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Direct imaging of molecular rotation with high-order-harmonic generation
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Direct imaging of molecular dynamics is a long-standing goal in physics and chemistry. As an emerging tool,
high-order-harmonic spectroscopy (HHS) enables accessing molecular dynamics on femtosecond to attosecond
time scales. However, decoding information from the harmonic signals is usually painstaking due to the
coherent nature of high-order-harmonic generation (HHG). Here we show that this obstacle can be effectively
overcome by exploiting machine learning in HHS. Combining the machine learning with an angle-resolved
HHS method, the molecular movie with femtosecond resolution is reconstructed from the angular distributions
of HHG measured at various time delays of the probe pulse. Such a movie distinctly shows the full information
of the coherent rotational dynamics of molecules, which is unattained in previous studies. The experimental
retrievals are in good agreement with the numerical simulations. Our findings provide a comprehensive picture
of molecular rotation in space and time, which will facilitate the development of related research on molecular
dynamics imaging.
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I. INTRODUCTION

Resolving molecular dynamics in time and space, viz.,
making a “molecular movie”, has been long desired for its
potential in revealing the intermediate processes of chemical
reactions and biological transformations [1–3]. This enticing
prospect, however, has encountered grand challenges over
the last century due to the formidable spatiotemporal scales
of molecular dynamics [4–7]. Recent advances in strong-
field physics suggest that laser-driven electron-ion recolli-
sion [8–11] offers new opportunities for probing molecular
dynamics with table-top lasers [12–19]. In particular, high-
order-harmonic generation (HHG) from molecules encodes
rich information on the molecular structure and dynamics,
which has stimulated the development of high-order-harmonic
spectroscopy (HHS) as an emerging tool for ultrafast molec-
ular detection. In HHS, the temporal resolution comes from
the interval between ionization and recombination events, and
the spatial resolution is related to the de Broglie wavelength
of the recombining electron, which promises resolving molec-
ular dynamics on attosecond time scales [20–24] and imaging
molecular structure with Ångstrom spatial resolution [25–27].
However, despite these superiorities, HHS also encounters
rigorous challenges in the information decoding from the
HHG signals. Especially for the complex-valued molecular
information, of which both the amplitude and phase are co-
herently embroiled in the harmonic spectrum, the decoding is
rather arduous or even unattainable [27,28]. In previous works
on HHS, the phase information of the dynamics is either left
out [29,30] or addressed based on the simulations or certain
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approximations [25,31], which makes it very challenging to
make a full molecular movie.

In recent years, with the emergence of artificial intelli-
gence, the modern machine learning community has devel-
oped techniques with remarkable abilities to recognize, clas-
sify, and characterize complex sets of data with a high degree
of accuracy, which have been widely applied in diverse do-
mains, e.g., image processing [32,33], face recognition [34],
and optical tomography [35]. More recently, machine learning
has been explored as a tool in genetics [36], condensed-matter
physics [37], and material science [38].

In this paper, we demonstrate the application of machine
learning in HHS to probe molecular rotational dynamics with
high resolution and fidelity. Molecular rotational control by
coherently manipulating the rotational wave packet (RWP)
has been proved an efficient way to connect the molecu-
lar and laboratory frames [39–43], which is significant for
molecular structure imaging [25–27] and chemical reaction
steering [22,44]. In experiment, the molecular frame dynam-
ics is usually convolved with the rotational distribution of
molecules in the laboratory. A thorough knowledge of molec-
ular rotation in space and time therefore is a prerequisite for
resolving the molecular frame dynamics from the measure-
ment. However, decoding the molecular dynamics from the
experimental observations is a challenging task. In previous
studies, molecular rotation is usually cursorily described by
the degree of molecular alignment [i.e., the mean values of the
square or higher order of cos θ , where θ is the angle between
the molecular axis and the pump laser (see below)] [39–41]. It
is unable to reveal the full information of molecular RWP and
to reconstruct the movie of molecular coherent rotation. Here
by using an angle-resolved HHS method, we show that the
rotational dynamics of the molecular RWP excited by a pump
pulse is recorded in the angular distributions (ADs) of HHG
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FIG. 1. (a) Schematic diagram of the experimental scheme. The first pump pulse polarized along the z axis is applied at t = 0 to excite
the molecular RWP. The subsequent probe pulse with adjustable time delay is applied to interact with the molecules to generate high-order
harmonics. The harmonic ADs at each time delay are measured by scanning the polarization direction of the probe pulse in the xz plane
[as illustrated in (d)]. (b) Illustration of the three-dimensional RWPs simulated at different time delays. (c) Illustration of the angle-resolved
harmonic spectra measured at the time delays in (b). (d) Sketch of the geometry in our experiment.

measured at various polarization directions and time delays of
the probe pulse. The time-dependent angular probability den-
sity of the RWP is then retrieved from the measured harmonic
ADs by using a machine learning algorithm, which provides
a full movie of the spatiotemporal evolution of the molecular
RWP. The underlying mechanism of the molecular rotational
dynamics is further revealed by analyzing the populations and
phases of the excited rotational states. All the experimental
retrievals agree well with the numerical simulations of the
time-dependent Schrödinger equation (TDSE).

II. RESULTS AND DISCUSSION

HHG through laser-molecule interaction occurs under a
much faster time scale than molecular rotation. The instan-
taneous rotational state of molecules can be encoded in the
generated harmonic spectra. Our scheme for a molecular rota-
tion movie is sketched in Fig. 1(a). Briefly, a pump pulse with
moderate intensity, linearly polarized along the z axis [see the
geometry in Fig. 1(d)], is first applied to the molecular ensem-
ble to create molecular RWP through the stimulated Raman
transitions [39]. Subsequently, an intense linearly polarized
probe pulse with adjustable time delay is applied to interact
with the excited molecules to generate high-order harmonics
(for more experimental details, see Appendix A). Impulsively
excited by the pump pulse, the molecules are temporarily well
confined in a narrow cone around the polarization direction
of the pump pulse (i.e., the z axis). Afterward, the created
RWP disperses and evolves under the field-free condition as
illustrated in Fig. 1(b). To characterize the spatial distribution
of the molecular RWP, we measure the angular distributions
(ADs) of the generated harmonics by scanning the polarizing
angle α of the probe pulse with respect to the pump pulse
in the xz plane spanned by the field vectors of these two
pulses [see Fig. 1(d)]. The temporal evolution of molecular

RWP is traced by repeating this process at various time delays
of the probe pulse. The time-dependent harmonics ADs then
provide a series of snapshots of the molecular RWP during
the evolution [see Fig. 1(c)]. The measurement at each time
delay will make a “frame” in the “movie” of the evolution of
molecular RWP.

To demonstrate our scheme, we choose the commonly
used nitrogen (N2) molecule as a prototype to do the HHG
experiment. Figure 2(a) shows the measured time-dependent
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FIG. 2. (a) ADs of H17 as a function of the time delay of
the probe pulse. Here, the harmonic yields have been normalized
by the result of an unexcited ensemble (i.e., without the pump
pulse). Results (dots) were measured at the time delay of (b) 8.2 ps
[antialignment revival, as indicated by the blue arrow in (a)] and
(c) 8.45 ps [alignment revival, as indicated by the red arrow in (a)].
The red lines in (b) and (c) show the reconstructions with the
retrieved MAD ρ(θ, φ, t ).
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ADs of harmonic 17 (H17) from N2. The harmonic ADs
show strong delay dependence at the rotational revivals, e.g.,
around t = 8.4 ps (1Trev, Trev = 1

2B0c is the revival period
of N2 with B0 the rotational constant and c the velocity of
light) and 12.6 ps (1.5Trev). In Figs. 2(b) and 2(c), we plot
the results (dots) measured at t = 8.2 and 8.45 ps [indicated
by the blue and red arrows in Fig. 2(a)], respectively. One
can see that the angle-dependent HHG yields measured at
t = 8.2 ps exhibit a maximum at α = 90◦. Driven by a linearly
polarized probe pulse, HHG from N2 is most pronounced
when the laser is parallel to the molecular axis due to the σg

symmetry of the highest occupied molecular orbital (HOMO)
of N2 [45,46]. The maximal HHG yield at α = 90◦ in Fig. 2(b)
implies that most molecules are aligned perpendicularly to
the pump pulse, which just corresponds to an antialignment
revival at t = 8.2 ps. While at t = 8.45 ps, the maximal HHG
yield appears at α = 0◦ (or 180◦) where the probe pulse is
parallel to the pump pulse, indicating an alignment revival at
this moment. From the time-dependent harmonic ADs, the
rapid quantum transformation of the molecular RWP from
antialignment to alignment is directly identified. However,
it is important to note that the measured harmonic AD is
not an honest presentation of the distribution of molecular
RWP, since the orientation-dependent electronic response is
also convoluted in the HHG signals. For instance, at the
same revivals (alignment or antialignment), HHG from a CO2

molecule shows different ADs from N2 (see Appendix B). To
gain a molecular movie of the evolution of molecular RWP,
a further decoding from the measured harmonic signals is
required.

After the excitation of the pump pulse, the evolution of
the RWP created from each initially populated rotational state
|JM〉 [the eigenstate of the field-free rigid rotor described by
the spherical harmonic Y M

J (θ, φ)] can be expanded as [47]

�JM (θ, φ, t ) =
∑
J ′M ′

CJM,J ′M ′ (t )Y M ′
J ′ (θ, φ), (1)

where CJM,J ′M ′ (t ) = |CJM,J ′M ′ (t )|eiϕJM,J′M′ (t ) is the time-
dependent complex coefficient of each rotational eigenstate
with the amplitude |CJM,J ′M ′ (t )| and phase ϕJM,J ′M ′ (t ). The
labels J (or J ′) and M (or M ′) are associated with the total
angular momentum and its projection onto the space-fixed z
axis. Assuming a thermal distribution of the initial rotational
states, the time-dependent molecular axis distribution (MAD)
ρ(θ, φ, t ), which directly reflects the molecular rotational
dynamics after the interaction of the molecular ensemble with
the pump pulse, can be written as a weighted average of the
modulus squares of the wave packet �JM (θ, φ, t ) [39,47–51],
i.e.,

ρ(θ, φ, t ) =
∑
JM

	JM |�JM (θ, φ, t )|2, (2)

where 	JM is the statistical weight (i.e., the population) of
the initial state |JM〉 given by the Boltzmann distribution.
HHG from the impulsively excited molecular ensemble can
be related to the single-molecule contribution through the
time-dependent MAD ρ(θ, φ, t ). Considering the coherent
nature of HHG, the time-dependent harmonic ADs will thus

FIG. 3. (a) MAD ρ(θ, φ, t ) retrieved from the experiment.
(b) Same as (a), but for the calculation result. Excited by the linearly
polarized pump laser, the MAD ρ(θ, φ, t ) is φ independent. Plots
(a) and (b) are just for the result of φ = 0◦. (c) and (d) show the
polar plots of the retrieved (solid line) and calculated (dashed line)
MADs ρ(θ, φ, t ) at the time delay of 8.2 ps (antialignment revival)
and 8.45 ps (alignment revival), respectively.

be given by [50,51]

Iq(α, t ) =
∣∣∣∣
∫ 2π

φ=0

∫ π

θ=0
Sq(β )ρ(θ, φ, t ) sin θ dθ dφ

∣∣∣∣
2

. (3)

Here θ and φ are the polar and azimuthal angles of molecular
axis with respect to the z and x axes [see Fig. 1(d)]. β is
the angle between the molecular axis and the polarization
of the probe laser, which obeys cos β = sin θ sin α cos φ +
cos θ cos α. Sq(β ) is the induced dipole moment of the qth
harmonic related to the single-molecule response with given
orientation. In our reconstruction, we calculate the single-
molecule dipole moment Sq(β ) by using the quantitative
rescattering (QRS) theory [10,51], of which the accuracy and
validity in modeling molecular HHG have been well estab-
lished. Equations (1)–(3) set up a function between the har-
monic ADs Iq(α, t ) and the complex coefficients CJM,J ′M ′ (t ).
The reconstruction of the molecular rotation movie requires
the retrieval of the complex coefficients (both amplitude and
phase) for all the relevant initial states from the measured har-
monic ADs. To this end, we introduce machine learning to the
HHS study, and employ a global optimization algorithm—the
simulated annealing (SA) algorithm (see Appendix C), which
is an efficient solver for approximating the global optimum of
a given function in a large search space—to do the retrieval.

In Figs. 2 and 3, we have recuperated the time-dependent
MAD ρ(θ, φ, t ) as well as the harmonic ADs Iq(α, t ) in terms
of Eqs. (2) and (3) by using the retrieved coefficients CJM,J ′M ′ .
As shown in Figs. 2(b) and 2(c), the recuperated harmonic
ADs (solid lines) are in excellent agreement with experimental
data (dots), indicating a high accuracy of the SA algorithm. In
Fig. 3(a), we show the recuperated MAD ρ(θ, φ, t ). Note that
imposed by the linearly polarized pump pulse, the resulting
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FIG. 4. (a) Change of the rotational-state population retrieved
from the experiment data. (b) Same as (a), but for the calculation
results. (c) Population change of the J states obtained by summing
up the individual M state contributions. The bars and dots are for
the calculated and retrieved results, respectively. Here, the error bars
represent the standard deviation of the retrievals at different time
delays.

RWP has a cylindrical symmetry in space, thus ρ(θ, φ, t ) is
independent of the azimuthal angle φ [39,47]. Figure 3 just
shows the result of φ = 0◦. From Fig. 3(a), one can see clear
signatures of the antialignment and alignment revivals at t =
8.2 and 8.45 ps, respectively. To evaluate the quality of the re-
trievals, we have theoretically calculated the MAD ρ(θ, φ, t )
by solving the TDSE of molecular RWP (see Appendix D).
In our calculations, the laser intensity of the pump pulse has
been optimized so that the squared difference between the
measured and calculated signals is minimal. The calculated
results are shown in Fig. 3(b). It is evident that the main
distribution of the experimental retrieval agrees well with the
theoretical one. For better comparison, the retrieved (solid
line) and calculated (dashed line) results at the time delays
of 8.2 and 8.45 ps are also presented in Figs. 3(c) and 3(d).
The overall agreement between the retrievals (solid line) and
calculations (dashed line) are excellent.

A deep insight into this rich rotational dynamics is further
revealed by analyzing the amplitude and phase of the RWP
created from each initial rotational states. The amplitude
is associated with the populations of the rotational states.
Excited by the pump pulse, the populations of the contribut-
ing rotational states are redistributed due to the transitions
between different states. The rotational transition induced by
the pump pulse can be quantified by analyzing the population
change �NJM = NJM − 	JM of each rotational state. Here,
NJM = ∑

J ′M ′ 	J ′M ′ |CJ ′M ′,JM |2 represents the population of the
rotational state |JM〉 after the excitation of the pump pulse.
Figure 4(a) depicts the �N retrieved from the experiment.
Note that after the impulsive excitation of the pump pulse,
the created RWP evolves field-freely. The population NJM is
almost time-delay independent. The result in Fig. 4(a) is an
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FIG. 5. (a) Time-dependent phases (dots) of the rotational eigen-
states Y0

0, Y0
2, and Y0

4 retrieved for the initial state |00〉. Dashed lines
show the linear fitting of the retrievals. (b) Same as (a), but for the
rotational eigenstates Y0

1, Y0
3, and Y0

5 from the initial state |10〉.

average of the retrievals at different time delays. It is clear that
excited by the pump pulse, the lower-lying rotational states
are transferred to much higher rotational levels. Owing to the
linear polarization of the pump pulse, the magnetic quantum
number M is conserved in the transitions, i.e., �M = 0.
Since the lower-lying rotational states possess smaller mag-
netic quantum number M, the populations of high rotational
states are mainly concentrated at small M states. Moreover,
the distribution over the magnetic quantum number M after
the interaction is symmetric, agreeing with the cylindrical
symmetry of the excitation. These results are consistent with
the theoretical calculations shown in Fig. 4(b). For a direct
comparison with the theory, we count up the populations of
the sub-M states for each J state. As shown in Fig. 4(c),
regardless of the experimental error, the agreement between
the experiment (dots) and theory (bars) is excellent.

In Fig. 5, we show the retrieved phase ϕJM,J ′M ′ of the rel-
evant rotational states as a function of the pump-probe delay.
Figure 5(a) depicts the results of the rotational eigenstates Y0

0,
Y0

2, and Y0
4 created from the initial |00〉 state. It is obvious

that the retrieved phase of each rotational eigenstate (dots)
exhibits a nearly linear change with the time delay. Dotted
curves in Fig. 5 show the linear fitting of these retrievals.
The slopes (as indicated) of the fitting curves are very close
to −EJ

h̄ , where EJ = 2π h̄B0cJ (J + 1) = π h̄J (J + 1)/Trev is
the eigenenergy of the considered rotational eigenstates. This
result is consistent with the field-free nature of the evolution of
the RWP after the interaction, which is described by a phase
factor e−i EJ

h̄ t [39,47]. With the complex coefficients CJM,J ′M ′

retrieved, we can then reproduce the dynamics of the RWP
created from each initial rotational state in terms of Eq. (1).
Figures 6(a)–6(d) display some selected snapshots of the RWP
created from the |00〉, |10〉, |20〉, and |30〉 states, respec-
tively. One can see that, owing to the time-dependent phase
beating of the coherently populated rotational eigenstates, the
RWPs created from different initial rotational states at the
rotation revivals are synchronously condensed or stretched
along the z axis, thus leading to the oblate or prolate angular
distribution of molecules at the antialignment or alignment
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FIG. 6. Reconstructions of the RWPs created from different initial states. (a) Spatiotemporal evolution of the RWP reconstructed for the
initial state |00〉. (b)–(d) Same as (a), but for the initial states |10〉, |20〉, and |30〉, respectively.

revival. Through a thermal average over these created RWPs,
a complete movie of molecular rotational dynamics then is
achieved (see the movie in the Supplemental Material [52]).

III. CONCLUSION

In summary, we demonstrate a full experimental recon-
struction of molecular rotational dynamics by using an angle-
resolved HHS method in combination with the machine
learning algorithm. Excited by a pump pulse, the subsequent
evolution of coherent molecular RWP is monitored by mea-
suring the harmonic ADs at various time delays of the probe
pulse. Utilizing a machine learning algorithm, a full movie
of the evolution of molecular RWP in space and time is
successfully retrieved from the measured harmonic ADs. The
experimental retrievals agree well with the TDSE simulations.
The present results afford a thoroughgoing knowledge of the
spatiotemporal evolution of the field-free molecular RWP,
which is useful for future research on ultrafast imaging of
strong-field molecular frame dynamics.

On the other hand, machine learning provides a practical
and robust method for extracting information from the HHG
spectra. It is general and can be effectively extended to other
molecules such as CO2 (see Appendix B) and even some more
complex polyatomic molecules. Moreover, HHG from
molecules also contains abundant information on the elec-
tronic structure and dynamics. The exploitation of machine

learning in HHS could also open access to the ultrafast charge
migration in molecules. In the future, machine learning is
expected to be an extremely effective technique in attosecond
physics for “watching” a chemical reaction.
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APPENDIX A: EXPERIMENTAL DETAILS

Our experiment is carried out by using a commercial
Ti:sapphire laser system (Astrella-USP-1K, Coherent, Inc.),
which delivers 35-fs, 800-nm pulses at a repetition rate of
1 kHz. The output laser is split by a beam splitter to pro-
duce the pump and probe pulses. The pump pulse polarized
along the z axis is first used to create molecular RWP. Sub-
sequently, the intense probe pulse with adjustable time delay
is applied to interact with the molecule ensemble to generate
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FIG. 7. (a) ADs of H25 from CO2 as a function of the time delay
of the probe pulse. Here, the harmonic yields have been normalized
by the result of the unexcited ensemble. (b) MAD ρ(θ, φ, t ) retrieved
from the experiment data. (c) Same as (b), but for the calculation
result. (d) and (e) show the polar plots of the retrieved (solid line) and
calculated (dashed line) MADs ρ(θ, φ, t ) at the time delay of 42.4 ps
(antialignment revival) and 43 ps (alignment revival), respectively.

high-order harmonics. A motorized delay line and a half-wave
plate are installed in the arm of the probe pulse to adjust its
time delay and polarization with respect to the pump one.
These two beams are focused to a gas jet (500-μm diameter)
by a 300-mm focal-length lens. The gas pressure is maintained
at 20 Torr and the rotational temperature is estimated to be
about 100 K [53]. The generated harmonic spectrum is de-
tected by a homemade flat-field soft x-ray spectrometer [54].

APPENDIX B: EXPERIMENTAL RETRIEVALS OF
CO2 MOLECULE

To demonstrate the generality of our scheme, we have
also performed a HHG experiment with the CO2 molecule.
Figure 7(a) shows the measured time-dependent harmonic
ADs of H25 from the CO2 molecule. Similar to N2, one can
also see strong delay dependence of the harmonic ADs at the
rotational revivals (e.g., around t = 42.4, 53.35, and 64.3 ps).
From the measured harmonic ADs, we have also retrieved
the rotational dynamics of the CO2 molecule with the same
procedure as N2. Figure 7(b) shows the recuperated time-
dependent MAD ρ(θ, φ, t ) of CO2, from which one can see
clear signatures of the antialignment and alignment revivals at
42.4 and 43 ps, respectively. The TDSE simulations are also
presented in Fig. 7(c). It is obvious that the main distribution

FIG. 8. Flowchart of the SA algorithm.

of the experimental retrieval agrees well with the theoretical
result. For better comparison, we have plotted the results at
time delays of 42.4 and 43 ps in Figs. 7(d) and 7(e). The
solid and the dashed lines correspond to the retrieved and the
calculated results, respectively. One can see that the overall
agreement between the retrievals (solid line) and calculations
(dashed line) is very good. From the experimental retrievals,
we can also make a movie of the rotational dynamics of the
CO2 molecule. Besides, it is worth mentioning that the ADs
of HHG from the CO2 molecule is different from that of N2.
For instance, at the antialignment retrievals (e.g., t = 42.4 ps
for CO2 and t = 8.2 ps for N2), HHG from CO2 is peaked
at α = 0◦ [see Fig. 7(a)], while it is α = 90◦ for N2 [see
Fig. 2(a)]. Such a difference in the harmonic ADs can be
attributed to the different electronic structures of CO2 and
N2, since the orientation-dependent electronic response is also
convoluted in the HHG signals.

APPENDIX C: RETRIEVAL ALGORITHM
FOR MOLECULAR ROTATION MOVIE

To make a movie of the molecular rotational dynamics, we
have retrieved the complex coefficients CJM,J ′M ′ for each ini-
tial rotational state |JM〉 from the angle-resolved HHG signals
by using the simulated annealing (SA) algorithm, which is an
efficient machine learning algorithm inspired from annealing
in metallurgy for solving the global optimum problem [55,56].
Figure 8 shows the flowchart of the SA algorithm. The details
of this algorithm are as follows:

(1) At the beginning, we set a random initial solution (both
the amplitude and phase) of the coefficient for each initial
rotational state, i.e., x(0) = |C(0)

JM,J ′M ′ | exp[iφ(0)
JM,J ′M ′]. Here the

superscript in brackets refers to the iteration number.
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(2)At each iteration step, we first calculate the ADs
Ical
q [x(k)] of the harmonic according to Eqs. (1)–(3), and eval-

uate the fitness of the solution x(k) by a cost function, which
is given by the squared difference between the measured and
calculated signals, i.e., s(k) = f [x(k)] = |Ical(k)

q − Imea(k)
q |2.

(3) A neighboring solution x′(k) is generated by a gen-
erator function N [x(k), T (k)], which is defined as x′(k) =
N [x(k), T (k)] = x(k) + ε

√
T (k). Here ε is a random number

ranging from 0 to 1, and T (k) is the so-called temperature in
the SA algorithm at the kth iterative step [55,56]. The new
solution x′(k) is also evaluated by calculating its cost function
s′(k). We then evaluate these two solutions by comparing their
cost functions:

(i) If s′(k) is smaller than s(k), which means the new gener-
ated solution is better than the old one, then the new generated
solution is set to be the initial value of the next iteration step,
i.e., x(k+1) = x′(k) and s(k+1) = s′(k).

(ii) If s′(k) is larger than s(k), which means the fitness quality
of the new generated solution is deteriorated, then a transition
probability function is defined, which is given by

p = P[s(k), s′(k), T (k)] = 1

1 + [s(k) − s′(k)]T (k)
.

Meanwhile, the algorithm will generate a random number r
ranging from 0 to 1. If r > p, the solution remains static, i.e.,
x(k+1) = x(k), s(k+1) = s(k). Otherwise, this worse solution
will be assigned to the initial value of the next step, i.e.,
x(k+1) = x′(k), s(k+1) = s′(k). Such an operation can effectively
eliminate the local minimum during the iteration.

The iteration is performed with the temperature reduced
following T (k) = T0 × 0.95k , where initial temperature T0 is
set to be 10 000 K in our retrieval. The SA algorithm will
not stop reducing the temperature and redoing the iteration
until the stop condition is met. In our work, the stop condition
is set to s < 10−6 so that the obtained solution can well
reproduce the experimental results. With the SA algorithm, we
have successfully retrieved the complex coefficient CJM,J ′M ′

for each initial rotational state. The experimental retrievals are
demonstrated to agree well with the theoretical results (see
Figs. 3 and 4). Note that we have also performed the retrievals
with some other global optimization algorithms of machine
learning, such as the particle swarm optimization [57]. The
retrievals are in good agreement with the SA results.

APPENDIX D: THEORETICAL METHODS OF HHG FROM
ROTATIONAL MOLECULES

To compare with the experiment, we have also simu-
lated the molecular rotational dynamics by solving the time-
dependent Schrödinger equation (TDSE) of the molecu-
lar RWP. For each initial rotational state |JM〉, the TDSE
reads [48–51]

i
∂�JM (θ, φ, t )

∂t
=

[
B0J2 − E2(t )

2
(α‖ cos2 θ

+α⊥ sin2 θ )

]
�JM (θ, φ, t ). (D1)

Here, J is the rotation operator, B0 is the rotational constant
of the N2 molecule, and α‖ and α⊥ are the anisotropic polariz-
abilities in parallel and perpendicular directions with respect
to the molecular axis, respectively. E (t ) is the envelope of
the field vector of the pump pulse. Equation (D1) is solved
with the split-operator method for each initial rotational state
|JM〉 [58]. Assuming a Boltzmann distribution of the ro-
tational levels at the initial time, the MAD at each time
delay can be obtained in terms of Eq. (2). The harmonic
spectrum is then calculated according to Eq. (3). In our
simulations, the single-molecule response is calculated based
on the QRS theory [10,51]. The intensity of the probe pulse is
estimated from the harmonic cutoff in the experiment, which
is about 2.3 × 1014 W/cm2. The intensity of the pump pulse
is determined by minimizing the squared difference between
the measured and calculated HHG signals, which is about
1.1 × 1013 W/cm2. Other parameters are the same as the
experimental conditions.
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