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Recent advances in laser technology have enabled tremendous progress in light-induced molecular
reactions, at the heart of which the breaking and formation of chemical bonds are located. Such progress
has been greatly facilitated by the development of an accurate quantum-mechanical simulation method,
which, however, does not necessarily accompany clear dynamical scenarios and is rather computationally
heavy. Here, we develop a wave-packet surface propagation (WASP) approach to describe the molecular
bond-breaking dynamics from a hybrid quantum-classical perspective. Via the introduction of quantum
elements including state transitions and phase accumulations to the Newtonian propagation of the nuclear
wave packet, the WASP approach naturally comes with intuitive physical scenarios and accuracies. It is
carefully benchmarked with the Hþ

2 molecule and is shown to be capable of precisely reproducing
experimental observations. The WASP method is promising for the intuitive visualization of light-induced
molecular dynamics and is straightforward extensible towards complex molecules.

DOI: 10.1103/PhysRevLett.132.033201

Coherent control of molecular bond breakup and for-
mation has been a heated topic of discussion lately thanks
to recent advances in laser technology that make tailored
intense laser pulses routinely available [1–5]. The ingen-
iously sculptured laser fields carry specific frequencies
tailored to populate certain states and initiate controlled or
steered chemical reactions [6–15], which have attracted
much attention not only in physics and chemistry labo-
ratories but also in interstellar space, e.g., the formation of
trihydrogen cation as the initiator for most chemical
reactions in interstellar clouds [16–19]. The molecular
dynamics during chemical reactions can be, in principle,
well described by quantum mechanics via the solution
of the time-dependent Schrödinger equation (TDSE).
However, even for the simplest neutral molecule of H2,
an ab initio numerical simulation is still challenging due to
the large number of degrees of freedom involved in a
molecular reaction. Furthermore, an intuitive physical
picture remains evanescent even if an agreement with
experimental results can be reached. Therefore, a general
approach with low computational cost and a clear physical
picture is highly desirable for describing molecular
dynamical reactions under intense laser fields.
In this Letter, we develop an intuitive wave-packet

surface propagation (WASP) approach to describe the

light-induced dissociation dynamics of molecules. It is
realized via the introduction of quantum elements including
state transitions and phase accumulations into the classical
propagation of nuclear wave packets (NWPs) on the
potential energy surfaces of a stretching molecule. Using
a classical description of the nuclear dynamics substantially
alleviates the computational overhead, while keeping
quantum elements during transitions preserves the essential
physics crucial to light-induced chemical reactions. The
WASP approach is carefully benchmarked against the Hþ

2

molecule and is shown to be capable of precisely simulat-
ing experimental observations. In particular, the WASP
model reproduces the feature-rich two-dimensional (2D)
momentum distributions and the laser-phase-dependent
directional ejection of the protons in the dissociative
ionization of H2 driven by an orthogonal two-color
(OTC) laser pulse. The present WASP approach provides
a hybrid quantum-classical perspective to precisely simu-
late the light-induced molecular dissociation, which is both
highly efficient and physically transparent in comparison to
ab initio quantum simulation methods.
The essence of the WASP model is the construction of

the dissociating NWP via including the state transitions
and phase accumulations to its classical propagation
along various pathways as the molecule stretches, as
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schematically illustrated in Fig. 1 (taking the simplest
molecule of Hþ

2 as an example). The rotation of the
molecular axis occurs on a timescale much longer than
that of dissociation and thus is not considered here. The
constructed 2D NWP superimposed from various dissoci-
ation pathways, as a function of the kinetic energy release
(KER) En, molecular orientations θp, and laser phase ϕL,
can be written as

ψðEn; θp;ϕLÞ ¼
X

j

ψJðEn; θp;ϕLÞ

¼
X

j

½GJðEnÞAJðθp;ϕLÞe−iφJ �; ð1Þ

where ψJ is the NWP for pathway J. Here the kinetic
energy distribution GJ of a dissociating NWP upon
absorption and emission of photons is mainly introduced
by considering the spectrum width of the ultrashort laser
pulse. Thus the width of the kinetic energy distribution
becomes shorter when a longer laser pulse (with a narrower
spectrum) is implemented. Meanwhile, if the NWP absorbs
or emits more photons during the dissociation, it will end
with a narrower kinetic energy distribution taking high-
order nonlinear processes into account. The initial NWP is
launched at the equilibrium internuclear distance R0 of the

neutral target molecule upon electron removal at the peak
of the laser pulse. The subsequent propagation of the NWP
on the potential energy curves of the cation is described as
the Newtonian motion of a classical particle by the force
F ¼ −dVðRÞ=dR [20]. The initial kinetic energy of the
NWP is set to match the resonant dissociation condition,
i.e., the NWP has enough kinetic energy to approach the
internuclear distance of the resonant transition.
The dissociating NWPs of different pathways with the

same KER would interfere with each other, carrying
individual phases φJ accumulated along the respective
dissociation pathways, which leads to the rich structure
of the observed KER spectrum on the detector, as illus-
trated in the right panel of Fig. 1. The accumulated phase of
a specific dissociation pathway is described as follows [21]:

φJ ¼ −Xn

k¼1

EkΔtk þ
Xn−1

k¼1

ð−1Þkωktkþ
Xn−1

k¼1

ð−1Þk−1π

þ
Z

R∞

R0

pJðRÞdR; ð2Þ

where the first term originates from the phase evolution of
the NWP with the system energy Ek and corresponding
propagation time Δtk on the eigenstate, the second term
originates from the phase evolution of the laser pulse with
the absorption or emission of the photons ωk, the third term
denotes the phase associated with the symmetry change of
the electronic wave function upon quantum-state transi-
tions, and the last term denotes the phase accumulated from
the classical motion of the NWP on the potential energy
curves with its classical momentum pJ, integrated from the
initial internuclear distance R0 to an infinite internuclear
distance R∞. With the classical propagation dynamics and
phase accumulations at hand, the core of the WASP
model is to construct the overall transition amplitude AJ,
including all involved transitions in a specific dissociation
pathway, which ranges from one-photon to multiphoton
process driven by strong laser fields. Hence, we derive the
amplitude of nonlinear multiphoton transitions from
a unified model of Rabi oscillations beyond the perturba-
tion theory [22–25] (see Appendix and Supplemental
Material [26] for derivation details).
To evaluate the accuracy of a numerical method, we

compare the simulation results with the experimental
observations. Experimentally, a cold-target recoil ion
momentum spectroscopy reaction microscope [51,52] is
employed to measure the momenta of the proton from the
dissociation of Hþ

2 driven by an OTC femtosecond laser
pulse (see Supplemental Material [26] for experimental
details). Figure 2(a) shows the measured 2D momentum
distribution of the ejected protonswith theOTC polarization
shown in the inset. Here the peak intensity of the y-polarized
second harmonic (SH) pulse is ISH ¼ 4 × 1013 W=cm2 and
the peak intensity of the z-polarized fundamentalwave (FW)

FIG. 1. Schematic illustration of light-induced dissociation
dynamics of Hþ

2 driven by an OTC laser field. Two black curves
denote the potential energy curves of the electronic ground (1sσg)
and excited (2pσu) states, respectively. The NWP on the ground
state is launched by releasing one electron at the equilibrium
internuclear distance of H2, illustrated by the blue wave packet.
The created NWP subsequently propagates on these two potential
curves, and here two pathways, for example, are shown with
different colors (1ωSH − 1ωFW pathway in orange and 1ωFW
pathway in violet). Two dials with different colors denote the
accumulated phases of the two pathways. The two panels on the
right denote the KER spectra from the incoherent and coherent
superposition of the two pathways, respectively.
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pulse is IFW ¼ 1 × 1012 W=cm2. The numerical result is
obtained by the present WASP model with the same OTC
pulse, as shown in Fig. 2(b), which agrees very well with
experimental observations. In the simulation, the 2D
momentum distribution is averaged over the carrier-
envelope phase of the FW pulse ϕCEP and the two-color
relative phase ϕTCP to reach a consensus with the experi-
mental measurement without the carrier-envelope phase
locking. We have also confirmed that the focal-volume
averaging effect hardly influences the 2D momentum
distribution except for a slight relative yield difference of
various channels. With the intuitive physical picture offered
by the present WASP approach, we can infer relevant
dissociation pathways involved in the molecular dissocia-
tion process. The high-energy protons with a momentum of
10.7 a.u. (KER ∼ 1.7 eV) ejecting along the y axis (0°) in
Figs. 2(a) and 2(b) are mainly produced from the dissoci-
ation of the 1ωSH pathway (the NWP moving outwards on
the 1sσg curve, followed by absorbing one photon of ωSH

and dissociating along the 2pσu curve). The low-energy
protons with a momentum of 7.3 a.u. (KER ∼ 0.8 eV)
ejecting along the z axis (90°) in Fig. 2(b) are attributed

to the 1ωFW pathway (the NWP moving outwards on the
1sσg curve, followed by absorbing one photon of ωFW and
dissociating along the 2pσu curve).
The most prominent feature of the proton momentum

distribution in Fig. 2(a) is the butterfly structure at very low
energy (KER < 0.4 eV with momenta less than 5.2 a.u.)
originating from the conjunct driving of the orthogonally
polarized FW and SH fields, which is verified by individu-
ally switching off the FW or SH pulse in the WASP
simulation (see Supplemental Material [26] for details). It
is mainly produced via the 1ωSH − 1ωFW pathway, i.e., the
NWPpropagating outwards on the 1sσg curve first transits to
and propagates along the 2pσu state by absorbing one
photon ofωSH, subsequently deexcites back to the 1sσg state
by emitting one photon of ωFW and eventually dissociate
along the 1sσg curve. For the OTC laser field, the protons
produced in the 1ωSH − 1ωFW dissociation pathway mainly
eject along 45° due to the equal intensity dependence on the
two orthogonal laser fields. However, as shown in the
enlargement in Fig. 2(c), the butterfly structure is not strictly
along 45° but slightly bends with a trend towards the y axis
with decreasing momenta, which is attributed to stronger
couplings with the y-polarized SH field (whose intensity is
stronger than the z-polarized FW field, thus inducing more
nonlinear couplings). This effect is modeled by the dynami-
cal Rabi couplings in our WASP simulation. Figure 2(c)
shows a schematic illustration of a typical two-color dis-
sociation pathwaywith the dynamicalRabi coupling, named
1ωSH þ 1RSH − 1ωFW pathway. After the NWP absorbs
one photon of ωSH, it may hop two times between two
electronic states, resulting in one up-down cycle of dynami-
cal Rabi couplings driven by the SH field, followed by the
emission of one photon of ωFW at a larger internuclear
distance. An increase in the cycle number of dynamical Rabi
couplings leads to a decrease in the KER of the dissociative
fragments and an increased intensity dependence on the
laser field [53]. By switching off the dynamical Rabi
couplings in the WASP simulation, as shown in Fig. 2(d),
the proton yield at very low kinetic energy dramatically
decreases, and the above-observed butterfly structure
becomes strictly along 45°. Thus, the protons in the near-
zero KER region are produced by the strong dynamic Rabi
couplings of the SH field,which drives the up-downhopping
of the NWPmany times between two electronic states. This
physics, however, cannot be understood or reproduced in the
well-known resonant transition scenario. Thanks to the
unified model of strong-field-induced Rabi oscillations,
we naturally consider the off-resonant transition amplitude
with the detuning in molecular systems. The introduction of
dynamical Rabi couplings reproduces the experimental
observations and provides an intuitive physical picture.
The 2D momentum distribution of the protons shown here
is also benchmarked against the full-quantum simulation
by numerically solving the TDSE (see Supplemental
Material [26] for details).

FIG. 2. (a) Measured momentum distribution of ejected protons
driven by the OTC pulse. The SH and FW pulses are polarized
along the y axis and z axis, respectively. (b) Simulated momen-
tum distribution of ejected protons driven by the OTC pulse.
(c) Schematic illustration of the 1ωSH þ 1RSH − 1ωFW pathway
contributing to the production of the very low-energy protons of
the butterfly structure shown as the inset. Here blue and solid
red arrows denote the 1ωSH absorption and 1ωFW emission,
respectively. Two blue dashed arrows denote the dynamical
Rabi coupling driven by the SH field, termed as RSH, where
the bound electron jumps between the two electronic states.
(d) Simulated momentum distribution of protons driven by the
OTC pulse without the dynamical Rabi coupling. The maxima of
all the momentum distributions are normalized to one for the
convenience of comparison.
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Beyond the phase-averaged momentum distributions,
directional breaking of the molecular bonds, strongly
depending on the laser phase, is essential for the stereo-
chemical reaction, providing a straightforward route to
control the fate of molecules. To demonstrate the direc-
tional bond breaking, we slightly adjust the laser intensities
to be ISH ¼ 6 × 1012 and IFW ¼ 8 × 1013 W=cm2 so that
more dissociation pathways with opposite parities partici-
pate with appropriate yields. The degree of the directional
bond breaking is quantified by calculating the normalized
differential yield of the protons emitting in one direction at
a specific two-color phase of ϕTCP. The electron localized
at the left or right nucleus (relative to a horizontally placed
molecule) is determined by the coherent superposition of
the NWPs on all gerade and ungerade states, i.e., ψ left ¼P

ψg þ
P

ψu and ψ right ¼
P

ψg −P
ψu. We can further

obtain the probabilities by measuring the electron localized
at the left or right nucleus via Pleft ¼ jψ leftj2 and
Pright ¼ jψ rightj2. Therefore, the two-dimensional asymme-
try distribution of the ejected proton can be calculated
as [6,8]

AðEk;θp;ϕTCPÞ¼
PleftðEk;θp;ϕTCPÞ−PrightðEk;θp;ϕTCPÞ
PleftðEk;θp;ϕTCPÞþPrightðEk;θp;ϕTCPÞ

:

ð3Þ

The measured and WASP simulated asymmetric distri-
butions of the ejected protons as a function of the relative
phase ϕTCP and the KER are shown in Figs. 3(a) and 3(b).
Here, we select the molecular orientation of 30°<θp <60°
to demonstrate the asymmetric distributions at different
KER regions. Asymmetric structures are visible for the

low-energy and high-energy regions as a function of the
relative phase ϕTCP. The corresponding laser-phase-
dependent asymmetries integrated over the regions of
0.4 eV < KER < 0.6 eV and 1.2 eV < KER < 1.4 eV
are shown in the top panels. The phase shift of ∼π=2 is
clearly observed from the two oscillatory curves. The main
asymmetric distribution and the phase shift in simulated
results are well in line with the experimental measurements.
Furthermore, our WASP model can provide a physically
transparent route to uncover quantum interferences in light-
induced molecular dissociation via coherently or incoher-
ently superimposing outgoing NWPs (see Supplemental
Material [26] for details).
To demonstrate the general applicability of the WASP

approach in modeling the light-induced dynamics of
complex molecules, we provide two typical examples of
a multielectron diatomic molecule of COþ and an organic
molecule of C2H

2þ
2 . In comparison to the simplest Hþ

2

molecule, the potential energy curves of COþ may couple
with each other due to the multielectron effect (see
Supplemental Material [26] for calculation details), e.g.,
the avoided crossing between D2Π and 32Π states, as shown
in Fig. 4(a). The experiments were performed on the CO
molecule using an OTC laser field with the intensities
ISH ¼ 4 × 1013 and IFW ¼ 3 × 1014 W=cm2. The neutral
CO molecule is singly ionized by the external laser field
and the produced COþ subsequently dissociates into Cþ
and O, where only the charged fragments Cþ can be
measured in experiments, as shown in Fig. 4(b). The
experimentally observed fine peaks are in accordance with
the vibrational levels of the A2Π state. Thus, we perform the
WASP simulation initialized from different vibrational
states on the A2Π curve with corresponding Franck-
Condon factors. These NWPs with different initial kinetic
energies absorb photons from the OTC field, transit to the
D2Π, 32Π, and 42Π states, and finally dissociate along two
dissociation limits. The simulated 2D momentum distri-
butions shown in Fig. 4(c) capture the essence of the
experimental observations, where the central low-energy
nuclear fragments are produced by the dynamical Rabi
couplings between the diabatic 32Π potential energy curve
and the A2Π curve, initialized at the low vibrational states
of the A2Π curve.
Furthermore, the potential energy surfaces of the polya-

tomic molecule C2H
2þ
2 are complex due to the various

motion modes of the four nuclei. Here we focus on the
C─C bond stretching mode so that the dissociation can
degenerate to the motion on a one-dimensional potential
energy curve [54], as shown in Fig. 4(d) (see Supplemental
Material [26] for calculation details). Analogously,
we performed the experiments on the target of acetylene
molecules using an OTC laser field with intensities
I ¼ 5 × 1013 and IFW ¼ 2 × 1013 W=cm2. The intense
laser field may liberate two HOMO electrons of the neutral
molecule and populate the NWPs on the 3Σ−

g state. There is

FIG. 3. (a) Measured two-dimensional maps of asymmetric
distribution as a function of the two-color relative phase ϕTCP of
the OTC pulse and KER of the ejected protons within the range of
30° < θp < 60°. (b) Simulated two-dimensional map of the
asymmetric distribution as in (a). Two KER regions with clear
asymmetries are indicated between the white dashed lines, the
asymmetries of which are plotted in the top panels.
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also an appreciable probability that the laser field liberates
one HOMO electron and one HOMO-1 (or HOMO-2)
electron and populates the NWPs on the 3Πu or 3Πg states
[55–57]. The produced C2H

2þ
2 subsequently dissociates

into two CHþ, which can be detected in experiments and
shown in Fig. 4(e). The four-leaf clover structure may be
attributed to the convolution of parallel and perpendicular
transitions. In addition, the strong parallel transition driven
by the SH field is attributed to the strong coupling between
the 3Πu and 3Πg states. We thus perform the WASP
simulation considering the different ionization potentials
of the populated states, from which the simulation results
are shown in Fig. 4(f). We find that the NWP moving
outwards on the 3Σ−

g curve absorbs photons to the 3Πu or
3Πu intermediate state and then emits one photon, ending
with the dissociation along the 3Πg state. In each dissoci-
ation pathway, parallel and perpendicular transitions are
involved, resulting in the four-leaf clover structure. Thus, a

sharper horizontal structure is formed due to interference
between the hybrid and strong parallel pathways.
In conclusion, we have developed a WASP approach to

simulate molecular dynamics ranging from the weak-field
one-photon process to strong-field multiphoton inter-
actions. We utilize the basic concept of Rabi oscillations
in quantum optics to naturally introduce the detunings
of time-dependent energy levels and to construct non-
linear transition amplitudes beyond the perturbation theory
[22–25]. By introducing these nonlinear transition ampli-
tudes and phase accumulations to the classical propagation
of the NWP on involved potential energy surfaces, the
WASP approach combines the advantages of the clarity of a
classical description and the precision of quantum evolu-
tion and thus can accurately predict the ionic momentum
distributions of several typical molecules, verified by our
experiments and full-quantum simulations. The trans-
parent WASP model allows us to understand the physics
of the experimentally observed butterfly structure in Hþ

2

molecule and reveals many physical insights in complex
molecules such as the universal dynamical Rabi couplings,
the convolution of parallel and perpendicular transi-
tions, and the multipathway quantum interference in an
intuitive manner. The present WASP model features highly
improved calculation efficiency with considerable accu-
racy, clear physical scenarios instead of black-box nature,
and general applicability towards complex molecules,
which is expected to become a standard simulation method
focusing on light-molecule interactions.

This work was supported by the National Natural Science
Foundation of China (Grants No. 12227807, No. 12241407,
No. 11925405, No. 92150105, and No. 12304377); the
Science and Technology Commission of Shanghai Munici-
pality (Grants No. 23JC1402000, No. 21ZR1420100 and
No. 23PJ1402600).

Appendix: Nonlinear multiphoton transitions.—For the
one-photon process in molecular systems, the transition
amplitude can be formulated as A1ω ¼ Ω1ωτ1ω, where
Ω1ω ¼ DðR1ωÞEðtÞ=2 is defined as the one-photon laser-
molecule coupling at the resonant distance R1ω with the
dipole D and the laser field strength E, and τ1ω denotes
the effective duration of the one-photon transition
in a molecule. Analogously, the overall multiphoton
transition amplitude, e.g., the transition amplitude of the
net-two-photon dissociation pathway of Hþ

2 , can be
deduced by combining the three-photon absorption at
R3ω and the one-photon emission at R1ω, resulting
in A2ω¼ðΩ3ω=2ωÞðΩ3ω=2ωÞΩ3ωðΩ1ω=ΔVuð31ÞÞτ2ω. Here
Ω3ω ¼ DðR3ωÞEðtÞ=2 denotes the dipole interaction at
the three-photon resonant internuclear distance R3ω, τ2ω
denotes the effective duration of the net-two-photon
dissociation pathway, and the intermediate detuning of the
subsequent one-photon emission is given by ΔVuð31Þ ¼
VuðR3ωÞ−VuðR1ωÞ with Vu being the potential energy

FIG. 4. (a) Relevant potential energy curves of COþ. (b) Mea-
sured and (c) simulated momentum distributions of the ejected
Cþ from the dissociation of COþ∶ COþ → Cþ þ O driven by an
OTC laser pulse. (d) Relevant potential energy curves of C2H

2þ
2

with the C-C bond stretching. (e) Measured and (f) simulated
momentum distributions of the ejected CHþ from the dissociation
of C2H

2þ
2 ∶ C2H

2þ
2 → CHþ þ CHþ driven by an OTC laser

pulse. The maxima of all the momentum distributions are
normalized to one for the convenience of comparison.
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curve of the 2pσu state. The nonlinear transition amplitude
has been benchmarked and confirmed in experiments
using a single near-infrared laser pulse (see Supplemental
Material [26] for details), where the yield ratio of the
net-two-photon pathway to the one-photon pathway has
been utilized to calibrate the laser intensity of the
interaction region [58]. For the dynamical Rabi coupling
in molecular systems, the electron continuously hops
between two electronic states governed by the area
theorem driven by the laser pulse [53,59,60]. Conse-
quently, the transition amplitude of the one-photon-one-
Rabi-coupling pathway can be described as A1ω−1R ¼
Ω1ωðΩR1

=ΔVgð110ÞÞðΩR2
=ΔVuð120ÞÞτ1ω−1R, where the

intermediate detunings of the subsequent off-resonant
transitions are defined as ΔVgð110Þ ¼ −VgðR1ωÞ þ VgðRR1

Þ
and ΔVuð120Þ ¼ VuðR1ωÞ − VuðRR2

Þ.
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