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We demonstrate an angular high-harmonic spectroscopy (HHS) method to probe the spinning
dynamics of molecular rotational wave packet (RWP) in real time. With the excitation of two time-
delayed, polarization-skewed pump pulses, the molecular ensemble is impulsively kicked to rotate
unidirectionally, which is subsequently irradiated by another delayed probe pulse for high-order
harmonic generation (HHG). The spatiotemporal evolution of the molecular RWP is visualized
from the time-dependent angular distributions of the HHG yields and frequency shift measured
at various polarization directions and time delays of the probe pulse. The observed frequency
shift in HHG is demonstrated to arise from the nonadiabatic effect induced by molecular spinning.
Different from the previous spectroscopic and Coulomb explosion imaging techniques, the angular
HHS method can reveal additionally the electronic structure and multiple orbitals of the sampled
molecule. All the experimental findings are well reproduced by numerical simulations. Further
extension of this method would provide a powerful tool for probing complex polyatomic molecules
with HHG spectroscopy.

Similar to a mechanical rotor, molecules can be forced
to rotate around an axis by applying a torque. In the past
few years, there has been a growing interest in utilizing
short laser pulses to achieve molecular rotation with a
preferred direction, which is called molecular unidirec-
tional rotation (UDR) or molecular spinning. By coher-
ently manipulating the rotational wave packet (RWP)
with ultrashort lasers, molecular URD has been created
in experiment via adiabatic excitation with an optical
centrifuge [1–4], nonadiabatic excitation with two se-
quential laser pulses [5–8], a chiral pulse train [9–11], or
a polarization-shaped laser [12]. The ultrafast molecular
UDR is expected to have a great impact on the formation
of gas vortices [13], modification of molecule-surface scat-
tering [14, 15], and deflection of molecular polarization
[16–18], etc. To understand these phenomena as well as
facilitate further exploration of new applications, direct
observation of the real-time evolution of the molecular
RWP is essential.

Recently, several schemes have been reported to gain
insight of molecular UDR. For example, the direction of
molecular UDR can be effectively identified via spectro-
scopic observations of the rotational Doppler shift [7, 8],
or by the polarization-controlled Raman spectra [4]. Nev-
ertheless, such spectroscopic measurements either lack
temporal resolution [4], or require a strong anisotropic
molecular distribution [7, 8], making it difficult for ob-
serving its temporal evolution. Very recently, Lin et al.

[19] first reported experiment of visualizing molecular
UDR in strong-field Coulomb explosion imaging (CEI),

where the evolution of the molecular RWP is character-
ized by analyzing the momentum distribution of the frag-
ment ions. It provides a profound view on the molecu-
lar spinning dynamics and has attracted wide attention
[20–22]. Besides CEI, it is well known that laser-driven
high-order harmonic generation (HHG) encodes rich in-
formation of molecular structure and dynamics [23–29],
thus high-harmonic spectroscopy (HHS) provides an al-
ternative approach for probing molecular dynamics.

In this Letter, we demonstrate an angular HHS method
to probe the molecular UDR. It offers the advantage of
probing electron dynamics and nuclear dynamics from
attosecond to picosecond timescales [30, 31]. In our ex-
periment, a double-pulse excitation scheme is utilized to
create the molecular UDR. The spatiotemporal evolu-
tion of molecular RWP is visualized by probing the time-
dependent angular distributions (ADs) of HHG yields at
various polarization directions and time delays of the
probe pulse. Moreover, due to the correlation of HHG
and molecular UDR, HHG from the spinning N2 shows
obvious nonadiabatic frequency shift at the rotation re-
vivals. The spinning dynamics of molecular RWP can
also be revealed from the angle-dependent frequency shift
of HHG. Besides, the harmonic ADs also reveal the elec-
tronic structure of the sample molecules. For exam-
ple, for N2, the two highest-occupied molecular orbitals,
HOMO and HOMO-1, both contribute to the HHG spec-
tra.

In our experiment, we use two time-delayed,
polarization-skewed pump pulses P1 and P2 to create
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FIG. 1. (a) Angular distribution of H21 from N2 as a func-
tion of the time delay of the probe pulse measured with the
molecules excited by only the pump pulse P1 (the case of
alignment). (b) Same as (a), but for the molecules excited by
both pump pulses, P1 and P2 (the case of UDR). (c) Theoret-
ical simulation of the measured angular distribution of H21
in (b).

molecular UDR and another linearly polarized probe
pulse is focused on the UDR molecules to generate high-
order harmonics [32]. To monitor the spatial distribution
of the molecular RWP, we measure the ADs of HHG by
scanning the polarizing angle α of the probe pulse with
respect to P1 in the UDR plane (i.e., the xz-plane, see
the geometry in [32]). Repeating this process for vari-
ous time-delays of the probe pulse, we can then experi-
mentally characterize the spatiotemporal evolution of the
molecular RWP via the time-dependent ADs of HHG. In
Fig. 1, we show the experimental results of N2 molecules.
Figure 1(a) displays the time-dependent ADs of the 21st
harmonic (H21) measured in the absence of P2. Impul-
sively excited by the pump pulse P1, the molecules are
temporarily well aligned in a narrow cone around the x-
axis. The aligned RWP evolves under the field-free condi-
tion, and recurrence of alignment/antialignment appears
at the rotational revivals as can be seen around τ=8.4 ps
(1Trev, Trev is the revival period) and 12.6 ps (1.5Trev)
in Fig. 1(a). During the evolution, the aligned wave
packet and therefore the ADs of the harmonics are al-
ways mirror-symmetric with respect to the polarization
direction of P1, i.e., α=0◦ or 180◦. Next, we apply the
polarization-skewed pump pulse P2 at the time delay of
τ=4.05 ps (near the half revival) where the molecules are
maximally aligned. As shown in Fig. 1 (b), the sym-
metrical alignment wave packet is driven by the torque
induced by P2, and turns to rotate unidirectionally. As a
consequence, the measured time-dependent ADs of HHG
exhibit a series of diagonal stripes at the rotational re-
vivals.

To explain the experimental results, we next simu-
late the time-dependent ADs of HHG of UDR molecules.
HHG from the rotational molecular ensemble is a coher-
ent superposition of the emission from molecules aligned
at different angles. Molecules aligned at different angles

are weighted by the instantaneous molecular axis distri-
bution (MAD), i.e., the modulus square of the molecu-
lar RWP. Since molecular rotation is much slower than
HHG process, molecular rotation during the probe pulse
for HHG is usually neglected [36–38]. In this case, HHG
at each pump-probe time delay can be simulated with a
fixed MAD. The time-dependent harmonic ADs Sq(α, τ)
is then given by (for details, see Ref. [32])

Sq(α, τ) =
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Here θ and φ are the polar and azimuthal angles of molec-
ular axis with respect to the y and x axes. ρ(θ, φ, τ)
is the MAD at the time delay τ , which is obtained
by solving the time-dependent Schrödinger equation of
the molecular RWP [20, 22, 39]. Sq(θ

′) is the angle-
dependent induced dipole moment of the q-th harmonic
related to the single molecule response. θ′ is the angle
between the molecular axis and the polarization of the
probe laser, which is given by cos θ′ = sin θ cosφ cosα +
sin θ sinφ sinα = sin θ cos(α − φ). According to Eq. (1),
one can see that molecular UDR will change the MAD
ρ(θ, φ) and therefore the harmonic ADs Sq(α, τ), which
leads to a synchronous evolution of the harmonic ADs
and molecualr RWP. Consequently, one can directly vi-
sualize the molecular UDR from the time-dependent har-
monic ADs. Figure 1(c) shows the simulated result of
H21 from the HOMO of N2, which reproduces well the
experimental observation in Fig. 1(b). Note that, in
Fig. 1(c), the single-molecule response Sq(θ

′) is calcu-
lated with the quantitative rescattering (QRS) theory
[38]. We have also performed simulation with the strong-
field approximation (SFA) model [40]. The SFA simula-
tion is also consistent with the experimental result in Fig.
1(b).
Next, we show the detailed evolution of the measured

ADs of HHG from N2. Figures 2(f)-(j) display the re-
sults of H21 at the time delays of τ=8.15, 8.25, 8.4, 8.6,
and 8.7 ps, respectively. It is obvious that the harmonic
AD rotates counterclockwise and varies from anti-aligned
to aligned, and then to isotropic. Correspondingly, the
simulated 3D-RWP illustrated in Figs. 2(a)-(e) evolve
from oblate to prolate, and then finally to near a sphere,
in good agreement with the experimental H21 observa-
tion. Strictly speaking, the measured molecular RWP
still requires a deconvolution of the ADs of HHG accord-
ing to Eq. (1) [37]. However, HHG from the HOMO (σg

symmetry) of N2 is most pronounced when the laser is
parallel to the molecular axis [32]. As a consequence, by
scanning the polarization angle of the probe pulse, the
obtained ADs of H21 is very close to the MAD (i.e., the
projection of 3D-RWP) in the xz-plane. Thus the H21
data provides a direct visualization of the molecular UDR
in both time and space (see Supplemental Movie [32]).
We note that all harmonics below H27 show the same
agreement. Quantitatively, the MAD can be retrieved
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FIG. 2. (a)-(e) Simulated RWP distributions of N2 at τ=8.15, 8.25, 8.4, 8.6, and 8.7 ps. (f)-(j) Polar plots of the ADs of
H21 (circles) measured at the time delays in (a)-(e). Solid lines are the theoretical results simulated with only the HOMO
contribution. (k)-(o) Same as (f)-(j), but for H33. Solid lines are theoretical results simulated with contributions of both the
HOMO and HOMO-1. Dashed lines are those with only the HOMO contribution.

by deconvolution of the harmonic ADs under certain ap-
proximations, in a similar fashion as was done by Ren et

al. [41] in their retrieval of angle-dependent photoioniza-
tion cross section of N2 from HHG spectra. Other similar
schemes also exist [42–44].

Our experiment also obtained the ADs of higher har-
monics near the cutoff, e.g., H33. It has different struc-
ture compared to harmonics in the plateau region. As
depicted in Figs. 2(k)-(o), one can still identify the coun-
terclockwise rotation from the temporal evolution of the
ADs of H33. However, the spatial distribution of H33
shows a considerable “fatter” waist where the probe laser
is nearly perpendicular to the major axis of the MAD. To
explain these observations, we have performed simula-
tions for H21 and H33 of N2 for the MADs in Figs. 2(a)-
(e). The results are shown as solid lines in Figs. 2(f)-(o).
Here, both the measured and simulated harmonic signals
have been normalized by the harmonics in the isotropic
case for better comparison. With only the contribution
of HOMO of N2, the experimental results of H21 are well
reproduced [see solid lines in Figs. 2(f)-(j)]. For H33, it
shows clear difference at the waist between the simulation
and experiment [see dashed lines in Figs. 2(k)-(o)]. To
explain this difference, we have preformed further simu-
lations by including the HOMO-1 contribution in Figs.
2(k)-(o) (solid lines). Due to its πg symmetry, HHG from
the HOMO-1 of N2 is most prominent when the laser is
perpendicular to the molecular axis [45, 46]. Its contri-
bution is responsible for the “fatter” waist seen in Figs.
2(k)-(o). We also note that the HOMO-1 contribution is
small for low photon energies [32], and will not affect the
ADs of harmonics below H27 seriously. This is consistent
with previous studies [45, 46].

We have also carried out experiment on UDR CO2

molecules to compare with the results from N2. In this
case, the 45◦-polarized pump pulse P2 is applied at the
maximum alignment near the half revival (τ=21.4 ps).
Figures 3(f)-(o) show the time-dependent ADs of H25
and H35 measured near the full revival of CO2. Figures
3(a)-(e) are the 3D-RWP obtained from numerical simu-
lations. It is evident that the harmonic ADs rotate coun-
terclockwise as the RWP. However, unlike N2, the ADs
of the harmonics in CO2 peak mainly along the direction
perpendicular to the main axis of the MAD in the xz-
plane. The difference is that the HOMO of CO2 has the
πu symmetry, while for N2, the HOMO has the σg sym-
metry. This leads to a maximum of the single-molecule
HHG yield at a large alignment angle (the angle between
the polarization direction of the driving laser and the
molecular axis) around 70◦ [32, 38, 47]. In this case, the
spatial distribution of molecular RWP can be retrieved by
performing a deconvolution of the harmonic ADs with the
rotational coherence spectroscopy (RCS) method [44]. In
addition, we found that harmonics of CO2 near the cut-
off (e.g., H35) show much more irregular ADs. Our sim-
ulations based on the QRS theory [solid lines in Figs.
3(f)-(o)] indicate that these abnormal-looking harmonic
ADs are mainly due to the double-humped alignment-
dependent PICS of the HOMO of CO2 [32, 38, 47], which
complicate considerably the AD of Sq(θ

′) and therefore
that of Sq(α). We have also performed simulations with
the standard SFA model. The SFA does not reproduce
the experiment due to the incorrect PICS. Note that mul-
tiple orbitals effect has also been reported for CO2 to ex-
plain the harmonic structures in the cutoff region [48, 49].
In our simulations, the HOMO of CO2 alone is able to
well reproduce the experimental results. The difference
in the interpretation is likely due to the accuracy of PICS
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FIG. 3. (a)-(e) Simulated RWP distributions of CO2 at τ=42.1, 42.25, 42.55, 43, and 43.3 ps. (f)-(j) Polar plots of the
ADs of H25 (circles) measured at the time delays in (a)-(e). Solid lines are the theoretical results simulated with the HOMO
contribution. (k)-(o) Same as (f)-(j), but for H35.

used in the theory. In Ref. [38, 47], accurate transition
dipoles from state-of-the-art molecular photoionization
calculations were used in the QRS. The PICS from these
calculations have been found to be in good agreement
with conventional photoionization experiments. By com-
paring Fig. 3 to Fig. 2, one can see that the harmonic
ADs depend sensitively on the molecular structure. For
molecules under the same MAD [e.g., in Fig. 2(d) and
Fig. 3(d)], the difference in harmonic ADs provides a
clear signature for differentiating the orbital structures
of the spinning molecules that is not attainable by pre-
vious spectroscopic and CEI methods.

Our experiment also demonstrated a frequency shift
in HHG from UDR molecules. Figure 4(a)-(b) show the
measured frequency shift (∆λ) of H17 (squares) from the
aligned and UDR N2 as a function of the pump-probe de-
lay at various α. One can see that H17 from UDR N2 is
blue (or red) shifted at the rotation revivals. Moreover,
the frequency shift at the revivals shows diagonal stripes
similar to that of the harmonic ADs in Fig. 1(b), from
which the molecular UDR can also be visualized. This
frequency shift is also observed in HHG from aligned N2

[Fig. 4(a)], which, however, shows a mirror-symmetric
distribution like that in Fig. 1(a). Note that such a
frequency shift cannot be reproduced by the commonly-
used fixed-MAD approximation. To explain the UDR
results, we have modified the theoretical model by tak-
ing molecular UDR during the probe pulse into account
(see Ref. [32]). As shown in Fig. 4(c), which presents the
results of α=0◦, the simulated results (solid line) agree
well with the experimental observations. Our simula-
tions indicate that the frequency shift in HHG mainly
arises from molecular UDR during the probe pulse, which
leads to a difference in the alignment degrees of molecules
(anisotropy of MAD) at the leading and trailing edges of
the probe pulse [32] and then breaks the symmetry of

harmonic emission during the probe pulse. Furthermore,
due to the nonadiabatic effect of the time-dependent laser
intensity [50–52], HHG dominated at the leading or trail-
ing edge emerges a blue or red shift as observed in our
experiment. In contrast to UDR, the evolution of aligned
RWP also causes the asymmetry of MAD at the leading
and trailing edges of the probe pulse. Therefore, HHG
from aligned N2 also shows frequency shift at the align-
ment revivals. However, like the harmonic ADs in Fig.
1(a), the frequency shift of HHG from aligned N2 is also
symmetrically distributed due to the spatial symmetry
of the aligned RWP. It’s expected that the nonadiabatic
frequency shift in Fig. 4 will decrease with increasing har-
monic order, since higher order harmonic emission occurs
within a narrow time interval closer to the peak of the
laser field, where the variation of MAD is smaller and the
nonadiabatic effect is weaker. The observed frequency
shift is a new effect arising from the correlation of molec-
ular rotation and HHG, which has never been reported
before. Our simulations based on the modified model
suggest that the rotational nonadiabatic effect will not
modify the harmonic ADs discussed above. Moreover,
the nonadiabatic frequency shift is less obvious for CO2

molecules due to its much slower rotation.

In summary, an angle-dependent HHS method was
used to measure the evolution of molecular RWP in
both time and space. By using a double-pulse scheme,
unidirectional rotation of molecules are created for N2

and CO2 molecules. Through their subsequent interac-
tion with a probe pulse, we have measured the angle-
dependence of HHG from these UDR molecules at var-
ious time delays. For N2, we showed that the MAD of
the spinning molecules can be directly retrieved from the
measured angle-dependent yields for harmonics below the
cutoff. Multiple orbitals effect has also been revealed
by the ADs of harmonics near the cutoff. Moreover, a
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FIG. 4. (a) Time-dependent frequency shift ∆λ of H17 from
aligned N2 measured at various α. (b) Same to (a), but for
the spinning N2. (c) is the result of α=0◦ in (b). Squares and
solid line correspond to the measured and calculated results,
respectively.

new nonadiabatic frequency shift is observed in HHG
from N2. From the angle-dependent frequency shift, the
molecular UDR can also be identified. While for CO2

molecules, the harmonic ADs are markedly different from
that of N2. A more general deconvolution scheme may
be needed for the retrieval of the RWP. The advantage of
the current approach is that the HHG spectra can also be
investigated in addition to the UDR. Different harmon-
ics can offer consistency check for the retrieved UDR. In
the future, this may prove to be a more powerful tool
for studying HHG from polyatomic molecules for which
strong alignment/orientation are difficult. In particular,
by varying the time delay of the second pump pulse, one
can enhance or reduce the contribution from the different
molecular alignments in HHG spectra. The possibility of
probing HHG from many directions of UDR molecules
may provide ample set of HHG data for extracting the
complex electron structure of polyatomic molecule.
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