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We demonstrate a combined experimental and theoretical study to measure attosecond-resolved resonance-
enhanced multiphoton ionization (REMPI) of NO molecules using the phase-locked strong 400-nm and weak
800-nm laser pulses. By performing the time-dependent wave-packet simulation, our results show that a
vibrational-dependent REMPI occurs through two intermediate electronic states A 2�+ and B 2�, from which
a molecular wave packet at different internuclear distances results in an ionization time delay up to 630 as.
We find that the nonadiabatic coupling between electronic states A 2�+(ν = 2) and B 2�(ν ′ = 4) plays a
crucial role in the angular-dependent phase variations of emitted electrons. This work extends the application
of the REMPI technique to visualize the effect of vibrational motions of intermediate resonance states on the
strong-field-induced ionization in attosecond timescales.
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I. INTRODUCTION

Since Damon and Tomlinson’s first observation in 1963
[1], the multiphoton ionization (MPI) of atoms and molecules
by intense laser fields has attracted substantial attention in
ultrafast strong-field physics [2,3]. It, in turn, results in a
broad range of applications from laser-induced plasma gen-
eration [4,5], chemical diagnostics, and chiral recognition to
laser filamentation [6,7], high-harmonic generation [8], and
photoelectron spectroscopy [9]. The development of photo-
electron spectroscopy has made it possible to observe the MPI
phenomenon [10], for which the measured energy spectrum
of photoelectrons consists of multiple peaks separated by
the photon energies. Typically, there are two types of MPI:
resonance-enhanced multiphoton ionization (REMPI) [11]
and nonresonant multiphoton ionization (NRMPI) [12]. Due
to the inclusion of the intermediate states, REMPI provides a
selective and convenient means of detecting gas-phase species
with small localized concentrations and is usually used to
probe high-lying electronic states. While REMPI has been
thoroughly studied [13,14], it still needs to be explored to gain
insights into the REMPI of molecules due to the complexity
arising from the nuclear motions. By separately measuring the
energy or momentum spectra of the photoelectrons and the
nuclei, it has been possible to observe vibrational-resolved
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strong-field-induced phenomena, including bond softening
[15], bond hardening [16], above-threshold dissociation [17],
and Coulomb explosion imaging [18–20].

The reconstruction of attosecond beating by interference
of two-photon transitions (RABBITT) [21–24] is a popular
pump-probe technique widely used to determine photoioniza-
tion delays with attosecond resolution. However, the nuclear
motions in molecules can alter the potential barrier and influ-
ence the ionization process. Recent RABBITT experiments
combined with theoretical calculations on N2 molecules have
confirmed that even small changes in molecular bond length
can cause significant variations in the photoionization de-
lay [25,26]. The nuclear-electronic coupling [27,28] is also
crucial in determining the ionization delay of H2 molecules
[29,30]. Coincidence measurements of ionized electrons and
corresponding fragments after dissociation have enabled the
orientation-dependent ionization delay of polar molecules
such as CO and NO [31,32]. The relative Wigner delay be-
tween two ionization sites can be tracked down to tens of
attoseconds. The influence of resonance, particularly shape
resonance [33], in single-photon ionization has also attracted
extensive attention. Both experimental and theoretical results
have shown that resonance can enhance ionization delays
between different vibrational states and further influence the
ionization delay at different emission angles [25,26,32,34,35].
In the case of multiphoton ionization of molecules, tracing the
ionization dynamics from MPI is a great challenge for both
experiments and theory because of the increasing complexity
of ionization channels and the strong-field effect beyond the
perturbation regime. Attosecond delay measurements have
been made between forward and backward electrons emitted
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FIG. 1. (a) Schematic diagram of the experimental setup. After
the interaction of the laser field with NO molecules, the photoelec-
trons exit along the polarization axis y of the laser field, then are
focused and imaged to the electron detector. (b) Potential curves
of NO molecule: the colored blocks denote different stages in the
two-color field photoionization process: two 400-nm photon resonant
states (violet), stages of 400-nm ionization states (blue), and the
interference for the sideband generation (orange).

from enantiomeric chiral molecules, and resonant states have
been found to induce considerable time delays in experiments
[36]. Additionally, the Wigner time delay has been observed
upon ionizing H2, CO in the molecular frame, and the spatial
shifts of the electrons’ birth positions after tunneling have
been resolved [37,38]. In the below-threshold resonance ion-
ization of NO molecules, the coupling between A 2�+ and
B 2� has been proven essential in two subcycle ionization
dynamics under two-color (TC) laser fields [39–41].

This work explores the REMPI of NO molecules induced
by strong ultrafast pulses to visualize the dependence of
ionization time delay on vibrational motions of intermediate
electronic states using a phase-locked strong 50 fs pulse cen-
tered at wavelength 400 nm and a weak 50 fs pulse centered
at 800 nm. We measure the electron momenta and capture
the phase variations of two ionization paths from different
intermediate states. We perform time-dependent wave-packet
simulations to gain insight into the underlying physics by
considering both the vibrational and rotational degrees of
freedom. Our measurements and theoretical analysis demon-
strate that the nonadiabatic coupling between intermediate
electronic states A 2�+ and B 2� and their vibrational motions
plays a role in the photoelectron spectra of REMPI, leading to
a clear ionization time delay of several hundred attoseconds.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental methods

Figure 1(a) illustrates our experiment scheme. We use
two linearly polarized and phase-locked 50-fs laser pulses
composed of the fundamental frequency of 800 nm and the
second-harmonic frequency of 400 nm. The collinear configu-
ration is used to maintain the stability of the relative phase �φ

between the two pulses [40–42]. We use a wire grid polarizer
to make the polarization directions of the laser pulses parallel
to the detector and adjust the intensity of the two laser pulses

by combining the half-wave plate. To ensure the validity of
the attosecond delay measurement protocol in the multiphoton
regime [42–44], we set the intensity of the fundamental pulse
around 1011 W/cm2, much weaker than its second harmonic
around (6–9) × 1013 W/cm2. To perform our experiments,
we apply the two phase-controlled pulses to a gas jet of
NO molecules and measure the ionized electrons by using a
velocity map imaging spectrometer (VMIS) [45], as shown
in Fig. 1(a). We take electron images between the 800- and
400-nm laser pulses at different relative phases. To avoid
smearing out the asymmetry properties, we use the it-
erative Abel inversion method [46] to reconstruct the
two-dimensional slice of the three-dimensional momentum
distribution and extract the photoelectron spectra and angular
distributions. The dependence of measured signals on the
relative phase is obtained by precisely moving the fused silica
wedges in our experiments with a step size of 0.04 π (53.4 as)
for the 800-nm laser field, corresponding to the scan length of
around 4.2 fs in the electron momentum measurement.

B. Theoretical methods

The numerical simulations used to explain our ex-
perimental measurements are performed using a two-
dimensional time-dependent quantum wave-packet method,
which solves the time-dependent Schrödinger equation on a
two-dimensional grid by considering both vibrational and ro-
tational degrees of freedom. The model considers the REMPI
from the ground electronic state X 2� of NO to the ionic
ground state X 1�+ of NO+ through the intermediate excited
electronic states A 2�+, B 2�, C 2�, D 2�, E 2�, F 2�, G 2�,
and H 2� of NO [47], as shown in Fig. 1(b). The electronic
continuum due to the ejection of the electron with the kinetic
energy Ek is represented by a quasicontinuum, i.e., by a suf-
ficiently large number N of discrete electronic states [48].
For convenience, we use |X 〉, |A〉, . . . , |H〉 to denote nine
electronic states of NO and |Ek〉 to describe the ejection of
the electron from the ionic continuum with the kinetic energy
Ek , respectively. The time-dependent wave function of the
system in the Born-Oppenheimer (BO) approximation can be
written as

|�(R, t )〉 =
∑

i=X,A,...,H

|χi(R, t )〉 +
N∑

k=0

|χEk (R; Ek, t )〉, (1)

where Ek = kEN/N with the largest energy EN , and |χi(R, t )〉
and |χEk (R; Ek, t )〉 are the nuclear wave functions of the ith
electronic state of the molecule NO and the nuclear wave
function of the ground state of ionic NO+ with kinetic energy
Ek , respectively. R = R(R, θ ) describes the nuclear coordi-
nates with the nuclear distance R and angle θ between the
molecular axis and the direction of the laser pulses.

By ignoring the nuclear-spin effect and considering
the molecules initially in the ground rotational and vi-
brational state of the ground electronic state, the wave
function |�(R, t )〉 ≡ |�(R, θ, t )〉 can be obtained by solving
the time-dependent Schrödinger equation (TDSE) with the
Hamiltonian

Ĥ = − h̄2

2m

∂2

∂R2
Î + Ĵ2

2mR2
+ V̂(R) + Ŵ(R, θ, t ), (2)
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where m denotes the reduced mass of the NO molecule,
R the internuclear distance, and Ĵ the angular momentum
operator. V̂(R) represents the potential energy operator that
is a diagonal matrix composed of the elements Vi(R) (i =
X, A, . . . , H) for nine bound electronic states and VEk (R) =
VE0 (R) + Ek (k = 1, . . . , N) for N + 1 ionized continuum
states, where VE0 (R) corresponds to the potential energy sur-
face of the ionic ground state of NO+. Ŵ(R, θ, t ) is the
interaction potential, which describes the transitions between
bound electronic states |i〉 and | j〉 through its off-diagonal el-
ements Wi j (R, t ) = −μi j (R) cos θE (t ) for parallel transitions
and Wi j (R, t ) = −μi j (R) sin θE (t ) for vertical transitions with
the corresponding transition dipole moment μi j [40,49]. The
transitions from the bound states |i〉 to the ionized contin-
uum state |Ek〉 are assumed with a constant transition dipole
moment μiEk [40,49]. We also include the dynamic Stark
shift of the bound electronic state |i〉 through the diagonal
element of the interaction potential Wii(R, t ) = − 1

2 [(α⊥
i (R) −

α
‖
i (R)) cos2 θ + α⊥

i (R)]E2(t ), where α
‖
i (R) and α⊥

i (R) refer
to the corresponding parallel and perpendicular components
of the polarizability tensor, respectively [50]. The tech-
nical details concerning solving the TDSE to obtain the
bound-continuum wave function |�(R, θ, t )〉 can be found in
previous works [40,49,51,52].

The photoelectron spectrum (PES) of observing the ejected
electron with the kinetic energy Ek can be calculated by

P (Ek ) = lim
t→∞

∣∣∣∣
∫

sinθdθ

∫
dR|χEk (R, θ ; Ek, t )〉

∣∣∣∣
2

. (3)

III. RESULTS AND DISCUSSIONS

We start our experiments by considering REMPI of NO
molecules from the ground electronic state X 2� through
a mixture of intermediate resonant states A 2�+ and B 2�,
which interact with each other nonadiabatically due to
Rydberg-valence coupling [39,40]. Figures 2(a) and 2(b)
plot the variations of the experimentally measured and the-
oretically calculated PES to the time delay between pump
and probe pulses. As shown in Fig. 1(b), the REMPI can
occur in two different channels, which are excited from
the ground electronic state to intermediate electronic states
A 2�+(ν = 2) and B 2�(ν ′ = 4) by absorbing two 400-nm
photons, corresponding to the violet blocks near 6.2 eV. Af-
ter that, a weak 800-nm laser is introduced, and both sets
of REMPI channels produce the sidebands in the same two
routes: the first one to the ionic state by absorbing one 400-nm
and one 800-nm photon, and the second one by absorbing two
400-nm photons while emitting one 800-nm photon through
the continuum-continuum (CC) transition [53]. In the end,
these two routes interfere and result in a sideband signal with
an oscillation period of 1.33 fs [42–44]. The sideband signals
associated with the two REMPI channels are denoted by the
orange blocks in Fig. 1(b). We fit each sideband Sn

SB to extract
the phase using the formula [21,54]

Sn
SB = An + Bn cos[2ωt + ϕ], (4)

with ϕ = ϕlaser + ϕcc + ϕmol, where ϕlaser denotes the group
delay of the pump laser pulses, ϕcc the phase delay during
the CC transition, and ϕmol the phase delay accumulated

FIG. 2. (a) Measured and (b) simulated photoelectron spectra
(logarithmic scale) integrated over the +y axis as a function of the
time delay between the 400- and 800-nm laser field. The color scales
are normalized for comparison. (c) PES for 400 nm only (blue)
and 400 nm + 800 nm (red), integrated by the phase period of the
two-color laser fields. The letters A and B represent the resonance in-
termediate states of A 2�+(ν = 2) and B 2�(ν ′ = 4), respectively. ν ′′

label the vibrational quantum numbers corresponding to the different
ionic vibrational states formed after the ionization; those two paths
are assigned by horizontal short lines in blue (main peaks) and red
(sidebands) color. (d) Asymmetry SE ,φ

asy calculated from experimental
data corresponding to the photoelectron emitted at the +y and −y
axis along the laser polarization.

from REMPI of molecules. In this case, it can further be
divided into two terms with the phase ϕres = arg(Mres) from
resonance ionization and the phase ϕWigner accumulated from
the electron leaving the molecular potential. Our theoretical
simulations in Fig. 2(b) exhibit the same period of oscilla-
tions as observed in the measured PES in phase-dependent
traces. Figure 2(c) compares the experimentally measured
and theoretically calculated PES induced by two pulses with
the experimentally measured PES induced by a single pulse
without using the weak 800-nm pulse. The PES is obtained
by integration over the oscillation period. After ionization by
a single 400-nm laser field, the PES has two distinct hump
structures. In general, the observed kinetic energy of the pho-
toelectron from REMPI is represented as

ε = qh̄ω − (Ip − EA/B) − (1 − γ )Up, (5)

where Ip is the ionization potential, EA/B the excitation ener-
gies of A 2�+ and B 2� states, Up the ponderomotive energy
corresponding to the maximal Stark shift of a free electron in
an oscillating electric field, γ the ratio of the ac Stark shift of
the Rydberg resonant states to the ponderomotive energy, and
γ equals 0.85 [40]. The high one around 2–3 eV comes from
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the resonance pathway of the 2 + 2 photon ionization from the
vibrational state of A 2�+(ν = 2) and the vibrational state of
B 2�(ν ′ = 4), and the lower one centered around 1.65 eV cor-
responds to the 2 + 2 photon ionization through high-laying
Rydberg states [39,55]. When the phase-locked 800 nm is
added, more peaks with kinetic energy below 1.5 eV are ob-
served. These peaks are assigned as the sideband (SB) peaks
from two REMPI paths, absorbing three 400-nm photons and
one 800-nm photon in one path and the other path absorbing
four 400-nm photons and emitting one 800-nm photon, for
which the resonance states are populated by absorbing two
400-nm photons, as illustrated in Fig. 1(b). The electron from
the ionization of molecules exhibits a broad energy distribu-
tion that comes from different vibrational contributions, which
can be seen in the experimentally measured PES. However,
some overlapping exists between different channels when the
800-nm laser pulse is used. The main observed features can
be reproduced well by the theoretical calculation with ac Stark
shift of resonance states and free electrons in the laser field. In
our simulations, we obtain the ponderomotive energy around
1 eV for the strong 400-nm pulse and the shifting of electron
energy from REMPI around 0.15 eV compared to the field
free electron. We plot the asymmetry (SE ,φ

asy ) of the measured
PES versus the time delay between the two pulses to assign
the contribution states and to extract the ionization time delay
[43], which is given by

SE ,φ
asy = (SE ,φ

+ − SE ,φ
− )/(SE ,φ

+ + SE ,φ
− ), (6)

where SE ,φ
+ and SE ,φ

− are the measured photoelectrons emitted
from the +y and −y axis of the laser polarization, respectively.
The phase-dependent asymmetry of the photoelectron comes
from the amplitude difference between two interfering ioniza-
tion paths absorbing different numbers of photons to the same
photoelectron peaks, which has been used to capture the at-
tosecond ionization delay of atoms in the multiphoton regime
[43]. Figure 2(d) displays the calculated phase-dependent
SE ,φ

asy , which generally enhances the resolution of the spectrum
and aids in identifying the origin of photoelectron peaks.
Applying a weak 800-nm probe laser after the 400-nm pulse
to the NO molecule, Fig. 2(c) shows that six distinct SB
peaks are observed between 0.5 and 1.4 eV with an energy
interval of approximately 0.14 eV. These peaks correspond to
the higher energy hump emission of one 800-nm photon to the
SB peak. However, the vibrational energy spacing in the ion
state X 1�+ for the NO molecule is ∼0.29 eV, which implies
that the ionization from the resonant A 2�+(ν = 2) state by
absorption of two 400-nm photons cannot be solely respon-
sible for the observed peaks, as it would leave the NO ion
in different vibrational states. It was shown that two-photon
transition can populate both A 2�+ and B 2� states, and the
coupling between these states plays a significant role in the
REMPI of NO molecules induced by two pulses [40,49].
Our numerical simulations in Fig. 2(c) reproduce the PES
consisting of multiple peaks, which can be identified from
the corresponding vibrational states by analyzing the time-
dependent populations of vibrational states. Since the energies
of A 2�+(ν = 2) and B 2�(ν ′ = 4) are 6.12 and 6.24 eV,
respectively, the ionization occurs from the two resonant
states, resulting in two well-resolved peaks around 2–3 eV.

FIG. 3. Measured and simulated relative phase of the spectra
of the NO molecule in the TC field. Correspondingly, (a) shows
the retrieved relative phase resulting from fitting all the photoelec-
tron peaks in the spectrum for experiment and simulation. (b) The
phase of the six sidebands between 0.5 and 1.4 eV separated into
two sets according the associated resonant states, A 2�+ and B 2�.
(c) The absolute square of the different vibrational state wave func-
tions of A 2�+(ν = 2) and B 2�(ν ′ = 4), and (d) for the ionic state
X 1�+(ν ′′ = 0, 1, 2, 3).

The sidebands between 0.5 and 1.4 eV, corresponding to the
release to continuum via a CC transition at 800 nm, appear
after the 2 + 2 resonant ionization at 400 nm. We highlight
these two different pathways by short horizontal lines in blue
(main peaks) and red (sidebands) in Fig. 2(c). We can directly
identify the underthreshold multiphoton resonant ionization
dynamics at different electronic and vibrational states by ana-
lyzing the phase-delay difference between the two sidebands.

The time delay (τ ) can be calculated using the formula
τ = ϕ/(2ω), which considers the phase shifts caused by
measurement-induced contributions resulting from the cou-
pling between the Coulomb field and the probing laser field
[56], and the attosecond delay from the process of REMPI.
Since ϕlaser is the same for different vibrational states, and
the difference in ϕCC is negligible, the phase variation can
be monitored without any disturbances in a small energy
range [22]. By conducting differential measurements of mul-
tiple vibrational channels, the measurement-induced delays
(ϕlaser, ϕCC) can be eliminated. It becomes possible to mon-
itor the vibrational motions of the excited electronic states
during excitation and ionization in attosecond timescales [25].
Figure 3(a) shows the remarkable agreement between the ex-
perimentally measured phase variation and the theoretically
calculated one at different energies in the PES, showing the
accuracy of the numerical simulation. Note that the phase vari-
ations in Fig. 3(a) are normalized to the nonresonance above
threshold ionization (ATI) peak with the energy around 4.8 eV,
where the phase is set at zero. We conduct four measure-
ments with different pump laser intensities (6 × 1013, 6.7 ×
1013, 7.4 × 1013, and 9 × 1013 W/cm2) in our experiments.
The results demonstrate that the phase variation remains
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unaffected by varying the laser intensity, in agreement with
our theoretical analysis, where the laser intensities were cal-
ibrated by measuring the electron energy shift resulting from
the nonresonance ionization of Xe atoms [57].

To investigate the variation in ionization delay in the res-
onant channel, we narrowed our focus to the energy range
0.5–1.4 eV for the SB electron, as shown in Fig. 3(b). Two
distinct sets of sidebands were identified, corresponding to
transitions from A 2�+(ν = 2) to X 1�+(ν ′′ = 0,1,2) and
B 2�(ν ′ = 4) to X 1�+(ν ′′ = 1,2,3). Each set consists of
three peaks separated by an energy interval of approximately
0.3 eV, corresponding to different vibrational levels of the
cation state X 1�+. First, we examine the effect of the in-
termediate resonance states A 2�+ and B 2� on the phase
variations by measuring the ionization delay from the same
vibrational levels (ν ′′ = 1, 2), showing that the time delay
between A 2�+ and B 2� is around 50–60 as, respectively,
which is within our measurement accuracy. Thus, the ioniza-
tion delay influenced by the width of resonance states [58],
where ϕWigner, ϕCC from two ionization paths of the same final
vibrational state, is less than 60 as. Furthermore, we compare
the attosecond ionization delay for the three vibrational levels
from the same intermediate resonance state A 2�+ or B 2�.
The measured results demonstrate that the ionization delay
strongly depends on the vibrational states with a difference
of around 420 as between vibrational states of δν ′′ = 2. The
delay increases as the vibrational quantum number increases.
We consider the electrons that were generated from the same
intermediate resonance state. The difference was attributed to
ϕWigner, which arises from the released electron wave packets
scattering away from the molecular Coulomb potential. We
can see that the time delay between vibrational states ν ′′ = 0
and ν ′′ = 3 reaches 630 as.

Due to the vibrational motions of the excited electronic
states, the bond lengths of the molecules may change, re-
sulting in an ionization delay on the order of hundreds of
attoseconds between two vibration states, as observed in
single-photon ionization of N2 molecules [25]. Recent inves-
tigations have focused on the effect of ionization position by
conducting orientation-dependent RABBITT measurements
on CO molecules [59]. The measurements showed delays
ranging from tens to around 160 as between the two ionization
sites, highlighting the importance of ionization position on
electron dynamics. The ionization delay observed in REMPI
of NO molecules following two 400-nm photon resonances
between the ground and exited states is caused by fur-
ther ionization occurring at different internuclear distances.
Figure 3(c) displays the absolute square of the wave function
for the vibrational states A 2�+(ν = 2) and B 2�(ν ′ = 4).
Ionization from the two intermediate resonant states occurs
at different distances, namely, 1.15 and 1.28 Å. As we pre-
viously concluded, the main contribution to ionization delay
corresponds to the different scattering position of the outgo-
ing electrons with the Coulomb potential, i.e., the different
ϕWigner. Figure 3(d) displays the probability density as a func-
tion of internuclear distance for different vibrational states
(ν ′′ = 0, 1, 2, 3) of the ion state X 1�+, clearly showing the
changes of the internuclear distance while the outgoing elec-
tron is moving away from the Coulomb potential, i.e., the
right-hand side of the potential energy surface, from 1.07 to

FIG. 4. (a) Measured phase integrated angular distribution of the
photoelectron emitted from +y axis. The 0◦ denotes the direction
of laser polarization. (b) The comparison of the retrieved angle-
dependent phases for the two sidebands of the A 2�+ states. (c) Same
as (b), but for the sidebands of the B 2� states. ν ′′ = 1, 2, 3 indicates
the different vibrational states of the NO+ cation.

1.17 Å. Combining this observation with the phase variations
in Fig. 3(b) implies that a new description is required to
interpret the ionization phase in molecular REMPI by consid-
ering the coupling between nuclear and electronic motions,
going beyond the description by using the Born-Oppenheimer
approximation.

Different from our previous discussion regarding the phase
difference between electrons from different vibrational lev-
els, we now focus on the phase difference between emission
angles. The angular distribution of electrons is plotted in
Fig. 4(a), in which we only examine the angular distribu-
tions of sidebands, showing both the angular distributions for
A 2�+ to X 1�+ at ν ′′ = 1, 2 and B 2� to X 1�+ at ν ′′ = 2, 3.
It should be noticed that the angular distributions from dif-
ferent vibrational states of the same intermediate electronic
state exhibit similar distributions, indicating that the elec-
tronic transitions between states are dominant. The angular
dependence of the phase ϕres(θ ) = arg(Mres(θ )) is sensitive
to the anisotropic nature of the molecular Coulomb poten-
tial and the transition between resonance states to X 1�+.
Figures 4(b) and 4(c) show the measured angular-dependent
ionization delay from A 2�+ and B 2� states, where the delay
is normalized to be zero at 0◦. We can see from Fig. 4(b)
that the electrons from the two final vibrational levels exhibit
a similar angular dependence, where the phase remains flat
from 0◦ to around 30◦, followed by a slight increase to around
65◦ and then decreases to 90◦. It implies that the electronic
transitions between states determine the final distributions.

This situation becomes even more complex when the
electrons are emitted from the resonance state B 2�. The
angular-dependent phase variation for ν ′′ = 2 shows similar
distributions to those of A 2�+, where the phase remains
unchanged between 0◦ to around 30◦ and then increases until
around 65◦. The angular-dependent phase variation for ν ′′ = 3
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exhibits an entirely different behavior, where the phase varia-
tion is flat until 30◦ and then decreases until around 65◦. These
two peaks imply that there are almost no electron emissions
for the angle larger than 65◦. As previously mentioned, the
REMPI process of NO molecules is significantly influenced
by the coupling between A 2�+ and B 2� states. Hence, we
infer that the angular dependence for ν ′′ = 2, where the final
energy falls between the electrons from A 2�+ to X 1�+ at
ν ′′ = 1, 2, is highly influenced by the transition from A 2�+ to
X 1�+. On the other hand, the distinct distribution observed
for ν ′′ = 3 comes from the transition of B 2� to X 1�+. This
observation is consistent with the previous finding that ioniza-
tion from different emission energy exhibits varying effects
due to the coupling between A 2�+ and B 2� states.

IV. CONCLUSION

We experimentally and theoretically demonstrated the
REMPI of NO molecules with attosecond resolution to inves-
tigate the ionization time delay of vibrationally resolved PES.
We found that ionization times differ for electrons emitted
from different final vibrational states at different internuclear
distances, with a time delay above 630 as. We performed time-
dependent quantum wave-packet simulations by including

all of the intermediate states to explain our experimental
measurements, showing that even small changes in bond
length due to vibrational motion could significantly affect
the ionization delay. We concluded that the resonance states
A 2�+(ν = 2) and B 2�(ν ′ = 4) may only weakly affect the
angular integral delay. By analyzing the angular-dependent
emission delay, we investigated the nonadiabatic coupling
between the two electronic states and observed an energy-
dependent influence for electrons with different final energies.
This work provides a promising avenue for observing the
nonadiabatic coupling and vibrational effects in the ionization
time delay of molecules.
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