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1 Experimental Setup

The experimental setup is shown in Fig. S1, which consists of a 1 kHz, 4.4 mJ, 100 fs Ti:Sapphire

amplifier with a central wavelength of 800 nm and the vacuum chambers for generating and detecting

the high-harmonic and terahertz spectroscopy (HATS). The output beam is split into three pulses

for HATS generation (Pulse 1), preparing the aligned molecules (Pulse 2), and THz wave detection

(Pulse 3), respectively.

The generation pulse (Pulse 1) passes through a 30 µm thick type-I beta barium borate (β-BBO)

crystal to produce the second harmonic of the fundamental field. A 5-mm thick α-BBO provides the

negative dispersion to the two-color fields, serving as a compensation plate for the group velocity

dispersion introduced by the wedges and dual-wavelength plate. The polarization of the two-color

field is rotated to be parallel with the dual-wavelength wave plate, which is a full-wave plate for a
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Figure S1: Detailed experimental setup. BS: beam splitter. CP: compensation plate. DWP:
dual wavelength wave plate. FW: fused silica wedges. WP1, WP2: 1/2λ wave plate. CM: concave
mirror. DL: delay line. FL: focusing lens. PM1-4: parabolic mirror. WP3: 1/4λ wave plate. W:
wollaston polarizer. PD: photodiode detector. CH: chopper.

400-nm pulse and a half-wave plate for an 800-nm pulse. A pair of fused silica wedges are placed to

precisely add the relative phase between the two-color fields. Delay line 1 (DL1) is used to control

the time delay ∆t between the alignment pulse and the generation pulse. Ultra-broadband wire grid

polarizers are placed on the generation arm to ensure the linear polarization before focusing. Pulse

2 is used to non-adiabatically align the CO2 molecules along the pulse polarization. The alignment

angle is varied by a rotatable half-wave plate (WP1). A beam shutter is placed here to turn the

alignment pulse on or off. The generation pulse and alignment pulse are focused ∼0.2 mm below

and 2 mm before the homemade continuous nozzle (200 microns in diameter), which provides a

supersonic expansion of gas with 1 bar backing pressure. The intensities of alignment pulse, the

second-harmonic pulse, and the fundamental pulse are estimated to be 7 × 1013 W/cm2, 2 × 1012

W/cm2 and 2 × 1014 W/cm2, respectively. The focal length of the alignment and the two-color

generation pulses are 50 and 40 cm, respectively. Meanwhile, an iris is placed on the arm of the

alignment pulse to slightly reduce the transversal cross-section of this pulse. The beam sizes of the

alignment and generation pulses (800 nm) are estimated to be 50 and 85 µm at the focal region,

which ensures that the alignment pulse can totally cover the generation pulse at the focal region.

A hole-drilled off-axis parabolic mirror (PM1) reflects the terahertz (THz) waves and leaks the

HHG synchronously. The harmonics pass through the hole and are recorded by a homemade spec-

trometer containing a flat-field grating (Hitachi, 001-0660) and an X-ray CCD camera (Princeton

Instruments, PIXIS-XO: 2048B). Due to the X-ray CCD size is not sufficient to cover the entire

spectral range of high-harmonics, the position of X-ray CCD should have been moved to record the

entire spectrum. The shift of the camera position will not introduce the intensity difference of the

high-harmonics, because the grating is fixed in the light path and the CCD-camera is moved at the

focal plane of the grating. Generally, the two-color relative phase cannot remain stable due to the

effects of the return difference of the stepping motor, the variation in room temperature, and the

humidity changes in the laboratory. Therefore, in the supplementary information of Ref. [1], the
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phase of harmonic 15, treated as a “time reference,” was assumed to be equivalent for all alignments

and all laser intensities to deduce the phases of the higher harmonics at different alignment angles.

The accumulated time is carefully selected under different diffraction conditions (CCD position)

to avoid overexposure. We place the chopper at the focus of the two parabolic mirrors (PM2

and PM3) differently from the typical THz wave measurements setting the chopper on the arm

of generation pulse. On the one hand, this design can avoid the energy loss of harmonics caused

by the blocking of chopper slots. On the other hand, the focused THz spot (∼ several hundred

µm) is smaller than the generating laser pulse (∼ 1 cm), offering less open and closed time for

the rotating slots. After reflecting from PM3, the THz wave is collinearly focused with the THz

detection pulse (Pulse 3) through a 1-mm thick (110)-cut ZnTe crystal for electro-optic sampling

(EOS) the waveform by varying delay line 2 (DL2). Each point of the THz waveform uses 300-ms

accumulation time with a chopper frequency of 500 Hz (synchronized to the 1 kHz laser).

2 Channel-resolved Quantum-orbit Analysis for Optimal Phas-

es of HHG

For the two-color scheme, we follow the procedure proposed by Dudovich et. al. [2] to connect the

optimal phase to the continuum electron motion. The weak second-harmonic field introduces an

additional phase on the continuum electron:

∆ ≈
∫ tr

ti

(p + A1(t)) ·A2(t)dt

≈ A1A2

∫ tr

ti

(sinωt − sinωti) sin(2ωt + φ)dt,

(Eq. S1)

where the vector potential of the two-color laser field is A(t) = A1 sin(ωt) + A2 sin(2ωt + φ). The

additional phase is accumulated from the ionization time ti to the recombination time tr of the

continuum electron, breaking the symmetry of electron trajectories between the consecutive half-

cycles of the laser field and producing even harmonics. The intensity of even harmonics is modulated

approximately as sin2 ∆ and therefore we have

|D(2N)|2 ∝ cos2(2ωtr + φ). (Eq. S2)

The optimal phase maximizing the yields of even harmonics can be determined by φop = −2ωtr; it

is apparent that the optimal phase can be mapped to the emission time of harmonics directly. From

this point of view, the optimal phase for a different channel is different. The ionization and emission
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Figure S2: Quantum-orbit analysis for the optimal phases of different harmonics under the strong
field approximation (SFA).

times for each channel can be calculated by solving the saddle-point equations with complex values

[ps(τi, τr) + A(τi)]
2

2
= −Ip,

[ps(τi, τr) + A(τr)]
2

2
= Nω + Ip, (Eq. S3)

ps(τi, τr) = − 1

τr − τi

∫ τi

τr

A(t′)dt′.

The ionization potential Ip for HOMO, HOMO-1 and HOMO-2 of CO2 take values of 13.8 eV, 17.3 eV

and 18.1 eV, respectively. The laser intensity is set to be 2× 1014 W/cm2. We choose the real part

of the complex solution as the emission time of short trajectory tr = Re(τr) . The obtained optimal

phases for HOMO (φs0), HOMO-1 (φs1), and HOMO-2 (φs2) are shown in Fig. S2.

3 Data Analysis by Fitting the Intensity Modulations

We fit the experimental results by the coherent sum of the most contributed three channels (Eq. (3) in

the article). The angle-averaged dipole matrix element Fi,k(α′, tD) ≡
∫∫ 〈

Ψi

∣∣~r∣∣k2N〉ρ(θ′, tD) sin θdθdϕ

is used to including the alignment effects. Here, ρ(θ′, tD) is the probability density of the rotational

wave packet. The coefficients |ci(2N, θ)|e−iϕi(2N,θ) contains the amplitude and phase of each orbital.

The phase difference between different channels is jointly determined by the phase of ionization, the

phase accumulated during the excursion time, and the phase of the recombination dipole matrix

element. The ionization phase is chosen to be zero, as discussed in the work by Smirnova [3]. The

phase difference of the recombination matrix elements between HOMO and HOMO-1 (or between

HOMO and HOMO-2) is π/2, which can be obtained easily from the symmetry of the states. The
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phase difference during propagation is calculated with the energy difference and the excursion time

for each harmonic order as ∆Ipτ = ∆Ip(tr − ti).
The recombination dipole matrix element is calculated in the velocity form with the plane wave

approximation drec(Ω, θ) = ~n · 〈ei~k·~r|p̂|Ψi〉. Here ~n is the direction of the laser polarization and ~k is

the momentum of the returning electron. The electron energy E = k2/2 is related to the harmonic

energy by Ω by E = Ω. The recombination dipole moments and the orbitals that we used in the

calculations are shown in Fig. S3.

Figure S3: The recombination dipole moments of HOMO, HOMO-1, and HOMO-2 orbitals of CO2

(top, from left to right) and the corresponding orbitals (bottom).

We use a nonliear-least-squared optimization procedure fitting for each alignment angle to de-

termineobtain the amplitude of |ci(2N, θ)|. Fig. S4 exhibits the deduced coefficients |ci| of different

channels.

a b

Figure S4: The normalized harmonic-order-dependent coefficients |ci(2N, θ)| are presented when the
electronic wave packet is parallel (a) and perpendicular (b) to the molecular axis.
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4 Time-dependent Hartree-Fock Approach

In our time-dependent Hartree-Fock approach (TDHF) simulation, the one-center method is em-

ployed with the finite-element discrete-variable representation (FEDVR) and B-spline functions [4].

Internuclear distances between C nucleus and O nucleus R = 2.195 a.u. is used. The molecular axis

parallels the z-polarized laser electric field E(t) which is given by

E(t) = f(t) [E1 cos (ωt) + E2 cos (2ωt+ φ)] , (Eq. S4)

where E1 = 0.06 a.u. and E2 = 0.003 a.u. are the amplitudes of these components, φ is the relative

phase between them and w is 0.057 a.u. (λ = 800 nm). We use a trapezoidal pulse envelope f(t)

with one optical cycle smooth turned on, four optical cycles at full strength, and one optical cycle

turned off. 233 FEDVR bases and 18 B-splines of order seven are employed, and the radial domain

rmax = 100 a.u. is adopted. A cos1/2 mask function is used in a range from r = rmax − 30 a.u., to

avoid spurious reflection on the boundary.

After obtaining the time-dependent wave functions Ψi (r, ξ, ϕ, t), the time-dependent induced

total dipole moment dtot (t) is calculated by

dtot (t) =
∑
i

di (t) , (Eq. S5)

where the induced dipole moment of the ith orbital is given by

di (t) = 〈Ψi (r, t) |z|Ψi (r, t)〉 . (Eq. S6)

In the present study, we propagate simultaneously three occupied molecular orbits (HOMO, HOMO-

1 and HOMO-2) with the others being frozen. The power spectrum of the HHG is then acquired by

taking the Fourier transform of the total time-dependent induced dipole acceleration d̈tot (t) [5]:

P (ω) ∝ |a(ω)|2 =
∣∣∣d̈tot(t)eiωtdt∣∣∣2 . (Eq. S7)

To pick out the short trajectory contribution, which is exactly the experiment phase-matching

condition, we perform a time-frequency analysis by means of the wavelet transform of the induced

dipole acceleration d̈tot (t) [6]

A (ω, t) =

∫
d̈tot (t′)

√
ωW (ω (t′ − t)) dt′, (Eq. S8)

with W (ω (t′ − t)) the mother wavelet. For the harmonic emission, the natural choice of the mother

wavelet is a Morlet wavelet as such,

W (x) =

(
1√
τ

)
eixe−x

2/2τ2

. (Eq. S9)

where τ is the width of time window in the wavelet transform.
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Figure S5: Harmonic spectra calculated by the time-dependent Hartree-Fock approach (TDHF)
method. a Assuming only the HOMO channel participates in the evolution. The blue and yellow
bars represent the odd and even harmonics, respectively. b Total spectra generated under only the
fundamental laser pulse with three molecular orbitals propagating simultaneously. c Total spectra
and the individual spectra from HOMO and HOMO-2 contributions when three molecular orbitals
are propagated simultaneously. The black arrows represent the intensity minima induced by the
two-center interference (a) and the interference between HOMO and HOMO-2 channels (b and c).

In Fig. S5(a), we show the calculated high harmonic spectra assuming only the HOMO par-

ticipates in the evolution. The blue and yellow bars represent the odd- and even-harmonic yields,

respectively. As indicated by a black arrow, a two-center interference minimum appears near har-

monic 23. However, when including all the three orbitals in the time propagation, we see in Fig. S5(c)

that the yield minimum shifts to harmonic 27, which is interpreted as the interference between HO-

MO and HOMO-2 [3]. In order to understand the mechanism of the shifting, we show the harmonic

spectra from the contribution of HOMO and HOMO-2 respectively. It is clearly that there exists a

crossover near harmonic 26, where HOMO and HOMO-2 contribute equally and therefore the inter-

ference is significant. In Fig. S6, we show one typical high-harmonic spectra observed experimentally

with the phase delay φ = 0 under the parallel alignment, for comparison with the calculated ones.

The intensity minimum around H27 can also be found, which is in consistent to the TDHF results.
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