
PHYSICAL REVIEW A 113, 033119 (2026)

Molecular-rotation-induced modulation of the tunneling dissociation time delay in H2
+
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The question of whether quantum tunneling imposes a finite time delay is a fundamental and contested issue,
prominently debated in strong-field atomic ionization. Here we extend this debate to the molecular domain by
investigating the tunneling dissociation time of the proton in H2

+. Through numerical solution of a two-level
time-dependent Schrödinger equation and analysis via the backpropagation method, we discover a significant
and tunable delay in the proton’s emergence. Crucially, we demonstrate that this delay is not intrinsic but is
primarily governed by the relative timescales of two motions. The delay’s sign is determined by the competition
between the laser cycle and the molecular rotational period: It is positive when the laser cycle is shorter than
half the rotational period and negative in the opposite regime. Our work underlines the importance of tunneling
dissociation delay by revealing its physical origin, establishing laser-driven molecular rotation as a powerful
control knob and tunneling delay as a real-time probe of ultrafast rotational dynamics.
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I. INTRODUCTION

The question of whether quantum tunneling requires finite
time has been a subject of intense debate since the early days
of quantum mechanics [1–7]. The advent of the attoclock
technique [8] has enabled direct measurements of tunnel-
ing time delays, yet their interpretation remains contentious,
giving rise to two conflicting viewpoints. One asserts a neg-
ligible or even vanishing time delay during tunneling [9–20],
while the other reports finite positive delays [21–28]. Early
attoclock experiments on helium suggested negligible delays
[9], while controversy was further intensified by subsequent
studies insisting on the existence of finite delays [21]. The
single-electron nature of atomic hydrogen makes it an ideal
system to isolate pure tunneling dynamics. A landmark study
by Sainadh et al. [17] combined the attoclock technique
with Yukawa-potential simulations, concluding that apparent
delays originate not from tunneling itself, but from post-
tunneling interactions with the ionic core. This perspective,
however, is challenged by findings in diverse systems. Ex-
periments with cold atoms have reported tunneling times on
the millisecond scale [28], and theoretical work suggests that
proton tunneling in DNA and ion tunneling in G-quadruplex
structures occur with picosecond-scale delays [29,30]. These
findings underscore a central insight: The existence of a finite
tunneling time delay is highly dependent on the specific sys-
tem and the measurement conditions.

*Contact author: hcni@lps.ecnu.edu.cn

Molecular dissociation in laser fields provides a distinct
paradigm for probing tunneling dynamics. Tunneling disso-
ciation is increasingly recognized for its role in chemical
transformations, with the capacity to fundamentally alter
reaction pathways [31], enable coherent control of chemi-
cal reactions [32], and facilitate novel modes of reactivity
[33]. As the simplest molecular system, the H2

+ molecular
ion and its isotopes serve as fundamental benchmarks for
studying ultrafast dissociation mechanisms [34–38], with pro-
nounced isotopic effects further allowing for precise tracking
of nuclear-wave-packet dynamics [39,40]. Over decades, syn-
ergistic theoretical and experimental efforts have identified
a rich variety of dissociation pathways in short-wavelength
lasers, including bond softening [34], bond hardening [35],
above-threshold dissociation [36], and rescattering-induced
breakup [37].

In long-wavelength laser fields, suppressed potential barri-
ers allow high-lying vibrational states to undergo over-barrier
dissociation. Classical trajectory and wave-packet dynamics
studies have revealed rich phenomena such as dynami-
cal dissociation quenching and laser-controlled dissociation
[41–47]. In contrast, tunneling dissociation, which occurs
when the vibrational energy lies below the laser-dressed bar-
rier, has been far less explored, largely due to the experimental
challenge of observing it with current laser technologies. Up
to now, evidence has been reported in systems such as Ar2

+
[46] and ddμ molecules [48] and more recently tunneling
dissociation of NH4

+ was observed in a cryogenic ion trap
with a millisecond-scale lifetime [49].

For the simplest molecular ion H2
+ and its isotopes,

Li et al. [38] provided evidence of tunneling dissociation
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under a linearly polarized terahertz field via vibrational-state-
dependent dissociation probabilities. Very recently, Tian et al.
[50] investigated proton tunneling in H2

+ and its asymmetric
isotopologues HD+ and HT+ driven by a circularly polarized
terahertz laser field, revealing that the angular distribution
of emitted protons is modulated by molecular alignment and
rotation. Despite these advances, key ultrafast dynamical char-
acteristics, such as the dissociation time delay, spatial origin of
the dissociating wave packet, and its momentum distribution
at the tunnel exit, remain unexplored, which are essential for a
complete understanding of the tunneling dissociation process.

In this work we report a numerical investigation of the
tunneling dissociation of H2

+ by solving the two-level time-
dependent Schrödinger equation (TDSE). To unambiguously
resolve the tunneling dynamics and to avoid the complica-
tion of nuclear-wave-packet recollision inherent in linearly
polarized fields, we employ a circularly polarized terahertz
field. This choice not only ensures the isolation of individual
tunneling events akin to the attoclock technique in atomic
ionization but also introduces the capability to actively con-
trol molecular rotation via the field’s continuous torque. We
extend the backpropagation method [7,12,51,52], originally
developed for atomic tunneling ionization, to molecular tun-
neling dissociation. This approach allows us to quantitatively
examine key, previously inaccessible parameters of the tun-
neling dissociation process, including the dissociation time,
the exit position, and the nuclear momentum distribution at
the tunnel exit, thereby providing a complete spatiotemporal
picture of the tunneling dissociation dynamics.

This paper is structured as follows. In Sec. II we detail the
model for the tunneling dissociation of H2

+ used in our study.
In Sec. III we present our findings and discuss their physical
origins. A summary and conclusions are provided in Sec. IV.
Atomic units are used throughout unless stated otherwise.

II. MODEL FOR TUNNELING DISSOCIATION OF H2
+

Within the Born-Oppenheimer approximation, the wave
function of H2

+ can be expressed in terms of the two lowest
electronic states as

�(r, R; t ) = χg(R, t )φg(r, R) + χu(R, t )φu(r, R), (1)

where r denotes the electronic coordinate, R represents the in-
ternuclear displacement, and φg(r, R) and φu(r, R) correspond
to the orthogonal 1sσg and 2pσu electronic states, respectively.
Other highly excited electronic states are neglected as they lie
significantly higher in the energy diagram and couple only
weakly with the two lowest states under our laser param-
eters. The time evolution of the nuclear rovibrational wave
functions χg(R, t ) and χu(R, t ), associated with the ground
and first excited electronic states, is governed by the TDSE
[50,53–59]

i
∂

∂t

(
χg(R, t )
χu(R, t )

)
= (H0 + HI )

(
χg(R, t )
χu(R, t )

)
, (2)

where the field-free Hamiltonian

H0 =
(

P2

2μ
+ Vg(R) 0

0 P2

2μ
+ Vu(R)

)
, (3)

FIG. 1. Field-dressed quasistatic potential energy surface V± of
H2

+. The purple arrows indicate the tunneling dissociation channels
through the potential barriers when the electric field is aligned along
the x axis. The laser intensity used is 1.3 × 1014 W/cm2.

where μ = 918 a.u. is the reduced nuclear mass of H2
+, P is

the momentum operator, and Vg(R) and Vu(R) are the isotropic
Born-Oppenheimer potential energy surfaces for the 1sσg and
2pσu states [60], respectively. The laser-molecule interaction
Hamiltonian in the dipole approximation and length gauge is

HI =
(

0 F(t ) · D(R)
F(t ) · D(R) 0

)
, (4)

with D(R) the transition dipole moment between the 1sσg and
2pσu electronic states [61] and F(t ) the laser electric field
given by

F(t ) = F0 cos4

(
ωt

2N

)
[cos(ωt )êx + sin(ωt )êy], (5)

where F0 represents the field amplitude, ω denotes the angular
frequency, and N is the number of optical cycles.

For long-wavelength fields, we adopt the adiabatic repre-
sentation to analyze dissociation pathways [56,57,62]. The
instantaneous potentials V± and eigenstates χ± are

V±(R, t ) = Vg(R) + Vu(R)

2

±
√

[Vg(R) − Vu(R)]2

4
+ [F(t ) · D(R)]2, (6)

χ−(R, t ) = cos(α)χg(R, t ) + sin(α)χu(R, t ), (7)

χ+(R, t ) = − sin(α)χg(R, t ) + cos(α)χu(R, t ), (8)

with

tan(2α) = −2
F(t ) · D(R)

Vg(R) − Vu(R)
. (9)

The field-dressed potential energy surface V± of H2
+ is

shown in Fig. 1. It can be seen that the 1sσg potential
energy surface is bent under the influence of the external
field, forming a potential barrier with finite height along the
field direction, denoted by V−. In this case, if the electric
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field changes slowly enough compared to the nuclear motion,
the nuclear wave packet may tunnel through this barrier, as
indicated by the purple arrows in Fig. 1.

The isotropic initial rovibrational state is obtained nu-
merically through imaginary-time propagation [63], and the
subsequent wave function evolution is performed by solving
the TDSE in the diabatic representation using the Crank-
Nicolson method [64]. It is worth noting that, in order
to analyze the tunneling dissociation process, the dissoci-
ated part of the wave function is examined in the adiabatic
representation after the propagation. Our simulations fo-
cus on nuclear dynamics within the laser polarization plane
(x, y), as wave-packet expansion along the laser propaga-
tion direction presents no significant physical complexity.
The computational parameters are optimized as spatial steps
	Rx = 	Ry = 0.02 a.u. and temporal steps 	t = 0.1 a.u.,
with convergence verified through grid refinement tests. The
simulation domain extends to Rmax = 50 a.u. in both the x
and y directions. To prevent unphysical boundary reflections,
a mask function M = cos1/6( π

2
R−R0

Rmax−R0
) is applied to the wave

function once the internuclear distance exceeds R0 = 30 a.u.
We employ the virtual detector approach [65–71] for ef-

ficient backpropagation analysis, eliminating the requirement
for extended spatial grids. When the outgoing wave function
reaches a virtual detector positioned at R = Rd , the probabil-
ity flux is recorded as

j(Rd , t ) = i

2
χ−(Rd , t )∇χ∗

−(Rd , t ) + c.c., (10)

where c.c. denotes the complex conjugate of the preceding
term. The local momentum is derived from the phase gradient:

P(Rd , t ) = ∇ arg χ−(Rd , t ). (11)

We identify the tunnel exit by propagating the classical tra-
jectories backward in time within the field-dressed potential
energy surface V− of H2

+.

III. RESULTS AND DISCUSSION

Inspired by the Keldysh parameter [72] for electrons in
tunneling ionization, Paci and Wardlaw [42] introduced an
analogous parameter for molecular dissociation to distinguish
between tunneling dissociation and multiphoton dissociation.
The nuclear Keldysh parameter is defined as γn = √

Dp/2Upn,
where Dp is the dissociation energy and Upn is the pondero-
motive energy of the nucleus. A value of γn < 1 corresponds
to tunneling dissociation, while γn > 1 indicates multiphoton
dissociation.

For H2
+ in the rovibrational ground state irradiated by a

typical Ti:sapphire laser (800 nm central wavelength), achiev-
ing γn < 1 to facilitate tunneling dissociation requires a laser
intensity of 8 × 1016 W/cm2. However, at such high intensi-
ties, H2

+ would undergo complete ionization, suppressing the
dissociation process. To mitigate ionization and observe tun-
neling dissociation dynamics, we employ terahertz lasers with
wavelengths spanning 50–100 µm, with a peak intensity of
1.3 × 1014 W/cm2 and a total optical cycle of N = 2. Under
these conditions, γn remains below 1, ensuring the dynamics
is unequivocally within the tunneling dissociation regime. The

FIG. 2. Distribution of (a) tunneling dissociation time, with
ADK rates calculated following Ref. [48], and (b) tunneling exit
position. Also shown is the time-resolved distribution of tunneling
exit position in the (c) x and (d) y directions. A two-cycle circular
laser pulse with a central wavelength of 80 µm and a peak intensity
of 1.3 × 1014 W/cm2 is applied. The black dashed lines denote (b) a
circle of radius R ≈ 4.5 a.u., (c) the x component, and (d) the y
component of the electric field (in arbitrary units).

model’s accuracy is confirmed by its agreement with experi-
ments at intensities up to 6 × 1014 W/cm2 [53–55].

We systematically investigate the tunneling dissociation
process using the backpropagation method. A virtual detec-
tor positioned at Rd = 20 a.u. recorded the probability flux
and momentum distributions according to Eqs. (10) and (11).
Results obtained with detector positions of 15 and 25 a.u.
confirmed that our conclusions remain independent of the
specific detector location.

As shown in Fig. 2(a), the calculated temporal distribution
of tunneling dissociation, using a laser pulse with a central
wavelength of λ = 80 µm, shows excellent agreement with
theoretical predictions from Ref. [48]. Analysis of the spatial
distribution [Fig. 2(b)] reveals that the tunneling exit posi-
tions are predominantly localized on a characteristic circle
with an internuclear distance of R ≈ 4.5 a.u., marked by the
black dashed line. Time-resolved analysis [Figs. 2(c) and 2(d)]
shows that the tunneling probability peaks concurrently with
the electric-field maximum, while spatial symmetry is main-
tained throughout the process (see also Fig. 1). However, this
symmetry is broken in heteronuclear molecules (HD+ and
HT+) [50]. These spatiotemporal-resolved quantitative results
offer key insights into the strong-field tunneling dissociation
mechanism and establish a theoretical foundation for the ac-
tive control of molecular dissociation.

To elucidate the influence of transitions between χ±(R, t )
states, we implement the single-level approximation, restrict-
ing the dynamics to the V− potential energy surface. This
restriction prevents population transfer between the χ+(R, t )
and χ−(R, t ) states. Since the V+ and V− surfaces yield
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FIG. 3. Correlated spectrum of angular momentum and energy
of the proton at the tunnel exit during dissociation of H2

+. A two-
cycle circular laser pulse with a central wavelength of 80 µm and
a peak intensity of 1.3 × 1014 W/cm2 is applied. The black dashed
line denotes the conservation law E = ωLz − Dp [Eq. (12)].

comparable dissociation probabilities, confining the dynam-
ics to V− alone approximately doubles the dissociation yield
compared to the full dynamical model, where nonadiabatic
population redistribution is allowed. Nevertheless, the essen-
tial physical conclusions regarding temporal distributions and
exit positions remain fully consistent, demonstrating that tran-
sitions between χ±(R, t ) states have negligible impact on the
extracted tunneling exit information.

To provide a complete characterization of the tunneling
exit dynamics and to establish the universality of fundamen-
tal laws in strong-field processes, we extend the recently
discovered concept of the subcycle conservation law from
the atomic to the molecular domain. Under circular light,
the system possesses an infinite-order continuous dynamical
symmetry, which leads to a conservation law between angu-
lar momentum and energy that holds down to the subcycle
level. This law, characterized by a correlated spectrum of
angular momentum and energy (SAME), has been demon-
strated previously for photoelectrons in atomic tunneling
ionization [73,74]. Here we demonstrate that this fundamental
concept can be generalized to molecular tunneling dissocia-
tion. Applying the backpropagation method, we compute the
SAME distribution for protons at the tunnel exit (Fig. 3).
Our calculations reveal a pronounced linear relationship be-
tween the proton angular momentum Lz and its energy E ,
given by

E = ωLz − Dp. (12)

This conservation law dictates that for each photon absorbed
during the under-barrier tunneling dissociation process, the
proton simultaneously acquires a quantum of angular momen-
tum and a quantum of photon energy. This result successfully
generalizes the subcycle conservation law from electronic
ionization in atoms to nuclear dissociation in molecules and
establishes the universality of this fundamental correlation
in strong-field tunneling processes. It provides fundamental
conservation-law-level support for the efficient field-mediated
transfer of angular momentum and kinetic energy to the

FIG. 4. Distribution of (a) tunneling dissociation time and
(b) angular momentum at the tunnel exit for three characteristic
wavelengths: 70, 80, and 90 µm. (c) Wavelength dependence of the
tunneling time delay 	τ and the mean angular momentum 〈Lz〉.
A two-cycle circular laser pulse with a peak intensity of 1.3 ×
1014 W/cm2 is applied.

dissociating protons. This conservation directly underpins the
central mechanism to be identified in this work that the field-
driven rotation of the molecule actively modulates the
tunneling dynamics.

Having established the spatiotemporal characteristics of
the tunneling dissociation process, we proceed to investi-
gate how the dissociation time delay is modulated by the
laser parameters. The tunneling dissociation time delay 	τ

is defined as the difference between the time at which the
tunneling dissociation probability is maximized in a specific
dissociation channel, e.g., via the V− surface, and the time of
the peak electric field of the driving THz pulse, which is set
as t = 0. To isolate the effect of pulse duration, we perform
calculations with a fixed laser intensity of 1.3 × 1014 W/cm2

and a two-cycle pulse, varying only the wavelength. The
resulting tunneling dissociation time distributions for wave-
lengths of 70, 80, and 90 µm are presented in Fig. 4(a). For
the 80-µm pulse, the tunneling probability peaks at the pulse
center, exhibiting no significant delay. In contrast, reducing
the wavelength to 70 µm shifts the distribution peak to later
times, indicating a positive delay. Conversely, increasing the
wavelength to 90 µm causes a clear advance of the distribution
peak, resulting in a negative delay.

The dependence of the tunneling dissociation time delay
	τ on the laser wavelength, accounting for molecular ro-
tation, is displayed as the yellow curve in Fig. 4(c). The
curve reveals two distinct regimes. For wavelengths below
80 µm, the delay is positive and decreases monotonically as
the wavelength increases. In contrast, for wavelengths above
80 µm, the delay becomes negative and its magnitude grows
progressively. This systematic transition demonstrates a clear
and strong correlation between the tunneling dissociation time
delay and the laser wavelength.
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The observed wavelength dependence of the time delay
underscores the pivotal role of molecular rotation. Although
vibrational and rotational motions are traditionally treated
separately, incorporating molecular rotation as a dynamic de-
gree of freedom is often essential in strong-field molecular
physics. This is particularly evident in the midinfrared laser-
induced dissociation of H2

+, where the laser field efficiently
drives rotational excitation via the induced dipole moment, a
phenomenon supported by experiments [75,76] and theoreti-
cal simulations [56]. A key factor is the comparable timescale
between the laser optical cycle (0.17–0.34 ps for 50–100 µm
wavelengths) and the rotational period of H2

+ (approximately
equal to 0.5 ps) [77]. This temporal matching elevates rota-
tional effects from a negligible perturbation to a dominant
mechanism governing dissociation dynamics [50]. At 80 µm,
the laser optical cycle equals half the rotational period, es-
tablishing a resonant condition: When the laser field peaks,
the outgoing nuclear wave packet aligns precisely with the
electric-field direction, ultimately yielding a vanishing time
delay.

To elucidate the physical mechanism underlying the corre-
lation between the tunneling dissociation time delay and the
laser wavelength, we analyze the mean angular momentum
distribution at the tunnel exit for wavelengths of 70, 80, and
90 µm [Fig. 4(b)]. A clear correlation emerges: A significant
negative delay at 90 µm correlates with lower angular momen-
tum, whereas a distinct positive delay at 70 µm is associated
with higher angular momentum. This trend demonstrates that
an increase in laser frequency leads to a marked rise in an-
gular momentum at the tunnel exit, signifying an enhanced
molecular rotational speed. Crucially, the wavelength depen-
dence of the mean angular momentum 〈Lz〉 [Fig. 4(c), green
curve] not only exhibits a negative correlation with the wave-
length but also precisely mirrors the tunneling time delay.
This agreement provides robust evidence that the observed
tunneling dissociation time delay is intrinsically governed by
laser-driven molecular rotational dynamics.

To verify the pivotal role of molecular rotation, we con-
struct a simplified model that restricts rotation and considers
only vibrational degrees of freedom, following the spirit of
earlier light-induced potential studies [57]. The TDSE for this
model is given by

i
∂

∂t

(
χg(R, θ, t )
χu(R, θ, t )

)
= (H0 + HI )

(
χg(R, θ, t )
χu(R, θ, t )

)
, (13)

where the field-free Hamiltonian H0 is defined as

H0 =
(

P2
R

2μ
+ Vg(R, θ ) 0

0 P2
R

2μ
+ Vu(R, θ )

)
. (14)

Here the angle θ between the molecular orientation and laser
polarization axis is now treated as a fixed parameter rather
than a dynamical variable. The interaction Hamiltonian is
given by

HI =
(

0 M(R, θ, t )
M(R, θ, t ) 0

)
, (15)

where M(R, θ, t ) = Fx(t )D(R) cos θ + Fy(t )D(R) sin θ .
Within this model, the presented rotationless results are

computed by synthesizing the tunneling time distributions

from 2000 independent TDSE solutions, each corresponding
to a uniformly spaced θ value in [0, 2π ). This procedure
represents an isotropically oriented, nonrotating ensemble.

The results from the vibration-only model provide a crit-
ical baseline for comparison. As shown by the blue curve in
Fig. 4(c), the tunneling time delay in the absence of molecular
rotation exhibits a markedly different dependence on laser
wavelength. As the wavelength increases (corresponding to
longer pulse durations), the delay decreases monotonically
toward zero. The mechanism behind the tunneling dissoci-
ation time delay lies in the timescale matching between the
laser pulse and the nuclear-wave-packet dynamics. When the
laser pulse duration is sufficiently long, the nuclear wave
packet has ample time to adapt to the changes in the external
field, driving the process into the adiabatic regime where
the tunneling delay approaches zero. Conversely, when the
pulse duration is short, the nuclear wave packet cannot re-
spond promptly to the external field variations, causing the
process to enter the nonadiabatic regime, where a significant
delay is observed. The contrast between results with and
without rotation conclusively identifies molecular rotation as
a key mechanism modulating the tunneling dissociation time
delay.

Our results offer a clear physical picture for the
wavelength-dependent tunneling delay. The sign of the delay,
positive below 80 µm and negative above, is largely deter-
mined by the competition between the relative timescales
between laser cycle and molecular rotational period. At
80 µm, these timescales match, leading to phase-locked rota-
tion and a negligible net delay. At 90 µm, the laser field rotates
more slowly than the molecule; this allows the molecule to
prealign with the field, causing tunneling to occur before the
field maximum and producing a negative delay. Conversely,
at 70 µm, the laser field rotates faster, causing the molecular
axis to lag behind; this delays the tunneling event until after
the peak field, resulting in a positive delay.

To provide quantitative support for this rotational mod-
ulation mechanism, we analyze the time-dependent average
orientation 〈θ (t )〉 of the nuclear wave packet under different
wavelengths. The angle θ is defined relative to the y axis and
the instantaneous field direction is aligned with the θ = 0
direction at the field peak (t = 0). As shown in Fig. 5, at
70 µm, 〈θ (0)〉 remains consistently below 0 around the peak
field time (t = 0), indicating that the wave packet is biased
toward quadrants I and III. This angular lag results in the
tunneling probability maximum occurring after the field peak,
corresponding to a positive delay. At 90 µm, 〈θ (0)〉 stays
above 0, reflecting a concentration of the wave packet in
quadrants II and IV. This alignment leads to tunneling be-
fore the field peak and a negative delay. At 80 µm, 〈θ (0)〉
is close to 0, demonstrating that the wave packet is nearly
aligned with the instantaneous field direction, which results
in synchronized tunneling and a near-zero net delay. These
observations quantitatively link the dynamic angular offset be-
tween the molecular axis and the rotating field to the sign and
magnitude of the measured delay. This mechanism demon-
strates how tunneling time delay can serve as a real-time
probe of molecular rotation, capturing the subtle interplay
between field-driven rotational dynamics and the timing of the
tunneling process.
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FIG. 5. Temporal evolution of the average orientation angle
〈θ (t )〉 of the nuclear wave packet for three characteristic wave-
lengths: 70, 80, and 90 µm. The time t = 0 marks the peak of the
laser pulse (gray dashed line), when the electric field points along
the y axis (θ = 0). The laser parameters are the same as in Fig. 4.

IV. CONCLUSION

We have investigated the full quantum dynamics of tun-
neling dissociation of H2

+ in circularly polarized terahertz
laser fields by numerically solving a two-level time-dependent
Schrödinger equation. By extending the backpropagation
method from atomic ionization to molecular dissociation,
we have characterized key ultrafast dynamical characteris-
tics, including the dissociation time delay, exit position, and
momentum distribution, providing a complete spatiotempo-
ral picture of the tunneling dissociation process. Our results

reveal a strong correlation between the tunneling dissociation
time delay and the relative timescale between the laser field
period and molecular rotation: A near-zero delay occurs at
matched periods, negative delays emerge when the laser pe-
riod exceeds half the rotational period, and positive delays
appear in the opposite regime. These findings establish tun-
neling time delays as a sensitive probe of ultrafast molecular
rotational dynamics. This work not only deepens the under-
standing of laser-molecule interactions but also opens a route
toward controlling molecular dissociation through rotational
synchronization, thereby advancing the toolkit for studying
ultrafast molecular dynamics with strong-field techniques.
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