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Abstract
With the availability of modern laser and detection technologies, the investigation of ultrafast
molecular dynamics induced by intense laser pulses has become a routine practice. In this
Topical Review, we present a survey of recent progress in the timing and control of ultrafast
molecular dynamics, encompassing processes initiated by both extreme ultraviolet and near
infrared pulses. Prospects and perspectives of this field are given. This Review underscores the
remarkable potential for further advances in understanding and harnessing ultrafast molecular
processes.
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1. Introduction

As laser and detection technologies continue to advance,
the exploration of ultrafast dynamics of molecules interact-
ing with intense laser pulses has evolved into a standard
practice. In the 1980s, the maturation of femtosecond lasers
enabled the temporal resolution of chemical reactions occur-
ring on the femtosecond timescale, marking the birth of
femtochemistry [1]. About 20 years later, this breakthrough
was recognized with Zewail’s Nobel Prize in Chemistry 1999,
awarded ‘for his studies of the transition states of chemical
reactions using femtosecond spectroscopy’. In femtochem-
istry, the time resolution is achieved typically through the
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femtosecond pump–probe setup, where a femtosecond pump
pulse initiates the ultrafast molecular dynamics, and a time-
delayed femtosecond probe pulse monitors the dynamical
evolution of the molecule. The advent of high-order har-
monic generation (HHG) [2–9] allowed for the table-top pro-
duction of attosecond laser pulses [10, 11] in the 2000s.
This development enabled the temporal resolution of elec-
tronic processes within atoms [12], molecules [13], liquids
[14, 15], solids [16, 17], and at the nanoscale [18], herald-
ing the era of attosecond physics [19, 20]. About another
20 years later, Agostini, Krausz, and L’Huillier were award the
Nobel Prize in Physics 2023 ‘for experimental methods that
generate attosecond pulses of light for the study of electron
dynamics in matter’. Despite the thriving attosecond physics,
achieving attosecond time resolution via attosecond pump and
attosecond probe is still a major challenge, due to the difficulty
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to balance the pulse energy and the repetition rate as well as the
inherently low cross section of attosecond pulses, typically in
the extreme ultraviolet (XUV) regime, when interacting with
matter [21–23]. Therefore, a near infrared (NIR) femtosecond
pulse is still used, by exploiting its known subcycle modu-
lation, to achieve attosecond temporal resolution. Frequently
used techniques include the attosecond streak camera [11, 24],
the reconstruction of attosecond beating by interference of
two-photon transitions (RABBITT) [10, 25], and the attoclock
[26–28].

Except the shortening of the laser pulse and the correspond-
ing increasing temporal resolution, the coincidence detection
technology has been indispensable for the investigation of
ultrafast molecular dynamics. The reaction microscopy of the
cold target recoil ion momentum spectroscopy (COLTRIMS)
[29] allows for the measurement of the full three-dimensional
momentum vector of both the electron and the recoiling tar-
get ion resulting from ionization events with high resolution.
The measurement with full solid angle is enabled by the mag-
netic field added in the reaction region that guides all charged
particles to the detector. The three-dimensional momentum
vector of the charged particles can be reconstructed by ana-
lyzing their time-of-flight (TOF) and position-of-impact on
the detector. Furthermore, the COLTRIMS setup has the cap-
ability to detect multiple particles in coincidence, enabling
the differentiation of correlated particles based on momentum
conservation. This feature allows for the isolation of indi-
vidual ionization events and reaction channels. It, therefore,
offers a robust platform for investigating the underlying phys-
ical mechanisms of various correlated phenomena, such as the
dynamics of molecular bond cleavage, electron–nuclear cor-
relations during molecular dissociation, and more.

This Topical Review presents an overview of recent
advancements in the temporal control and manipulation of
ultrafast molecular processes. The scope encompasses pro-
cesses initiated by both XUV and NIR pulses. In the follow-
ing, we start from the ultrafast molecular dynamics initiated by
XUV pulses, to those launched and modulated by NIR pulses,
covering an extended spectral range of the driving laser. As
the wavelength of the driving laser increases, the ionization
process transitions from multiphoton to tunneling ionization.
In multiphoton ionization, the target perceives the light as dis-
crete photon energies, and the laser is characterized in the fre-
quency domain. This leads to the familiar realm of photochem-
istry. Conversely, in tunneling ionization, the target interprets
the light pulse as a classical electromagnetic field, with the
laser being represented in the time domain. By precisely shap-
ing the temporal structure of the laser pulse, it becomes pos-
sible to steer the reaction dynamics of molecules in a con-
trolled fashion in the time domain. This advancement ush-
ers in the promising field of ‘optochemistry’ [30, 31], which
introduces innovative methods for manipulating light-induced
ultrafast molecular chemical reactions in the time domain,
extending beyond the boundaries of conventional photochem-
istry. As we delve into the developments in ultrafast molecular
dynamics, we also outline the prospects and perspectives that
lie ahead in this dynamic field. By highlighting the progress

made, we aim to underscore the considerable potential for fur-
ther breakthroughs in understanding and harnessing ultrafast
molecular processes.

2. Photoionization delay in perturbative regime

Photoionization time delay plays a pivotal role in the study
of light–matter interactions, acting as an exquisite probe that
reveals subtle differences in potential energy surfaces (PES).
These differences are often linked to the intrinsic properties of
elements [32], complex resonances [33–36], and the dynamic
stretching and compression of molecular bonds during the
photoionization process. In comparison to a freely propagat-
ing wave packet, a wave packet interacting with a potential
experiences an additional phase shift. This shift contains valu-
able information about the potential, which is at the heart of
the well-known Eisenbud–Wigner–Smith (EWS) photoioniz-
ation time delay [37, 38]. Advanced attosecond interrogation
techniques [20] have been instrumental in further exploring
these time delays. These include the attosecond streak camera
[11, 24], the RABBITT technique [10, 25], and the attoclock
[26–28]. These techniques have found broad application in
investigating time delays in atoms, molecules, and condensed
phase matter, expanding our understanding of ultrafast pro-
cesses in these systems.

Among these techniques, the RABBITT technique employs
an XUV attosecond pulse train (XUV-APT) from HHG and
a weak NIR probe field to establish an attosecond interfero-
metry. As depicted in figure 1, the typical signature of this
technique is the formation of sideband (SB) photoelectrons
in the spectrum, situated between two consecutive main-peak
photoelectrons that are directly ionized by the XUV-APT.
Within the framework of lowest-order perturbation, these SB
photoelectrons originate from the interference between two
pathways: (1) absorption of one HHG photon at the frequency
of (2q− 1)ωNIR and one NIR photon at ωNIR, and (2) absorp-
tion of one HHG photon at the frequency of (2q+ 1)ωNIR and
emission of one NIR photon at ωNIR. As a result, the SB yield
oscillates with the pump–probe time delay τ as:

PSB = Acos
(
2ωNIRτ −ϕ 2hυ

0

)
+B,

where ϕ 2hυ
0 is the oscillation phase given by ϕ 2hυ

0 =∆ϕXUV +
∆ϕEWS +∆ϕCC, and A and B are fitting parameters. Here,
∆ϕXUV and ∆ϕEWS represent the difference in the harmonic
phase and the one-photon scattering phase between consec-
utive harmonics, respectively, and ∆ϕCC is the continuum—
continuum (CC) transition phase shift associated with the
emission and absorption of one NIR photon [39, 40]. Thereby,
the associated term of time delay τEWS is referred to the one-
photon ionization time delay [37, 38] and τCC as the CC time
delay [40], respectively. In experimental practice, the influ-
ence of ∆ϕXUV can be eliminated by comparing SBs of the
same order from different targets through simultaneous meas-
urements.
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Figure 1. The principle of SB generation in helium with a
XUV-APT covering harmonics from the 15th to the 25th order.
Reproduced from [41], with permission from Springer Nature.

Figure 2. RABBITT spectrum of photoelectrons from the (a) 3s
and (b) 3p shell of argon. (c) The corresponding reconstructed time
delays. Reprinted figure with permission from [32], Copyright
(2011) by the American Physical Society.

2.1. Energy-resolved photoionization time delay in atoms and
molecules

To investigate photoionization time delays, various detection
techniques have been applied to collect the spectroscopic data
of electrons and ions. By integrating a magnetic bottle elec-
tron spectrometer, which records the TOF of electrons [42],
Klünder et al revealed different time delays between photo-
electrons emitted from the 3s2 and 3p6 shells in argon, as
shown in figure 2. Shortly after, the relative delay among dif-
ferent noble atoms [43] were reported, which indicates that the
photoionization time delay can sensitively probe the Coulomb
and centrifugal potentials.

Although the TOF spectroscopy lacks the spatial resolution,
its high spectral resolution enable to alleviate the spectral con-
gestion in molecules where the signals from different molecu-
lar orbitals overlap in the photoelectron energy spectrum.
Huppert et al reported the relative two-photon ionization time

Figure 3. Relative time delay between Ã+and X̃+states in (a)
N2O+ and (b) H2O+. Reprinted figure with permission from [33],
Copyright (2016) by the American Physical Society.

delays between the Ã+and X̃+states in N2O and H2O using
the magnetic bottle electron spectrometer, within a photon
energy range of 20 eV to 40 eV [33], with results shown
in figure 3. A significant delay originating from the molecu-
lar shape resonance up to 110 as was revealed, which was
notably absent in H2O, marking the first real-time observa-
tion of this well-known molecular shape resonance. A later
work, with a high energy resolution, distinguished the vibra-
tional levels of X and A states in non-dissociative ionization
of N2 [34]. The time delay difference between X and A elec-
tronic states for ν ′ = 0 displayed an enhancement correspond-
ing to the 3σ−1

g shape resonance in the X state. The difference
between ν ′ = 1 and 0 vibrational levels provided clear evid-
ence of non-Franck–Condon ionization dynamics, indicating
that the nuclear motion influences the emitted photoelectrons.
The nuclear–electron coupling effect was further verified in
vibrational-state-resolved photoionization time delays in H2

using the same TOF spectroscopy [44].
Further studies have observed photoionization time delays

resulting from spin–orbit splitting [45], Cooper minima [46]
and the Fano autoionization resonance [35, 36], all of which
require a high energy resolution to distinguish, using the same
detection method. Additionally, by varying the wavelength of
the fundamental laser field to produce high harmonics, the res-
onant two-photon phase shifts through Rydberg states as the
function of the detuning was revealed in helium [47].

Recently, the application of detection techniques with
multi-dimensional momentum resolution, such as the velo-
city map imaging (VMI) [48] and COLTRIMS [29], has
enabled the detection of attosecond nondipole effects along the
laser propagation direction [49]. Attosecond interferometry
has been further applied to study two- and three-dimensional
hydrocarbons, which shows that the photoionization time
delay between these 2D and 3D molecules is associated with
quadrupole effects. It also indicates that in complexmolecules,
the photoelectron time delays are influenced by both the sym-
metry and the shape of the initial orbital from which the pho-
toelectron emits [50]. Different from the VMI technique, the
multi-particle COLTRIMS setup allows for the differentiation
of photoelectrons from various ionization channels through
coincident measurements with ionic fragments, and thus can
be used to measure photoionization time delays arising from
two-center interference in the Kr2 [51], ion–electron correla-
tion effects in H2 [52], electron correlation effects in shake-up
processes [53] and between dissociative and non-dissociative
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Figure 4. (a) Potential energy curve of the CO+ molecular ion. (b)
The RABBITT spectrum for molecules oriented along the laser
polarization axis. (c) The RABBITT spectrum for molecules
oriented perpendicular to the laser polarization axis. From [55].
Reprinted with permission from AAAS.

ionization channels in CH4 and CD4 [54]. Also, this 3D
momentum spectroscopy has enabled the detection of atto-
second nondipole effects along the laser propagation direction
[49].

2.2. Photoionization delay in the molecular frame

In the study of molecules, coincidence measurements have
been employed to reveal orientation-dependent, emission-
angle-resolved time delays in the molecular frame, based on
the recoil axis approximation. The stereo Wigner time delay
for CO, defined as τS−EWS = τ

(carbon side)
EWS − τ

(oxygen side)
EWS , was

first reported by Vos et al in 2018 [55]. Based on the axial
recoil approximation, which assumes that molecular dissoci-
ation occurs much faster than its rotation, the relative angle,
β, between the molecular axis and the laser polarization axis
at the momentum of ionization can be determined. By aver-
aging over an opening angle of ±20◦, the photoelectrons pro-
duced from the parallel and perpendicularly orientated CO
can be selectively analyzed, as shown in figures 4(b) and (c).
Consequently, the τS−EWS as a function of electron energy
for both parallel and perpendicular orientations was revealed.
For the parallel case (β∥), τS−EWS exhibited a negative value,
gradually approaching zero with increasing electron energy.
By combining theoretical simulations of the ionization dynam-
ics initiated by the XUV pulse and a classicalWigner propaga-
tion method for the two-photon process, the observed τS−EWS

was attributed to the asymmetric initial electron populations in
the specific ionic states, reflecting the relative mean position
of the photoelectrons at the moment of ionization.

Subsequently, Heck et al [56] reported on the shape-
resonance-induced photoionization time delay for two-photon
ionization from the HOMO and HOMO-1 orbitals in CF4

with respect to argon. At the same time, the angle-resolved
photoionization delays in the recoil frame were investigated,
as shown in figure 5, revealing a clear asymmetry along
the molecular axis. Through quantum scattering calculations,
these characteristics were shown to originate from the inter-
ference among a small subset of partial waves, identifying
thereby a final-state effect.

Figure 5. (a)–(c) Angle-resolved photoionization time delay with
respect to argon in the recoil frame of the HOMO channel of CF4

for (a) SB12, (b) SB14, (c) SB16. (d)–(f) Theoretical RABBITT
delays for the partial-wave combinations of l= 2∼ 3 (dash-dotted
line), l= 1∼ 3 (dashed line), l= 1∼ 4 (thin line). From [56].
Reprinted with permission from AAAS.

A recent investigation [57] in 2022 delves into the asym-
metry of attosecond photoionization time delays for NO in
its molecular frame. In figure 6(a), the potential energy curve
of NO illustrates the single-photon-induced ionization from
the 4σ inner-valence shell, creating a c3Π ionic state that
dissociates into the (N+, O) channel through bond stretch-
ing. The recoil angle of the ionic fragments coincides with
the bond orientation along N and O atoms, effectively defin-
ing the molecular frame [55]. The key findings are demon-
strated in figure 6(b), highlighting the difference in the meas-
ured photoionization time delays between the emission of
the photoelectron along the N/O end in the molecular frame,
τMF
N−O = τMF

N − τMF
O . A significant delay difference of 150 as

is observed in the vicinity of the shape resonance around
Ee ≈ 7.0 eV, which aligns with ab initio simulations of the
two-photon time delay. Furthermore, an asymmetric pho-
toionization time delay up to 100 as between parallel and
perpendicular transitions is evident, which arises because
photoelectrons emitted perpendicular to the molecular axis
experiences a π transition, suppressing the shape resonance
effect.

In the same year, Ahmadi et al also reported on the
emission-angle-resolved photoionization time delay of CF4

in the recoil frame where CF4 is orientated parallel and per-
pendicular to the laser polarization axis [58]. A local min-
imum for the case of parallel orientation was observed, while
the time delay for the case of perpendicular orientation dis-
played a smooth variation. These results demonstrate that the
anisotropic photoionization time delays encode the anisotropic
nature of the molecular potential landscape, and indicate that
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Figure 6. Orientation-dependent asymmetric molecular
photoionization time delay. (a) Potential energy curve of the NO
molecule. (b) Difference in the photoionization time delay as a
function of the photoelectron energy. Reprinted figure with
permission from [57], Copyright (2022) by the American Physical
Society.

the time delays in molecules cannot be simply decomposed
into a sum of the EWS delay and the CC delay.

2.3. Angle-resolved time delay and partial wave
reconstruction

Partial wave analysis is a powerful tool for uncovering the
dynamics of attosecond photoelectron emission, with PADs
acting as interference patterns [59]. In 2016, Heuser et al
reported the first experimental observations of emission-angle-
resolved two-photon time delays in helium as a function of the
electron energy, using an AttoCOLTRIMS setup. A signific-
ant angular dependence was observed, with time delays rap-
idly decreasing as the emission angle deviated from the laser
polarization axis by 50◦ [60].

The time-resolved PADs of photoelectrons ionized by lin-
early polarized photons can be decomposed using Legendre
polynomials:

P(θ,τ) =
σ0

4π

(
1+

∞∑
n=1

βn (τ)Pn (cosθ)

)
.

Through this method, Cirelli et al extracted static and
time-resolved anisotropy parameters βn for argon, showing
that autoionizing resonances could introduce anisotropy into
angle-resolved time delays [61]. Similar findings were repor-
ted recently by Busto et al, as shown in figure 7 [62]. In this
work, the angular variation of the time delay was explained
by asymmetric contributions of absorption and emission path-
ways, following the Fano’s propensity rule, which results in an
incomplete interference among l-resolved partial waves.

The anisotropy coefficients βn (τ), which describes the
photoionization anisotropy, encode the relative amplitude and
phase shift between partial waves populated through two-
photon ionization. Time-resolved PAD measurements offer
the opportunity to reconstruct the phase of each partial wave
and the transition amplitude of a single scattering channel.

Figure 7. (a) Experimental and (b) theoretical anisotropy parameter
β2 as a function of time delay. (c) Angle-resolved atomic time delay
for SBs 14, 20 and 22 for argon. Figure adapted from Ref [62].
Reprinted figure with permission from [62], Copyright (2019) by
the American Physical Society.

In 2020, Fuchs et al reconstructed the energy-dependent CC
time delay between s and d waves coupled to a single ionic
state in helium [63]. In the same year, Joseph et al reported
on the anisotropy parameters obtained from the RABBITT
measurements of Ar and Ne [64]. The challenge of incoher-
ent ionic states in these atoms, which adds to the difficulty in
the reconstruction of partial wave information, was addressed
in 2022 by Peschel et al [65], who extracted XUV-induced
one-photon transition phases and amplitudes of p→ d and
p→ s pathways in Ne. The time-resolved asymmetry analysis,
previously applied to atomic systems, has been successfully
extended to the acetylene molecule. The observed increase
in the phase shift between β2 (τ) and β4 (τ) reflects a fun-
damental difference in shape between atomic and molecular
systems [66].

In addition, advancing the complete formation of the pho-
toelectron wave packet, Autuori et al have successfully recon-
structed both the modulus and phase of the partial-wave amp-
litudes during two-photon ionization of helium using the spec-
trally and angularly resolved attosecond interferometry [67].

The general RABBITT scheme, with the NIR field polar-
ized parallel to the XUV-APT, attributes the angle depend-
ence of two-photon time delays to interference among partial
waves with resolved l-quantum numbers [62]. A recent work
proposed an atomic partial wave meter using a polarization-
skewed (PS) NIR field [41]. By rotating the relative polariza-
tion axis of the XUV-APT and NIR lasers from a parallel to
a perpendicular geometry, both the proportion and the two-
photon phase shift of each partial wave are modulated, result-
ing in a skewed PAD and an asymmetric distribution of two-
photon phase shifts. Figures 8(a)–(d) demonstrate the angle-
resolved phase shift, defined as∆ϕΘT

rel = ϕ 0 (θ)−ϕ 0 (ΘT), as
a function of the skewed angle between the XUV-APT and
the NIR fields, ΘT, for SB18 in helium. Ab initio theoretical
simulation results, calculated using the R-matrix with time
dependent (RMT) code [68–70], align well with the experi-
mental observations.
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Figure 8. Emission angle-resolved atomic relative phase shift in
helium at a skewed angle (a) ΘT = 0◦, (b) 20◦, (c) 54.7◦, and (d)
90◦. Reproduced from [41], with permission from Springer Nature.

A full partial wave analysis is performed to interpret
the behavior of the skewed PADs and phase shift distribu-
tions. Figure 9 demonstrates the partial wave ratios (panel
(a)) and relative two-photon phase shifts with respect to the
s-wave (panels (b) and (c)) in helium as a function of ΘT.
The m-resolved partial-wave proportion and phase shift are
reconstructed via complex fitting of measured PADs and
∆ϕΘT

rel , employing partial wave decomposition:PSB (θ,φ) =

Σl,mclmYlm (θ,φ)e−iϕ 2hυ
lm . Theoretically, the two-photon phase

shift and proportion of each partial wave are obtained with
the RMT calculations by calculating PADs given by a spe-
cific partial wave. In addition, an analytical expression for
the ΘT-dependent partial wave proportion, derived using the
soft-photon approximation [71], closely matches the numer-
ical RMT results. The m-resolved CC phase shift is fur-
ther displayed in figures 9(d) and (e), which is obtained
by subtracting the one-photon phase shift for the s→ p0
transition.

The polarization-controlled attosecond interferometer was
later extended to resolve the interference of quantum trans-
ition pathways in neon [72]. With the NIR field polarized par-
allel and perpendicular to the XUV-APT, the emission-angle-
resolved relative two-photon phase shifts in neon display a sig-
nificant dependence in the photoelectron energy. As the SB
order increases, the observed ∆ϕSB

rel varies more slowly as θ
deviates from the polarization axis of the NIR field. The recon-
structed ionic-state-resolved partial wave phase shifts reveal
that the energy dependence of ∆ϕSB

rel is due to the decreasing
relative phase shifts among different partial waves. Moreover,
the two-photon phase shift of the p wave coupled to the P0

ionic state displays a significant symmetry and energy depend-
ence. In neon atoms, it is populated through the interference
between the p→ d→ p and p→ s→ p pathways. Given the

Figure 9. Full partial wave analysis of helium. (a) m-resolved
partial wave proportion as a function of ΘT. (b), (c) Partial wave
phase shift difference between d and s waves from the RMT
calculations and experimental reconstruction. (d), (e) m-resolved
CC phase shifts from the (d) theory and (e) experiment. Reproduced
from [41], with permission from Springer Nature.

analytical expression for the interference of these transition
pathways and considering that the two-photon phase shift of a
single pathway is independent of the magnetic quantum num-
ber in the perturbative regime, the relative ratio of the radial
amplitudes between p→ d→ p and p→ s→ p, and their indi-
vidual phase shifts can be reconstructed. In this scenario, the
polarization axis of the NIR field serves as a phase controller.
This results in destructive interference at ΘT = 0◦ and con-
structive interference at ΘT = 90◦.

Further changing the laser field geometry, RABBITT
measurements with a circularly polarized XUV-APT have
provided new insights into the phase response of circu-
lar dichroism of chiral targets [73]. In addition, compar-
isons between two-photon phase shifts with co-rotating
and counter-rotating XUV-APT and NIR fields have been
used to separate partial-wave-resolved EWS delays and CC
delays in helium atoms as a function of photoelectron
energy [74].

As an extension to the RABBITT technique that con-
siders the pure two-photon transitions, more recently, Bharti
et al proposed a ‘3-SB’ scheme where the XUV-APT with
an energy interval of 4ωNIR is generated by the second har-
monic of the fundamental near-infrared field. Thus three SBs
are generated between two mainbands, where the lower and
higher ones are resulting from the interference between two-
and four-photon transition pathways, and the middle ones are

6
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generated from three-photon transitions [75, 76]. This scheme
indicates that the measurement of photoemission time delay
can be further advanced into the few-photon regime. In this
case, the distinction of the high-order transitions and detection
of the contributions from high-order partial waves are neces-
sary to comprehend the underlying physics.

3. Photoionization delay in multi-photon regime

Compared with the single-photon ionization time delay, it is
predicted theoretically [77] that there is an attosecond-level
photoabsorption time delay during the resonant two-photon
ionization process of helium atoms. In this process, the photo-
electronmay stay at the resonant excited state for a brief period
before absorbing another photon to get ionized.

3.1. Delay in freeman resonance

In 1987, Freeman et al [78] experimentally observed mul-
tiphoton resonance ionization. During the process of multi-
photon ionization in intense laser fields, the laser field induces
a Stark shift in the energy level of the highly excited Rydberg
state, potentially leading to resonant multiphoton ionization.
The Freeman resonance makes thus an ideal system to testify
the theoretical prediction of a resonant photoabsorption time
delay. In quantum mechanics, time is not directly observ-
able; instead, time information is extracted by measuring
phase. Based on two-dimensional field manipulation, the atto-
second residence time of electrons in different resonance
states during the multiphoton absorption process has been
measured [79].

As depicted in figure 10, employing a phase-controlled
orthogonal two-color (OTC) laser field [80–82], argon atoms
coherently absorb six 400 nm photons reaching resonancewith
4f and 5p states, followed by the absorption of one photon
transiting to the continuum state. By employing electron–ion
coincidentmeasurements to accuratelymeasure the spatiotem-
porally resolved PAD as a function of the relative phase ϕL of
the OTC field, a phase delay of 0.21π between the 4f and 5p
electrons was identified, corresponding to a resonant ioniza-
tion delay of 140 as. This experimental detection technique is
versatile and applicable to various targets. By correlating the
laser phase with the measured PAD, the attosecond ionization
delay of electrons in the multi-photon absorption process can
be accurately determined.

3.2. Resonant photoionization delay

Over the past two decades, researchers have developed a
variety of attosecond interrogation techniques [20], including
the attoclock technique for timing multiphoton and tunneling
ionization [26–28].

Recently, a novel approach to measuring the resonance
photoionization time delay of ArKr+ using a self-reference
asymmetric molecular attoclock has been proposed [83],

Figure 10. Freeman resonance ionization delay in Ar. (a) Measured
photoelectron energy spectrum. (b) Measured and (c) normalized
photoelectron energy spectra as a function of the relative phase ϕL

of the OTC field. (d) Energy-resolved photoelectron emission phase
shift. Reprinted figure with permission from [79], Copyright (2019)
by the American Physical Society.

employing ultrafast laser pulses to interact with ArKr dimers
[84, 85]. A linearly polarized pump laser is used to pro-
duce the ArKr+ ion, and an elliptically polarized laser pulse
probes the electron tunneling from ArKr+. Figure 11(a)
illustrates the measured photoelectron momentum distribu-
tion (PMD) of double ionization from ArKr in the polariz-
ation plane. The linearly polarized pump pulse ionizes elec-
trons from the Kr side, leading to a PMD concentrated along
the z-axis with |pze|⩽ 0.2 a.u. Due to the angular streak-
ing effect of the probe pulse [26–28], the elliptically polar-
ized probe pulse mainly ionizes electrons from the Ar side
with a momentum |pze|⩾ 0.2 a.u. By selecting a specific
molecular axis direction, the PMD ionized by the probe
pulse is shown in figure 11(b). As presented in figure 11(c),
the measured and simulated PADs exhibit two deflection
peaks at −54◦ and −122◦, corresponding to resonant and
direct ionization channels, respectively. Here, the simula-
tion employed the improved Coulomb-corrected strong-field
approximation [86–88].

Direct ionization involves electrons tunneling out of the
barrier from the Ar side directly under influence of the pump
laser pulse. In the scenario of resonance ionization, on the
other hand, electrons may pass through the internal barrier
between Ar and Kr+, become trapped in the molecular poten-
tial well of Kr+ to form a transient state [79, 88], and even-
tually get released to the continuum after the end of the
laser field. By employing direct tunneling ionization as a
self-reference arm of the attoclock, the time delay of the
electrons trapped in the resonant state is determined to be
around 3.5 fs. These findings unveil the semiclassical rep-
resentation of transient resonance ionization in diatomic sys-
tems. The proposed self-reference molecular attoclock tech-
nique and theoretical model offer a new technical approach
to exploring ultrafast electron dynamics in complex molecular
systems.
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Figure 11. (a) Measured PMD in the polarization plane of ArKr
from double ionization. (b) Measured PMD ionized by the probe
pulse with ArKr+ oriented as sketched in the inset. (c) PADs from
experimental measurement and theoretical simulation. Reprinted
figure with permission from [83], Copyright (2022) by the
American Physical Society.

4. Timing and control using ultrafast stopwatch

In the realm of XUV-initiated photochemical processes,
molecular dynamics are typically explored via interferometry
in the frequency domain, reflected as the perturbative pro-
cesses involving absorption and emission of photons. The con-
struction of temporally tailored laser fields has opened up the
possibility to observe and control molecular dynamics in the
time domain, an emerging field known as optochemistry. In
this scenario, the dynamics of electrons and nuclei within
a molecule are mainly driven by these tailored laser fields,
whose optical field characteristic dominates laser-molecule
interactions.

Direct observation of nuclear dynamics can be realized
using a conventional pump–probe scheme with two femto-
second laser pulses. However, it is difficult to trace the sub-
femtosecond nuclear and electronic dynamics due to the
limitation of temporal resolution of multicycle laser pulses.
Scientists have developed various approaches to observe and
clock the ultrafast dynamics in molecules, taking advant-
age of different physical processes such as the evolution of
electronic, vibrational and rotational wave packets. These
approaches can be categorized as different types of ultrafast
stopwatches, each with distinct advantages.

4.1. Few-cycle pump–probe scheme for tracing ultrafast
dynamics

An intuitive approach to timing ultrafast dynamics involves
generating and using increasingly shorter laser pulses, form-
ing a few-cycle pump–probe scheme as a direct extension
of the conventional multicycle one. This approach provides
sub-femtosecond temporal resolution and enables real-time

Figure 12. (a) Experimental scheme of generating few-cycle
pump–probe laser pulses, which were used to clock ultrafast
dynamics in H2. (b) An intuitive picture describing the interaction
between a pair of few-cycle laser pulses and the hydrogen molecule.
The pump pulse ionizes H2 and excites the cation H2

+. The probe
pulse steers the electron motion with a scanning time delay to
observe the whole electron localization process. Reproduced from
[91], with permission from Springer Nature.

observation of wave-packet evolution in small molecules.
After the pump pulse initiates the ionization process, a probe
pulse with a scanning time delaymonitors subsequent molecu-
lar dynamics.

When an electron is removed upon interaction with a strong
ultrashort laser pulse, the initial nuclear wave packet evolves
along the potential energy curves of the cation. The field-free
evolution of the nuclear wave packet is interpreted through
coherent interference of vibrational and rotational eigenstates.
The resulting collapse and revival of the nuclear wave packet
can be observed using the few-cycle pump–probe scheme
scanning with an extended span of time delay [89].

The transition between electronic states is involved con-
sidering laser-molecule interaction following ionization.
Thereby, the few-cycle pump–probe scheme can also clock
ultrafast electron dynamics, as illustrated in figure 12, where
electron localization occurs by superimposing two degener-
ated eigenstates with opposite parities [90]. The internuclear
distance and time information for electron localization are
recorded by few-cycle laser pulses [91], providing insights into
the role of electron dynamics in driving chemical reactions.

In contrast to tunneling induced by a strong laser pulse,
there is a certain possibility for the electron to be trapped
in a Rydberg state, termed as frustrated tunnelling [92].
This Rydberg excitation process can also be tracked in real
time using the aforementioned approach, where the few-
cycle probe laser pulse triggers the Rydberg excitation. Three
distinct internuclear distances were recognized to enhance
excitation [93], proving the existence of multiphoton resonant
excitation.
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Figure 13. A general scheme of encoding ionization instant and
fragmentation (or excitation) instant into the photoelectron and ion
angular distributions via a circularly (or elliptically) polarized laser
pulse. Reproduced from [99], with permission from Springer
Nature.

4.2. Angular streaking scheme via circular polarization

Advancements in the few-cycle pump–probe scheme have
opened up new possibilities for clocking the ultrafast dynam-
ics from rotation and vibration of nuclei to even faster electron
excitation. However, this comes with a trade-off: enhanced
temporal resolution results in reduced energy resolution, lead-
ing to the broad frequency or energy spectra.

An alternative route to achieving sub-femtosecond or even
attosecond temporal resolution is the attoclock technique [26–
28], which uses angular streaking with a circularly or elliptic-
ally polarized laser pulse. The rotating electric vector works as
a spinning clock, providing time information for various ultra-
fast processes.

The angular streaking technique has been widely used to
resolve field-driven ionization processes. For example, a num-
ber of works have utilized angular streaking to resolve the tun-
neling time delay [20, 26, 27, 94], which has remained contro-
versial since the birth of quantum mechanics. In the context
of time resolution using angular streaking, however, the con-
sensus now is that tunneling ionization is near instantaneous
[20] although the observed tunneling delay could be slightly
negative due to under-barrier recollision [95]when the laser
strength is high enough such that ionization occurs in the near
over-barrier regime instead of in the deep tunneling regime. In
addition to tunneling delay, the time delay between sequential
double ionization has been probed using an elliptically polar-
ization laser pulse [96–98].

Furthermore, Coincidence measurements of electrons and
ions can provide more information, such as the phase asso-
ciated with the nuclear wave packet. As shown in figure 13,
the instantaneous polarization information is encoded into the
asymmetric emission of electrons in themolecular frame, lead-
ing to electron localization driven by even a symmetric laser
field, which can be observed via angular streaking [99].

For nuclear fragments, the rotation of diatomic molecules
serves as clock hands for timing bond-stretching dynamics.
The field-free evolution of rotational eigenstates provides dif-
ferent timelines that interfere with each other and are probed
by subsequent laser pulses, allowing deduction of time inform-
ation for various molecular dynamics from the shape of the
superimposed rotational wave packet [100].

4.3. Ultrafast stopwatch via shaped-polarization

Phase-controlled asymmetric femtosecond laser fields have
been utilized to steer bound electrons within a molecule, lead-
ing to controlled molecular bond breaking [90, 101–104].
This progress represents a significant step toward coherent
control of chemical reaction dynamics. For instance, phase-
and polarization-controlled two-color laser fields have been
employed to realize two-dimensional electron localization
within a molecule, leading to controlled bond breaking and
subsequent chemical reactions [93, 105–107].

Recently, a novel scheme of an ultrafast stopwatch [108]
has been proposed, through the implementation of a PS laser
pulse, and its powerful and robust applicability in probing and
controlling molecular dynamics in strong laser fields has been
demonstrated. The rotating polarization vector of the PS laser
pulse induces unidirectional rotational motion in molecules
[109–113]. Furthermore, the PS laser pulse exhibits a unique
capability to resolve ultrafast dynamics across neighbouring
optical cycles, distinguishing it from linearly or circularly
polarized counterparts, including the attoclock technique.

4.3.1. Clocking above-threshold double ionization of
molecules. Dissociative above-threshold double ioniza-
tion of molecules involves both chemical bond breaking and
the release of two electrons. The former may yield abundant
information from the measured kinetic energy release (KER)
spectrum of the nuclear fragments, while the latter could serve
as the two arms of the ultrafast stopwatch [114].

The KER spectrum can be used to infer the critical inter-
nuclear distances where enhanced ionization occurs, from
which two distinct scenarios were proposed. One is the charge-
resonance-enhanced ionization [115, 116] in the tunnelling
regime, where the localized electron around the up-field nuc-
leus experiences enhanced ionization. The other is above-
threshold Coulomb explosion [117, 118] in the multi-photon
regime, where the electron populated at the ground state under-
goes multi-photon resonant transition and is subsequently
released into the continuum.

Various photon-number-resolved dissociation pathways are
identified from the multi-peak KER spectrum, labeled by
the number of photons absorbed during the process of bond
stretching and subsequent secondary ionization [114]. Gating
distinct peaks on theKER spectrum allows us to obtain the cor-
responding momentum distributions of the two released elec-
trons, where a typical example is shown in figure 14.

The two electrons released at different instants in a PS laser
pulse sequentially emit in distinct directions, leading to an X-
shaped structure. The crossing angle of the X-shaped structure
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Figure 14. Schematic illustration of the ultrafast stopwatch using a
PS laser pulse to clock the dissociative above-threshold double
ionization of H2. Two electrons sequentially released at different
instants are angularly streaked to different emission directions by
the PS laser pulse, leading to an X-shaped PMD. Reprinted figure
with permission from [114], Copyright (2021) by the American
Physical Society.

encodes the bond-stretching time of the dissociative above-
threshold double ionization. Thus, one can obtain the time
interval between two ionization steps by converting the emis-
sion directions into ionization instants with respect to the spa-
tiotemporal profile of the PS laser pulse.

4.3.2. Probing bond-stretching time of molecules. In the
case of dissociative single ionization of molecules, the meas-
urement is limited to one electron and the associated nuclear
fragments. Consequently, the emission directions of electrons
and nuclear fragments serve as the two arms of the ultra-
fast stopwatch [108]. As depicted in figure 15, the electron
released at a specific instant undergoes oscillation driven by
the remaining laser field. The final momentum of the electron
can be utilized to determine the ionization instant. Meanwhile,
the momentum distribution of the nuclear fragments can also
be used to deduce the photoabsorption instant during the
bond stretching, as the dipole transition rate strongly depends
on the strength and orientation of the instantaneous laser
field.

The aforementioned method is only applicable to the well-
known one-photon and net-two-photon dissociation pathways,
since the photon number involved in the bond-stretching
process needs to be known in advance. To circumvent this
issue, an alternative timing method has been proposed that
promptly provides the bond-stretching time and photon num-
ber involved within the molecular frame [119]. The deflection
angle encodes the bond-stretching time between the ioniza-
tion instant and the photon-coupled dipole-transition instant,
while the half-width of the molecular-frame PADs encodes
the photon number absorbed and emitted during the laser-
molecule interaction. This approach contributes to a deeper
understanding of light-induced bond breaking and formation
in both temporal and energy dimensions.

Figure 15. Sketch of the ultrafast stopwatch using a PS laser pulse
to probe the bond-stretching time of H2. Reprinted figure with
permission from [108], Copyright (2019) by the American Physical
Society.

4.3.3. Controlling parallel and perpendicular transitions in
molecules. For linear molecules, laser-molecule interac-
tions depend on the crossing angle between the laser polariz-
ation and molecular orientation, leading to two distinct dipole
transitions. One is the parallel transition where the laser polar-
ization is favored parallel to the molecular orientation and
induces transition between two molecular orbitals with ∆λ=
0, where λ denotes the orbital angular momentum projected
along the molecular orientation. The other is the perpendicular
transition where the laser polarization is favored perpendicu-
lar to the molecular orientation and induces transition between
two orbitals with ∆λ=±1.

In the PS laser pulse, the polarization vector rotates from
cycle to cycle. Consequently, for a molecule with its orienta-
tion nearly parallel to the polarization direction at the leading
edge, it will sequentially undergo the parallel transition at the
leading edge and perpendicular transition at the falling edge,
as shown in figure 16.

The inset of figure 16 illustrates the measured momentum
distribution of nuclear fragments resulting from the dissociat-
ive (single and double) ionization of H2 driven by a tailored PS
laser pulse. Nuclear fragments emitting along the vertical dir-
ection originate from a parallel molecular reaction pathway,
while those emitting along the direction of 165◦ stem from a
hybrid reaction pathway involving both parallel and perpen-
dicular transitions.

Themolecular reaction pathway can be further manipulated
via adjusting the time-dependent polarization waveform of the
PS laser pulse. A half-wave plate is used to control the incid-
ent polarization direction before the multi-order wave plate,
so that the leading and falling edge of the PS laser pulse can
be precisely adjusted. Thereby, the parallel and perpendicular
reaction pathways can be controlled as designed.
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Figure 16. Sketch of the ultrafast stopwatch using a PS laser pulse
to induce parallel and perpendicular transitions in H2. The measured
momentum distribution of the nuclear fragments are shown as the
inset. Reprinted figure with permission from [120], Copyright
(2023) by the American Physical Society.

5. Probe and control of bimolecular reactions

Beyond molecular bond breaking, laser-molecule interaction
can give rise to molecular reactions involving bond forma-
tion processes. Numerous studies have delved into the forma-
tion of new chemical bonds during the interplay of light and
molecules, with a specific emphasis on the photo-induced frag-
mentation of molecules. For instance, the dissociation of a
water (H2O) molecule induced by light can lead to the cre-
ation of hydrogen (H2), accompanied by the breaking of O–
H bonds and the formation of H–H bonds [121–123]. The
time-resolved fragmentation of an SO2 molecule, resulting in
the formation of an O2 molecule, has also been investigated
under the influence of intense femtosecond laser pulses [124].
The reaction processes in these studies typically involve the
decomposition or rearrangement of a singlemolecule, which is
named as unimolecular reactions. The unimolecular reactions,
involving ultrafast intramolecular bond cleavage and forma-
tion processes, can be further controlled by steering the nuc-
lear vibrational, rotational, and dissociation motions and even
electronic motions within the molecule by using tailored laser
pulses. By tailoring the laser parameters (including intensity,
pulse duration, frequency, polarization, phase, etc) to match
the specific energy levels and dynamics of the molecules
through coherent excitation, the bond formation and cleavage
in the chemical reactions can be controlled in a desired way.

5.1. Experimental realization of bimolecular reactions

In comparison to unimolecular reactions, the bimolecular reac-
tions involving intermolecular interactions are much more
general chemical reaction processes in nature. The molecule–
molecule interactions can also lead to the breaking of old
bonds and formation of new bonds among the molecules,
where the involved processes occur on the picosecond or
femtosecond time scale. Traditional approaches for invest-
igating bimolecular reactions have relied on beam scatter-
ing measurements [125–130], aiming to collect information

including product kinetic energy, angular distribution, reaction
rate coefficients, and state-selective cross-sections. However,
these measurements face experimental hurdles in accurately
determining the reaction time zero and the initial internuclear
distance between the two reacting molecules. Consequently,
the detailed understanding of the mechanisms and dynam-
ics of bimolecular reaction processes has been significantly
impeded.

The experimental approach of initiating light-induced
bimolecular reactions starting frommolecular dimers provides
a clear time trigger and a predetermined starting inter-
nuclear distance for the reaction. The study of photo-induced
bimolecular reactions, starting from a van der Waals dimer,
has been pioneered by Witting’s and Zewail’s groups. For
instance, in [131],Witting and co-workers employed the CO2–
HBr dimer to study the oriented chemical reaction. In [132]
by Scherer et al, pump–probe study was performed to clock
the bimolecular reaction starting from theHI-CO2 dimer based
on the laser-induced fluorescence technique. Since the dimer
systems havewell-defined equilibrium geometries, the starting
point of the light-driven bimolecular reaction can be precisely
tracked in spatial and time domains. This has further permit-
ted the study of the ultrafast dynamics of bimolecular reaction
using femtosecond pump–probe technique and the coherent
control using tailored laser fields.

Recent studies [133, 134] have explored the ultrafast
dynamics of light-driven bimolecular reactions leading to the
formation of trihydrogen cations H3

+ and its isotope D3
+ from

the hydrogen dimer (see figures 17 and 18). This reaction, also
known as the Hogness and Lunn reaction [135], plays a pivotal
role as the initiator for numerous chemical reactions in inter-
stellar clouds [136, 137]. It has been extensively studied in the
past in the context of unimolecular reactions [127, 128, 138–
148], where the formation dynamics of the trihydrogen cation
from an organic carbohydrate can be visualized since an unam-
biguous time trigger of the reaction is clearly identified. While
these studies offer ample insights to enhance our comprehen-
sion of the formation kinetics of trihydrogen cations resulting
from the fragmentation of sizable organic compounds, a more
pertinent concernwithin interstellar clouds would involve gen-
erating H3

+ or D3
+ from molecule–molecule interaction.

Through femtosecond pump–probe measurements,
researchers have probed and characterized the ultrafast form-
ation dynamics of D3

+ in the light-driven bimolecular reaction
within a D2–D2 dimer [133, 134]. The reactions were ini-
tiated by an ultrashort pump pulse that ionized one or both
molecules in the dimer, followed by a later-arriving ultrashort
probe pulse to monitor the progress of the bimolecular reac-
tion. Leveraging the reaction microscope, ion fragments res-
ulting from the same dimer reaction can be detected in coin-
cidence, allowing for the identification of different reaction
channels leading to the formation of D3

+. It was observed
[133] that the formation time of D3

+ varied for different path-
ways, with a fast double-ionization pathway occurring within
35 fs and a slow single-ionization pathway taking approx-
imately 139 fs. Additionally, by utilizing a tailored linearly
polarized two-color laser pulse with a directional asymmetry
(scheme 2 in figure 18) during the dissociative ionization
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Figure 17. Light-driven formation of D3
+ in bimolecular reactions

starting from a D2–D2 dimer. Reproduced from [133], with
permission from Springer Nature.

Figure 18. Two sets of pump–probe schemes implemented in
studying the bimolecular reaction of the D2–D2 dimer. Reproduced
from [133], with permission from Springer Nature.

of one of the D2 molecules in the dimer, it is demonstrated
[133] that the direction in which D3

+ ions are ejected in the
double ionization pathway (D+, D3

+) can be controlled by
tuning the relative phase of the two-color laser fields, thereby
achieving attosecond-level precision control over chemical
reactions. The observation that D3

+ and D+ are expelled in
opposite directions supports the idea that the neutral atom
needs to be oriented towards D2

+ for the successful produc-
tion of D3

+. More recently, using a modified pump–probe
scheme, where the pump pulse induces nonadiabatic align-
ment of D2 molecule and the probe pulse excites the D3

+

formation, it is demonstrated that the sterodynamical con-
trol of D3

+ formation from the bimolecular reaction in the
D2–D2 dimer can be achieved [149]. Such sterodynamical
control of strong-field molecular dynamics is different from
that reported in the crossedmolecular beam studies [150, 151],
where the stereodynamical control of strong-field molecular
dynamics relies on the alignment-dependent photodissoci-
ation rather than the relative orientation of the two collision
reactants.

Figure 19. Evolution of reaction coordinates of (a), (b) approaching
distance R1, and (c), (d) departing distance R2 in the molecular
dynamics simulations for the formation of (a), (c) (D2H+, H+) and
(b), (d) (H2D+, D+) channels from the bimolecular reaction of the
H2–D2 dimer with initial T-shape configuration. Reprinted figure
with permission from [152], Copyright (2024) by the American
Physical Society.

By examining the H2–D2 dimer instead, one can gain
insights into the kinetic isotope effect in bimolecular reac-
tion dynamics. In a recent study [152], femtosecond pump–
probe experiments with D2–H2 dimers have shed light on
how nuclear vibrational motion significantly impacts reaction
yield rates, efficiencies, and the dynamics of product forma-
tion in these reactions. When comparing the (D2H+, H+) and
(H2D+, D+) reaction channels, a pronounced yield ratio of
1:1.6 was observed between the H2D+ and D2H+ channels,
with D2H+ forming more rapidly than H2D+. Figure 19 illus-
trates the time-dependent changes in the approaching distance
R1 and the departing distance R2 for the calculated reaction
trajectories of both D2H+ and H2D+ formation channels. It
demonstrates that the quicker vibrational motion of H2

+ post
single ionization within the dimer is responsible for this dis-
parity, thus discovering a time-resolved kinetic isotope effect
in bimolecular reactions. These findings have enriched our
comprehension of the kinetic isotope effect in chemical reac-
tions and paved the way for the coherent manipulation of reac-
tion rates and outcomes in bimolecular reactions by sculpt-
ing the nuclear motions of the reacting molecules using light
fields.

The technique of timing and controlling bimolecular reac-
tion has been further applied to a heteromolecular dimer, H2–
CO [153], where the formation of the C–H bond is observed
in the bimolecular reaction of two inorganic molecules. A
tailored two-color laser field is employed not only to identify
the formation of HCO+ ion containing the C–H bond but also
to realize the coherent control of the reaction dynamics. The
ultrafast formation time for the C–H bond is determined to be
approximately 200 fs. The real-time visualization and coher-
ent control of the dynamics shed light on the most funda-
mental inorganic bimolecular reaction occurring in the inter-
stellar clouds responsible for the C–H bond formation that pro-
duces organic molecules, paving the route towards the real-
time visualization and coherent control over the dynamics with
unprecedented precision.
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5.2. Numerical simulation of bimolecular reactions

Theoretical calculations of the bimolecular reaction are usu-
ally based on molecular dynamics simulations employing the
classical-trajectory Monte Carlo (CTMC) method. The first
step of the molecular dynamics calculations is typically the
computation of the PES of the specific bimolecular reaction
channel. In the investigation of the reaction dynamics of D3

+

formation [133], simulations were conducted starting with the
T-shape configuration, where two molecular axes are perpen-
dicular to each other. This T-shape configuration corresponds
to the most stable equilibrium geometry since it has the lowest
energy.

Figure 17 shows a typical reaction trajectory starting close
to the equilibrium with zero initial velocity and an artificially
frozen T-shape geometry. By defining two reaction coordinates
of R1 and R2, the PES of the T-type cationic (D2–D2)+ dimer is
calculated as shown in figure 17. The formation of D3

+ can be
divided into three steps. Upon Franck–Condon excitation, the
cationic state initially around the equilibrium geometry of the
neutral state is populated. Under the force field of the cationic
state, the D2

+ ion starts to vibrate around the new equilibrium
internuclear distance of 2.0 a.u. while moving to approach the
neighbouring D2 molecule, forming a D4

+ compound in step
2. The D3

+ ion finally formed when the neutral D atom departs
away at a longer time delay, denoted as step 3.

An alternative approach to simulate bimolecular reactions
is via an on-the-fly nonadiabatic molecular dynamics simula-
tion. In this approach, the PES does not have to be computed
beforehand. Rather, at each temporal step, the electronic struc-
ture and force field is computed on-the-fly, which in turn steers
the nuclear motion. This approach enables the calculations of
bimolecular reactions starting from different initial geomet-
ric configuration (see figure 20), neither does it restrict the
symmetry and the geometry of the nuclear coordinates during
the reaction. It has been appplied to account for various initial
structural configurations. It has been shown that the formation
time of D3

+ strongly relies on its initial structural configura-
tion. The average formation time after considering the contri-
butions from all shapes was 150 fs, well in agreement with the
timescale of the experimental value.

Besides, diverse theoretical approaches for numerically
simulating bimolecular reaction dynamics were systematically
surveyed, based on the formation of D3

+ originating from the
D2–D2 dimer [154]. Focusing on the principal coordinates rel-
evant to this reaction shown in figure 20, PESs were construc-
ted through first-principle quantum chemical calculations for
each configuration. In addition to evolving classical trajector-
ies on these PESs, the nuclear wave packet were also propag-
ated on them by numerically solving the time-dependent
Schrödinger equation, offering a quantum perspective on reac-
tion dynamics. Several other approaches, such as the vir-
tual detector method [155–158], Bohmian mechanics [159,
160] and backpropagation [20, 161–163], which includes the
quantum effects to different levels, were used to extract effect-
ive information contained within the time-dependent nuclear
wave packet for comparison. These methods yield similar

Figure 20. Different initial configurations and the respective
reaction coordinates of the D2–D2 dimer. Reprinted figure with
permission from [154], Copyright (2024) by the American Physical
Society.

timescales, affirming their reliability. It also demonstrates the
limited influence of quantum effects on nuclear motion and the
general applicability of both classical and quantummethods in
bimolecular reaction.

The possible influence of a distribution of initial nuclear
momentum on the molecular dynamics were also explored,
which were assumed to be zero before. Based on a reduced-
dimensional Wigner quasiprobability distribution calculated
by the nuclear wave function of the neutral D2–D2 dimer,
CTMC simulations were carried out to extract the forma-
tion time distribution with the initial momentum of traject-
ories no longer simply zero. It is found that the most prob-
able reaction time is close to that obtained by CTMC sim-
ulations with zero initial velocity, indicating that the initial
distribution of nuclear momentum has only minor influences
on the subsequent molecular dynamics. These theoretical
studies on ultrafast bimolecular reactions not only enhances
the understanding of detailed molecular dynamics but also
lays the foundation for future studies, promising deeper
insights into intricate quantum processes guiding chemical
reactions.

6. Summary and perspective

This Topic Review covers recent advancements in the timing
and control of ultrafast molecular dynamics with attosecond
time resolution/precision, shaped by the continuous evolution
of laser and detection technologies. From single-photon to
multi-photon regimes, the investigation spans processes ini-
tiated by both XUV and NIR pulses.

The photoionization time delays, particularly in molecular
frames, provides detailed insights into the fundamental inter-
actions between light and molecules, capable of revealing tiny
differences and asymmetries in the molecular potential land-
scape. It is made possible by a marriage between the atto-
second metrology and the coincident detection capability. An
atomic partial wave meter is further developed based on PS
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laser pulses to single out individual contributions of different
partial waves to the photoionization time delay.

The exploration extends into multi-photon resonance ion-
ization processes, elucidating phenomena like Freeman reson-
ance and resonant photoionization delay. Constructing a self-
reference molecular attoclock, the delay of transiently trapped
electrons in the ArKr+ complex relative to those released dir-
ectly can be determined to be on the level of a few femto-
seconds with attosecond time precision.

The timing and control of molecular dynamics using tem-
porally tailored laser pulses emerge as a key element. The
development of an ultrafast stopwatch, especially through the
implementation of PS laser pulses, is promising in probing
and controlling molecular reactions. It features capabilities of
resolving ultrafast dynamics beyond a single cycle, a charac-
teristics distinct from the attoclock technique. From clocking
above-threshold double ionization to probing bond-stretching
times and controlling parallel and perpendicular transitions,
the precision achieved opens new avenues for optochemical
studies.

The culmination of these advancements is evident in the
exploration of bimolecular reactions initiated within molecu-
lar dimers. The sophisticated femtosecond pump–probe meas-
urements, together with the well-defined spatial starting point
offered by dimer targets, reveal the dynamics of light-driven
bimolecular reactions, shedding light on the formation of
trihydrogen cations and their isotopes. The directional con-
trol achieved in the double ionization pathway further adds
to our understanding of the control of bimolecular reaction
processes.

In summary, this Topical Review captures a certain scope
of research in ultrafast molecular dynamics, emphasizing the
role of tailored laser pulses in unraveling and controlling the
intricate light-molecule interactions. The achievements out-
lined pave the way for future investigations, promising con-
tinued revelations in the understanding and control of ultrafast
molecular processes.

Looking ahead, the future of exploring how light inter-
acts with molecules is full of exciting possibilities. The
investigation of photoionization time delays in molecules
is still in its exploratory stage, with most reports limited
to small molecules. Interesting questions remain, such as
the time scale of strong electron–nuclear correlation effects
where the Born-Oppenheimer approximation breaks down,
the chiral responds in the time domain, and the influence of
attosecond electronic dynamics on chemical and biological
reactions. Directly answering these questions from experi-
mental measurements faces challenges in improving detec-
tion efficiency and energy resolution. Coincidence meas-
urements involving high-repetition laser systems may help
address these issues. Additionally, an improved theoretical
description that accounts for nuclear–electron and electron–
electron correlations is needed to discover and understand
new physical mechanisms. Moreover, for molecules, espe-
cially large ones, the angular momentum is no longer con-
served. Whether it makes sense to carry out partial wave
expansion remains a question in itself and needs further
investigation.

Scientists are working towards developing more precise
tools for measuring ever short time intervals, aiming to under-
stand and control the behavior of molecules with unpreced-
ented accuracy. A notable example is the true attopump-
attoprobe setup. It has been a major challenge due to the dif-
ficulty in achieving high photon flux for attosecond pulses.
This difficulty can be solved by, e.g. using free electron lasers,
which, however, faces the time jitter problem. Recently, the
time jitter problem has been overcome, and the attopump-
attoprobe scheme has employed to study electronic responses
in liquid water [23].

The combination of ultrafast pump–probe technique and
the coincidence detection technique has led to the profound
advancements in the field of ultrafast molecular dynamics.
This combination of techniques can be extended further, by
integrating more related techniques. For example, the timing
and control of bimolecular reactions have been made possible
by introducing the cold environment, from which the dimer is
produced, to the mature combination of the pump–probe and
coincidence detection techniques. By bringing in photon num-
ber detection, one could possibly perform studies in the cross-
ing field of quantum optics and ultrafast physics. By introdu-
cing ultrafast time resolution capability to the field of ultracold
atoms, one may time resolve the formation of Bose–Einstein
condensation. The list goes on.

In addition, quantum computers are expected to play a
pivotal role in simulating and understandingmolecular behavi-
ors, closing the gap between theoretical predictions and exper-
imental observations. As we delve into complex reactions in
diverse environments, from astrochemsitry to living organ-
isms, the future promises a deeper comprehension and manip-
ulation of molecules as the fundamental building block of
matter.
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Wragg J, Hamilton K R, Mašín Z, Gorfinkiel J D and van
der Hart H W 2020 RMT: r-matrix with time-dependence.
Solving the semi-relativistic, time-dependent Schrödinger
equation for general, multielectron atoms and molecules in
intense, ultrashort, arbitrarily polarized laser pulses
Comput. Phys. Commun. 250 107062

[71] Maquet A and Taïeb R 2007 Two-colour IR+XUV
spectroscopies: the “soft-photon approximation” J. Mod.
Opt. 54 1847

[72] Jiang W et al 2023 Resolving quantum interference black
box through attosecond photoionization spectroscopy
Phys. Rev. Lett. 131 203201
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