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Elliptically polarized attosecond pulse generation by corotating bicircular laser fields
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We revisit high-order-harmonic generation (HHG) in corotating bicircular fields, which possess high optical
chirality, and extend the study to a frequency ratio higher than 1:2. By analyzing the classical trajectories in
the corotating bicircular fields in the rotating frame, we show that the Coriolis-force effect that hinders HHG
decreases with the frequency ratio. Given these features, we propose a method for producing highly elliptically
polarized attosecond pulses (with ellipticity up to ε = 0.88) using the corotating bicircular field with a frequency
ratio of 1:3. A comparison is also made with the extensively studied counter-rotating configurations with a
frequency ratio of 1:2 considering various laser parameters. The results affirm the validity and superiority of the
corotating configurations, from which both the ellipticity and yield of generated attosecond pulses are higher
than those from the counter-rotating configurations.
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I. INTRODUCTION

High-order-harmonic generation (HHG) in atoms and
molecules is a highly nonlinear process in strong light-matter
interactions [1–3]. It can be understood with the three-step
model, including ionization, acceleration after liberation, and
recombination of an electron in strong laser fields [4]. HHG
represents one of the primary gateways to obtain tabletop
extreme ultraviolet or soft x-ray attosecond light sources
[5–9]. Meanwhile, it holds the promise to deepen or rev-
olutionize our understanding of the fundamental dynamics
of atoms [10,11], molecules [12–15], plasmas [16–18], and
solids [19–21] on subfemtosecond and subangstrom scales.
Therefore, HHG has been a hot topic in recent decades.

Due to the recombination characteristic of the HHG pro-
cess, studies on HHG usually consider linearly polarized
driving fields [22]. A linearly polarized driving field is one-
dimensional, so its scope of application of HHG is greatly
limited. To overcome this issue, driving fields with additional
degrees of freedom have also been considered [23–28]. In
1995, Long et al. [29] proposed the bicircular laser field,
which consists of two coplanar circularly polarized fields.
Such a field has a huge parameter space: Intensities, helici-
ties, frequency ratio, relative phase, etc. By adjusting these
parameters, researchers can efficiently manipulate the two-
dimensional (2D) strong-field-driven electron trajectories in
the HHG process [30] and coherently control quantum states
[31,32]. One of the major applications of HHG using bicircu-
lar fields is to generate elliptically polarized attosecond pulses
[23,24,33], which can be used to study x-ray magnetic circular
dichroism spectroscopy [24,34,35]. Furthermore, the bicircu-

*zhuxiaosong@hust.edu.cn
†pengfeilan@hust.edu.cn

lar fields are employed to generate high-order harmonics from
chiral molecules (cHHG)[36–40], from which the chirality
and ultrafast chiral dynamics of the gaseous target can be
studied in an all-optical manner.

Notably, besides the features of the target system, the
chiro-optical response, such as the ellipticity of the synthe-
sized pulses and the circular dichroism of cHHG, is dependent
on the chirality of the light [41–45]. Analogous to the chirality
of matter, the chirality of light, as a fundamental concept of
the electromagnetic field, describes the chiral geometrical pic-
ture, and it can be evaluated by a time-even pseudoscalar—the
optical chirality (OC) [41,42,46]. To enhance the chiro-optical
response, light with ultrahigh OC, called the “superchiral”
field, has been used in linear chiral light-matter interactions
[41,42,47].

In many works on HHG, bicircular fields whose two cir-
cularly polarized components have opposite helicities (i.e.,
are counter-rotating) and almost equal intensities are used.
According to Ref. [48], the OC is proportional to the sum
of the energy-weighted helicities of the circularly polarized
components. Thus, it is intuitive to judge that the OC of a
counter-rotating bicircular field is low [43], which will re-
strict its application as a chiral laser field. One direct way
to obtain laser fields with high chirality is to superpose the
two circularly polarized components with the same helic-
ity, forming a corotating bicircular field. Recently, transverse
anomalous-Hall-like currents, a chiral phenomenon in solids,
were predicted in the corotating field [49], which implies its
high chirality.

However, compared with research on HHG with counter-
rotating bicircular fields [23,24,29,50–53], there are few
studies on HHG with corotating bicircular fields [54,55]. The
works considering corotating bicircular fields basically fo-
cused on a frequency ratio of 1:2. It is shown that HHG yield
in the corotating bicircular field with such a frequency ratio is
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significantly lower than that of the counter-rotating field [30].
The lower yield is explained in the rotating frame by the
stronger Coriolis force effect in the former case than in the
latter case, which inhibits the recombination of the ionized
electrons [56,57].

In this work, we revisit HHG in the corotating bicircular
fields and extend the study to a higher frequency ratio. By
analyzing the electron dynamics in the corotating bicircular
fields in the rotating frame, we found that the Coriolis-force
effect decreases as the frequency ratio increases, although the
Coriolis force becomes even stronger. The results suggest
an advantageous corotating configuration to generate highly
elliptically polarized attosecond pulses, which has seldom
been studied before. Further, we propose a specific method
for this application using the corotating bicircular field with a
frequency ratio of 1:3. To clarify the validity and superiority
of our method, we compare it with the extensively studied
counter-rotating configurations with a frequency ratio of 1:2.
The results affirm the superiority in ellipticity and yield of
the synthesized attosecond pulse in our method. Finally, an
extended comparison shows that the superiority of the coro-
tating configurations remains for various total intensities and
fundamental wavelengths.

II. THEORETICAL MODEL

A. Semiclassical model

The semiclassical model [58–60] is used to study the elec-
tron trajectories in the HHG process. For each trajectory, the
tunneling electron is launched at ionization time ti, with an
initial transverse momentum p⊥ and a zero initial longitude
momentum p‖ = 0. The initial position is set at the origin.

The evolution of the electron is governed by Newton’s
equation in the driving laser field. For the sake of simplicity,
the effect of the Coulomb potential is neglected [30]. The
weight of each trajectory contributing to HHG is

W (ti, p⊥) = wt (ti )wp(p⊥). (1)

wt is the ionization rate for electrons with zero initial momen-
tum at ti given by the Ammosov-Delone-Krainov model [61].
wp is the dependence of the ionization rate on the electron
initial momentum p⊥ [62], which can be written as

wp(p⊥) = exp

[
−2(2Ip + p2

⊥)3/2

3|E (ti )|

]
. (2)

Ip is the ionization potential of the target atom. When
the distance between the tunneling electron and parent
ion is less than 1 a.u., the recombination occurs, and the
corresponding moment is recombination time tr . The recom-
bination probability of each electron is written as R(ti, p⊥) =
W (ti, p⊥)θ (ti, p⊥), where θ = 1 means the recombination
occurs and otherwise θ = 0. Atomic units (a.u.) are used
throughout this paper unless otherwise stated.

B. Quantum model

High-order-harmonic spectra are calculated by numeri-
cally solving the 2D single-active-electron time-dependent

Schrödinger equation (TDSE) [63]

i
∂�(r, t )

∂t
= H (r, t )�(r, t ). (3)

H (r, t ) is the Hamiltonian,

H (r, t ) = H0 − r · E(t ) = −1

2
∇2 + V (r) − r · E(t ). (4)

H0 is the field-free Hamiltonian. V (r) = −1/
√

|r|2 + α is
soft-core potential, and α is the soft-core parameter. In our
calculation, the laser field is written as

E(t ) = f (t )EBi(t ). (5)

EBi(t ) represents the bicircular carrier wave. f (t ) is the en-
velope function of the laser pulse, which is trapezoidal, with
a three-cycle rise, a three-cycle drop, and a four-cycle long
flattop (in units of the optical cycle of the fundamental laser
field).

The initial wave function is the s ground state obtained by
the imaginary-time propagation. The 2D-TDSE is discretized
on a Cartesian grid Lx × Ly for Lx = Ly = 360 a.u., with grid
spacing dx = dy = 0.12 a.u., and propagated with the split-
operator method [63] with a time step dt = 0.04 a.u. After
each time step, the wave function is multiplied by a sin

1
8 mask

function that varies from 1 to 0 over a width of 45 a.u. at the
inner boundary to avoid spurious reflections. Convergence has
been tested for grid size and time step.

The time-dependent dipole acceleration can be obtained
according to the Ehrenfest theorem

a(t ) = −〈�(r, t )|∇V (r) − E(t )|�(r, t )〉. (6)

Then, the harmonic spectrum is obtained from the Fourier
transform of a(t ),

Ex,y(qω) =
∫

ax,y(t ) exp (−iqωt )dt, (7)

where q denotes harmonic order and subscripts x and y rep-
resent the corresponding x and y components. The harmonic
radiation can also be projected into two counter-rotating com-
ponents, i.e., the right-circularly polarized component E+ =
(Ex + iEy)/

√
2 and the left-circularly polarized component

E− = (Ex − iEy)/
√

2. The intensities of the two components
are I± = |E±|2.

The ellipticity of the harmonics can be calculated by
[64,65]

ε = |E+| − |E−|
|E+| + |E−| . (8)

The synthesized temporal pulse is obtained by inverse Fourier
transformation of a specific range of harmonics. Its ellipticity
is calculated by the ratio between the minor axis and the major
axis of the pulse.

III. RESULTS AND DISCUSSION

A. Wave form of bicircular laser fields

The carrier wave of the bicircular laser field can be
written as

EBi(t ) = 1√
2

E0

[
cos(ωt ) + cos(nωt )
sin(ωt ) − sin(nωt )

]
. (9)
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FIG. 1. Lissajous figures of bicircular laser fields with frequency
ratios of (a) 1:2 and (b) 1:3. The orange solid lines depict the wave
form of corotating bicircular fields, and the blue dotted lines show the
wave form of counter-rotating ones. (c) Normalized linear field terms
of the corotating bicircular fields in the rotating frame for different
frequency ratios.

ω is the frequency of the fundamental laser pulse. n is an
integer, and |n| denotes the frequency ratio, where n � 2 cor-
responds to the counter-rotating fields and n � −2 represents
the corotating fields. E0 is the amplitude of each circularly
polarized laser pulse. Here, the intensities of the two circularly
polarized components are the same; that is, the intensity ratio
is I|n|/I1 = 1. I1 represents the intensity of the ω component,
and I|n| is the intensity of the nω component.

Equation (9) can be factorized and rewritten as

EBi(t ) = 2E0 cos

(
1 + n

2
ωt

)⎡
⎢⎢⎣

cos

(
1 − n

2
ωt

)

sin

(
1 − n

2
ωt

)
⎤
⎥⎥⎦, (10)

which indicates that the field can be viewed as a circularly
polarized field with a carrier frequency of | 1−n

2 ω| and a time-
varying amplitude modulated by cos( 1+n

2 ωt ) [see Fig. 1(c)].
The bicircular laser field possesses an s-fold dynamical

symmetry with s = |n + 1|, which permits the emission of
only (sm ± 1)-order harmonics (m ∈ N ). [26,66–68]. Lis-
sajous figures of EBi(t ) are displayed in Figs. 1(a) and 1(b)
for frequency ratios of 1:2 and 1:3, respectively. One can see
the respective one- to fourfold dynamical symmetries for the
four cases.

B. Chirality of bicircular laser fields

The OC, characterizing the instantaneous chirality of light,
can be given by C = ε0

2 E · ∇ × E + 1
2μ0

B · ∇ × B (in mks)
[41,46]. Alternatively, Bliokh and Nori [48] derived an intu-
itive form of the OC in the helicity representation:

C = w

c0
χ,

χ

w̄
= w̄+ − w̄−

w̄+ + w̄− . (11)

FIG. 2. Instantaneous OC of the bicircular fields. The blue dotted
line denotes the counter-rotating field with a frequency ratio of 1:2.
Orange lines represent the corotating bicircular fields with frequency
ratios of 1:2 and 1:3. The light-orange area roughly represents the
travel time of tunneling electrons in the HHG process in the corotat-
ing bicircular field with a frequency of ratio 1:3.

c0 is the speed of light in vacuum. χ is called the chirality
density. w is the total energy density of the laser field, and w̄ is
its time averaging. w̄σ is the energy density of the σ -polarized
part of the field, where σ = +,− corresponds to the right- and
left-circularly polarized components, respectively. Regarding
the bicircular fields, Eq. (11) indicates that the OC of counter-
rotating bicircular fields should be low, as the contributions
of the right- and left-circularly polarized components will
counteract each other. On the other hand, it immediately
suggests that one can acquire laser fields with high chirality
by superposing the circularly polarized components with the
same helicity, i.e., synthesizing the corotating bicircular field.

To quantitatively evaluate the OC of the bicircular fields,
one can follow Ref. [43], dividing OC into the polarization
and orbital terms. In the case of HHG discussed in this work,
the polarization term is dominant. Thus, the OC is calculated
based on the polarization term:

Cp = φ′(t )I (t )

c0ε0|E0|2ω
, (12)

where I = (c0ε0/2)|E|2 + (c0/2μ0)|B|2 is the light intensity,
φ = tan−1(Ey/Ex ) is the angle of the electric field vector, and
φ′ labels the time derivative of φ.

We numerically calculate the OC of the counter-rotating
bicircular field with a frequency ratio of 1:2 and corotating
bicircular fields with frequency ratios of 1:2 and 1:3, as shown
in Fig. 2. The intensity ratio of these fields is In/I1 = 1.
Mostly, the instantaneous OC of the corotating bicircular field
is greater than that of the counter-rotating field.

Assuredly, HHG is an extremely nonlinear noninstan-
taneous process, so one should consider noninstantaneous
OC—the average value of the instantaneous OC experienced
by the tunneling electrons [43,69]. For the counter-rotating
bicircular field with a frequency ratio of 1:2, the instantaneous
OC varies from 0 to 0.5, and the noninstantaneous value is
less than 0.5. Considering the corotating field, we take the one
with the frequency ratio of 1:3, for instance. The light-orange
area in Fig. 2 roughly denotes the travel time (from ti to tr)
of tunneling electrons in the HHG process, which is obtained
with the semiclassical simulation described in Sec. II A. The
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corresponding noninstantaneous value is around 1, which is
larger than the maximum instantaneous OC of the counter-
rotating bicircular field, as Fig. 2 shows. Similar results can
also be obtained for other fields, showing the higher chiral-
ity of the corotating bicircular field than the counter-rotating
field. Thus, one can expect that attosecond pulses with higher
ellipticity can be obtained with corotating bicircular fields
[43].

C. HHG process in bicircular laser fields

According to Eq. (10), it is instructive to analyze the
HHG process in a rotating frame which rotates with the same
angular frequency as the circularly polarized term. After per-
forming a unitary transformation on the Hamiltonian [Eq. (4)]
[70–73], the Hamiltonian H ′(t ) in the rotating frame can be
obtained:

H ′(t ) = H0 + 2E0 cos

(
n + 1

2
ωt

)
x̂′ + n − 1

2
ωLz. (13)

The result generally shows that, in the rotating frame,
the bicircular field corresponds to a linear field term
[2E0 cos( n+1

2 ωt )], in competition with a rotation angular mo-
mentum term ( n−1

2 ωLz) responsible for the Coriolis force
[56,57], where the x′ axis is parallel to the linear term in
the rotating frame and Lz is the angular momentum operator
around the z axis. The linear field term is shown in Fig. 1(c).
The Coriolis force is proportional to n−1

2 ω and perpendicular
to the instantaneous direction of the electron motion.

To unveil the HHG process and the HHG yield in the
bicircular field, we analyze the electron trajectories in the
rotating frame using the semiclassical model described in
Sec. II A. As an example, a pair of trajectories is presented
in Fig. 3(a). The driving field is the ω − 2ω counter-rotating
bicircular field with a fundamental wavelength of 800 nm.
Its total intensity is I = I1 + I2 = 4 × 1014 W/cm2. The solid
line represents the trajectory with the highest recombination
probability R(ti, p⊥), whose corresponding tunneling electron
is launched at the peak of the driving field with p⊥ = 0.46 a.u.
The dashed line shows the trajectory for a tunneling electron
with zero initial momentum, and other conditions are the same
as those for the solid line. One can see that the trajectory gains
a large lateral offset Loff , as indicated by the black asterisk,
which is caused by the nonzero Coriolis force. Therefore,
electrons with zero initial momentum can hardly return to the
parent ion, and high-order harmonics cannot be generated, as
shown by the dashed line in Fig. 3(a) [22]. However, if the
electron is launched with a finite initial transverse momen-
tum, a return can be achieved, as shown by the solid line in
Fig. 3(a).

Besides the Coriolis force, Loff is also closely related to the
travel time in the external field. For simplicity, we first con-
sider a simple case where the Coriolis term is much weaker
than the linear term, so that the linear term dominates the
electron motion and the instantaneous direction of the electron
motion is basically along the linear field term (x′ axis) in the
rotating frame. Namely, one can approximate that the Coriolis
force is perpendicular to the x′ axis. In this case, considering
the motion along a straight line with zero initial displacement
and velocity, one can estimate that Loff is proportional to the

FIG. 3. (a) Representative classical trajectories in the rotating
frame. The solid line displays the representative trajectory in the
counter-rotating bicircular field with a frequency ratio of 1:2 (see
the text). The conditions of the dashed line are the same as those for
the solid line, except for a zero initial transverse momentum p⊥ = 0.
The red circle denotes the parent ion where ionization occurs. The
black asterisk represents the position where the dashed line returns
to x′ = 0. (b) Initial transverse momentum of typical trajectories.
(c) HHG yield in bicircular fields calculated by TDSE. (d) The ratios
of HHG yield in the counter-rotating bicircular field to that in the
corotating bicircular field with the same frequency ratio. The target
atom is He.

Coriolis force and square of the travel time τ (proportional to
the period of the linear field term):

Loff ∝
∣∣∣∣n − 1

2
ω

∣∣∣∣τ 2. (14)

In order to guarantee the recombination, a nonzero p⊥ is
required to overcome the nonzero lateral offset:

p⊥ ∝ Loff

τ
= |n − 1|

2
ωτ. (15)

The absolute value of p⊥ indicates the ability of the Coriolis
force to hinder the recombination and generation of high
harmonics. According to Eq. (13), one can obtain

τ ∝
∣∣∣∣ 2π

n+1
2 ω

∣∣∣∣ = 4π

|n + 1|ω, (16)

which decreases as the frequency ratio increases, as shown in
Fig. 1(c). Thus, one finally gets

p⊥ ∝
∣∣∣∣n − 1

n + 1

∣∣∣∣. (17)

Equation (17) indicates that, as the frequency ratio increases,
the required p⊥ increases for the counter-rotating bicircular
fields (n � 2) but decreases for the corotating (n � −2) fields.
Therefore, for the corotating fields, the Coriolis effect hin-
dering the HHG decreases as the frequency ratio increases,
which will contribute to considerable HHG yield using a high
frequency ratio.
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The above analysis indicates the trend of the HHG
yield with the change in |n|, although it is based on the
approximation that the Coriolis term is much smaller than the
linear term. For the generally applied laser parameters, this
condition is often not well satisfied. To more rigorously ver-
ify our analysis, we numerically calculate the recombination
electron trajectories in the bicircular laser fields in the rotating
frame with the semiclassical model, as described in Sec. II A.
Without loss of generality, we consider the fundamental laser
wavelength λ = 800 nm, the total intensity of the bicircular
field I = I1 + In = 4 × 1014 W/cm2, and the intensity ratio
fixed to In/I1 = 1. We calculate the family of recombination
trajectories associated with the plateau regime and pick the
trajectory with the highest recombination probability R(ti, p⊥)
from them as the representative trajectories. The |p⊥| of the
representative trajectories is shown in Fig. 3(b). The result
shows that the trend of |p⊥| is the same as Eq. (17) predicts.
Since |p⊥| of other recombination trajectories associated with
the plateau regime around the representative trajectories show
the same tendency, it is valid and concise to reflect the related
physics by showing only the representative trajectories.

As shown in Fig. 3(c), we further calculate the HHG yield
Y induced by the bicircular fields as a function of frequency
ratio |n| using TDSE described in Sec. II B. The target atom
is He. The HHG yield Y is evaluated by averaging permitted
harmonics in the plateau region from Ip to the cutoff energy
[56]. To match its ionization potential, the soft-core parameter
is chosen to be 0.0693. Figure 3(c) illustrates the increasing
trend of the HHG yield in both the counter- and corotat-
ing bicircular fields as the frequency ratio increases. This
is because the ionization rate wt increases as the frequency
ratio increases. Nevertheless, the slope of the yield for the
corotating field is larger than the counter-rotating case, so the
yield for the former increases and approaches that of the latter
quickly. The different slopes result from the different trends
of the Coriolis effect hindering the recombination determined
by the wave form of driving fields, as shown in Fig. 3(b). To
intuitively shed light on the effect caused by the wave form of
the laser fields, we show the ratios of HHG yield Ycounter/Yco

generated by the counter-rotating bicircular field to that of the
corotating one with the same frequency ratio in Fig. 3(d). One
can see that when the frequency ratio changes from 2 to 5, the
HHG yield ratio Ycounter/Yco changes from 103.5 to 101. This
sharp decrease unambiguously supports the prediction about
the Coriolis force effect of co- and counter-rotating driving
fields from Eqs. (14)–(17) and the semiclassical simulation for
Fig. 3(b). The results imply that one may obtain a laser field
with high chirality and considerable HHG efficiency by em-
ploying the corotating bicircular fields with a high frequency
ratio.

In this section, we outline the conclusion that the Coriolis
effect hindering the HHG decreases for corotating bicircular
fields but increases for the counter-rotating bicircular fields
with the frequency ratio. Regarding this conclusion, a fixed in-
tensity ratio (In/I1 = 1) is used. However, this fixed intensity
ratio is not beneficial in the application to generate an ellipti-
cally polarized attosecond pulse. For example, the attosecond
pulse induced by the ω − 2ω counter-rotating configurations
with intensity ratio I2/I1 = 1 is nearly linear [33,35,43] and
cannot be used directly to generate the elliptically polarized

attosecond pulse. In general, to produce the elliptically po-
larized attosecond pulse, one has to tune the intensity ratio,
and the corresponding efficiency drops dramatically [33].
Thus, for this application, it is not instructive to consider the
relative yield of the pulse between the corotating and counter-
rotating configurations with the fixed intensity ratio In/I1 = 1.
Conversely, to examine the results for such an application,
appropriate intensity ratios for the respective configurations
should be considered in specific schemes, as in the next sec-
tion.

D. Elliptically polarized attosecond pulse generation

Utilizing the large-optical-chirality feature of the corotat-
ing field with a high frequency ratio, we propose a method
for producing highly elliptically polarized attosecond pulses
from He using the ω − 3ω corotating field with the optimized
intensity ratio I3/I1. The fundamental wavelength is 800 nm,
and the total intensity is I = I1 + I3 = 4 × 1014 W/cm2. The
HHG is simulated using TDSE, as described in Sec. II B.
In Fig. 4, we present simulation results for the logarithm
of the harmonic intensity [Fig. 4(a)] and the ellipticity of
permitted harmonics [Fig. 4(b)] in false color as a function
of the intensity ratio and the harmonic order. The intensity
ratio changes from 0.2 to 4. Roughly, as shown in Fig. 4(a),
the HHG yield increases for the higher intensity ratio. In
addition, Fig. 4(b) shows that an intensity ratio higher than
1 promises higher ellipticity in the near-cutoff region than
that for I3/I1 = 1. To identify the optimized intensity ratio,
we calculate the ellipticity of the temporal pulses synthesized
with near-cutoff harmonics from a spectral range with a fixed
width of 0.855 a.u. for different intensity ratios. The central
frequency of the spectral range is adjustable for the highest
ellipticity. The ellipticity of pulses for each given laser param-
eter (intensity ratio here) is represented by that of the strongest
pulse [e.g., as denoted by the cyan-blue region in Fig. 4(d)]
in one optical cycle corresponding to the flattop range of
the trapezoidal driving pulse. We find the optimized intensity
ratio I3/I1 = 3.6 for the highest ellipticity of generated pulses.
The corresponding HHG spectra (the red and black lines) are
displayed in Fig. 4(c). The synthesized temporal pulses are
shown in Fig. 4(d). The ellipticity is as high as 0.88, and the
duration is around 645 as.

In experiments, the intensity of the field varies in the focal
region. So the results from focal averaging over the intensity,
following Refs. [74,75], are also shown in Fig. 4(c). The prop-
agation effects are not considered. We suppose that the laser
field can be described by a Gaussian beam. The peak intensity
is chosen to be I0 = 4 × 1014 W/cm2. As shown in Fig. 4(c),
although an obvious difference between the results with and
without the focal averaging is seen for the low-order harmon-
ics, the near-cutoff harmonics are basically the same. Since
we focus on the near-cutoff harmonics here, considering the
focal averaging over the laser intensity does not significantly
affect our method. Thus, for the results discussed below, the
focal averaging is not included.

Next, to further clarify the validity and superiority of our
method, we compare the corotating configuration with the
single-color linear configuration and the extensively studied
ω − 2ω counter-rotating configuration [33,74,76]. Following
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FIG. 4. Logarithm of (a) the harmonic intensity and (b) the el-
lipticity of permitted harmonics for HHG by a He atom and ω − 3ω

corotating bicircular field with a fundamental wavelength of 800 nm.
The results are presented in false color as a function of the intensity
ratio (I3/I1) and the harmonic order. The total intensity is fixed to
I = 4 × 1014 W/cm2. The dashed lines mark the ionization energy
Ip. (c) The spectra of the right-circularly polarized harmonics (red
solid line) and the left-circularly polarized harmonics (black solid
line) for intensity ratio I3/I1 = 3.6. The red (dark gray) shaded re-
gion represents the corresponding right- (left-) circularly polarized
harmonics by focal averaging over the laser intensity with the peak
intensity I0 = 4 × 1014 W/cm2. For the convenience of comparison,
the spectra after focal averaging over the laser intensity are shifted
by a constant factor. (d) Three-dimensional plot of the electric field
of synthesized elliptically polarized pulses. The pulses are obtained
by synthesizing high-order harmonics denoted by the solid lines in
(c). The corresponding spectral width is 0.855 a.u. (from 18th-order
to the 33rd-order harmonics).

Ref. [33], the intensity ratio of the ω − 2ω counter-rotating
configuration is fixed to I2/I1 = 0.1 to achieve high ellipticity
of generated attosecond pulses. All the other conditions of the
three configurations (e.g., total intensity, fundamental wave-
length, and target atom) are the same as those for Fig. 4. We
still choose the harmonics near the cutoff in the spectral range
with a fixed width of 0.855 a.u. to guarantee an approximately
equal pulse duration. For the counter-rotating configuration,
the central frequency of the chosen range is adjustable to get
the highest ellipticity too. Complementarily, the spectral range
in the linear configuration is consistent with the corotating
one. The ellipticity of the temporal pulses for different config-
urations is obtained in the same way as for Fig. 4. The yield
of synthesized pulses is evaluated by integrating the intensity
spectrum of the high harmonics in the chosen spectral range.

The ellipticity and yield of synthesized pulses are sum-
marized in Fig. 5 (dark-blue diamond, circle, and asterisk).
One can see that the yield of pulses from the corotating

FIG. 5. The ellipticity of elliptically polarized pulses and the
corresponding yield induced by three configurations for total in-
tensities of 3 × 1014 W/cm2 (green), 4 × 1014 W/cm2 (dark blue),
5 × 1014 W/cm2 (red), and 6 × 1014 W/cm2 (black). The diamonds,
circles, and asterisks represent the corotating, counter-rotating, and
linear configurations, respectively. The target atom is He, and the
fundamental wavelength is fixed to 800 nm.

configurations is only one order lower than that in the lin-
ear field (comparing the dark-blue diamond and asterisk in
Fig. 5). Meanwhile, the ellipticity of synthesized pulses from
the counter-rotating configuration is only 0.52, which is ap-
proximately consistent with the simulation in Ref. [33]. The
ellipticity in the corotating case (dark-blue diamond) is much
higher than the ellipticity that can be reached in the counter-
rotating case (dark-blue circle) due to the much higher optical
chirality of the corotating field, and the yield of the pulse from
the corotating configurations is a few orders higher than the
counter-rotating one. Increasing the frequency ratio from 1:2
to 1:3 not only increases the ionization rate but also increases
the probability of recombination by decreasing the Coriolis
effect in the corotating configuration. Both effects contribute
to the considerable yield of the synthesized pulse.

Note that the proposed method considers only an atomic
s state as the target. The obtained ellipticity of 0.88 is
higher than most results from atoms in a collinear geometry
[33,74,76–78]. Our method can be further optimized to obtain
higher ellipticity by utilizing molecular or current-carrying
states [79,80].

For the wider parameter space, we vary the total intensity
and the fundamental wavelength of the driving laser for the
three configurations. For the corotating configurations, the in-
tensity ratio is optimized to obtain the highest ellipticity. The
intensity ratio of the counter-rotating configurations is fixed to
I2/I1 = 0.1. The results from following the above procedure
are summarized in Figs. 5 and 6. Figure 5 shows that the
results under various total intensities are concentrated for both
corotating and counter-rotating configurations. As shown in
Fig. 6, with the fundamental wavelength increasing, the ellip-
ticity and intensity of synthesized pulses decrease for both the
bicircular configurations. However, for all the different given
laser parameters in Figs. 5 and 6, the superiority of the coro-
tating configurations holds: Both the ellipticity and intensity
of synthesized pulses from the corotating configuration are
higher than the corresponding results of the counter-rotating
configuration. This can be understood from the fact that the
wave form of the driving field is independent of the total
intensity and fundamental wavelength of the driving field.
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FIG. 6. The ellipticity of elliptically polarized pulses and the
corresponding yield induced by three configurations for fundamen-
tal wavelengths of 800 nm (dark blue), 900 nm (red), 1000 nm
(green), 1100 nm (yellow), 1200 nm (orange), 1300 nm (purple),
and 1600 nm (black). The diamonds, circles, and asterisks represent
the corotating, counter-rotating, and linear configurations, respec-
tively. The target atom is He, and the total intensity is fixed to
4 × 1014 W/cm2.

Thus, the advantageous features of the corotating field with
a high frequency ratio determined by the wave form, such as
the high optical chirality and weakened Coriolis effect, remain
the same (if we ignore the Coulomb effect).

In this work, the wave-form effect of the corotating bi-
circular field in HHG is investigated; thus, a multicycle
driving pulse is applied. Changing the length of the pulse of
the driving laser will not affect the major results, as long as
the driving field can be considered multicycle, because the
wave form of the driving field does not change. As for the
few-cycle case, due to the short pulse duration, there may
not even be a complete wave form of a corotating bicir-
cular field. The wave form of the bicircular field and the
corresponding HHG may change significantly with the carrier
envelope phases (CEPs) [81]. It would be more complicated to
establish an intuitive relation between the results and driving
laser with different CEPs. Thus, the effect of pulse length

on the results is not discussed in this work. Considering the
multicycle bicircular laser, changing the relative phase of the
two circularly polarized components leads to only a rotation
of the overall wave form [55]. Thus, for atomic targets, the
relative phase has no influence on the intensity and ellipticity
of the high-order harmonics and synthesized pulses.

IV. CONCLUSION

In summary, we studied HHG driven by the corotating
bicircular field, whose chirality is much larger than the cor-
responding counter-rotating one. By performing a classical
trajectory analysis in the rotating frame, we found that the
Coriolis force effect in the corotating bicircular field, which
hinders the recombination of ionized electrons, decreases with
the increase of the frequency ratio. Further, we proposed a
method for producing highly elliptically polarized attosecond
pulses using the ω − 3ω corotating bicircular field. We also
investigated the fundamental wavelength and intensity depen-
dence of the ω − 3ω corotating bicircular configurations and
compared them with the extensively studied ω − 2ω counter-
rotating configurations. The larger ellipticity and higher yield
of elliptically polarized attosecond pulses induced by the
corotating configurations than those from the counter-rotating
configurations unambiguously verify the validity and superi-
ority of the corotating configurations.
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