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Coupled nuclear and electronic dynamics within a molecule are key to understanding a broad range of 
fundamental physical and chemical processes. Although probing the coupled vibrational and electronic 
dynamics was demonstrated, it has so far been challenging to observe the coupling interactions between 
the rotational and electronic degrees of freedom. Here, we report the first observation of Coriolis coupling, a 
coupling interaction between nuclear rotational angular momentum and electronic axial angular momentum, 
during laser-induced molecular fragmentation by tracing the electronic structure of a dissociating O+

2
 

molecule. We observe that the electron density changes its shape from that of a molecular σ orbital to a 
nearly isotropic shape as the internuclear distance goes up to ∼20 Å, which results from the transition 
between nearly degenerate electronic states associated with different rotational angular momenta. Our 
experiment demonstrates that the breaking of a chemical bond does not occur suddenly during molecular 
dissociation. Instead, it lasts for a long time of several hundred femtoseconds due to the Coriolis coupling 
interaction. Our experiment can be extended to complicated molecules, holding the potential of revealing 
yet unobserved electron–nuclear coupling interactions during ultrafast processes.

Introduction

Probing and tracing electronic and nuclear dynamics in molecules 
on an ultrafast time scale is one of the ultimate goals of science, 
which is relevant to our understanding of many fundamental 
processes in physics and chemistry. With the development of 
ultrashort laser pulse, numerous methods have been demon-
strated to probe and trace the rotational, vibrational, and elec-
tronic dynamics of molecules on picosecond, femtosecond, or 
even attosecond time scales, such as high-harmonic spectroscopy 
[1–3], ultrafast electron or x-ray diffraction [4–6], strong-field 
photoelectron holography [7–9], and time-resolved photoelectron 
spectroscopy [10–15]. Owing to the large mass difference between 
the nuclei and electrons, the nuclear motion is usually slower than 
the electron motion. Thus, in most cases, the molecular dynamics 
were understood within the Born–Oppenheimer approximation, 
in which the electronic and nuclear degrees of freedom are treated 
separately.

When a molecule is promoted to an electronically excited state 
in which the individual atoms are no longer in their equilibrium 

positions, the atoms may evolve to form a new molecular struc-
ture in which 2 electronic states become degenerate, e.g., at a 
conical intersection [16,17] or at a large internuclear distance. As 
a result, the electronic and nuclear dynamics occur on comparable 
time scales, and the electronic motion will be strongly coupled 
with the nuclear motion. The coupled motions of electrons and 
nuclei are ubiquitous in nearly all photochemical reactions 
[2,10,18–22], which determine the dominant pathways of charge 
or energy transfer for the reactions. Those coupled dynamics 
have been extensively studied in many ultrafast processes, such 
as molecular autoionization [11,23], interatomic Coulombic 
decay [24–27], and light-induced conical intersections [28–30]. 
However, all those previous studies focused on the coupling of 
electronic and vibrational degrees of freedom. Compared to 
vibrational motion, rotational motion occurs on a slower time 
scale, which is typically 5 or 6 orders of magnitude larger than 
the natural time scale of electron motion. Thus, the rotational 
dynamics can hardly be intertwined with the electronic 
dynamics [31]. Up to now, observing the direct interactions 
between the electronic and rotational degrees of freedom has 
remained unreached.
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In this work, we report on a joint experimental and theoreti-
cal study of the coupled dynamics between the electronic and 
rotational degrees of freedom during ultrafast molecular dis-
sociation. Using a time-resolved Coulomb explosion imaging 
method with circularly polarized pump and linearly polarized 
probe laser pulses, we trace the evolution of the transient elec-
tronic structure of O+

2
 for the internuclear distance from ∼5 a.u. 

to ∼40 a.u.[atomic units (a.u.) are used unless specified other-
wise]. For such large internuclear distances, we find that 
Coriolis coupling, i.e., the coupling of molecular rotational 
angular momentum and electronic axial angular momentum, 
plays a dominant role, leading to a transition from the 14Σ+

u  
electronic state to the neighboring a4Πu electronic state of the 
O+
2

 molecule. This Coriolis coupling interaction was usually 
ignored in previous studies. Since both 14Σ+

u and a4Πu states dis-
sociate into O(3P) and O+(4S0), their potential energy remains 
degenerate at relatively large internuclear distances. The Coriolis 
coupling process lasts for a long time of several hundred 
femtoseconds until the populations on the 14Σ+

u and a4Πu states 
become the same.

Methods

Experimental methods
Our measurements were performed in a reaction microscope 
of cold-target recoil-ion momentum spectroscopy (COLTRIMS) 
[32,33]. A linearly polarized femtosecond laser pulse (25 fs, 
800 nm, 5 kHz) from a Ti:sapphire laser system was split in a 
Mach–Zehnder-type interferometer to produce a pump pulse 
and a probe pulse with a variable time delay. The pump pulse was 
changed to circular polarization using a quarter-wave plate. The 
resulting 2 pulses were afterward focused into a supersonic beam 

of O2 molecules in the main chamber of the COLTRIMS, where 
the time of flight and the position of each ion were recorded. The 
temperature of the supersonic molecular beam was estimated 
to be almost 25 K. The intensities of the pump and probe pulses 
were estimated to be almost 3 × 1014 W/cm2 and 1.5 × 1014 W/
cm2, respectively.

Our experimental scheme is shown in Fig. 1A. A circularly 
polarized femtosecond pump laser pulse is used to tunnel ionize 
an O 2 molecule. The potential energy curves shown in Fig. 1B 
are calculated using the complete active space self-consistent 
field (CASSCF) and multi-reference doubly excited configura-
tion interaction (MRDCI) method, in which the orbital wave 
functions are expanded on Dunning’s cc-pV5Z basis set [34]. 
In the CASSCF calculations, all the states formed by the cou-
pling of the 2s and 2p electrons from 2 O atoms are optimized 
simultaneously. Then, the higher-precision MRDCI calculations 
are used to consider the configuration interactions. The active 
space is composed of all valence orbitals, with totally about 
60,404, 71,464, and 148,290 contracted configurations and 
2,124,204, 2,563,160, and 2,626,806 uncontracted configura-
tions included in the configuration interaction calculations for 
O2, O+

2
, and O2+

2
, respectively.

The singly ionized O+
2

 molecule will dissociate mainly along 
the 14Σ+

u  state as known from previous studies [35–37], as 
shown in Fig. 1B. After a variable time delay, the dissociating 
O+
2

 molecule is further ionized by a linearly polarized probe 
laser pulse, leading to Coulomb explosion of the molecule. The 
angular distribution of the resulting fragments is determined 
by the angular dependence of 2 ionization steps, i.e., the removal 
of the 2 electrons from the O2 molecule [38–40]. Because the 
pump laser pulse is circularly polarized and the molecular axis 
is randomly aligned, the pump laser pulse contributes to an 

Fig. 1. (A) Schematic of tracing the evolution of the electronic structure in a dissociating molecule. An O2 molecule is singly ionized by a circularly polarized pump laser pulse, 
initiating dissociation of O+

2
 molecule. After a variable time delay, the dissociating O+

2
 molecule is further ionized by a linearly polarized probe laser pulse, leading to Coulomb 

explosion. The time-dependent electronic structure of the dissociating molecule is mapped onto the angular distribution of the 2 resulting O+ fragments. (B) Illustration of 
the dissociation of the O+

2
 molecule (see text for details). The dissociation limits are indicated at the right of the potential curves. Here, red vertical arrows represent 2 single-

photon transitions following the tunneling ionization.
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isotropic ionic angular distribution. Thus, the anisotropy of the 
angular distribution of the fragments will be determined by the 
removal of the second electron in the probe laser pulse, which 
directly reflects the electronic structure of the dissociating O+

2
 

molecule [40,41]. Furthermore, the second electron of the 
dissociating O+

2
 molecule is released by the probe pulse, and 

then the Coulomb explosion starts to occur. The kinetic 
energy release (KER) of the fragments records the internu-
clear distance at the moment of the Coulomb explosion, i.e., 
when the probe pulse arrives. Thus, by tuning the pump-probe 
time delay, we can trace the evolution of the electronic structure 
of the dissociating O+

2
 molecule with the internuclear distance, 

from which the coupled nonadiabatic rovibronic dynamics can 
be revealed.

Quantum time-dependent wave packet simulations
In this work, a quantum time-dependent wave packet evolution 
method is used to simulate the breakup process [42], in which 
the whole nuclear dynamical processes from the neutral O2 to 
the dissociated O+

2
 ion are considered.

First, we simulate the time-dependent evolution of the neu-
tral O2 molecular wave packets under the action of the strong 
laser field. Here, we mainly consider the excitation of the rota-
tional states of the neutral O2 molecule by the dipole polar-
ization interaction between the laser and molecules. For this 
process, the Hamiltonian of the system is written as

Here, Ha(R, re) is the adiabatic Hamiltonian that includes the 
electronic and nuclear kinetic energy, electron–electron, and 
electron–nuclear potential energy, where R and re are the inter-
nuclear distance and coordinates of the bound electrons, 
respectively. R is the rotational energy of O2, which can be 
written as R =

N(N +1)

2�R2
, where μ is the molecular reduced mass, 

R is the internuclear distance, R is the equilibrium internuclear 
distance of the neutral O2, and N is the rotational angular 
momentum. Considering that the O atom is boson, the spatial 
wave function of the O2 molecule should be symmetric. Hence, 
the rotational quantum number N should be odd for the neutral 
O2 (X3Σ−

g ). Since R is set as a constant, the eigenstates of H0 
can be written as �

q1
e (R, r)Ψ(R)Φ(�,�), where �q1

e (R, r) is the 
electronic wavefunction calculated by the ab initio method, 
Ψ(R) is the molecular vibrational eigen wavefunction for 
q1 electronic state obtained by solving the one-dimensional 
nuclear Schrödinger equation, and Φ(θ, ϕ) is the rotational 
wavefunction, which is expanded as the superposition of dif-
ferent spherical harmonic functions YNm(θ, ϕ). Here, the rotation 
and vibration are independent. P represents the polarization 
interaction between the laser and O2 molecule and can be given 
as −E(t)2(αzcos2γ + αx/ysin2γ), where γ is the angle between the 
laser field relative to the direction of the O–O bond (z axis), 
and αz and αx/y are the axial and vertical dipole polarizability, 
respectively. The pump electric field E(t) is circularly polarized 
and can be given as E(t)=E0f (t)(̂exsin(�t)+ êysin(�t+�∕2), 
where f(t) = sin2(πt/t0) for 0 < t < t0 is the envelope function 
of the laser pulse. E0, ω, and t0 are the peak amplitude, the car-
rier frequency, and the pulse duration of the electric field, 
respectively.

Second, assuming that the first electron is released at the 
instant of T1, we simulate the time-dependent evolution of the 
O+
2

 molecular wave packets under the action of the laser field. 
Here, the initial electronic state of O+

2
 is set as a4Πu, in which 

one electron from the HOMO-1 of O2 (see below) is removed 
by the laser field. It is assumed that the strong-field ionization 
only changes the rotational wave packet of the molecule and 
does not change the vibrational state distribution. Because the 
ionization time T1 determines the subsequent dynamical pro-
cesses, we consider the impact of the ionization time of the 
neutral molecules O2 on the fragmentation dynamics of O+

2
. 

For O+
2

, the Hamiltonian is written as

where E · D represents the dipole interaction between the laser 
field and the O+

2
 ion. The Coriolis coupling interaction  is 

written as

where J+ and J− are the ascending and descending operators 
of the total angular momentum J, Ly represents the angular 
momentum perpendicular to the molecular axis, and �q1

e  and 
�

q2
e  are the electronic wave functions of the 2 electronic states 

q1 and q2.
In our simulation, 4 electronic states of a4Πux, a

4Πuy, 14Σ+
g , 

and 14Σ+
u for O+

2
 are considered simultaneously and 1,000 vibra-

tional states for each electronic state are used to expand the 
wave packet ΨO+

2
(r). The maximal rotational quantum number 

used is up to 30. We simulated the dipole transitions between 
a4Πux/y and 14Σ+

g , 14Σ+
g  and 14Σ+

u , and the Coriolis coupling 
between a4Πux/y and 14Σ+

u , a4Πux and a4Πuy, respectively. Then, 
we calculate a weight factor WN0m0T1 of each trajectory with 
different initial rotational angular momenta (N0, m0) and dif-
ferent ionization times T1 (see the Supplementary Materials).

Based on the weight factor WN0m0T1, the calculated Coriolis 
coupling matrix elements, and the simulated relative proportion 
of the px/py orbitals, we obtain the final relative proportion of the 
pz orbital and px/py orbitals. Then, we use the partial Fourier 
transform method to obtain the angle-dependent ionization rate 
for the probing step at each internuclear distance [43,44], from 
which we calculate the value of 〈cos2θ〉. Here, θ is the emission 
angle of O + relative to the polarization direction of the lin-
early polarized laser pulse [31], which allows us to separately 
study those effects on the ionic angular distribution.

Results
Figure 2A shows the measured KER distribution as a function 
of the pump-probe time delay for the Coulomb explosion chan-
nel of O+ + O+. The positive time delay means that the pump 
laser pulse is circularly polarized and the probe laser pulse is 
linearly polarized. The case is reversed for the negative time 
delay. One sees that there is a time-independent features at KER 
∼9 eV, which is mainly caused by the interaction with only the 
pump laser pulse. The KER spectrum also reveals a clear time-
dependent feature, which reflects the behavior of parts of the 

(1)H =
[
Ha (R, re) + R

(
R
)]

+ R(R) − R
(
R
)
+ P = H0 +H�.

(2)
H=

[

Ha(R, re)+R
(

R
)]

+R(R)−R
(

R
)

+

E ⋅D+=H0+H
�,

(3) =
1

�R2

(
J+ − J−

)⟨
�

q1
e
|||
iLy

|||
�

q2
e

⟩
,
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nuclear wave packet induced by both laser pulses. The KER of 
the time-dependent feature decreases gradually as a function 
of time from ∼9 eV to the asymptotic energy of ∼1.2 eV. The 
asymptotic KER of ∼1.2 eV is obtained by the weak signal of 
the bond softening of O+

2
 [45], as shown by the white dashed 

rectangle in Fig. 2A.
The asymptotic KERs allow assigning the dissociation pathway 

involved. Because removal of an electron from the highest occu-
pied molecular orbital (HOMO) corresponds to a nondissociative 
state of O+

2
, i.e., X2Πg, the dissociative ionization is dominated by 

the removal of an electron from the HOMO-1 of O2 [46]. The 
ionization from HOMO-1 will result in a strong population on 
the a4Πu state (∼16.9 eV in the potential energy curve) by an 
adiabatic Franck–Condon type transition. Then, the O+

2
 on a4Πu 

state can further be promoted into a dissociative 14Σ+
u state with 

a dissociation limit at ∼18.8 eV by 2 single-photon transitions 
[35–37], as indicated by the 2 vertical red arrows in Fig. 1B. The 
asymptotic energy release about 1.2 eV can be assigned to the 

dissociation pathway |||a
4Πu

⟩
→

|||
|
14Σ+

g − �
⟩
→

|||
14Σ+

u − 2�
⟩

 

as shown in Fig. 1B, where ω is the laser frequency.
Figure 2B shows the momentum distributions of the 2 coin-

cident O+ fragments for the time-dependent feature (KER <7 eV) 
at several specific time delays. For the positive time delay, the 
momentum distribution is mainly along the horizontal direc-
tion for the time delay of ∼50 fs, while it changes to a nearly 
isotropic ring with increasing the time delay. In contrast, for 

the negative time delay, the ions are mainly emitted along the 
horizontal direction for all time delays.

The ionic angular distribution is determined by the angular 
dependence of 2 ionization steps [38–40]. For the negative 
time delay, the angular distribution of the fragments is mainly 
determined by the removal of the first electron in the linearly 
polarized laser field. Because the removal of the first electron 
is always from the equilibrium internuclear distance of the O2 
molecule, the angular distribution of the fragments is nearly 
unchanged with the time delay. For the positive delay, the 
angular distribution of the fragments is determined by the 
angular dependence of the removal of the second electron 
from the dissociating O+

2
 molecule in the linearly polarized 

probe pulse. For tunneling ionization of randomly aligned 
molecules by a linearly polarized laser pulse, the ionic angular 
distribution is equivalent to the angle-dependent ionization 
yield for a fixed molecular orientation, i.e., molecular frame 
ionization yield. It has been shown that the molecular frame 
ionization yield directly reflects the electron density distribu-
tion in the valence shells of a molecule [40,41]. Thus, the 
angular distribution of the coincident ion pairs maps the evo-
lution of the electronic density distribution of the dissociating 
O+
2

 molecule.
To quantitatively show the evolution of the electronic struc-

ture with time, we use the expectation value of cos2θ to char-
acterize the ionic angular distribution [47], which is written as 
⟨

cos2�
⟩

=
∫ I(�)cos2�sin(�)d�

∫ I(�)sin(�)d�
. Here, I(θ) is the ionic angular 

Fig. 2. (A) Measured ion yields from Coulomb explosion of O2 molecule as a function of KER and the time delay between the pump and the probe pulses. The weak signal within 
the white dashed rectangle can be used to obtain the asymptotic KER. (B) Measured momentum distributions of 2 coincident O+ fragments at several specific time delays 
for KER <7 eV. The polarization direction of the probe pulse is along the horizontal direction.
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distribution. 〈cos2θ〉 = 1/3 for an isotropic angular distribution. 
Figure 3A shows the measured 〈cos2θ〉 as a function of the 
pump-probe time delay (for positive delays). One sees that 
〈cos2θ〉 decreases rapidly with the time delay within the first 
50 to 100 fs and does not reach 1/3 after 400 fs. This means that 
the polarization of the electronic density distribution is lost 
during the dissociation process. For the Coulomb explosion of 
a diatomic molecule, KER is given by the instantaneous inter-
nuclear distance R of the molecule when the probe pulse arrives, 
which can be expressed as KER(τ) = 1/R(τ) + E0 [45], where τ 
is the delay and E0 is the kinetic energy of the corresponding 
dissociation process. E0 is the asymptotic energy release, which 
equals ∼1.2 eV according to Fig. 2A. The time-dependent feature 
in Fig. 2A reveals a direct correspondence between the delay 
and KER, making it possible to resolve the internuclear distance 
for different delays, that is, R(τ). Thus, as shown in Fig. 3B, we 
obtain the evolution of the electronic structure of the dissociating 
O+
2

 molecule for the internuclear distance from ∼5 a.u. to 
∼40 a.u.

Discussion
We have performed quantum time-dependent wave packet 
simulations for the dissociation of O+

2
, which has included 

Coriolis coupling between nuclear rotational angular momen-
tum and electronic axial angular momentum. We achieve a 
good agreement between the measurement and the simulation, 
as shown in Fig. 3B. It should be noted that the effects of ioniza-
tion, coupling transition between different electronic states, 
and molecular reorientation on the ionic angular distributions 
have all been taken into account in the simulation. During the 
molecular fragmentation processes, there are several types of 
interactions that can cause the transition of electronic states 
and change the orbital shape, i.e., the spontaneous radiation, 

radial coupling interaction at a conical intersection, the spin-
orbit coupling, and the Coriolis coupling. The lifetime of 
spontaneous radiation is generally in the nanosecond scale. 
Therefore, this process can be ignored in our study. For the 
radial coupling interaction, there is no conical intersection in 
our present research. For the spin-orbit coupling, the transition 
intensity will decrease rapidly with the increase of the inter-
nuclear distance. Therefore, the spin-orbit coupling can also 
be ignored. The Coriolis coupling interaction between the 
molecular rotational angular momentum and electron orbital 
angular momentum is the only one interaction that can cause 
continuous changes in molecular orbitals within a few hundred 
femtoseconds. Among the above interactions, our experimen-
tal results can only be explained by the Coriolis coupling. As 
shown by the dashed line in Fig. 3B, if we remove the Coriolis 
coupling interaction in the simulation, the shape of the elec-
tronic structure would not change with the internuclear 
distance.

Because the internuclear distance of the dissociating O+
2

 
molecule is large in our experiment, the molecular orbital for 
the electron localized on the neutral O nuclei can be considered 
as a combination of atomic p orbitals (including px, py, and pz). 
Here, z represents the molecular axis direction and x and y 
represent the 2 directions perpendicular to the molecular axis. 
To shed light on how the Coriolis coupling affects the molecular 
electronic structure, we show in Fig. 4A the calculated relative 
contribution of the atomic pz orbital and the atomic px or py 
orbitals to the electronic structure as a function of the inter-
nuclear distance. We can see that the relative contribution of 
the px (or py) orbital increases while the relative contribution 
of the pz orbital decreases with increasing the internuclear dis-
tance. For a dissociated O+

2
 ion with a large internuclear dis-

tance, the 14Σ+
u  state corresponds to the coupling of the atomic 

pz orbital with the O+( 4S0) and the a4Πu state corresponds to 
the coupling of the atomic px or py orbitals with the O+( 4S0). 
Therefore, the increase of the relative contribution of the px (or 
py) orbital means that there is a transition from the 14Σ+

u  state 
to the a4Πu state during the dissociation process due to the 
Coriolis coupling. However, the populations on the 14Σ+

u  and 
a4Πu states do not converge to 1/3 even at a large internuclear 
distance of R= 40 a.u. The main reason is that the Coriolis 
coupling strength depends on the nuclear rotational angular 
momentum N. Figure 4B shows the proportion of the px orbital 
to the electronic structure for different N (N ≥ 1 and N is odd). 
As can be seen, the proportion of the px orbital approaches to 
1/3 faster for larger N. This can be explained remarkably simply: 
A larger nuclear rotational angular momentum corresponds to 
a larger Coriolis force for the electron, leading to a larger 
Coriolis coupling strength. As a result, within the first 50 to 
100 fs (the internuclear distance changes from 5.5 to 10 a.u.), 
all rotational angular momenta contribute to the electronic 
transition induced by the Coriolis coupling. Thus, the polariza-
tion of the electronic density distribution is mainly lost during 
this time interval, as shown in Fig. 3A. For a larger time delay, 
the electronic transition induced by the Coriolis coupling is 
only contributed by small N, which leads to a smaller transition 
rate. Since the Coriolis coupling strength is small for small N 
(e.g., N = 1), the electronic transition induced by the Coriolis 
coupling for small N is still not balanced after 400 fs (corre-
sponding to the internuclear distance of ∼40 a.u.). Thus, the 
Coriolis coupling process lasts several hundred femtoseconds 

Fig.  3.  (A) Measured <cos2θ> with respect to the time delay between the pump 
and probe laser pulses. (B) Measured and simulated <cos2θ> with respect to the 
internuclear distance R of the molecule.

D
ow

nloaded from
 https://spj.science.org at H

uazhong U
niversity of Science and T

echnology on A
ugust 26, 2024

https://doi.org/10.34133/ultrafastscience.0073


Guo et al. 2024 | https://doi.org/10.34133/ultrafastscience.0073 6

until the proportions of the pz and px (or py) orbitals become 
the same.

We show in Fig. 5 the calculated Coriolis coupling matrix 
elements between the 14Σ+

u  and a4Πux/y states (blue line) and 
between the a4Πux and a4Πuy states (red line) with respect to 
the internuclear distance. One can see that the rotational coupling 
is strong at short internuclear distances. However, when the 
internuclear distance is as large as ∼40 a.u., the coupling matrix 
element between the 14Σ+

u  and a4Πux/y states is not equal to the 
coupling matrix element between the a4Πux and a4Πuy states, 
as shown in the inset of Fig. 5. As a result, the electronic transi-
tion induced by the Coriolis coupling is not balanced at such 
large internuclear distance. Due to the fact that Coriolis cou-
pling is a weak interaction, its influence on the diabatic poten-
tial energy curve is also weak. According to our calculation, at 
an O–O bond length of 10 a.u., the energy shift from the adia-
batic potential energy to the diabatic potential energy is only 
4.4 × 10−6 a.u. This small energy shift means a slow transition 
rate, corresponding to a very long transition time. This is the 
reason why the Coriolis coupling interaction lasts several hundred 
femtoseconds.

Using the simulated proportions of pz and px (or py) orbitals 
in Fig. 4A, we obtain the transient electron density distribution 
for each internuclear distance (see Section S2). As shown in 
Fig. 4C, the electron density changes its shape from that of a 
molecular σ orbital to a nearly isotropic shape as the internu-
clear distance increases, which is consistent with the measured 
ionic angular distributions. The observed shape change is asso-
ciated with the splitting and degeneracy of the energy levels of 

the 3 orbitals (px, py, and pz) of O (3P) in the O+
2

 molecule, 
which is directly related to the breaking of the O–O bond. For 
an isolated O (3P) atom, the energy levels of the 3 orbitals are 
degenerate. After coupling with a neighboring O+ (4S0), an 
energy splitting appears between the px/y (a4Πu) and pz (14Σ+

u) 
orbitals since the symmetry between the axial (z) and vertical 
(x/y) directions is broken. This energy splitting leads to the 
fact that the a4Πu and 14Σ+

u  electronic states undergo com-
pletely different nuclear dynamics. As a result, the generated 
fragments are dominated by the contributions from O (3Pz) 
at a relatively small internuclear distance. With the stretching of 
the O–O bond, the energy levels of the px (or py) and pz orbitals 
become degenerate, and the populations on the px, py, and 
pz orbitals gradually become the same under the effect of 
Coriolis coupling. For O+

2
, the Coriolis coupling occurs in the 

transition from the 14Σ+
u  state to the a4Πu state, until the pro-

portions of the pz and px (or py) orbitals become the same. Thus, 
we can observe the Coriolis coupling effect from the measured 
ionic angular distribution in the O2 molecules. This is the 
reason why we choose O2 molecule as the target.

In conclusion, we have traced the time evolution of the 
electronic structure in a dissociating O+

2
 molecule. We observe 

that the electronic density changes its shape from that of a 
molecular σ orbital to a nearly isotropic shape as the inter-
nuclear distance increases during the molecular dissociation 
process. The shape change is observed, compared to theory, 
which yields agreement only if the nonadiabatic Coriolis 
interaction is included in the calculation, proving that the 
nonadiabatic Coriolis coupling plays an important role during 
the transition from a molecule to atoms. We show that the 
breaking of the chemical bond in O2 molecules does not occur 
at a certain moment. Instead, it lasts for a long time of several 
hundred femtoseconds due to the Coriolis coupling interac-
tion. Our result provides new physical insights into how the 
O2 molecule evolves into 2 O fragments. This finding has 
a strong impact on the elucidation of elementary reaction 
mechanisms in some photochemical reactions.

Fig. 4. (A) Calculated relative proportion of the pz orbital (dashed line) and px/py orbitals 
(solid line) to the molecular electronic structure with respect to the internuclear 
distance. (B) Calculated relative proportion of the px/py orbitals with respect to the 
internuclear distance for initial nuclear rotational angular momentum N changing from 
N = 1 to N = 19. (C) The top row shows the measured and simulated angular distributions 
of O+ for different internuclear distances. The blue circles and the red solid lines are the 
measured and simulated results, respectively. The bottom row shows the calculated 
spatial density distribution of the electron localized on the neutral O nuclei for the 
dissociating O+

2
 molecule. The red dots indicate the core of the neutral O atom, and the 

internuclear axis is along the horizontal direction.

Fig. 5. The calculated Coriolis coupling matrix elements ℜT between the 14Σ+

u
 and 

a4Πux/y states (blue line) and between the a4Πux and a4Πuy states (red line) with 
respect to the internuclear distance. The inset shows log10ℜT on a logarithmic scale 
with respect to the internuclear distance, where the red line is located at zero.
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