
PHYSICAL REVIEW A 100, 043401 (2019)

High-order harmonic generation from diatomic molecules in an orthogonally polarized
two-color laser field

Bing Zhang 1,2 and Manfred Lein2

1School of Physics, Harbin Institute of Technology, 150001 Harbin, China
2Leibniz Universität Hannover, Appelstraβe 2, D-30167 Hannover, Germany

(Received 1 June 2019; published 2 October 2019)

We study high-order harmonic generation (HHG) from aligned H2
+ and oriented HeH2+ and HeH+ molecular

ions in orthogonally polarized two-color laser pulses composed of an intense fundamental field and a time-
delayed weak second-harmonic field. By numerical solution of the time-dependent Schrödinger equation, we find
that for a fixed alignment angle, as the delay between the two colors varies on a subcycle scale, the HHG intensity
from H2

+ shows a pronounced groove in a specific delay region, which turns out to be a two-center interference
effect. HHG from asymmetric molecules shows an obvious orientation dependence where the interference effect
can be observed only when the tunneling occurs on the helium side. The physical origin of these phenomena is
deduced by modeling the two-color HHG intensity of H2

+ using classical and quantum models and by modeling
that of asymmetric molecules with the help of field-free collisions of Gaussian wave packets with the core.

DOI: 10.1103/PhysRevA.100.043401

I. INTRODUCTION

In recent years, high harmonic generation (HHG) has been
a topic of wide interest in intense-laser matter interaction
because of its potential application as an extreme ultravio-
let light source [1]. The HHG process can be well under-
stood using the three-step model [2]: (1) tunneling ionization,
(2) electron acceleration in the external field, and (3) electron
recombination with the core, emitting a high-energy photon.
A quantum description of HHG is given by the quantum-orbit
(QO) model [3], in which each harmonic emission frequency
is attributed to a few dominant quantum trajectories [4].
The QO model has been well confirmed by both experi-
ments [5] and theoretical work based on the time-dependent
Schrödinger equations [6].

Molecular HHG encodes information about molecular
structure, which facilitates imaging of the molecular orbitals
using HHG [7,8]. Moreover, numerous interesting effects can
be observed in HHG from diatomic molecules such as two-
center interference [9–11] and orientation effects [12]. Due
to two-center interference, a minimum appears in the HHG
spectra of certain symmetric molecules and the position of
the minimum is related to the orientation of the molecule [9].
This interference effect is a special case of the sensitivity of
the recombination step to molecular structure which is used in
molecular orbital tomography [7,13].

HHG can be controlled by introducing a second-harmonic
field with orthogonal polarization that causes a transverse
offset in the electron trajectories. With comparable strength
of the two colors, the control of the tunneling electron [14]
and orbital tomography using single-shot measurement [15]
have been proposed. Furthermore, the timing and direction
of the recollision in HHG as a function of subcycle delay
between two colors has been discussed [16]. However, when
the second-harmonic field is relatively weak, the timing of

HHG is determined by the fundamental field. In this case, the
two-color scheme can be used as a detecting scheme for HHG
properties. By scanning the delay between the two fields and
analyzing the observables, the reconstruction of ionization
and recollision times has been achieved [6,17]. Most of the
above work has focused on atoms, while HHG from molecules
in two-color fields still holds many open questions.

In this article, we study HHG from models of diatomic
molecular ions H2

+, HeH2+, and HeH+ in orthogonally polar-
ized two-color laser pulses. The TDSE is numerically solved
with variable two-color delay. Our simulations show that
for H2

+, an apparent groove appears in the HHG intensity
distribution as a function of the two-color delay and harmonic
order. A similar but shallower groove can be observed in
HHG from the asymmetric molecules when the tunneling
occurs on the helium side. Our analysis reveals that these
grooves arise from the two-center interference, the mechanism
of which is slightly different in symmetric and asymmetric
molecules. We model HHG from H2

+ by considering the
transverse effects induced by the second-harmonic field in
combination with two-center interference. Using field-free
collisions of Gaussian wave packets [9,18] and considering
the orientation dependence of the ionization, we reach an
understanding of the orientation asymmetry in HHG from
asymmetric molecules.

This paper is organized as follows. We describe the de-
tails of the two-color calculation using the time-dependent
Schrödinger equation (TDSE) in Sec. II. In Sec. III we report
our main results and analyze the underlying mechanisms.
Section IV presents our conclusions.

II. TDSE SIMULATION DETAILS

We work with the single-active-electron Hamiltonian
H(t ) = p2/2 + V (r) + r · E(t ) (using atomic units h̄ = e =
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FIG. 1. (a) Time-dependent field of the orthogonally polarized
two-color laser pulse, which consists of a fundamental field Ex (t )
(solid black curve) and a second-harmonic field Ey(t ) (red and blue
dashed curves). The time domain of the Gabor analysis is marked
by two vertical lines. (b) The orientation of the HeH+ or HeH2+

molecule relative to the direction of Ex (t ) in the cases of the tunneling
on the helium and hydrogen side. The field-free potential of HeH+ is
plotted in the middle.

me = 1). The external field is a trapezoidally shaped laser
pulse with a total duration of three optical cycles and linear
ramps of one cycle in the form

E(t ) = E0 f (t )[ex sin(ωt ) + eyε sin(2ωt + φ)]. (1)

This pulse is composed of a fundamental field with amplitude
E0 and frequency ω and a weak second-harmonic field polar-
ized perpendicularly with a relative amplitude ε = 0.1. The
x and y components of the field are shown in Fig. 1(a). The
phase φ has the role of the delay between the two colors and
is scanned from 0 to 2π in steps of 1.0◦ (about 0.01745 rad).
Two-dimensional (2D) calculations are adopted throughout
our work, since the main properties of HHG from aligned or
oriented molecules can be modeled in 2D.

The TDSE is numerically solved by the split-operator
method [19]. The fundamental field is linearly polarized along
the x axis, and the grid dimensions are Lx × Ly = 204.8 ×
102.4 a.u. with 1024 × 512 grid points. After each time
step, the TDSE wave function �(t ) is multiplied by mask
functions for each dimension to absorb the continuum wave
packet at the boundary. The mask function along the x axis
has the form F (x) = cos1/8[π (|x| − x0)/(Lx − 2x0)] for |x| �
x0 and F (x) = 1 for |x| � x0. According to the three-step
model, long and short electronic trajectories contribute to
HHG in each laser cycle. The interference of these different
trajectories influences significantly the harmonic emission.
To exclude this influence, in the following, we restrict our
analysis to short trajectories which dominate the experimen-
tal HHG. This is achieved by setting the boundary of the
absorbing procedure along the x direction (the direction of
the fundamental field polarization) as x0 = 1.1E0/ω

2
0 [20] to

filter out the continuum wave packets related to the long
trajectories. A similar treatment is used in y dimension with
y0 = 3Ly/8.

Once the dipole acceleration a(t ) has been obtained,
the Gabor time-frequency analysis [21,22] is implemented

separately for the x and y components,

IGx(y) (�, t ) =
∣∣∣∣
∫

dt ′ax(y)(t
′)e−(t−t ′ )2/(2σ 2 )+i�t ′

∣∣∣∣
2

. (2)

Here we choose σ = 1/(3ω). The total Gabor intensity
IG(�, t ) = IGx (�, t ) + IGy (�, t ) represents the intensity of
one harmonic with frequency � emitted at time t . In the
ultrashort laser pulse, the short trajectories that are born in the
first half-cycle of the central part of the pulse contribute signif-
icantly to all harmonic orders. By taking the time window as
t = [1.5T, 2.05T ], we isolate the HHG intensity coming from
these trajectories ionizing (and recolliding) on the left side of
the molecule. We define the emission time tr of one harmonic
� as the time corresponding to the local maximum of the
Gabor intensity. IG(�, tr ) can be regarded as the harmonic
intensity and is strongly delay dependent. For each harmonic
order, we find a maximum of harmonic intensity at a certain
delay. In the two-color delay scan, the harmonic intensity is
normalized separately for each harmonic order, and a nor-
malized HHG intensity distribution depending on delay and
harmonic order is obtained. In our calculations below, the
Gabor analysis is applied only to the TDSE simulations with
laser field, not to the Gaussian wave packet model described
in Sec. III B, but the above-described normalization scheme is
used throughout this paper.

A soft-core potential is used for the diatomic molecular
ion,

V (r) = −Z1
/√

ξ + r2
1 − Z2

/√
ξ + r2

2 . (3)

Here the soft-core parameter ξ = 0.5 is used through-
out this article. The squared distances from the nu-
clei are r2

1 = (x − R1 cos θ0)2 + (y − R1 sin θ0)2 and r2
2 =

(x + R2 cos θ0)2 + (y + R2 sin θ0)2. Z1 and Z2 are effective
charges, R1 = Z2R/(Z1 + Z2) and R2 = Z1R/(Z1 + Z2). R is
the internuclear separation. θ0 denotes the angle between
molecular axis and the polarization of fundamental field.
If Z1 = Z2, the above Hamiltonian represents a symmetric
molecule where θ0 is the alignment angle in the range from 0
to π/2. For asymmetric molecules, θ0 is the orientation angle,
and it is varied in the range from 0 to π .

III. RESULTS AND DISCUSSION

A. Symmetric molecular ion and tunneling-recombination
model

For H2
+ the effective charges are Z1 = Z2 = 1 a.u, the

internuclear distance is R = 2 a.u., and the ionization poten-
tial is Ip = 1.1 a.u. The field strength is E0 = 0.1196 a.u.
corresponding to an intensity of I = 5 × 1014 W/cm2, while
the frequency ω = 0.05695 a.u. corresponds to a wavelength
of λ = 800 nm. Figure 2(a) gives an example of the HHG
intensity distribution for parallel alignment (alignment angle
θ0 = 0◦). The distribution shows two branches, and the HHG
intensity is periodic in the delay φ with period π , which
is similar to the atomic case [6]. However, the two-color
scan for θ0 = 30◦ exhibits 2π periodic behavior due to the
reduced symmetry. The most conspicuous feature in Fig. 2(b)
is that a clear groove appears in the first branch of the
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FIG. 2. (a), (b) The normalized HHG intensity distribution from
H2

+ exposed to a two-color laser pulse with I = 5 × 1014 W/cm2

and λ = 800 nm at alignment angle (a) θ0 = 0◦ and (b) θ0 = 30◦,
respectively. (c) Recollision angles θ (in degrees) obtained by QO
theory in the case θ0 = 30◦. Values of angles outside the range of the
color scale are shown in the color of the minimum or maximum angle
of the scale. (d) The same as (b) but obtained from the tunneling-
recombination model.

distribution, which means that the harmonic emission is
strongly suppressed in a specific delay and frequency region.
The groove is located at higher order compared to the in-
terference minimum in the HHG spectrum generated in the
fundamental field only [9]. The reason for this deviation will
be clarified below. Our further simulations show that this
groove moves to higher harmonic orders as θ0 is increased.
This behavior is in good agreement with that of the minimum
caused by the two-center interference. In contrast, the groove
in the right side does not correspond to the position of a spec-
tral minimum; it appears mainly because of the normalization
procedure and because the intensity in the left branch is much
stronger.

To interpret this phenomenon, we model HHG from two-
color irradiation by considering the ionization and recom-
bination processes separately. This model is based on the
QO model for monochromatic fields. Since the weak second-
harmonic field can be taken as a perturbation, the ionization
and return times are determined by the fundamental field
Ex(t ). Neglecting the second-harmonic field in QO model, the
ionization time t1 and return time t2 of the electron satisfy the
saddle-point equations

[px(t1, t2) + Ax(t1)]2/2 = Ip, (4a)

[px(t1, t2) + Ax(t2)]2/2 = � − Ip. (4b)

Here px(t1, t2) = −1
(t2−t1 )

∫ t2
t1

Ax(t ′) dt ′ is the saddle-point

momentum, where Ax(t ) = − ∫ t
0 Ex(t ′) dt ′. The times t1 and t2

are complex valued, and the real part of t1 is regarded as phys-
ical ionization time t1i. Although the times are determined
by the fundamental field, the perturbative second-harmonic
field modifies the electron trajectory in the y direction. Due

to the perturbation, the transverse return velocity is υy,r =
py(t1, t2) + Ay(t2), where py(t1, t2) = −1

(t2−t1 )

∫ t2
t1

Ay(t ′) dt ′ and
Ay(t ) is the y component of the vector potential. Similarly,
the return velocity along the x direction is υx,r = px(t1, t2) +
Ax(t2). Therefore, the electron returns at an angle θ1 given
by θ1 = arctan(Re[υy,r]/Re[υx,r]). Here the real parts of the
velocity components are used for the following reason. The
complex velocities υυυ in the QO model are to be under-
stood as those appearing in plane waves of the form exp
(iυυυ · r). An imaginary part of the complex velocity implies
a real term in the exponent and thus modifies the position-
dependent amplitude of the wave, not the direction of the
wave.

On the other hand, for the electron to recombine to the
core at time t2 it must return to the position it was released at
time t1, i.e., y(t2) − y(t1) = 0. Hence the transverse initial
velocity is

υy,i = εE0

2ω

[
cos ϕ1 + sin ϕ1 − sin ϕ2

2ω(t2 − t1)

]
, (5)

where ϕ1 = 2ωt1 + φ and ϕ2 = 2ωt2 + φ. Inserting t1 and t2
from the QO model into Eq. (5), we obtain the initial kinetic
energy of the electron as Ep,i = (Re[υy,i])2/2, which is delay
dependent. Then the tunneling rate can be written as

� ∝ exp

(−2{2Ip + (Re[υy,i])2}3/2

3|Ex(t1i )|
)

, (6)

which implies that ionization is strongest for the lowest trans-
verse initial velocity. Here t1i is the real exit time from the QO
model. Our extended simulations show that the two-color scan
of the HHG intensity from atoms or H2

+ with θ0 = 0◦ is well
reproduced by this tunneling rate model. This suggests that
the physical mechanism leading to the groove for θ0 = 30◦ is
mainly contained in the recombination process, which is not
taken into account in Eqs. (5) and (6).

For H2
+, the recombination probability is well described

by two-center interference following from a plane-wave ap-
proximation for the returning electron. Assuming that the
active orbital in H2

+ is a linear combination of atomic
orbitals [23], the velocity-form recombination matrix ele-
ment [24] is proportional to cos[k(R/2) cos θ ], and the recom-
bination probability is Rrec(R, θ )∝| cos[k(R/2) cos θ ]|2. Here
the simple heuristic formula k = √

2� is used as effective
momentum that considers the Coulomb effect, and θ is the
recollision angle relative to the molecular axis. Considering
the transverse offset caused by the second-harmonic field,
the recollision angle is θ = |θ1 − θ0|. Figure 2(c) shows the
recollision angle θ obtained from the QO model as a function
of two-color delay and harmonic order. For our parameters,
the angle θ1 is up to ±25◦ at certain delays for the lowest
harmonic order, but it decreases quickly for higher orders.
It is shown that, compared with θ0 = 30◦, the recollision
angle θ is increased in the first branch but decreased in the
second one, especially in the lower orders. Since the interfer-
ence minimum corresponds to Rrec(R, θ ) = 0 i.e., kR cos θ =
(2n + 1)π , the minimum moves upwards (downwards) in the
first (second) branch, which explains the groove in Fig. 2(b).
The recollision angle of electrons is modulated by the second-
harmonic field, thus the interference effect is tuned by the
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two-color delay. Therefore, the harmonic intensity from H2
+

can be expressed as a product of the tunneling rate and
recombination probability:

Iharm ∝ exp

[
−4

√
2(Ip + Ep,i )3/2

3|Ex(t1i )|

]
Rrec(R, θ ). (7)

This model is named as tunneling-recombination model in
the following. The result of Eq. (7) is shown in Fig. 2(d). It
is striking that the whole distribution is in good qualitative
agreement with the TDSE result. Therefore, the perturbative
second-harmonic field plays a significant role in both ion-
ization and recombination. The two-color delay modifies the
ionization rate leading to a two-branch structure in the HHG
intensity distribution. Simultaneously, this delay tunes the
position of the interference minimum. The interplay of these
two effects implies that the ionization-time retrieval [6,17]
cannot be readily applied when θ0 �= 0.

B. Asymmetric molecular ions and Gaussian recollision

In the following, we extend our discussion to asymmetric
molecular ions to explore the role of asymmetry in two-color
HHG. We start our discussion with a model HeH2+ ion
with effective charges ZHe/ZH = 2. All other molecular and
field parameters are the same as those used for H2

+ above.
In particular, the charges are chosen to reproduce the same
ionization potential Ip = 1.1 a.u. as in H2

+ while keeping the
ratio as 2:1. While this is not the true ionization potential
of HeH2+, it has the advantage of providing a more direct
comparison with the H2

+ results. First, as illustrated in panel
A of Fig. 1(b), the internuclear vector pointing from the
heavy nucleus to the light nucleus is oriented at an angle of
30◦ relative to the x direction (the polarization axis of the
fundamental field). In this case, the tunneling occurs on the
helium side, and the basic properties of the HHG intensity
distribution [see Fig. 3(a)] are similar to that of H2

+, except
that the groove is not as pronounced as for H2

+. If we assume
the groove also to be an interference effect, the result means
that the groove becomes shallower because the destructive
interference between contributions from the two centers do
not completely cancel each other. When the molecular axis
is reversed (the orientation angle becomes θ0 = −150◦), the
tunneling switches to the hydrogen side. The harmonic emis-
sion is strongly suppressed in most harmonic orders in the
first branch of the distribution, and the interference groove
becomes unobservable. In other words, the HHG intensity
shows an obvious orientation asymmetry.

For completeness, we proceed with a similar calculation
on the more realistic case of a HeH+ ion. Since the bound
electrons are localized on the helium side, we assume a
partial screening of the helium atom. The soft-core potential
is written then as

V (r) = − ZH√
r2

H + ξ

−
(
Z in

He − Zout
He

)
exp

( − r2
He/ρ

) + Zout
He√

r2
He + ξ

.

(8)

FIG. 3. In panels (a) and (b), we show the two-color delay scan
of the HHG intensity for model HeH2+ at orientation angle θ0 = 30◦

and θ0 = −150◦, respectively. The laser parameters are the same as
those used in Fig. 2. In panels (c) and (d) we show the harmonic
intensity distributions for HeH+ at θ0 = 30◦ and θ0 = −150◦, when
the intensity and wavelength of the fundamental field are chosen as
I = 1.2 × 1015 W/cm2 and λ = 600 nm.

Here ZH = 1 is the nuclear charge of hydrogen, and Z in
He = 2

and Zout
He = 1 denote the inner and outer limit of the effective

charge for helium. The internuclear distance is set to be
R = 1.8 a.u., a little larger than the equilibrium distance R =
1.4 a.u. This serves for better comparability with the other
systems studied above. The screening parameter ρ is adjusted
such that the ionization potential is Ip = 1.5055 a.u. Due to
the large value of the ionization potential, a higher intensity
is used to obtain significant ionization. At the same time, a
higher frequency is used to avoid an increase of the harmonic
cutoff energy. The field strength and the frequency are chosen
to be E0 = 0.174 a.u. and ω = 0.07593 a.u. corresponding to
an intensity of I = 1.2 × 1015W/cm2 and a wavelength λ =
600 nm, respectively. The two-color delay scans for HeH+ in
Figs. 3(c) and 3(d) exhibit similar phenomena as for HeH2+.
However, the groove becomes even shallower for the helium-
side tunneling case, and the suppression of harmonic emission
seems even stronger in the first branch for the hydrogen-side
case.

To explain the orientation asymmetry, field-free collisions
of Gaussian wave packets are implemented to simulate the
recombination step in harmonic generation [9,18]. The initial
wave packet �(r) is given by a superposition of the ground
state �0(r) and a Gaussian wave packet �G(r): �(r) =
[�0(r) + �G(r)]/

√
2. In order to simulate the two-color delay

scan scheme, the Gaussian wave packet mimics the returning
electron. For each delay, the wave packet is set to move toward
the molecule (also the grid center) from the direction θ =
|θ1 − θ0| relative to the molecular axis. The recollision angle θ

is exactly the same as we used in the tunneling-recombination
model. The spatial grid size is Lx × Ly = 400 × 400 a.u. with
1024 × 1024 grid points. The propagation time is one optical
period T with 2048 time steps. When the center momentum is
chosen to be k0 = √

2(� − Ip) the initial center position of the
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FIG. 4. (a), (b) The Gaussian collision results for HeH+ obtained
using Eq. (9) corresponding to Figs. 3(c) and 3(d). (c) Ionization
probabilities as a function of time at different orientation angles.
(d) Orientation dependence of the ionization yield in the time interval
[1.40T, 1.65T ].

Gaussian wave packet is set to r0 = T k0/2 from the grid cen-
ter. Once the dipole acceleration has been obtained, Fourier
transforms are performed to calculate spectra SGauss(�,φ).
Combining these spectra with the tunneling rate �, we model
the harmonic intensity as

Iharm ∝ exp

[
−4

√
2(Ip + Ep,i )3/2

3|Ex(t1i )|

]
SGauss(�,φ). (9)

Figures 4(a) and 4(b) give examples of the Gaussian col-
lision results of HeH+ corresponding to the TDSE results
in Figs. 3(c) and 3(d). The basic features of orientation
asymmetry such as the groove and the suppression visible
in the TDSE results are not well reproduced, suggesting that
the recombination process plays only a partial role in the
orientation asymmetry. This situation motivates our consider-
ation of the orientation dependence in the ionization process,
which has been discussed previously as a permanent dipole
effect [25,26].

For investigation of the ionization process, we turn off the
second-harmonic field, so that the HeH+ molecule is exposed
to a linearly polarized field only. Numerically, the ionization
probability P(t ) is evaluated as the decay of the norm of the
wave function at time t due to the removal of the continuum
electron at the grid boundary, P(t ) = 1 − 〈�(t )|�(t )〉. In
Fig. 4(c) ionization probabilities at a few orientation angles
are plotted, showing an obvious orientation dependence. As
one may expect, the ionization is strongest when the field is
antiparallel to the internuclear vector (θ0 = 180◦) such that
tunneling via hydrogen takes place, which is much stronger
than ionization in the parallel case when tunneling from
helium takes place (θ0 = 0◦). It is worth noticing that this
probability is counted at the time t when the tunneled elec-
trons reach the grid boundary (x, y = ±Lx,y/2), while the
exit time t1i discussed above is defined as the time when

the electron exits the tunneling barrier. The time delay �t =
t − t1i between time t and the exit time t1i can be estimated
from TDSE calculations. For HeH+ at our laser parameters,
we find a time delay about �t = 0.15T . Since the exit time
corresponding to the Gabor analysis region is in an interval
[1.25T, 1.50T ], the electrons reach the boundary in a time
region [1.40T, 1.65T ]. Thus we evaluate the ionization yield
as Pion = P(1.65T ) − P(1.40T ) and plot Pion as a function of
orientation angle in Fig. 4(d). This shows that the ionization
yield varies considerably when the orientation angle is varied
around θ0 = 30◦ (tunneling on the helium side) or around
θ0 = 150◦ (tunneling on the hydrogen side). This could give
an explanation of the orientation asymmetry in the TDSE
results. Due to the perturbation by the second-harmonic field,
the direction of the ionizing field is slightly modified. When
the orientation is θ0 = −150◦, as in Figs. 3(b) and 3(d), the
angle of the ionizing field becomes less than 150◦ in the first
branch and the ionization yield decreases rapidly, so that the
harmonic emission is suppressed, especially at low orders.
For θ0 = 30◦ [Figs. 3(a) and 3(c)], the harmonic intensity
is affected less, due to the weaker orientation dependence
of ionization. Thus an interference groove can be observed
in the two-color delay scan, which is similar to the case
of symmetric molecules. We conclude that the orientation
dependence of HHG from asymmetric molecules in a two-
color field is strongly influenced by the orientation depen-
dence of ionization. We believe that additional effects such
as orientation-dependent return probabilities [27] may play a
role, which are outside the scope of the present model.

IV. CONCLUSION

In summary, we have investigated HHG from models of
diatomic molecules including the symmetric molecular ion
H2

+ and asymmetric molecular ions HeH2+ and HeH+ in
orthogonally polarized two-color fields by solving the time-
dependent Schrödinger equation. Our simulations show that
two-center interference effects can be observed both for H2

+

and for the asymmetric systems if tunneling takes place on
the helium side. A groove appears in the HHG intensity as a
function of delay and harmonic order. Considering the effect
of the two-color delay both in ionization and recombination
processes, we explain the HHG intensity from H2

+ with
the help of the QO model, which can well reproduce the
TDSE results. To interpret the orientation asymmetry in HHG
from the asymmetric molecules, the field-free collision of
Gaussian wave packets is implemented as a way to include
the orientation dependence of recombination. The orientation
dependence of ionization is also discussed. We mention that
all the above analysis is restricted to HHG coming from short
trajectories that are born in one half laser cycle. To observe
these findings, one would need an ultrashort few-cycle pulse
so that only one branch of short trajectories contributes to the
measured HHG signal.

Before concluding, we mention that the orientation depen-
dence of HHG from asymmetric molecules can be observed
already in harmonic spectra generated by the fundamental
field only. In the time-frequency distribution, the groove re-
lated to the two-center interference can be observed only when
the tunneling occurs on the helium side, where the harmonic
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emission is weaker than the hydrogen side case [28]. By in-
troducing the second-harmonic field and tuning the two-color
delay, not only is the position of interference groove modified,
but also the appearance of the groove can be controlled in
asymmetric molecules. Our work thus sheds light on the
roles of the ionization and recollision processes in HHG from
diatomic molecules.
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