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Elliptical isolated attosecond-pulse generation from an atom in a linear laser field

Xiaofan Zhang ,1 Xiaosong Zhu,2,* Xi Liu ,4 Feng Wang ,1 Meiyan Qin,1 Qing Liao,1 and Peixiang Lu3,†

1Hubei Key Laboratory of Optical Information and Pattern Recognition, Wuhan Institute of Technology, Wuhan 430205, China
2Wuhan National Laboratory for Optoelectronics and School of Physics, Huazhong University of Science and Technology,

Wuhan 430074, China
3Guangdong Intelligent Robotics Institute, Dongguan 523808, China

4School of Physics and New Energy, Xuzhou University of Technology, Xuzhou 221018, China

(Received 8 June 2020; accepted 19 August 2020; published 2 September 2020)

We theoretically demonstrate a scheme to produce elliptically polarized isolated attosecond pulses, based on
the high-order harmonic generation from the current-carrying state of an atom exposed in linearly polarized
laser fields. It is shown that the nonzero ellipticity of the attosecond pulse generated at the single-atom level
is attributed to the nonvanishing angular momentum of the state, which is further elucidated by the strong-
field approximation model. With specific carrier envelope phases (CEPs), isolated attosecond pulses with large
ellipticity can be obtained. Moreover, the ellipticity of high-order harmonics remains almost invariable versus the
CEP of the few-cycle driving field. Hence, the temporal profile and ellipticity of the attosecond-pulse radiation
can be manipulated separately, which is beneficial to shape the attosecond-pulse radiation without compromising
the ellipticity. The obtained elliptical attosecond pulse may serve as a potential tool to explore and manipulate
the ultrafast dynamics in magnetic materials and chiral media.
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I. INTRODUCTION

High-order harmonic generation (HHG) is a highly nonlin-
ear phenomenon in interactions between matters and intense
laser fields [1]. The HHG process can be understood by the
three step recollision (TSR) model [2]: Under the influence of
the driving field, the electron is ionized into the continuum, it
is subsequently accelerated, and, finally, the photons with high
energy are emitted when the electron recombines with the
nucleus. The HHG has been a hot topic for its two fascinating
applications: One is that the HHG is a useful tool to shed
light on the internal structures and dynamical processes in
atoms, molecules, solids, and plasmas on the attosecond time
scale [3–11]; the other is that the HHG is an effective way
to produce the attosecond laser pulse on a table-top scale
facility [12–19].

In the latter case, the generation of linearly polarized at-
tosecond pulses, both isolated attosecond pulses (IAPs) as
well as regular pulse trains, has been paid much attention in
most previous HHG works. In parallel with the linearly polar-
ized attosecond pulses, the circularly or elliptically polarized
attosecond pulses, which provide an additional degree of
freedom, have abundant applications [20–23,29], such as the
study of ultrafast chiral-specific dynamics in molecules [20]
and x-ray magnetic circular dichroism spectroscopy [21,22].
Motivated by these important applications, some methods to
produce such a light source have been proposed in many
theoretical and experimental studies. Most of the scenarios
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can be separated into two types, i.e., by preparing the spec-
ified targets [24–27] and by designing two-dimensional (2D)
synthesized driving fields [28–31]. In the former type of sce-
nario, most works employ prealigned molecular targets. In
this scenario, the ellipticity of high-order harmonics is not
high [24–26]. Another special target, the state with angular
momentum |m| = 6, has also been considered [27]. How-
ever, this target with such large angular momentum is rarely
achieved in current experiments. According to the TSR model,
the recollision probability of the electron based on the latter
type of scenario drops dramatically. This results in a low
conversion efficiency to high-order harmonics.

Recently, an experimental work using a 2D synthe-
sized laser field, i.e., a counter-rotating bichromatic driving
(CRBD) field, and a noble gas atom to deliver ultrashort qua-
sicircular pulses in the extreme ultraviolet has emerged [31].
Using the CRBD driving field has been recognized as a
promising technique to overcome the drawback mentioned
above, i.e., low conversion efficiency. However, based on the
selection rules [31,32], the generated high-order harmonic
spectrum consists of double peaks with alternately left and
right circular polarization [19–22,33–36,46]. The ellipticity
of the synthesized attosecond pulses is reduced due to the
opposite helicity harmonics. Additionally, the temporal pro-
file and ellipticity of the attosecond pulse produced by the
2D synthesized driving field cannot be controlled separately.
That is to say, when the driving field is changed to control
the temporal profile of the attosecond-pulse radiation, e.g., to
produce an IAP, the polarization of the harmonics is simul-
taneously changed and the ellipticity of the pulse radiation
may decrease. Therefore, a scheme to efficiently generate
elliptically polarized attosecond pulses and manipulate their
temporal profile and ellipticity separately is still desired.
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In our paper, we demonstrate a scheme to produce an
elliptically polarized isolated attosecond pulse, which is based
on the HHG from the interaction between the linearly po-
larized few-cycle laser field and the current-carrying state
of an atom target. It was generally assumed that the polar-
ization of high-order harmonics from atoms is linear when
the driving laser field is linearly polarized. This assumption
originates from the fact that initial states with zero angular
momentum were used in most works. Here, the polarization
properties of the high-order harmonic emission are controlled
by preparing the atomic state with the nonvanishing angu-
lar momentum. This atomic state has been demonstrated by
employing circularly polarized pulses in theoretical and ex-
perimental works [37–39]. Although the linearly driving laser
field is used, the high-order harmonics are elliptically polar-
ized due to the nonvanishing angular momentum of the state.
Moreover, when the carrier envelope phase (CEP) of the driv-
ing laser field is modulated, the ellipticity of the high-order
harmonics is pretty much constant. Importantly, this result
demonstrates that the temporal profile and ellipticity of the
attosecond pulse can be manipulated separately.

II. THEORETICAL MODEL

The interaction between the linearly polarized laser field
and the current-carrying state of the atom is described by the
2D single-active-electron time-dependent Schrödinger equa-
tion (TDSE) [40] [atomic units (a.u.) are used throughout this
paper unless otherwise stated]:

i
∂

∂t
|�(t )〉 = H (t )|�(t )〉, (1)

in which H (t ) is the full Hamiltonian

H (t ) = − 1
2∇2 + V (�r) + �r · �E (t ), (2)

and the linear laser driving field �E (t ) = E0 f (t ) cos(ωt +
�φ)�ex. E0 and ω are the maximum amplitude and frequency
of the pulse. f (t ) is the sin2( πt

T ) envelope. T = 3T0 is the full
width at half maximum duration, where T0 is the optical cycle
of the ω field. �φ is the CEP. �ex is the unit vector in the x
direction. The atomic Coulomb potential is modeled by the
2D effective potential:

V (�r) = − Z (�r)
√

|�r|2 + α
, (3)

where Z (�r) = 1 + 9exp(−|�r|2). The soft-core parameter α =
2.881 72 is used to obtain the ionization potential Ip = 0.793
a.u., which matches the first ionization potential of the Ne
atom [19,41]. �r ≡ (x, y) denotes the electron position in
the two-dimensional x-y plane. The current-carrying states
2p± with magnetic quantum numbers m = ±1, denoted by
|φ2p±〉, are obtained as |φ2p±〉 = (|φ2px 〉 ± i|φ2py〉)/

√
2 [19],

in which |φ2px 〉 and |φ2py〉 are obtained through imaginary
time propagation [42]. As a reference, we choose Z (�r) = 1
and α = 0.1195 to obtain the 1s orbital with the same ion-
ization potential. The angular momentum of the 1s orbital
is zero. In the real time propagation, the time-dependent
wave function �(�r, t ) is obtained by solving the TDSE
using the split-operator technique [40], and the time-
dependent dipole acceleration can be obtained through the

FIG. 1. High-order harmonic spectra from (a) the current-
carrying state 2p+ of the model atom and (b) the reference 1s orbital.
The blue solid and red dash-dotted lines represent the harmonic
spectra for the right and left rotating components, respectively. The
ionization threshold and cutoff position are labeled by A (14th-order
harmonic) and B (41st-order harmonic) in panel (a). The wavelength
of the driving laser is 800 nm and the intensity is 2 × 1014 W/cm2.
The CEP is �φ = 0.

Ehrenfest theorem:

�q(t ) = −〈�(�r, t )|∇V (�r) − �E (t )|�(�r, t )〉. (4)

Then, the dipole acceleration in the frequency domain is
calculated by ax,y(	) = ∫

qx,y(t )e−i	t dt , in which 	 is the
photon energy of the harmonics and subscripts x and y
denote the corresponding x and y components. The har-
monic radiation can also be divided into the left (a−) and
right (a+) rotating components, which are obtained as a± =
(ax ± iay)/

√
2. The intensities of left and right polarized

harmonic components are D± = |a±|2. The ellipticity of har-
monic radiation is calculated by ε = (|a+| − |a−|)/(|a+| +
|a−|) [43,46]. In the following discussions, we take the
current-carrying state 2p+ of the model atom as an example.
The current-carrying state can be obtained with circularly po-
larized pulses propagating along the z axis [37,44]. It is worth
nothing that the current-carrying state prepared in experiment
is an ion state, which is different from the model atom used
in our paper, while this model is still effective to study the
important physics in the interaction between current-carrying
states and strong laser fields and has been applied in previous
works [45,46].

III. RESULTS AND DISCUSSIONS

The harmonic spectra from the 2p+ state driven by a
linearly polarized laser field with the wavelength 800 nm
and the intensity 2 × 1014 W/cm2 are presented in Fig. 1(a).
The reference spectra for the 1s initial state driven by the
same laser field are also shown in Fig. 1(b). The left and
right circularly polarized harmonic components are shown by
the blue solid and red dash-dotted lines, respectively. From
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Fig. 1(a), one can see that the intensities of the counter-
rotating harmonic components D± are significantly different.
Below the ionization threshold, the intensity of right rotating
harmonics is higher than that of left rotating harmonics. At
the plateau region AB (the 14th to 41st order), the intensity
of left rotating harmonics becomes higher than that of right
rotating harmonics. To demonstrate how large the influence
of the nonvanishing angular momentum of the initial state is,
we also present the counter-rotating harmonic spectra of the
reference 1s orbital in Fig. 1(b). It is shown that the left and
right rotating spectra are exactly the same, which indicates
that the polarization state of the high-order harmonic radiation
from the 1s orbital is linear. Comparing the results in Figs. 1(a)
and 1(b), one can see that the angular momentum of the initial
orbital plays an important role in the polarization state of the
harmonic radiation.

It was generally assumed that the high-order harmonics
from the atom are linearly polarized when the driving field
is linearly polarized. This is indeed the case for the initial
orbitals with zero angular momentum. However, if the initial
orbital with nonvanishing angular momentum is applied, the
situation becomes different. The mechanism of the high-order
harmonics from such an initial orbital can be commonly
understood by the TSR model. Because of the linearly polar-
ized driving laser field, the ionized electron with zero initial
transverse momentum, i.e., zero angular momentum, has the
highest probability to recombine with its parent ion. That
is to say, there is little contribution of the angular momen-
tum to harmonics at the ionization or propagation step. So,
the ellipticity of harmonics is mainly created at the recom-
bination step, which can be demonstrated by the following
simplified analysis in analogy to that in [27]. According to
the strong-field approximation [47], the recombination dipole
matrix element is calculated as �d = 〈�(�r, 0)|�r| 1

2π
exp(−i�k ·

�r)〉, in which �(�r, 0) is the wave function of the initial or-
bital and �k is the recombination momentum. �(�r, 0) can be
written as f (r)eimϕ in cylindrical coordinates, in which ϕ is
the azimuth angle. As the linear driving field is polarized
along the x axis, e−i�k·�r can be written as e−ikr cos ϕ . Apply-
ing the Bessel expansion e−ikr cos ϕ = ∑

n(−i)ne−inϕJn(kr) and
denoting Bn = 〈 f (r)|r|Jn(kr)〉, the x and y components of �d
are expressed as dx = 1

4π
(−i)m+1[Bm+1 − Bm−1] and dy =

1
4π

(−i)m+1[iBm+1 + iBm−1]. The counterclockwise (+) and

clockwise (−) components of �d are d± = ∓
√

2
4π

(−i)m+1Bm∓1.

Then the ellipticity can be expressed as ε = |Bm−1|−|Bm+1|
|Bm−1|+|Bm+1| . If

m 	= 0, either Bm−1 or Bm+1 dominates and the ellipticity
ε is nonzero. The Bessel function satisfies the relationship
J−n(kr) = (−1)nJn(kr). If m = 0, |B1| = | − B−1| and the el-
lipticity is zero, which indicates that the high-order harmonics
are linearly polarized. The analysis above indicates that the
harmonic emission from the interaction between the linear
driving field and the current-carrying state (m 	= 0) of the
atom is elliptically polarized. Since the deviation above is
generic, the elliptically polarized harmonic emission can be
produced for any initial orbitals with m 	= 0 irradiated by
linear drivers. In our paper, we choose the 2p+ state of the
model atom with m = 1 as an example to demonstrate our
scheme.

FIG. 2. (a) The intensity and (b) the ellipticity distribution of the
harmonic emission from 2p+ state vs harmonic orders and emission
time. The horizontal dashed lines mark the Ip. The laser parameters
are the same as those in Fig. 1.

Next, in order to demonstrate our strategy, we
calculate the harmonic intensity and ellipticity distri-

butions using the Gabor transformation
−→
GT(	, t ) =

1√
2π

∫
dt �q(t )e−i	t e−(t−t0 )2/(2σ 2 ), where σ = 3T0 [48]. The

results are presented in Figs. 2(a) and 2(b), respectively. The
horizontal dashed lines represent the ionization threshold.
As shown in Fig. 2 (a), there are three dominant emission
peaks above the ionization threshold. However, between the
35th and 40th order as labeled by the long and short white
arrows, only the short trajectory in the second emission
peak dominates. Consequently, harmonics in this range will
support an IAP generation, which is discussed in Fig. 3 below.
The ellipticity distribution is correspondingly presented in
Fig. 2(b). One can see that, below the ionization threshold,
the ellipticity is negative. Above the ionization threshold,
the ellipticity of the emission peaks is positive, which is
consistent with the result in Fig. 1(a), i.e., the intensity of
left harmonics is higher than that of right harmonics. From
Fig. 2(b), it is found that the ellipticity of the isolated emission
peak between the 35th and 40th order as labeled by the long
and short black arrows is more than 0.5. The results in Fig. 2
indicate that, with our scheme, an elliptically polarized IAP
can be achieved by the harmonics between the 35th and 40th
order.

Then, we present the synthesized attosecond pulse with
elliptical polarization in the temporal domain in Fig. 3(a). The
pulse is synthesized by the 35th to 40th harmonics for �φ =
0. Other laser parameters are the same as those in Figs. 1
and 2. As shown in Fig. 3(a), the pulse duration of the main
isolated pulse is 622 as. For clearly showing the polarization
characteristic of the attosecond pulse, the projection of the
electric field onto the Ex-Ey plane is also plotted in Fig. 3(c),
showing that the polarization of the radiated attosecond pulse
is elliptical. The ratio of the minor axis to major axis of the
electric field is 0.66, which indicates that the ellipticity of the
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FIG. 3. (a), (c) Temporal profiles of the attosecond pulses syn-
thesized by the harmonic spectra in the range of [38,49] orders for
�φ = 0 and [29,38] orders for �φ = 0.8π . (b), (d) The electric
fields of the attosecond pulses projected onto the Fx-Fy plane; the
corresponding CEP and synthesized harmonic range are the same as
those in panels (a) and (c), respectively. The arrows in the electric-
field curves represent the direction of rotation. Other laser parameters
are the same as those in Fig. 1.

attosecond pulse is 0.66. The rotating direction of the elec-
tric field is counterclockwise as labeled by arrows. We also
present the elliptical IAP and the projection of its electric field
onto the Ex-Ey plane for �φ = 0.8π in Figs. 3(b) and 3(d).
The pulse is synthesized by the 30th to 40th harmonics. From
Fig. 3(b), the IAP can still be obtained, but the duration of
the pulse is 473 as. It is shorter than that in Fig. 3(a) since
the synthesized harmonic range is broader. The ellipticity of
the electric field in Fig. 3(d) is 0.69, which does not change
much comparing with that in Fig. 3(c). These results in Fig. 3
suggest that the elliptically polarized IAP can be produced
from the current-carrying state of the atom driven by the linear
laser field. Additionally, the duration of the IAP can be tuned
by synthesizing different harmonic ranges at different CEPs,
yet the ellipticity of the corresponding electric field remains
basically invariable.

It has been reported that HHG and attosecond-pulse
generation driven by few-cycle pulses would be primarily
influenced by the CEPs [15,50–54]. Therefore, we further
discuss the influence of the driving field CEP on the har-
monic ellipticity and attosecond-pulse radiation. We present
the harmonic ellipticity distribution as a function of CEP �φ

and harmonic order in Fig. 4(a). It is found that, below the
ionization threshold labeled by the dashed line, the ellipticity
is negative, that is, the harmonics are right elliptically polar-
ized. Above the ionization threshold, the ellipticity is positive,
i.e., the high-order harmonic emissions are left elliptically
polarized. Moreover, the harmonic ellipticity is almost invari-
able versus the CEP of the driving field. That is to say, no
matter what kind of temporal profile of the attosecond pulse is
radiated, the ellipticity of the radiation is almost constant. This
statement corresponds to the discussion above that the polar-
ization state of the attosecond pulse relies on the initial orbital

FIG. 4. (a) The ellipticity distribution of harmonic spectra vs
harmonic order and CEP. (b), (c) Temporal profiles of the attosecond-
pulse trains obtained by synthesizing [24,38] harmonic orders for the
CEP �φ = 0.1π and 0.3π . The ellipticity of all the pulse bursts is
0.65. The other laser parameters are the same as those in Fig. 1.

rather than the driving field. In Fig. 3, we have shown the syn-
thesized IAPs with ellipticity 0.66 and 0.69 for �φ = 0 and
0.8π . Here, the generation of a regular attosecond-pulse pair
and train with elliptical polarization is also demonstrated for
�φ = 0.1π and 0.3π . The results are presented in Figs. 4(b)
and 4(c). From these two figures, one can see that there are two
and three attosecond bursts generated, respectively. Addition-
ally, these bursts are all elliptically polarized with almost the
same ellipticity 0.65. Therefore, the results in Fig. 4 indicate
that, although the temporal profile of the attosecond pulses
obtained is strongly influenced by the CEP of the driving field,
the polarization state of the attosecond pulses is almost the
same.

IV. CONCLUSION

In conclusion, we have demonstrated a scheme to generate
IAPs with large ellipticity from the interaction between the
linear driving laser field and the current-carrying state of an
atom. Our analysis has indicated that the ellipticity of the
attosecond pulses originates from the nonvanishing angular
momentum of the initial state. In addition, we have shown
that, although the temporal envelope of the attosecond pulses
can be tuned with the CEP of the few-cycle driving field,
the ellipticity remains invariable. The temporal profile and
the ellipticity of the attosecond pulses can be manipulated
separately, which provides the possibility for pulse shaping
without compromising the ellipticity of the attosecond pulse.
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[48] C. C. Chirilă, I. Dreissigacker, E. V. van der Zwan, and M. Lein,
Phys. Rev. A 81, 033412 (2010).

[49] X. Zhang, X. Zhu, X. Liu, D. Wang, Q. Zhang, P. Lan, and P.
Lu, Opt. Lett. 42, 1027 (2017).

[50] I. P. Christov, M. M. Murnane, and H. C. Kapteyn, Phys. Rev.
Lett. 78, 1251 (1997).

[51] F. Ferrari, F. Calegari, M. Lucchini, C. Vozzi, S. Stagira, G.
Sansone, and M. Nisoli, Nat. Photonics 4, 875 (2010).

[52] P. Lan, P. Lu, W. Cao, Y. Li, and X. Wang, Phys. Rev. A 76,
011402(R) (2007).

[53] Z. Chang, Phys. Rev. A 70, 043802 (2004).
[54] M. Hentschel et al., Nature (London) 414, 509 (2001).

033103-6

https://doi.org/10.1103/PhysRevA.98.023418
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1103/PhysRevA.81.033412
https://doi.org/10.1364/OL.42.001027
https://doi.org/10.1103/PhysRevLett.78.1251
https://doi.org/10.1038/nphoton.2010.250
https://doi.org/10.1103/PhysRevA.76.011402
https://doi.org/10.1103/PhysRevA.70.043802
https://doi.org/10.1038/35107000

