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Isolated attosecond pulse generation with few-cycle two-color
counter-rotating circularly polarized laser pulses∗
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Most of the schemes for generating isolated attosecond pulses (IAP) are sensitive to the carrier-envelope phase (CEP)
of the driving lasers. We propose a scheme for generating IAP using two-color counter-rotating circularly polarized (TC-
CRCP) laser pulses. The results demonstrate that the dependence of the IAP generation on CEP stability is largely reduced
in this scheme. IAP can be generated at most of CEPs. Therefore, the experiment requirements become lower.
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1. Introduction
The isolated attosecond pulse (IAP) based on high-order

harmonic generation (HHG) is of great importance to study
ultrafast electronic dynamics in atoms and molecules. IAP
allows for precise control of electron motion with a resolu-
tion approaching the atomic unit of time.[1–4] Many schemes
for generating IAP have been proposed and investigated.[5–22]

However, most of them are sensitive to the carrier-envelope
phase (CEP) of the driving laser pulses.[23,24] From the view-
point of experiments, almost all laser systems cannot maintain
the stability of CEP in the long term. Even the passively CEP
stabilized optical parametric amplification laser systems can
only maintain CEP stability in a specific range.[25,26] There-
fore, it is meaningful to find a scheme for generating IAP
which is insensitive to, even independent of CEP. Some re-
search has been conducted on this topic.[27,28] Recently, the
generation of circularly polarized high harmonics using two-
color counter-rotating circularly polarized laser (TC-CRCP)
pulses is a fascinating research field.[29–33] In general, circu-
larly polarized laser pulses are independent of CEP. If circu-
larly polarized laser pulses can be used to generate IAP, the
generated IAP may also be independent of CEP.

Mid-infrared (MIR) optical parametric amplification light
sources have emerged in laboratories.[34–38] Some research
on HHG has also been conducted using few-cycle MIR laser
pulses.[8,22,23,39–43] In this work, we further theoretically study
the IAP generation using few-cycle TC-CRCP laser pulses and
investigate the dependence of IAP on CEP of the driving laser
pulses, finding that IAP can be generated at most of CEPs, al-
though at some CEP, the intensity of IAP is weaker. The CEP

dependence of the IAP generation is much reduced, which thus
reduces the requirements for the lasers in experiments.

2. Model and numerical method
We calculate the response of a helium-like model exposed

to the laser field synthesized by two counter-rotating circularly
polarized pulses at fundamental frequency ω (1800 nm) and
second harmonic frequency 2ω (900 nm), respectively. The
synthesized laser field in the x and y directions can be respec-
tively presented as follows:

Ex(t) = f (t)(E1 cos[ωt +ϕCEP]

+E2 cos[2ωt +2ϕCEP]),

Ey(t) = f (t)(E1 sin[ωt +ϕCEP]

−E2 sin[2ωt +2ϕCEP]), (1)

where E1 and E2 are the amplitudes of the fundamental pulse
and the sencond harmonic pulse, respectively, ϕCEP is the CEP,
and f (t) is the envelope, which can be expressed as

f (t) = sin2
(

π
t

T0

)
. (2)

Here T0 = 32.97 fs is the whole time calculated. The full width
at half maximum (FWHM) of both lasers is 12 fs (two optical
cycles for the fundamental pulse and four optical cycles for
its second harmonic). The fundamental pulse rotates counter-
clockwise (+), while the second harmonic pulse rotates clock-
wise (−).

The high-order harmonic spectrum can be obtained by nu-
merically solving the following time-dependent Schrödinger
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equation (TDSE):

−ih̄
∂

∂ t
Ψ (t,x,y)

=

[
− h̄2

2m
∇

2 +V (x,y)+ exEx (t)+ eyEy (t)
]

×Ψ (t,x,y) , (3)

where i =
√
−1, h̄ is the reduced Plank constant, e is the

electron charge, m is the mass, V (x,y) is the two-dimension
model potential, and Ex(t) and Ey(t) are the x-direction and
y-direction electrical fields of the driving laser pulses, respec-
tively. The two-dimension model potential can be written as

V (x,y) =− Z√
x2 + y2 +a

. (4)

Here Z = 1 is the charge of the ion and a = 0.1 is the soft-
ening parameter, corresponding to the ground state energy
−0.8285 a.u., which is close to the ionization potential of the
helium atom.

3. Results and discussion
During this work, we keep the intensity ratio between

the fundamental pulse and its second harmonic as 0.7:0.3.
The harmonic spectra under different total laser intensities are
shown in Fig. 1.
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Fig. 1. (color online) Harmonic spectra under different total intensities
of driving lasers.

The harmonic spectra are very complex due to the com-
plexity of the electron motion in two directions in the few-
cycle TC-CRCP laser pulses. The first plateau is much shorter
than the conventional plateau which reaches 3.17Up in lin-
early polarized laser pulse.[1] With increasing laser intensity,
the second plateau gradually appears, on which a continuum
harmonic spectrum is produced. Under the total laser inten-
sity of 5×1014 W/cm2 (3.5×1014 W/cm2 for the fundamen-
tal laser and 1.5×1014 W/cm2 for the second harmonic), a
clear continuum hump with harmonic orders of 500–700 is

produced, which can be used to directly synthesize an IAP
with the FWHM duration of about 280 as. In the following
simulation, the total laser intensity of 5×1014 W/cm2 is main-
tained.

Figure 2 shows the typical harmonic spectra generated by
the laser field of 5×1014 W/cm2 with different delays between
the two-color laser pulses. Figure 2(a) shows the harmonic
spectrum when the delay is 0. The inset shows that the har-
monics at the orders of 3n (n is a positive integer) have not
been generated at low harmonic orders, which is consistent
with the former works.[30,31] However, under a specific delay
between the fundamental and the second harmonic fields, a su-
percontinuum appears. Figure 2(b) shows the harmonic spec-
trum generated when the fundamental laser pulse is 7T/16(T
is the cycle of the fundamental pulse) ahead of the second har-
monic. As shown in the inset of Fig. 2(b), IAP can be synthe-
sized by selecting the harmonics from the 500th to the 800th
orders. The simulation results show that this supercontinuum
can be used to generate an IAP with a pulse duration of about
250 as.

Harmonic order/1800 nm

0 200 400 600 800

In
te

n
si

ty
/
a
rb

. 
u
n
it
s

10-16

10-12

10-8

10-4

100

y direction

x direction

(a)

Harmonic order/1800 nm

0 200 400 600 800

In
te

n
si

ty
/
a
rb

. 
u
n
it
s

10-15

10-10

10-5

100

x direction

y direction

(b)

Harmonic order/1800 nm

30 35 40 45 50 55 60In
te

n
si

ty
/
a
rb

. 
u
n
it
s

10-6

10-5

10-4

10-3

10-2

Harmonic order/1800 nm

500 600 700 800In
te

n
si

ty
/
a
rb

. 
u
n
it
s

10-10

Fig. 2. (color online) High-order harmonic spectra generated by TC-
CRCP laser pulses. The delay between the fundamental driving laser
pulse and the second harmonic pulse is 0 in panel (a), and 7T/16 in
panel (b). The insets are magnifications of some harmonic orders of the
corresponding figures.
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Then we calculate the intensity and pulse duration of the
generated IAP under different CEPs. The temporal inten-
sity profile of the harmonic emission as a function of CEP
is shown in Fig. 3(a). Double attosecond pulses are gener-
ated at some CEP, but their intensities are more than two or-
ders of magnitude weaker than those of the intensest IAPs,
as shown in the upper panel of Fig. 3(b). Therefore, IAPs
are produced at most CEPs. The lower panel of Fig. 3(c)
shows the relationship of the pulse duration of the generated
IAP with CEP. The dashed lines in Fig. 3(b) indicate the vari-
ation of CEP when the intensity of IAP drops by one or-
der of magnitude. We have CEP1 = 1.57π , CEP2 = 2.60π ,
∆CEP = CEP2−CEP1= 1.03π . The pulse duration varies be-
tween 153.1 as and 296.1 as in this CEP range. Compared with
the former work,[27] the intensity of IAP varies more greatly,
but this also means that almost no double attosecond pulses
are generated.
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Fig. 3. (color online) (a) Temporal intensity profile of the harmonic
emission as a function of CEP. (b) Peak intensity (upper panel) and
pulse duration (lower panel) of IAP as functions of CEP.

In this scheme, the electron motion is in two dimensions.
Many electrons will not go back to their parent nuclei pre-
cisely. We perform the time-frequency analysis by means of
wavelet transform of the induced dipole response of the helium
atom to the laser fields[44,45] to investigate the electron emis-
sion characteristics, as shown in Fig. 4. Figure 4(a) shows the

driving electric fields of orthogonal polarization. Figures 4(b)
and 4(c) show the time-frequency distributions of the gener-
ated harmonic emission in the two directions x and y, respec-
tively. The CEP of the two driving laser pulses is 0. The at-
tosecond pulse is produced between 0.5 and 1 cycle. From
these two figures, one can find that the attosecond pulse comes
from the contribution of the long trajectory emission.
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Fig. 4. (color online) (a) Electric fields of the driving laser along x-
direction andy-direction. Time-frequency distributions for harmonic
emission along (b) x-direction and (c) y-direction when CEP is 0.

4. Conclusion
We investigate the CEP effect of the few-cycle TC-CRCP

laser pulses on the generation of IAP. We find that under spe-
cific delay of the two laser pulses, IAP can be generated at
most of CEPs, although the intensity of the generated IAP
varies with CEP. Double attosecond pulses can be seen at some
CEPs, but they are negligible because their intensities are more

093201-3



Chin. Phys. B Vol. 26, No. 9 (2017) 093201

than two orders of magnitude weaker than those of the intens-
est IAPs. The time-frequency analysis shows that the gener-
ated IAP comes from the electron of the long trajectory. As a
result, the requirements for generation of IAP in experiments
can be greatly reduced.
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