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Generation of 40-as few-cycle pulse through chirp
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We discuss theoretically how supercontinuum spectra produced from high-order harmonic generation pro-
cesses in a synthesized same-color laser field is optimized by adjusting the chirp parameter of the controlling
pulse. Furthermore, a 40-attosecond isolated pulse with an effective bandwidth of 121 orders is obtained
from He+ ion when the chirp rate ratio of pulses has a small value. The numerical results show that the
efficiency of single as pulse generation is enhanced, and the quantum paths are controlled successfully. Our
simulation shows that the produced pulses with high signal-to-noise ratio are obtained straightforwardly
without any phase compensation. These results are explained using the classical approach.
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High-order harmonic generation (HHG) has been of great
interest due to its potential application as a coherent
soft-X-ray source[1] and in the generation of attosec-
ond (as) pulses[2,3]. Thus far, the HHG is considered
the most promising approach in generating attosecond
pulses. For practical application, the straightforward at-
tosecond metrology prefers an isolated attosecond pulse,
and as such, much effort has been exerted to obtain an
isolated as pulse[4,5]. In the single-atom level, two of the
most important methods of generating an isolated at-
tosecond pulse involve the use of a few-cycle laser[6] and
the polarization gating technique[7]. Control of quantum
paths is another effective way of producing an isolated
broadband ultrashort attosecond pulse[8]. To obtain a
regular and intense short attosecond pulse, some promis-
ing ways have been proposed to control quantum paths,
such as the two-color schemes[9,10] and preparing ions in
a coherent superposition of the states[11]. Recently, Xu
et al.

[12] proved a combined same-color field scheme that
can broaden the high-order harmonics plateau; they ob-
tained an isolated 59-as pulse. In this letter, based on
Ref. [12], we propose a method, in which the chirp of
the laser pulse is controlled to generate a short and in-
tense isolated broadband attosecond pulse. When the
ratio of the chirp factors of the fundamental and con-
trolling laser fields has a small value, the bandwidth of
the harmonic plateau is broadened to 200 eV with some
very slight modulations. Practically, to generate the 10 fs
at 800-nm pulse, hollow fiber compression technique can
easily be used[13]. For achieving more precise and accu-
rate results and specially isolated attosecond with regu-
lar structure (i.e., without any phase compensation), we
investigate the generation of high-order harmonics based
on one-dimensional (1D) HHG calculations. We also used
atomic units in all equations below.

To verify our scheme, we investigated the HHG and
the attosecond pulse generation by solving numerically
the 1D time-dependent Schrodinger equation for He+

ion. We chose the soft-core Coulomb potential V =
−a/

√
b + x2 for He+. We also set soft-core parameters to

be a = 2 and b = 0.5, which can reproduce the ground-
state binding energy of 2.0 a.u. for He+. After the time-

dependent wave function was determined, we then cal-
culated the time-dependent induced dipole acceleration.
The HHG power is proportional to the modulus-squared
of the Fourier transform of induced dipole acceleration.
The electric field of the synthesized laser pulse is ex-
pressed as

E(t) = E0 exp

[

−4 ln(2)
t2

τ2

]

{cos[ω0t + φ1(t)]

+ cos[ω0t + φ2(t)]}, (1)

where E0 is the amplitude, and ω0 represents the frequen-
cies of the driving and controlling fields, respectively.
Moreover, τ is fixed at 9 fs, which corresponds to the
pulse durations full-width at half-maximum (FWHM) of
the two laser fields. φi(t) = −βi tanh(t/τ0) are the time
profiles of the carrier envelope phase (i = 1, 2), and βi

and τ0 = 200 are employed to control the chirp forms.
We first calculated the single-atom spectrum from He+

ion for the case where the chirp parameters for the syn-
thesized laser field are (β1 = 6.25, β2 = 0), i.e., the same
chirp condition considered in Ref. [12]. The 2 pulses are
equally intense and their peak intensities are chosen as 5
× 1014 W/cm2. As shown by the black solid curve in Fig.
1, the harmonic spectrum of this synthesized driving field
exhibits a low modulated plateau. Clearly, the harmon-
ics are almost continuous and smooth from the 412th to
480th order (i.e., 105 eV), providing the potential proba-
bility generating an isolated attosecond pulse. Next, we
consider HHG from the synthesized laser pulses for β2 =
1.25 and 2.25, respectively, with fixed β1 in 6.25. For
the β2 = 1.25 case, the cutoff position of the harmonic
spectrum is significantly extended to the 540th order har-
monic, as shown by the blue dotted curve in Fig. 1.

The harmonic spectrum also shows a structure with
two plateaus. The width of the second plateau in the β2

= 1.25 case is extended from the 257th to 545th order.
The efficiency of the second plateau for the β2 = 1.25

case is higher than that of the β2 = 0 case. The mod-
ulation of the second plateau for the β2 = 1.25 case is
smaller than that of the β2 = 0 case. The harmonics
from the 430th to 545th order is much smoother without
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Fig. 1. (Color online) HHG power spectra of a He+ ion in a
synthesized laser field for the β2 =0 case (black solid curve),
the β2 =1.25 case (blue dotted curve), and the β2 =2.25 case
(magenta dashed curve). The synthesized laser field is a β1-
6.25, 9-fs 800-nm pulse and a β2-0, 9-fs 800-nm pulse. The
intensity of the pulses is 5×1014 W/cm2.

Fig. 2. (Color online) Dependence of harmonic order on the
ionization time (blue circles) and the emission time (black
square) in the synthesized laser field by a β1-6.25, 9-fs 800-
nm pulse and a β2-1.25, 9-fs 800-nm pulse. The intensity of
the pulses is 5×1014 W/cm2.

Fig. 3. (Color online) A synthesized laser pulse (green solid
curve) and the time dependence of the ionization probability
is irradiated by this field (blue dotted curve). The driving
field parameters are the same as those in Fig. 2.

large modulation (ultrabroad extreme ultraviolet XUV
supercontinuum), and is about 3 orders of magnitude
higher than the case without chirp (β2 = 0).

Thus, it is possible to use the high-efficiency contin-
uous spectrum to obtain an intense isolated short as
pulse. When the β2 factor increases to 2.25, as shown by
the magenta dashed curve in Fig. 1, the second cutoff
position is extended to the 610th order harmonic. Fur-
thermore, the second plateau composed of 110 orders

(from 500th to 610th) is broader than that for the β2

= 0 case, and the modulation of the second plateau
is enhanced. The other chirp parameters do not indi-
cate significant results. Thus, the β2 = 1.25 case is the
optimum chirp parameter of controlling field for gener-
ating intense isolated as pulses. This can be explained
easily by the classical model of HHG[14] and the ioniza-
tion probability. Figure 2 presents the dependence of
the kinetic energies (harmonics order) on the ionization
(blue circles) and recombination times (black square)
for the driving laser field that synthesized the field by
a β1-6.25, 800-nm chirped pulse and a β2-1.25, 800-nm
chirped pulse (green solid curve in Fig. 3). The harmon-
ics from the 250th to 566th order are associated with the
electrons ionized between –0.90 and –0.58 optical cycles
(o.c) (Fig. 2). In this range of harmonics, there are two
dominant quantum paths that form the second plateau.
Electrons with the long paths are ionized mainly from
–0.90 to –0.74 o.c, and electrons with the short paths are
ionized mainly from –0.74 to –0.58 o.c. The blue dotted
curve in Fig. 3 exhibits the ionization as a function of
time. In this region, the ionization probability between
–1.08 and –0.74 o.c is much higher than those at other
moments (Fig. 2). In addition, electrons with long paths
travel a longer time in the continuous state, resulting in
a lower harmonic efficiency due to quantum diffusion
[11]. Therefore, the harmonic efficiencies of the long
paths are much higher than those for the short paths,
which can be found from the blue dotted curve in Fig. 1.
This indicates that the long quantum path control can
be achieved using the 800-nm chirp-free laser pulse.

For the harmonics below the 250th order, the inter-
ference between multi quantum paths leads to irregular
spectrum structure (Fig. 2). An isolated attosecond
pulse can be obtained when only a single quantum path
contributes to the HHG.

The temporal profile can be obtained by superposing
several orders of the harmonics. Figure 4 shows the at-
tosecond pulses generated from He+ ions. By superpos-
ing the harmonics ranging from the 415th to 475th order
in the synthesized laser pulse for the β2 = 0 case, a regu-
lar 61-as burst and a weak burst are observed in one cycle
(Fig. 3, black solid curve). For the β2 = 1.25 case, by

Fig. 4. (Color online) Temporal profiles of by superposing the
harmonics from the 415th to 475th order (blue solid curve),
the 400th to 465th order (magenta dashed curve) and the
540th to 600th order (magenta dashed curve). The black solid
and magenta dotted curves have been multiplied by factors of
40 and 250, respectively, for the purpose of comparison and
clarity.
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selecting harmonics from the 400th to 465th order (blue
dotted curve), one can see clearly that an intense iso-
lated 40-as pulse with several small satellites is obtained
straightforwardly without any phase compensation (Fig.
3). The intensity ratio of the large satellite pulse to the
main pulse is below 9%. Finally, for the β2 = 2.25 case,
the magenta dashed curve shows that 2-as bursts are
generated by superposing harmonics from the 540th to
600th order (Fig. 4). The strong as burst and the weak
one are 50 and 90 as, respectively. The intensity of the
prepulse is higher than that of the postpulse, and the
intensities of the 2-as pulses are lower than the β2 = 1.25
case. These indicate that both the intensity and the time
profile of the attosecond pulses have a certain degree of
dependence on the relative chirping parameters.

In conclusion, We investigate theoretically the HHG
and attosecond pulse in a He+-like model ion. We
use the combined laser pulses composed of a moderate-
intense 800-nm chirped pulse and a controlling one. Here,
the multicycle 800-nm pulse is adopted, through which
we demonstrated that the introduction of chirping to a
controlling laser field is an efficient way to extend the
broadband continuum spectrum and the frequency cut
off order. Moreover, by adding a chirp to the control-
ling pulse, the quantum paths in HHG can be controlled
effectively and the efficiency of the second plateau can
be enhanced by three orders of magnitude in comparison
with chirp-free case. In moderate intensity of multicycle
pulses, by adjusting the frequency sweeping range ratio
to small and non-zero values, an XUV supercontinuum
with the bandwidth of 315 orders can be observed. By
superposing a proper range of harmonics in the supercon-
tinuum, an efficient 40-as isolated pulse can be obtained
straightforwardly. As a result, clean harmonic spectra
and strong and regular as pulse with high signal-to-noise
ratio are obtained without any phase compensation. To

explain these results the electronic dynamic of the HHG
has been analyzed using the semiclassical model.
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