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We study attosecond pulses synthesized from high-order harmonic generation (HHG) under different circular-
elliptical bichromatic laser fields by numerically solving the time-dependent Schrödinger equation. For ω-3ω

bichromatic laser fields, the ellipticity of parts of the elliptically polarized attosecond pulse train (APT) in each
optical cycle will first approach unity and then decrease as the ellipticity of the 3ω field decreases. However,
for the ω-2ω bichromatic laser field, the ellipticity of the APT remains small when the ellipticity of the 2ω field
decreases. Our result is well reproduced in terms of quantum-orbit theory. By analyzing the quantum orbits, the
underlying physics for the generation of the nearly circularly polarized attosecond pulse with the ω-3ω circular-
elliptical bichromatic laser field is revealed. Our work provides a simple method to obtain highly elliptically
polarized attosecond pulses from HHG.
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I. INTRODUCTION

Attosecond pulses are a powerful tool to probe the ultrafast
dynamics of an electron in an atom or a molecule [1–5]. An
efficient way to synthesize the attosecond pulse is by using
high-order harmonic generation (HHG) [6–10], which is an
extremely nonlinear frequency conversion process and can be
understood with a simple three-step model [11,12]. During
the past few decades, great progress in the generation of
attosecond pulses with HHG has been achieved [13–16]. For
example, an attosecond pulse with a pulse duration of 53 as
was obtained in experiment [15]. Usually, the attosecond pulse
synthesized with HHG is linearly polarized [17–19]. The rea-
son is that the harmonic is generated from the interaction of an
atom or a molecule with a linearly polarized laser field, while
for a circularly polarized laser field, the harmonic emission is
greatly suppressed according to the three-step model. With the
development of attosecond science, it has been found that cir-
cularly or highly elliptically polarized attosecond pulses have
many important applications, such as the detection of the chi-
rality of atoms and molecules [20–25] and the measurement
of magnetic circular dichroism, time-resolved magnetization
dynamics, and spin currents [26–30]. Therefore, the way to
obtain a highly elliptically polarized attosecond pulse with
HHG has attracted great attention.

Recently, some methods were proposed to obtain circu-
larly or highly elliptically polarized attosecond pulses from
HHG. For example, by using a bicircular laser field, pairs
of completely circularly polarized harmonics with opposite
helicity can be obtained [31–43]. By adjusting the relative
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intensity ratio of the bicircular laser field, either the right- or
left-circularly polarized harmonics are preferentially selected,
and accordingly, a synthesized attosecond pulse with high
ellipticity is generated [44–46]. Based on this scheme, it has
been shown that the ellipticity of the attosecond pulse train
(APT) can reach 0.77 [45]. To further increase the ellipticity
of an attosecond pulse, a scheme with a three-color laser
field, including an orthogonally polarized two-color laser field
and an infrared (IR) field, was proposed to generate a nearly
circularly polarized attosecond pulse [47], in which the IR
field offers extra angular momentum to the return electron.
However, in this scheme, it is difficult to manipulate the
three-color laser fields in experiment. On the other hand, an
alternative method with an available unidirectionally rotating
laser field was proposed to produce nearly circularly polarized
attosecond pulses from aligned CO molecules [48]. However,
this method strongly depends on the ideal molecular orienta-
tion. For example, if the orientation degree of the molecule
is about 0.9, the ellipticity of the generated attosecond pulse
decreases to 0.85. Thus, it is still difficult to produce a nearly
circularly polarized attosecond pulse with this scheme in
experiment. Note that a recent study demonstrated that by
using a linearly polarized infrared pulse in the presence of
an XUV pulse with orthogonal polarization [49], the polar-
ization properties of HHG from an atom can be controlled
by separating the contribution of amplitudes associated with
short trajectories. This approach holds potential for generating
highly elliptically polarized attosecond pulses. However, it re-
mains uncertain whether this method can effectively produce
a nearly circularly polarized attosecond pulse.

Interestingly, it was recently found [50] that by decreasing
the ellipticity of the bicircular laser fields, pairs of har-
monics in the spectra were no longer circularly polarized.
Furthermore, the absolute values of the ellipticity for ad-
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jacent harmonics were found to be unequal. Such changes
in the harmonic characteristics may potentially impact the
ellipticity of synthesized attosecond pulses. A fingerprint
of a highly elliptical attosecond pulse in an APT under a
circular-elliptical bichromatic laser field can be found in time-
dependent Schrödinger equation (TDSE) simulations [51,52].
However, how the circular-elliptical bichromatic laser field
affects the ellipticity of the attosecond pulse and whether
this scheme depends on the frequency combination of the
bichromatic laser field, e.g., the ω-3ω field or the ω-2ω field,
are still unknown.

In this work, we study the generation of attosecond pulses
from HHG of an atom under the ω-3ω and ω-2ω circular-
elliptical bichromatic laser fields by numerically solving the
TDSE. Our TDSE simulation shows that for the ω-3ω bichro-
matic laser field, the ellipticity of parts of the elliptically
polarized APT in each optical cycle of the fundamental laser
field will increase with the decrease of the ellipticity of the
3ω field, ultimately reaching a point where a nearly circularly
polarized attosecond pulse can be achieved. However, a fur-
ther decrease in the ellipticity of the 3ω field subsequently
results in a decrease in the ellipticity of the APT. However,
for the ω-2ω bichromatic laser field, the ellipticity of the APT
remains small when the ellipticity of the 2ω field decreases.
The TDSE simulation is well reproduced in terms of quantum-
orbit theory, and through an analysis of the quantum orbits, the
underlying physics of the generation of the nearly circularly
polarized attosecond pulse with the ω-3ω circular-elliptical
bichromatic laser field is revealed.

This paper is organized as follows. In Sec. II, we briefly
introduce the TDSE and quantum-orbit theory. In Sec. III,
we present the TDSE simulations of the HHG spectra and
the corresponding attosecond pulses. Subsequently, the HHG
spectra are reproduced with the quantum-orbit theory, and the
underlying physics of the generation of the highly elliptically
polarized attosecond pulse is revealed. Finally, in Sec. IV, our
conclusions are given. Atomic units are used unless stated
otherwise.

II. THEORETICAL METHODS

A. TDSE method for HHG

HHG of an atom under a circular-elliptical bichromatic
laser field is simulated by solving the three-dimensional
TDSE in the velocity gauge,

i
∂

∂t
�(r, t ) =

[
−1

2
∇2 + V (r) − iA(t ) · ∇

]
�(r, t ), (1)

where V (r) is the Coulomb potential of the atom and A(t ) is
the vector potential of the laser field in the dipole approxi-
mation [i.e., the electric field is E(t ) = −∂t A(t )]. The vector
potentials in the x and y directions are given by

Ax(t ) = f (t )

[
− E1√

2ω
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]
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1 + ξ 2nω
cos(nωt )

]
êy,

(2)

where n = 2 and 3 for the ω-2ω and ω-3ω circular-elliptical
bichromatic laser fields, respectively, ξ is the ellipticity of
the 3ω or 2ω laser field, and f (t ) is the envelope function.
In our simulation, the laser pulse has a six-cycle flat-top
part and two-cycle sin2-shape up and down rampings. The
three-dimensional TDSE is solved using the freely available
software QPROP [53]. In this work, we will take the He atom as
an example with the Coulomb potential [54] V (r) = −(Zc +
a1e−a2r + a3re−a4r + a5e−a6r )/r, where the coefficients are
Zc = 1, a1 = 1.231, a2 = 0.662, a3 = −1.325, a4 = 1.236,
a5 = −0.231, and a6 = 0.48.

After the time-dependent electronic wave function is ob-
tained, the corresponding HHG spectra in the x and y
directions are given by [55]
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2

,
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1
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day(t )e−iωt dt

∣∣∣∣
2

, (3)

where the time-dependent induced dipole accelerations are
written as [56]

dax(t ) = 〈�(x, y, t )| − ∂V (x, y)

∂x
+ Ex(t )|�(x, y, t )〉,

day(t ) = 〈�(x, y, t )| − ∂V (x, y)

∂y
+ Ey(t )|�(x, y, t )〉. (4)

Accordingly, the total HHG power spectra can be expressed
as P(ω) = √

Px(ω) + Py(ω).
To synthesize the attosecond pulse with HHG, a group of

the harmonics is selected. The corresponding electric-field
vectors of the attosecond pulse in the x and y directions are
given by [57]

Eax(t ) =
∑

q

aqxeiqωt , Eay(t ) =
∑

q

aqyeiqωt , (5)

where aqx = ∫
dax(t )e−iqωt dt , aqy = ∫

day(t )e−iqωt dt , and q is
the harmonic order.

B. Quantum-orbit theory within the strong-field approximation

To understand the TDSE results, quantum-orbit theory
within the strong-field approximation (SFA) [58] is employed
to simulate the HHG. The intensity of the qth harmonic is
given by [43,46,59]

Iq = (qω)4

2πc3
|Tq|2, (6)

where Tq = ∫ T
0

dt
T eiqωt

∑
m dm(t ), m is the magnetic quantum

number, and dm(t ) is the time-dependent dipole moment. In
this work, the dipole moment is written as [43,46,60]

dm(t ) = −i
∫

d3 p
∫ t

−∞
dt0〈p + A(t0)|r · E(t0)|�lm〉

× eiS(p,t,t0 )〈�lm|r|p + A(t )〉, (7)

where p is the drift momentum of the electron between the
ionization time t0 and recombination time t and S(p, t, t0) =
−Ipτ − ∫ t

t0
dt ′[q + A(t ′)]2/2 is the quasiclassical action, with

τ = t − t0 and Ip being the ionization potential. The ground-
state atomic wave function �lm is written as a linear
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FIG. 1. (a) The Lissajous curve of the electrical field of the ω-3ω

bicircular laser field. The total laser intensity is 7 × 1014 W/cm2,
and the fundamental frequency ω is 0.057 a.u. (b) The solutions of
t0s (thin lines) and ts (thick lines) for quantum orbits from the four
segments of the laser field, where Up is the ponderomotive energy
and indices α = ±1 represent the short orbits and long orbits of the
ionized electron, which are marked by the solid lines and dashed
lines, respectively.

combination of the asymptotic wave functions [61–66]:
�lm = Arν−1exp(−κr)Ylm(r), where ν = Z/κ , κ = √

2Ip, Z
is the charge of the atomic residue, and l is the orbital quantum
number. The values of A for different gases are tabulated
in [61]. For the ground state of the He atom, l = m = 0, and
A = 2.87.

To solve Eqs. (6) and (7), the saddle-point method is used,
and the corresponding harmonic amplitude is approximately
given by [43,59]

T j
q = b

∑
s

[Q0s/(iκ )]l

[i(ts − t0s)]3/2

(
2i

S′′
0s

)ν+1/2( 2i

S′′
s

)1/2

eiSs

×
∑

m

〈�lm| j|Qs〉Ylm(Q0s), (8)

where s denotes the different quantum orbits, b =
π2Aκνν�(ν/2)/T , j = x or y, Q0s = p + A(t0),
Qs = p + A(ts), the action of each quantum orbit
Ss = S(p, ts, t0s) + qωts, and t0s and ts represent the ionization
and recombination times of the quantum orbit, respectively.
The quantum orbits are obtained by solving the saddle-point
equations [60–62,67,68]

[p + A(t0s)]2 = −2Ip, (9a)

(ts − t0s)p = −
∫ ts

t0s

dt ′A(t ′), (9b)

[p + A(ts)]2 = 2(qω − Ip). (9c)

Because the right-hand side of the first equation is negative,
the solutions of t0s, ts, and p are complex. Figure 1 gives an
example of the Lissajous curve and the solutions of t0s and ts
for the ω-3ω bicircular laser field. It shows that there are four
segments within one optical cycle of the fundamental laser
field, and accordingly, there are four groups of the quantum
orbits. On the other hand, for the ω-2ω bicircular laser field,
the Lissajous curve of the electric field is a trefoil, and there
are three groups of quantum orbits in one optical cycle of
the fundamental laser field [45,61,69]. After the harmonic
amplitudes are obtained according to Eq. (8), the attosecond
pulses can be obtained by superposing a group of harmonics,

FIG. 2. TDSE-simulated HHG spectra of the He atom under
(a) the ω-3ω and (b) the ω-2ω circular-elliptical bichromatic laser
fields with different values of ξ . The region between the vertical
green dashed lines denotes the selected harmonics for the generation
of the APTs.

and the corresponding electric-field vectors of the attosecond
pulses in the x and y directions are given by [43,69]

Eax(t ) =
∑

q

q2T x
q exp(−iqωt ),

Eay(t ) =
∑

q

q2T y
q exp(−iqωt ). (10)

III. RESULTS AND DISCUSSION

In Fig. 2, we present the TDSE-simulated HHG spectra
of a He atom under the ω-3ω and ω-2ω circular-elliptical
bichromatic laser fields. The fundamental laser field has a
wavelength of 800 nm, and the intensity ratio between the
fundamental and additional fields is equal to 1, with a total
intensity of 7 × 1014 W/cm2. The TDSE simulation shows
that only (4q ± 1)th-order harmonics are emitted for the ω-3ω

bicircular laser field (ξ =1), while they become 3q ± 1 for
the ω-2ω bicircular laser field. Our results are consistent with
previous calculations [26,40–44,70–72]. With the decrease
in the ellipticity ξ of the 3ω and 2ω fields, the orders of
the harmonic radiation remain the same for the ω-3ω laser
field, but additional 3qth-order harmonics appear for the ω-2ω

laser field. The reason is that for the ω-3ω circular-elliptical
bichromatic laser field, the electric field has symmetry with
the half cycle of the fundamental field when decreasing the
ellipticity ξ of the 3ω field (see the discussion of Fig. 7
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FIG. 3. (a)–(c) The APT synthesized with the 34th- to 40th-order harmonics from the He atom under the ω-3ω circular-elliptical
bichromatic laser fields with different values of ξ . The electric vector of the APT is plotted by using the real part of Eq. (5). (d)–(f) Zoomed-in
view of the attosecond pulses in the time window of the 5.2–5.45 optical cycle [marked by the red dashed lines in (a)–(c)]. (g)–(i) The APT
synthesized with the 54th- to 62nd-order harmonics from the He atom under the ω-2ω circular-elliptical bichromatic laser fields with different
values of ξ .

below), and accordingly, the (2q ± 1)th-order harmonics are
emitted, which coincides with the (4q ± 1)th-order harmonics
generated from the ω-3ω bicircular laser field. In contrast,
for the ω-2ω bichromatic laser field, the symmetry of the
laser field is completely destroyed when the ellipticity ξ of
the 2ω field is changed (see the discussion of Fig. 8 below);
thus, the additional 3qth-order harmonics are emitted. In the
following, we will mainly focus on the ellipticity of the APTs
synthesized from the harmonics.

In Figs. 3(a)–3(c), we show the APTs synthesized with
the harmonics near the cutoff region for the ω-3ω circular-
elliptical bichromatic laser field with ξ = 1.0, 0.85, and
0.75, respectively. These plots clearly show that for the ω-
3ω circular-elliptical bichromatic laser field, there are four
attosecond bursts in one optical cycle whose polarization di-
rections differ from each other by 90◦. With the decrease in
the ellipticity ξ of the 3ω field, the ellipticity of the first and

third attosecond bursts decreases, while the ellipticity of the
second and fourth attosecond bursts increases. To more clearly
show the increase in the ellipticity of the attosecond bursts
with the ellipticity of the 3ω field, the second attosecond
burst in the specific temporal window of the 5.2-5.45 optical
cycle of the fundamental pulse is shown in Figs. 3(d)–3(f).
When ξ = 0.75, a nearly circularly polarized attosecond pulse
with an ellipticity of χ ≈ 0.99 can be obtained, where χ =
(|E+|2 − |E−|2)/(|E+|2 + |E−|2) and E± are the two helical
components of the electric field of the APT in the time domain
E±(t ) = ∓[Ex(t ) ± iEy(t )]/

√
2 [44,45,52]. In order to better

illustrate the variation in ellipticity of the attosecond pulse
under the ω-3ω circular-elliptical bichromatic laser field, we
present in Fig. 4 the maximum ellipticity of the attosecond
pulse (synthesized using the 34th- to 40th-order harmonics) as
a function of the ellipticity of the 3ω component. Interestingly,
as the ellipticity of the 3ω component decreases, the ellipticity
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FIG. 4. The maximal ellipticity of the simulated attosecond pulse
as a function of the ellipticity of the 3ω component of the ω-3ω

circular-elliptical bichromatic laser field. The red curve is the result
of a polynomial fit.

of the attosecond pulse first increases to approximately 0.99
and then starts to decline.

Note that we have also simulated the APTs with different
frequency ranges of the harmonics in the HHG spectra and
with different intensity ratios of the fundamental and addi-
tional fields. For the APTs synthesized with the harmonics
in the lower-frequency region, e.g., 24th- to 30th-order har-
monics, the ellipticity is almost unchanged with the decrease
in the ellipticity of the driving laser fields. However, for the
APTs synthesized with the harmonics in the higher-frequency
region, e.g., 34th- to 44th-order harmonics, the ellipticities
of the second and fourth attosecond bursts in each optical
cycle first approach unity and then decrease as the ellipticity
of the 3ω field decreases, which is qualitatively the same as
the result shown in Fig. 4. On the other hand, we have also
changed the ratios between the intensities of the fundamental
and additional fields. Our results show that, for the different
intensity ratios, the trend of the change in the attosecond
bursts with the decrease of the ellipticity of the driving laser
fields is quantitatively unchanged.

For comparison, in Figs. 3(g)–3(i), we show the APTs
synthesized with the harmonics near the cutoff region for the
ω-2ω circular-elliptical bichromatic laser field with different
laser ellipticities ξ . Our result shows that there are three at-
tosecond bursts in one optical cycle, and their polarization
directions are 120◦ apart from each other, which is consistent
with previous simulations [69]. With decreasing ellipticity ξ

of the 2ω field, the APT changes significantly, but the elliptic-
ity of the attosecond pulses is still small.

To understand the change in the ellipticity of the attosec-
ond pulse under different circular-elliptical bichromatic laser
fields, quantum-orbit theory within the SFA is employed to
simulate the APTs. In Fig. 5, we present the simulated two-
dimensional electric-field vectors of the APTs under different
circular-elliptical bichromatic laser fields. Our simulations
qualitatively agree with the TDSE results in Fig. 3. For ex-
ample, for the ω-3ω circular-elliptical bichromatic laser field

in Figs. 5(a)–5(c), the ellipticity of the attosecond burst with
the main axis of the ellipse along the y direction increases
with decreasing laser ellipticity ξ . This can be more clearly
observed from the insets of Figs. 5(a)–5(c). On the other
hand, for the ω-2ω circular-elliptical bichromatic laser field in
Figs. 5(d)–5(f), the ellipticity of the attosecond burst remains
small with decreasing laser ellipticity ξ .

In the following, we first understand the physics of the
generation of the highly elliptically polarized attosecond pulse
with the ω-3ω circular-elliptical bichromatic laser field by
analyzing the harmonic amplitudes according to Eq. (10). In
Fig. 6, we present the HHG spectra in the x and y directions
at different laser ellipticities ξ . When ξ = 1, the harmonic
amplitudes in the x and y directions are the same. With the
decrease in the value of ξ , the high-energy harmonic ampli-
tude in the y direction decreases significantly. If the APTs are
synthesized with the high-energy harmonics, the decrease in
the harmonic amplitude in the y direction leads to a decrease
in the amplitude of the APTs in the y direction [see Figs. 5(a)–
5(c)]. For the elliptically polarized attosecond pulses with the
main axis of the ellipse along the y direction (the second and
fourth attosecond bursts), the decrease in the amplitude of the
APTs in the y direction results in the increase in the ellipticity
of the corresponding attosecond pulses. At a proper ellipticity
of the 3ω harmonic, it is possible to generate an attosecond
pulse that is nearly circularly polarized.

Next, we will try to understand the change in the harmonic
amplitudes in the different directions in Fig. 6 by analyzing
the transition amplitude of the harmonic. According to Eq. (8),
the harmonic amplitudes of the different directions are de-
termined by the term

∑
m〈�lm| j|Qs〉. For the He atom with

l = m = 0, this term can be simplified as [73]

〈�00|x|Qs〉 = DQs,xκ
−3−ν�(2 + ν)

{√
Q2

s,x + Q2
s,yκ (1 + ν)

× cos[(1 + ν)arccot

(
κ√

Q2
s,x + Q2

s,y

)]

− [
κ2 + Q2

s,x(2 + ν) + Q2
s,y(2 + ν)

]
× sin

[
(1 + ν)arccot

(
κ√

Q2
s,x + Q2

s,y

)]}

(11)

in the x direction and

〈�00|y|Qs〉 = DQs,yκ
−3−ν�(2 + ν)

{√
Q2

s,x + Q2
s,yκ (1 + ν)

× cos

[(
1 + ν)arccot

(
κ√

Q2
s,x + Q2

s,y

)]

−
[
κ2 + Q2

s,x

(
2 + ν) + Q2

s,y(2 + ν

)]

× sin

[
(1 + ν)arccot

(
κ√

Q2
s,x + Q2

s,y

)]}

(12)
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FIG. 5. The electric-field vector of the APTs simulated with quantum-orbit theory (a)–(c) for the ω-3ω circular-elliptical bichromatic laser
field and (d)–(f) for the ω-2ω circular-elliptical bichromatic laser field. The electric vector is plotted by using the real part of Eq. (10). The
insets of (a)–(c) are the results of the attosecond pulse for the temporal window of the 0.7–0.95 optical cycle of the fundamental laser field.
The laser parameters are the same as those in Fig. 3.

in the y direction, where D = −i 2.87√
2π (Q2

s,x+Q2
s,y )(3/2) (1+ν)

(1 +
Q2

s,x+Q2
s,y

κ2 )
1
2 (−3−ν) and Qs, j = p j + Aj (ts) is the electron veloc-

ity at the recombination time. Close inspection reveals that the
disparity between Eqs. (11) and (12) lies in the second term,
i.e., the recombination velocity of the electron in the respec-
tive direction. In Fig. 7(a), we present the electron velocities
of four short quantum orbits of, e.g., the 35th-order harmonic
from the ionization time to the recombination time [59]. The
recombination velocities of the quantum orbits from segments
I and III (the black line and the medium gray line) are mainly

FIG. 6. The SFA HHG spectra of the ω-3ω circular-elliptical
bichromatic laser field with (a) ξ = 1, (b) ξ = 0.85, and (c) ξ = 0.75.
The red solid lines indicate the x-direction harmonics, while the blue
dashed lines indicate the y-direction harmonics. The harmonics in the
regions between the vertical green dashed lines are used to synthesize
the APT.

along the y axis, which contributes to the harmonic in the y
direction. On the other hand, the recombination velocities of
the orbits from segments II and IV (the dark gray line and
the light gray line) are mainly along the x direction, which
contributes to the harmonic in the x direction. With decreasing

FIG. 7. (a) Velocities v(t) from the ionization time (i) to the
recombination time (r) for the short quantum orbits of, e.g., the
35th-order harmonic under the ω-3ω bicircular laser field. The black
line, dark gray line, medium gray line, and light gray line denote
the quantum orbits from segments I, II, III, and IV, respectively.
(b) Electric-field vectors of the ω-3ω circular-elliptical bichromatic
laser field with ξ = 1.0, 0.85, and 0.75, respectively. The lines of
varying colors are related to the travel times of the four quantum
orbits from the ionization time to the recombination time.
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FIG. 8. (a) Velocities v(t) between the ionization time (i) and
the recombination time (r) of the short quantum orbits of, e.g., the
59th-order harmonic from the ω-2ω bicircular laser field. The black
line, dark gray line, and light gray line denote the quantum orbits
from segments I, II, and III, respectively. (b) Electric-field vectors
of the ω-2ω circular-elliptical bichromatic laser field. The lines of
varying colors are related to the travel times of the three quantum
orbits from the ionization time to the recombination time. (c)–(e) The
HHG spectra in the x and y directions for the ω-2ω circular-elliptical
bichromatic with ξ = 1.0, 0.85, 0.75, respectively.

ellipticity ξ of the 3ω field, Fig. 7(b) shows that the laser
electric field along the y direction will gradually decrease,
and accordingly, the maximal recombination velocities of the
electron from segments I and III decrease, which results in
the decrease in the cutoff energy of the harmonic in the y
direction. However, the electric field in the x direction remains
almost the same, and hence, the change in the harmonic am-
plitude in the x direction with the ellipticity ξ of the 3ω field
is relatively small.

Finally, we will try to understand the change in the APTs
under the ω-2ω circular-elliptical bichromatic laser fields
shown in Figs. 5(d)–5(f). Similarly, in Fig. 8(a), we present
the electron velocities of three short quantum orbits of, e.g.,
the 59th-order harmonic from the ionization time to the re-
combination time. For the quantum orbit from segment III,
the direction of the velocity at the recombination time is
mainly along the x direction, and for the quantum orbits from
segments I and II, their velocities at the recombination time
are not along the x or y axis. According to the discussion
above, the direction of the electron recombination velocity de-
termines the polarization direction of the harmonic emission.

Thus, the polarization directions of the synthesized attosecond
pulse are 120◦ apart from each other. With decreasing ellip-
ticity ξ of the 2ω laser field, Fig. 8(b) shows that the laser
electric field along the y direction will gradually decrease,
while the electric field in the x direction remains almost the
same. Therefore, the harmonic amplitude in the y direction de-
creases significantly in comparison with that in the x direction,
which is in good agreement with the simulations shown in
Figs. 8(c)–8(e). The decrease in the harmonic amplitude in the
y direction results in a corresponding decrease in the ampli-
tude of the attosecond pulse in the same direction. However,
it is important to note that unlike the ω-3ω circular-elliptical
bichromatic laser field, the main axis of the elliptically polar-
ized attosecond pulse is not aligned with the y direction [see
Fig. 5(d)]. Consequently, the reduction in the attosecond pulse
amplitude along the y direction leads to a significant decrease
in its ellipticity, as depicted in Figs. 5(d)–5(f).

IV. CONCLUSION

In summary, we investigated the generation of APT from
an atom under circular-elliptical bichromatic laser fields by
numerically solving the TDSE. With decreasing ellipticity of
the 3ω field, in ω − 3ω circular-elliptical bichromatic laser
field the ellipticity of parts of the elliptically polarized APT in
each optical cycle first approaches unity and then decreases.
However, the ellipticity of the attosecond pulses remains
small when the ellipticity of the 2ω field in ω − 2ω circular-
elliptical bichromatic laser field is unchanged. The TDSE
results were reproduced in terms of quantum-orbit theory. By
analyzing the quantum orbits, we found that the harmonic am-
plitude emitted in the different directions is closely related to
the electron velocity at the recombination time and hence the
laser electric field in the corresponding direction. For the ω-
3ω circular-elliptical bichromatic laser field, the electric field
decreases just along the main axis of the elliptically polarized
attosecond pulse, leading to a decrease in the amplitude of the
attosecond pulses in that direction. Hence, the ellipticity of the
attosecond pulses first approaches unity and then decreases.
Our work offers a simple method to obtain highly elliptically
polarized attosecond pulses by controlling the electric field of
circular-elliptical bichromatic laser fields.
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[41] D. B. Milošević, Opt. Lett. 40, 2381 (2015).
[42] C. L. Xia, Y. Y. Lan, Q. Q. Li, and X. Y. Miao, Chin. Phys. B

28, 103203 (2019).
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Phys. Rev. A 70, 053403 (2004).
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