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Investigation on structures in the high-harmonic spectrum has provided profuse information of
molecular structure and dynamics in intense laser fields, based on which techniques of molecular ultrafast
dynamics imaging have been developed. Combining ab initio calculations and experimental measurements
on the high-harmonic spectrum of the CO2 molecule, we find a novel dip structure in the low-energy region
of the harmonic spectrum which is identified as fingerprints of participation of deeper-lying molecular
orbitals in the process and decodes the underlying attosecond multichannel coupling dynamics. Our work
sheds new light on the ultrafast dynamics of molecules in intense laser fields.
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The overall high-harmonic (HH) spectrum emitted from
atomic or molecular gases exposed to intense femtosecond
laser pulses can be understood by the semiclasscial three-
step picture: ionization, propagation, and photorecombi-
nation [1,2]. Nevertheless, various fine structures (dips and
humps) in the HH spectrum have been intensively inves-
tigated, which greatly advanced our understanding of the
structure and dynamics of its generating medium [3–6].
The progress triggers development of imaging methods to
explore ultrafast dynamics of atoms, molecules, and mate-
rials on an attosecond timescale [7–11].
In atomic high-harmonic generation (HHG), the Cooper

minimum as a result of interference between partial s and d
waves of the continuum states is found to be responsible for
the dip at about 55 eVobserved in the HH spectrum of Ar
[12], and a broad hump in the HH spectrum of the Xe atom
is attributed to giant resonance [13]. In molecular HHG,
two-center interference is used to explain the intensity-
independent minimum appearing in the HH spectrum of H2

[14,15]; however, the underlying mechanism of minimum
observed in the HH spectrum of CO2, which is intensity
dependent, causes strong debate [16–19]. Later, Smirnova
et al. provided compelling evidence that the interference
minima in the harmonic spectra of CO2 have primarily a
dynamical rather than a geometrical origin, where the
spectral minimum comes from interference between two
cationic states X̃ and B̃ where an electron is ionized from
the highest-occupied molecular orbital (HOMO) and

HOMO-2, respectively [20]. However, the contributions
from the deeper molecular orbitals are ignored. In the
investigations of hydrogen molecular ion Hþ

2 at extended
internuclear distances, the nonadiabatic electron response
to intense laser fields caused by the coupling between the
ground and first excited states leaves the fingerprint of
transiently suppressed ionization in the HHG spectra
[21,22], which reveals the nonadiabatic electron dynamics
on an attosecond timescale.
Now it is well accepted that molecular HHG inevitably

involves multielectron effects including multichannel
[20,23–26], correlation [27–29], multichannel resonance
[30], and cross-channel and channel coupling [31,32].
Needless to say, understanding of these complex dynamics
is indispensable for techniques to image molecular orbitals,
especially for deep-lying orbitals [33]. For the CO2

molecule, though having been intensively studied, its
complicated dynamics in an intense laser field remains
not fully understood. Angle-resolved ionization yields of
CO2 in an intense laser field causes long-term debate [34–
37]. In the HHG of CO2, the structure interference in
photorecombination has been studied at midinfrared laser
fields [38], and the interplay between structural and
dynamical interferences is found to modify the position
of the minimum in the HH spectrum [39,40]. By measure-
ments of HHG emission of CO2, the underlying electronic
dipole elements of the HHG signal and continuum electron
dynamics are extracted [41], but the roles of multiple
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orbitals are still unclear. Adopting two-color laser fields,
the contribution of different orbitals can be resolved [42],
and dynamical changes of the molecular orbital can be
mapped onto the two-dimensional high-harmonic spectros-
copy (HHS) of CO2 [43]. Recently, the coupling between
different channels left a mark in the two-dimensional HHS
of CO2, which can be used to reconstruct the relative phases
and amplitudes for relevant ionization channels on a
subcycle timescale [32].
In this Letter, we perform measurements of the HH

spectra of aligned CO2 molecules for different intensities.
Two groups of spectral minimum structure are observed in
CO2, where one is independent of the laser intensity and
another one shifts with intensity. Ab initio calculations of
the HHG spectra of CO2 by adopting time-dependent
Hartree-Fock (TDHF) theory are in good agreement with
the experimental results. Analysis shows that the cross-
channel associated with two cationic states B̃ and C̃ (an
electron is ionized from the HOMO-3) plays a vital role in
shaping the molecular HHG spectrum, especially for the
minimum structure in the lower-energy region. The laser-
induced coupling between two cationic states B̃ and C̃
results in a situation where the relative phase between the
channel involving cationic state X̃ and the coupling channel
composed of two cationic states B̃ and C̃ is dependent on
the momentum of the electron in the recombination
process.
Figure 1(a) shows the Hartree-Fock orbitals correspond-

ing to the ion COþ
2 created in the ground state X̃2Πg (X̃),

first excited state Ã2Πu (Ã), second excited state B̃2Σþ
u (B̃),

and third excited state C̃2Σþ
g (C̃). If the state of the ion does

not change between ionization and recombination, there are
four channels: XX, AA, BB, and CC, where the first and
second letters label the state of the ion after ionization and
before recombination, respectively, as shown in Fig. 1(a).
However, the laser field can couple the different ionic states
between ionization and recombination and lead to addi-
tional cross-channels, which reflects the crucial impact of
subcycle laser-induced dynamics and transitions on the
harmonic radiation [31,32]. When the laser polarization is
parallel to the molecular alignment, the cross-channels are
simplified to XA, AX, BC, and CB. The laser frequency
(ω ¼ 1.55 eV) used is close to the energy gap between the
two ionic states B̃ and C̃ (ωB̃ C̃ ≈ 1.3 eV). Thus, B̃ and C̃
are strongly coupled, and this coupling may leave finger-
prints in the HHS. On the other hand, the energy gap
between the two cationic states X̃ and Ã (wÃ X̃ ≈ 3.5 eV) is
much larger than the laser frequency, and the ionization of
HOMO-1 is suppressed along the molecular axis [36], so
the contributions from channels AA, XA, and AX can be
ignored when the molecule is aligned. Figure 1(b) shows
the time-dependent orbital energies of cationic states X̃
(black line) and Ã (red line) calculated by the TDHF
equations [44] (see Supplemental Material for details [45])
at 800 nm and I ¼ 1.26 × 1014 W=cm2. The black and red
curves in Fig. 1(c) represent the time-dependent orbital
energies of the B̃ and C̃ cationic states, respectively, under
the same laser parameters as Fig. 1(b). Comparing Fig. 1(b)
with Fig. 1(c), we see that strong coupling exists between

FIG. 1. (a) Orbital structures corresponding to different ionic states of CO2 and the schematic layout for HHG involved multiple
channels. Calculated time-dependent orbital energy of cationic states at I ¼ 1.26 × 1014 W=cm2, λ ¼ 800 nm: (b) X̃ (black line) and Ã
(red line); (c) B̃ (black line) and C̃ (red line). The gray lines in (b) and (c) represent the laser field which has a trapezoidal envelope with a
four-cycle flattop and one-cycle ramp for turn-on or turn-off. Measured harmonic spectra (integrated over each harmonic line) of CO2

molecules aligned parallel to the polarization of the generating laser field for (d) I ¼ 0.9 × 1014 W=cm2, (e) I ¼ 1.06 × 1014 W=cm2,
(f) I ¼ 1.26 × 1014 W=cm2, and (g) I ¼ 1.4 × 1014 W=cm2. The red dotted and black dashed lines indicate the positions of the minima
of harmonic spectra [(d)–(g)].
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the B̃ and C̃ states. Experimentally, the harmonic spectra in
aligned CO2 molecules at different laser intensities are
shown in Figs. 1(d)–1(g). In our experiments, the output of
a 35 fs, 800 nm laser facility is separated into two beams for
nonadiabatic alignment of CO2 molecules (the aligning
laser) and generation of harmonics (the driving laser). The
intensity of aligning laser is about 5 × 1013 W=cm2. The
two pulses are collinearly focused with an f ¼ 500 mm
spherical mirror into a supersonic gas jet of molecules. A
home-built XUV flat-field grating spectrometer is used to
measure the harmonic spectrum [57,58]. The harmonic
spectrum of CO2 is recorded at an aligned point (the delay
time between two lasers of 21.1 ps). The degree of
alignment hcos2 θi is estimated to be 0.55. The laser focus
is placed before the gas jet in order to select the short
trajectory harmonics [59,60]. Detailed information about
the experimental setup can be found in Supplemental
Material [45].
In Figs. 1(d)–1(g), two groups of minimum structure are

presented. The minimum at the 15th order is independent of
the laser intensities. Another group of minimum structure in
the high-energy region shifts to higher orders with increas-
ing intensity, which is attributed to dynamic interference
between the diagonal channels XX and BB as proposed by
Smirnova et al. [20], whereas the picture could be expected
to be modified when the ionic states B̃ and C̃ are strongly
coupled by the laser field.
To simulate the experiment, we coherently add the

contributions from all channels involving cationic states
X̃, Ã, B̃, and C̃, and the contributions of the long trajectories
have been filtered out by applying a complex absorbing
potential acting as a filter [29]. Figure 2(a) shows the
harmonic spectra calculated for four valence orbitals in
CO2 exposed to a linear polarized laser field which has a
trapezoidal envelope with a four-cycle flattop and one-cycle
ramp for turn-on or turn-off. Here, our calculations quali-
tatively reproduce the two groups of spectral minimum
observed experimentally in Figs. 1(d)–1(g). A minimum at
H17 shows up for all laser intensities. In addition, dip
structures appearing in higher-order regions are in good
agreement with experimental observations. In Fig. 2(b), the
calculated relative phase between the channels XX and
(Bþ C) are illustrated, where the channel (Bþ C) that we
call “coupling channel” includes both diagonal (BB and
CC) and off-diagonal (BC andCB) channels. For each laser
intensity, two interference minima approximately corre-
sponding to a phase difference of π can be seen in the
lower- and higher-order parts. The π radian minimum at
lower energy [red arrow in Fig. 2(b)] is independent of the
laser intensity, while the location of minimum at higher
energy shifts to higher orders with increasing intensity. For
comparison, we performed calculations with the time-
dependent orbitals of three cationic states (X̃, Ã, and B̃),
which is shown in Fig. 2(c). For all the laser conditions,
the minimum in the lower-order region disappears.

The positions of interference minima located in the
higher-order region are the same as the results in
Fig. 2(a) in the laser intensity range from 0.9 × 1014

to 1.26 × 1014 W=cm2, but the location for I ¼
1.4 × 1014 W=cm2 is lower than the result from the
coherent sum of four orbitals. The phase difference between
the diagonal channelsXX andBB is shown in Fig. 2(d). It can
be seen that the phase difference is far from π in the lower-
order part for all the laser intensities, consistent with the
harmonic spectra in Fig. 2(c). The harmonic orders with
relative phases of π [Fig. 2(d)] in the higher-order region
correspond to the spectral minima in Fig. 2(c) for different
laser intensities. The comparison between Figs. 2(a) and 2(b)
and Figs. 2(c) and 2(d) clearly shows that the two groups of
spectral minimum [Fig. 2(a)] result from the multichannel
interference between XX and (Bþ C) and emphasizes the
importance of laser-driven coupling between the ionic states
B̃ and C̃. In addition, for a laser field with a wavelength of
1500 nm, the minimum in the low-energy region disappears
due to changed coupling between the ionic states B̃ and C̃ and
relative contributions from different orbitals (see
Supplemental Material [45] for details).
The purple and cyan lines in Fig. 3(a) represent the

ionization and recombination times, respectively, of har-
monic orders for a laser intensity of 1.26 × 1014 W=cm2,
which are calculated by the nonadiabatic classical-
trajectory Monte Carlo (CTMC) model (see Supplemental
Material [45] for details). The green and blue balls in

FIG. 2. Calculated harmonic spectra with the time-varying
orbitals of cationic states for (a) four cationic states (X̃, Ã, B̃,
and C̃) and (c) three cationic states (X̃, Ã, and B̃). Intensities are
given in units of 1014 W=cm2. (b) The phase difference between
the channels XX and (Bþ C) is calculated for four valence
orbitals. (d) The phase difference between the channels XX and
BB is calculated for three valence orbitals. The arrows mark the
positions of the minima in HHG spectra.
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Fig. 3(a) label the ionization and recombination times of
H17 and H27 from short trajectories, respectively. In the
strongly coupled two-level system, two quasienergy states
can be formed by the superposition of B̃ and C̃ ionic states.
In Fig. 3(b), we show the relative phase between the
cationic states B̃ and C̃ as a function of time for a laser
intensity of 1.26 × 1014 W=cm2. It is shown that the
relative phase at the ionization times [the light green arrows
in Fig. 3(b)] is approximately zero, while a phase difference
of approximately π is observed at the recombination times
[the light blue arrows in Fig. 3(b)]. This indicates that a
quasienergy state ψ B̃ðtÞ þ ψ C̃ðtÞ is preferred in the ioniza-
tion process in agreement with the result of Ref. [32], but
the quasienergy state in the recombination process is
ψ B̃ðtÞ − ψ C̃ðtÞ. Figure 3(c) shows the visualization of a
superposition of the ionic states B̃ and C̃: jψ B̃ðtÞþ
eiφψ C̃ðtÞj2, where φ represents the phase difference
between B̃ and C̃. The snapshots show the hole density
composed of two ionic states B̃ and C̃ at the times indicated
by the stars corresponding to the phase differences φ ¼ 0,
π=2, and π.
Figure 3(d) shows the populations of time-varying ionic

state B̃ projecting on the stationary states of HOMO-2 and
HOMO-3 of a CO2 molecule for a laser intensity of
1.26 × 1014 W=cm2, where the green and blue dots indi-
cate the recombination times of H17 and H27 obtained by
nonadiabatic CTMC calculations, respectively. It can be
seen that the composition of stationary state orbitals
(HOMO-2 and HOMO-3) in the time-dependent cationic
state B̃ accounts for about 50% at the recombination time of

H27, while for H17 the time-varying ionic state B̃ is mainly
composed by the stationary states HOMO-2 or HOMO-3
alternately at the recombination times (a similar result can
be obtained for the ionic state C̃).
We recall that two main sources contribute to the phase

difference between the channels: the evolution of the
electronic states of the ion during the excursion time and
the recombination phase [20]. For the coupling channel
(Bþ C) that is ψ B̃ðtÞ − ψ C̃ðtÞ in the recombination process,
the recombination matrix is dC

rec ∝ i½sinðP2R=2Þ þ
i cosðP3R=2Þ� [45], where R is the internuclear vector
and P2 and P3 are momentum vectors of recombination
electrons captured by the ionic states B̃ and C̃, respectively.
The recombination matrix of the channel XX is dXX

rec ∝
i sinðP1R=2Þ with the recombination momentum P1 of the
electron. The phase difference between the diagonal chan-
nel XX and the coupling channel (Bþ C) is dependent on
the momenta of recombination electrons P1, P2, and P3.
The momenta P2 and P3 are close to each other for the
same harmonic order according to our calculation (see
Supplemental Material [45]), so we can use the average
value of P2R=2 and P3R=2 as the phase of the recombi-
nation matrix of the coupling channel. The relative phase
between the two channels XX and (Bþ C) can be approxi-
mated by

△φ ¼ Ipτ − IXpτX þΦ; ð1Þ
where Ip is the average ionization energy ðIBp þ ICpÞ=2 with
the ionization energies of molecular orbitals (Iip, i ¼ B, C);
IXp is the ionization energy of HOMO; τ is the time interval
between ionization and recombination for the coupling
channel (Bþ C), and τX is the excursion time of channel
XX; and Φ is the recombination phase difference between
XX and (Bþ C) channels.
Figure 4(a) shows the excursion times of channels XX,

BB, and CC calculated by the CTMC model. It is clearly

FIG. 3. (a) Ionization times (purple lines) and recombination
times (cyan lines) calculated by the nonadiabatic CTMC model.
(b) The time-dependent relative phase between the cationic
states B̃ and C̃. See the text for the light green and blue arrows.
(c) Visualization of the hole dynamics composed of a super-
position of ionic states B̃ and C̃ with the relative phase φ ¼ 0 (1),
φ ¼ π=2 (2), and φ ¼ π (3). (d) Populations of the time-
dependent ionic state B̃ projecting on time-independent
HOMO-2 (black line) and HOMO-3 (red line) of a CO2

molecule. The gray and yellow lines in (a) and (c) represent
the laser field with respect to time. The laser intensity is
I ¼ 1.26 × 1014 W=cm2.

FIG. 4. Calculations of the nonadiabatic CTMC model. (a) The
electron excursion times τ (short trajectories) associated with
channels XX (black line), BB (red line), and CC (blue line),
calculated for I ¼ 1.26 × 1014 W=cm2. (b) The relative phase
according to Eq. (1) as a function of the harmonic order (short
trajectories) for different laser intensities. Intensities are given in
units of 1014 W=cm2. The red dotted and black dashed lines
indicate the phases of 1π and 3π, respectively.
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seen that an approximate 240–330 as time lag between XX
and BB (CC) exists for the same harmonic order. Thus, we
apply different excursion times for different channels in
Eq. (1). It is worthwhile mentioning that, in the higher-
energy part beyond the cutoff of channel XX for each laser
intensity, the excursion time of cutoff is used for τX of IXp .
The locations of multichannel interference minima is
predicted by the intersections of the black dashed line
and solid lines in Fig. 4(b), which correspond to a phase
difference of 3π shifts to higher order with intensity. In the
lower-energy part, the intersections between the red dotted
line and solid lines in Fig. 4(b) indicate an interference
minimum located at about H15 which is independent of
the laser intensity. These results are qualitatively consistent
with the experimental observations and ab initio
calculations.
In conclusion, measurements of harmonic spectra and

TDHF simulation allow us to resolve multichannel cou-
pling dynamics in molecular systems exposed to an intense
laser field. In the case of CO2, our theoretical and
experimental results show that the observed two groups
of minima result from the dynamical interference of the
diagonal channel XX and the coupling channel (Bþ C).
The interference minimum in the high-energy region of the
spectrum shifts with intensity, and the interference mini-
mum located in the lower-energy region is independent of
the laser intensity. Our results reveal that these deeper-lying
molecular orbitals can leave a clear fingerprint in the HHG
spectra due to the coupling between channels. The sensi-
tivity of HHG spectra to the deeper orbitals due to the laser-
induced coupling of different ionic states provides the
possibility of laser control of the inner-shell hole dynamics
on the subcycle timescale.
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M. Devetta, D. Faccialà, A. G. Harvey, M. Ivanov, Y.
Mairesse, S. Patchkovskii, V. Serbinenko, H. Soifer, S.
Stagira, C. Vozzi, N. Dudovich, and O. Smirnova, Multi-
dimensional high harmonic spectroscopy of polyatomic

molecules: Detecting sub-cycle laser-driven hole dynamics
upon ionization in strong mid-IR laser fields, Faraday
Discuss. 194, 369 (2016).

[33] Z. Diveki, R. Guichard, J. Caillat, A. Camper, S. Haessler, T.
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