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The double-well structure emerges as a result of the potential coupling in a molecular system. In this paper,
taking the ionization of NO as an example, its influence on time-resolved photoelectron spectrum is investigated,
by using the time-dependent wave packet method. The results reveal that the double-well structure formed by
the crossing of NO excited state potentials supports several degenerate energy levels, which plays a crucial role in
determining the dynamical behavior of NO molecule. It is also demonstrated that by adjusting the delay time of
pump and probe laser pulses in the process of NO multiphoton ionization, the influence of double-well structure on
time-resolved photoelectron spectrum can be manifested by the variation of vibrational population in the double-
well. The investigation about the effect of double-well structure on time-resolved photoelectron spectrum can
provide us with a better understanding of dynamical behavior of molecules in external fields.
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1. Introduction

As a common model in quantum systems, the double-
well structure has received much attention both the-
oretically and experimentally [1–7]. The influence of
relevant parameters, e.g., relative depth and width of
the double-well structure, on the wave function and en-
ergy levels of the related systems has been well inves-
tigated [8, 9]. Also, some important dynamics, such as
the Bose–Einstein condensates and the tunneling process
in double-well have been explored [10, 11]. All of these
above mentioned provide us a good foundation to under-
stand the influence of double-well structure on molecular
systems.

As a representative of diatomic molecules,
NO molecule is well studied in previous researches,
including the photoionization and photodissociation
behaviors under intense laser fields [12]. It is found that
in the process of NO multiphoton ionization (MPI),
some parameters of laser field, such as laser intensity and
half-width, etc., play a crucial role [13]. By analyzing
the time-resolved photoelectron spectrum (TRPES) of
NO molecule, it is shown that the coupling between NO
excited potentials is a significant factor of influencing
the dynamical behaviors of NO molecule. Especially
when the delay time of the pump and probe laser
pluses is small, the laser intensity increases, as the
overlap of two pluses makes the coupling strength much
stronger than that of large delay time, which may lead
to some NO molecular “invisible” states becoming visible
ones [13]. This kind of coupling can give rise to the
avoided crossing of potential curves, and therefore form
the double-well structure of the system.
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As far as we know, there are only few studies show-
ing how the double-well structure affects the dynamical
behavior of molecule. In this paper, the time-dependent
wave packet (TDWP) method will be used to simulate
the process of NO MPI and investigate how the double-
well structure influences the TRPES. The remainder of
the paper is arranged as follows. In Sect. 2, the theo-
retical methods to deal with double-well system are in-
troduced, including the double-well model and the “split-
operator” scheme of wave packet propagation [14–17]. In
Sect. 3, the influence of double-well structure on TRPES
is discussed and analyzed. Finally, in Sect. 4, the conclu-
sions are presented.

2. Review of the theoretical treatment

2.1. Double-well structure

In the NO MPI experiment of Ludowise et al. [18],
the five-state model is used to analyze the results of the
experiment. However, due to the coupling of the po-
tentials, the resulting crossing of the potential curves
will inevitably influence the related dynamical behaviors
of molecules. Here, for convenient discuss, we choose
this kind of crossing (which is also called avoided cross-
ing) as a special form of electronic structure and investi-
gate its manifestation in the TRPES. In calculation, we
take the coupling strength E(r) in the form of Gaussian
function

E(r) = E0 exp (r − r0) /σ2, (1)
where r0 is the position of cross point, r is the internu-
clear distance, and the avoided crossing is represented by
a double-well model (Fig. 1). In this process of NO MPI
with the double-well model, a strong laser pulse pumps
a wave packet prepared in the ground electronic state to
the double-well; another laser pulse is used to probe the
dynamic behavior of the wave packet occurring on the
state.
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Fig. 1. Double-well model. X and I denote stateX2Π 1
2

of NO and the ground state of NO+, respectively. BC
denotes the double-well structure of the NO excited
state. A first laser pulse pumps a wave packet to an
excited electronic state. The wave packet’s motion is
probed by a second time delay laser pulse, which is also
used to ionize the molecule.

The Hamiltonian describing the dynamic behavior of
NO molecule in external fields can be written as

Ĥ = T̂ + V̂ , (2)

where T̂ = − }
2µ

2 ∂2

∂r2 is the kinetic energy operator and V̂
is the potential energy operator. In calculation, we write
the potential matrix in double-well model as follows:

V̂ (r, t) =
VX WBCX 0 . . . 0

WXBC VBC WIBC . . . WIBC

0 WBCI VI+EI,1 . . . 0
... . . . . . . . . .

...
0 WBCI 0 . . . VI+EI,n

 , (3)

where VX refers to the potential energy of neutral elec-
tronic state X2Π and VBC is the double-well potential
energy. EI,j (j = 1, 2,. . ., n) denote the potential en-
ergies of the discretized set of continuum states in the
part of ion-pair states, with VI + EI,j (j = 1, 2,. . ., n)
the electron kinetic energies. Wij = µijE(t) (i, j = X,
BC, I) denote the coupling between the electronic states
involved with the dipole matrix elements µij and the ex-
ternal field E(t).

2.2. Method to solve the time-dependent Schrödinger
equation

The dynamical information associated with the
MPI can be obtained by solving the time-dependent
Schrödinger equation. Within the Born–Oppenheimer
approximation, the time-dependent Schrödinger equa-
tion can be written as

i}
∂Ψ(r, t)

∂t
= ĤΨ (r, t) (4)

Using the “split-operator” method and denoting the small
time interval ∆t the canonical solution of Eq. (4) can be
written as

Ψ(r, t+ ∆t) = exp

(
− i

}
Ĥ∆t

)
Ψ(r, t), (5)

where exp(− i
}H∆t) is the time evolution operator with

Ĥ = T̂ + V̂ . Then, within the second order approxima-
tion, the expression of Eq. (5) can be written as

Ψ(r, t0 + ∆t) ≈ [U
1
2

T UV U
1
2

T ]Ψ(r, t0), (6)
where UT = exp(− i∆t

} T̂ ), UV = exp(− i∆t
} V̂ (r, t0)) are

two new evolution operators, which represent the evolu-
tions of kinetic energy and potential energy, respectively.
After propagating n steps, the wave function can be writ-
ten approximately as

Ψ (r, t0 + n∆t) ≈

[
n−1∏
k=0

UTUV (r, t0 + k∆t)

]
Ψ(r, t0).(7)

Once the wave function Ψ(r, t) is determined, the pop-
ulation in each electronic state (including ones in the
electron–ion pair states) can be given by

P (t) =

∫
drΨ∗ (r, t)Ψ (r, t) . (8)

Evidently, we can describe the population of ionized elec-
trons with P (t) on each state of NO+ changing with the
kinetic energy of ionized electrons, and then obtain the
TRPES.

3. Results and discussion

The simulated time-resolved photoelectron spectrum
associated with the double-well structure is displayed
in Fig. 2. The comparison of these figures shows
that when the delay time between the two laser pulses

Fig. 2. The femtosecond time-resolved photoelectron
spectra from 2 + 1 MPI of NO double-well system at
fixed pump and probe wavelengths for pump-probe de-
lay times of 0, 50, 100, 200 fs for (a)–(d). The pump
intensity is 8 × 1011 W/cm2, and the probe intensity is
3 × 1010 W/cm2.
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Fig. 3. The energy level in the double-well with n de-
noting the vibrational quantum number. The 8th and
9th energy levels are degenerate, the 12th and 13th en-
ergy levels are also degenerate.

(360 nm and 340 nm, respectively) is not zero, there are
two high peaks in the picture, while there is one promi-
nent peak when the delay time between the two laser
pulses is zero. Apparently, the difference in peak number
and height is caused by different delay time. Actually,
the reasons behind this are more complicated. Due to
the coupling of the potentials, the formed double-well
and the corresponding potential barrier give rise to the
appearance of several degenerate energy levels, which can
lead to the change of the population in the double-well.
When the delay time is 0 fs, because of the overlap of
the pump and probe laser fields, many molecules are ion-
ized, and the kinetic energy of most ionized electrons are
near 1.0 eV, corresponding to the 13th occupied vibra-
tional energy level in the double-well, which is resonant
with the pump laser of 360 nm. When the delay time
is 200 fs, the absence of the former laser pulse results in
the new distribution of molecules in the double-well, and
some of the molecules are populated on the 8th and 9th
energy levels, which are the lower degenerate energy lev-
els (Fig. 3) in the double-well. This is the reason why the
peak appears in position 0.4 eV. Furthermore, as is also
shown in Fig. 4, the laser intensity is also influential in
the process of NO MPI. Obviously, with increase in the
laser intensity in small range, the double-peak becomes
much higher, which can be regarded as more molecules
being ionized from the double-well.

The TRPES of NO double-well system can also be in-
terpreted by the tunneling effect [19]. As can be seen in
Fig. 5, the first laser pulse pumps the wave packet to the
left part of the double-well. Even if the energy of these
molecules is not high enough to penetrate the potential
barrier in the double-well, with time evolution, the ex-
istence of tunneling effect will lead to some molecules
appearing in the right one (Fig. 5). Certainly, molecules
in both parts of the double-well, can possibly be ion-
ized. Thus, due to the special structure of double-well,

Fig. 4. The comparison of simulated TRPES of NO
double-well system with different pump laser intensities.
Each of these figures is the result of pump-probe delay
time 200 fs. The pump intensities are 8×1011, 1.5×1012,
2 × 1012, 2.5 × 1012 W/cm2 for (a)–(d), respectively.

Fig. 5. The comparison of Ψbc (black line) in Vbc (red
line) with different evolution times. The evolution time
for (a)–(d) is 32, 64, 96, 128 fs.

and the corresponding tunneling effect, the population
of molecules in the double-well potential is quite differ-
ent from those in single-well potential. That is why the
double-well structure plays an important role in inter-
preting the ionization dynamics of molecules.

4. Conclusions

In this work, using the time-dependent wave packet
method, and taking the ionization of NO molecule as
an example, we investigate the influence of double-well
structure on photoelectron spectrum. It is found that
due to the special structure of double-well, the poten-
tial supports several degenerate energy levels. Further-
more, when the molecules are excited to the higher de-
generate energy levels in the double-well, with time evo-
lution, these molecules are likely to populate in the lower
degenerate energy levels, which can be manifested by
the double high peaks in the photoelectron spectrum.
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In addition, the potential barrier also greatly influences
the motion of the wave packet in the double-well, which
can be interpreted by the tunneling effect. Moreover,
with increase in the laser intensity in small range, more
molecules can be ionized from the double-well. The in-
vestigation will be beneficial for the external-field manip-
ulation of atomic and molecular processes.
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