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Generation of elliptically polarized attosecond pulses in mixed gases

Chunyang Zhai ,1 Xiaosong Zhu,2,* Jie Long,2 Renzhi Shao ,2 Yinfu Zhang,2 Lixin He,2 Qingbin Tang,1

Yingbin Li,1,† Pengfei Lan,2,‡ Benhai Yu,1 and Peixiang Lu 3

1College of Physics and Electronic Engineering, Xinyang Normal University, Xinyang 464000, China
2Wuhan National Laboratory for Optoelectronics and School of Physics, Huazhong University of Science and Technology,

Wuhan 430074, China
3Guangdong Intelligent Robotics Institute, Dongguan 523808, China

(Received 29 December 2020; accepted 11 March 2021; published 22 March 2021)

We propose and theoretically demonstrate a scheme to generate elliptically polarized attosecond pulses with
mixed gases. As the harmonic radiations from different gases with opposite orbital parity interfere destructively
for one helicity component and constructively for the other, the high-order harmonics from the mixture exhibit
large ellipticity with the same helicity in a wide spectral range. Hence, highly elliptically polarized attosecond
pulses can be generated from the mixed gases and the ellipticity can be tuned by controlling the mixing
ratio and the molecular alignment angle. Furthermore, this interference effect is only related to the features
of the mixed gases such as the structure and orbital symmetry of the molecules and atoms. The polarization
control is independent of the temporal profile manipulation of the attosecond pulses by shaping the driving
field. Consequently, our work paves an effective and convenient way to produce elliptically polarized isolated
attosecond pulses with mixed gases by optimizing the polarization and temporal profile individually.
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I. INTRODUCTION

High-order-harmonic generation (HHG) has become a ma-
jor tool for producing attosecond pulses of extreme ultraviolet
and soft x-ray light using tabletop-scale lasers. Attosecond
pulses have many important applications in physics, chem-
istry, biology, medicine, and information technology [1–8].
In particular, the availability of circularly polarized attosec-
ond pulses in the form of isolated attosecond pulses (IAPs)
and attosecond pulse trains (APTs) would enable attosecond-
resolved measurements of chirality and magnetization [9–12].
The HHG process is a laser-induced recollision process that
can be well understood by the semiclassical three-step model
[13]. When the atom or molecule is driven by an intense laser
field, an electron is first lifted to the continuum through tun-
neling ionization. Then, the subsequent motion of the electron
is governed classically by the oscillating electric field. Finally,
the electron returns and recombines with the parent ion with
emitting high-order harmonics. According to the three-step
model, the freed electron returns to the parent ion along the
laser polarization direction when driven by linearly polarized
laser fields. When the polarization of the driving laser field
changes from linear to circular, the electron will be driven
away from its parent by the transverse field component so that
the HHG efficiency falls off rapidly [14–16]. The ellipticity-
dependent HHG efficiency presents a roadblock in bright
circularly polarized HHG and attosecond-pulse generation.
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To obtain circularly or elliptically polarized high-order
harmonics and attosecond pulses, a lot of effort is devoted
nowadays to both theoretical and experimental studies [17].
One major scenario is to modify the HHG process by using
two-dimensional driving laser fields [18–32]. The bichromatic
counter-rotating circularly polarized (BCCP) field and the
orthogonal two-color (OTC) field have been experimentally
demonstrated to be effective tools for circularly and ellip-
tically polarized HHG. In the BCCP method [22–25], the
synthesized field consists of a circularly polarized fundamen-
tal field and its second harmonic field with opposite rotation
direction. For an isotropic target, the system has a threefold
symmetry where the 3m-order (m is a positive integer) har-
monics are prohibited according to the selection rule [33,34].
At the same time, the (3m+1)-order harmonics are circularly
polarized with the same helicity as the fundamental field, and
the (3m–1)-order harmonics are circularly polarized with the
same helicity as the second harmonic field. This can also be
understood based on the conservation of angular momentum
in the HHG process [22]. Besides the BCCP field, the OTC
method is another widely used two-color scheme to generate
elliptically polarized HHG [26–28]. By modulating the OTC
field, one can obtain ellipticity-tunable high-order harmonics,
but the odd- and even-order harmonics have opposite helicity.
Both the BCCP fields and OTC fields are effective to generate
individual elliptically polarized harmonics. However, it is hard
to synthesize highly elliptically polarized attosecond pulses
due to the different helicity of the neighboring harmonics.
Another important type of scenario to generate circularly or
elliptically polarized high-order harmonics and attosecond
pulses is to prepare specific targets. For example, prealigned
molecules can cause the emission of elliptically polarized
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high-order harmonics [35,36]. In this approach, only a one-
color linearly polarized field is required, but the measured
ellipticity is not large. In addition, the presence of a ring
current in the medium can also produce elliptically polarized
HHG [37–40]. Yet the preparation of current-carrying states
is challenging in experiment at present [37]. In addition to
the above two types of scenarios, some other methods can
also produce circularly or elliptically polarized HHG in ex-
periment. Vodungbo et al. implemented a four-reflector phase
shifter to convert the high-order harmonics from linear polar-
ization to circular polarization [41]. In addition, noncollinear
driving lasers have also been adopted to produce elliptically
polarized HHG [42–45]. When both driving beams overlap
in time and space, the polarization of the synthesized field
in the interaction region rotates along the transverse position,
forming a “rotating polarization grating.” Consequently, one
can obtain polarization-controlled high-order harmonics in
the far field at different divergence angles. Recently, Azoury
et al. reported a new scheme to produce extreme-ultraviolet
radiation with arbitrary ellipticity based on two individual,
phase-locked, and orthogonally polarized HHG sources [46].
The basic principles of these schemes are straightforward, but
the experimental operation usually requires attosecond accu-
racy and sophisticated techniques with formidable challenges.
In view of the above, there are still obstacles to produce highly
elliptically polarized HHG with the same helicity in a broad
spectral range, i.e., to produce highly elliptically polarized
attosecond pulses.

In the present work, we demonstrate a scheme to produce
elliptically polarized attosecond pulses based on the interac-
tion between one-color linearly polarized driving fields and
mixed gases. By mixing atomic and molecular gases with op-
posite orbital parity, the resulting high-order harmonics with
one helicity interfere constructively, while those with the other
helicity interfere destructively, yielding elliptically polarized
attosecond pulses. Furthermore, we show that elliptically po-
larized IAPs can be produced in mixed gases driven by a
few-cycle linearly polarized field. The ellipticity of the IAPs is
insensitive to the waveform of the driving laser field, i.e., the
polarization and the temporal profile of the IAPs generated by
the mixed gases scheme can be individually controlled.

II. THEORETICAL METHOD

In order to demonstrate our scheme, we calculate the high-
order-harmonic radiation based on the Lewenstein model [47].
The time-dependent dipole moment is described as (atomic
units are used, unless otherwise noted) [47–49]

D(t ) = i
∫ t

−∞
dt ′

[
π

ξ + i(t − t ′)/2

]3/2

× d[ps(t
′, t ) − A(t ′)]d∗[ps(t

′, t ) − A(t )]

× e−iS(t ′,t )E(t ′)g(t ′) + c.c. (1)

Here, E(t ) = E0 f (t )cos(ωt + φ) is the driving laser field,
with E0, ω, and φ the amplitude, frequency, and the carrier-
envelope phase (CEP) of the field, respectively. f (t ) is the
envelope of the laser pulse, ξ is a positive regularization
constant, and g(t ′) is the ground-state amplitude. S(t ′, t ) is the

quasiclassical action and can be written as

S(t ′, t ) =
∫ t

t ′
dt ′′

{
[ps(t

′, t ) − A(t ′′)]2

2
+ Ip

}
, (2)

where Ip is the ionization potential of the gas target. ps(t ′, t )
and A(t ) are the stationary momentum and corresponding
vector potential, which are given by

ps(t
′, t ) = 1

t − t ′

∫ t

t ′
A(t ′′)dt ′′ (3)

and

A(t ) = −
∫ t

−∞
E(t ′)dt ′. (4)

d[ps(t ′, t ) − A(t ′)] and d∗[ps(t ′, t ) − A(t )] denote the dipole
matrix element for the ionization transition dipole and re-
combination transition dipole, which are characterized by
the electron momentum p = ps − A. Within the strong-field
approximation [47], the transition dipole moment for the
bound-free transition is given by

d(p) = 〈e−ip·r|r|�〉, (5)

where � is the ground state of the target atom or molecule,
which is obtained by an ab initio calculation in the GAUS-
SIAN09 code [50]. Then the harmonic radiation is propor-
tional to the time-dependent dipole acceleration D̈(t ) and the
harmonic spectrum is obtained from the Fourier transform of
D̈(t ):

Ihhg(q) = |Ehhg(q)|2 (6)

and

Ehhg(q) =
∫

D̈(t )e−iqωt dt, (7)

where q is the harmonic order.
To analyze the results, we project the radiation field either

on the polarization vectors parallel and perpendicular to the
driving laser field or on the right- and left-rotating polarization
vectors. The right-rotating component Ehhg

R and left-rotating
component Ehhg

L are given by

Ehhg
R = (

Ehhg
x + iEhhg

y

)/√
2 (8)

and

Ehhg
L = (

Ehhg
x − iEhhg

y

)/√
2, (9)

where Ehhg
x and Ehhg

y are the parallel and perpendicu-
lar components of Ehhg, respectively. The ellipticity ε of
high-order harmonics is determined by the amplitude ratio
r = |Ehhg

y |/|Ehhg
x | and the phase difference δ = arg(Ehhg

y ) −
arg(Ehhg

x ),

ε = tan
(

1
2 asin{sin[2atan(r)]sin(δ)}). (10)

The polarization state of high-order harmonics can also be
characterized by the degree of circular polarization [20,51],

ζ = IR − IL

IR + IL
, (11)
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where IR and IL are the intensity of the right- and left-rotating
components, which can be read as

IR = ∣∣Ehhg
R

∣∣2
(12)

and

IL = ∣∣Ehhg
L

∣∣2
. (13)

Here, the degree of circular polarization ζ is connected with
the ellipticity ε by the formula [20]

ζ = 2ε

1 + ε2
. (14)

III. RESULTS AND DISCUSSIONS

According to the three-step model for the HHG process
[13], the final recombination step leads to the emission of
high-order harmonics. The phase difference of the high-order-
harmonics radiation from different polarization components
or different ground states is mainly contributed by that of the
recombination dipole moment, if the ionization potentials Ip

of the ground states are the same [5,52–57]. To illustrate the
mechanism for the generation of elliptically polarized high-
order harmonics, a schematic diagram for the recombination
dipole moment based on the rotation vector method is shown
in Fig. 1, where complex values are represented as vectors in
the complex plane.

To generate elliptically polarized high-order harmonics
from linear driving fields, prealigned molecules are generally
used to obtain a harmonic component perpendicular to the
polarization direction of the driving field because a nonzero
perpendicular component of the recombination dipole mo-
ment emerges due to the nonisotropic molecular structure.

The vectors
−→
OC and

−→
CD in Fig. 1 represent the parallel dm

x
and perpendicular dm

y components of the recombination dipole

FIG. 1. Schematic for the interference in mixed gases based on
the rotation vector method, where complex values are represented
as vectors in the complex plane. The horizontal axis corresponds
to the real axis and the vertical axis corresponds to the imagi-
nary axis. dm,a

x,y is the recombination dipole moment projected onto

the x/y direction. dm,a
± = (dm,a

x ± idm,a
y )/

√
2 is the right- and left-

rotating component. The superscripts a and m represent the atom and
molecule, respectively.

moment of the molecule. γ is the phase difference between
dm

x and dm
y . Here, we are concerned with the cases where γ is

small, which is generally true in the high-energy region where
the continuum states can be well described by plane waves.
With the small γ , highly elliptically polarized high-order har-
monics cannot be obtained from the molecules alone. This can
be intuitively understood in Fig. 1: The superposition of dm

x/y

gives the right-rotating component dm
+ = 1√

2
(dm

x + idm
y ) cor-

responding to 1√
2

−→
OB = 1√

2
(
−→
OC + −→

CB) and the left-rotating

component dm
− = 1√

2
(dm

x − idm
y ) corresponding to 1√

2

−→
OA =

1√
2
(
−→
OC + −→

CA). The length |−→OB| ≈ |−→OA| when γ is small,
i.e., the amplitudes of the right- and left-rotating harmonic
components, are nearly the same, leading to a low ellipticity
[see Eqs. (11) and (14)].

To increase the ellipticity, one should increase the differ-
ence between the amplitudes of the right- and left-rotating
components. This can be realized by introducing selective
interference so that one rotating component interferes de-
structively, while the other one interferes constructively [40].
We propose that the interference can be introduced by mix-
ing the molecular target with another isotropic target, e.g.,
an atomic gas, with opposite orbital parity. Herein, without
loss of generality, we consider a mixture of molecules with
even orbital parity and atoms with odd orbital parity. For
the atomic target, there is only the parallel component, i.e.,
da

y = 0. Therefore, both the right- and left-rotating compo-

nents satisfy da
± = 1√

2
da

x as denoted by
−→
OM = 1√

2

−→
ON. Based

on the orbital parities of the two targets, the phase of the
recombination dipole moment for the molecular target is near
π/2 and that for the atomic target is near 0 [58]. When the per-
pendicular component dm

y for the molecule is comparable to or
even larger than that of the parallel component dm

x , the phase
difference between the right-rotating component dm

+ and the
left-rotating component dm

− , i.e., ∠AOB in Fig. 1, is larger than
π/2. In this case, the phase difference between right-rotating
components from the molecule and atom, i.e., β, is close to
π , resulting in destructive interference. On the contrary, the
phase difference between left-rotating components from the
molecule and atom, i.e., α, is close to 0, resulting in con-
structive interference. According to the above discussion, the
mixed-gas approach with one molecular target and one atomic
target works when (1) the aligned molecules can generate a
perpendicular component of high-order harmonics so that the
right- and left-rotating components are (approximately) out of
phase, and (2) the molecule and atom have opposite orbital
parity.

In the proof-of-principle study, we consider a mixture of
N2 and Ar. The N2 molecule and Ar atom have nearly the
same ionization potential Ip that match the intrinsic phase due
to the electron propagation [54,55]. As is shown in the insets
of Fig. 2, the Ar atom and N2 molecule have opposite orbital
parity. The ground states for the Ar atom are the 3p orbitals
with odd parity and that for N2 molecule is the 3σg orbital
with even parity, i.e., the highest occupied molecular orbital
(HOMO) of N2. We first calculate the high-order harmonics
from Ar and N2 separately. The driving laser field is a one-
color linearly polarized field. Its envelope is trapezoidal with
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FIG. 2. High-order-harmonic spectra from (a) Ar and (b) N2. The
blue solid and yellow dashed lines represent the harmonic spectra for
the right-rotating component IR and the left-rotating component IL ,
respectively. The insets are the ground states of the Ar atom and N2

molecule.

a two-cycle rising and a two-cycle falling edge and a six-cycle
plateau. The wavelength and intensity of the laser field are
800 nm and 1.5×1014 W/cm2, respectively. Figures 2(a) and
2(b) present the high-order-harmonic spectra from Ar and N2

aligned at 45◦. Figure 2(a) shows that the left- and right-
rotating spectra are exactly the same, which indicates that the
polarization of the high-order-harmonic radiation from Ar is
linear. Although the left- and right-rotating components from
N2 are slightly different in the cutoff region, as shown in
Fig. 2(b), it is too small to synthesize elliptically polarized
attosecond pulses. The result is in agreement with the previous
works [35,36,52,59]. Considering a mixture of Ar and N2

gases; the emission of high-order harmonics is the coherent
sum of the emission from both species [55–57,60,61]. In
the simulation, we set the mixing ratio of N2:Ar to 0.25:1
to balance the intensity of high-order harmonics generated
from the two targets. As is shown in Figs. 3(a) and 3(b), the
left- (right-) rotating components are almost equal to each
other above the 21st-order harmonic. The relative phase ΔφR

between the right-rotating components from Ar and N2 is
close to π above the 21st-order harmonic [see Fig. 3(c)],
leading to the destructive interference for the right-rotating
components. On the contrary, the relative phase ΔφL between
the left-rotating components is close to 0 above the 21st-order
harmonic [see Fig. 3(c)], leading to constructive interference.
This is consistent with the discussions in Fig. 1. Both the
destructive interference of the right-rotating components and
the constructive interference of the left-rotating components
occur in a wide spectral range. As a result, the HHG of Ar-N2

mixed gases exhibits a large intensity difference between the
left- and right-rotating components in a broad bandwidth, as
shown in Fig. 3(d). It has been proved that the results based
on the Lewenstein model agree qualitatively with those of
the time-dependent Schrödinger equation (TDSE) [62]. We
confirmed the validity of the mixed-gases scheme in the TDSE
calculations as well, including the interference effect due to
the relative phase relation for the two targets and the ellipticity
of the total high-order harmonics (see more details in the
Appendix).

Next, we consider the HHG from mixed gases for vari-
ous molecular alignment. Figure 4 shows the ellipticity of
high-order harmonics from Ar-N2 mixed gases versus N2

molecular alignment angle θ . One can see that the helicity is

FIG. 3. High-order-harmonic spectra for the (a) left- and
(b) right-rotating components from Ar (red solid lines) and N2

(blue dashed lines), respectively. (c) The relative phase between
high-order-harmonic radiation from Ar and N2 for the left-rotating
harmonic components (ΔφL , blue squares) and the right-rotating har-
monic components (ΔφR, purple circles). (d) High-order-harmonic
spectra from Ar-N2 mixed gases for the left-rotating component (IL ,
blue dash-dotted line) and right-rotating component (IR, purple solid
line), respectively.

antisymmetric with respect to θ = 90◦. Due to the symme-
try of the HOMO of N2, the perpendicular component of
the harmonic radiation is much smaller than the parallel
component when the N2 molecule is aligned at about θ =
0◦/180◦ and θ = 90◦. As a consequence, the ellipticities are
near 0 when the N2 molecule is parallel or perpendicular
to the driving laser field, as shown in Fig. 4. However, the
ellipticity increases at intermediate angles up to ε = 0.88,
as the perpendicular component from N2 increases. Further-
more, the ellipticity remains large with the same helicity over

FIG. 4. The ellipticity of high-order harmonics from mixed gases
as a function of harmonic order and the molecular alignment angle.
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FIG. 5. The results considering the molecular alignment distribu-
tion. (a) The relative phase between high-order-harmonic radiation
from Ar and N2 for the left-rotating harmonic components (ΔφL ,
blue squares) and right-rotating harmonic components (ΔφR, purple
circles). (b) High-order-harmonic spectra from Ar-N2 mixed gases
for the left-rotating component (IL , blue dash-dotted line) and right-
rotating component (IR, purple solid line), respectively. The laser
parameters are the same as those in Fig. 3.

a wide alignment angle range from θ = 20◦(110◦) to θ =
70◦(160◦) for the harmonics above the 21st order. Note that
the high-order-harmonic signal measured in the macroscopic
molecular ensemble in the laboratory frame is a convolution
of the single molecular signal with the alignment distribution
[57,63,64]. Therefore, it is necessary to consider the molec-
ular alignment distribution to exclude the ambiguity due to
the imperfect alignment. According to [6,65], we calculate
the molecular alignment distribution. The alignment degree
〈cos2θ〉 = 0.65 is used in our simulation, which can be easily
achieved in the experiment [63,64]. Then we calculate the re-
sults considering the molecular alignment distribution shown
in Fig. 5. In comparison with the results of perfect molecular
alignment, one can see that the relative phases for the two
targets are also close to 0 and π , respectively [see Figs. 3(c)
and 5(a)]. The high-order harmonics from the mixture are
still dominantly contributed by the left-rotating component
in the wide spectral range, although the difference between
the left- and right-rotating components is slightly decreased
due to the imperfect alignment [see Figs. 3(d) and 5(b)]. The
corresponding ellipticities of the harmonics above the 21st
order dropped by about 0.1.

To more precisely study the ellipticity of high-order har-
monics from the mixture of Ar and N2, the multiple orbital
contribution of the molecule should be taken into account. It
has been shown that HOMO-1, which has the same parity as
the 3p orbital, may contribute significantly to the harmonics
in the cutoff region for N2 [66]. In Fig. 6(a), we compare
the contributions of HOMO and HOMO-1 of N2. The har-
monic component contributed from HOMO-1 is ∼1–2 orders
of magnitude lower than that from HOMO in the plateau
region. However, the contributions from the two orbitals are
comparable in the cutoff region. Consequently, the influence
of HOMO-1 on the ellipticity of harmonics can be ignored,
except for the cutoff region [see Fig. 6(b)]. Meanwhile, as the
harmonic intensity in the cutoff region is much lower than
that in the plateau region, its influence on the synthesized
attosecond pulse is limited. As a result, only the contribution
of HOMO is considered in the following.

To confirm the robustness of the generation of elliptically
polarized high-order harmonics with the mixed-gas approach,

FIG. 6. The results considering the multiple orbital contribution.
(a) High-order-harmonic spectra from HOMO (blue dashed lines)
and HOMO-1 (red solid lines) of N2. (b) High-order-harmonic spec-
tra from Ar-N2 mixed gases for the left-rotating component (IL ,
blue dash-dotted line) and the right-rotating component (IR, purple
solid line), with the contributions of both HOMO and HOMO-1
considered for N2. The laser parameters are the same as those in
Fig. 3.

we simulate the HHG from Ar-N2 mixed gases with vari-
ous laser parameters. In the simulation, the N2 molecule is
aligned at 45◦. The intensity of the driving laser increases
from 1×1014 to 2×1014 W/cm2. The result is shown in Fig. 7.
One can see that the cutoff of the high-order harmonics is
extended remarkably. In the broad spectral range, the elliptic-
ity of high-order harmonics is high and the helicity is always
the same. Owing to the quantum path interference in HHG
[67], the periodic modulation of high-order harmonics is also
clearly visible in our results. The robustness of the mixed-
gases scheme is additionally confirmed by simulation of HHG
driven by different laser wavelengths.

By taking advantage of the large ellipticity and the same
helicity of high-order harmonics in a broad spectral range,
the elliptically polarized attosecond pulses can be obtained
by superposing the HHG from mixed gases. Figure 8 shows
the APT computed by inverse Fourier transform of the
corresponding spectra, taking an energy window from the
25th-order harmonic up to the 39th-order harmonics. The pa-
rameters of the driving laser field and the targets are the same

FIG. 7. The ellipticity of high-order harmonics from mixed gases
as a function of harmonic order and the intensity of the driving laser
field.
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FIG. 8. The three-dimensional plot of the electric field for the
synthesized attosecond-pulse train with the high-order harmonics
from mixed gases. The ellipticity of the attosecond-pulse train is
ε ≈ 0.76.

in Fig. 3. The waveform of the three-dimensional electric-field
vector (blue), the two orthogonal electric-field components
Ex (yellow) and Ey (purple), and the projection on the Ex-Ey

plane (orange) are displayed. From the helical structures of the
electric-field contour plotted in this three-dimensional image,
one can directly see that each attosecond pulse is elliptically
polarized. We calculate the ratio of the minor axis to the major
axis of the elliptically polarized attosecond field to evaluate
the ellipticity of the attosecond pulse. The ellipticity of the
generated APT is about 0.76.

In addition, we also consider producing highly elliptically
polarized IAPs by using few-cycle driving laser fields. In the
simulation, a Gaussian envelope for the laser pulse whose
full width at half maximum (FWHM) is 5 fs is used. The
wavelength and intensity of the few-cycle driving laser field
are 800 nm and 1.5×1014 W/cm2, respectively. The CEP is set
to φ = 0.7π . The N2 molecular axis is fixed at 45◦ relative to
the polarization of the driving laser field. Figure 9(a) presents
the relative phase between high-order harmonics generated
from Ar and N2 for the right-rotating component (ΔφR) and
left-rotating component (ΔφL), respectively. One can see that
ΔφR is near π and ΔφL is near 0 in a wide spectral range.
Therefore, the right-rotating components will interfere de-
structively. On the contrary, the left-rotating components will
interfere constructively. As shown in Fig. 9(b), it is obvious
that the intensity of the left-rotating component generated
from the mixture of Ar and N2 is much larger than that of
the right-rotating component above the 21st-order harmonic.
The result is in accordance with that of multicycle laser fields
[see Figs. 3(c) and 3(d)] and the analysis in Fig. 1. Moreover,
the high-order-harmonic spectra exhibit a broadband super-
continuum with a regular modulation structure close to the
cutoff region. For a deep insight into the generation of the
supercontinuum, we present the time-frequency distribution
of the high-order-harmonic spectra in Fig. 9(c). The color map
of Fig. 9(c) represents the high-order-harmonic intensity in

FIG. 9. Results from Ar-N2 mixed gases driven by a few-cycle
laser field. (a) The relative phase between high-order-harmonic
radiation from Ar and N2 for the left-rotating harmonic compo-
nents (ΔφL , blue squares) and right-rotating harmonic components
(ΔφR, purple circles). (b) High-order-harmonic spectra from Ar-N2

mixed gases for the left-rotating component (IL , blue dash-dotted
line) and right-rotating component (IR, purple solid line), respec-
tively. (c) Time-frequency distribution of the high-order harmonics
under the few-cycle laser field. The color map represents the
high-order-harmonic intensity in the logarithmic scale. (d) The three-
dimensional plot of the electric field for the synthesized isolated
attosecond pulse with the high-order harmonics from mixed gases.
The ellipticity of the isolated attosecond pulse is about 0.81 and the
pulse duration is about 300 as.

the logarithmic scale. The time-frequency distribution shows
that the high-order harmonics above the 25th order are mainly
emitted between the 5th and the 5.5th optical cycle. The
highest energy of this burst is much higher than those of the
adjacent satellite bursts. Therefore, an IAP can be obtained
by filtering the high-order harmonics in the supercontinuum.
Figure 9(d) shows the IAP computed by inverse Fourier trans-
form of the corresponding spectra, taking an energy window
from the 25th-order harmonic up to the 39th-order harmonic.
As expected, an IAP is produced. The ellipticity of the gen-
erated IAP is ε ≈ 0.81 and the pulse duration (FWHM) is
τ ≈ 300 as. In terms of a physical mechanism, as we have
analyzed above, the ellipticity of high-order harmonics and,
consequently, the attosecond pulses are only dependent on
the atomic and molecular structure, symmetry, and molecu-
lar orientation in the mixed-gases scheme. The polarization
properties are insensitive to the waveform of the driving laser
fields. Therefore, the ellipticity and the temporal profile of the
attosecond pulses can be manipulated separately.

IV. CONCLUSIONS

In conclusion, we theoretically demonstrate a mixed-
gases scheme for generating elliptically polarized high-order
harmonics and attosecond pulses. Benefiting from the interfer-
ence of high-order harmonics generated from the atomic and
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molecular gases which have opposite orbital parity, we obtain
elliptically polarized HHG in a broad spectral range. These
high-order harmonics have the same helicity, and thus can
be used to synthesize highly elliptically polarized attosecond
pulses. In the simulation, by using a linearly polarized driving
laser field, an APT with an ellipticity of ε ≈ 0.76 from Ar-N2

mixed gases is produced. Further, an IAP with a high elliptic-
ity of ε ≈ 0.81 and duration of τ ≈ 300 can be obtained with
a few-cycle laser field. Since the polarization of the generated
high-order harmonics from mixed gases relies on the structure
and orbital parity of the atoms and molecules and is insensitive
to the waveform of the driving laser, the ellipticity and the
temporal profile of the attosecond pulses can be manipulated
separately, which provides the possibility of generating large
ellipticity without affecting the latter.
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APPENDIX: CALCULATION WITH TDSE

Here we describe the details of the calculation with TDSE.
We investigate the interaction between the laser fields and the
target gases by solving the two-dimensional TDSE,

i
∂

∂t
ψ (r, t ) = Ĥ (r, t )ψ (r, t ), (A1)

where Ĥ (r, t ) is the Hamiltonian given by

Ĥ (r, t ) = − 1
2∇2 + V (r) + r · E(t ), (A2)

and V (r) is the potential of the system. For the molecule, we
employ the effective potential in the form of [68,69]

V (r) = −
∑

j

Z∞
j + (

Z0
j − Z∞

j

)
e−(r−R j )2/σ 2

j√
a2

j + (r − R j )2
. (A3)

The subscript j = 1, 2 labels the nucleus of N2. Z0
j and Z∞

j
denote the bare charge and the effective nuclear charge as seen

FIG. 10. Results of the calculation with TDSE. High-order-
harmonic spectra for the (a) left- and (b) right-rotating components
from Ar (red solid lines) and N2 (blue dashed lines), respectively.
(c) The relative phase between high-order-harmonic radiation from
Ar and N2 for the left-rotating harmonic components (ΔφL , blue
squares) and right-rotating harmonic components (ΔφR, purple cir-
cles). (d) High-order-harmonic spectra from Ar-N2 mixed gases for
the left-rotating component (IL , blue dash-dotted line) and right-
rotating component (IR, purple solid line), respectively. The laser
parameters are the same as those in Fig. 3.

by an electron at infinite distance. R j is the position of the
nucleus; a j and σ j are the softening and the screening parame-
ters. The TDSE is solved using the split-operator method. The
initial state is obtained by solving TDSE with imaginary-time
propagation, where the excited states are obtained by exe-
cuting ψ ′(t ) = ψ (t ) − ∑

i〈ψi|ψ (t )〉ψi after each time step.
ψi represents the lower-energy eigenstates. The values of the
parameters in Eq. (A3) are the same as in [68,69] to ensure
that the obtained initial state, possessing the same symmetry
as the HOMO of N2, has the same ionization potential as
that of the HOMO. Similarly, the atom is also modeled by
an effective potential [39,70] with a soft-core parameter of
3.81874 to obtain the ionization potential Ip = 0.5791 a.u.,
which matches the ionization potential of Ar.

The results of the calculation with TDSE are shown in
Fig. 10. The laser parameters are the same as those in Fig. 3.
Comparing Figs. 3 and 10, one can see that the results based
on TDSE agree qualitatively with those of the Lewenstein
model.
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