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Generation of a near-circularly-polarized pulse from a ring-current state of a Ne atom
in an orthogonally polarized two-color laser field
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We investigate theoretically the elliptically high-order harmonic generation from the ring-current state of the
Ne atom by numerically solving the two-dimensional time-dependent Schrödinger equation in an orthogonally
polarized two-color (OTC) laser fields. We find that the elliptically polarized harmonics can be generated by
the ring-current state with nonzero angular momentum. A high-efficiency near-circularly-polarized single-atom
radiation pulse can be obtained by adjusting the intensity ratio of the OTC laser fields. As the intensity ratio
increases, the efficiency of the harmonics is enhanced and the ellipticity of the harmonics is increased, which is
illustrated by the temporal evolution of the electronic density probability and the semiclassical three-step model.
Moreover, we find that the ellipticity of a single-atom radiation pulse is sensitive to the relative phase of the OTC
laser fields, which offers the possibility to control the polarization of extreme ultraviolet radiation.
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I. INTRODUCTION

High-order harmonic generation (HHG) is a highly nonlin-
ear process in strong laser-matter interactions. The dynamics
of HHG can be understood by the three-step-recollision
model, i.e., ionization, acceleration, and recombination [1]. A
high-order harmonic spectrum contains abundant information
about structures and dynamics for target matters, which is
widely used for ultrafast detection, including atoms [2–4],
molecules [5,6], and solids [7–9]. In addition, HHG is one
of the main sources to obtain tabletop extreme ultraviolet or
soft-x-ray attosecond pulses [10,11], which have important
applications in research areas such as physics, chemistry, and
biology. Therefore, HHG has been a hot topic of research. In
recent years, circularly polarized isolated attosecond pulses
(IAPs) and attosecond pulse trains (APTs) have received a
great deal of attention. Compared to linearly polarized at-
tosecond pulses, they offer additional degrees of freedom and
have important applications in chiral recognition [12–14], the
study of ultrafast chiral-specific dynamics [15], and magnetic
circular dichroism spectroscopy [16,17].

To date, various schemes for generating elliptical polarized
attosecond pulses have been proposed. The simplest scheme
to obtain high-order harmonics with nonzero ellipticity is that
using an elliptically polarized laser field, but the efficiency
of the harmonics decreases as the ellipticity increases for the
driving laser field [18,19]. The other option is based on using
prealigned molecules [20–22], and in this case the ellipticity
of the high-order harmonics is not very high. To improve
the efficiency and ellipticity of the harmonics, one of the
effective methods is to use the bichromatic counterrotating
circularly polarized (BCCP) driving laser fields [23,24]. Pure
circularly polarized harmonics can be produced under this
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electric field and the efficiency is comparable to that of a
linearly polarized driving field. However, due to the selection
rule [25,26], the high harmonic spectrum consists of alternat-
ing double peaks with left and right circular polarization. The
ellipticity of the synthesized attosecond pulses is obviously
limited due to the opposite harmonic helicity. Huang et al. [27]
overcame this problem by adjusting the ellipticity of the
BCCP laser pulse, achieved the adjustment of the polarization
state of the attosecond pulse, and obtained the attosecond
pulse with large ellipticity. In addition, Gemsheim and Rost
[28] proposed to obtain elliptically polarized high harmonics
from twisted electron wave packets with quantized orbital
angular momentum along the laser polarization axis driven by
a linearly polarized field.

Recently, the elliptically polarized IAPs and APTs from the
ring-current state have attracted attention [29–31]. Although
the single atom does not emit attosecond pulses when interact-
ing with the laser field, there is a natural attosecond timescale
that characterizes harmonic generation processes based on
the numerical solution of the time-dependent Schrödinger
equation (TDSE) in microscopic laser-atom interactions as
discussed in Ref. [32]. The process that leads to attosecond
extreme ultraviolet (XUV) emission begins at the single-atom
level when an electron in the bound state encounters a laser
field of sufficient strength to cause ionization [32]. By numer-
ically solving the TDSE, we can analyze the XUV radiation
on the attosecond timescale at the microscopic level, while to
generate an attosecond pulse in experiment we need to further
consider the macroscopic propagation effects.

The ring-current state has been demonstrated through ex-
tensive theoretical and experimental work. For example, ring
currents can be induced from neon and benzene [33], ex-
cited atoms using circularly polarized pulse [34], and selected
ionization in ions [35]. The single ring-current state can be ex-
cited in a suitable molecule or atom by a circularly polarized
π pulse [34,36], i.e., the 2p+ and 2p− ring-current states of
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the Ne atom can be induced by a clockwise or a counterclock-
wise rotating circularly polarized π pulse, respectively. The
single ring-current state as a research target has been used in
previous works [29,30,37].

Neufeld and Cohen [33] demonstrated the elliptically
polarized high harmonics from the ring-current state by sym-
metry breaking; they indicated that if the medium carries a
ring current, the symmetry-based selection rule will be bro-
ken, which will cause the emission of elliptically polarized
harmonics. It was demonstrated that elliptically polarized har-
monics can be obtained from the ring-current states. However,
in practical applications, the improvement of the efficiency
and the ellipticity of the attosecond pulse is a key issue.
Therefore, an effective scheme to generate a near-circularly-
polarized attosecond pulse with high efficiency is still desired.

In this paper we present a scheme for generating a near-
circularly-polarized single-atom radiation pulse with high
efficiency from the ring-current state of the Ne atom, which
is based on the orthogonally polarized two-color (OTC) laser
fields. By adjusting the intensity ratio of the OTC laser fields,
both the efficiency and the ellipticity of the harmonics can
be improved. A near-circularly-polarized single-atom radia-
tion pulse can be obtained at a certain field strength ratio or
by adjusting the relative phase of the OTC laser fields. We
investigate the temporal evolution of the probability density
of the electron wave packet and the classical electron trajec-
tory, which is used to illustrate the physical mechanism of
the harmonic emission. Our results provide potential tools to
explore molecular chiral structures and manipulate magnetic
materials.

II. THEORETICAL METHODS

In this work we investigate the elliptically high-order
harmonic generation from the ring-current state of the Ne
atom by numerically solving the two-dimensional (2D) time-
dependent Schrödinger equation (unless stated otherwise,
atomic units are used throughout this paper)

i
∂ψ (r, t )

∂t
= H (r, t )ψ (r, t ), (1)

where H (r, t ) = − 1
2∇2 + V (r) + r · E(t ) is the full Hamilto-

nian and r = (x, y) indicates the position of the electron in the
2D x-y plane, with V (r) the 2D model Coulomb potential of
the Ne atom, which is taken from [29]

V (r) = − Z (r)√
r2 + a

, (2)

where Z (r) = 1 + 9 exp(−r2). The soft-core parameter a is
set to 2.881 72 to obtain the ionization potential 0.793, which
is the same as the first ionization potential of the Ne atom
[38]. The ring-current state of the Ne atom with magnetic
quantum numbers m = ±1 can be expressed as |ϕ2p±〉 =
1/

√
2(|ϕ2px 〉 ± i|ϕ2py〉) [29–31]. The |ϕ2px 〉 and |ϕ2py〉 are

obtained by imaginary-time propagation filtering out the
ground-state wave function [29,39]; |ϕ2px 〉 and |ϕ2py〉 are de-
generate states with the same ionization potential 0.793. For
a reference atom calculation, we use the 1s orbital as the
initial state and take Z (r) = 1 and a = 0.1195 to keep the
same ionization potential for the 2p orbital of the Ne atom as

used in Ref. [29]. The 1s state with zero angular momentum
can be compared with the nonzero angular momentum 2p+
state, which reflects the influence of angular momentum in
the harmonic emission process.

The external electric field is an OTC laser pulse

E(t ) = E0 f (t )[sin(ω0t )�ex + γ sin(2ω0t + φ)�ey], (3)

where E0 and ω0 are the maximum amplitudes of the pulse
and frequency of the fundamental field, respectively; f (t ) is
a trapezoidal envelope of the laser pulse with a total duration
of three optical cycles (o.c.) with one cycle of rise and fall; γ

is the intensity ratio, which can reflect the relative amplitude
of the two laser fields; φ is the relative phase; and �ex and �ey

are the unit vectors in the x and y directions, respectively. We
numerically solve the 2D TDSE by using the split-operator
method to obtain the propagation of the time-dependent wave
function ψ (r, t ). We use a grid of size 409.6 a.u. containing
2048 grid points on the x (y) axis. The space and time steps are
0.4 and 0.05 a.u., respectively. The HHG spectrum is obtained
from the absolute square of the Fourier transformation of the
time-dependent dipole acceleration

Pr(ω) =
∣∣∣∣
∫

exp(−iωt )ar(t )dt

∣∣∣∣
2

. (4)

The time-dependent dipole acceleration can be expressed as

ar(t ) = 〈ψ (r, t )| − ∂H (r)/∂r|ψ (r, t )〉. (5)

The dipole acceleration in the frequency domain can be calcu-
lated from dx,y(	) = ∫

ax,y(t )e−i	t dt . The harmonic radiation
can be divided into left (d−) and right (d+) rotation polarized
components, which can be obtained by d± = (dx ± idy)/

√
2.

The ellipticity of the harmonics can be obtained from

ε = |d+| − |d−|
|d+| + |d−| . (6)

The harmonic spectrum can be projected into two counter-
rotating components: the right circularly polarized (RCP)
harmonics P+ = |d+|2 and the left circularly polarized (LCP)
harmonics P− = |d−|2 [40]. The temporal profile of the
single-atom radiation pulse can be obtained by superimposing
several harmonics, and the dependence of the intensity on time
can be expressed as

Ix,y(t ) =
∣∣∣∣∣∣
∑

q

ax,y(q)eiqωt

∣∣∣∣∣∣
2

, (7)

where ax,y(q) = ∫
ax,y(t )e−iqωt dt and q is the harmonic order

[41].

III. RESULTS AND DISCUSSION

Figure 1(a i) shows the RCP and LCP harmonic compo-
nents from the ring-current state 2p+ with nonzero angular
momentum of the Ne atom driven by the OTC laser fields.
The two-dimensional Lissajous projection of the OTC laser
fields is shown in the inset of Fig. 1(a ii). Here we choose
E0 = 0.075 49 a.u. (I0 = 2 × 1014 W/cm2), ω0 = 0.057 a.u.
(800 nm), φ = 0, and the intensity ratio of the OTC laser
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(a i) (b i)

(a ii) (b ii)

(a iii) (b iii)

FIG. 1. (a i) and (b i) Harmonic spectrum of the RCP and LCP components driven by the OTC laser fields. (a ii) and (b ii) Ellipticity of the
harmonics near the cutoff region (33rd to 40th order). (a iii) and (b iii) Three-dimensional plot of the electric field of the single-atom radiation
pulse by superimposing the 33rd- to 40th-order harmonics. (a) is from the ring-current state 2p+ of the Ne atom and (b) is from the 1s orbital
of the reference atom. The fundamental laser intensity is 2 × 1014 W/cm2 and the wavelength is 800 nm. The relative phase is φ = 0 and the
intensity ratio is γ = 0.2. The inset of (a ii) is the two-dimensional Lissajous projection of the OTC laser fields. The harmonic intensity is on
a logarithmic scale.

fields γ = 0.2. In our scheme, the pulse with elliptical po-
larization is generated by selecting the target atoms rather
than by adjusting the BCCP laser fields, which is the main
difference from Ref. [27]. From Fig. 1(a i) we can see that
the intensity of the RCP and LCP harmonic components are
significantly different. In the plateau region (14th order to 40th
order, as indicated by the gray arrows) the intensity of the
RCP component is higher than that of the LCP component,
which indicates that the harmonics emitted are right-rotation
polarized.

In Figs. 1(a ii) and 1(a iii) we present the ellipticity of the
harmonics near the cutoff position (from 33rd to 40th order)
and the 3D electric field of the single-atom radiation pulse
by superimposing these harmonics [32]. We can see that the
ellipticity of the harmonic shown in Fig. 1(a ii) is close to 0.5.
From Fig. 1(a iii) we can see that the radiation is a pulse train
with ellipticity 0.5, which has two intensity peaks (yellow
arrows) in one optical cycle.

For comparison we present the RCP and LCP harmonics
from the 1s state of the reference atom in Fig. 1(b i). We can
see that the RCP and LCP harmonics have the same intensity,
which indicates that the harmonics are linearly polarized. It
is the fact that OTC laser fields are composed of linearly
polarized lasers in the x and y directions and that atoms are
isotropic symmetric systems, which leads to linearly polarized

harmonic emission. Similarly, in Figs. 1(b ii) and 1(b iii) we
show the ellipticity of the harmonics near the cutoff position
(from 33rd to 40th order) and the 3D electric field of the
radiation by superimposing these harmonics. We can see that
the ellipticity of the harmonics is almost zero and the radiation
is linearly polarized.

By comparing the ellipticity of the high-order harmonics
from different initial states, we can see that the ring-current
state has an important effect on the polarization of harmonic
emission. The ring-current state has nonzero angular mo-
mentum, and during the recombination process, the angular
momentum of the electron in the ring-current state can be
transferred to the polarization state of the emitted photons.
Thus, the harmonic from the ring-current state is elliptically
polarized, which is consistent with previous reports and can be
demonstrated by a simple derivation of the equation [29,30].
This process can also be understood from another perspec-
tive, i.e., the ring-current state carries angular momentum
and this symmetry-based selection rule is broken, causing the
emission of elliptically polarized harmonics [33]. However,
in our results for γ = 0.2 the intensity and ellipticity of the
single-atom radiation pulse are low. The ellipticity of the ra-
diation pulse is only 0.5, which is not an ideal result. Next we
investigate the effect of the intensity ratio γ on the ellipticity
and emission efficiency of the high-order harmonics from the
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FIG. 2. (a) Intensity and (b) ellipticity distribution of the harmon-
ics versus harmonic order and intensity ratio. The blue arrow and
the red arrow indicate the cutoff position of the harmonics around
40th for γ = 0.2 and 50th for γ = 1.4, respectively. The dashed
line indicates the reference value for the 40th harmonic. The initial
state is the ring-current state 2p+ of the Ne atom. The other laser
parameters are the same as those in Fig. 1. The harmonic intensity is
on a logarithmic scale.

ring-current state. Figures 2(a) and 2(b) show the intensity and
ellipticity distributions of the harmonics as a function of the
intensity ratio γ and the harmonic order (the intensity ratio
γ is from 0.2 to 1.6). From Fig. 2(a) we can see that the
harmonic intensity gradually increases as γ increases, with
the strongest harmonic intensity around γ = 1.4. In addition,
as γ increases the cutoff position of the harmonics is ex-
tended [as indicated by red arrow in Fig. 2(a)]. From Fig. 2(b)
we can see that the ellipticity of the harmonics increases as
the intensity ratio γ increases. Similarly, around γ = 1.4 the
ellipticity reaches a maximum. Note that by controlling the
intensity ratio γ the two ideal conditions are simultaneously
met, i.e., the harmonic emission efficiency is enhanced and the
harmonic ellipticity is increased.

We demonstrate the single-atom radiation pulse by super-
imposing the 29th- to 39th-order harmonics near the cutoff
position for the intensity ratio γ = 1.3 and the 31st- to
42nd-order harmonics for γ = 1.4. To reflect the polarization
characteristic of the pulse, we present the 3D plot of the
electric field of the pulse as shown in Figs. 3(a i) and 3(b i),
respectively. Figures 3(a ii) and 3(b ii) show the projection
of the electric field of the pulse onto the Ex-Ey plane. From

Fig. 3(a ii) we can see that the ellipticity of the radiation
pulse is 0.8 and is right-rotation polarized (red arrow) for
γ = 1.3. From Fig. 3(b ii) we can see that the ellipticity of
the radiation pulse is 0.98 for γ = 1.4. The electric field is
also right-rotation polarized and the ellipticity is close to 1,
which means that the radiation pulse is near-circularly polar-
ized. Figures 3(a iii) and 3(b iii) present the time-dependent
intensity of the radiation pulse. We can see that the radia-
tion pulse with durations of 239 and 293 as can be obtained
for γ = 1.3 and 1.4, respectively. The above results show
that near-circularly-polarized single-atom radiation pulse with
high efficiency can be obtained by adjusting the intensity ratio
of the OTC laser fields.

Next we illustrate the physical mechanism of a high-
efficiency near-circularly-polarized single-atom radiation
pulse from quantum and classical perspectives, respectively.
In Fig. 4 we present the temporal evolution of the probability
density of the electron wave packets for the intensity ratios
γ = 0.2 and 1.4, which can reflect the motion of the electrons
visually. We show the temporal evolution of the electronic
probability density from T = 1.5 to 1.9 o.c. with an interval
of 0.1 o.c. Figures 4(a) and 4(b) show the results for γ = 0.2
and 1.4, respectively. From Fig. 4(a) we can see that the
electron moves mainly from the −x axis direction to the +x
axis direction and has a small helical trajectory. It returns to
the parent nucleus at the moments around T = 1.8 and 1.9
o.c., as shown in Figs. 4(a iv) and 4(a v) (white arrows). In the
case of γ = 0.2, the electric-field intensity in the x direction
is Ex = 0.075 49 (Ix = 2 × 1014 W/cm2) and in the y direction
it is Ey = 0.015 09 (Iy = 8 × 1012 W/cm2). The electric-field
strength in the y direction is very weak compared to that in the
x direction; it has little effect on the electron motion. Thus,
the electron motion has a small helical trajectory for γ = 0.2,
which is similar to the probability density of the electron
wave packet from the ring-current state driven by the linearly
polarized laser field as demonstrated in Fig. 1(c) of Ref. [30].
From Figs. 4(b i)–4(b iv) we can see that the electron moves
with a larger helical trajectory for γ = 1.4, moving about
twice as far as that for the γ = 0.2 case. Similarly, at the
moments T = 1.8 and 1.9 o.c., the electron returns to the
parent nucleus as shown in Figs. 4(b iv) and 4(b v) (white
arrows). For the case of γ = 1.4, the electric-field intensity in
the x direction is Ex = 0.075 49 (Ix = 2 × 1014 W/cm2) and in
the y direction it is Ey = 0.105 68 (Iy = 3.9 × 1014 W/cm2).
Due to the enhancement of the electric-field strength in the y
direction, the electrons have large helical trajectory.

By comparing the temporal evolution of the electron proba-
bility density for γ = 0.2 and 1.4 (wave functions for γ = 0.2
and 1.4 have been normalized), we find that the electron den-
sity for γ = 1.4 is about two orders of magnitude larger than
that for γ = 0.2. The position of the nucleus is at the origin of
the coordinates. The electron wave packets for γ = 0.2 [see
Figs. 4(a iv) and 4(a v)] and γ = 1.4 [see Figs. 4(b iv) and
4(b v)] return to the nucleus at about T = 1.8 and 1.9 o.c. The
above analysis indicates that more electrons can return to the
nucleus for γ = 1.4 than that for γ = 0.2; thus the harmonic
intensity for γ = 1.4 is higher, which is consistent with the
result demonstrated in Fig. 2(a).

Neufeld and Cohen [33] indicated that the ring-current
state carries angular momentum, which will break the sym-
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(a i)
(a ii) (a iii)

(b i)
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FIG. 3. Three-dimensional plot of the electric field of the near-circularly-polarized single-atom radiation pulse by superimposing the (a i)
29th- to 39th-order harmonics for γ = 1.3 and (b i) 31st- to 42nd-order harmonics for γ = 1.4. The electric field of the radiation pulse is
projected into the Ex-Ey plane for (a ii) γ = 1.3 and ε = 0.8 and (b ii) γ = 1.4 and ε = 0.98. The time-dependent intensity of the radiation
pulse is shown for the cases of (a iii) γ = 1.3 and 239 as and (b iii) γ = 1.4 and 293 as. The initial state is the 2p+ state and the other laser
parameters are the same as those in Fig. 1.

metry of the system. The angular momentum deflects the
ionized electrons away from the x axis, so the intensity of the
y component of the harmonics is not zero. It is also shown
that the harmonics from ring-current state driven by the OTC
laser fields will have larger ellipticity due to the fact that
the electrons have a helical trajectory in OTC laser fields. The
intensity of the y component of the harmonics will increase,
which makes the intensity of the x and y components of the
harmonics close to each other, and therefore the ellipticity of
the harmonics is larger. For the case of γ = 0.2, the electrons
are less distributed in the y axis direction and move mainly
in the x direction with a small helical trajectory returning to

the nucleus [see Figs. 4(a iv) and 4(a v)]. However, for the
case of γ = 1.4, the helical trajectory of the electron wave
packet is larger and more electrons return to the nucleus along
the y axis [see Figs. 4(b iv) and 4(b v)], which enhances the
intensity of the y component of the harmonics; this means
that the intensity of the x and y components of the harmonics
will be closer together. This satisfies the condition for gen-
erating harmonics with large ellipticity, i.e., the intensity of
the x and y components of the harmonics should be the same
[42]. Therefore, the harmonics have larger ellipticity in the
case of γ = 1.4. Our result is consistent with that described
in Ref. [33]. In addition, the electron moves farther, which
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FIG. 4. Temporal evolutions of the probability density of the electron wave packets for the intensity ratio (a) γ = 0.2 and (b) γ = 1.4. The
wave functions for γ = 0.2 and γ = 1.4 have been normalized. The coordinate zero point indicates the position of the nucleus. The initial
state is the 2p+ state and the other laser parameters are the same as those in Fig. 1.
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means that the electron can be accelerated sufficiently to gain
more energy. When the electron returns to the parent nucleus
more energy will be released. Thus, the cutoff position of the
harmonics has a certain extension as illustrated in Fig. 2(a)
(red arrow) for γ = 1.4.

Next we use the trajectory of the electron and the maximum
return kinetic energy of the electron to illustrate the physical
mechanism of high-efficiency near-circularly-polarized HHG
from the semiclassical three-step model [19,43]. The electron
is located at the origin in the initial moment, and ignoring
the Coulomb potential, the trajectory of the electron can be
expressed as

x(t ) =
∫ t

t0

(∫ t ′

t0

Ex(t ′′)dt ′′ + vx0

)
dt ′,

y(t ) =
∫ t

t0

(∫ t ′

t0

Ey(t ′′)dt ′′ + vy0

)
dt ′, (8)

where t0 is the ionization moment. The initial velocity com-
ponents in the x and y directions can be written as

vx0 = v‖ cos(θ0) + v⊥ sin(θ0),

vy0 = −v‖ sin(θ0) + v⊥ cos(θ0), (9)

where θ0 = tan−1[Ey(t0)/Ex(t0)] is the angle between the
electric-field vector and the coordinate axis at the time t0

and v‖ and v⊥ are the initial parallel velocity and transverse
velocity, respectively [19]. The electrons are mostly ionized
through tunneling; thus the initial velocity parallel to the
ionization field is zero (v‖ = 0) [44]. By solving x(t ) = 0
and y(t ) = 0, the recombination time with proper finite initial
velocity will be obtained and then we will get the trajectory
and kinetic energy for the recombination time.

To better understand the physical mechanism of the
harmonic emission, we show the dependence of the har-
monic order on the ionization and emission time and the
electron trajectories by the three-step model with nonzero
initial velocity in Fig. 5 for the cases of γ = 0.2 and
1.4, respectively. We also show the ionization probability
(green dotted line) for the cases of γ = 0.2 and 1.4 in
Figs. 5(a i) and 5(a ii), respectively. The ionization probabil-
ity is calculated from P(t ) = 1 − exp[− ∫ t

−∞ W (t ′)dt], where
W (t ′) is determined using the Ammosov-Delone-Krainov
model [45].

From Fig. 5(a i) we can see that for the case of γ = 0.2
the harmonics near the cutoff position (30th to 40th order)
are from the contribution of the two peaks A′

1 and A′
2. The

maximum return kinetic energy of the electron reaches about
40th order, which corresponds to the cutoff position of the
harmonic for γ = 0.2, as shown in Fig. 2(a) (blue arrow).
From the ionization probability as shown in Fig. 5(a i) we
can see that the strongest contribution to the harmonics is
from peak A′

2 and both long (L) and short (S) quantum
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trajectories contribute to the harmonic emission, which in-
dicates that there is strong interference between electron
pathways and it is unfavorable to synthesize an isolated pulse.
From Fig. 1(a iii) we can see that the pulse is not isolated for
the case of γ = 0.2. The pulse train is obtained, with two in-
tensity peaks (indicated by yellow arrows) in one cycle. From
Fig. 5(a ii) we can see the harmonics near the cutoff position
also from the contribution of the two peaks (B′

1 and B′
2) and

the maximum return kinetic energy close to the 50th order,
which is in agreement with that shown in Fig. 2(a) (red arrow).
Similarly, we can see that the strongest contribution to the
harmonics is from peak B′

2 based on the ionization probability.
The difference is that the contribution is mainly from the short
(S) quantum trajectory of peak B′

2 with weaker interelectron
interference, which is thus beneficial to synthesize the isolated
radiation pulse [see Fig. 3(b i)]. Moreover, by comparing the
ionization probability for the cases of γ = 0.2 and 1.4, the
ionization probability in the case of γ = 1.4 is three orders
of magnitude higher than that in the case of γ = 0.2, which
results in the enhancement of the harmonics.

In Figs. 5(b i) and 5(b ii) we show the electron trajectories
for the cases of γ = 0.2 and 1.4, respectively. The electrons
have nonzero transverse initial velocity due to the transverse
velocity distribution of the electron wave packet at the exit of
the tunnel during the HHG processes [44]. Classical electron
trajectories are obtained for electron ionization from T = 1.25
to 1.4 o.c. These electrons are recombined with the parent
nucleus around T = 1.9 o.c., as shown in Figs. 4(a v) and
4(b v), and correspond to the peaks A′

2 and B′
2 as shown in

Figs. 5(a i) and 5(a ii).
In Ref. [33] the authors indicate that the ring-current state

carries angular momentum, which breaks the symmetry of
the system and the angular momentum deflects the ionized
electrons away from the x axis, so the intensity of the y
component of the harmonics is not zero. It is also shown
that the harmonics from ring-current state driven by the OTC
laser fields will have larger ellipticity due to the fact that the
electrons have a helical trajectory; thus the intensity of the
y component of the harmonics is enhanced. From Fig. 5(b i)
we can see that for the case of γ = 0.2 the electron moves
about 2 a.u. on the y axis and about 17 a.u. on the x axis,
which indicates that the electron motion has a small helical
trajectory and moves mainly along the x axis. From Fig. 5(b ii)
we can see that for the case of γ = 1.4, the electron moves
about 16 a.u. on the y axis and about 35 a.u. on the x axis.
The electrons move with a larger helical trajectory and move
farther in the y axis direction, which enhances the intensity
of the y component of the harmonics. It makes the harmonic
intensity of the x and y components closer to each other, which
causes the ellipticity of the harmonics to be larger [42]. Our
result is consistent with that described in Ref. [33]. Moreover,
the electrons move farther and can be effectively accelerated
by the laser field, which will obtain larger energy and thus the
cutoff position of the harmonics has a certain extension. The
above results are consistent with the analysis of the quantum
perspective as illustrated in Fig. 4.

As we know, the relative phase of the OTC laser fields
also has an important effect on the harmonics [46–48]. For
example, by adjusting the relative phase of the laser field,
the contribution of long and short quantum trajectories to
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FIG. 6. (a) Intensity and (b) ellipticity distribution of the harmon-
ics versus harmonic order and relative phase φ. The intensity ratio of
the OTC fields is γ = 1.4. The initial state is the 2p+ state and the
other laser parameters are the same as those in Fig. 1. The harmonic
intensity is on a logarithmic scale.

the harmonics can be controlled [46]. We investigate the ef-
fect of the relative phase of the OTC fields on the harmonic
intensity and ellipticity for the case of γ = 1.4 as shown
in Fig. 6.

Figure 6(a) shows the dependence of the harmonic inten-
sity distribution on relative phase and harmonic order, which
can be seen in the harmonic intensity being sensitive to the
variation of relative phase. For example, the harmonic inten-
sity has a maximum around 0.1π (black dotted line) and a
minimum around 0.7π (black dashed line). Habibović et al.
[48] investigated the variation of the harmonic intensity of the
CO2 molecule with relative phase and harmonic order based
on the OTC fields as shown in Fig. 2 (top left) of Ref. [48].
We can see that the intensity of the harmonics is sensitive
to the relative phase variation. For example, Fig. 2 (top left)
of Ref. [48] showed that around 18◦ (0.1π ) the harmonic
intensity is stronger, while around 126◦ (0.7π ) the harmonic
intensity is weaker. Our result is similar to that illustrated in
Ref. [48].

Figure 6(b) shows the dependence of the ellipticity of the
harmonics on the relative phase and harmonic order. From
Fig. 6(b) we can see that the ellipticity of the harmonics is
also sensitive to the relative phase. For example, the ellipticity
of harmonics is higher around 0.1π (white dotted line) and
lower around 0.7π (white dashed line). The distribution of
harmonic ellipticity and intensity is similar as the relative
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(a i)

(a ii)

(a iii)

(b i)

(b ii)

(b iii)

FIG. 7. Time-dependent intensity of the single-atom radiation
pulse synthesized by the harmonic spectrum in the range from the
29th to the 36th order for the case of (a i) φ = 0.1π and from the 35th
to the 40th order for the cases of (a ii) φ = 0.2π and (a iii) φ = 0.7π .
Also show is the electric-field projection of the radiation pulse on
the Ex-Ey cases of (b i) φ = 0.1π and ε = 0.95, (b ii) φ = 0.2π and
ε = 0.93, and (b iii) φ = 0.7π and ε = 0.41. The intensity ratio of
OTC fields is γ = 1.4. The initial state is the 2p+ state and the other
laser parameters are the same as those in Fig. 1.

phase φ changes. Moreover, we can see that the ellipticity
of the harmonics in the plateau region (20th to 50th order)
is almost positive, i.e., the harmonics are right elliptically
polarized. Sun et al. [49] also investigated the variation of
the ellipticity distribution of the CO molecule as a function
of relative phase and harmonic order in the OTC fields [see
Fig. 1(a) of Ref. [49]]. The difference is that the harmonic
helicity appears alternately: Around 0.1π the ellipticity of
the harmonic is negative (left elliptically polarization) and
around 0.7π the ellipticity of the harmonic is positive (right
elliptically polarization). The reason is that in our result the
initial state is the ring-current state 2p+ and the polarization
characteristics of the harmonics depend on the initial orbit
rather than on the driving field [29,33]. Therefore, in our
result the helicity of the harmonics is always the same whether
the intensity ratio or the relative phase of the OTC fields is
changed.

In Fig. 7 we present the time-dependent intensity of the
single-atom radiation pulse and the projection of the electric
field of the single-atom radiation pulse onto the Ex-Ey plane
through the superposition of the harmonic spectrum near the
cutoff position for the intensity ratio γ = 1.4. Figure 7(a i)
shows the time-dependent intensity of the radiation pulse by
superimposing 29th- to 36th-order harmonics for the case of
φ = 0.1π , and we can see that the radiation pulse with a
duration of 584 as can be obtained. Figure 7(b i) shows the
projection of the electric field of the radiation pulse onto the
Ex-Ey plane for φ = 0.1π . We can see that the ellipticity of
the radiation pulse is 0.95 and is right-rotating polarized (red
arrow). Figures 7(a ii) and 7(a iii) show the time-dependent
intensity of the radiation pulse by superimposing 35th- to
40th-order harmonics for the cases of φ = 0.2π and 0.7π . We
find that the radiation is a pulse train and the highest intensity
pulse has a duration of 306 as for φ = 0.2π and 372 as for
φ = 0.7π . In Figs. 7(b ii) and 7(b iii) we show the projection
of the electric field of the radiation pulse onto the Ex-Ey plane.
We can see that the ellipticity of the radiation pulse is 0.93
for φ = 0.2π and 0.41 for φ = 0.7π and the pulses are right-
rotating polarized (red arrow). The above results show that
near-circularly-polarized single-atom radiation pulse can be
obtained for φ = 0.1π and 0.2π and the elliptically polarized
radiation pulse for φ = 0.7π . Therefore, the above analysis
illustrates that the ellipticity of the single-atom radiation pulse
is very sensitive to the relative phase. By varying the relative
phase of the OTC laser fields, it is possible to control the
polarization and temporal profile of the single-atom radiation
pulse in the temporal domain.

IV. CONCLUSION

In summary, we have demonstrated a scheme to generate
a near-circularly-polarized pulse from single-atom radiation
with high efficiency. It is based on the ring-current state of the
Ne atom in OTC fields. The ellipticity of harmonics originates
from the ring-current state with nonzero angular momentum.
The intensity and ellipticity of the harmonics increase as the
OTC intensity ratio increases. By adjusting the intensity ratio
of the OTC laser fields, a near-circularly-polarized single-
atom radiation pulse with high-efficiency can be obtained at
specific intensity ratios. It can be interpreted by analyzing the
time evolution of the probability density of the electron wave
packet and the semiclassical three-step model. Moreover, the
intensity and ellipticity of the harmonics are very sensitive to
the relative phase of the OTC laser fields. The polarization
and the temporal profile of the radiation pulse in the time
domain can be controlled. Our results provide a method for
generating a near-circularly-polarized single-atom radiation
pulse with high efficiency. The scheme is expected to provide
a useful light source for the molecular chiral recognition and
differential measurements of circular dichroism.
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