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Real-time visualization of molecular transformations is a captivating yet challenging frontier of ultrafast
optical science and physical chemistry. While ultrafast x-ray and electron diffraction methods can achieve
the needed subangstrom spatial resolution, their temporal resolution is still limited to hundreds of
femtoseconds, much longer than the few femtoseconds required to probe real-time molecular dynamics.
Here, we show that high-order harmonics generated by intense femtosecond lasers can be used to image
molecules with few-ten-attosecond temporal resolution and few-picometer spatial resolution. This is
achieved by exploiting the sensitive dependence of molecular recombination dipole moment to the
geometry of the molecule at the time of harmonic emission. In a proof-of-principle experiment, we have
applied this high-harmonic structure imaging (HHSI) method to monitor the structural rearrangement in
NH;, ND3, and N, from one to a few femtoseconds after the molecule is ionized by an intense laser. Our
findings establish HHSI as an effective approach to resolve molecular dynamics with unprecedented
spatiotemporal resolution, which can be extended to trace photochemical reactions in the future.
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Ultrafast imaging techniques have revolutionized our
ability to visualize the microscopic world. Conventional
methods based on electron and x-ray diffractions have been
routinely used to determine the static geometric structure of
molecules with subangstrom spatial resolution [1,2], but
with the temporal resolution exceeding tens of picoseconds.
As the time-resolved analog of x-ray and electron diffrac-
tion, recent development of femtosecond sources of x rays
and electron beams [3,4] has advanced ultrafast x-ray
diffraction (UXD) [5-7], ultrafast electron diffraction
(UED) [8-10], and MeV-UED [11,12] for the time-
resolved measurement with hundreds of femtoseconds.
Such temporal resolution, however, remains inadequate
for capturing the triggering event of a transformation that
occurs at the few-femtosecond timescale. Most importantly,
these techniques are typically limited to large-scale facili-
ties located at national laboratories. For long-term pros-
pects, it is crucial to explore other approaches based on
laboratory-scale tabletop sources.

Recent advances in strong-field physics have promoted the
development of alternative molecular imaging approaches to
study molecular dynamics with femtosecond to attosecond
time resolutions. The principles of these approaches are
inherent to the three-step recollision model [13,14]; i.e., an
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electron is first ionized by the strong laser field, subsequently
accelerated in the external laser field, and finally driven back
to recollide with the ion. During the recollision, the instanta-
neous state of the molecule is probed by the returning
electron through either elastic scattering with the molecular
ion or high-order harmonic generation (HHG) by electron-
ion recombination. Probing the static or dynamic molecular
structure from elastic electron-scattering measurement is
called laser-induced electron diffraction (LIED) [15-21], a
time-resolved equivalent of conventional electron diffrac-
tion, which has recently been established as an emerging
approach for the ultrafast imaging of molecules.

Like LIED, HHG from each single molecule intrinsically
has built-in information for extracting ultrafast molecular
dynamics, since the harmonic yields are proportional to the
modulus square of the recombination dipole moment at the
time of harmonic emission, which, in turn, is sensitive to
the molecular structures [22—-36]. Besides, the underlying
mapping between electron excursion times and harmonic
orders also provides a way for temporal measurement with
attosecond resolution [31-36]. Based on these two ideas, in
this Letter, we demonstrated extraction of ultrafast structure
rearrangement in molecules with the high-harmonic struc-
ture imaging (HHSI) method. Unlike LIED, experimental
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harmonic spectra are obtained from the coherent super-
position of harmonics from all the molecules interacting
with the laser. To implement HHSI successfully, we first
rely on a recent development of a machine learning (ML)
reconstruction algorithm [35-37] that allows us to retrieve
the angle-resolved single-molecule harmonic dipole
moments from the harmonic signals measured from the
aligned molecules. Note that other retrieval algorithms have
been explored by Wang et al. [38] and others [39] with
different degrees of success. These angle-fixed single-
molecule harmonic dipole moments, in principle, can be
compared with theoretical calculations directly. Here, our
goal is to use HHSI to extract the molecular structure
parameters from these complex single-molecule harmonic
dipole moments. Prior studies have shown that harmonic
yields generated from isotopes are slightly different, with
the heavier molecules having higher harmonic yields
[31-33,40,41]. This is understood in terms of the motion
of the nuclear wave packet of the isotope ions where the
heavier isotope would move slower after the electron is
ionized suddenly. These earlier studies (see below for details)
do not offer a method to directly extract nuclear positions.
Thus, to use HHSI, in the second step, we need to develop
a new revised quantitative rescattering (QRS) model for
HHG, incorporating nuclear motion, to provide the theoreti-
cal basis for extracting molecular structures from the
retrieved single-molecule harmonic dipoles. Utilizing the
HHSI method, we successfully reconstructed the structural
changes of NH;, ND;, and N, occurring within a few
femtoseconds after ionization with an unprecedented sub-
picometer spatial resolution. All the reconstruction results
are in good agreement with our quantum chemistry (QC)
simulations. Thus, the HHSI method, besides UED, UXD,
and LIED, provides an alternative tool for ultrafast imaging of
molecular dynamics in chemical and biological processes.

We first demonstrate HHSI to monitor the structural
rearrangement in NH; molecule after ionization. The
principle of probing ultrafast structural dynamics in NHj
with HHSI is sketched in Fig. 1(a). For the neutral NHj, it
has a pyramidal shape with a H—N—H bond angle of
Oyng = 107.23° at the minimum of the potential energy
curve of its ground electronic state X'A. When exposed to
an intense external laser field, strong-field ionization
launches an electron into the continuum and simultane-
ously creates a nuclear wave packet on the ground state
potential surface of the NH{ cation (X?A%). The nuclear
wave packet then evolves along the NHJ potential surface,
manifesting as a structural transformation from the pyrami-
dal configuration to the planar equilibrium geometry of
NH;L cation, as illustrated in Fig. 1(a). In HHG, the
pyramidal-to-planar transition is probed by the recolliding
electron, which is driven back by the laser field to
recombine with the parent ion at different time delays after
ionization, with the instantaneous structural information
imprinted in the emitted harmonic radiation.
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FIG. 1. (a) Scheme of probing ultrafast structural dynamics in
NH; with HHSI. (b) High-harmonic spectra of NH; (dashed line)
and NDj (shaded area) measured in the 800 nm driving field.
Blue circles with a dashed line plot the harmonic yield ratios
between ND; and NH;.

Previously, the effect of nuclear dynamics (or structural
change) on HHG has been theoretically described in [31],
where the harmonic dipole moment is given by D(w, 6) =

— —_— .
C[At(a))]Dﬁxed(a), 9, Q() ) Here, Dﬁxed(a), 9, Q() ) is the
harmonic dipole moment obtained at the initial structural

geometry 60) of the NH7 cation after sudden ionization.
C(At) = [x(R,0)x(R, At)dR is the nuclear autocorrelation
function that denotes the overlap integral of the initial and
time-dependent nuclear wave packets of the NH; cation, and
At is the excursion time of the electron between ionization
and recombination. In this model, the nuclear dynamics is
separated from the electronic response by the Born-
Oppenheimer approximation. The influence of the nuclear
motion on the recombination dipole matrix elements of HHG
is also neglected. As a consequence, the resulting harmonic
intensity is approximately proportional to the squared
modulus of the nuclear autocorrelation function |C(At)|?.
This model has been used to study the nuclear dynamics in
the molecular cation from the high-harmonic spectra of two
isotopes, since the differentisotopes possess different nuclear
motions, which will lead to an amplitude difference in the
harmonic spectra of the two isotopes [see also Fig. 1(b) in this
work]. By analyzing the amplitude modulation in HHG from
isotopic molecules, the intracycle nuclear dynamics has been
theoretically predicted to interpret experimental spectra of a
H,/D, [32,33,40,41] pair, as well as a CH, /CD, [32,33] pair
and a NH;/NDj; [33,42,43] pair. However, based on the
autocorrelation functions, the HHG measurements can
provide only partial evidence of nuclear dynamics of the
complex polyatomic molecules due to large nuclear degrees
of freedom. A direct imaging of the nuclear structure is not
available.

In the following, we demonstrate that a direct imaging of
the nuclear dynamics in NH; molecule is achieved by using
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the HHSI method. Different from previous works
[31-33,41-43], our scheme is based on a revised QRS
model for molecular HHG, where the induced dipole
moment for each harmonic order is approximated as (for
more theoretical details, see [44])

D(w.0.¢) « /N(0. p)dw. 0,4 O(AD)]. (1)

Here, N (0, ¢) is the ionization probability of the molecule,
and d[w, 0, ¢; Q(At)} is the recombination dipole moment

with Q(At) being the instantaneous nuclear geometry at the
recombination moment of the harmonic w. In Eq. (1), the
variation of the recombination dipole moment induced by
the nuclear motion is revealed. The sensitive dependence of
the angle-resolved recombination dipole moments on the
molecular geometry is at the heart of our reconstruction
scheme, which is lacking in the previous model [31].

To extract the molecular structure, the first important
ingredient of our scheme is the retrieval of the fixed-in-
space single-molecule harmonic dipole moments from the
measured HHG signals of aligned molecules. In our
experiment, we first employed a stretched (~160 fs)
linearly polarized 800 nm laser pulse with moderate
intensity (~0.6 x 10'3> W/cm?) to align the NH; molecule
ensemble in space. Another, much shorter (35 fs) and
delayed 800 nm near-infrared laser pulse with higher
intensity (~0.95 x 10'* W/cm?) and the same polarization
was used to interact with the aligned molecules to generate
high-order harmonics (for more experimental details, see
[44]). Figure 2(a) displays the time-dependent alignment
factor (cos?@)(¢) around the first rotational revival of NHs,
extracted according to the experimental parameters [56].
Figures 2(b)-2(d) show the harmonic intensities measured
at the same time delays as in Fig. 2(a), for the 11th (H11),
13th (H13), and 15th (H15) harmonics, respectively. The
intensity of each harmonic order is found to present a
minimum (maximum) when the C;, symmetry axis of the
NH; molecule is aligned perpendicular (parallel) to the
polarization direction of the driving pulse. This result is
consistent with the symmetry of the highest occupied
molecular orbital (HOMO) of NH;. The distinct local
minima and maxima at the time of rotational revival
also indicate that our experiment dominantly measured
the signals from the isolated molecules rather than the
clusters [42].

By using the advanced ML algorithm developed in [37],
we were able to reconstruct the single-molecule harmonic
dipole moment for each fixed-in-space alignment angles
from the measured alignment-averaged harmonic spectra.
For the one-dimensional alignment created by the linearly
polarized alignment pulse, the retrieved single-molecule
harmonic dipole moment for each alignment angle 6
should be the result averaged over the up and down
orientations as well as the rotation angle ¢ about the
C;, axis [see Fig. 2(e)], i.e.,
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FIG. 2. (a) The time-dependent alignment factor (cos?@)(¢) of

NH; extracted from the experimental HHG data. (b)—-(d) HHG
yields of H11-H15 measured around the alignment revival of
NHj; in the 800 nm driving field. Here, the polarization of driving
pulse is parallel to that of the alignment pulse. The HHG yields of
each harmonic order have been normalized by the results of the
isotropic alignment. (e) Geometry of the one-dimensional
molecular alignment of NH; in the experiment. (f)—(h) Angle-
resolved single-molecule harmonic dipole amplitudes (solid
lines) of HI1-H15 retrieved from the experimental data in (b)
and (c) with the ML algorithm. Dashed lines display the
theoretical results calculated with the optimized geometric
structure of NH7 cation for comparison.

1

D(w,0) = EAM[D(CO, 0,¢) + D(w,m+0,9)|dp. (2)

Figures 2(f)-2(h) show the retrieved dipole amplitude
|D(9)| of H11-H15 (solid lines), respectively. Since in
our reconstruction we are interested only in the angle
dependence of |D(6)|, the retrieved |D ()| for each order
has been normalized with respect to the retrieved result at
6 = 0°. By convoluting the retrieved single-molecule
dipole moment with the molecular alignment distribution
in our experiment, we have accurately reproduced the
experimental HHG signals shown in Figs. 2(b)-2(d) (see
the solid lines). Such an excellent agreement proves the
accuracy and validity of our reconstruction method (more
test details can also be seen in [44]).

With the single-molecule harmonic dipole moments
retrieved, the geometric configuration of NH; then can
be determined by optimizing the structure parameters Ryyg
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FIG. 3. (a) The N—H bond length Ryy extracted (circles with

dashed line) as a function of the excursion times of harmonics
H11-H17 in the 800 nm driving field. The solid line shows the
result of the QC calculations for comparison. (b) The same as (a),
but for the result of H—=N—H bond angle ®yny. (¢),(d) The same
as (a) and (b), respectively, but for HI7-H31 in the 1300 nm
driving field.

and @yng such that the theoretical dipole moments
calculated by Egs. (1) and (2) agree best with the exper-
imental retrievals [see dashed lines in Figs. 2(f)-2(h)]. Note
that, in our reconstruction, while only the dipole amplitudes
were used, our ML algorithm can also retrieve the harmonic
dipole phases. We have checked that the retrieved dipole
phases also agree well with the calculations with the
molecular geometry optimized by the dipole amplitudes
(see [44]). Repeating the reconstruction for each harmonic
order, a real-time measurement of the ultrafast structural
transformation was ultimately achieved upon the unique
relationship between the harmonic order and the ex-
cursion time of the electron in the continuum. During
the HHG process, there are two trajectories per optical half
cycle, which are referred to as the short and long trajecto-
ries, contributing to each individual harmonic order
[13,14,30,33,57]. To obtain a one-to-one mapping between
the excursion time and harmonic order, phase matching
in the experiment has been achieved such that only
short-trajectory electrons contribute to each harmonic.
Figures 3(a) and 3(b) display the extracted bond length
Ryy and bond angle @y as a function of the excursion
times of H1 1-H17. As shown, both Ry and @y increase
with time, which is in agreement with the expected
pyramidal-to-planar transition. To verify the retrieved
results from the experiment, we have also performed QC
calculations to obtain how the molecular structure of NH;
changes with time. As shown in Figs. 3(a) and 3(b), the
Ryy and @y obtained from QC calculations (solid lines)
are in quantitative agreement with our reconstructions.
We have also performed HHG experiment with a longer
1300 nm driving laser to expand the time window of

measurement. In our experiment, the 1300 nm laser
intensity is about 0.4 x 10'* W/cm?. Figure S6 in
Supplemental Material [44] shows the measured HHG
spectra versus the time delay for H19, H25, and H29
and the retrieved angle-resolved single-molecule harmonic
dipole amplitudes. Following the same procedure, we then
extracted Ryy and @y for different excursion times of
H17-H31 over a longer temporal range as shown in
Figs. 3(c) and 3(d). These results are in good agreement
with QC calculations (sold lines) except for H29 and H31
that are near the cutoff region. In this region, the long
trajectory starts to play a role in the harmonic generation
(see [44]). It is estimated that, using a 3200 nm midinfrared
driving laser [20], the entire pyramidal-to-planar transition
in NH7 will be fully visualized with our method due to
much longer excursion time of the electron.

Our scheme has also been used to reconstruct the
structural dynamics in the isotope molecule NDj inde-
pendently, of which a slower structural transition can be
directly visualized from the reconstructions (see [44]). In
addition, we also carried out HHG spectra and recon-
structed the structure dynamics of N, molecules. In
Fig. S12 in Supplemental Material [44], we show that
the N—N stretch is much smaller, but they are in agreement
with the QC calculation.

To demonstrate the robustness and consistency of the
results obtained by the HHSI method, in Table S1 in
Supplemental Material [44], we tabulate the change of
bond length in picometers and bond angle in degrees,
versus the recombination times from 0.96 to 2.49 fs after
ionization, for NH; in the 800 and 1300 nm lasers. The time
interval between successive odd harmonics is about 150 as
(not constant due to attochirp), while the bond length
changes at a fraction of one picometer. It is interesting that
such a minute change of mean nuclear separation in such a
short time can be captured by the harmonic signals. Among
NH;, NDs, and N,, Table Sl(a)-(c) shows that each
molecule stabilizes by stretching the internuclear separation
after ionization, and the heavier the molecule, the slower
the separation. This can be clearly seen from Fig. 4, which
plots the retrieved bond length changes of these three
molecules as a function of the recombination times of the
harmonics. However, the mass alone is not the only factor
for the rate of separation. Note that these three molecules
have bonding HOMO orbitals. In the case of an antibond-
ing HOMO orbital like O,, the internuclear separation
would shrink upon the removal of the valence electron. In
Table S1(c), we show the O—O bond length contraction
obtained from the QC calculations. We have not carried out
the HHG experiment on O,, but we obtained bond
contraction from QC calculations. We noted that the QC
results at later times are in good agreement with the
contraction extracted from earlier LIED experiments
[15]. The spatial resolution in LIED was estimated to be
about 5 pm such that the change of bond length in N, was
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FIG. 4. Species-dependent subpicometer-level changes of
molecular bond lengths with attosecond temporal resolution
extracted from experimental high-order harmonic spectra using
the HHSI. The inset shows the LIED results of N, (green circles)
and O, (blue circles) taken from Ref. [15] for comparison.

not resolved (see the inset in Fig. 4). In Fig. 4, for N, the
N—N distance changes for the short times from 1.05 to
1.44 fs obtained from HHSI are consistent with the distance
changes at longer times from 4.30 to 6.30 fs obtained from
LIED but with spatial resolution better than one picometer.
In addition to the experimental reconstructions, we have
also checked the sensitivity of harmonic dipole moments to
molecular geometry. As shown in Fig. S14 in Supplemental
Material [44], the subpicometer change in the molecular
geometry can lead to considerable variations in the har-
monic dipole moments as well as the HHG signals, which
further verifies the subpicometer resolution capability of
our HHSI method.

Finally, we remark that, in general, multiple orbitals
could contribute to molecular HHG [26,27,30,34-36],
especially at higher laser intensity. For the present HHSI
to work, multiple-orbital effects, however, should be
avoided. When multiple orbitals contribute to the measured
harmonics, a nuclear wave packet with complex amplitudes
for individual ionic states is generated. To extract the whole
nuclear wave packet, one has to disentangle the contribu-
tion of harmonics from each orbital experimentally, which
will dramatically complicate the reconstruction, since
contributions from multiple orbitals are added coherently.
In our experiment, we chose the laser intensity such that the
contribution of the HOMO-1 of NHj; can be neglected (see
[44]). For N,, HOMO and HOMO-1 orbitals both contrib-
ute to harmonics in the cutoff region [26,37]. In this work,
only the harmonics in the plateau were used to do the
retrieval.

In conclusion, we have demonstrated the HHSI tech-
nique to directly image the ultrafast structural rearrange-
ment in molecules after strong-field ionization with
subpicometer spatial and attosecond temporal resolutions.
This is made possible by two new developments. First, with

the help of a modern ML algorithm, we are able to
successfully retrieve single-molecule recombination dipole
at each fixed-in-space angle from experimental harmonic
spectra taken with partially aligned molecules. These
energy- and angle-dependent dipole moments are sensitive
to the molecular structure. Second, a new HHG theory for
molecules including nuclear motion was formulated [see
Eq. (1) and [44] ] which relates the retrieved dipole moment
to molecular structure parameters at the time of recombi-
nation. Starting with molecules at the ground state, we have
demonstrated that minute bond changes on the order of
subpicometers within tens to hundreds of attoseconds can
be extracted from the measured harmonic spectra, as
presented in Table S1 in Supplemental Material [44].

We comment that, while the HHSI and LIED have been
limited to probing the molecular dynamics only at the first
sub- to few femtoseconds after one electron has been
quickly removed, both methods do provide unprecedent-
edly high spatial and temporal resolutions, and the results,
as shown in Table S1 and Fig. 4, do nicely reveal that the
early molecular dynamics depends on the molecular
structures as well as the isotopes. Looking ahead, we
anticipate that both HHSI and LIED may serve as a
potential approach for probing real-space molecular struc-
tures, particularly in dynamic systems initiated by a pump
pulse. In the pump-probe experiment, the extreme pico-
meter-attosecond spatial-temporal imaging from HHSI is
not essential for probing a dynamic system where lesser
resolutions would be adequate. In such cases, the harmonic
signals obtained at each time delay can serve as additional
data to extract angle-resolved single-molecule transition
dipoles using the same ML method employed here.
Potential applications of HHSI would include the probing
of proton transfer, conical intersections, structural isomer-
ization, and the ring-opening reaction of molecules.
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