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Controlling the generation of elliptically polarized isolated attosecond pulses from mixed
gases with a polarization-gating technique
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The generation of elliptically polarized attosecond pulses has become a crucial issue due to the growing
interest in its application to probing circular dichroism and chirality in matter. Here, we propose a method capable
of generating isolated attosecond pulses (IAPs) with near-circular polarization. Through the combination of the
mixed gases scheme with a polarization gating laser field, we obtain an IAP with an ellipticity of 0.91 and a pulse
duration of 290 as. Our analysis indicates that the polarization of attosecond pulses is predominantly influenced
by the mixed gases, specifically by the selective interference between the recombination dipole moments of
different gas components. In contrast to polarization, the temporal profile of attosecond pulses mainly depends
on the laser field. Our approach achieves independent control of the polarization and temporal properties of IAPs
by adjusting the gas mixture and the polarization gating laser field, respectively, thus paving an effective and
convenient way to generate and control elliptically polarized IAPs.
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I. INTRODUCTION

High-order harmonic generation (HHG) is a nonlinear phe-
nomenon that occurs during the interaction between intense
laser fields and various forms of matter, including atoms,
molecules, liquids, and solids [1–7]. The underlying physical
picture of the atomic or molecular interaction process is well
described by the semiclassical three-step model [8]. In the first
step, an electron is ionized by the laser field. In the second
step, the released electron is accelerated in the laser field.
When the field reverses, the free electron is likely to return
to the ion and recombine. In the final step, the recombination
process converts the kinetic energy of the electron into emit-
ted high-energy photons, i.e., high-order harmonic radiation
that supports attosecond pulse trains or isolated attosecond
pulses (IAPs) generation. Attosecond pulses have emerged as
a powerful tool for probing electron dynamics in matter with
unprecedented high temporal resolution [9–12]. In particular,
circularly or elliptically polarized high-order harmonics and
attosecond pulses have attracted significant interest owing to
their unique ability to directly probe the ultrafast dynamics
of chiral systems and magnetic materials [13–15]. Because
the harmonic polarization depends on the dipole direction,
which is directly linked to the driving laser polarization, it
is natural to anticipate that the ellipticity of the harmonics
can be controlled with the ellipticity of the driving laser field
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[16]. However, the recombination probability, and therefore
the harmonic generation efficiency, drops dramatically as the
ellipticity of the driving laser field increases [17–19].

To obtain circularly or elliptically polarized attosecond
pulses, a crucial issue is effectively generating circularly or
elliptically polarized high-order harmonics with the same he-
licity in a broad spectral range. Several schemes have been
developed for generating circularly or elliptically polarized
high-order harmonics at present. These schemes can be gener-
ally divided into two categories: ex situ and in situ generation.
The first relies on polarization conversion after the HHG pro-
cess. This can be achieved through the polarization sensitivity
of metal surfaces or introducing a delay between two indi-
vidual, phase-locked, and orthogonally polarized harmonic
sources [20–22]. However, this approach often results in either
very low harmonic efficiency or very high demands on ex-
perimental accuracy. The second approach directly produces
nonzero ellipticity during the HHG process using specific
media or tailored laser fields. The intrinsic constraint of
gaseous media purity, such as misaligned molecules or unsta-
ble current-carrying states [23–26], obstructs the achievement
of significant ellipticity in high-order harmonics. In recent
years, the generation of elliptically polarized harmonics in
solids using circularly polarized laser pulses, as well as bicir-
cular corotating or counterrotating laser pulses, has also been
reported [27–29]. In addition, an alternative way to overcome
these obstacles in gaseous media has also been developed
based on the tailored electric fields, enabling the generation
of elliptically and even circularly polarized high-order har-
monics. Several schemes of tailored laser fields, including
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bichromatic circularly polarized fields [30–39], orthogonally
two-color fields [40–44], and noncollinear fields [45–49],
are currently being studied theoretically and experimentally.
While these tailored laser fields enable the generation of de-
sired polarization for high-order harmonics and attosecond
pulses, they also determine the temporal waveform of the at-
tosecond pulses. Specifically, the generation of IAPs requires
either a few-cycle laser field or a gating laser field [50–54].
Due to this interdependence, it is impossible to control the
polarization and temporal profile of attosecond pulses inde-
pendently.

In this work, we theoretically investigate the polarization
properties of high-order harmonics and attosecond pulses by
combining the gating laser field scheme with the mixed gases
scheme. Utilizing a polarization gating laser field that has
high degree of control freedom, we obtain a supercontinuum,
during which process only one helicity has a dominant contri-
bution to the supercontinuum generated by a mixture of Ar
and N2, resulting in the generation of an elliptically polar-
ized IAP in the time domain. Through a detailed theoretical
description using quantum orbital analysis, we uncover the
origin of the nonzero ellipticity in high-order harmonics and
attosecond pulses. This ellipticity arises from the selective
interference between the recombination dipole moments of
gases with opposite orbital parities. Therefore, the temporal
profile and ellipticity of the attosecond pulses can be inde-
pendently controlled by the laser field and the gas media,
respectively.

II. NUMERICAL METHOD

In our calculation, the harmonic radiation is calculated
based on the widely accepted Lewenstein model [55]. The va-
lidity of our approach has also been confirmed by numerically
solving the time-dependent Schrödinger equation (TDSE).
The induced dipole moment at time t can be expressed as fol-
lows [atomic units (a.u.) are used throughout unless otherwise
stated]

D(t ) = i
∫ t

−∞
dti

[
π

ξ + i(t − ti )/2

]3/2

E(ti )d[p(ti )]

× e−i[S(ti,t )+Ip(t−ti )]d∗[p(t )] + c.c., (1)

where E(t ) represents a time-dependent intense laser field, ti
denotes the time of ionization, Ip is the ionization potential
of the target, S(ti, t ) is the quasiclassical action, which is
written as

S(ti, t ) =
∫ t

ti

[pst(ti, t ) − A(t ′)]2

2
dt ′, (2)

where A(t ) = − ∫ t
−∞ E(t ′)dt ′ is the vector potential of the

laser field, and pst(ti, t ) = 1
t−ti

∫ t
ti

A(t ′)dt ′ is the stationary
momentum. d[p(ti )] and d∗[p(t )] are the transition dipole
moments and are defined as

d[p(ti )] = 〈pst − A(ti )|r|�〉, (3)

and

d∗[p(t )] = 〈�|r|pst − A(t )〉. (4)

Here � is the ground-state wave function of the target, which
is obtained by an ab initio calculation in Gaussian software
package, and r denotes the electron coordinate. Then, we
calculate the dipole acceleration D̈(t ) as the second derivative
of the time-dependent dipole moment and perform Fourier
transform to obtain the harmonic electric field Eω in the fre-
quency domain as follows:

Eω =
∫

D̈(t )exp(−iωt )dt . (5)

To analyze the polarization properties of high-order har-
monics, one can decompose the harmonic electric field into
two circularly polarized components, namely right- and left-
rotating circular polarization. The two circularly polarized
components of high-order harmonics can be obtained from
their x and y components, and the right- and left-rotating
components can be read as

ER/L
ω = (

Ex
ω ± iEy

ω

)
/
√

2. (6)

The harmonic intensities of the right- and left-rotating com-
ponents can be obtained by IR/L

ω = |ER/L
ω |2. The degree of

circular polarization (DCP) of the high-order harmonics can
be calculated as [56]

ξ = IR
ω − IL

ω

IR
ω + IL

ω

. (7)

The corresponding harmonic ellipticity ε is connected with
the DCP by the formula [56]

ε = sgn(ξ )

√√√√1 −
√

1 − ξ 2

1 +
√

1 − ξ 2
. (8)

In our calculations, the gas mixture consists of Ar atoms
and N2 molecules, each with ground states (the highest oc-
cupied orbitals) of 3p and 3σg, respectively. These highest
occupied orbitals exhibit similar ionization energies but pos-
sess opposite orbital parities [57,58]. To generate IAPs, we
employ a polarization gating laser field composed of two
counterrotating circularly polarized laser pulses. The laser
field with a time-dependent ellipticity for polarization gating
can be resolved into a driving field Ex(t ) and a gating field
Ey(t ):

E(t ) =
[

Ex(t )
Ey(t )

]
. (9)

The amplitude E0, angular frequency ω0, carrier-envelope
phase φ0, and envelope f (t ) are the same for the two cir-
cularly polarized laser pulses. The driving field along the x
direction is

Ex(t ) = E0[ f (t ) + f (t − 	t )]cos(ω0t + φ0)x̂, (10)

and the gating field along the y direction is

Ey(t ) = E0[− f (t ) + f (t − 	t )]sin(ω0t + φ0)ŷ. (11)

f (t ) and f (t − 	t ) represent the envelopes of the left- and
right-rotating circularly polarized laser pulses, respectively,
in the polarization gating technique, where 	t denotes the
time delay between the two pulses. In our calculations,
the intensity I = 1.5 × 1014 W/cm2, wavelength λ = 800 nm,
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FIG. 1. (a) Amplitudes of the driving field (Ex , red solid line)
and gating field (Ey, magenta dashed line) components (left axis).
The green dashed line represents the corresponding time-dependent
ellipticity (right axis). (b) Calculated the real part of the ionization
(red lines) and recombination (blue lines) times for two path pairs.
The solid lines correspond to the short paths, and the dashed lines
correspond to the long paths.

carrier-envelope phase φ0 = 0, time delay 	t = 1.75 opti-
cal cycles, and envelope f (t ) = sin2(πt/Tm) with the total
duration Tm of five optical cycles for each circularly polar-
ized laser pulse are used. In Fig. 1(a), the amplitudes of the
driving field and gating field components are shown as red
solid and magenta dashed lines. The time-dependent elliptic-
ity ε(t ) = | f (t ) − f (t − 	t )|/[ f (t ) + f (t − 	t )] is shown as
green dashed lines against the right axis [59]. We can see
a narrow polarization gate (ε < 0.2) between the third and
fourth optical cycles, lasting for about half an optical cycle.
The driving field generates the attosecond pulse, whereas the
gating field suppresses the attosecond pulse emission outside
of the polarization gate [60].

To provide a clear description, we explore the behavior of
electron paths by solving saddle-point equations [61–64]

[p + A(t ′
i )]2

2
= −Ip, (12)

[p + A(t ′
r )]2

2
= ω − Ip, (13)

where ω is the harmonic frequency, t ′
i = ti + iImt ′

i and t ′
r =

tr + iImt ′
r correspond to the complex times of ionization and

recombination, respectively. The real parts ti and tr are inter-
preted as the physical ionization and recombination times. In
Fig. 1(b), we present the real ionization times ti labeled by the

FIG. 2. High-order harmonic spectra for the right- (red dashed
lines) and left-rotating (blue solid lines) components from (a) Ar and
(b) N2. The time-frequency distribution of the harmonic intensities
from (c) Ar and (d) N2. The color map represents the time-frequency
distribution in the logarithmic scale. The time-frequency distribution
of the DCP of high-order harmonics from (e) Ar and (f) N2.

red lines, as well as the real recombination times tr labeled by
the blue lines. The solid lines are used for the short trajectories
and the dashed lines for the long trajectories. There are two
recombinations near the polarization gate, resulting in two
harmonic radiations (see dark and light blue lines). It can
be observed that the cutoff energy of the harmonic radiation
before the fourth optical cycle (see dark blue lines) is much
higher than that after the fourth optical cycle (see light blue
lines) because the maximum kinetic energy of the electron
in the first recombination is greater than that in the second
one. Only one major emission is chosen in the high-energy
region. Therefore, one can superpose the harmonics near the
cutoff to generate an IAP. In the following section, we discuss
the generation of harmonics and IAPs using the polarization
gating technique, as well as the polarization control of the
IAPs.

III. RESULTS AND DISCUSSION

Based on the Lewenstein model mentioned in Sec. II,
we first calculate the high-order harmonics generated from
Ar and N2, respectively. The harmonic spectra of Ar and
N2 shown in Figs. 2(a) and 2(b) exhibit a supercontinuum
in the cutoff region, with comparable right- (red dashed
lines) and left-rotating (blue solid lines) components. To
elucidate the physics behind the observed supercontinuum
and polarization phenomena, we employ the Gabor trans-
form to analyze the time-frequency properties of high-order
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harmonics [65]

GT (ω, t ) =
∫

dt ′D̈(t ′)
exp[−(t ′ − t )2/2σ 2]

σ
√

2π
exp(−iωt ′),

(14)

where σ is the width of the Gaussian time window in the
Gabor transform, which sets the balance between the reso-
lutions in the temporal and frequency domains [65–67]. In
our calculations, we choose σ = 1/3ω0 to achieve an ade-
quate balance between the time and frequency resolutions.
The time-frequency distribution of the harmonic intensity is
obtained by

IGT (ω, t ) =
∑
j=x,y

|GTj (ω, t )|2. (15)

The time-frequency distribution of the DCP is obtained by

ξ (ω, t ) = |GTR(ω, t )|2 − |GTL(ω, t )|2
|GTR(ω, t )|2 + |GTL(ω, t )|2 , (16)

in which GTR/L(ω, t ) = [GTx(ω, t ) ± iGTy(ω, t )]/
√

2.
The spectrograms in Figs. 2(c) and 2(d) show the time-

frequency distribution of harmonic intensities for Ar and N2.
As expected, there are two harmonic radiations, which are
consistent with the analysis in Fig. 1(b). The intensity near
the cutoff region of the first is notably higher than that of the
second. This difference can be attributed to the second being
distant from the polarization gate, leading to a decreased prob-
ability of electron recombination. Note that the N2 molecule
has an anisotropic spatial structure, and its harmonic effi-
ciency is also influenced by the molecular alignment angle.
In the results shown in Fig. 2, the N2 molecule is aligned at an
angle of 60◦ with respect to the x axis. Compared to the first
harmonic radiation, the angle between the electron recollision
direction and the molecular axis is smaller in the second har-
monic radiation, resulting in the second radiation maintaining
considerable intensity. In addition, only once radiation pre-
dominates in the high-energy region. The short and long paths
gradually converge near the cutoff region. These phenomena
result in high-order harmonics displaying a supercontinuum,
providing the generation of an IAP. Figures 2(e) and 2(f)
show the corresponding time-dependent DCP of high-order
harmonics. One can see that, near the cutoff region, the DCP
is close to 0, i.e., the intensity of the right-rotating component
is nearly equal to that of the left-rotating component. These
are directly reflected in Figs. 2(a) and 2(b) where the high-
order harmonics are mostly linear when the intense laser field
interacts with a single gas for both Ar and N2. Can elliptically
polarized high-order harmonics be generated using the Ar-N2

mixture? Specifically, is it possible to selectively enhance or
suppress a specific polarization component of high-order har-
monics through interference effects between harmonics from
different gases in the mixture, thereby producing elliptically
polarized attosecond pulses? To address this, we perform a
quantum orbital analysis of the harmonics generated from a
mixture of Ar and N2.

By substituting the complex times t ′
i and t ′

r , obtained as
solutions of the saddle-point equations [Eqs. (12) and (13)],
into Eq. (4), we can determine the recombination dipole
moment. The right- and left-rotating components, denoted

FIG. 3. Amplitudes of the recombination dipole moments for
short (solid lines) and long (dashed lines) paths from (a) Ar and
(b) N2. The right-rotating components correspond to red lines, and
the left-rotating components correspond to blue lines. The corre-
sponding phases of the recombination dipole moments from (c) Ar
and (d) N2. The alignment angle of N2 is 60◦.

as dR/L
k , are calculated using the formula (dx

k ± idy
k )/

√
2,

where k = s, l signifies either the short or long path. The
contributions of each path and rotating component to the
recombination dipole moment are separately shown in Fig. 3.
In Figs. 3(a) and 3(b), it can be seen that the amplitudes of
the recombination dipole moments with different helicities,
contributed by short (solid lines) or long (dashed lines) path,
are almost identical in the high-energy region for both Ar and
N2. Due to the odd parity [i.e. �Ar(x, y) = −�Ar(−x,−y)]
of the highest occupied orbital 3p, the recombination dipole
moments along the x and y directions are purely real values for
Ar [68], i.e., Re(dx/y

Ar ) 	= 0 and Im(dx/y
Ar ) = 0. Consequently,

the phases of the recombination dipole moments for the
right- and left-rotating components of Ar satisfy the rela-
tionship tan(φR

Ar) = dy
Ar/dx

Ar and tan(φL
Ar) = −dy

Ar/dx
Ar, i.e.,

tan(φR
Ar) = −tan(φL

Ar) in the high-energy region. It can be
observed from Fig. 3(c) that the phases φR

Ar (red lines) and φL
Ar

(blue lines) are symmetric about π . Furthermore, due to the
monoatomic structure of Ar, under the driving of near-linearly
polarized laser field within the polarization gate, dy

Ar 
 dx
Ar,

both φR
Ar and φL

Ar are close to π . In contrast, the highest
occupied molecular orbital 3σg of N2 exhibits even parity
[i.e., �N2 (x, y) = �N2 (−x,−y)], resulting in the recombi-
nation dipole moments along the x and y directions being
purely imaginary values for N2 [68], i.e., Re(dx/y

N2
) = 0 and

Im(dx/y
N2

) 	= 0. Thus, the phases of the recombination dipole
moments for the right- and left-rotating components of N2

satisfy the relationship tan(φR
N2

) = −dx
N2

/dy
N2

and tan(φL
N2

) =
dx

N2
/dy

N2
, i.e., tan(φR

N2
) = −tan(φL

N2
) in the high-energy re-

gion. As shown in Fig. 3(d), the phases φR
N2

(red lines) and φL
N2

(blue lines) are symmetric about π/2. Additionally, the phase
φR

N2
mainly distributes between π/2 and π , while the phase
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dRshort dLshort dRlong dLlong

FIG. 4. The relative phases of the recombination dipole moments
between Ar and N2 for short (solid lines) and long (dashed lines)
paths. The right-rotating components correspond to red lines, and
the left-rotating components correspond to blue lines.

φL
N2

between 0 and π/2. According to the aforementioned
results and analysis, the phase difference of the right-rotating
components 	φR

N2−Ar between N2 and Ar falls within the
range of [−π/2, 0], as depicted by the red lines in Fig. 4,
whereas the phase difference of the left-rotating components
	φL

N2−Ar falls within the range of [π, 3π/2], as depicted by
the blue lines in Fig. 4. For the high-energy region near the
cutoff, the phase difference of the right-rotating components
is close to 0, and that of the left-rotating components is close
to π . The results of short (see solid lines in Fig. 4) and long
(see dashed lines in Fig. 4) paths are the same. The highest
occupied orbitals of Ar and N2 have nearly the same ionization
potential, thus the phase difference of high-order harmonics
radiated from different gas components is primarily attributed
to the recombination dipole moments [69].

The intensity of high-order harmonics from mixed gases
is the coherent sum of the high-order harmonics from both
species. Considering a mixture of Ar and N2, the total in-
tensity of high-order harmonics with the frequency ω can be
calculated by [70,71]

Imix(ω, θ ) = ∣∣ηEAr(ω)exp[iϕAr(ω)] + (1 − η)

× EN2 (ω, θ )exp
[
iϕN2 (ω, θ )

]∣∣2

= η2E2
Ar(ω) + (1 − η)2E2

N2
(ω, θ ) + 2η(1 − η)

× EAr(ω)EN2 (ω, θ )cos
[
	ϕN2−Ar(ω, θ )

]
, (17)

where EAr, EN2 , and ϕAr, ϕN2 are the amplitudes and phases
of high-order harmonics from Ar and N2, respectively. η and
1 − η are the percentages of the two gases in the mixed
gases, respectively. In the simulation, we select the percent-
age η to balance the contributions from two gases in the
mixture, ensuring that the amplitudes of high-order harmon-
ics from both gases are evenly matched, thus resulting in
pronounced interference. θ is the alignment angle of N2 re-
spect to the x axis and is set to 60◦ in the simulation. The

phase difference of high-order harmonics generated from Ar
and N2 primarily arises from the difference in their recom-
bination dipole moments. Therefore, the phase differences
of high-order harmonics, denoted as 	ϕN2−Ar, are consistent
with the phase differences of their respective recombination
dipole moments, 	φN2−Ar. Specifically, the phase differ-
ence of the right-rotating harmonic components from Ar and
N2,	ϕR

N2−Ar, tends towards 0 near the cutoff region, while
that of the left-rotating components, 	ϕL

N2−Ar, tends towards
π . In Eq. (17), cos[	ϕR

N2−Ar(ω, θ )] is nearly equal to 1, result-
ing in constructive interference for the right-rotating harmonic
components; cos[	ϕL

N2−Ar(ω, θ )] is close to −1, leading to
destructive interference for the left-rotating components. Fig-
ure 5(a1) shows the spectra of the right- (red dashed line)
and left-rotating (blue solid line) harmonic components gen-
erated from the mixed gases. The spectra exhibit two distinct
characteristics due to the different interference phenomena.
For the right-rotating component, we observe a significant
enhancement of the supercontinuum. Conversely, for the left-
rotating component, we observe a significant weakening. In
the plateau region, the intensity of the right-rotating harmonic
component is more than one order of magnitude higher than
that of the left-rotating component. Near the cutoff region
[presented by dotted lines in Fig. 5(a1)], the intensity dif-
ference increases to as much as two orders of magnitude,
resulting in an overwhelming preference for the right-rotating
component.

To quantitatively characterize the polarization of high-
order harmonics generated in the mixed gases, we computed
the DCP of these harmonics, as illustrated in Fig. 5(b1). It
is evident that the DCP above the 34th order is nearly equal
to 1 and is consistently right-rotating (with positive values),
thereby enabling the synthesis of highly elliptically polarized
attosecond pulses. The electric field of the output attosec-
ond pulse synthesized by the high-order harmonics between
[ω1, ω2] could be calculated by an inverse Fourier transform
of the spectrum as follows:

Ep(t ) =
∫ ω2

ω1

Eωexp(iωt )dω. (18)

In Fig. 5(c1), we show the projections in the three directions
as well as the complete three-dimensional attosecond pulse
electric field synthesized from the 34th- to 45th-order harmon-
ics. This synthesized electric field in the time domain directly
confirms the elliptical polarization of the attosecond pulse.
We estimate the ellipticity of the generated attosecond pulse
by calculating the ratio of the minor axis to the major axis
of the projection in the x-y plane, which is about 0.86. The
intensity of the attosecond pulse, Ip(t ) = |Ep(t )|2, is presented
in Fig. 5(d1). It can be seen that there is only one attosecond
pulse in the time domain. The full width at half maximum
(FWHM) of the IAP is around 290 as. When experimenting
with our method, it is crucial to carefully assess the impact of
the percentages of the two gases in the mixed gases. Further-
more, we calculate the variation in results as η changes within
a range of ±5%. The results suggest a slight influence on
the ellipticity. As mentioned earlier, we validated our method
by solving the two-dimensional TDSE. In the TDSE calcu-
lation, N2 and Ar are modeled using the effective potential
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FIG. 5. Results from Ar-N2 mixed gases based on the Lewenstein model (a1)–(d1) and the TDSE (a2)–(d2). (a1) and (a2) High-order
harmonic spectra for the right- (red dashed line) and left-rotating (blue solid line) components, respectively. (b1) and (b2) The DCP of
high-order harmonics. (c1) and (c2) Three-dimensional plot of the electric field for the synthesized IAP. (d1) and (d2) Temporal profile of
the IAP.

to ensure that the obtained initial states match the parity and
ionization potential of their highest occupied orbitals [72–74].
As shown in Fig. 5, the results of the calculation with TDSE
[see Figs. 5(a2) to 5(d2)] are shown to be in good agreement
with that of the Lewenstein model [Figs. 5(a1) to 5(d1)].
It is worth noting that N2 is a diatomic molecule with its
highest occupied molecular orbital being the 3σg orbital. The
high-order harmonics radiated from N2 depend on the angle
between the molecular axis and the polarization of the laser
field [70]. By adjusting the molecular alignment angle, the
phase difference of the high-order harmonics radiated from
Ar and N2 varies accordingly. As a result, the polarization
state of the total high-order harmonics and attosecond pulses
can be controlled. Figure 6(a) shows the DCP of the tenth-
to 50th-order harmonics as a function of the alignment angle
of N2 in the mixed gases. One can see that as the alignment
angle of N2 is adjusted from 0◦ to 180◦, the DCP of the
high-order harmonics produced in the mixed gases initially
increases from near 0, and reaches a maximum close to 1
at the alignment angle of 65◦. It then gradually decreases
to 0, transitions into negative values, and eventually returns
to around 0. This depends on the phase difference between
the harmonics of N2 and Ar as the alignment angle changes.
When the N2 is aligned at 65◦, the left-rotating component
experiences destructive interference, and the right-rotating
component experiences constructive interference. This max-
imizes the intensity difference between the two components,
resulting in the maximum DCP. When adjusting the molecu-
lar alignment angles, the DCP of high-order harmonics near
the cutoff region consistently undergoes synchronous evolu-
tion. By utilizing this polarization property of the high-order
harmonics generated in mixed gases, the polarization of the
synthesized IAPs can be effectively controlled. In Fig. 6(b),
we plot the ellipticity of the IAPs synthesized using the high-
order harmonics from mixed gases at various alignment angles

for N2. Here, the red and blue circles denote right- and left-
rotating polarization, respectively. By adjusting the alignment
angle of N2 in the mixed gases, one can continuously vary the
ellipticities of IAPs between −0.46 and 0.91. Importantly, the
pulse duration of these IAPs remains constant (not shown),
solely determined by the waveform of the laser field.

To effectively generate IAPs, the waveform of the laser
field is crucial. In this work, we utilize a polarization gating
laser field whose ellipticity varies from circular to linear and
then back to circular within a laser pulse envelope. Only the
near-linearly polarized portion produces harmonics. In other
words, IAPs are selectively generated within a narrow subcy-
cle time window. This method allows for fine-tuned control
over the attosecond pulse generation process. Consequently,
the temporal profile and intensity of the attosecond pulses are
influenced by the CEP of the laser field, which plays a critical
role in determining their temporal features and intensity [60].
Figure 7(a) shows the CEP-dependent temporal profile of the
attosecond pulses, which are generated from the supercontin-
uum by the polarization gating laser field. Notably, IAPs can
be produced in a wide range of CEP values, with their inten-
sity varying as the CEP changes. At certain CEP values, two
attosecond pulses with comparable intensities may appear,
although their overall intensities are much weaker. In contrast,
as depicted in Fig. 7(b), the DCP of high-order harmonics
near the cutoff region remains nearly constant regardless of
the CEP variation, except for some CEP values that produce
two attosecond pulses. When the CEP ranges from 0 to 0.5π

or from π to 1.5π , two harmonic radiations with nearly the
same cutoff energy produce two weak attosecond pulses. The
interference between these radiations creates a series of min-
ima where the corresponding DCP is close to 0. However, the
DCP of the harmonics at nonminima consistently holds the
value near 1, ensuring the generation of attosecond pulses with
high ellipticity. The information presented in Figs. 6 and 7
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FIG. 6. (a) Polar plot of the DCP of high-order harmonics as a
function of harmonic order and the angle between the molecular axis
and the x axis. (b) Polar plot of the ellipticity of the IAPs as a function
of the angle between the molecular axis and the x-axis. Red indicates
positive values and blue negative values.

suggest that the polarization of attosecond pulses is influenced
by mixed gases, while their temporal profile is dictated by the
waveform of the laser field. Therefore, adjusting the alignment
angle of molecules in mixed gases allows us to control the
polarization properties of attosecond pulses without impacting
their temporal properties. Simultaneously, with the laser field,
we can control the temporal properties of attosecond pulses
without affecting their polarization properties.

IV. CONCLUSION

In summary, we theoretically investigated the polarization
properties of the IAPs generated from mixed gases driven
by a gating laser field. By leveraging the advantages of both
the mixed gases and the gating field, we can produce near-
circularly polarized IAPs in a mixture of Ar and N2 with
a polarization gating laser field. Our numerical results and

FIG. 7. (a) The dependence of the temporal profile of attosecond
pulses on the CEP of the polarization gating laser field. (b) The DCP
distribution of harmonics varies with the harmonic order and the
CEP.

analyses reveal that different phase differences between the
recombination dipole moments of Ar and aligned N2 for
right- and left-rotating components can lead to selective in-
terference. With a given alignment angle, we can selectively
enhance one rotating component and weaken the other, thus
generating elliptically polarized high-order harmonics with
identical helicity. Consequently, we synthesize an IAP with
an ellipticity of 0.91 and a duration of 290 as. Further analysis
demonstrates that the temporal properties are dependent on
the laser field, while the polarization properties on the mixed
gases. Our approach provides an effective method for gen-
erating elliptical attosecond pulses and enables independent
control over both their temporal profile and polarization.
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B 38, 3367 (2021).

[42] C. Zhai, R. Shao, P. Lan, B. Wang, Y. Zhang, H. Yuan, S. M.
Njoroge, L. He, and P. Lu, Phys. Rev. A 101, 053407 (2020).

[43] Y. Fang and Y. Liu, Phys. Rev. A 103, 033116 (2021).
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