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Abstract: We theoretically demonstrate a scheme to generate circularly polarized (CP) isolated
attosecond pulses (IAPs) with tunable helicity using a polarization gating laser field interacting
with the CO molecule. The results show that a broadband CP supercontinuum is produced from
the oriented CO molecule, which supports the generation of an IAP with an ellipticity of 0.98
and a duration of 90 as. Furthermore, the helicity of the generated harmonics and IAP can be
effectively controlled by modulating the laser field and the orientation angle of the CO molecule. Our
method will advance research on chiral-specific dynamics and magnetic circular dichroism on the
attosecond timescale.

Keywords: circularly polarized isolated attosecond pulse; high-order harmonic generation; polariza-
tion gating laser field; tunable helicity

1. Introduction

High-order harmonic generation (HHG) is an extremely nonlinear optical process that
results from the interaction of an intense laser with atoms, molecules, and solids [1,2]. It
can be well understood by the semiclassical three-step model [3]. Firstly, the electrons are
ionized from the ground state and elevated to the continuum through tunneling ionization.
Subsequently, the ionized electrons, which can be considered as free electrons, accelerate
in the laser field. In the final step, some of these electrons can recombine with the parent
ion, and the high-order harmonics are released from the transition to the ground state,
which can reach the extreme ultraviolet (EUV) or soft X-ray region [4,5]. The HHG process
repeats every half laser optical cycle, resulting in the generation of attosecond pulses in
a train. Since isolated attosecond pulses (IAPs) are preferred in some special applications
that involve measuring electron ionization and other ultrafast processes in matter [6,7],
many efforts have been dedicated to generating IAP sources, making great progress in
recent years. Numerous approaches have been proposed for generating an IAP, such as
utilizing few-cycle laser pulses [8,9], employing two-color or multi-color fields [10–14],
and using the polarization gating (PG) technique [15–20]. However, most of these meth-
ods focus on generating a linearly polarized (LP) IAP. Recently, circularly polarized (CP)
or largely elliptically polarized (EP) attosecond pulses have gained considerable atten-
tion due to their applications in detecting circular dichroism in magnetic materials and
chiral recognition [21–25]. Consequently, many efforts have been devoted to generating
these pulses [25–38].

So far, two categories of schemes have been proposed for generating CP or largely EP
attosecond pulses. The first is using specific laser fields to control the HHG process. It has
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been demonstrated that the CP harmonics can be generated by employing a bichromatic
counter-rotating CP laser field [29–33]. However, this method produces two adjacent
harmonics with alternating helicities (left and right helicities), which hinder the generation
of CP attosecond pulses. Additionally, the utilization of a pair of counter-rotating CP pulses
in a noncollinear geometry has been proven effective in generating pure CP harmonics [34].
The generated harmonics with left and right helicities can be spatially separated, facilitating
the production of pure CP attosecond pulses with a specific helicity. Recently, a new
approach has been proposed for generating EP attosecond pulses by employing two-color
cross-LP laser fields [35].

Another category of schemes to generate CP or largely EP attosecond pulses focusses
on HHG from molecule targets. The transition dipole moment for HHG relies on the elec-
tronic structure of targets. Compared to atoms with an isotropic structure, the molecules
possess more complex structures and symmetries, which therefore influence the transition
dipole moment as well as HHG. By directly interacting ana LP laser field with aligned
symmetric molecules (N2, O2, or CO2), EP harmonics can be generated [36,37]. However,
these harmonics are confined to a few harmonic orders and possess small ellipticity. An-
other method proposes to use the Ar–N2 mixed medium as the target to obtain the EP
attosecond pulse [38].

In this paper, we propose the production of CP IAPs by employing the PG laser
field. This laser field, composed of two counter-rotating CP laser pulses with a time delay,
has been widely used both theoretically and experimentally for generating LP high-order
harmonics and IAPs; now, it is extended to produce CP high-order harmonics and IAPs
with the CO molecule. The results show that a sub-100 as IAP with an ellipticity of 0.98
can be obtained from the oriented CO molecule. Moreover, the generation of the CP IAP is
robust against the variation in the time delay of two CP pulses. Moreover, effective control
over the helicity of the generated IAP can be achieved by adjusting the laser field and the
molecular orientation.

2. Theoretical Model

In our simulations, we consider high photon energies so that we can neglect the
Coulomb effect of these harmonics [39,40]. Therefore, the extended Lewenstein model is
used in our simulations [41]. The x, y components of the time-dependent dipole moment
can be written as (in atomic units):

Dj(t, θ) = i
∫ t
−∞ dt′

[
π

ξ+i(t−t′)/2

]3/2
E(t′)g(t′, θ)× d∗j [pst(t′, t)− A(t), θ]e−iSst(t′ ,t)

×dj[pst(t′, t)− A(t′), θ] + c.c., j = x, y,
(1)

where ξ is a positive regularization constant and g(t′, θ) = e[−
∫ t
−∞ w(t′ ,θ)dt′ ] is the ground

state amplitude with the ionization rate w(t′, θ), calculated by the molecular Ammosov–
Delone–Krainov (MO-ADK) model [42]. dj represents the dipole matrix element from the
ground state to the continuum, characterized by the electron velocity v (v = pst − A), which
is expressed as

d(v, θ) = ⟨ψ0(R, θ)|R|v⟩, (2)

where ψ0(R, θ) is the ground state of the CO molecule, which is obtained through an ab
initio calculation using a 6-31 G * basis set in the Gaussian software package. pst and Sst
are the stationary momentum and quasiclassical action, respectively, and are given by

pst
(
t′, t

)
=

1
t − t′

∫ t

t′
A(t′′ )dt′′ (3)

Sst
(
t′, t

)
=

∫ t

t′
dt′′

{
1
2
[
pst

(
t′, t

)
− A(t′′ )

]2
+ Ip

}
. (4)
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Here, Ip is the ionization potential of the CO molecule, which is 14 eV. A(t) is the
vector potential of the driving electric field, E(t). In our simulations, we used the PG laser
field, of which the x, y components are given by

Ex(t) = E0

{
e−2ln(2)[(t−Td/2)/τp ]

2
+ e−2ln(2)[(t+Td/2)/τp ]

2}
× cos(ωt + φCE) (5)

Ey(t) = E0

{
e−2ln(2)[(t−Td/2)/τp ]

2
− e−2ln(2)[(t+Td/2)/τp ]

2}
× sin(ωt + φCE), (6)

where E0 and ω are the amplitude and frequency of these two CP laser pulses, whose
intensity is 3 × 1014W/cm2 and wavelength is 1600 nm. A laser field with such an intense
intensity and a long wavelength was chosen in order to minimize the influence of the
Coulomb effect on the continuum electron during the HHG process. The carrier-envelope
phase (CEP) is represented by φCE, which was set to 0.8π. τp corresponds to the pulse
duration of the laser field, which was 2T0, with the optical cycle, T0, of the laser field. Td
is the time delay between two CP laser pulses, which was chosen to be 1.8T0. The CO
molecule was assumed to be oriented in the x–y plane. θ is the orientation angle between
the positive x-axis and the molecular axis. A value of θ at 0

◦
indicates that the O center lies

on the positive x-axis.
The harmonic spectrum is obtained by Fourier transforming the time-dependent

dipole acceleration, which is expressed as

aj (q, θ) =
1
T

∫ T

0

..
Dj(t, θ)e(−iqωt)dt. (7)

Here, T is the duration of the laser field and q represents the harmonic order. The time-
step size, dt, is 0.1, which is sufficient to reach convergence (i.e., no observable change in
the results by further increasing and decreasing). The intensity and phase of the harmonics
are obtained by Ij =

∣∣aj(q, θ)
∣∣2 and φj(q, θ) = arg

[
aj(q, θ)

]
, respectively. The relative phase

of the x and y harmonic components is defined as δ = φy − φx. When δ equals 0 or −π, the
harmonic will be LP. Otherwise, it will be EP or CP. The intensity of the left CP (LCP) and
right CP (RCP) harmonic components can be obtained by

I± = |a±|2, (8)

where a±(q, θ) = 1√
2

[
ax(q, θ)± iay(q, θ)

]
.

3. Results and Discussion

Firstly, we investigated the generation of a CP IAP from the CO molecule by the
PG laser field. The electric field of the PG is depicted in Figure 1a. We can see that the
laser field is EP at the leading and trailing edges of the laser pulse and becomes linear
polarization at the pulse center, referred to as the gate of PG. The gate width, δt, is 0.32T0,

which is calculated by δtε=0.1 = 1
ln2 ε

τ2
p

Td
. The generated harmonic spectrum from the CO

molecule oriented at θ = 280
◦

is shown in Figure 1b. It can be observed that the x and
y components of the harmonic spectrum have the same cutoff, at about the 690th-order
harmonic. Additionally, these two harmonic components both exit a supercontinuum
ranging from the 300th to 690th orders, displaying comparable intensities. We further
calculated the relative phase between the x and y harmonic components, as inserted in
Figure 1b. The relative phase between the x and y components of these harmonics is close to
0.5π. This finding is attributed to the asymmetry of the molecular orbital of CO. The relative
phase of 0.5π, along with the approximately identical intensities of the x and y harmonic
components, indicates that the generated harmonics in the supercontinuous region may be
CP. For a further insight into the polarization characteristics of the generated harmonics, we
present the LCP and RCP components of the harmonic spectrum in Figure 1c. One can see
that the intensity of the LCP harmonic components surpasses that of the RCP component,
particularly in the range from the 300th to 600th orders, where it is approximately 1.5 orders



Photonics 2024, 11, 464 4 of 10

of magnitude higher than that of the RCP component. This means that the harmonics in
the supercontinuous region have left helicity. In Figure 1d,e, we present the time–frequency
distributions for the x and y components of the harmonics to gain a better understanding
of the generation of the supercontinuum. Both the x and y harmonic components exhibit
one dominant emission peak (marked by P1) at around 5.3T0 for the harmonics above
the 300th order. This behavior arises from the strong dependence of HHG efficiency
on the time-dependent ellipticity of the PG laser field. Moreover, within this emission
peak, the intensity of the short quantum path is significantly higher than that of the long
path. Therefore, a broadband supercontinuum was obtained (see Figure 1b), which can
support the generation of an IAP. By superposing the 360th- to 440th-order harmonics
in the supercontinuum, we derived an IAP with left helicity, as shown in Figure 1f. We
calculated the ellipticity of this IAP by determining the ratio of the minor axis to the major
axis of the largest ellipse formed by the projection of the electric vector, which is 0.98, very
close to circular polarization. The duration of this IAP is estimated to be approximately
90 as.
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broad region. Furthermore, within the supercontinuous region, the intensity of the LCP 
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superposition of harmonics (the 360th to 440th orders) in the supercontinuum, IAPs are 
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influence on the ellipticities of the IAPs, all of which exceed 0.87. However, the change in 𝑇  significantly affects the IAPs, resulting in longer durations. 

Figure 1. (a) The 3D plot of the PG laser field (purple line). The x, y components of the electric field
(orange and blue lines). (b) The x, y components of the generated harmonic spectrum with the CO
molecule oriented at θ = 280◦. The corresponding relative phases of the x, y components are also
inserted as the blue circles. A black solid line indicates the relative phase of 0.5π. (c) The LCP and
RCP components of the generated harmonic spectrum. (d,e) The corresponding time–frequency
distributions of the x and y components of the harmonics. (f) The 3D plot of the electric field of the
attosecond pulse generated by superposing the 360th- to 440th-order harmonics in (b).

The time delay, Td, between two counter-rotating CP laser pulses can influence the
gate width, δtε=0.1, of the PG, subsequently impacting the generated harmonic spectrum as
well as IAP. We next present the generated harmonic spectrums and attosecond pulses for
Td of 1.6T0, 1.9T0, and 2.2T0 in Figure 2 to investigate its dependence on Td. Figure 2a–c
demonstrate that although Td varies, we can still derive a supercontinuum within a broad
region. Furthermore, within the supercontinuous region, the intensity of the LCP harmonic
component surpasses that of the RCP component in all three cases. Through the superposi-
tion of harmonics (the 360th to 440th orders) in the supercontinuum, IAPs are obtained, as
depicted in Figure 2d–f. It is obvious that the variation in Td has a minor influence on the
ellipticities of the IAPs, all of which exceed 0.87. However, the change in Td significantly
affects the IAPs, resulting in longer durations.
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Figure 2. (a–c) The LCP and RCP components of the harmonic spectra generated from the CO
molecule oriented at θ = 280◦ in the PG laser field for the time delays, Td, of the laser fields of
1.6T0, 1.9T0, and 2.2T0, respectively. (d–f) The 3D plots of the electric fields of the attosecond
pulses generated by superposing the 360th- to 440th-order harmonics in (a–c), respectively. In our
simulations, except for the time delay, Td, other parameters are the same as those in Figure 1.

Here, we investigate the influence of the CEP, i.e., φCE, of the laser field on the
generated harmonic spectrum and attosecond pulse. Figure 3a–c present the harmonic
spectrums for φCE of −0.3π, 0.7π and 0.9π. The generated attosecond pulses are shown
in Figure 3d–f. For φCE = −0.3π, it can be observed from Figure 3a that a broadband
supercontinuum spanning from the 300th to 690th orders is generated. However, unlike
the case of φCE = 0.8π presented in Figure 1c, the intensity of the RCP component of
harmonics in the supercontinuum here exceeds that of the LCP component. Especially
for the harmonics from the 360th to 440th orders, the intensity of the RCP harmonic
component is about one order of magnitude higher than that of the LCP component. By
superposing these harmonics, an IAP with right helicity is generated with an ellipticity
of 0.79 and a duration of 91 as, as shown in Figure 3d. As for φCE = 0.7π in Figure 3b,
we can still derive a supercontinuum in the region from the 300th to 690th orders. In this
case, the intensity of the LCP harmonic component surpasses that of the RCP component.
Then, superposing the 320th- to 360th-order harmonics, we derive a left-rotated IAP
of which the ellipticity is 0.67 and the duration is 162 as, as shown in Figure 3e. In
the case of φCE = 0.9π, a supercontinuum ranging from the 640th to 700th orders is
generated (see Figure 3c). Moreover, the intensity difference between the LCP and RCP
harmonic components becomes smaller in comparison to the case of φCE = 0.7π in Figure 3b.
Superposing the 640th- to 700th-order harmonics, we derive a left-rotated IAP whose
ellipticity is only 0.39 and a duration of 192 as, as presented in Figure 3f.

Since the molecular orientation may influence the dipole matrix element, as presented
in Equation (2), which, in turn, affects the HHG and attosecond pulse generation, we
next investigate the effect of molecular orientation on the generated harmonic spectrum
and attosecond pulse. Figures 4a–c and 4d–f are the generated harmonic spectrums and
attosecond pulses from the CO molecule for orientation angles of 100◦, 275◦, and 285◦,
respectively. As we can see from Figure 4a, when the CO molecule is oriented at 100◦,
a supercontinuum spanning from the 300th to 690th orders is produced. Within this range,
the intensity of the RCP harmonic component is approximately one order of magnitude
higher than that of the LCP component. Superposing the 460th- to 540th-order harmonics
yields a right EP IAP with an ellipticity of 0.69 and a duration of 93 as (see Figure 4d). When
the orientation angle of the CO molecule is tuned to 275◦ (Figure 4b), the supercontinuum
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ranging from the 300th to 690th orders can also be obtained, but the intensity of the LCP
harmonic component is much higher than that of the RCP component. This, in turn, results
in the generation of a left-rotated IAP with an ellipticity of 0.53 and a duration of 93 as by
superposing the 480th- to 560th-order harmonics, as shown in Figure 4e. As the molecular
orientation angle changes to 285◦ in Figure 4c, the intensities of the LCP and RCP harmonic
components become comparable. When we superpose the 310th- to 390th-order harmonics,
we derive an IAP with a small ellipticity of 0.33 and a duration of 102 as (see Figure 4f).
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Figure 4. (a–c) The LCP and RCP components of the harmonic spectra generated in the PG laser
field for orientation angles, θ, of the CO molecules of 100◦, 275◦, and 285◦, respectively. (d–f) The 3D
plots of the electric fields of the attosecond pulses generated by superposing the harmonics from the
460th to 540th orders, 480th to 560th orders, and 310th to 390th orders in (a–c), respectively. In our
simulations, except for the orientation angle, θ, other parameters are the same as those in Figure 1.
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We extend our scheme to the case of imperfect orientation, considering imperfect
molecular orientation in experimental. Figure 5a–f present the harmonic spectra and
attosecond pulses in the PG laser field with the CO molecule oriented at θ = 280◦ for
orientation degrees of 0.8 (a,d), 0.6 (b,e), and 0.4 (d,f), respectively. It is obvious that
the orientation degree has an influence on the LCP and RCP harmonic spectra, as well
as the generated attosecond pulse. Compared to the case of perfect molecular orienta-
tion in Figure 1c,f, the differences between the intensities of the LCP and RCP harmonic
components become small in the imperfect orientation situation (see Figure 5a–c), which
therefore affect the generated attosecond pulse (see Figure 5d–f). However, by superposing
harmonics in the supercontinuum, we can still derive an EP IAP with ellipticity above 0.5
(0.68, 0.71, and 0.5 for orientation degrees of 0.8, 0.6, and 0.4, respectively). It is worth
mentioning that several methods have recently been proposed to achieve a high degree of
molecular orientation [43–45]. These methods can be combined with our scheme to achieve
the generation of largely EP, but even CP IAPs.
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in (a–c), respectively.

Finally, we show the universality of our scheme. Figure 6a–d present the harmonic
spectra and attosecond pulses generated from the CO molecule oriented at θ = 280◦ in the
PG laser field with the shorter wavelength and lower intensity than that used in Figure 1. As
shown in Figure 6a, in the laser field with an intensity of 3 × 1014 W/cm2 and wavelength
of 1300 nm, the intensity of the LCP harmonic component is higher than that of the RCP
component. Therefore, the generated harmonics are with left helicity. By superposing the
280th- to 340th-order harmonics, a left-rotated IAP with an ellipticity of 0.9 and duration
of 145 as is obtained, as shown in Figure 6b. As for the case of the PG laser field with
an intensity of 2 × 1014 W/cm2 and wavelength of 1600 nm, the generated high-order
harmonics also possess left helicity (see Figure 6c). We can still derive a left-rotated IAP by
superposing the 340th- to 400th-order harmonics, as presented in Figure 6d. The ellipticity
of this IAP is 0.94, and its duration is 119 as. It is obvious that in these two cases, the
generation of LCP harmonics and IAPs from the CO molecule oriented at θ = 280◦ is
consistent with the result in Figure 1c,f. This indicates that our scheme is feasible with
different wavelengths and intensities of the PG laser field.
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Figure 6. (a) The LCP and RCP components of the harmonic spectra generated from the CO molecule
oriented at θ = 280◦ in the PG laser field for an intensity of 3 × 1014 W/cm2 and a wavelength of
1300 nm. (b) The 3D plots of the electric fields of the attosecond pulses generated by superposing the
harmonics from the 280th to 340th orders in (a). (c) Same as (a), but for an intensity of 2× 1014 W/cm2

and a wavelength of 1600 nm. (d) The 3D plots of the electric fields of the attosecond pulses generated
by superposing the harmonics from the 340th to 400th orders in (c). In our simulations, except for the
wavelength and intensity, other parameters are the same as those in Figure 1 of our manuscript.

4. Conclusions

In conclusion, we have theoretically demonstrated the generation of a CP attosecond
pulse with tunable helicity from the interaction of the CO molecule and the PG laser field.
Using the time-varying polarization laser field, a broadband supercontinuum with circular
polarization is generated from the oriented CO molecule. This supercontinuum enables the
production of an IAP with an ellipticity of 0.98 and a duration of 90 as. The generation of
a largely EP IAP is robust against the variation in the time delay of the laser field, which
can relax the requirements in the experiment. Moreover, we show that through adjusting
the CEP of the laser field and the orientation angle of the CO molecule, the helicity of the
generated IAP can be effectively controlled. In addition, this scheme can be extended to the
PG laser field with different wavelength and intensity. Our work expands the applications
of the PG laser field for generating CP high-order harmonics and IAPs with a desired
helicity. This capability is beneficial for using these pulse sources in the investigation of
chiral-specific dynamics and magnetic circular dichroism on the attosecond timescale.
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