota-
tional wave packet of O2. Fig. 15(a) shows the O+ yield YVI(t) in the
energy range VI (EKER = 3.60–5.80 eV) which is a lower energy side
of the (1,1) dissociation as shown in Fig. 15(c). The observed
rotational revival pattern in the energy range VI is found to be in-
phase with both of hhcos2yii(t) shown in Fig. 5(a) and that in the
energy ranges II and VI. Similarly, Fig. 15(b) shows the O+ yield
YVII(t) in the energy range VII (EKER = 5.80–9.00 eV) which is a
higher energy side of the (1,1) dissociation as shown in Fig. 15(c).
The observed rotational revival pattern in the energy range VII is
found to be also in-phase with hhcos2yii(t). These results indicate
that O+ in the (1,1) dissociation is produced when at least one of
two electrons is emitted from the 3sg orbital. It is also possible
that, because the (1,1) dissociation rapidly proceeds, the recorded
delay dependence represents the axis distribution of O2 rather
than the angular dependence of the ionization probability due to
the pinhole located in front of the MCP detector.

The correlation coefficient CII,VI is found to be 87%, suggest-
ing that the (1,1) dissociation in the energy range VI exhibits a

Fig. 12 (a) Distribution P(y0)sin y0dy0 of the initial alignment angle y0 for
the electron emission from the 3sg orbital. (b) Angle-dependent ionization
probability P(y0) obtained from (a). Angular dependence of the ionization
rate in the MO-ADK theory at t0 = 0 and r0 = 1.208 Å is also shown as a
solid line with a shade.

Fig. 13 (a) Correlation between y0 and yN, (b) the y0 distribution and (c)
the yN distribution for net-two photon dissociation (energy range II).

Fig. 14 (a) Correlation between y0 and yN, (b) the y0 distribution and
(c) the yN distribution for three-photon ATD (energy range IV).
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similar character to the (1,0) dissociation in the energy range II.
On the other hand, CII,VII is found to be 69%, indicating that
the delay dependence of the O+ yield in the energy range VII is
different from that in the range II. Fig. 16(a) and (b) show the
FT spectrum of the delay dependence the O+ yield in the energy
range VI, YVI(t), and that in the range VII, YVII(t), respectively.
The peaks assigned to DN = 4 components are found to be
enhanced for the energy range VII.

On the basis of previous studies on one-photon double
ionization of O2

63,64 and double ionization of O2 in intense
laser fields,65,66 the peak at EKER = 7 eV in the energy range VII

can be assigned to the dissociation of O2
2+ in the W3Du state.

The major electron configuration of the W3Du state is
1pu

�11pg
�1 (ref. 65) and the electron may not be emitted from

the 3sg orbital. This means that the observed delay dependence
of the O+ yield in the energy range VII originates not from the
angle-dependent ionization probability but from the O2 axis
distribution itself at the moment of the electron emission
because the dissociation rapidly proceeds and the PIA effect
for the double ionization is small at the current laser-field
intensity.48

Meanwhile, in the previous studies on double ionization of
O2 in intense sub-10-fs laser fields,65,66 no O+ signal was found
in the energy range VI. In addition, in the previous studies on
one-photon double ionization of O2,63,64 no assignment for
direct dissociation from O2

2+ was proposed for the O+ signal
in the energy range VI. In ref. 40, the TOF spectrum of O+

was recorded under a similar experimental condition with the
laser temporal duration of 100 fs, and the O+ signal in the
energy range VI was observed. Therefore, O+ in the energy range
VI is produced only when the pulse duration is much longer
than 10 fs, suggesting that O+ originates from enhance
ionization67 associated with elongation of the O2

+ internuclear
distance. From the similarity in the delay dependence of the O+

yield to that in the energy range II, we consider that the
enhanced ionization occurs in the course of the net-two photon
dissociation [eqn (14)] after the electron emission from the 3sg

orbital.

4 Conclusions

In summary, we examined the dissociative ionization dynamics
of O2 molecules, by recording the delay-dependent O+ fragment
ion yields associated with the time evolution of the rotational
wave packet of O2 created by the pump laser pulse. From the
recorded rotational revival patterns, we securely revealed that
an electron is emitted from the 1pu orbital in the released
kinetic energy ranges I (0.05–0.40 eV), III (1.04–1.70 eV) and V
(2.40–3.40 eV), and from the 3sg orbital in the energy ranges II
(0.50–1.04 eV) and IV (1.80–2.40 eV). The observed released
kinetic energy distribution is well understood on the basis of
the above-threshold dissociation structure associated with the
electron emission from the 1pu and 3sg orbitals.

Due to the experimental configuration, only the O+ fragment
ion emitted along the laser polarization direction can be
detected in this experiment. However, we observed the yield
enhancement of O+ emitted from the anti-aligned O2 associated
with the electron emission from the 1pu orbital. This means
that the post-ionization alignment (PIA) of the O2

+ molecular
axis is induced by the probe pulse in the course of dissociation.
We estimated the effect of the PIA of the O2

+ axis induced by the
probe pulse by performing the classical trajectory Monte-Carlo
simulation incorporating the light-dressed potential picture.
For the energy range I, which is assigned to the bond-softening
type dissociation associated with the f 4Pg–a 4Pu one-photon
crossing, we confirmed that the PIA is induced effectively so

Fig. 16 Fourier transform of O+ yield in energy ranges (a) VI and (b) VII.

Fig. 15 Recorded O+ yields as a function of delay time in the energy
ranges (a) VI and (b) VII. (c) TOF spectrum obtained only by the probe pulse
[same as in Fig. 1(a)] with the labels of the energy ranges VI and VII.
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that the O+ fragment ion is emitted along the laser polarization
direction.

We also performed the simulation for the electron emission
from the 3sg orbital, and found that the effect of the PIA is less
effective in the three-photon above-threshold dissociation
(energy range IV) than in the net-two photon dissociation
(energy range II) associated with the c 4S�u –b 4S�g three-
photon and one-photon crossings. This result indicates that
not only the angle-dependent ionization probability but also
the dissociation dynamics can be encoded in the delay-
dependent fragment ion yield recorded by the pump–probe
measurement.
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Appendices
A Initial conditions in the CTMC simulation

Fig. 17(a) shows the distribution of t0 for all the 3 � 105

trajectories in the CTMC simulation for the electron emission
from the 1pu orbital (Section 3.4.1). Because of the nonlinearity
of the ionization probability with respect to the laser electric
field, the width of the t0 distribution is narrower than that of
the envelope of the laser electric field. The dissociation is
defined to occur when r reaches 4 Å in the calculated trajectory
and the t0 distribution of the dissociation trajectories are also
shown in Fig. 17(a). On the other hand, Fig. 17(b) shows the
distribution of the initial internuclear distance (r0) at the
moment of the electron emission for all the 3 � 105 trajectories.
Compared with the Wigner distribution Pv=0(r0), the r0 distribu-
tion is shifted towards the longer internuclear distance because
the ionization energy decreases as r becomes larger (r o 1.4 Å)
[Fig. 6(a)]. However, the dissociation is found to occur only in
r0 o 1.2 Å as shown in Fig. 17(b) and we solved the EOM (4)
only when r0 o 1.25 Å in this calculation. On the other hand, in
the CTMC simulation for the electron emission from the 3sg

orbital (Section 3.4.2), we solved the EOM (4) irrespective of the
r0 value.

B Transition dipole moments and polarizabilities

Transition dipole moments mt(r) as a function of r were
obtained by GAMESS 2018 R159 at the MCSCF/aug-cc-pVTZ level
followed by GUGA60 along with field-free potential energy
curves. Fig. 18(a) and (b) show the resultant transition
dipole moments of the f 4Pg–a 4Pu and c 4S�u –b 4S�g transitions,
respectively.

We also obtained the polarizabilities a8 and a> of O2
+ in the

a 4Pu and b 4S�g states as a function of r by the finite-element
method as shown in Fig. 19(a)–(d). We found that a8 linearly
increases as r increases and a> almost has a constant value in
the range of r = 1.2–1.5 Å. We also confirm that the polariz-
abilities estimated by the energy based method and those
estimated by the dipole based method are in agreement with
each other in this r range. However, beyond this r range, the
agreement of the polarizability between the two methods
becomes worse. Therefore, we use linear fit a8 in the range of
r and the constant a> value in the entire range of r in this

Fig. 17 Initial conditions in the CTMC simulation for the electron emission
from the 1pu orbital. (a) Distribution of the time of the electron emission, t0.
(b) Distribution of the initial internuclear distance, r0. Black and red lines
represent all the trajectories and the dissociation trajectories, respectively.

Fig. 18 Calculated dipole moments of (a) f 4Pg–a 4Pu transition and
(b) c 4S�u –b 4S�g transition.
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CTMC simulation. For the f 4Pg and c 4S�u states, the agree-
ments between the polarizabilities estimated by the two meth-
ods are worse than those for the a 4Pu and b 4S�g states even in
the range of r = 1.2–1.5 Å. Considering that the f 4Pg and c 4S�u
states are populated in the larger r range where it is hard to
calculate the polarizabilities, we used the polarizabilities of O2

+

in the a 4Pu and b 4S�g states instead of those in the f 4Pg and c
4S�u states, respectively.
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