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Abstract
For a molecule irradiated by an intense laser field, the sudden excitation or removal of an
electron will trigger ultrafast electronic and nuclear dynamics, of which the timescales are
usually several orders different and can be separately treated according to the
Born–Oppenheimer approximation. However, the electrons and nuclei are intrinsically
coupled in a molecule and should be considered on an equal footing in strong laser fields. In
this paper, we review the recent progresses made on the correlated electron–nuclear dynamics
of molecules exposed to strong laser fields, in particular, the multiphoton energy absorption
and deposition in molecular dissociative ionization. Moreover, the electron–nuclear
correlation offers an alternative visual angle to capture the fascinating strong-field molecular
dynamics, including the photon-number-resolved asymmetric dissociative single ionization,
high-order above-threshold dissociation, and Rydberg states excitation in dissociative
frustrated ionization of molecules, which cannot be revealed if only the electrons or nuclear
fragments are measured independently.

Keywords: strong-field molecular physics, electron–nuclear correlation, photon energy
absorption and deposition, electron–ion coincidence measurement

(Some figures may appear in colour only in the online journal)

1. Introduction

The light–matter interaction has been the object of contin-
uous research for a long time due to its potential applica-
tions in scrutinizing and understanding the microcosms of
nature [1, 2]. With the advent of ultrafast laser technology
and the development of advanced molecular imaging tech-
niques, it is now possible to explore the rich dynamics in the
chemical reactions on an atomic or molecular scale. Com-
paring with atoms, the interaction of molecules with intense
laser pulses becomes more complicated because additional
degrees of freedom associated with the nuclei will be involved,

which however, offers richer perspectives on the strong-field
molecular dynamics. A multitude of intriguing strong-field
phenomena have been observed for molecules exposed to
strong laser fields, such as the bond softening and harden-
ing [3–6], above-threshold dissociation (ATD) [7–10], tun-
neling dissociation [11], directional bond breaking [12, 13],
light-induced electron self-diffraction [14–16], high-harmonic
generation [17, 18], charge-resonance-enhanced ionization
(CREI) [19–22], and Rydberg states excitation in dissocia-
tive frustrated ionization [23–26]. The correlated electronic
and nuclear dynamics jointly determine the ultimate fate of the
molecules.
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In general, owing to the lighter mass of the electron, the
timescales of the electronic motion at sub-femtosecond or
attosecond are much shorter than that of the nuclear motion
which typically ranges from tens to hundreds of femtoseconds
or even longer. Therefore, the dynamics of the electrons and
nuclei of a molecule in the strong laser fields are usually sep-
arated according to the Born–Oppenheimer (BO) approxima-
tion. However, previous works [27–33] have shown that the
electron and nuclear dynamics are actually coupled with each
other during the light–molecule interaction. For instance, in
the autoionization of highly excited molecules [28–31, 33], the
nuclear motion on the strongly repulsive potential energy sur-
face can be very fast while the sojourn time of the electron on
excited state becomes relatively long, such that the electronic
and nuclear motions occur on comparable timescales. In such
cases, the strongly coupled non-BO electron–nuclear dynam-
ics in the molecules must be considered. Actually, although the
timescales of the electronic and nuclear dynamics are different
in most cases, the electrons and nuclei are intrinsically coupled
in the molecules and their correlation has played a crucial role
in the strong-field dynamics of molecules.

Understanding the electron–nuclear correlation in molecu-
les has long been an attractive topic in strong-field molecular
physics, which can provide deeper insights of the molecular
photoionization and fragmentation. The essential question is
how the molecule absorbs the photon energy from the laser
fields and partitions the energy among various degrees of free-
dom in the molecular system. For molecules, not only the
electrons but also the additional vibrational, rotational and dis-
sociative motions of the nuclei can serve as energy reservoirs.
However, there is no direct coupling between the nuclei and
the laser field for most of the homonuclear diatomic molecules
because of the absence of permanent dipole moments. To
deposit the photon energy into the nuclei, the laser fields
should first couple energy to the electrons, and then the elec-
trons transfer the gained photon energy to the nuclei via their
correlated interactions. The electron–nuclear photon energy
sharing dynamics can be revealed by tracing the strong-field
dissociative ionization of the molecules.

A particularly powerful tool for investigating the elec-
tron–nuclear correlations in the photon energy sharing is
the electron–nuclear joint energy spectrum (JES) [34]. In
the JES, the dissociative ionization yield as a function of
both the electronic and nuclear kinetic energies is plotted,
which requires the coincident detection of both the electrons
and nuclear fragments ejected from the same molecule. With
the development of the multi-particle coincidence detection
techniques [35], one is now able to measure the electrons
and charged nuclei in coincidence. By using the elec-
tron–nuclear JES, the correlated electron–nuclear dynamics
has been successfully investigated in the single-photon disso-
ciative ionization of molecules induced by synchrotron radi-
ation [29, 36, 37], where the absorbed photon energy is
shared among the ejected electron and nuclear fragments.
As compared to the case in the synchrotron radiation, the
electron–nuclear correlated dynamics becomes much more
intricate for molecules exposed to a strong laser fields where
multiple photons are involved. In the presence of a strong laser

field, the molecules may absorb multiple photons beyond the
minimal number required for the ionization, leading to dis-
crete energy peaks in the photoelectron spectrum spaced by
the photon energy, which is referred to as above-threshold ion-
ization (ATI) [38]. Following the ionization, the succeeding
dissociation of the molecular ion accessed via bond soften-
ing and hardening [3–6] or ATD [7–10] will further result in
interesting fine structures in the nuclear kinetic energy release
(KER) spectra. With assistance of the electron–nuclear JES,
the details of the correlated electron–nuclear dynamics in
the strong-field dissociative ionization of molecules can be
revealed.

For the case in intense laser fields, the correlation between
the electrons and nuclei in the molecular dissociation has been
theoretically studied for the simplest H2

+ molecules [39–46].
It was predicted [39] that the ejected electron in the strong-field
multiphoton dissociative ionization of H2

+ will share parts of
the absorbed photon energy with the nuclei via their correlated
interaction. The sum of the electron energy Ee and nuclear
energy EN can be described as EN + Ee = n�ω − Ip0 − Up

(atomic units were used throughout, unless indicated other-
wise), with n the number of absorbed photons, ω the laser
frequency, Ip0 the ionization potential and Up the pondero-
motive energy, respectively. Generally, the correlated sharing
of the multiphoton energy between the electrons and nuclei
manifests itself as the multiple photon-energy-spaced diago-
nal lines in the electron–nuclear JES [39–46]. On the other
hand, for the case close to tunneling regime, it was found
that the electron does not share the photon energy with the
nuclei [40]. The distinct energy-sharing mechanisms in the
multiphoton and tunneling regimes were investigated by using
an energy-resolved population imaging method [42]. More-
over, the inter- and intracycle interference effects were iden-
tified in the strong-field dissociative ionization of H2

+ [46],
which further enrich the structures of the electron–nuclear
JES. The theoretical predictions [39, 40, 42, 45, 46] made
on the electron–nuclear energy sharing suggest that the cor-
relation between electron and nuclear dynamics in strong-
field breaking of molecules is more complex than one would
have anticipated, which strongly motivate experimental pro-
gresses on the correlated dynamics in dissociative ionization
of molecules.

The experimental studies of the strong-field dissociative
ionization of molecules greatly benefit from the develop-
ment of the multi-particle coincidence measurement technol-
ogy [34], with which the electrons and ions produced from
the molecular fragmentation can be measured in coincidence.
Using a reaction microscope of cold target recoil-ion momen-
tum spectroscopy (COLTRIMS) [34, 35], Wu et al [47] exper-
imentally explored the electron–nuclear correlated photon
energy sharing dynamics in the above-threshold multiphoton
dissociative single ionization of the H2 molecule exposed to
intense femtosecond laser pulses. Multiple diagonal lines were
experimentally observed in the electron–nuclear JES, evi-
dently reflecting the correlated sharing of the absorbed photon
energy between the emitted electron and nuclear fragments.
Inspired by this study, several experimental investigations on
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the electron–nuclear correlated dynamics in strong-field dis-
sociative ionization of molecules have appeared [48–53], in
particular, the correlated photon energy absorption and depo-
sition. As the primary stage of light–molecule interaction,
the multiphoton energy absorption and deposition governs
the succeeding photon-induced molecular dynamics and thus
the ultimate fate of the molecule, including the asymmet-
ric dissociative single ionization [50], the high-order ATD
[51], and the Rydberg states excitation in dissociative frus-
trated ionization of molecules [53]. The recent progresses
on the electron–nuclear correlated dynamics of molecules
in the strong laser fields will be reviewed in the following
sections.

2. Theoretical modeling

Before go to the experimental progresses, we would like
to briefly review the theoretical modeling of the correlated
electron–nuclear dynamics, in particular the electron–nuclear
energy sharing in dissociative ionization of the simplest H2

+

molecules [39–46]. Generally, the correlated electron–nuclear
dynamics in dissociative ionization of H2

+ can be revealed by
numerically solving the time-dependent Schrödinger equation
(TDSE) with the reduced-dimensionality model. In this model
of H2

+, the electronic and nuclear degrees of freedom are
exactly treated within one-dimension aligned with the linearly
polarized laser pulse which is parallel to the molecular axis. In
terms of the coordinates of the nuclei, i.e., the internuclear sep-
aration R, and the electronic coordinate x measured from the
mass center of two nuclei in the direction of the laser polar-
ization axis, the length-gauge TDSE for H2

+ molecule can be
written as (atomic units are used throughout) [41, 45, 46],

i
∂

∂t
Ψ (R, x; t) = H(t)Ψ (R, x; t)

= [HN + He + VeN + VN + E(t)x]Ψ (R, x; t),

where the Hamiltonian includes several terms. HN

= −(1/mp)∂2/∂R2 is the nuclear kinetic energy with
proton mass of mp, He = −(1/μe)∂2/∂x2 is the elec-
tronic kinetic energy with reduced electron mass of μe,
VeN = −1/

√
(x − R/2)2 + a(R) − 1/

√
(x + R/2)2 + a(R)

is the electron–nuclei Coulomb interaction with modi-
fied soft-core parameter of a(R) [54] aiming in producing
the full-dimensional 1sσg BO potential, VN = 1/R is the
Coulomb repulsion of the two protons, ε(t) = ε0 exp[−2 ln
2(t/τ 0)2]cos(ω0t) is the employed laser field with ε0, τ 0, and
ω0 being the peak electric-field amplitude, pulse duration and
center frequency, respectively.

Based on the numerical solution of the TDSE accessed
by using Crank–Nicolson split-operator method, the physi-
cal observable of electron–nuclear JES can be extracted by
employing different energy analysis methods. For instance, in
reference [39] the electron–nuclear energy sharing is mapped
by tracing the probability of the correlated electron–nuclear
wave packet with nuclear energy of EN and electron energy of
Ee, which can be expressed as P(EN, Ee) =

∑

l=g,u

∣
∣ψl

EN,Ee
|Ψ(t)

∣
∣2

.

Here l = g, u denote the gerade and ungerade symme-
tries of the wave packets, respectively, and the ψl

EN,Ee
is the

wave function of the double continuum scattering state, i.e.,
ψl

EN,Ee
(R, x) = ψEN (R)ψl

,Ee
(R; x). On the other hand, the elec-

tron–nuclear JES of H2
+ can also be extracted by employing

the molecular resolvent operator method [40, 42, 43, 45] and
the time-dependent surface flux method [41, 44, 46]. More-
over, the strong field approximation model including nuclear
kinetic energy was employed to understand the rich inter-
and intra-cycle interference structures in the electron–nuclear
JES [46].

3. Experimental method: multi-particle
coincidence measurements using
femto-COLTRIMS

Experimentally, to access the ultrafast electronic and nuclear
dynamics of molecules in strong laser fields, both the ultra-
short intense laser pulses and the molecular imaging tech-
niques are required. This can be achieved by the combination
of a titanium-doped sapphire (Ti:sapphire) multipass ampli-
fier laser system and an ultrahigh-vacuum reaction microscope
of COLTRIMS [34, 35], which is referred to as femto-
COLTRIMS apparatus. The Ti:sapphire laser system gener-
ates laser pulses with wavelength centered at 790 nm, pulse
durations of tens femtoseconds (e.g. 25 fs), and repetition
rate of 10 kHz. The COLTRIMS is capable of measuring
the three-dimensional momenta of electron and nuclear frag-
ments in coincidence, which can therefore provide very rich
information about the ultrafast dynamics of molecules.

The simplified layout of the femto-COLTRIMS appara-
tus is schematically shown in figure 1. The intense near-
infrared (IR) femtosecond laser pulses from the multipass
amplifier Ti:sapphire laser system can be controlled in the
time-frequency domain for different experimental purposes.
For example, as illustrated in figure 1, the IR laser pulses
derived from the laser system can be frequency doubled in a
β-barium borate (β-BBO) crystal to produce ultraviolet (UV)
pulses centered at 395 nm for the study of photon energy shar-
ing in multiphoton ionization regime [47–50, 53]. The laser
pulses were sent into the vacuum chamber through a view-
port and then tightly focused onto a molecular beam using a
concave silver mirror ( f = 75 mm) inside the COLTRIMS
apparatus. The molecular beam propagating along the y-axis
was generated using a supersonic gas jet. The employment of
the supersonic diffuse gas jets can produce well localized and
internally cold molecular targets for high-resolution electron-
and ion-momentum measurements.

The measurements were performed in a reaction micro-
scope of COLTRIMS, as schematically illustrated in figure 1,
where not only the charged ions and electrons but also
the excited neutral Rydberg atoms ejected from the same
molecule can be detected in coincidence by using two time-
and position-sensitive microchannel plate (MCP) detectors
mounted on two opposite sides of the spectrometer. The
weak homogeneous electric field (E-field) and magnetic field
(B-field) were utilized to guide the generated ions and
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Figure 1. Schematic diagram of the femto-COLTRIMS apparatus. The exhibited layout illustrates the generation of linearly polarized UV
pulses for interacting with H2 molecules in the vacuum chamber.

electrons towards the corresponding detectors. On the other
hand, the produced excited neutral Rydberg atoms can also
be detected if they fly towards the ion detector and impinges
on the detector with an internal potential energy larger than
the work function of the MCP (a few eV). It thus allows
us to investigate the dynamics of the Rydberg states excita-
tion in strong-field dissociation of molecules [23, 25, 26, 53].
The three-dimensional momenta of the detected particles were
reconstructed from the measured time-of-flights (TOFs) and
positions of the impacts during the offline analysis.

4. Electron–nuclear energy sharing in multiphoton
dissociative single ionization of molecules

In this section, the photon energy sharing between the ejected
electron and nuclei in the above-threshold multiphoton disso-
ciative single ionization of the simplest two-electron system
H2 [47] and multielectronic system CO [48] molecules are dis-
cussed. With assistance of the electron–nuclear JES, we also
show in the following the crucial role of the electron–nuclear
correlation in the photon-number-dependent asymmetric dis-
sociative single ionization [50] and the electron-rescattering
induced high-order ATD [51] of molecules, which cannot be
revealed if the freed electron is not measured in coincidence
with the nuclear fragments.

4.1. Two-electron system: H2

As the simplest neutral molecule, the hydrogen molecule
serves as a prototypical system for exploring the numerous

fundamental phenomena. Stimulated by the theoretical pre-
diction of electron–nuclear photon energy sharing in multi-
photon dissociative ionization of H2

+ [39], the first exper-
imental test on this problem was carried out in the above-
threshold multiphoton dissociative single ionization of H2, i.e.,
H2 + nω → H+ + H + e referred to as (H+, H) channel,
driven by a UV femtosecond laser pulse [47]. Figure 2(a)
displays the measured electron–nuclear JES of the (H+, H)
channel. Similar to the predicted features in references [39,
40], multiple diagonal lines separated by the photon energy
were clearly observed in the electron–nuclear JES, indicating
correlated sharing of the absorbed photon energy among the
ejected electrons and nuclei in the above-threshold dissocia-
tive ionization of H2. According to the energy conservation
law, along each diagonal line the electron energy Ee decreases
with the increase of the nuclear energy EN, because their sum
energy Esum = EN + Ee is a constant. The corresponding
energy spectra of the nuclei EN, electron Ee and their sum
Esum, are shown in figures 2(b)–(d), respectively. As shown
in figure 2(c), the electron energy spectrum is modulated with
rich fine structures as compared to the nuclear energy spec-
trum in figure 2(b). The fine structures in the Ee spectrum are
polarization-dependent and disappear in the circularly polar-
ized laser pulses because of the suppression of the Freeman
resonances [55, 56]. Interestingly, by considering total ener-
gies of all the ejected fragment particles, clear discrete photon-
energy-spaced ATI peaks were reconstructed in the Esum spec-
trum as shown in figure 2(d), which further highlights the fact
that the electrons and nuclei of the molecule as a whole absorbs
the photon energy from the light.
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Figure 2. (a) Measured electron–nuclear correlated JES of (H+, H)
channel in a linearly polarized UV pulses with peak intensity of
4.3 × 1013 W cm−2. The corresponding spectra of the (b) nuclear
energy EN, (c) photoelectron energy Ee and (d) their sum-energy
Esum. Reprinted figure with permission from [47], Copyright 2013
by the American Physical Society.

Driven by a strong UV laser field, the dissociative single
ionization of H2 molecule generally proceeds in two steps, as
illustrated in figure 3. In the first step, one electron is released
from the H2 molecule and a nuclear wave packet (NWP) is
launched on the ground state of H2

+. In the second step, the
laser-created H2

+ dissociates into the continuum of a proton
H+ and a hydrogen atom H via direct pathway (stretching
to the continuum of H+ + H along 1sσg state) or one pho-
ton pathway (stretching to the continuum of H+ + H along
2pσu state after resonantly absorbing one additional photon).
As marked by the dashed line in figure 2(c), the low and high
EN in the nuclear energy spectrum are correspondingly pro-
duced by the dissociation via the direct and one-photon path-
ways, respectively. As displayed in figure 2(a), for the 1st ATI
peak where the dissociation is dominated by the direct path-
way, almost all the excess photon energy is transferred to the
nuclei while the electron is almost rest. However, for the 2nd
ATI peaks in figure 2(a) where the one-photon dissociation
pathway is predominant, most energy of the absorbed pho-
tons above the ionization threshold is taken by the electron
in the ionization step, while the observed kinetic energy of
the nuclei gains mainly from the succeeding photon-coupled
transition and propagation on the potential energy curves. The
dissociation dynamics of the molecule is determined by the
amount of energy transferred to the nuclei in the first ionization
step.

4.2. Multielectron molecule: CO

Most previous studies on the electron–nuclear energy shar-
ing were carried out for the simplest one- or two-electron
systems of H2

+ [39–46] and H2 [47, 49, 51–53]. For the

Figure 3. Schematic diagram showing the molecular dynamics
involved in the strong-field dissociative ionization of a H2 molecule,
including the above-threshold dissociative single ionization,
Coulomb-exploded double ionization, electron-rescattering assisted
high-order ATD, asymmetric dissociative single ionization, and
Rydberg state excitation in dissociative FDI of molecules. The ωFW
and ωSH denote the laser frequency of the FW and SH wave
components of the two-color laser pulses, respectively. The inset (i)
illustrates the directional proton emission depending on the phase of
the two-color laser field in dissociative single ionization of H2. The
inset (ii) sketchs the excitation of the stretching H2

+ occuring at
slightly different internuclear distances, where the molecular ion
were resonantly tranferred onto the repulsive Rydbergs states at a
smaller internuclear distance of R(H+,H∗), leading to a larger kinetic
energy of the nuclear fragments of the (H+, H∗) channel than those
of the (H+, H+) channel for which the excess photon energy of δE
above the ionization threshold electron.

multi-electron molecules, the participation of multiple orbitals
and numerous electronic states in the ionization and dis-
sociation process will complicate the photon energy shar-
ing dynamics. In a recent experiment, the energy correla-
tion between the emitted electrons and ions in dissociative
double ionization of a polyatomic hydrocarbon molecule of
C2H2 was found to be negligible [57]. It further raises several
questions that does the electron–nuclear photon energy shar-
ing phenomena still holds in other multi-electron molecules
besides the one- or two-electron systems of H2

+ and H2?
and how does the multiple orbitals and electronic states of
the molecule affect the energy partitions law? and what is
the underlying mechanism that governs the photon energy
sharing?

More recently, using CO as a prototype, the elec-
tron–nuclear sharing of the excess photon energy in above
threshold multiphoton dissociative single ionization of multi-
electron molecule was experimentally observed [48, 49].
Figure 4(a) displays the measured electron–nuclear JES of the
multiphoton dissociative single ionization of CO molecules
[48], i.e., CO + nω → C+ + O + e [labeled as (C+, O)],
where the general feature of photon energy spaced diagonal
lines are observed.
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Figure 4. (a) Measured electron–nuclear JES of the (C+, O) channel in a linearly polarized UV femtosecond laser pulse with peak intensity
of 7.6 × 1013 W cm−2. (b) The corresponding nuclear KER spectra EN integrated over Ee. The locations of the expected EN of the photon
coupled transitions starting from different vibrational levels in B2Σ+ and A2Π state are marked, respectively. (c) Enlarged JES distribution
of the first diagonal line in (a). (d) Distributions of the energy peaks of the discrete JES islands in (c). Two JES structures in the low- and
high-EN regions show different photon energy sharing slopes, which results from participation of different orbitals in the dissociative
ionization process. (e) The relevant potential energy surfaces of CO and CO+ showing the different pathways accessing for the dissociative
single ionization of CO molecules. Adapted figures with permission from [48], copyright 2016 by American Physical Society.

As compared to the H2
+ [39–46] and H2 [47, 50–53],

because of the complexity of the multi-electron system, the
JES for the dissociative ionization of CO exhibits more
features [48]. First of all, as shown in figure 4(b), the
nuclear energy spectrum EN is featured with discrete fine
structure, which maps the rich vibrational structure of the
photoionization-created CO+. The population of numerous
vibrational states of the molecular cation in the ionization
process provides the energy reservoir for the nuclei to store
the gained photon energy. It is the key point for the above-
observed electron–nuclear sharing of the absorbed photon
energy. Moreover, as shown in figure 4(c), two sets of elec-
tron–nuclear energy sharing structures are observed in the
enlarged distribution of the first diagonal line of the JES and
can be distinguished as the low-EN (EN < 0.7 eV) and high-EN

(EN > 0.7 eV), respectively. Figure 4(d) shows the peak ener-
gies of the discrete islands in the first diagonal line of the JES.
The different slopes in the low- (slope ∼ −1.14) and the high-
EN (slope ∼ −0.75) regions of the JES structure result from
the participation of multiple orbitals and electronic states in
the strong-field dissociative ionization process. By matching
the vibrational energy space of various electronic states and
the simulated final nuclear kinetic energy EN gained from dif-
ferent photon-coupled transitions processes, two dissociation
pathways were identified in producing the low- and high-EN

regions. As illustrated in figure 4(e), the observed low-EN

events can be attributed to the two-photon coupled transi-
tion of the NWP from B2Σ+ state to the 32Σ+ and 32Π+

states, followed by dissociation into the C+(2P0) + O(1D)
limit; while the high-EN region is accessed via one-photon
transition from the A2Π state to the D2Π state and followed
by dissociation to the limit of C+(2P0) + O(3P). For this two

dissociation pathways, the dependences of the energy differ-
ences between the coupled electronic states on the internuclear
distance are different, which lead to different slopes in the
orbital-resolved JES and thus alter the electron–nuclear energy
sharing process.

We note that the role of electron–nuclear correlation should
be more significant in the strong-field dynamics of polyatomic
molecules as compared to the diatomic molecules. In the
dissociative ionization of the acetylene molecules, negligible
photon energy sharing was found [57]. It is mainly because
of that the acetylene molecule is not completely fragmen-
tized into atomic fragments and part of the absorbed pho-
ton energy may be deposited into the excited (ro-)vibrational
states of the survived molecular fragments which cannot be
retrieved from our measurements. More efforts, both exper-
imentally and theoretically, are demanded to reveal the rich
dynamics.

4.3. Photon-number-resolved directional bond breaking of
H2 molecules

For a molecule exposed to an intense laser field, the depo-
sition of the absorbed photon energy into the electronic and
nuclear degrees of freedom triggers the subsequent molecu-
lar dynamics, for instance, the directional bond breaking in
dissociative single ionization of molecules. The directional
breaking of the molecular bond in dissociative single ion-
ization of hydrogen molecules has been extensively studied
[12, 13, 58–73] by using asymmetric phase-controlled few-
cycle [12, 58–63] or two-color [64–72] femtosecond laser
pulses. In general, the directional bond breaking in molecular
dissociative ionization is revealed by tracing the asymmetric
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Figure 5. (a) Two-dimensional spectrum of the asymmetry
parameter measured in the asymmetric dissociative single ionization
of H2 molecule driven by a phase-controlled two-color laser fields.
The peak intensity of the employed FW and SH wave component is
IFW ∼ 1.2 × 1013 W cm−2 and ISH ∼ 3.3 × 1013 W cm−2,
respectively. The asymmetry parameter is quantitatively defined as
A(EN, φL) = [Y(EN, φL) − Y(EN, φL + π)]/[Y(EN, φL) + Y(EN, φL
+ π)], where Y(EN, φL) is the H+ yield as a function of nuclear
kinetic energy EN and relative phase φL of the two-color laser pulse.
(b) The corresponding EN spectrum integrated over the phase φL and
electron energy Ee. (c) Asymmetry parameter of the low-EN (0.4 eV
< EN < 0.9 eV) and high-EN (1.1 eV < EN < 1.6 eV) regions as
indicated in (b). The solid sinusoidal curves are the numerical fits of
the measured data. Adapted figures with permission from [50],
copyright 2017 by American Physical Society.

emission of electrons or nuclear fragments. Figure 5(a) dis-
plays the measured two-dimensional (2D) asymmetry spec-
trum of the proton emission in dissociative single ionization of
H2, i.e., the (H+, H) channel, driven by a phase-controlled two-
color laser field [50]. The asymmetric ion emission is inter-
preted as the interference of quantum pathways ending with
opposite parities by absorbing and emitting different numbers
of photons in the dissociation process [73]. As illustrated in
figure 3, driven by a two-color field composing of the fun-
damental wave (FW) and its second harmonic (SH), several
dissociation pathways [74–77, 79], e.g., 1ωSH–1ωFW, 1ωFW,
net-2ωFW, 1ωSH, 1ωSH+2ωFW–1ωFW, and 3ωFW pathways,
may contribute to the interference in the regions where their
final kinetic energies are overlapped. The observed asymmetry
at different energies of the EN spectrum indicates the partici-
pation of different dissociation pathways. As marked by the
white dashed lines in figure 5(a), the low-EN (0.4 eV < EN <
0.9 eV) and high-EN (1.1 eV < EN < 1.6 eV) regions exhibit
different asymmetries of the proton emission, which originate
from the interference between the 1ωFW and 1ωSH–1ωFW

pathways, and between the 1ωSH and net-2ωFW pathways,
respectively.

By taking advantage of the electron–nuclear JES, the
dependence of the asymmetric proton emission on the total
number of photons absorbed by the molecule can be revealed
[50]. Figure 6(a) displays the φL-integrated electron–nuclear
JES of the (H+, H) channel driven by the two-color laser
pulses. In the JES, the multiple diagonal line spaced by
the photon energy of the FW field (�ωFW) allows one to
unambiguously count the total number of photon energy

Figure 6. (a) Measured phase-integrated electron–nuclear JES of
the (H+, H) channel. (b) The normalized EN distributions by
projecting on Ee for the first four diagonal energy conservation lines
as labeled in (a). The vertical dashed lines mark the expected
locations of the EN for four dissociation pathways. (c) The
ATI-order (photon number)-dependent fitted asymmetry amplitude
A0 of the (H+, H) channel in low-EN (red circles) and high-EN (blue
squares) regions. (d) The corresponding deduced relative weight (R)
of various dissociation pathways as a function of each line order
(ATI order) of the JES. Adapted figures with permission from [50],
copyright 2017 by American Physical Society.

absorbed by the molecule. Figure 6(b) plots the normalized EN

spectrum integrated over Ee for each one of first four diagonal
lines (ATI order) in the JES. As compared to the EN spectrum
integrated over the entire Ee, as displayed in figure 5(b), the
EN spectrum corresponding to a single ATI order can reveal
the relative weight of the above-mentioned four dissociation
pathways. For instance, the EN spectrum is dominated by the
1ωSH–1ωFW for the first ATI order, while the higher-EN path-
ways, i.e., 1ωFW, 1ωSH, and net-2ωFW, becomes accessible
with increased proportions for the higher ATI orders. The
channel opening of the dissociation pathways with higher EN

results from the deposition of more photon energies into the
nuclei when more photons are absorbed by the molecule.

Since the asymmetric proton emissions are induced by the
interference of various pathways with opposite parities, the
ultimate asymmetry are thus related to the photon-number-
dependent accessibility of the involved interfering pathways.
Figure 5(c) plots the phase-dependent asymmetries of the low-
and high-EN regions, where the solid curves are the numeri-
cal fits of the measured data by using the function of A = A0

cos(φL + ϕA0) with A0 and ϕA0 the amplitude and phase off-
set of the asymmetry, respectively. Interestingly, as shown in
figure 6(c), the fitted amplitudes A0 of the asymmetry for vari-
ous ATI orders of the low- and high-EN regions increases with
the increase of the ATI order. On the other hand, the asymme-
try parameter Ac for the pathway interference can be expressed
as Ac = [2R/(R2 + 1)]cos(Δϕ) in a semiclassical model [13],
where R is the relative weight between the interfering path-
ways and Δϕ is the phase difference of the NWP accumu-
lated during the dissociation via the two different pathways. By
assuming that the A0 of the fitting function equals the ampli-
tude of the asymmetry parameter of the semiclassical model,
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Figure 7. (a) Electron–nuclear JES of the above-threshold dissociative single ionization channel of (H+, H) driven by linearly polarized
near-IR (790 nm) laser pulses with a peak intensity of I0 = 9.0 × 1013 W cm−2. (b) Measured Ee-integrated nuclear energy spectra EN by
linearly polarized (LP, red curve) and circularly polarized (CP, blue curve, I0 = 1.8 × 1014 W cm−2) laser pulses. (c) The photoelectron
energy spectrum integrated over EN in the range of 2–8 eV in linearly polarized pulse. (d) The corresponding total energy spectrum of the
coincidently measured nuclei and electron of the (H+, H) channel by integrating the diagonal lines of the JES with EN ranging from 2 eV to
8 eV. (e) The integrated ATI spectra Ee of the photoelectron obtained by fixing the EN in the ranges of 3.8–4.2 eV and 4.8–5.2 eV. (f) The
integrated ATD spectra EN of the nuclear fragments obtained by fixing the Ee in the ranges of 0.8–1.2 eV and 1.8–2.2 eV. Reproduced with
permission from [51]. 2018.

i.e., 2R/(R2 + 1) = A0, the relative weight R between the
dissociation pathways involved in the interference for the
low- and high-EN regions can thus be deduced. As shown in
figure 6(d), the deduced R are featured with a similar depen-
dence on the ATI orders as that of the amplitude A0. The ten-
dency of the invariable R for the high ATI order is because of
that all the possible dissociation channels are accessed with
almost saturate probability when the molecule absorbs many
photons from the laser fields.

4.4. High-order ATD of molecules assisted by electron–ion
rescattering

When multiple photons are absorbed by the molecules in
strong laser fields, the ATD generally occurs in dissocia-
tive single ionization process [7–10]. In the ATD, multi-
ple photons exceeding the binding energy of the molecular
bond are deposited into the nuclei of molecules, leading
to discrete photon-energy-spaced peaks in the KER spec-
tra of the nuclear fragments. Since the first theoretical pre-
diction of the ATD for the simplest H2

+ molecules made
more than twenty years ago [7], many efforts have been
dedicated in observing the molecular ATD in strong laser
field [8–10]. However, the experimental evidences of dis-
tinct high-order (more than three orders) ATD have never
been reported, where the key problem of which lies on the
electron–nuclear correlation in molecular dissociative ioniza-
tion. To reveal the general feature of the high-order ATD, the
coincidence measurements of the freed electron and nuclear
fragments are required because the absorbed multiple photon

energies are shared among the electronic and nuclear degrees
of freedom.

Recently, a conclusive experimental observation of the
high-order ATD of H2 in strong laser fields was demonstrated
[51] by employing the JES of the coincidently measured elec-
tron and nuclei ejected from the same molecule [47–53].
Differing from the aforementioned dissociative single ion-
ization of H2 accessed via the photon-coupled (one-photon,
net-two-photon or three-photon) dipole transitions between
the 1sσg and 2pσu state of H2

+ [3, 10], the here-observed
high-order ATD of H2 [51] is assisted by the field-driven
inelastic rescattering of the tunneled electrons. The electron
rescattering-assisted high-order ATD of H2 molecule is illus-
trated in figure 3. After interacting with intense laser fields, the
neutral H2 molecule emits one electron and launches an NWP
on the 1sσg state of H2

+. Then, the created NWP starts to move
along the potential curve of 1sσg state, while the liberated elec-
tron is accelerated by the remaining oscillating laser fields to
gain multiphoton energy. The energetic electron may be driven
back to the parent ion and transfer the absorbed photon energy
to the stretching H2

+ by exciting the NWP onto the 2pσu state,
resulting in the subsequent dissociation into nuclear fragments
(H+ and H) with high kinetic energies. Figure 7(a) displays the
measured electron–nuclear JES of the (H+, H) channel in lin-
early polarized 790 nm laser pulses [51]. The correlated photon
energy sharing dynamics of the released electron and nuclei in
the high-order ATD are bridged by the laser-driven inelastic
electron rescattering, which can be revealed by the diagonal
energy correlation lines in the high-EN (EN > 2 eV) region
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of the JES. As shown in figure 7(b), the relatively suppressed
high-EN yield for the circularly polarized laser pulses verify
the rescattering nature in producing the high-EN region, while
the polarization-independent signals in the low-EN (EN < 2
eV) region are mainly produced from the one-photon and net-
two-photon dipole transitions between the 1sσg and 2pσu state
of H2

+ [3, 10].
Basing on the quantized photon nature of the incident light,

it is logical for the observation of discrete photon-energy-
spaced peaks in both the high-order ATD spectra of the nuclei
and the ATI spectra of the photoelectron, since both the elec-
tron and nuclei can store multiple photon energy. As displayed
in figures 7(b) and (c), the photon-energy-modulated struc-
tures are obscured in the sole nuclear or the photoelectron
spectra of the high-EN region, which however, can be recon-
structed in the total energy spectrum of the ejected electron
and nuclear fragments, i.e., the Esum spectrum as shown in
figure 7(d). Each peak in the Esum spectra corresponds to one
diagonal line in the high-EN region of the JES. The ATI of the
photoelectron and ATD of the nuclei are entangled because
of the interference of the periodically emitted correlated elec-
tron–nuclear wave-packet in each optical cycle. Interestingly,
as shown in figures 7(e) and (f), the discrete ATI (ATD) peaks
in the photoelectron (nuclei) can be clearly reproduced by
fixing the nuclear (photoelectron) energy. In analogy to the
ATI photoelectron spectrum, more than four distinct photon-
energy-spaced peaks are observed in the nuclear KER spec-
trum, which is an unambiguous evidence of the observation of
the high-order ATD.

5. Electron–nuclear correlation in above-threshold
dissociative double ionization of molecules

Following the absorption of multiphoton energy, the laser-
induced double ionization may occur, in which process two
electrons are either released sequentially or stripped out in
a nonsequential manner. As compared to the single ioniza-
tion, the electron–electron correlation was expected in nonse-
quential above-threshold double ionization (ATDI) [74–77].
The exchanging and sharing of the absorbed photon ener-
gies among the two freed electrons have been experimentally
observed in both atoms [78] and molecules [57] in compliance
with the electron–electron correlation.

Considering the electron–nuclear correlation, it has been
shown that the freed electron and its parent ion in the disso-
ciative single ionization of molecules are closely coupled to
each other in the ionization step, leading to the photon energy
sharing among them [39–50, 52]. For the dissociative ATDI of
H2 molecules, two electrons and two nuclei are involved. It is
possible that the two electrons do not directly correlated each
other but are released sequentially. Even so, it was recently
experimentally reported [52] that the photon energy sharing
among four particles still holds in the multiphoton ATDI of
H2, where the correlation between the successively released
two electrons is bridged by the nuclear motion via their inter-
actions. It provides profound insights into the electron–nuclear
correlation in strong-field dissociative double ionization of
molecules.

Figure 8. (a) Measured electron–nuclear JES of the sum energy of
two protons. i.e., EN, and sum energy of two electrons i.e., Ee1 +
Ee2 , of the (H+, H+) channel in linearly polarized UV pulses with
intensity of 1.1 × 1014 W cm−2. (b) Electron–electron JES of two
freed electrons of (H+, H+) channel. (c) Nuclear energy spectrum
EN integrated over the electron energy Ee. (d) The JES of the
nuclear energy EN versus the energy of one of the two electrons (Ee1
or Ee2 ) of the (H+, H+) channel. The three different pathways, i.e.,
direct, one-photon, and net-two-photon pathways, towards the
double ionization of H2 are indicated by both the tilted arrows in (d)
and fitted Gaussian distributions of EN in (c). (e) The nuclear energy
spectra EN integrated over one of the first four diagonal lines as
labeled in (a). Reprinted figure with permission from [52],
Copyright 2017 by the American Physical Society.

Figure 8(a) shows the measured four-particle-coincidence
electron–nuclear JES of the Coulomb-exploded double ion-
ization channel of H2 + nω→ H+ + H+ + e1 + e2 [denoted
as (H+, H+) channel] in a linearly polarized intense UV fem-
tosecond laser field. The yield of the (H+, H+) channel as a
function of the sum energy of two electrons, i.e., Ee1 + Ee2 ,
and the sum energy of two ions, i.e., EN, are plotted in the JES.
The characteristic feature of the electron–nuclear JES is the
multiple energy conservation (diagonal) lines which evidently
reflects the sharing of the absorbed photon energy among the
ejected two electrons and two ions in the multiphoton ATDI of
H2 molecule.

Beyond the general photon energy sharing feature, the JES
also allows to reveal the accessing dynamics of the dissocia-
tive double ionization of molecules. As shown in figure 8(b),
the discrete islands appeared in the crossing of straight lines
in the electron–electron JES of the (H+, H+) channel clearly
indicate that the two electrons in the ATDI of H2 molecule [52]
are mostly sequentially released rather than via the nonsequen-
tial double ionization process [57, 78]. Moreover, as shown
in figure 8(c), the nuclear kinetic energy EN of the (H+, H+)
channel in the range of 2–8 eV is similar to that observed in
the charge resonance enhanced double ionization of H2 [21,
79, 80]. The generation of (H+, H+) channel can be described
as a three-step process, as illustrated in figure 3. In the first
step, the neutral H2 is singly ionized by releasing an elec-
tron e1 and H2

+ in the 1sσg state is formed. Secondly, the
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ionization-created H2
+ dissociates in the laser field via three

different pathways, i.e., the direct pathway (direct dissocia-
tion without absorbing extra photons), one-photon pathway
(absorbing one-photon when the molecular bond stretches to
point B), or the net-two-photon pathway (propagation along
the 1sσg potential surface undergoing photon-coupled transi-
tion to the 2pσu state by absorbing three photons at point A,
followed by propagation along the 2pσu surface and coupling
back to the 1sσg state by emitting one photon at point B, ended
with the dissociation along the 1sσg state). Thirdly, the disso-
ciating H2

+ is further ionized when the internuclear separation
increase to the critical value for CREI, leaving behind two bare
protons H+ which repel each other. Interestingly, as shown
in figure 8(d), three distinct sets of tilted strips with nuclear
energy EN in the ranges of 2–3 eV, 3–5 eV, and 5–8 eV in the
JES of one electron versus two nuclei of the (H+, H+) chan-
nel are observed, corresponding to the aforementioned three
photon-resolved pathways towards the CREI of the stretching
molecular ion of H2

+.
Depending on the total number of photons absorbed by

the molecule, the accessibility, enhancement, and suppres-
sion of various photon-resolved pathway is also observed in
the ATDI of H2 molecule [52]. As indicated by the dashed
lines in figure 8(a), each diagonal line (ATI order) in the
JES stands for a constant number of photons absorbed by
the molecule. Figure 8(e) plots the corresponding nuclear
energy spectra EN for the first four ATI orders. Interestingly,
with the increase of the ATI orders, i.e., the total number
of absorbed photons, the dissociation pathway with higher
nuclear energy becomes accessible with increased relative
yield. For instance, the (H+, H+) channel is dominated by
the direct and one-photon pathways for the 1st ATI order,
while the net-two-photon pathway becomes more prominent
for the 2nd ATI order. The yield of the net-two-photon pathway
gradually increases with the increase of the absorbed number
of photons, which even exceeds the one-photon pathway for
the 4th ATI order. Meanwhile, the direct pathway is some-
what suppressed as the ATI order increases. The competitions
between the three photon-resolved pathways provide an inter-
esting observation for investigating the role of photon energy
absorption and deposition in determining the dynamics of
molecules.

6. Rydberg states excitation in dissociative
frustrated ionization of molecules

After conclusion of the intense laser pulses, rather than being
ionized, it was reported that a fraction of the neutral atoms
or molecules can survive in highly excited Rydberg states
[23–26, 81–100]. For molecules exposed to strong laser fields,
the excited Rydberg fragments can be formed in the process of
molecular dissociative frustrated ionization. Taking the dou-
ble ionization of molecules as an example, it is possible that
one of the two liberated electrons does not escape to the con-
tinuum but is trapped to the high-lying Rydberg orbitals of
the outgoing ionic fragments, leading to the dissociative frus-
trated double ionization (FDI) [23–26]. The Rydberg fragment
formation in the dissociative FDI channel was generally

observed in various molecular systems, such as H2 [23, 24,
26], D2 [25, 96], N2 [88], D3

+ [93, 94], CO [99], CO2

[100] and clusters [88–91]. The dynamics of the dissocia-
tive FDI of hydrogen molecules has been real-time visual-
ized using a few-cycle pump-probe scheme and the bond
stretching of the molecular ion was identified to play a
key role in the formation of the neutral Rydberg fragments
[26, 96]. More recently, the strong-field Rydberg excita-
tion was also explored in the dissociative frustrated sin-
gle ionization of molecules by observing a neutral and an
excited Rydberg nuclear fragments in the final reaction prod-
ucts [98]. Although the unexcited neutral fragment cannot
be directly detected, the photon-excitation-created excited
Rydberg fragments are measured with assistance of the
postpulse static dc-field ionization, leading to the lowest
order of the dissociative Rydberg fragmentation channel of
molecules.

6.1. Multiphoton resonant excitation vs frustrated tunneling
ionization

Although the strong-field induced Rydberg state excitation has
been extensively studied over the past, the underlying physical
mechanism for the Rydberg fragments formation is yet a puz-
zle via the multiphoton resonant excitation [53, 81–84, 98] or
frustrated tunneling ionization (FTI) [23–26, 85–97, 99, 100],
where different experimental perspectives are expected. In the
multiphoton scenario, the population of the Rydberg states is
accessed via resonant multiphoton excitation which generally
occurs when the potential energy of the highly excited state
matches the photons. However, the FTI mechanism is viewed
as an electron recapture picture. It attributes the formation of
the Rydberg fragments to the recapturing of a tunneled elec-
tron by the ionic nucleus into a Rydberg orbital at the ends of
the laser pulse.

In the previous experimental studies using a near-IR laser
pulse, the dynamics of dissociative FDI of H2 molecules [23,
26], i.e., H2 + nω → H+ + H∗ + efreed [denoted as (H+,
H∗) channel], was interpreted using the electron recapture pic-
ture of the FTI mechanism, which is supported by two signif-
icant features. One is that the (H+, H∗) channel and Coulomb
exploded double ionization channel (H+, H+) share compa-
rable nuclear KER spectra since the (H+, H+) channel serves
as the precursor for the electron-recapture-induced (H+, H∗)
channel. The other is that the (H+, H∗) channel is favored in
linearly polarized laser pulses but is suppressed in circularly
polarized light in which the electron is driven away from the
ionic cores and unable to be recaptured. However, in a recent
experiment using a UV light [53], it was found that the KER
spectrum of the nuclear fragments of (H+, H∗) channel dif-
fers significantly from that of the (H+, H+) channel, as shown
in figure 9(a), which is surprisingly in contrast to the previous
observations using near-IR laser pulses [23]. Moreover, as dis-
played in figure 9(d), the (H+, H∗) channel is clearly observed
in the circularly polarized UV pulse, which again contradicts
the FTI scenario.

From the theoretical point of view, according to the FTI sce-
nario, the similarity of the nuclear KER spectra of the (H+,
H∗) and (H+, H+) channels in the near-IR laser pulses and the
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Figure 9. (a) Measured nuclear kinetic energy spectra EN of (H+,
H∗) (blue solid line) and (H+, H+) (red dashed line) channels in a
linearly polarized UV (395 nm) laser pulse with peak intensity of
7.5 × 1013 W cm−2. (b) and (c) The corresponding electron–nuclear
JES of the (b) (H+, H+) and (c) (H+, H∗) channels. The three
photon-resolved pathways towards breaking of H2 molecules are
indicated in the JES with EN in different ranges. (d) Measured EN
spectra of the (H+, H∗) (blue solid line) and (H+, H+) (red dashed
line) channels driven by a circularly polarized UV laser pulse with
intensity of 1.3 × 1014 W cm−2. (e)–(h) The Esum spectra of the
freed electrons and nuclear fragments of the (e), (f) direct and (g),
(h) one-photon pathway of the (H+, H+) and (H+, H∗) channels
driven by the linear UV laser pulse with intensities of (e), (g) 0.75 ×
1014 W cm−2 and (f), (h) 1.0 × 1014 W cm−2. Adapted figures with
permission from [53], copyright © 2019, Springer
Nature.

suppression of the dissociative FDI in circularly polarized laser
pulse can be well reproduced in the classical trajectory Monte
Carto simulations [23, 24, 86, 93]. The theoretical treatment
of FTI scenario is based on the two-step semi-classical model,
i.e., the tunneling ionization followed by the classical propa-
gation of the tunneled electron. From the calculations, the final
momenta of the outgoing nuclear fragments and the princi-
ple quantum number n of the excited fragments can be exactly
extracted [23, 86]. Moreover, the developed three-dimensional
semi-classical model [24, 94] allows for predicting two path-
ways for the electron trapping in (H+, H∗) [24] which has
stimulated further related experimental studies [96]. However,
the classical simulation methods based on the FTI picture fails
to predict the KER spectrum of the (H+, H∗) channel in UV
light, as shown in figure 9(a). A careful examination of the
dissociative FDI dynamics based on accurate numerical solu-
tion of TDSE of H2 molecule, of which however is not an easy
task, might allow for reproducing the interesting features. By
solving the TDSE of the hydrogen atom [83], the population of
Rydberg states in strong laser fields is identified to be accessed
via the multiphoton resonant excitation rather than the FTI.

To reveal a complete picture for the generation of Ryd-
berg fragments in strong-field dissociation of molecules, the

coincidence measurement of all the ejected electrons and
nuclear fragments is crucial since the electron and nuclei are
strongly coupled in molecules.

6.2. General of electron–nuclear correlated multiphoton
scenario

The complete measurement of the freed electrons, charged H+

and excited neutral H∗ ejected from the (H+, H∗) and (H+, H+)
channels was performed using a reaction microscope [26, 96],
which allows one to reveal the critical role of electron–nuclear
correlation in the Rydberg state excitation in the dissociation of
molecules [53]. Figures 9(b) and (c) present the measured elec-
tron–nuclear JES of the (H+, H+) and (H+, H∗) channel in a
linearly polarized UV light, respectively [53]. Interestingly, as
shown in the JES, although the nuclear kinetic energy spectrum
EN of the (H+, H∗) channels is much different from that of the
(H+, H+) channel, the aforementioned three photon-resolved
pathways accessing for the (H+, H+) channel still exhibits in
the (H+, H∗) channel. It suggests that these two channels might
be accessed via a comparable three-step process [52, 53]. It
is confirmed by calculating the total energies Esum of all the
ejected particles which are equal for the same pathway in these
two channels since the electrons and nuclei of the molecule
as a whole absorbs the photon energy. Figures 9(e) and (g)
plot the Esum spectra of (H+, H∗) and (H+, H+) channels
accessed via the direct and one-photon pathways, respectively.
The well-matched locations of the discrete ATI peaks in the
Esum spectra for these two channels indicate that, for a given
photon-resolved pathway, the H2 molecule absorbs the same
number of photons in producing these two different channels.

The observed distinct EN spectra of the (H+, H∗) and (H+,
H+) channels are ascribed to the different energy partition laws
among the electrons and nuclei. For the (H+, H+) channel,
the freed electrons mostly take the absorbed photon energy
exceeding the double ionization threshold. This excess pho-
ton energy is deposited into the outgoing nuclei of the (H+,
H∗) channel by resonantly populating the repulsive Rydberg
states at a smaller internuclear distance, which leads to a rel-
atively higher kinetic energy of the nuclear fragments of the
(H+, H∗) channel as compared to that of the (H+, H+) chan-
nel. More interestingly, the photon energy sharing among the
ejected electron and nuclear fragments of the (H+, H∗) channel
is altered by the laser-induced ac-Stark shift. By considering
the intensity-dependent Stark shift of the ionization threshold,
as shown in figures 9(e)–(h), the energy of the first and sec-
ond ATI peaks of the Esum spectrum will shift towards the
low energy as the laser intensity increases. Due to the dif-
ferent energy partition laws between the (H+, H∗) and (H+,
H+) channels, the laser-intensity dependent shifts of the Esum

are also manifested in the energy shift of the EN spectrum of
(H+, H∗) channel. With the increase of the laser intensity, the
internuclear distance for the multiphoton resonant excitation
becomes larger due to the uprising of the potential energy of
the excited Rydberg states. It leads to the shifting of the nuclear
kinetic energy of (H+, H∗) channel for each pathway towards
the low energy, as shown in figures 10(a)–(d).

More interestingly, the accessibilities of the high-order
photon-resolved pathways increases with the laser intensity.
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Figure 10. Measured nuclear kinetic energy spectra EN of the (H+, H+) and (H+, H∗) channels driven by (a)–(d) linearly polarized and
(e)–(h) circularly polarized UV pulses at various laser intensities. Adapted figures with permission from [53], copyright © 2019, Springer
Nature.

When the laser intensity increases up to a certain value, the
EN spectrum of the (H+, H∗) channel resembles that of the
(H+, H+) channel. It is consistent with the observations using
near-IR laser pulses which is generally explained by the elec-
tron recapture picture [23]. Actually, for longer wavelength,
the photon energy is smaller and the corresponding Up shift
is larger. As a result, the three energy peaks induced by the
three photon-resolved pathways are broadened and overlap
with each other and thus the EN spectrum of the (H+, H∗)
channel becomes similar to that of the (H+, H+) channel as
the FTI scenario expected. Therefore, the multiphoton-route
with intrinsic electron–nuclear correlation is the general mech-
anism in producing Rydberg fragments in strong-field disso-
ciative ionization of molecules, which can also explain the
observation of the FTI scenario at long laser wavelengths. An
additional solid evidence of the multiphoton-route to the Ryd-
berg fragments of molecules is that the intensity-dependent EN

spectra of (H+, H∗) channel are also observed in circularly
polarized UV pulses, as shown in figures 10(e)–(h). For the
(H+, H∗) channel in circularly polarized near-IR laser fields
[23], the cross section for the resonant excitation is relatively
lower since more photons are required, thus leading to a much
less accessibility of the Rydberg fragments as compared to
the UV lasers. Moreover, the electron–nuclear correlated mul-
tiphoton resonant excitation is also responsible for the for-
mation of Rydberg fragments in the dissociative frustrated
single ionization of molecules [98], which further verifies the
general of the multiphoton-route to Rydberg fragments of
molecules.

7. Conclusion and outlook

The electronic and nuclear motions inside a molecule are of
fundamental importance in determining the ultrafast physic-
ochemical reactions. Although the electron is several orders
in magnitude lighter than the nuclei, their motions are gen-
erally coupled with each other, which plays a crucial role in
strong-field dynamics of molecules. In this article, we have
reviewed recent progresses of the electron–nuclear correlated
dynamics of molecules exposed to strong laser fields, in par-
ticular, the photon energy absorption and deposition as the
primary stage of the light–molecule interactions. In the strong-
field dissociative ionization of molecules, two essential ques-
tions of how the molecule absorbs the photon energy and
how the energy is distributed among the subsystems of the
molecules are answered by means of the electron–nuclear
JES. When the molecule coherently absorbs multiple pho-
tons from the laser fields, the nature of photon energy sharing
among the electrons and nuclei of the molecule is revealed
by the multiple diagonal lines in the JES. Each line indi-
cates that the electrons and nuclei of the molecule as a whole
absorbs the photon energy. The electron–nuclear correlated
photon energy sharing dynamics is generally observed in
the dissociative single and double ionization of molecules,
where the electron–nuclear correlation is bridged by the inter-
play of the electronic and nuclear motions. The prerequisite
for the electron–nuclear energy sharing is the population of
numerous vibrational states of the molecular ions in the ion-
ization process. It serves as the energy reservoir for the nuclei
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storing the shared photon energy. Differing from the sim-
plest one- or two-electron molecules, electron–nuclear photon
energy sharing dynamics in the multi-electronic molecules is
altered when various molecular orbitals participate in the dis-
sociative ionization process. It offers a perspective to reveal
the fingerprints of the multi-orbital effects in the molecu-
lar processes and further decode the underlying attosecond
multi-electron dynamics [101].

Beyond revealing the correlated photon energy sharing
dynamics, the electron–nuclear JES is also useful for explor-
ing richer fundamental molecular processes where the mul-
tiparticle correlation plays key roles. Basing on the coinci-
dence measurements of all the ejected particles of a breaking
molecule, the interesting strong-field phenomena of photon-
number-dependent asymmetric dissociative single ionization,
high-order ATD and resonant multiphoton-route to Rydberg
fragments of molecules are unveiled. Understanding of var-
ious strong-field molecular dynamics from the perspective
of the electron–nuclear correlation would open the possibil-
ities to manipulate the dynamics of the electrons or nuclei
via one of them and thus determine the ultimate fate of the
molecules.

The electron–nuclear correlated dynamics in dissociative
ionization of a molecule appears inevitably associated with the
bond stretching of the molecular ion. The recently proposed
ultrafast stopwatch strategy using polarization-skewed laser
pulses makes the observation of bond stretching of the molec-
ular dissociation experimentally accessible [102]. It provides
a straightforward and robust way to probe the correlated elec-
tronic and nuclear dynamics in the dissociative ionization of
molecule with sub-cycle time resolution. Moreover, the advent
of attosecond science [103, 104] has enabled the investiga-
tion of the light-induced electronic and nuclear dynamics in
real-time. The attosecond electron–nuclear correlated dynam-
ics has been demonstrated using an advanced IR-pump and
extreme-ultraviolet (XUV)-probe spectroscopic method [105].
Nowadays, the atto-COLTRIMS apparatus consisting of XUV
pulses with attosecond time resolution and a reaction micro-
scope allowing for full particles coincidence detection is devel-
oping. It has illuminated the future works on time-resolving the
electron–nuclear correlated dynamics in molecules and imag-
ing the electronic and nuclear wave packet during the chemical
reactions.
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