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A density matrix approach for sequential double ionization (DM-SDI) of molecules has been
developed recently and was applied to the N2 molecule [Yuen and Lin, Phys. Rev. A 106, 023120
(2022)]. In this article, we extended the DM-SDI model to O2, which is a more complicated system
to model than N2, due to its electronic structures and spin-orbit and laser couplings in the manifold
of doubly charged states. We obtained a good agreement on the kinetic energy release spectrum
of O+ + O+ from previous experiments. Thanks to the low computational cost of the model, we
explored the mechanism behind the ionization and dissociation dynamics as well as the effects
of lasers on the spectrum. This work will pave the way to model sequential dissociative double
ionization of larger molecules and to probe molecular dynamics by measuring kinetic energy release
spectra from this process.

I. INTRODUCTION

Molecular breakup due to strong field sequential dou-
ble ionization (SDI) could be a promising probing scheme
for molecular dynamics, since intense femtosecond in-
frared (IR) laser pulses and coincidence measurement
setup are widely available [1–11]. However, the lack of
theoretical support has made this probing scheme un-
feasible so far. Recently, we developed a density matrix
approach for SDI of molecules and applied it to the case
of N2 [12]. For brevity, we refer this model as the DM-
SDI model hereafter. We showed that our simulated ki-
netic energy release (KER) spectrum for the dissociation
of N+ + N+ agrees excellently with the experiment by
Voss et al. [13], thus opening up the possibility on simu-
lating SDI of more complicated targets. To increase the
complexity of the target, in this article, we extend the
DM-SDI model to the O2 molecule.

SDI of O2 is more difficult to model due to its open-
shell electronic structure, 3Σ−g : . . . 3σ2

g1π4
u1π2

g , at the
neutral ground state. In the single active electron pic-
ture, ionizing a spin up or down electron from its oc-
cupied orbital will then lead to two different electronic
spin states at different energies. Consequently, one has
to treat the spin up or down electron differently instead
of indistinguishably. Further ionizing the system leads
to a more interesting scenario: Removing a πu electron
from the X2Πg(3σ2

g1π4
u1π1

g) state of O+
2 could lead to

formation of different electronic states, in which their
energies can be different by about 3 eV. As a result, the
binding energies of such orbitals are not clearly defined.
Since strong field ionization is a non-linear process, the
ionization rate is highly sensitive to the binding energy.
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The ambiguity in the binding energy thus poses a severe
problem to single active electron models for tunneling
ionization such as the MO-ADK theory [14]. One of the
main goal of this article is to address this situation with
a general approach.

There are several experimental investigations about or
related to the double ionization of O2 by intense ultra-
short IR laser pulses. These include nonsequential double
ionization of O2 [13, 15–18], Coulomb explosion [19–22],
and strong field ionization of O+

2 [23]. Most importantly,
there are data on SDI of O2 from Voss et al. [13] and Wu
et al. [24], which we can compare our simulated results
with. In addition, there are other relevant studies of O2

such as Doppler free KER spectrum [25] and predissoci-
ation rates [26] of O2+

2 , which provide insights on O2+
2

dissociation dynamics. There is also an investigation on
normal Auger electron spectrum of O2 by Bao et al. [27],
which gives accurate vertical ionization potentials of the
triplet O2+

2 states.
While SDI of O2 has not been investigated theoreti-

cally, there are some work on the interaction of strong
IR laser pulses with O2 or O+

2 . Thumm and cowork-
ers investigated the nuclear dynamics of O+

2 after strong
field ionization of O2 [28] and strong field dissociation of
O+

2 [29, 30]. There are also studies focused on vibronic
couplings and coherence in O+

2 after strong field ioniza-
tion of O2 [31–33]. Last but not least, there are extensive
studies on the electronic structure of O2 and O+

2 , for ex-
amples, see Refs. [34–36].

In this article, we extended the DM-SDI model to O2

by introducing the effective binding energy for states
with degenerate electronic configurations and including
the laser couplings between the doubly charged states.
The extended DM-SDI model reproduces the experimen-
tal KER spectra of O+ + O+ from Voss et al. [13] and
Wu et al. [24] very well. We also showed that the above
extensions of the DM-SDI model are necessary to repro-
duce the experimental spectra by comparing spectra cal-
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culated from different models. Prediction on the wave-
length, alignment, and laser intensity dependence of the
KER spectra are given and discussed.

This article is arranged as follows: In the next section,
we first briefly review the DM-SDI model and extend it to
O2. We then discuss the assignment of binding energies
of O+

2 orbitals. We close the section with computational
details about the electronic structure. In Sec. III, we
present our main results and compare it with the exper-
iment by Voss et al. [13] and Wu et al. [24]. In Sec. IV,
we explore the mechanisms behind O2 SDI, compare re-
sults from different models, and investigate effects from
different laser parameters on the KER spectra. Finally,
we summarize the results and give outlook for future re-
search in Sec. V.

II. THEORETICAL APPROACH

A. The DM-SDI model

The model we used for O2 SDI is based on a density
matrix approach where the neutral, ionic, and doubly
charged states are treated as different open systems. De-
tails about the DM-SDI model are described in our pre-
vious article [12].

Briefly, in the model, nuclei of the the molecule are
assumed to be fixed during the ionization process. The
tunneling ionization from the neutral and the ionic states
are described by the MO-ADK theory [14], and the ion-
ized electrons are neglected such that different charge
states are incoherent. In addition, for states with the
same charge, different electronic states are populated in-
coherently from the tunneling ionization, but the laser
couples those states coherently. For some reasons which
we will explain later in this section, for the O2 system,
we include laser couplings between the doubly charged
states, leading to the set of equations of motion for the
density matrices ρ(i),

dρ(0)

dt
= −

∑
i

ρ(0)(t)W
(0)
i (t),

dρ(1)

dt
= − i

~
[H(1), ρ(1)] + Γ(1)(t),

dρ(2)

dt
= − i

~
[H(2), ρ(2)] + Γ(2)(t), (1)

where i = 0, 1, 2 denote the neutral, ionic, and doubly

charged states. W
(0)
i is the ionization rate from the neu-

tral ground state to the ith ionic state. The Hamiltonian

H(i) = H
(i)
0 + ~d · ~E, where H

(i)
0 is the field-free Hamilto-

nian, with ~d being the dipole moment and ~E being the

TABLE I. Experimental vertical ionization potential (Ip) to
the O+

2 states [36] and structure parameters of the O2 orbitals
for MO-ADK tunnel ionization rates [37]. The orbital angular
momenta l and the corresponding structure factors Clm are
listed for each orbital. For a π or σ orbital, m = 1 or 0.

States Config. Ip (eV) l Clm

X2Πg 1π−1
g 12.3 {2, 4} {0.69, 0.06}

a4Πu 1π−1
u 16.7 {1, 3, 5} {1.86, 0.36, 0.02}

b4Σ−g 3σ−1
g 18.2 {0, 2, 4} {3.49, 2.06, 0.25}

laser field. The source terms Γ(1) and Γ(2) are

Γ
(1)
ij (t) = δij

[
ρ0(t)W

(0)
i (t)−

∑
n

ρ
(1)
ii (t)W

(1)
n←i(t)

]
,

Γ(2)
mn(t) = δmn

∑
i

ρ
(1)
ii (t)W

(1)
n←i(t),

where W
(1)
n←i is the ionization rate from the ith ionic state

to the nth doubly charged state. Setting the initial con-
dition to be ρ(0)(t0) = 1 and ρ(1)(t0) = ρ(2)(t0) = 0, we
solve Eq. (1) by the classic Runge-Kutta method and ob-
tain population of all the states at the end of the laser
pulse.

The most important input in our model is the MO-
ADK ionization rates [14], which strongly depend on the
symmetry of the ionized orbital and its binding energy.
Such information is obtained from electronic structure
calculations [37, 38]. The electronic structure at the equi-
librium geometry of O2 (R = 1.21 Å) for the relevant O+

2

and O2+
2 states are given in Tab. I and Tab. II, respec-

tively. For convenience of discussion, hereafter in this ar-
ticle, we refer the X, a, and b states to the X2Πg, a4Πu,

and b4Σ−g of O+
2 , while we refer states 0 – 7 to the O2+

2

states according to Tab. II.

Figure 1 shows the potential energy curves of O2, O+
2 ,

and O2+
2 to illustrate the SDI process. As a first step, the

neutral O2 tunnel ionizes to the X, a, or b states. Then,
while the a and b states are coupled by the laser, the X, a,
and b states further tunnel ionize to different O2+

2 states.
Possible parents of O2+

2 states from the second tunnel
ionization are shown in the last column of Tab. II. Fi-
nally, while the newly formed states 1 and 3 dissociate
according to their limit in Fig. 1, the other states (except
0) are metastable and dissociate through spin-orbit inter-
action with other repulsive states [25, 26]. Since the time
scale for dissociation through the spin-orbit interaction
is much longer than the duration of a femtosecond laser
pulse [26], these metastable states could also transfer to
other states through laser couplings before dissociation.
In particular, we will show in Sec. IV that inclusion of
laser couplings between state 6 and states 2 and 3 in the
model are crucial to reproduce the experimental KER
spectra.
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TABLE II. Vertical ionization potential (Ip) to the O2+
2 states with two valence holes, calculated in this work. The zero of

energy is set to be the zero-point energy of O2. The calculated energies were systematically shifted such that the B3Πg state has
Ip = 43.46 eV. The indexes are arranged according to the KER, which are obtained by subtracting the Ip by the dissociation
limit. See the text for computational details.

Index State Config. Ip (eV) Limit KER (eV) Parents
0 X1Σ+

g 1π−2
g 37.19 metastable – X2Πg

1 W 3∆u 1π−1
u 1π−1

g 43.08 O+(4S) + O+(2D) 7.40 X2Πg, a
4Πu

2 B3Σ−u 1π−1
u 1π−1

g 44.20 O+(4S) + O+(2D) 8.52 X2Πg, a
4Πu

3 A3Σ+
u 1π−1

u 1π−1
g 41.26 O+(4S) + O+(4S) 8.91 X2Πg, a

4Πu

4 11Σ−u 1π−1
u 1π−1

g 44.65 O+(4S) + O+(2D) 8.97 X2Πg

5 11∆u 1π−1
u 1π−1

g 45.42 O+(4S) + O+(2D) 9.74 X2Πg

6 B3Πg 3σ−1
g 1π−1

g 43.46 O+(4S) + O+(4S) 11.11 X2Πg, b
4Σ−g

7 11Πg 3σ−1
g 1π−1

g 45.06 O+(4S) + O+(4S) 12.71 X2Πg

FIG. 1. Potential energy curves for relevant O2,O
+
2 , and O2+

2 states for this study, adopted from Refs. [25, 34]. Note that
dissociation limits of states 2 and 4–7 are different from Tab. II since these states dissociate through spin-orbit interactions
with other states [25, 26], which are not shown here for brevity. Curve for state 0 is also not shown here since it does not
dissociate in the considered time scale.

TABLE III. Effective binding energies of the spin-up orbitals
of the X state and its structure parameters, assuming the
remaining electron in the 1πg orbital is spin-down. The no-
tation for structure parameters follows Tab. I.

Orbitals Ip (eV) l Clm

1πg 24.88 {2, 4} {1.63, 0.21}
1πu 30.60 {1, 3, 5} {3.26, 0.87, 0.10}
3σg 32.86 {0, 2, 4} {6.29, 4.70, 0.76}

B. Assignment of binding energies

While it may be clear on how O2 SDI proceeds, the re-
maining challenge in the modeling is to assign binding en-
ergies of the ionized orbitals corresponding to a manifold
of final states which are degenerate in electronic configu-

ration. Consider the tunnel ionization of the 1πu orbital
of the X state of O+

2 and assume the remaining electron
in the 1πg orbital is spin-down. Then, ionizing from an-
other spin-up 1πu orbital will form a triplet state. From
Tab. II, one sees that states 1 – 3 are triplet and share the
configuration of 1π−1u 1π−1g , but with different ionization
potentials. In the conventional approach, binding energy
of the ionized orbital is the energy difference between
the final and initial states. Then, it implies that there
are three different binding energies for the same spin-up
1πu orbital of the X state, which does not make sense in
the single active electron picture.

Clearly, the splitting of energy levels is due to the re-
laxation of electrons cloud after ionization. Therefore,
the binding energy of the spin-up 1πu orbital of the X
state should be a weighted sum of ∆E1, ∆E2, and ∆E3,
where ∆Ei = Ei − EX is the energy difference between
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state i and the X state. One way to average the energies
is to assume that states 1 – 3 are equally likely to be
formed. In particular, since state 1 has a 2-fold degener-
acy, it should be counted twice. As a result, the effective
binding energy is Eb = ∆E1/2 + ∆E2/4 + ∆E3/4. Sim-
ilarly, for states 4 and 5, their effective binding energy
is Eb = ∆E4/3 + 2∆E5/3, since there are only three al-
lowed states for the singlet 1π−1u 1π−1g configuration (1Σ+

u

is symmetry forbidden). The same averaging scheme was
also applied to the ionization from the a state to states
1 – 3. For states 0, 6, and 7, their binding energies are
simply the energy difference between the final and initial
states. As an example, Tab. III shows the effective bind-
ing energies as well as the structure parameters of the
spin-up orbitals of the X state. The structure param-
eters are obtained using the method in Ref. [37]. Note
that these structure parameters were also used for ioniza-
tion from the a and b states, as well as for the spin-down
orbitals.

Last but not least, despite states 1 – 3 have the same
binding energy, their ionization rates are different be-
cause of the multiplicity. Naively, in consistent with our
averaging scheme, for states 1 – 3, their ionization rate
should be weighted as W/2, W/4, and W/4, where W
is the ionization rate with the effective binding energy.
However, if one introduces weighting factors for ioniza-
tion rates, one should do so systematically for all transi-
tions. In our approach, ionization of a π orbitals have a
weight of 2, since one can ionize the π+ or π− orbitals,
while ionization of a σ orbital only has a weight of 1.
For ionization to states 1 – 3 from the X or a states,
their weight for ionization rates should be further multi-
plied by 1/2, 1/4, and 1/4, such that the final weights for
states 1 – 3 are 1, 1/2, and 1/2. Similarly, for ionization
of a πu orbital from the X state to states 4 and 5, the
weighting factors are 2/3 and 4/3, respectively.

C. Electronic structure calculations

In the electronic structure calculations of O+
2 and O2+

2 ,
the internuclear distance is fixed at R = 1.21 Å, the
electrons in the 1σg and 1σu orbitals are kept frozen,
while the active space consists of the orbitals 2σg, 2σu,
3σg, 1πu, 1πg and the unoccupied orbital 3σu. We used
the ANO-L basis for the O atom and used the state av-
eraged complete active space self consistent field (SAl-
CASSCF(m,n)) calculation to obtain the electronic wave
functions, where l is the number of states, m is the num-
ber of electrons in the active space, and n is the number of
active orbitals. We then performed the second-order per-
turbation (CASPT2) calculation using those wave func-
tions to improve the accuracy of the energies. Note that
the calculations were done without enforcing the symme-
try of the molecule. These calculations were done using
the open source package OpenMolcas [39].

For O+
2 , the vertical ionization potentials for the

X, a, and b states are taken from the experimental

TABLE IV. Transition dipole moments between O2+
2 states

calculated in this work. Note that the dipole moment be-
tween W 3∆u and B3Πg is double counted since both states
are doubly degenerate.

State 1 State 2 Dipole moment (a.u.)
W 3∆u B3Πg 0.318 x̂
B3Σ−u B3Πg 0.123 x̂
A3Σ+

u B3Πg 0.234 x̂
11Σ−u 11Πg 0.126 x̂

value [36], but the transition dipole moment between
the a and b states was calculated using the SA3-
CASSCF(11,8)/CASPT2 method. The calculated exci-
tation energy from the a to b state is 1.42 eV, which
is in excellent agreement with the experimental value of
1.5 eV. The transition dipole moment between these two
states is found to be 0.29 x̂ a.u., which agrees with the
result from Ref. [35]. Note that we used the dx com-
ponent to represent the transition from both Π± states
to a Σ state. The only doublet state we considered
for O+

2 is the X state. This is because from the SA6-
CASSCF(11,8)/CASPT2 calculation for doublet states,
we found that the lowest two 2Πu state, which are 5.56
and 6.98 eV above theX state, consists mainly of configu-
rations with a spin flipped electron in the 1πg orbital and
cannot be reached from tunnel ionization. Their laser
couplings to theX state are negligible due to the large ex-
citation energies. The higher doublet states which can be
reached from ionization were not considered, since their
ionization potentials are too high (above 20 eV [36]).

For O2+
2 , we calculated the energies of the triplet

and singlet states using the SA8- and the SA6-
CASSCF(10,8)/CASPT2 method, respectively. We set
the vertical ionization potential of state 6 (B3Πg) to be
43.46 eV, as it was done in the fitting of O2 normal Auger
spectrum in Ref. [27]. Then, the energies of all other
triplet and singlet states are shifted systematically, and
the results are shown in Tab. II. Our vertical ionization
potential of state 1 (W 3∆u) and 2 (B3Σ−u ) are in excel-
lent agreement with the fitted energies in Ref. [27], which
were found to be 43.05 and 44.2 eV. The potential of
state 3 (A3Σ+

u ) and the other singlet states also seems to
agree with the potential energy curves at R = 1.21 Å in
Ref. [25]. The calculated transition dipole moments be-
tween relevant states are tabulated in Tab. IV.

III. MAIN RESULTS

To simulate the KER spectrum and compare it with
the experiments from Voss et al. [13] and Wu et al. [24],
we used a linearly polarized Gaussian laser pulse with
peak intensity at 1.2×1015 W/cm2, central wavelength of
800 nm, and pulse duration of 8 fs. After solving Eq. (1),
populations of the O2+

2 states at different alignment an-
gles are obtained and averaged with an isotropic distribu-
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tion. The KER spectrum is then calculated by convolving
the angular averaged yield with Gaussian functions with
an energy resolution of 0.4 eV [12].
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FIG. 2. Comparison of kinetic energy release spectra of
O+ + O+ from Voss et al. [13] (red circles), Wu et al. [24]
(blue triangles), and our model with a 800 nm linear polarized
Gaussian laser pulse with peak intensity at 1.2× 1015 W/cm2

and pulse duration of 8 fs (black line). The 11 eV peaks are
all normalized to unity.

Figure 2 shows the KER spectra of O+ + O+ from
Voss et al. [13], Wu et al. [24], and our model. All KER
spectra are normalized to unity at the highest peak. The
spectrum from Wu et al. is shifted by 0.8 eV to higher
energies to match the results from Voss et al.. Overall,
the agreement between the two experiments and the the-
ory are excellent, despite the wavelength and intensity of
the laser used by Wu et al. was reported to be 780 nm
and 1×1015 W/cm2. Positions of the first three peaks at
around 7.4, 8.8, and 11 eV agree very well between the
three results. These peaks are in an increasing order in
all three spectra, but the spectrum from Wu et al. have
slightly larger values for the first two peaks.

On the down side, the spectra from Voss et al. and Wu
et al. have some structures around 10 eV, while our spec-
trum has a sharp minimum. One can also see that width
of the 11 eV peak from Voss et al. and Wu et al. are
different, most likely because the two experiments have
different energy resolutions. While there is a sharp peak
at 10 eV in the spectrum from Voss et al., the structure
around 10 eV in the spectrum from Wu et al. does not
appear as a peak. [24]. As a result, it is not clear whether
there is indeed a peak at around 10 eV.

In short, we found that the KER spectrum simulated
by our model reproduces the main features of the KER
spectra by Voss et al. [13] and Wu et al. [24]. The agree-
ment between the results are excellent, suggesting that
the assumptions made in the DM-SDI model are valid,
particularly the averaging of binding energies.

IV. MECHANISMS OF O2 SDI

In this section, we will explore the mechanism behind
O2 SDI. We will first assign the KER peaks to different
O2+

2 states and then discuss the effects of laser couplings
on each peak. Next, we will discuss orbital relaxation of
ionized orbitals and the degenerate electronic configura-
tion in some O2+

2 states. The laser parameters used in
this section are the same as in Fig. 2.

A. Assignment of KER peaks
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FIG. 3. Population of different O2+
2 states labeled according

to Tab. II and the convoluted KER spectrum as in Fig. 2.

Figure 3 shows the assignment of KER peaks to differ-
ent O2+

2 states according to Tab. II. The assignment can
be summarize as follows:

7.4 eV peak – state 1 (W 3∆u).
8.8 eV peak – states 2 (B3Σ−u ) and 3 (A3Σ+

u ).
11 eV peak – state 6 (B3Πg).
12.7 eV peak – state 7 (11Πg).
Weak signals – states 4 (11Σ−u ) and 5 (11∆u).
While our assignment of the 7.4 and 11 eV peaks agree

with Voss et al. and Wu et al., there are disagreements
on the assignment of the 8.8 eV peak. Our calculation
suggests that state 3 contributes substantially to the 8.8
eV peak, but this state was not considered in their work.
We found that the population of states 4 and 5 are small,
therefore these states do not contribute to the 8.8 eV
peak, in contrast to their assignment.

Since the contribution from state 5 to the KER spec-
trum is small, our spectrum has a sharp minimum instead
of a peak around 10 eV. To see what could contribute to
the structure around 10 eV in the experiment, first we
observe that the small peak at 12.7 eV was not resolved
in the experiments by Voss et al. and Wu et al.. This sug-
gests that there could be a broadening effect due to the
vibrational motion of neutral molecule, which was also
speculated in the study of N2 SDI [12]. Consequently,
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the structure around 10 eV could come from the 8.8 and
11 eV peak, and the additional structure would come
from SDI to state 5. However, it is beyond the scope
of this work to study the vibrational broadening effect,
which we intend to address in the future.

If there is a genuine peak at 10 eV, then it means
there are missing contributions to the KER spectrum.
Since we consider the lowest 6 singlet and triplet states
of O2+

2 , one may think that quintet states could con-
tribute to the spectrum. However, from our SA3-
CASSCF(10,8)/CASPT2 calculations for the quintet
states, the 15Σ+

g and 15Πu states have vertical ioniza-
tion potentials of 45.5 and 46.9 eV. Since they dissociate
to O+(4S) + O+(4S) and O+(4S) + O+(2D) respec-
tively [25], that means their KER are 13.2 and 11.2 eV,
which cannot contribute to the 10 eV structure.

The remaining possibility is that some other processes
with comparable contribution to SDI lead to formation of
state 5. One possible process is the nonsequential double
ionization (NSDI). In the experiment by De et al. [21],
using a 790 nm, 8 fs, and 4 × 1014 W/cm2 laser, they
observed a peak around 10 eV in the KER spectrum of
O+ + O+ and assigned it to state 5. At this laser in-
tensity, state 5 is mostly likely to be formed by NSDI.
While it is unlikely for NSDI to have comparable contri-
bution to SDI at the peak intensity of 1.2×1015 W/cm2,
no conclusion can be drawn at this time, unless there
are additional experimental data on strong field double
ionization of O2 or theoretical study on NSDI of O2.

B. Effects of laser couplings
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FIG. 4. Effects of laser couplings between O+
2 states and O2+

2

states on the KER spectrum. Black: All laser couplings are
on. Red: Laser couplings between O2+

2 states are off. Blue:
All laser couplings are off. Laser parameters are the same as
in Fig. 2.

One important extension of the DM-SDI model [12]
to O2 is to include the laser couplings between the O2+

2

states. To examine the role of these couplings, we solved
Eq. (1) with dipole moments between O2+

2 states set to
zero, i.e. switching off the O2+

2 laser couplings. The
black solid line and red dashed line in Fig. 4 show the
KER spectra with and without the O2+

2 laser couplings.
Without the couplings, the 8.8 eV peak becomes slightly
lower than the 7.4 eV peak, and the 11 eV peak becomes
higher. This is because the role of O2+

2 laser couplings
is to transfer the population from state 6 to states 2 and
3. After switching off the couplings, the sum of yield
of states 2 and 3 is equal to the yield of state 1, since
states 1 – 3 share the same binding energy in our model.
Therefore, after the convolution, the 8.8 eV peak becomes
slightly lower than the 7.4 eV peak. As a result, one can
see that laser couplings can still play a role after reaching
to the doubly charged states in the SDI process.

It is also of interests to investigate the importance of
laser coupling between the a and b state of O+

2 . The blue
dotted-dashed line in Fig. 4 shows the KER spectrum
when all laser couplings are switched off. It is instructive
to compare the result with the spectrum without O2+

2

couplings (red dashed line). We see that the 11 eV peak
drops significantly when the O+

2 coupling is also turned
off. Since state 6 is formed from the X or b state (see
Tab. II) and the X state does not couple to the a and
b states, this implies that transient population of the b
state is decreased with the switch off of the O+

2 laser
coupling. This also implies that the transient population
of the a state increases, such that the 7.4 and 8.8 eV
peaks are higher. Hence, further turning off the O+

2 laser
coupling causes the KER spectrum further deviates from
the qualitative behavior of the experimental spectra.

We have thus showed that the laser couplings between
O+

2 states and O2+
2 states are crucial to reproduce all the

qualitative behavior of the experimental KER spectra. It
is not unexpected that laser couplings between the dou-
bly charged states are still relevant in SDI. This means
that one may not simulate all the details of the dissocia-
tion dynamics of doubly charged states in SDI simply by
propagating classical trajectories with a field-free Hamil-
tonian. In addition, O2 SDI is a good example of compli-
cated systems where doubly charged states could dissoci-
ate through interactions with other repulsive states. Such
dissociation dynamics requires significant theoretical ef-
fort to understand and therefore greatly increases the
difficulties in modeling SDI. Similar post-ionization dy-
namics have been recently studied in NSDI of OCS [40].

C. Orbital relaxation

After ionization, the remaining occupied valence or-
bitals will relax and become more localized in space, such
that the ionization potentials are increased. In our previ-
ous approach [12], we assumed that the structure param-
eters Clm of orbitals of the neutral and the ionic states
are identical, but the ionization potentials are different.
In this section, we examine the changes in Clm due to or-
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FIG. 5. Normalized KER spectrum calculated using the struc-
ture parameters of O2 and O+

2 (solid line) and using only the
structure parameters of O2 (dashed line). Laser parameters
are the same as in Fig. 2.

bitals relaxation after ionization, as well as its influence
on the qualitative behavior of the KER spectrum of O+

+ O+.

Figure 5 shows the simulated KER spectra using the
structure factors of O2 and O+

2 and using only the struc-
ture factors of O2. We found that when using only the
structure factors of O2, the values of the 8.8 eV and 7.4
eV peaks are smaller, but the qualitative behavior of the
KER spectrum remains: the first three peaks are in an
increasing order. This is because the largest component
of Clm (see Tab. III and Tab. I) remains the same and
the ratios between components for different orbitals are
similar. That leads to similar angular dependence of the
ionization rates, and thus similar qualitative behavior of
the spectrum.

Another change in structure parameters to consider is
the orbital relaxation after excitation. We obtained the
structure parameters of the 1πg orbital of the a state and
the b state separately by the method of Zhao et al. [37],
where the electron density of the excited states is repre-
sented by changing only the occupation numbers of the
orbitals. Using these structure parameters for the a and
b state [41], we found that the ratio between KER peaks
change by less than 5% compared to the solid line in
Fig. 5. Therefore, one can neglect the changes in struc-
ture parameters due to orbital relaxation after excitation.

To summarize, we found that using only the structure
parameters of the neutral molecule does not have influ-
ence on the qualitative behavior of the KER spectrum
of O+ + O+. It is an important result because it justi-
fied the assumption we made in our previous model for
N2 SDI. It also allows us to keep the SDI model sim-
ple, such that it is possible to extend the model to more
complicated systems and scenarios.
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FIG. 6. KER spectra simulated by the model used in Fig. 2
(solid line) and the Dyson model (dashed line). Laser param-
eters are the same as in Fig. 2. See the text for details about
the Dyson model.

D. Degenerate electronic configuration

In Sec. II, we discussed the ambiguity of assigning
binding energies to the 1πu or 1πg orbitals of the X or a
states. Assuming the final states are degenerate (in terms
of electronic configuration), we averaged out the vertical
ionization potentials according to their multiplicity and
obtained an effective binding energy. Then, in Sec. III,
we showed that our model reproduced the qualitative be-
havior of the experimental KER spectra. In this section,
we adapt a many-electrons model for tunneling ioniza-
tion and compare the simulated KER spectrum to the
one in Fig. 2.

To account for the many-electrons effect, one typically
uses the so-called Dyson orbitals, which is the overlap of
the N - and (N − 1)-electrons wave functions, to replace
the Hartree-Fock or Kohn-Sham orbitals in tunneling ion-
ization models [42]. This implies that the Dyson orbitals
from the same initial but different final states are differ-
ent. Consequently, ionization from the X state to states
1 – 3 have three different ionized orbitals. To implement
this approach to the SDI model, we first note that the
shape of these Dyson orbitals are strikingly similar to
the Hartree-Fock orbitals, such that it is reasonable to
approximate the structure parameters of the Dyson or-
bitals by the parameters in Tab. III. The binding energy
of these Dyson orbitals is taken as the energy difference
between the final and initial states. The weighting fac-
tors for ionization rates then follows the rule for π or σ
orbitals, as discussed in Sec. II. In fact, this approach was
used in modeling N2 SDI by our previous work (without
the weighting factors) [12]. For convenience of the follow-
ing discussion, we called this model the Dyson model.

Figure 6 compare the simulated KER spectra by the
model used in Fig. 2 and the Dyson model. One can im-
mediately see that the qualitative behavior of the spec-
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FIG. 7. Angular averaged yield of O2+
2 and KER spectra

at different wavelengths: 800 nm (black), 564 nm (red), and
1675 nm (blue). Other laser parameters are the same as in
Fig. 2.

trum simulated by the Dyson model is not consistent
with the experimental spectra. Namely, the 8.8 eV peak
is more prominent than the 11 eV peak. This happens
because the binding energies of Dyson orbitals for states
1 – 3 are different. Consequently, the ionization rates to
states 3 becomes the largest among states 1 – 3 due to its
low vertical ionization potential. The discrepancy in the
qualitative behavior of the simulated spectrum strongly
suggests that there should be one binding energy instead
of three for the ionization to states 1 – 3. Therefore,
while the use of Dyson model works well for N2 [12], the
same model does not apply to O2 SDI.

From the comparison of the two different models, we
arrive to the conclusion that the single active electron pic-
ture with effective binding energies captures the physics
better than the Dyson model we defined earlier. The
averaging scheme we proposed for the effective binding
energy is quite general, and we expect that it can be ap-
plied to similar situations for other systems. This would
allow us to continue the study of SDI for complex targets
using the current model.

V. EFFECTS OF LASERS ON THE KER
SPECTRA

In this section, we explore how the KER spectrum of
O+ + O+ will change with different central wavelengths
of the laser, different alignments between the laser polar-
ization and the molecular axis, and different peak laser
intensities. Unless otherwise specified, the laser parame-
ters used in this section are the same as in Fig. 2.
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FIG. 8. Effects of alignment on the KER spectrum. Laser
parameters are the same as in Fig. 2. See the text for details
about the alignment distribution functions.

A. Wavelength dependence

In the previous section, we have seen the importance
of laser couplings in O2 SDI, so one expects that chang-
ing the central wavelength of the laser would also have
impact on the KER spectrum. It would be particularly
interesting to use a 564 nm and a 1675 nm laser, since
their frequencies (2.2 and 0.74 eV) would drive states 3
and 6 and states 2 and 6 in resonance, respectively.

Figure 7 shows the KER spectra calculated using cen-
tral wavelength of 800 nm, 564 nm, and 1675 nm. We see
that the use of 564 nm and 1675 nm laser greatly enhance
the 8.8 eV peak but suppress the 11 eV peak for both
wavelengths. This is expected since the resonance condi-
tions would enhance the population transfer from state
6 to states 2 or 3. We suggest future experiments on O2

SDI to be carried out at similar wavelengths, since such
sharp changes in the qualitative behavior of the spectra
should be easily detected in experiments. Then, the re-
sults can further test the DM-SDI model and could con-
firm that the KER spectrum of O+ + O+ from SDI can
be effectively controlled by changing the central wave-
length of the laser, as it was done for nonsequential dou-
ble ionization of O2 by Alnaser et al. [17].

B. Alignment dependence

Since laser alignment of O2 has been achieved exper-
imentally, it would also be interesting to investigate the
alignment dependence of the KER spectrum of O+ +
O+. A recent study by Wangjam et al. [43] showed that
it is possible to align and antialign the O2 molecule with
〈cos2 θ〉 about 0.7 and 0.2, respectively. Therefore, we
simulated the KER spectrum with alignment distribu-
tion functions ∝ cos6 θ and ∝ cos2(θ − π/2), which have
〈cos2 θ〉 about 0.77 and 0.2, respectively.
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FIG. 9. Intensity dependence of the angular averaged yield of
the major O2+

2 states. Other laser parameters are the same
as in Fig. 2.

Figure 8 shows the KER spectra with aligned, an-
tialigned, and isotropic O2. We see that the spectrum
for aligned O2 has a very sharp peak at 11 eV compared
to isotropic O2, while the 7.4 eV and 8.8 eV peaks of
the aligned O2 spectrum are weaker than the isotropic
O2 spectrum. This can be explained by the MO-ADK
theory and by the effects of laser couplings. At 0 or 180
degrees, ionization of the 1πu orbital is suppressed, while
ionization of the 3σg orbital is enhanced. In addition,
since all transition dipole moments are perpendicular to
the molecular axis (see Sec. II), laser couplings are sup-
pressed for aligned O2. Hence, yield of states 1 – 3 de-
crease and yield of state 6 increases. On the other hand,
the KER spectrum with antialigned O2 does not change
significantly compared to the isotropic one, since the de-
gree of antialignment is weak.

We have shown here that experimentally accessible
alignment condition for O2 can greatly alter the qual-
itative behavior of the KER spectrum of O+ + O+.
To further validate our model, it is highly desirable to
have new measurement for the KER spectrum in pump-
probe experiments for O2, where the pump laser aligning
the molecule and the probe laser triggering SDI of the
molecule.

C. Intensity dependence

Taking advantage of the low computational cost of our
model, in this section, we investigate the intensity de-
pendence as well as the focal volume effect in O2 SDI. To
simplify the notation, we define the unit I0 here as 1014

W/cm2.
Figure 9 shows the intensity dependence of angular

averaged yield of states 0 – 3 and 6, which are the most
populated O2+

2 states. For all intensities, we see that
yield of state 0 is the highest, followed by the yield of
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FIG. 10. Normalized KER spectra at different laser inten-
sities (thin dashed lines) and the volume-averaged spectrum
with peak intensity at 12I0 (thick solid line), where I0 = 1014

W/cm2. Other laser parameters are the same as in Fig. 2.

state 6. The yield of states 1 – 3 are similar since they
share the same effective binding energy. Yield of all these
states start to saturate at intensity about 11I0, suggesting
that there is no need to go above that laser intensity in
the experiment.

Figure 10 shows the variation of KER spectra with
different peak laser intensities and the effect of volume
averaging [44]. These spectra have similar qualitative be-
havior, but the 11 eV peak is increasingly dominant at
lower intensity, as can be seen from the spacing between
state 6 and states 1 – 3 in Fig. 9. Therefore, volume av-
eraging would bring down the ratios between the peaks,
but retaining the qualitative behavior of the spectra. The
volume averaged spectrum with peak intensity at 12I0 is
showed as the thick solid line in Fig. 10. Indeed, the spec-
trum lies between the spectra at different peak intensities
and shows similar qualitative behavior.

From comparing the KER spectra calculated at differ-
ent peak intensities, we see that the ratios between the
peaks could vary by about ±20% when the peak intensi-
ties vary also by ±20%, which is within the range of typi-
cal uncertainties in laser diagnostics in experiments. This
suggests that, once again, we should focus on the qual-
itative behavior of the KER spectrum from SDI rather
than the quantitative aspects. Therefore, in this sense,
one can conclude that the focal volume effect does not
play an important role in O2 SDI in the considered range
of laser intensity.

VI. SUMMARY AND OUTLOOK

To summarize, we have extended the DM-SDI model
developed recently [12] to the open-shell diatomic
molecule O2. The major extensions of model are the in-
clusion of laser couplings between doubly charged states
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and the introduction of effective binding energies in the
case of degenerate electronic configuration. We simu-
lated the KER spectrum of O+ + O+ using the ex-
tended DM-SDI model and obtained excellent qualita-
tive agreement with the experimental spectra from Voss
et al. [13] and Wu et al. [24]. Taking advantage of the
low computational cost, we explored the physics behind
O2 SDI and different effects of the lasers on the KER
spectrum. While we made several assumptions in the
DM-SDI model, it appears that those assumptions are
valid in the SDI process initiated by an ultrashort (< 10
fs) intense IR laser pulse.

Based on the comparison of experimental and theoreti-
cal KER spectra presented in this article on O2 and in the
previous article on N2 [12], it is fair to say that the DM-
SDI model first presented by Yuen and Lin [12] has suc-
cessfully explained the existing experimental data on dis-
sociative sequential double ionization of simple diatomic
molecules by ultrashort intense IR lasers, even though
those experiments were carried out decades before. A key
feature of the model is that many-body electronic wave
functions are not involved explicitly. The model only re-
quires static electronic structure information calculated
using those wave functions, such as vertical ionization
potentials, transition dipole moments, and structure pa-
rameters for valence orbitals. Therefore, computational
cost of DM-SDI is very low. Consequently, calculations
for different molecular orientation with respect to the
laser, different wavelengths, and different laser intensi-
ties can all be readily carried out, such that the theo-
retical results can be compared directly to experiments.
This is in sharp contrast to calculations carried out using
quantum chemistry packages, where a single calculation
is already computationally costly.

From the experimental sides, most of the SDI experi-
ments have been carried out at least a decade ago using
longer pulses for many molecules. However, the use of
long pulses make observables difficult to interpret, since
nuclei motion could be important during the ionization
process and there could be subsequent ionization of neu-
tral fragments from large molecules. Today, sub-ten fem-
tosecond lasers of various wavelengths are widely avail-
able, and many molecules also can be aligned or ori-
ented. In view that DM-SDI has been shown to predict
alignment, laser intensity, and wavelength dependence,
it would be desirable that more experiments to be car-
ried out to test the predictions according to the DM-SDI
which can be provided by the authors. In particular,
alignment and wavelength dependence would be a sensi-
tive test as demonstrated in Sec. V.

Looking ahead, we anticipate to further develop the
DM-SDI model along several directions. One direction
is to apply the model to larger molecules. Since many-
body electronic wave functions are not involved explic-
itly in DM-SDI, its computational cost does not scale
with number of electrons and size of a molecule. How-
ever, the major challenge for applying DM-SDI for large
molecules is on the determination of dissociation dynam-

ics of doubly charged states. In O2 SDI, a few O2+
2 states

are metastable and they would couple to other dissocia-
tive states by spin-orbit or laser couplings to dissociate
to different limits. While in N2 SDI [12], the relevant
doubly charged states are either stable (N2+

2 could be de-
tected) or repulsive. From these two examples, one can
see that dissociation dynamics varies greatly for differ-
ent molecules. Attempts to do full dissociation dynam-
ics from first principles calculations would be extremely
complex, for example, see the case of H2O2+ [45]. As
the size of the molecule increases, theoretical determina-
tion of dissociation dynamics would become even more
challenging as there will be more fragmentation chan-
nels [6, 9, 10]. Nevertheless, it is possible to reduce the
computational effort on the dissociation dynamics cal-
culations by reducing the number of considered doubly
charged states. This can be done by calculating SDI yield
of different states using DM-SDI and neglecting those
states with small yield.

Another direction we have in mind is to use KER spec-
tra via dissociative SDI for molecular dynamics imag-
ing. In general, imaging is an inverse scattering prob-
lem which requires many iterative computations. There-
fore, to retrieve molecular structure or dynamics, the
underlying theory should be simple and have low com-
putational cost. Some examples are the high harmonic
spectroscopy [46, 47] and laser-induced electron diffrac-
tion [48, 49] using the quantitative rescattering model.
We believe that DM-SDI also has the simplicity to per-
form iterative retrieval calculations without significant
computational effort. Starting with a pump pulse to cre-
ate an excited wave packet, we suggest to use an ultra-
short intense IR laser pulse to doubly ionize the excited
wave packet and measure the KER at different time de-
lays of the probe pulse. Using the KER spectra at dif-
ferent delays, it is possible to retrieve the excited wave
packet initiated by the pump pulse by using DM-SDI and
some optimization algorithms. This idea will have to be
tested out with further simulations and realization using
experimental data. We will demonstrate the feasibility
of this scheme in our upcoming work.

Finally, we would like to comment on the NSDI yield
versus the SDI yield. In experiments, different laser in-
tensities inside the focal volume would contribute to the
double ionization. At lower intensities (∼ 1014 W/cm2),
one expects that NSDI would be the dominant process.
However, since NSDI is challenging to model, to exam-
ine the importance of NSDI in the entire focal volume,
one may rely on experimental effort. One possible ap-
proach is to investigate the intensity dependence on dou-
bly charged to singly charged yield ratio and identify the
SDI regime (the knee structure), similar to the seminal
work on strong field double ionization of He [50]. Another
approach would be to compare the measured KER spec-
tra using linearly polarized and circularly polarized laser
(with the same peak field strength) [13]. There should be
a range of peak laser intensities where the NSDI yield is
negligible compared to SDI, such that the DM-SDI model
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can be used to simulate double ionization of the target
in the entire focal volume.
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