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We present a theoretical investigation of the influence of molecular alignment and orientation on elliptically
polarized high-order harmonic generation (HHG) from CO molecules exposed to a linearly polarized pulse.
The results show that the ellipticity of HHG observed in a partially aligned or oriented CO molecular ensemble
significantly deviates from that of the individual response. Additionally, we find that the ellipticity of HHG
in the CO molecular ensemble exhibits strong dependence on the degree of molecular alignment/orientation
as well as the time delay between the alignment/orientation and probe pulses. More importantly, under the
proper alignment/orientation angle, a large HHG ellipticity can be achieved from the partially aligned/oriented
molecular ensemble at a moderate degree of alignment/orientation. These findings relax the experimental
requirement of a high degree of molecular alignment/orientation for harmonic generation with large ellipticity.
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I. INTRODUCTION

High-order harmonic generation (HHG) is a highly nonlin-
ear, nonperturbative process occurring in atoms or molecular
media subject to intense laser fields [1,2]. Due to its excellent
coherence and extremely wide plateau structure, HHG has
provided an effective way to generate the coherent attosec-
ond pulses [3,4]. These attosecond pulses have enabled the
detection and manipulation of electronic dynamic processes
in atoms, molecules, and condensed matter with unparalleled
temporal and spatial resolution [5–9]. Additionally, HHG also
serves as an ideal source for generating the extreme ultraviolet
[10] and soft x-ray radiations [11].

Recently, elliptically polarized (EP) harmonics have
emerged as a subject of extensive interest, driven by their
applications in studying ultrafast chiral-specific dynamics
in molecules [12], x-ray magnetic circular dichroism spec-
troscopy [13], and structural properties of materials [14]. To
generate EP harmonics, various methods have been proposed,
falling into two categories. The first is to employ different
driving laser fields, such as the EP pulse [15–17], the or-
thogonal two-color field [18,19], the two-color cross-linearly
polarized laser field [20,21], the two-color counter-rotating
circularly polarized (CP) laser field [22,23], the noncollinear
CP laser field [24–26], polarization gating [27], and so on.
The second is to choose special target media, such as the
ring-current states [28,29], mixed gases [30], and molecules
[31]. Among the methods, the interaction of linearly polarized
pulse with molecules is a traditional approach. Molecules
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have a rich internal structure, which has been demonstrated
to significantly affect the ellipticity of HHG. For example,
Son et al. [32] found that the two-center interference can
induce the EP HHG from H2

+. Du et al. [33] demonstrated
that the asymmetry of the highest occupied molecular orbital
(HOMO) of a CO molecule can give rise to a large ellipticity
of HHG. Smirnova et al. [34] found that the channel interfer-
ence of a CO2 molecule can result in an increased ellipticity
of HHG. In addition, for an individual molecule, the ellipticity
of HHG has also been demonstrated to depend sensitively on
the alignment/orientation angle between the molecular axis
and laser polarization [33,35]. To realize the molecular align-
ment/orientation in experiments, researchers have developed
several techniques. The usage of an intense femtosecond laser
pulse is an extensively used approach for realizing the molecu-
lar alignment [36–39]. By precisely adjusting the intensity and
duration of the laser pulse, the degree of molecular alignment
can be effectively improved [40]. Compared with molecular
alignment, controlling molecular orientation is more chal-
lenging. Some methods including the two-color laser field
[41,42], a terahertz few-cycle laser field [43,44], a half-cycle
laser field [45,46], and an intense laser field combined with
a weak dc electric field [47–49] have been employed to real-
ize the molecular orientation. However, despite these efforts,
achieving a perfect molecular alignment/orientation in experi-
ments remains an ongoing challenge [50–52]. For the partially
aligned/oriented molecular ensemble, the measurement is a
result averaged over the molecular alignment/orientation dis-
tribution. In the past, Zhou et al. [31] experimentally and
Le et al. [53] theoretically studied the harmonic ellipticity of
N2 molecules with different molecular alignment angles at a
specific alignment degree. However, it is essential to elucidate
the influence of imperfect molecular alignment/orientation on
EP HHG.
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In this work, we calculate the EP HHG resulting from the
interaction between the CO molecular ensemble and a linearly
polarized pulse to explore the influence of molecular align-
ment and orientation on EP HHG. We find that the molecular
alignment and orientation significantly affect the ellipticity of
HHG. By adjusting the alignment or orientation angle, we
demonstrate that the EP HHG with large ellipticity (approxi-
mately 0.98) can be obtained from a partially aligned/oriented
molecular ensemble under the appropriate experimental con-
dition for molecular alignment/orientation.

II. THEORETICAL MODEL

A. Lewenstein model

The HHG radiation for an individual CO molecule was
calculated by the Lewenstein model [54]. The parallel and per-
pendicular components of time-dependent dipole momentum
are described as

D‖(t, β ) = i
∫ t

−∞
dt ′

[
π

ξ + i(t − t ′)/2

]3/2

× {cos(β )dx[pst (t
′, t ) − A(t ′)]

+ sin(β )dy[pst (t
′, t ) − A(t ′)]}

× {cos(β )d∗
x [pst (t

′, t ) − A(t )]

+ sin(β )d∗
y [pst (t

′, t ) − A(t )]}
× e−iSst (t ′,t )E (t ′)g(t ′) + c.c., (1)

D⊥(t, β ) = i
∫ t

−∞
dt ′

[
π

ξ + i(t − t ′)/2

]3/2

× {sin(β )dx[pst (t
′, t ) − A(t ′)]

− cos(β )dy[pst (t
′, t ) − A(t ′)]}

× {sin(β )d∗
x [pst (t

′, t ) − A(t )]

− cos(β )d∗
y [pst (t

′, t ) − A(t )]}
× e−iSst (t ′,t )E (t ′)g(t ′) + c.c. (2)

Here, A(t ′) is the vector potential of the probe pulse E (t ′), lin-
early polarized on the x-y plane with an angle β with respect
to the molecular axis as shown in Fig. 1(d). ξ is a positive
regularization constant. g(t ′, β ) = exp[− ∫ t

−∞ w(t ′, β )dt ′] is
the ground-state amplitude at the time t with w(t ′, β ) of the
ionization rate. w(t ′, β ) can be calculated by the molecular
Ammosov-Delone-Krainov model for aligned molecules [55]:

w(t ′, β ) =
∑

m′

B2(m′)
2|m′||m′|!

× 1

κ2Zc/κ−1

(
2κ3

E (t ′)

)2Zc/κ−|m′ |−1

e−2κ3/3E (t ′ ), (3)

where

B(m′) =
∑

l

ClD
l
m′,m(β )Q(l, m′), (4)

Q(l, m) = (−1)m

√
(2l + 1)(l + |m|)!

2(l − |m|)! , (5)

FIG. 1. (a) The parallel and perpendicular harmonic spectra for
an oriented CO molecule. (b) Same as panel (a), but for an aligned
CO molecule. (c) The relative phase of the parallel and perpendicular
harmonic components. The green and pink lines are for the oriented
and aligned CO molecules, respectively. Here, the angle β between
the CO molecular axis and the polarization direction of the probe
pulse is 45◦. (d) A sketch of our simulation for a CO molecule.

where Zc is the effective Coulomb charge, κ = √
2Ip, and

Dl
m′,m is the rotation matrix. The coefficients Cl for the CO

molecule can be calculated by the multiple-scattering method
[55,56].

Sst (t ′, t ) is the quasiclassical action, which is given by

Sst (t
′, t ) =

∫ t

t ′
dt ′′

{
[pst (t ′, t ) − A(t ′′)]2

2
+ Ip

}
, (6)

where Ip = −0.5464 a.u. is the ionization potential of the
CO molecule. pst (t ′, t ) is the stationary momentum, which is
given by

pst (t
′, t ) = 1

t − t ′

∫ t

t ′
A(t ′′)dt ′′. (7)

dx and dy are the x and y components of the dipole matrix
element, which are characterized by the electron momentum
p = pst − A. Within the strong-field approximation [54], the
transition dipole moment for the bound-free transition is given
by

d(p) = 〈e−ip·r|r|�〉, (8)

where � is the HOMO of the CO molecule, which is obtained
by an ab initio calculation using the GAUSSIAN09 code [57].
Then the parallel and perpendicular components of the har-
monic spectrum for an oriented CO molecule are obtained by
Fourier transforming the time-dependent dipole acceleration,

a‖(q, β ) = 1

T

∫ T

0
D̈‖(t, β )e−iqωt dt, (9)

a⊥(q, β ) = 1

T

∫ T

0
D̈⊥(t, β )e−iqωt dt, (10)

where T and ω are the duration and frequency of the probe
pulse, respectively. q is the harmonic order. Note that for
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an aligned CO molecule, the harmonic spectrum is aver-
aged over two opposite orientation angles, i.e., a‖,⊥(q, β ) =
a‖,⊥(q, β ) + a‖,⊥(q, β + π ). The intensities and the phase of
the parallel and perpendicular harmonic components can be
given by I‖,⊥ = |a‖,⊥(q, β )|2 and φ‖,⊥ = arg[a‖,⊥(q, β )], re-
spectively. Then the ellipticity of HHG is calculated by

ε =
√√√√1 + r2 −

√
1 + 2r2 cos(2δ) + r4

1 + r2 +
√

1 + 2r2 cos(2δ) + r4
, (11)

with the amplitude ratio r = a⊥(q,β )
a‖(q,β ) and the phase difference

δ = φ‖ − φ⊥ of the parallel and perpendicular harmonic com-
ponents, respectively.

It is worth mentioning that the Lewenstein model used
in our simulations may be not so accurate to calculate the
HHG of CO molecules and the ellipticity of HHG [58]. How-
ever, in this work, our primary objective is to gain a deeper
understanding of the influence of molecular alignment and
orientation on the ellipticity of HHG. In this context, the
Lewenstein model remains reasonable and can isolate the im-
pact of alignment and orientation from other effects [59,60],
which are absent in the Lewenstein model.

B. Molecular alignment and orientation

In this section, we introduce the calculation model of the
molecular alignment and orientation. In this model, the time-
dependent molecular angular distribution ρ(θ, φ, τ ) can be
written as a weighted average of the squared modulus of the
time-dependent rotational wave packet ψJM (θ, φ, τ ), i.e.,

ρ(θ, φ, τ ) =
∑
JM

�JM |ψJM (θ, φ, τ )|2, (12)

where θ is the angle between the molecular axis and the
polarization direction of alignment or orientation pulses ε(t )
as shown in Fig. 1(d), φ is the azimuthal angle in the frame
of the alignment pulse, and τ is the time delay between the
alignment/orientation and probe pulses. �JM is the population
of the initial state |JM〉 given by the Boltzmann distribution.
Here, ρ is assumed to be constant during the probe pulse,
which is reasonable since the rotation period of molecules (a
few picoseconds) is usually much longer than the duration of
probe pulse (tens of femtoseconds) [61]. The time-dependent
rotational wave packet ψJM (θ, φ, τ ) can be obtained by solv-
ing the time-dependent Schrödinger equation of the molecular
rotational wave packet [62],

i
∂ψJM (θ, φ, τ )

∂τ
= H (t )ψJM (θ, φ, τ ), (13)

with

H (t ) = BeJ2 − με(t ) cos θ − 1
2 [(α‖ − α⊥) cos2 θ + α⊥]ε2(t )

− 1
6 [(β‖ − 3β⊥) cos3 θ + 3β⊥ cos θ ]ε3(t ). (14)

Here, Be is the rotational constant, J2 denotes the squared an-
gular momentum operator, μ is the permanent dipole moment,
α‖ and α⊥ are the parallel and perpendicular components of
the polarizability tensor, and β‖ and β⊥ are the second-order

hyperpolarizability components parallel and perpendicular to
the molecular axis. For the CO molecule, Be = 1.93 cm−1,
α‖ = 2.294 Å3, α⊥ = 1.77 Å3, β‖ = 2.748×109 Å5, β⊥ =
4.994×108 Å5, and μ = 0.112 D [63,64]. Equation (13) can
be solved with the split-operator method. The factor of molec-
ular alignment and orientation is calculated by

〈cosnθ〉(τ ) =
∑
JM

�JM〈ψJM(θ, φ, τ )|cosnθ |ψJM(θ, φ, τ )〉,

(15)

where n = 1 is for molecular orientation and n = 2 is for
molecular alignment.

The parallel and perpendicular components of dipole
acceleration for a partially aligned/oriented CO molecular
ensemble then are given by [61]

a′
‖(q, α, τ ) =

∫ 2π

φ=0

∫ π

θ=0
a‖(q, θ )ρ(β, τ )sinθdθdφ, (16)

a′
⊥(q, α, τ ) =

∫ 2π

φ=0

∫ π

θ=0
a⊥(q, θ )ρ(β, τ )sinθcosφdθdφ,

(17)

with α of the alignment/orientation angle between the po-
larization directions of the alignment/orientation and probe
pulses as shown in Fig. 1(d). The angle β obeys cos β =
sin θ sin α cos φ + cos θ cos α. It is worth noting that for the
case of perfect alignment, or namely, the single-molecule
response, all the molecules are aligned along the polariza-
tion direction of the alignment/orientation pulse. In this case,
θ = 0◦, and then α = β. The intensity of the qth harmonic can
be given by I ′

‖,⊥(q, α, τ ) = |a′
‖,⊥(q, α, τ )|2.

III. RESULTS AND DISCUSSIONS

In Figs. 1(a) and 1(b), we present the parallel and per-
pendicular harmonic spectra for an oriented and an aligned
CO molecule, respectively. The corresponding relative phase
between the parallel and perpendicular harmonic components
is shown in Fig. 1(c). Here, the angle β between the molecular
axis and the polarization direction of the probe pulse is set to
45◦. The probe pulse is an 800-nm linearly polarized laser
field with an intensity of 3×1014 W/cm2. This pulse can
be expressed as E (t ) = E0 f (t ) cos(ωt ), where f (t ) is repre-
sented by a trapezoidal envelope with two-cycle rising and
two-cycle falling edges, followed by an eight-cycle plateau.
From Fig. 1(a), it is evident that the even harmonics are ob-
servable in the spectrum of the oriented CO molecule, owing
to the asymmetry of its HOMO. Moreover, it can be observed
from Figs. 1(a) and 1(b) that the intensities of the parallel and
perpendicular harmonic components are comparable, while
their phases are different [Fig. 1(c)]. It means that the har-
monic generated from an aligned and oriented CO molecule
is elliptically polarized.

We first investigate the influence of molecular alignment
on EP HHG. In our simulations, we assume that a linearly
polarized alignment pulse with a polarization angle α is
initially applied to create molecular alignment as shown in
Fig. 1(d). The alignment pulse prepares the molecule in a
coherent superposition of rotational eigenstates that dephases
and rephases. In the case of linear molecules, alignment recurs

043118-3



RU ZHANG et al. PHYSICAL REVIEW A 109, 043118 (2024)

FIG. 2. (a) Evolution of the alignment factor 〈cos2θ〉 with the
time delay τ between the alignment and probe pulses. The inten-
sity, wavelength, and duration of the alignment pulse are 4.5×1013

W/cm2, 800 nm, and 50 fs, respectively. The molecular rotational
temperature is 12.5 K. The insets are the angular distribution ρ(θ )
for the aligned CO molecular ensemble at τ = 4.07 and 4.63 ps.
(b) The alignment factor 〈cos2θ〉 at τ = 4.07 ps as a function of the
intensity of the alignment pulse and the rotational temperature of CO
molecules.

periodically at multiples of the rotational period Trev. The
alignment factor 〈cos2θ〉 is commonly used to quantify the
degree of alignment. In Fig. 2(a), we present the calculated
time evolution of the alignment factor 〈cos2θ〉 as a function
of the time delay τ between alignment and probe pulses for
the CO molecular ensemble. The intensity, the wavelength,
and the duration of the alignment pulse are 4.5×1013 W/cm2,
800 nm, and 50 fs, respectively. The molecular rotational
temperature is 12.5 K. Notably, 〈cos2θ〉 exhibits a signifi-
cant dependence on the time delay τ around half rotational
revival 1

2 Trev = 4.32 ps. At τ = 4.07 ps, the alignment fac-
tor reaches a maximum value (〈cos2θ〉 = 0.55) where the
molecules are temporarily well confined within a narrow an-
gle around the polarization direction of the alignment pulse
(see inset at point A). 〈cos2θ〉 reaches a minimum value at
τ = 4.63 ps where most molecules become perpendicular to
the polarization direction of the alignment pulse (see inset at
point B). Figure 2(b) shows the alignment factor 〈cos2θ〉 at
τ = 4.07 ps as a function of the intensity of alignment pulse
and the molecular rotational temperature. One can see that the
alignment factor increases with the intensity of the alignment
pulse and decreases with the molecular rotational temperature.
However, the conditions to achieve perfect molecular align-
ment are very strict in experiments.

By adjusting the intensity of the alignment pulse and the
molecular rotational temperature, we can obtain the different

FIG. 3. (a) and (b) The ellipticity distributions of the 15th and
25th harmonics as functions of the alignment factor 〈cos2θ〉 and
alignment angle α for the CO molecular ensemble. (c) The elliptic-
ities of the 15th and 25th harmonics with respect to the angle β for
an individual CO molecule. (d) The angular distribution of the CO
molecular ensemble for 〈cos2θ〉 = 0.35 and aligned at α = 70◦ (blue
dashed line) and 35◦ (red solid line). (e) and (f) Same as panel (d),
but for 〈cos2θ〉 = 0.6 and 0.9, respectively.

degrees of alignment as shown in Fig. 2(b). Then, we calculate
the harmonic spectra for various degrees of alignment. The
simulation results demonstrate that the harmonic ellipticity
sensitively depends on the alignment degree and the alignment
angle α. Moreover, this dependency can be split into two
categories for the harmonics in the plateau region. The first
type can be observed for the 11th-27th and 33rd harmonics.
Here, we take the 15th and 25th harmonics as examples to
show the results for the first type. Figures 3(a) and 3(b) are
the ellipticity distributions of the 15th and 25th harmonics as
a function of the alignment factor and the alignment angle α

for the CO molecular ensemble. In this case, the harmonic
ellipticity of the partially aligned CO molecular ensemble is
found to be smaller than that of the individual CO molecule
result [〈cos2θ〉 = 1 in Figs. 3(a) and 3(b)]. Moreover, the
ellipticity of HHG exhibits a monotonic increase with the
degree of alignment at α = 70◦ for the 15th harmonic and
α = 35◦ for the 25th harmonic [dashed lines in Figs. 3(a) and
3(b)]. This behavior can be understood from the alignment-
angle-dependent ellipticity of the individual CO molecule
[Fig. 3(c)] and the angular distribution of the CO molecular
ensemble with different degrees of alignment. From Fig. 3(c),
one can see that for the 15th and 25th harmonic, the har-
monic ellipticity of the individual CO molecule increases with
β for β < 70◦/35◦ and decreases with β for β > 70◦/35◦.
Figures 3(d)–3(f) plot the angular distributions of the CO
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FIG. 4. (a) and (b) The ellipticity distributions of the 31st and
37th harmonics as functions of the alignment factor 〈cos2θ〉 and
the alignment angle α for the CO molecular ensemble. (c) The
ellipticities of the 31st and 37th harmonics with respect to the an-
gle β for an individual CO molecule. (d) The angular distribution
of the CO molecular ensemble for 〈cos2θ〉 = 0.35 and aligned at
α = 50◦. (e) and (f) Same as panel (d), but for 〈cos2θ〉 = 0.75 and
0.9, respectively.

molecular ensemble for different alignment factors 〈cos2θ〉
of 0.35, 0.6, and 0.9 at α = 70◦ (blue dashed line) and 35◦
(red solid line). As the alignment degree increases, the angular
distribution of the CO molecular ensemble becomes narrow
as shown in Figs. 3(d)–3(f). Then the contribution of CO
molecules aligned around 70◦ for the 15th harmonic and 35◦
for the 25th harmonic with large ellipticity is increased. Thus,
the harmonic ellipticity at 70◦ for the 15th harmonic and 35◦
for the 25th harmonic increases with the degree of alignment
as shown in Figs. 3(a) and 3(b).

We next present the results for the second type, which
is observed for the 29th–31st and 35th–41st harmonics.
Figures 4(a) and 4(b) show the ellipticity distributions
of the 31st and 37th harmonics as a function of the
alignment factor 〈cos2θ〉 and the alignment angle α for
the CO molecular ensemble. Unlike the first type shown
in Figs. 3(a) and 3(b), the harmonic ellipticity of the
partially aligned CO molecular ensemble is larger than
that of the individual CO molecular result [〈cos2θ〉 = 1
in Figs. 4(a) and 4(b)]. Moreover, the maximum har-
monic ellipticity is observed at α = 50◦ and 〈cos2θ〉 =
0.75 [marked as point A in Figs. 4(a) and 4(b)]. When
α = 50◦, the ellipticity of HHG increases monotonically
for 〈cos2θ〉 < 0.75 and turns to decrease for 〈cos2θ 
 0.75
[dashed lines in Figs. 4(a) and 4(b)]. Similarly, we also present
the ellipticities of the 31st and 37th harmonics with respect to

FIG. 5. (a) and (b) The ellipticity distributions of the 15th and
31st harmonics as functions of the time delay τ between the align-
ment and probe pulses and the alignment angle α for the CO
molecular ensemble. Here, the parameters of the alignment pulse are
same as those in Fig. 2(a).

the angle β for the individual CO molecule in Fig. 4(c) and the
angular distributions of the CO molecular ensemble aligned
at 50◦ with different alignment factors 〈cos2θ〉 = 0.35, 0.75,
and 0.9 in Figs. 4(d)–4(f). The ellipticity of HHG for an
individual CO molecule exhibits a peak at β = 40◦. For a
low degree of alignment, e.g., 〈cos2θ〉 = 0.35, the angular
distribution of CO molecules is almost isotropic [Fig. 4(d)].
Consequently, the ellipticity of HHG in the CO molecular
ensemble is smaller than that of the individual CO molecule
result [Figs. 4(a) and 4(b)]. At the alignment factor of 0.75
[Fig. 4(e)], the molecules have a large probability to align
around 40◦, where the harmonic ellipticity for the individual
CO molecule is maximum [Fig. 4(c)]. In this case, the ellip-
ticity of HHG (approximately 0.96 for the 31st harmonic and
0.98 for 37th harmonic) is larger than that of the individual
CO molecular result [Figs. 4(a) and 4(b)]. As the alignment
factor further increases, e.g., 〈cos2θ〉 = 0.9, the contribution
of CO molecules aligned around 40◦ decreases, leading to
a decrease in the harmonic ellipticity in the CO molecular
ensemble [Figs. 4(a) and 4(b)].

Further, we have studied the dependence of harmonic el-
lipticity on the time delay τ between the alignment and probe
pulses in Fig. 5. The parameters for the alignment pulse and
the molecular rotational temperature are the same as those
used in Fig. 2(a). The ellipticity distributions as functions of
τ and the alignment angle α for the CO molecular ensemble
are nearly the same for all harmonics in the plateau region,
such as the 15th and 31st harmonics in Figs. 5(a) and 5(b),
respectively. In the region of τ from 3 to 5.5 ps, two peaks of
harmonic ellipticity are observed, with one located at α = 55◦
and τ = 4.07 ps [marked as point A in Figs. 5(a) and 5(b)]
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FIG. 6. (a) Evolution of the orientation factor 〈cosθ〉 (blue solid
line) and the alignment factor 〈cos2θ〉 (red dashed line) with the time
delay τ between the orientation and probe pulses. The orientation
pulse contains two parallel pulses. The wavelengths and intensities of
these two pulses are 800 and 400 nm, 9×1013 and 3×1013 W/cm2,
respectively. The durations of these two pulses are both 70 fs. The
relative phase between these two pulses is 0 and the molecular
rotational temperature is 20 K. The inset is the angular distribution
ρ(θ ) for the oriented CO molecular ensemble at τ = 7.94 ps. (b) The
orientation factor 〈cosθ〉 at τ = 7.94 ps as a function of the intensity
of 2ω laser filed and the rotational temperature of CO molecules.

and the other at α = 35◦ and τ = 4.63 ps [marked as point B
in Figs. 5(a) and 5(b)]. From Fig. 2, at τ = 4.07 ps, 〈cos2θ〉 is
equal to 0.55. In this case, the maximum harmonic ellipticity
is indeed located at α = 55◦ as shown in Figs. 3(a) and 4(a).
At τ = 4.63 ps, when the alignment angle α is 35◦, a large
fraction of molecules are aligned at −55◦. Due to the sym-
metry of the aligned CO molecular ensemble, the ellipticity
distribution at α = −55◦ is consistent with that at α = 55◦.
Hence, the harmonic ellipticity at α = 35◦ and τ = 4.63 ps is
also a maximum value as shown in Fig. 5.

Next, we study the influence of the molecular orientation
on EP HHG in CO molecules. Different from the molecular
alignment, the molecular orientation is achieved by a linearly
polarized orientation pulse composed of a carrier ω and 2ω

laser fields. The orientation is reconstructed periodically at
the integral multiple of the rotational period Trev. The degree
of orientation is usually represented by the orientation factor
〈cosθ〉. In Fig. 6(a), we plot the time evolution of the orien-
tation factor 〈cosθ〉 with respect to the time delay τ between
orientation and probe pulses for the CO molecular ensemble
(blue solid line). The wavelengths and intensities of ω and 2ω

fields are 800 and 400 nm and 9×1013 and 3×1013 W/cm2.
The durations of these two pulses are both set to 70 fs and
the relative phase between these two pulses is 0. Besides,

FIG. 7. (a)–(d) The ellipticity distributions of the 15th, 31st,
16th, and 26th harmonics as functions of the orientation factor 〈cosθ〉
and the orientation angle α for the CO molecular ensemble.

the molecular rotational temperature is 20 K. As observed
in Fig. 6(a), 〈cosθ〉 exhibits a significant dependence on the
time delay τ around the full rotational revival Trev = 8.64 ps.
It reaches a maximum at τ = 7.94 ps where most molecules
are oriented well along the polarization direction of the ori-
entation pulse. By changing the intensity of the 2ω pulse and
the molecular rotational temperature, we can obtain different
orientation factors 〈cosθ〉 at τ = 7.94 ps as shown in Fig. 6(b).

We next calculated the ellipticity distributions of the
CO molecular ensemble at different degrees of orientation.
Figures 7(a)–7(d) present the results for the 15th, 31st, 16th,
and 26th harmonics. It is worth noting that the appearance
of even harmonics is mainly determined by the asymmetry
of the CO molecular ensemble. When 〈cosθ〉 < 0.08, the
asymmetry of the CO molecular ensemble is not obvious and
then the even harmonics is very weak. Therefore, for the 16th
[Fig. 7(c)] and the 26th [Fig. 7(d)] harmonics, we only present
the ellipticity distributions for 〈cosθ 
 0.08. One can see that
the harmonic ellipticity sensitively depends on the degree of
orientation, and a large harmonic ellipticity of 0.8 can be
achieved at a moderate orientation factor of 〈cosθ〉 = 0.1 for
the 26th harmonic.

In Fig. 8, we study the dependence of harmonic ellipticity
on the time delay τ between orientation and probe pulses.
The parameters of the orientation pulse and the molecular
rotational temperature are the same as those in Fig. 6(a). From
Fig. 6(a), one can see that the even harmonic is generated only
in a small time interval (7.86 ps < τ < 8.01 ps). Therefore,
we only present the results for odd harmonics in the plateau
region, such as the 15th [Fig. 8(a)] and the 31st [Fig. 8(b)]
harmonics. One can see that the harmonic ellipticity is much
larger around the full rotational revival Trev = 8.64 ps, such
as at 8.24, 8.52, and 8.77 ps. At these three moments, the
CO molecules exhibit poor orientation [see blue solid line
in Fig. 6(a)] but good alignment [see red dashed line in
Fig. 6(a)]. While at 7.94 ps, the ellipticity is smaller than
that at the aforementioned moments, where the orientation
factor of the CO molecular ensemble reaches its maximum,
but the alignment degree of the CO molecular ensemble is low
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FIG. 8. (a) and (b) The ellipticity distributions of the 15th and
31st harmonics as functions of the time delay τ between orientation
and probe pulses and the orientation angle α for the CO molecular
ensemble. Here, the parameters of the orientation pulse are same as
those in Fig. 6(a).

[see Fig. 6(a)]. The degree of molecular alignment reflects the
concentration of the molecular ensemble, while the degree of

molecular orientation reflects the asymmetry of the molecular
ensemble. Thus, it can be seen that the harmonic ellipticity is
mainly influenced by the concentration degree rather than the
asymmetry degree.

IV. CONCLUSION

In conclusion, we study the impact of molecular alignment
and orientation on the EP HHG of CO molecules. The results
show that the molecular alignment and orientation play a
significant role in EP HHG. For the aligned CO molecular
ensemble, a large HHG ellipticity of ε = 0.98 can be obtained
at an alignment factor of 〈cos2θ〉 = 0.75. For the oriented CO
molecular ensemble, a large harmonic ellipticity of 0.8 can
be achieved at a moderate orientation factor of 〈cosθ〉 = 0.1.
Note that due to the limitation of the Lewenstein’s model,
there may be a discrepancy between the theoretical calculated
ellipticity of harmonics in an aligned ensemble of molecules
here between the experiment studies. Our results give a deeper
understanding of the influence of molecular alignment and
orientation on the ellipticity of HHG.
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