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More than ten years ago, the observation of the low-energy structure in the photoelectron energy spectrum, regarded as an
“ionization surprise,” has overthrown our understanding of strong-field physics. However, the similar low-energy nuclear
fragment generation from dissociating molecules upon the photon energy absorption, one of the well-observed phenomena in
light-molecule interaction, still lacks an unambiguous mechanism and remains mysterious. Here, we introduce a time-energy-
resolved manner using a multicycle near-infrared femtosecond laser pulse to identify the physical origin of the light-induced
ultrafast dynamics of molecules. By simultaneously measuring the bond-stretching times and photon numbers involved in the
dissociation of H," driven by a polarization-skewed laser pulse, we reveal that the low-energy protons (below 0.7 V) are
produced via dipole-transitions at large bond lengths. The observed low-energy protons originate from strong-field dissociation
of high vibrational states rather than the low ones of H," cation, which is distinct from the well-accepted bond-softening
picture. Further numerical simulation of the time-dependent Schrodinger equation unveils that the electronic states are
periodically distorted by the strong laser field, and the energy gap between the field-dressed transient electronic states may
favor the one- or three-photon transitions at the internuclear distance larger than 5a.u. The time-dependent scenario and our
time-energy-resolved approach presented here can be extended to other molecules to understand the complex ultrafast dynamics.

1. Introduction

In ultrafast physics, the energy spectrum of electrons or
nuclei is overwhelmingly crucial since it is the knob to
retrieve atomic or molecular ultrafast dynamics. For exam-
ple, the low-energy structure in the photoelectron energy
spectrum [1, 2], regarded as an “ionization surprise” [3],
has been used to unveil the importance of the field-driven
rescattering in the long-range Coulomb potential [2, 4-10].
For molecules in intense laser fields, different dissociation
pathways contribute to different nuclear fragment energies.
For instance, the two-hump energy structure peaked around
0.7 and 1.2eV of the ejected protons in the dissociation of
H," driven by 790 nm lasers discloses the one-photon and

net-two-photon pathways [11-15]. The vibrational states
from which the dissociation starts are further identified by
carefully analyzing the fine structure of the discrete energy
peaks in the kinetic energy spectrum of the nuclear frag-
ments [16, 17]. The production of the high-energy protons
leads to the investigation of the above-threshold dissociation
of H," [18, 19] and further the correlated electron-nuclear
dynamics [20]. Here, we study the emission of low-energy
protons in the dissociation of H,", based on which an
intriguing dissociation pathway is explored.

In the bond-softening scenario of molecular dissociation,
it was believed that the low-energy fragments were contrib-
uted by the low vibrational states [21, 22]. For example, for
a 790 nm driving laser pulse, H," in the 1so, state absorbs
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one photon resonantly at the internuclear distance of R = 4.7
a.u., and finally, the ejected proton has the energy spectrum
peaked at 0.7 eV. For a stronger laser pulse, H," with even
lower vibrational states may be excited, resulting in lower-
energy fragments. While energy spectra of nuclear fragments
boost our understanding of molecular dissociation, the lack
of time information makes it hard to grasp the causality of
chemical reactions. To thoroughly identify the physical ori-
gin, we need to clock the dissociation dynamics, particularly
interests lying in a popularly employed multicycle laser
pulse, in addition to the nuclear energy spectrum integrated
over time.

In this article, we explore the low-energy protons in
strong-field dissociative ionization of H, in a time-energy-
resolved manner. The H, molecule is first singly ionized by
the leading edge of a multicycle polarization-skewed (PS)
laser pulse, producing H," to be dissociated by the remain-
ing field of the same laser pulse. Our results reveal that the
low-energy protons originate from the dissociation of the
high vibrational states rather than the low ones of H,", con-
trary to previous recognitions of the dissociation process [17,
22]. Bond-stretching times and photon numbers involved in
the dissociation are extracted from the measured photoelec-
tron angular distribution in the molecular frame. The time-
dependent Schrodinger equation (TDSE) simulation for the
dissociation of H," discovers one- or multiphoton dipole-
transitions at large bond lengths, supporting the experimen-
tal observation and explanation.

2. Materials and Methods

2.1. Experimental Technique. We performed the experiment
in an ultrahigh vacuum chamber of a cold target recoil ion
momentum spectrometer [23, 24], where the photoelectrons
and protons produced from the strong-field dissociative ion-
ization of H, were detected in coincidence by two time- and
position-sensitive microchannel plate detectors at the oppo-
site ends of the spectrometer, as schematically illustrated in
Figure 1. By measuring the time-of-flight and positions of
the charged particle impacts, the three-dimensional
momenta and kinetic energies of the photoelectrons and
protons were reconstructed event-by-event during the off-
line analysis. The PS laser pulse is constructed by propagat-
ing a linearly polarized femtosecond laser pulse (28fs,
790 nm) through a multiorder wave plate (MOWP) in con-
junction with a Berek compensator (BC) (see [13, 15, 25]
for more experimental details). The PS laser pulse propa-
gates along the x axis, and its polarization rotates slowly
from 135° (315°) to 45° (225°) in the y-z plane, shown as
the red waveform in the inset of Figure 1. It is important
to mention that the polarization of the PS laser pulse illus-
trated in Figure 1 is in the laboratory frame. The unique
mapping between the cycle-changing polarization direction
and its evolution time encodes the physical quantities into
the molecular frame photoelectron angular distributions
(ME-PADs).

2.2. Classical Model. In the classical model, the single ioniza-
tion of H, in the PS laser pulse is described by P;(t) using the
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Ammosov-Delone-Krainov theory [26]. Then, the bond-
stretching time 7 of H," is calculated by solving the Newto-
nian equation ud*R/dt* = -dV(R)/dR [27] of a classical par-
ticle with reduced mass y = 0.5my;:, representing the nuclear
wave packet (NWP) propagating on a certain potential
energy curve V(R) of H," [12-15], where R denotes the
internuclear distance. Different initial kinetic energies are
assigned for the classical particles to take into account the
population of different vibrational states of the
photoionization-launched NWPs. The dipole-transition rate
Pt ¢.) 0 E(t) cos®[¢p(t) - ¢,.;] is used to describe
the n-photon resonant dipole-transition between the 1so
and 2po, states during the stretching of H," [28-30], where
¢ denotes the electric field direction of the laser pulse and
$mo denotes the orientation of the molecular axis of H, in
the laboratory frame. The whole probability of dissociative
ionization can then be expressed by P;(t;, ¢..1) = P;(t;)P g
(t; + 7, ¢,.,)> where t; is the ionization instant of H,. The
emission direction of photoelectrons (¢,,,) is a function of
t; thanks to the fact that the motion of the photoelectron
released at t; is steered by the remaining laser field. By map-
ping the ionization instant to the photoelectron emission
direction geared by the spatiotemporal profile of the PS
pulse, we can transform the whole probability of dissociative
ionization from P(t;, $,,,)into Piy(dy., ¢,.,)- Here, the
emission direction of protons (¢,,,) is the same as the
molecular orientation (¢,,,), i.e., ¢, = ¢,,,> Since the rota-
tion of the molecular axis is negligible within the ultrafast
dissociation process on the femtosecond timescale. Finally,
after transforming from the laboratory frame, we achieve
the photoelectron angular distribution in the molecular

frame Pid(¢MF—ele) = Pid(¢ele - ¢ion)‘

2.3. Quantum Model. In the quantum model, we start from
H," cation, which means the single ionization of H, is not
included in the model. The dissociation process of H," is
simulated numerically by solving the two-level TDSE under
the Born-Oppenheimer approximation:

ii Xg(Ro1) =
at Xu(R’t)

Here x, and y, are NWPs associated with the electron in

T+ Vg(R) dgu (R)E(1) (Xg (R, 1) >
A (RIE() T+V,(R) | \ X, (R.t) '
(1)

the 1so, and 2po,, states, respectively. V, and V,, are the
field-free potential energy curves for H," in the lso, and
2po, states, respectively. T is the nuclear kinetic energy
operator, d,,(R) is the R-dependent dipole between two
electronic states, and E is the electric field of the incident
laser pulse. The time and spatial steps are dt =0.1a.u. and
dR=0.02a.u., respectively. R spans the range [0, 100] a.u.
and is sampled by 5000 grids. The simulation area is large
enough to hold all dissociating NWPs. We first use an
imaginary-time propagation algorithm [31] to generate dif-
ferent vibrational states. Then, the Crank-Nicolson method
[32] is adopted to propagate the NWP. Since we focus on
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Ficure 1: Schematic diagram of the experimental setup. The input femtosecond laser pulse (polarized along 90° in the y-z plane) is
converted into two orthogonally polarized subpulses after the MOWP, whose relative phase is finely controlled by rotating the BC to
construct the laser field with a desired spatiotemporal profile. The PS laser pulse with a rotating laser field is illustrated in the inset. Here
the time delay between two orthogonally polarized components is 8T, where T =2.6fs is the optical cycle of the input pulse. The peak
intensity of the PS laser pulse in the interaction region was estimated to be I, = 1 x 10'* W/cm?® by assuming the focusing volume of the
PS pulse is the same as an incident linearly polarized reference pulse [36] and considering the orientation of the optical axis and orders

of phase delay introduced by the wave plates in the beamline.

the dissociation dynamics for a given vibrational state, a lin-
early polarized laser pulse is better to unveil the mechanism.
The laser pulse is written as E(t) = E, sin®(nt/t,) cos (wt),
where E is the electric field amplitude, w is the laser fre-
quency, and 7, is the duration of the laser pulse. In the
numerical simulation, the laser wavelength is 800 nm
(w=0.057a.u.), and the laser pulse has the duration of ten
optical cycles (7, = 26.6fs). We assume that the initial vibra-
tional state of H," is launched after the tunneling ionization
of H, around the peak of the laser pulse. The dissociation
process in the remaining field is simulated with the starting
time t = 600 a.u., and a rising edge of a half cycle is adopted
to avoid high-frequency components of the remaining field
[33]. After the interaction with the laser pulse, the NWPs
further propagate 2000a.u. until the dissociation parts
clearly separate from the bound parts.

3. Results and Discussion

As the orange arrow illustrated in Figure 2, H, is singly ion-
ized at the equilibrium internuclear distance of R, (~1.4a.u.)
when exposed to an intense laser field [11, 12]. The pro-
duced H," stretches and further absorbs photons from the
remaining laser field and dissociates via the well-known
one-photon and net-two-photon pathways [11-15], shown
as the red and blue arrows between black curves in
Figure 2. For example, in the one-photon pathway, the
stretching H," absorbs one photon at R,, transits to the

2po,, state, and dissociates along the 2po, curve. For the
net-two-photon pathway, the stretching H," absorbs three
photons at R, and transits to the 2po, state. As it propa-
gates on the 2po, curve, the H,” will emit one photon at
R, and then transit back to the 1so, state, ending the disso-
ciation along the 1so, curve. The aforementioned two path-
ways can be identified by diagnosing the KER spectrum.
Usually, the protons with KER peaked around 0.7 and
1.2eV are distinguished as the one-photon and net-two-
photon pathways driven by 790 nm lasers, shown in the inset
of Figure 2. While the energy spectra of nuclear fragments
offer abundant information related to molecular dynamics
on the one hand, on the other hand, the time information
about ultrafast molecular changes is hard to be grasped. To
fully understand the dissociation process, simultaneous
time- and energy-resolved measurements are required.

The PS laser field works as a timer by mapping the
instants to the emission directions of photoelectrons and
nuclear fragments, which allows us to understand different
dissociation pathways in time and energy fashion.
Figures 3(b)-3(d) present the measured photoelectron
momentum distributions in the molecular frame by gating
the nuclear KER spectrum in different energy regions indi-
cated in the inset of Figure 2. The corresponding MF-
PADs are illustrated in Figure 4(a). Since the photoelectron
emission direction maps the vector potential of the laser field
at the ionization instant, the MF-PAD peaked at the deflec-
tion angle o with respect to the molecular orientation along
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FiGure 2: The potential energy curves of H,". The orange arrow denotes the internuclear distance where ionization happens. The black
curves illustrate the field-free 1so, and 2po,, potential energy curves of H,". The red and blue arrows between two black curves denote

g

the one-photon and net-two-photon dissociation pathways, respectively. The red and blue curves are calculated using Equation (2) with
a static electric field E, = 0.038 a.u. (corresponding to the intensity I, = 5 x 10'* W/cm?). The red arrows between the red and blue curves
denote the three-photon transitions between the two field-dressed transient electronic states. The dashed horizontal lines indicate the
energies of vibrational states v=3, v=9, and v=11 on the lso, potential energy curve. The inset (blue curve) shows the measured KER
spectrum of the protons, where the highlighted four areas correspond to different dissociation pathways, respectively.

the y axis, as shown in Figure 3(a), records the bond-
stretching time between the ionization instant of H, and
the photon-coupled dipole-transition instant between the
lso, and 2po,, states of H," during its dissociation. Physi-
cally, the dipole-transition rate of the stretching H,"
depends on the crossing angle between the molecular axis
(¢mo1) and the laser polarization direction (¢) at transition
instant, i.e., proportional to the cos? (¢, —¢,.), where n
is the number of the involved photons [28-30]. Since the
single ionization of H, is entangled with the dissociation of
H,", the angular distribution of dissociative protons is
encoded in the MF-PAD. In other words, the half width f3
of the MF-PAD illustrated in Figure 3(a) encodes the
involved photon number # in the dissociation of H,". There-
fore, by extracting « and f of the MF-PAD, we can explore
the light-induced stretching of the molecular ion in a time-
energy fashion.

Figure 4(c) illustrates the normalized two-dimensional
map of the MF-PADs versus nuclear KERs in experiments.
The corresponding deflection angle o and half width 8 of
the MF-PADs are extracted and plotted in Figure 4(d). The
distinct distributions of a and f for KERs less or larger than
0.8¢eV clearly confirm the previous assignment of the one-
photon and net-two-photon dissociation pathways. The
overall deflection angle « of high-energy range (KER~1.2¢eV)
is smaller than the one of low-energy range (KER~0.7 V),
denoting that the effective bond-stretching time (the
photon-averaged time delay of the three-photon absorption
and one-photon emission in the dissociation of H,") of the
net-two-photon pathway is shorter than the stretching time
of one-photon pathway, which agrees with former observa-
tions [13] but the detailed KER-dependence is visualized

here. The small value of § of the high-energy range implies
that more photons are involved (including absorbed and
emitted) in the net-two-photon pathway with respect to the
one-photon pathway, which is surely within the expectation
[13]. Surprisingly, for the low-energy fragments (KER < 0.7
eV), which have been believed to be originated from the
low vibrational states of H," [17, 22], we observe an increas-
ing deflection angle « and a decreasing half width S, i.e, a
longer stretching time and more involved photons, as the
decreasing of the KER to low values. In the following, we will
unveil this new finding.

To get intuitive insights into the dissociation dynamics
for the low-energy events, we calculate the MF-PADs using
an intuitive classical model. In classical calculations, by
assigning the initial kinetic energy of the NWP to match
the energy of v =9 vibrational state, i.e, E;y=E, -V (R,),
the bond-stretching time 11.8 fs of KER region C (one-pho-
ton pathway) is calculated by running the Newtonian equa-
tion on the 1so, potential energy curve from R, to R,,, while
the bond-stretching time 12.6 fs of KER region D (net-two-
photon pathway) is calculated in the same way from R, to
R, on the 1so, curve and from R, to R, on the 2po,, curve
with the initial kinetic energy matching the energy of v=3
vibrational state. Then, the quantitatively reproduced MF-
PADs can be obtained if # is set to be 1 and 4 for KER
regions of C and D, as shown by green and yellow curves
in Figure 4(b). This conclusion is consistent with the well-
accepted picture of the one-photon and net-two-photon dis-
sociation pathways [11-15]. Here the KER region D, i.e., the
net-two-photon pathway, is utilized to confirm the analysis
process, and we will focus on the comparison between
KER regions A, B, and C. To match the orange and violet
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FIGURE 3: The photoelectron momentum distribution in the molecular frame. (a) The sketch of the photoelectron angular distribution
(orange curve) in the molecular frame with the molecular orientation along the y axis. (b, d) Measured molecular frame electron
momentum distributions corresponding to different regions in the nuclear KER spectrum highlighted in the inset of Figure 2.

curves in Figure 4(a), indicating the longer stretching time
and more involved photons, one has to start from higher
vibrational states. In the calculation, the initial kinetic ener-
gies of the NWPs for KER regions A and B are assigned to
match the energies of v=11 and 10 vibrational states,
respectively. The transition bond lengths are also assigned
to be the maximum internuclear distances of the corre-
sponding vibrational states. With that, the good agreement
of the MF-PADs between the experiments and calculations
is achieved by setting n = 1.2 and 1.1. According to the clas-
sical simulation, the bond-stretching times of KER regions A
and B are about 14.0 and 12.8fs, respectively. Such long
bond-stretching times observed here undoubtedly illustrate
that there is a novel dissociation pathway giving rise to
low-energy protons beyond traditional bond-softening
scenarios.

We note that the energy gap between two field-free
potential energy curves of the 1so, and 2po,, states at the
internuclear distance of R, is much smaller than the photon
energy, implying barely traditional resonant dipole-
transitions between field-free electronic states. To illustrate
the physical origin of the dynamics of low-energy protons,
and we adopt the adiabatic representation [34], where the
field-dressed transient electronic states are as follows:

. (r )= 22 ; Nl \/ [VulR) - V4R

Hence, photon-coupled transitions can still happen at
R, between the field-dressed electronic states, depicted with
red and blue curves in Figure 2. The blue and red curves are
calculated using Equation (2) with a static electric field of
E, =0.038a.u. (corresponding to the intensity of I,=5x
10> W/cm?). With time evolution, the energy gap between
the field-dressed electronic states periodically changes.
When the energy gap approaches the photon energy, H,"
may absorb one photon and transit to the upper state. Fur-
thermore, with increasing laser intensity, the energy gap
between two field-dressed states becomes larger according
to Equation (2) so that the three-photon transition can also
happen between the two states. One-photon and three-
photon resonant transitions may happen between the two
field-dressed states at different internuclear distances or dif-
ferent instants. These photon-coupled transitions may
finally contribute the same KER and thus inevitably interfere
with each other, giving the expected photon number n
between 1 and 3.
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FiGURE 4: The molecular frame photoelectron angular distributions. (a) Measured MF-PADs are plotted for KER regions A (orange), B
(violet), C (green), and D (yellow). (b) Classically simulated MF-PADs for dissociation pathway starting from v =3 (yellow), v=9
(green), v =10 (violet), and v =11 (orange). (c) Measured KER-dependent MF-PADS. The MF-PAD for each KER region is normalized
to increase visibility. (d) Extracted deflection angle « and half width 3 of the MF-PADs.

To confirm the aforementioned intuitive scenario of the
strong-field dissociation, we numerically solve Equation (1)
to simulate the dissociation dynamics of a single vibrational
state. Here, the initial vibrational state is v=11 for the
convenient analysis though other vibrational states give
similar outputs. Figures 5(a) and 5(b) show the time evo-
lutions of the density distributions and populations of y,
driven by laser pulses with peak intensities I, =1 x 102
and 1x 10" W/cm? respectively, corresponding to the
weak- and strong-field excitation regions. The correspond-
ing normalized KER spectra are shown in Figure 5(c). We
have to note that it is hard to define a specific internuclear
distance in the pure quantum simulation since the up-down
coupling between the ground and excited states occurs all
the way with different probabilities and frequencies. Hence,
the transition internuclear distances can only be obtained
from the KER of the eventual outgoing NWP with the assis-
tance of the classical scenario of the propagation on the
potential energy curves. Considering the vibrational energy
of the NWP centered around the v=11 vibrational state,
the mapping function of the internuclear distance to the
KER of the dissociative fragments can be approximately

described as KER=E, -V (R) + V,(R) - V,(+00), where
E,and V  (+00) denotes the energy of v = 11 vibrational state
and the dissociation limit of the 2po, state, respectively.
According to the mapping function illustrated in Figure 5(d),
the calculated KER spectrum peaks at around 1.2eV in the
weak-field case, indicating a resonant dipole-transition
between 1so, and 2po, states at R=4.8a.u., as shown in
Figure 5(e) (blue curve). The retrieved peak position is almost
the same as the transition internuclear distance of the NWP
centered around v =9 vibrational state (~R,), implying that
the gain of the KER is mainly attributed to the more vibra-
tional energy of the NWP centered around v=11 vibra-
tional state at R,. However, the KER has a very different
distribution when using a strong laser field, as shown by the
red curves in Figure 5(c). The shifted KER peak around
0.4 eV, corresponding to the KER region A in experiments,
implies the dipole-transition mainly happens at R=5.6a.u.
(~R,) (red curve in Figure 5(e)). Though the energy gap
between the field-free 1so, and 2po,, states around R, is far
from the one- or three-photon energies, the field-dressed
transient electronic states are favorable for the resonant tran-
sition at such a large internuclear distance.
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To further explore and verify that multiphoton transi-
tions at large bond lengths have enrolled in the dissociation,
we calculate the harmonic spectra by Fourier transforming
the dipole acceleration. In the model, the dipole can be
expressed as d(f) =2 Re [<y,|d,,(R)|x,>] Figures 5(e)
denotes the normalized harmonic generation with peak
intensities I, = 1 x 10'2 and 1 x 10" W/cm?, respectively. In
the weak-field case, only the first harmonic order, corre-
sponding to the single-photon transition, is observed, while
in the strong-field case, the harmonic spectrum covers the
first, third, and fifth orders, which indicates the coexistence
of the one- and multiphoton transitions. The distribution
of the harmonic spectrum can be manipulated by varying
the laser intensity. For lower intensities, the lower orders
have larger proportions. The harmonic spectrum enables
us to directly verify the photon-coupled transitions between
two field-dressed electronic states of H," [35]. Please note
that the aforementioned strong-field dissociation process
dominates only for a high vibrational state. For the NWP
centered at v=9 vibrational state, the dipole-transition
mostly happens at a small internuclear distance (~R,),
rather than the large internuclear distances, for the NWP

hardly distributes at large internuclear distances. The result
also verifies the previous experimental results that the KER
of the dissociation from the v =9 vibrational state is hardly
affected by the peak intensity of the near-infrared laser
pulse [22].

4. Conclusion

In conclusion, energy-resolved measurements of the nuclear
fragments are far from enough to comprehensively figure
out the response of molecules in strong laser fields. Our
time-energy-resolved proton-electron coincidence measure-
ments using the PS laser field reveal that the low-energy struc-
ture in the nuclear KER spectrum originates from the
dissociation of high vibrational states via absorbing one or
multiple photons at internuclear distances far-beyond reso-
nant transition between field-free potential energy curves. This
picture is distinct from the well-accepted bond-softening sce-
nario, in particular the production of the low-energy protons
in strong-field dissociative ionization of H,. The approach
presented here can be extended to other molecules to under-
stand the complex ultrafast strong-field dynamics.
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