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Experimental setup

The experiment is performed with Quantronix Ti:Sapphire laser system consisting of Ti-light

modelocked oscillator and Odin-II chirp pulsed amplifier delivering 3 mJ, 37 fs pulses centred

at 800 nm wavelength at 1 kHz repetition rate. The laser pulse is coupled into Neon gas

filled hollow core fiber that spectrally broadens the pulse by self-phase modulation. A pair of

dielectric chirp compensation mirrors are then used to introduce negative GDD to generate 9

fs pulses. The laser beam is then focused into the HHG chamber by a 750 mm focal length

spherical mirror, which leads to an estimated intensity of ∼ 5.0× 1014 W/cm2 in the HHG
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interaction region.

The Gouy phase interferometer consists of two spatially separated gas jets; fixed bottom jet

pointing up towards the laser focus and moveable top jet pointing down before the focus that

can translate along all three axes. Each jet is connected with two electromagnetically actuated

pulsed microvalves, so that the gases in the jet can be switched according to the measurement

requirement. H2 and D2 gases are supplied from separate cylinders connected to the pulsed

microvalves.

Synchronization of microvalve opening delay with the laser pulse reduces the background

pressure in the HHG generation and detection chambers, which facilitates better signal to

noise ratio (for details, see (24). The switching of gases in the jets allows faster measurement

and thus minimizing the effect due to laser fluctuation over time and also compensates for a

small difference of intensities (and associated phases) at the two different positions along the

laser focus. The inner diameter of the jet is only 200 µm, which is very thin compared to the

Rayleigh length of the driving laser beam. The schematic of full experimental setup is shown

in Fig S1. More details about the instrumentation can be found in ref (24).

Derivation to extract relative HHG phase shift

The electric field of the HHG signal generated from H2 gas in top jets in Fig. S1 for the qth

harmonic order is

E⃗H2 = EH2e
i(qωt+qϕGouy1+ϕH2

), (S1)

here EH2 is maximum field amplitude, q is the harmonic order, ω is the angular frequency of the

driving laser, ϕGouy1 and ϕH2 are the Gouy phase at the top jet position and intrinsic phase of H2
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molecule, respectively. Similarly, the electric field of the HHG signal generated from bottom

jet with D2 gas is

E⃗D2 = ED2e
i(qωt+qϕGouy2+ϕD2

), (S2)

where ED2 is maximum field amplitude, ϕGouy2 and ϕD2 are the Gouy phase at bottom jet

position and intrinsic phase of D2 molecules, respectively. If both jets are ON, two HHG pulses

will be generated from top (H2) and bottom (D2) jet with single laser pulse and the total field

will be the coherent sum of these two electric fields of Eq. S1 and S2

E⃗H2D2 = E⃗H2 + E⃗D2 . (S3)

In terms of intensity, the irradiance of the sum of these electric fields is

IH2D2 = IH2 + ID2 + 2
√

IH2ID2cos(q∆ϕGouy +∆ϕH2−D2), (S4)

where ∆ϕGouy = ϕGouy1 − ϕGouy2 and ∆ϕH2−D2 = ϕH2 − ϕD2 . Data is then normalized to the

in-phase sum of the HHG signals from the H2 jet and D2 jet

NH2D2 =
IH2 + ID2 + 2

√
IH2ID2cos(q∆ϕGouy +∆ϕH2−D2)

IH2 + ID2 + 2
√

IH2ID2

. (S5)

When the ordering of gases between top and bottom jets is swapped, i.e. D2 is in the top gas

jet and H2 in the bottom gas jet, then the normalized intensity will be

ND2H2 =
IH2 + ID2 + 2

√
IH2ID2cos(q∆ϕGouy +∆ϕD2−H2)

IH2 + ID2 + 2
√

IH2ID2

. (S6)

The sign of the molecular phases, ∆ϕH2−D2 and ∆ϕD2−H2 will be opposite in this case,i.e.

∆ϕH2−D2 = −∆ϕD2−H2 . Finally, by subtracting Eq. S5 from Eq. S6, the relative high harmonic

phase difference between H2 and D2 is expressed as
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Figure S1: Schematic of the experimental set-up. The ultrashort laser system produces linearly
polarized 9 fs pulses, centred at 800 nm and focused down to the HHG chamber by a 750 mm spherical
mirror. Two coherent high harmonic pulses are generated from two spatially separated (along laser
propagation) gas jets with H2 in one jet and D2 in another. The fundamental IR beam gets blocked
by aluminum filter and only HHG beam propagates and spectrally dispersed by the flat field grating
spectrometer. The signal is then intensified by MCP detector and finally captured with a CMOS camera.
The micro valves (highlighted) are operated in the pulsed mode and synchronized with the laser pulses.
The gases are supplied from individual cylinder to the microvalves and then jets. The sequencing,
opening and closing time of the valves are synchronized with 1 kHz repetition rate laser pulses by
LabVIEW FPGA and microvalve modular controller.

∆ϕH2−D2 = sin−1

[
IH2 + ID2 + 2

√
IH2ID2

4
√

IH2ID2

( ∆IN
sin(q∆ϕGouy)

)]
, (S7)

where IH2 and ID2 are HHG yield with H2 and D2 gas respectively. ∆IN = ND2H2 − NH2D2

and ∆ϕGouy is Gouy phase difference of the driving laser.

Experimental Data Analysis: The acquired data is processed and analyzed by using

MATLAB. For each spectra shown in Fig. 3(a) in the main text, the data points around each
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harmonic peak are plotted. The peak intensity is determined by fitting these data points by a

Gaussian function using the least square fitting and the fitting function is

f(x) = a exp

(
−(x−b)2

2c2

)
(S8)

where a, b and c are the fitting parameters. The peak amplitude of the harmonic signal is given

by the fitting parameter a. The normalized intensities, as described by Eqs. S5 and S6, are

calculated from these peaks.

The fitting procedure estimates 1σ (68%) confidence bound to quantify the uncertainties,

which are used to calculate the standard error. Since NH2D2 is a function of IH2 , ID2 , IH2D2

and corresponding error is the combined uncertainty of these δNH2D2(δIH2 , δID2 , δIH2D2),

therefore the error bar of ∆IN is obtained by the propagation of errors and is defined as

δ(∆IN) =
√

(δN2
H2D2

+ δN2
D2H2

).

The effective ∆ϕGouy for each harmonic order is obtained from the normalized intensity vs

separation data of Fig. 2 in the main text. These data are fitted with a decaying cosine function

as

f(x) = W exp−Y x cos(Zx) + C (S9)

where W , Y , Z and C are the fitting parameters and the Zx gives the q∆ϕGouy. Finally,

the total error bar of phase shift between H2 and D2 is the propagation error, defined as

δϕH2−D2 =
√
δ2∆IN

+ δ2sin(q∆ϕGouy)
.

TDSE Simulations

We numerically simulate the four dimensional time-dependent Schrödinger equation
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(4D-TDSE) with the single-active-electron (SAE) approximation for H2 and D2 (Hartree atomic

units are used e = m = ℏ = 1 unless stated otherwise),

i
∂

∂t
Ψ(r,R; t) = [T + V (r,R)] Ψ(r,R; t), (S10)

where r = (x, y) and R = (ρ, θ) are the electronic coordinate and the internuclear displacement,

respectively. The total kinetic energy operator is given as in the velocity gauge

T =
[pr + A(t)]2

2
+

p2
R

2µ
. (S11)

Here, µ is the reduced nuclear mass, and the laser vector potential is A(t) = −
∫ t

0
E(t′)dt′ with

E(t′) being the electric field vector. pr and pR are the electronic canonical momentum operator

and the relative nuclear momentum operator, respectively.

This model reproduces molecular potential energy curves (14) and thus it is expected to

capture the main features of nuclear dynamics of H2 and D2 in laser fields. The interaction

between the nuclei and the laser field vanishes because of the homonuclear diatomic molecule.

The effective potential energy is expressed as

V (r,R) = V +
BO(R)−

∑
j=1,2

Z(R, |r − Rj|)√
|r − Rj|2 + 0.5

, (S12)

which describes the interaction between the outer active electron and the atomic core. V +
BO(R)

is the lowest isotropic Born-Oppenheimer approximation potential energy surface 1sσg of H+
2

and D+
2 . R = |R| is the internuclear distance and Rj = R/2 is the j-th nuclear displacement in

the center of molecular mass coordinate. Z(R, |r − Rj|) = {1 + exp[−(r − Rj)
2/σ2(R)]} is

introduced as an effective nuclear charge, which includes the average screening of the nuclei by

the second electron with the screening parameter σ(R). By choosing proper σ(R), the resulting

potential energy surface based on Eq. S12 can match the real electronic ground energy of H2
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and D2. The other details about this potential can been found in (14).

In our simualtions, to suppress the unphysical reflection from boundaries and eliminate

the long trajectory contributions to high harmonics, a cos1/8 masking function has been

adopted (25). The initial vibration-rotation ground state is obtained using the imaginary time

propagation (26), and the Crank-Nicolson method is used to propagate the molecular wave

packet in real time (27). The harmonic spectrum is calculated via the Fourier transformed

dipole acceleration

Fx(ω) = | 1

(2π)3/2

∫
Dx(t)e

−iωtdt|2 (S13)

with the dipole acceleration

Dx(t) = ⟨Ψ(r,R; t)
∣∣∣∣−∂V (r,R)

∂x

∣∣∣∣Ψ(r,R; t)⟩. (S14)

Here we extract the phase of the complex integral in Eq. S13 as the phase of the emitted

harmonic radiation (28).

In addition to the 4D calculations, we also performed the reduced 3D calculations by

omitting the dynamical terms related to θ in the 4D model. This can be done because the

molecular rotation can be neglected during the harmonic generation. Such a 3D model

may directly reveal the contribution from the molecule aligned at a certain θr based on the

θr-parameterized molecular wave packet. In all 3D calculations, all parameters and procedures

are the same as those implemented in 4D calculations, which can be found in the supplementary

information.

The calculation parameters:
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Figure S2: The calculated HHG spectra for H2 (black line) and D2 (red line) from 4D-TDSE
simulation. The laser parameters are the wavelength λ = 800 nm, the intensity I = 5× 1014 W/cm2, the
total duration τ = 10T, and the sin2 envelope.

Here, the used laser field polarized along the x-axis is written as

E(t) = E0sin2(πt/τ)cos(ωt+ ϕ). (S15)

E0, τ , ω, and ϕ denote the amplitude, the total duration, the angular frequency, and the carrier

envelope phase (CEP) of the laser pulse, respectively. In calculations, the laser pulse has the

wavelength 800 nm (ω = 0.057 a.u.) and lasts ten optical cycles (τ = 10T ) with zero CEP

(ϕ = 0), and its peak intensity is 5 × 1014 W/cm2 (E0 = 0.12 a.u.). The spatial steps in

simulations are ∆x = ∆y = 0.3 a.u., ∆ρ = 0.04 a.u., and ∆θ = 2π/300 and the time step

is ∆t = 0.05 a.u.. The 4D simulation box has the corresponding grids points: 250 × 100

× 100 × 300. In 3D calculations, the space grids points are 250 × 100 × 100. We obtain

the HHG spectra for H2 and D2, as shown in supplementary Fig. S2. Benefited from the

better vibrational autocorrelation character, D2 can generate more intense harmonics than H2

and their intensity difference increases with the harmonic order (14). The convergence of the
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calculations is tested by using finer spatial and time grids whereby almost identical results are

obtained.

Further analyses based on the Lewenstein model:

Though the TDSE simulation may quantitatively reproduce the experimental measurements,

the Lewenstein model is able to analysis the problem transparently. The time-dependent dipole

moment is expressed as

D(t) = 2i

∫ t

0

dt′E(t′)C(t− t′)

∫
d3p

(2π)3
d̄∗[p+A(t)]e−i

∫ t
t′{[p+A(t′′)]2/2+Ip}dt′′ d̄[p+A(t′)]+ c.c.,

(S16)

where p and Ip are the electronic canonical momentum and molecular ionization energy,

respectively. t and t′ denote the electronic ionization and recombination moments.

(b)(a)

Figure S3: Theoretical analysis for relative phase difference between H2 and D2 calculated by
3D-TDSE. (a) The phase differences for different θr-alignment of the molecules with respect to the laser
polarization. ∆ϕn is the phase difference induced by the nuclear relaxation only. (b) The profiles of high
harmonics peaks for H2 and D2 simulated.
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As described by Eq. S16, the nuclear contribution to HHG is related to the vibrational

autocorrelation function C(t) =
∫
χ(R, t = 0)χ(R, t)dR and the other terms represent the

electronic contribution. χ(R, t) is approximately governed by the following 1D-TDSE

i
∂

∂t
χ(R, t) =

[
p2R
2µ

+ V (R)

]
χ(R, t), (S17)

where V (R) is the potential curve of 1sσg state for H+
2 or D+

2 and R is the internuclear distance.

Based on Eq. S16, the phase difference must be contributed by the electron dynamics

and the nuclear relaxation after the molecular single ionization, as well as the electron-nuclei

coupling. We first discuss the the simplest case, that is, θr = 90o, where the nuclear relaxation

and the electronic motion are mutually perpendicular. The phase difference ∆ϕH2−D2 is mainly

contributed by the nuclear part ∆ϕn as well as electronic ionization and recombination since

the electron dynamical parts in the continuum are almost the same for H2 and D2. To pick up

the phase differences induced by the nuclear relaxation, we solely propagate the nuclear wave

packets of H+
2 and D+

2 for τq by using Eq. S17. Here the time interval τq between ionization

and recombination is estimated from the simple-man model. The initial state is the ground

nuclear state of H2 or D2 in simulations. The spatial and time steps are ∆R = 0.02 a.u. and

∆t = 0.01 a.u., respectively. The numerical method is the same as those used in 3D or 4D

simulations in Methods. The obtained ∆ϕn shown in supplementary Fig. S3 (a) is very small

about -0.01 radian. The gap between ∆ϕn and 3D-TDSE results at 90 degrees is up to about

0.2 radian. We inferred that this gap mainly roots in ionization and recombination processes,

which is missed in the extended Lewenstein model.

Next we turn to other angle cases. Just like Young’s double-slit interference in wave

optics, when the returning electron momentum k meets the condition kRcos(θr) = π, the
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high harmonic shows minimal radiation and its phase undergoes an abrupt change at the

corresponding frequency ω = k2/2 + Ip. For example, at θr = 0o case, the destructive

interference mainly changes the phase differences and radiation intensities around the 35th

harmonic order, as presented in Fig. S3(a) and (b) respectively, which is estimated as follows.

For the 35th order harmonic, the time interval between ionization and rescattering is about

46 a.u. according to the simple-man model under our laser parameters. The nuclear wave

packet distributions of H2 and D2 propagated for τ35 by Eq. S17 have the most conspicuous

difference at the nuclear distance Rc ≈ 1.8 a.u.. The corresponding momentum k and nuclear

distance Rc at the rescattering moment right meet the destructive interference condition. Thus,

the phase difference at 35th order has the maximal modulation depth with about 0.4 radian

compared with θr = 90o case. However, the nuclear wave packets of H2 and D2 distribute

within a wide R range, so the double-slit interference has also slight effect on the neighbouring

order harmonics. Similarly, for θr = 30o case, the destructive interference mainly changes the

phase differences around 45th harmonic order, as shown in Fig. S3 (a), which is beyond our

measurement range.

Estimating molecular rotation effect:

When the sample molecule is irradiated by the linearly polarized laser, molecular rotation

may happen. Molecular rotation might lead to phase difference between the HHG of H2 and

D2 since they have distinct rotational inertias. Here we attempt to estimate this effect. By

adding coherently the dipole accelerations for all alignment angles calculated by the 3D-TDSE

model and perform the Fourier transform, we obtained the angle-averaged rotation-free phase

difference, which is presented in Fig. S4 (black crosses). The two models give a phase

difference about 0.03 radian. Thus, it is safe to claim the molecular rotation can be neglected in

this study.
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Figure S4: The HHG phase differences between H2 and D2. The red crosses represent theoretical results
calculated by 4D-TDSE model. The black ones correspond to the angle-averaged results by summing
coherently 3D-TDSE dipole accelerations.
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