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two-color chirped laser and a static electric field”
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We present a theoretical investigation of high-order harmonic generation in a chirped two-color laser field, which
is synthesized by a 10-fs/800-nm fundamental chirped pulse and a 10-fs/1760-nm subharmonic pulse. It is shown that
a supercontinuum can be produced using the multicycle two-color chirped field. However, the supercontinuum reveals
a strong modulation structure, which is not good for the generation of an isolated attosecond pulse. By adding a static
electric field to the multicycle two-color chirped field, not only the harmonic cutoff is extended remarkably, but also the
quantum paths of the high-order harmonic generation (HHG) are modified significantly. As a result, both the extension
of the supercontinuum and the selection of a single quantum path are achieved, producing an isolated 23-as pulse with
a bandwidth of about 170.6 eV. Furthermore, the influences of the laser intensities on the supercontinuum and isolated

attosecond pulse generation are investigated.
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1. Introduction

When an

molecules, high-order harmonics can be generated as a conse-

intense laser interacts with atoms and
quence of highly nonlinear dynamics.!!! Generally speaking,
a typical spectrum of high-order harmonic generation (HHG)
shows a rapid decrease for the first few harmonics, followed
by a broad plateau of almost constant conversion efficiency,
ending up with a sharp cutoff. Because HHG covers a broad
spectral width from infrared to the soft X-ray region with
equidistant frequency, it has become a candidate for break-
ing through the femtosecond limit. Additionally, HHG is a
unique way to produce an isolated attosecond pulse experi-
mentally. Currently, the most well-known theory to describe
the HHG is the semiclassic three-step model.!*] According to
this model, the electron first tunnels through the barrier formed
by the Coulomb potential and the laser field. Then, it os-
cillates and accelerates in the laser field. Finally, it can re-
combine with the parent ion emitting a photon with the maxi-
mum energy given by Ecy off = Ip +3.17U,, where I, and U,
are the atomic ionization potential and the ponderomotive en-
ergy of the electron, respectively. This process occurs every
half-cycle and leads to an attosecond-pulse train. Since prac-
tical application prefers an isolated pulse, a series of meth-
ods have been explored to extract single attosecond pulses.
The first method is to utilize few-cycle driving pulses.!>0]
Using this straightforward method, an isolated 80-as pulse
has been realized by a 3.3-fs/720-nm carrier-envelope phase
(CEP) stabilized laser field.[”) The second method is a po-
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larization gating technique.!®”! Using this approach, a single
130-as XUV pulse has been demonstrated experimentally.[”]
Moreover, the double optical gating (DOG)'%-12I and gener-
alized DOG (GDOG)!"3! have been proposed for producing
isolated attosecond pulses. Very recently, Zhao et al.l'*! re-
ported on the generation of an isolated 67-as pulse, which is
the shortest attosecond pulse to the best of our knowledge,
from an extreme UV supercontinuum covering 55 eV~130 eV
generated by the double optical gating technique. With these
techniques mentioned above, scientists can generate a single
attosecond pulse. However, the durations of isolated attosec-
ond pulses are still significantly longer than the time scale of
electron motion in atoms, i.e., 24 as. It has been suggested
that the bandwidth of the attosecond pulse is more important
than the duration in attosecond science.[!>! Therefore, there
is an urgent need to generate isolated attosecond pulses with
broader bandwidth and shorter pulse duration.

Presently, there is great interest in the generation of iso-
lated attosecond pulses with a driving pulse with a longer du-
ration, which can avoid the stringent requirement for an avail-
able ultrafast laser source (sub-5 fs) in the single laser field.
It has been proposed that a two-color control scheme can ef-
fectively generate an isolated attosecond pulse in the multi-

16-18] With this controlling scheme, some au-

cycle regime.!
thors have successfully synthesized a broadband isolated at-
192241 Luo et al.!""

cutoff and the supercontinuum width can be dramatically ex-

tosecond pulse. ! showed that the harmonic

tended, which can support the generation of an isolated sub-
100-as pulse with a tunable central wavelength. Chen et al.>"!
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showed that an intense isolated 39-as pulse can be obtained
by using an intense multi-cycle 800-nm laser in combination
with its 27th harmonic pulse. Zeng et al.?!l demonstrated
that, with a moderate laser intensity (~ 104 W/cmz), an iso-
lated attosecond pulse of ~ 220 as can be generated with the
two-color laser pulse consisting of a 35-fs/800-nm pulse and
a 46-fs/1150-nm pulse. Chen et al.*? generated isolated sub-
50-as pulses using a multicycle 800-nm laser pulse in combi-
nation with a controlling 1600-nm laser pulse. Tang ef al.!*]
proposed a scheme to generate isolated attosecond pulses by
high-peak-power multicycle laser fields, and they also showed
that an isolated 100-as pulse can be generated with a duration
of 50 fs. Kim et al.**! systematically investigated the effect
of the mixing of pulsed two color fields on the generation of
an isolated attosecond pulse, and also demonstrated that a sub-
100-attosecond pulse can be produced using an 11-fs 800-nm
laser pulse with a proper mixing of a 1840-nm pulse.

To generate an isolated attosecond pulse with a shorter
duration, the continuous spectrum used for synthesizing a sin-
gle attosecond pulse should be broadened. Recent research
results show that, by introducing a chirp to the laser pulse,
the HHG cutoff can be enormously enlarged. The underlying
physics behind this phenomenon is that the chirp can effec-
tively increase the optical cycle of the driving laser field, after
the laser reverses its direction, the quasifreely electron experi-
ences a longest time acceleration when returning to the parent
ion and obtains much higher kinetic energy from the driving
laser field; as a result, the cutoff position of HHG is extended
significantly. Moreover, this approach also has the potential to
select a short or long quantum path, which leads to the pro-
duction of isolated short attosecond pulses, such as a 108-as
pulse via an intense few-cycle chirped pulse,>! a 10-as pulse
with phase compensation using a chirped few-cycle laser and
a static electric field,?®) a 37-as (57-as) pulse by an intense
few-cycle chirped laser and a half cycle pulse (an ultraviolet
attosecond pulse),!?”-?8! a 59-as pulse by a multicycle chirped
pulse combined with a chirp-free pulse,!?°! a 31-as (5-as) pulse
without (with) phase compensation using a two-color laser
pulse with the combined chirps,**! a 102-as pulse with a mul-
ticycle chirped and chirp-free two-color field,! a sub-24-as
pulse with phase compensation using multi-cycle chirped po-

s,1321 and an intense isolated sub-40-as

larization gating pulse
pulse generation in pre-excited He-ionic medium with the use
of a same-frequency laser field synthesis.**! In our previous
work,?* by combining a 9-fs/800-nm fundamental chirped
pulse and a 9-fs/1600-nm controlling chirped pulse, we real-
ized a 1342-eV supercontinuum with a short path contribution
and also obtained an isolated 28-as pulse with a bandwidth of
155 eV.

HHG in the presence of a static electric field has been

d. [35-42

extensively investigate 11t has been shown that a static

electric field is a very useful means to control the high
harmonic emission rate,!®! the maximum harmonic photon

y,136-391 and the polarization properties of harmonics. "]

energ
Zhao et al.'*! reported HHG from a combination of a single-
color 800-nm pulse and a static electric field and gave the ex-
pression for the continuum bandwidth, which is a function of
the relative strength ratio and the few-cycle pulse’s intensity
and wavelength through the classical perspective. Our recent
simulation calculation showed that a static electric field can
not only modulate the quantum paths of the HHG, but also in-
crease the ionization yield of electrons contributing to the con-
tinuous spectrum; as a result, the extension and enhancement
of the HHG spectrum are achieved synchronously, which re-
sults in the production of an intense isolated 26-as pulse.**! In
this paper, the motivation of our simulation lies in the follow-
ing considerations: first, though isolated attosecond pulse gen-
erations from the single chirped pulse,>>*3! the single chirped
pulse or two-color laser in combination with a static electric
field, [2*4 and two-color chirped pulse!?-3* have been inves-
tigated, few studies have been reported for the combination
of the multicycle two-color chirped pulse and a static elec-
tric field; second, one of the current theoretical methods for
producing single ultrashort attosecond pulses is by using the
phase compensation for an achievable supercontinuum spec-
trum, which is not easy to achieve in an experiment; third, we
intend to generate a single attosecond pulse with a duration
below one atomic unit of time by straightforwardly filtering a
large range of harmonics. Due to these ideas, in this paper we
further investigate the HHG and isolated attosecond pulse gen-
eration of a model Ne atom in a multicycle two-color chirped
laser and a static electric field. The calculated results show
that with the combination of the multicycle two-color chirped
laser and static electric field, not only the harmonic cutoff is
significantly extended, but also the single short quantum path
is selected to contribute to the HHG emission. By superposing
some properly selected harmonics from continuum on HHG
spectrum, an isolated 23-as pulse is directly generated without
the phase compensation. Moreover, the simulation calcula-
tions also show isolated sub-30 pulses can be generated in a
wide intensity range. These results are analyzed based on the
three-step model and the time-frequency analysis of HHG.

2. Theoretical model and method

The HHG spectrum and attosecond pulse generation can
be studied by numerically solving the one-dimensional time-
dependent Schrodinger equation with the splitting operator
method, which is based on the single-active-electron approx-
imation and has been widely employed for HHG simulation.
The harmonic spectrum is obtained by Fourier-transforming
the time-dependent dipole acceleration from the Ehrenfest
theorem.*! The temporal profiles of the attosecond pulses
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can be generated by simply performing the inverse Fourier
transformations of the XUV supercontinua in different spec-
tral regions. In our calculation, we use the soft-core potential
model V(x) = —1/v/x? 4+ a? and choose the softening param-
eter a = 0.817 to match the ionization energy of 21.56 eV for
the ground state of a real Ne atom. The driving pulse is com-
posed of a two-color chirped field (fundamental chirped pulse:
10-fs, 800 nm; subharmonic chirp-free pulse: 10-fs, 1760 nm)
and a static field. The intensities of the fundamental chirped,
subharmonic, and static fields are 4.0 x 1014, 2.8 x 1013, and
4.0 x 10'3 W/cm?, respectively. The electric field of the driv-
ing pulse can expressed as

E(t) = f(t){Eicos[eit + ()] + Excos(at)} + E3, (1)

where f(t) = exp[—4In(2)(¢/7)?] is the envelope function,
and 7 = 10 fs is the pulse duration of the laser field. E; and
; (i = 1,2) are the electric field amplitudes and the frequen-
cies of the 800-nm fundamental chirped pulse and 1760-nm
subharmonic chirp-free pulse, respectively. E3 is the peak am-
plitude of the static electric field. §(¢) = — tanh[(t — o)/ 70]
The
chirp form is controlled by adjusting the three parameters j3,

is the time profile of the CEP of the chirped pulse.

Due to the recent advancement of comb laser
[25,46,47]

ty, and Tp.
technology, it is highly likely that such a time-varying
CEP can be achieved in the near future. In the present work, 3,

T, and #y are chosen to be 6.25, 200 a.u., and 0, respectively.
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3. Results and discussion

In order to verify our scheme, we first investigate the
HHG process according to the semiclassical three-step model,
which presents a clear physical picture. Figure 1(a) describes
the electric field of the two-color chirped field. Figure 1(b)
presents the corresponding dependence of the harmonic order
on the ionization and the recombination times. For the two-
color chirped case, the electrons are mainly ionized near the
peaks of the electric field and form three main peaks marked
as Ay, By, and C; on the returning energy map, which are
caused by the three time recollisions (marked as Ry, Ry, and
R3) in the profile of the laser field in Fig. 1(a). The maxi-
mum order harmonics of the peaks Ay, By, and C; are 183,
378, and 175, respectively, corresponding to harmonic ener-
gies I, +284 eV, I, + 586 €V, and I, +271 eV. In addition, the
energy difference between A and B; is 302 eV, which leads
to the formation of the supercontinuum with a 302-eV band-
width. It can be seen from Fig. 1(b) that for the harmonics
with energies beyond I, +284 eV each order harmonic is gen-
erated only through two electron trajectories (so-called long
and short trajectories). The trajectory with an earlier ionization
time but a later emission time is called the long trajectory, and
the other trajectory with a later ionization time but an earlier
emission time is called the short trajectory. The interference
of the long and the short trajectories will lead to a modulated
structure of the supercontinuum. As the harmonic order in-
creases, the emission time for the short trajectory increases,

Electric field/a.u.

—0.2F R, -

800

600 -

400

200

Harmonic order (w/w)
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Fig. 1. (color online) Results of the two-color chirped field are displayed in the left-hand column and the combined results are displayed in the right-hand
column: (a) and (c) driving laser field, (b) and (d) classical ionization and returning energy maps. The intensities of the fundamental chirped, subharmonic
chirp-free, and static electric fields are 4.0 x 10', 2.8 x 10'3, and 4.0 x 10'> W/cm?, respectively. The o.c. represents the optical cycle of the 800-nm

free-chirp pulse throughout this paper.
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and that for the long trajectory decreases, and at last these two
emission times become equal. This result indicates that the
harmonics in the second plateau are not synchronically emit-
ted, and the harmonics in the cutoff are synchronized. There-
fore, the superposition of several plateau harmonics will give
out two bursts in each optical cycle of the fundamental pulse.
The above results also imply that a single quantum contri-
bution and an isolated attosecond pulse generation cannot be
achieved by the two-color chirped field.

By adding a static electric field to the two-color chirped
field, i.e., in the combined field case, the electron trajectories
for HHG in the two-color chirped field can be significantly
modulated. The sketch of the electron dynamics are shown in
Figs. 1(c) and 1(d). Figure 1(c) presents the electric field of
the two-color chirped field in combination with a static elec-
tric field. As shown in this figure, the electron is no longer
ionized near the peak of the driving field, instead it is ion-
ized from —1.33 o.c. to —0.66 o.c. and from 0.61 o.c. to
1.28 o.c. and forms two dominant returns (marked as R and
R»). Tt is clear that the positive amplitude of the main peak is
enhanced, and in contrast, the negative amplitudes of the two
adjacent half-cycles are weakened; therefore, the electron ion-
ized at —1.33 o.c. gains a much higher energy by the process
R, which is responsible for the extension of the harmonic cut-
off energy. To substantiate such a fact, we present the depen-
dence of the harmonic order on the ionization and the recom-
bination times, and the result is shown in Fig. 1(d). There are
two major peaks marked as A, and B; on the returning energy
map, which are caused by the two major time recollisions. The
maximum order harmonic of A, reaches 711, whereas that of
B; reaches 185. Compared with the two-color chirped case,
since the highest order of the harmonics is much more higher,
the spectral cutoff for the case is greatly extended. In addi-
tion, the energy difference between A, and B; is 816 eV, thus
a broad supercontinuum covering a 816-eV bandwidth is gen-
erated and is superior to that for the two-color chirped case.
From Fig. 2(d), we note that, in the range of peak A;, only
the short path is selected to contribute to the harmonic gen-
eration. This implies that the harmonics for the peak A, are
almost locked in phase and emit simultaneously, because the
phase-locked harmonics cover an extremely broad bandwidth,
which is beneficial to generate an ultrashort isolated attosec-
ond pulse.

To confirm the above results attained from the semiclas-
sical model, we investigate the harmonic spectrum and the at-
tosecond pulse generation using the full quantum calculation.
In our calculations, the laser parameters are the same as those
in Fig. 1. In Fig. 2, we show the harmonic spectra of the Ne
atom in single chirped field, in the two-color chirped field and
in the combined field, respectively. Since the low order har-
monic spectra have the overlap in the cases of the three optical
fields, so the spectral intensities of the two-color chirped and
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Fig. 2. (color online) Harmonic spectra of the Ne atom in the single
chirped field (solid black curve), in the two-color chirped field (dashed
blue curve), and in the combined field (dotted red curve). For the pur-
pose of clarity, the harmonic intensities of the two-color chirped and
combined fields are multiplied by factors of 10? and 108, respectively.
Laser parameters are the same as those in Fig. 1.

combined field are multiplied by factors of 103 and 10% for
the purpose of clarity. For the single chirped field case, the
spectral cutoff is only at the 242nd-order harmonic, and the
harmonics higher than the 112nd order are continuous, corre-
sponding to a supercontinuum with a 202-eV bandwidth. For
the two-color chirped case, the harmonic spectrum shown by
the dashed blue curve in Fig. 2 presents a double-plateau struc-
ture with two cutoffs of the 175th order and the 378th order.
The harmonics from the 183rd to the cutoff become continu-
ous, forming a 302-eV supercontinuum (i.e., the whole second
plateau). By comparison with the harmonic spectrum using
the single chirped field, the width of the HHG plateau is sig-
nificantly extended by 65 harmonics in the two-color chirped
field. Thereby, the leading role of the subharmonic field of the
two-color chirped field is the extension of the HHG plateau
for the Ne atom. In addition, one can see that the supercontin-
uum for the above two cases shows a strongly modulated struc-
ture, which is owing to the interference between the long and
short trajectories. It is well known that the strongly modulated
supercontinuum with two quantum path contributions is not
beneficial to generate an isolated attosecond pulse. With the
addition of the static field, the electron trajectory is modified,
and then only the short trajectory corresponding to the highest
energy is selected to effectively contribute to the HHG gener-
ation. Thus the interference will be weak and the harmonic
spectrum shows a fascinating structure, namely it becomes
more regular and smooth. The harmonic spectrum in the pres-
ence of the static field is shown by the dotted red curve in
Fig. 2. Clearly, the spectral cutoff for the case is significantly
extended to the 728th-order harmonic, and the harmonics from
the 185th order to the cutoff region are regular and continuous,
corresponding to a supercontinuum with a 833-eV bandwidth.
Compared with the case of using the two-color chirped field,
the bandwidth of the supercontinuum in the presence of the
static field becomes much broader. Further, the modulation
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in the supercontinuum is largely removed, implying that one
single quantum path is selected.

100 200 300 400 500

Harmonic order (w/w,)

Time/o.c.

200 400 600 800

Harmonic order (w/w,)

Fig. 3. (color online) Time-frequency distributions of the HHG spectra:
(a) the two-color chirped field, (b) the combined field. Laser parameters
are the same as those in Fig. 1.

A deeper insight is obtained by investigating the emission
times of the harmonics in terms of the time-frequency analy-
sis method.[*8) The result is shown in Fig. 3. For comparison,
the time-frequency distribution of the HHG spectrum in the
two-color chirped case is also shown in Fig. 3(a). As shown
in this figure, there are three main peaks labelled by Ay, By,
and C; contributing to the harmonic generation. The maxi-
mum harmonic orders of A;, By, and C; are approximately at
the 183rd, 378th, and 175th orders, respectively. Among these
three peaks, the intensity of C; is stronger than the intensi-
ties of A; and Bj, in other words, the harmonic yields of C;
are much higher than those of A; and By, which is the rea-
son for the two-plateau structure. Furthermore, the harmon-
ics above the 185th order are only contributed by B, form-
ing a 302-eV supercontinuum. However, the supercontinuum
origins from the contributions of the two quantum paths (the
negative-slope branch: the long quantum path; the positive-
slope branch: the short quantum path), the interference be-
tween them brings about an obviously modulated structure in
the supercontinuum, as shown by the dashed blue curve in
Fig. 2. Figure 3(b) is the time-frequency distribution of HHG

in the combined field. As seen from this figure, there are two
major peaks labelled by A, and B; in the time-frequency dis-
tribution. The maximal harmonic orders of peaks A, and B,
are about 722 and 185, respectively. The harmonics above the
185th order only originate from the contribution of A;, form-
ing an ultrabroad supercontinuum with a bandwidth of 833 eV.
For the harmonics below the 185th order, the interference be-
tween the peaks A, and B; leads to an irregular spectral struc-
ture, which is shown by the dotted red curve in Fig. 2. Addi-
tionally, there is only one short quantum path contributing to
the supercontinuum, i.e., the short-path harmonic is effectively
selected, which is responsible for a broadband smooth super-
continuum and at the same time indicates that the selection of
the single short path is achieved after the use of the static field.
The above results are basically consistent with those with the
classical approaches.

Next, we consider the attosecond pulse generation in the
combined field. For comparison, the generated attosecond
pulse in the two-color chirped field is presented in Fig. 4(a).
As shown in this figure, by superposing the harmonics from
the 240th to the 285th order, two main attosecond pulses with
durations of 60-as and 58-as are generated, respectively. This
is because there are two quantum paths with different emission
times contributing to the same harmonic (as seen in Fig. 3(a)),
and as the harmonics in the supercontinuum region are not
emitted in phase, the superposition of several harmonics will
result in an attosecond pulse train containing two radiation
pulses rather than an isolated attosecond pulse. As shown
in Fig. 4(a), the strong 60-as pulse originates from the short
path, the weak 58-as pulse originates from the long one. Such
a chain of attosecond pulses are very difficult to use in the
pump-probe experiment or the measurement of ultrafast dy-
namic processes. Figures 4(b)—4(d) show the temporal profile
of the attosecond pulse in the combined field. We first super-
pose the harmonics from the 185th to the 74 1st order, i.e., the
entire supercontinuum region, and an isolated 25-as pulse with
accompanying satellite pulses is directly produced, as shown
in Fig. 4(b). The intensity ratio of the strongest satellite pulse
to the main pulse is approximately 53%. In order to obtain an
isolated attosecond pulse with a relatively high signal-to-noise
ratio, we only select a section of the harmonics from the super-
continuum region. As shown in Fig. 4(c), by superposing the
harmonics from the 310th to the 420th order, an isolated 23-as
pulse with several weak satellite pulses is directly obtained
without any phase compensation. In the situation, however,
the intensity of the strongest satellite pulse only occupies 0.36
of the main pulse, so the signal-to-noise ratio of the single
attosecond pulse is further improved. The isolated 23-as pulse
contains only 3.14 optical cycles of the central wavelength of
2.19 nm. Such a short isolated attosecond pulse will enable
the detection and the control of the electronic dynamics inside
atoms and molecules. It should be noted that our calculations
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Fig. 4. (color online) Temporal profile of the attosecond pulse by superposing some harmonics in the supercontinuum: (a) the two-color chirped field, (b)—(d)

the combined field. Laser parameters are the same as those in Fig. 1.

show that the single attosecond pulse presented in Fig. 4(c)
can be obtained by superposing some well-chosen continuous
harmonics in the supercontinuum, as shown in Fig. 4(d), which
provides a convenient approach to obtain an isolated ultrashort
attosecond light pulse with stable pulse duration in an experi-
ment.

In this work, by applying the static field to the two-color
chirped field, we further extend both the harmonic cutoff and
the supercontinuum width. But we want to know what the
effect of the static field is. For the purpose of clarify, we in-
vestigate the harmonic spectra in the combined field with four
different intensities of the static field (I3). Other parameters
are the same as those in Fig. 1. Figure 5(a) presents our cal-
culated results. As shown in this figure, the harmonic spec-
trum is sensitive to the variation of the intensity of the static
field. If the static field strength is relatively weak, the har-
monic spectrum presents a large modulation structure, but it
has a short cutoff, which also decreases the width of the su-
percontinuum. Contrarily, if the static field strength is rel-
atively strong, the spectral modulation becomes small, and
the harmonic spectrum becomes smooth, but the spectral cut-
off becomes short, resulting in the reduction of the super-
continuum width. To further explore the detail between the
harmonic cutoff or the supercontinuum and the static field
strength, we investigate the HHG processes in the combined
field with different static field strengths by the semiclassical
three-step model. Figure 5(b) shows the dependences of the

1st and the 2nd cutoffs of the HHG on the static field strength.
As the static field strength changes from 1.5 x 103 W/cm?
to 7.0 x 1013 W/cm?, the second cutoff of the spectrum in-
creases from 1.5 x 103 W/cm? to 3.6 x 10" W/cm?, reaches
a maximum at 5 = 3.6 x 103 W/cm?, and then decreases to
the 601st order at I5 = 7.0 x 10!3 W/cm?, whereas the first cut-
off of the spectrum has no significant change (from the 150th
to the 196th order). In the light of the definition of a con-
tinuum spectrum in Ref. [49], namely, the frequency differ-
ence between the highest and the second-highest cutoffs, in
our method, the supercontinuum is the broadest for the case of
I3 = 4.0 x 103 W/cm?. In this case, a supercontinuum cov-
ering an 816-eV bandwidth is generated. Though the spectral
cutoff is the highest at Iy = 3.6 X 10'3 W/cm?, the width of the
supercontinuum (i.e., 805 eV) for the case is lower than that at
I3 = 4.0 x 10" W/cm?. Thus we show that the optimal inten-
sity of the static electric field is I3 = 4.0 x 10'3 W/cm?. In our
method, we also consider how long Ne can survive in the static
field alone. From our calculation, the ionization probability of
Ne is lower than 0.12 when the duration of the static field is
not longer than 1 ps. Moreover, we also investigate the influ-
ence of the static field strength on the harmonic efficiency. As
the intensity of the static field varies from 3.0 x 10! W/cm?
to 6.0 x 1013 W/cm?, the harmonic spectrum has no distinct
changes in HHG efficiency. As the intensity of the static field
is lower than 3.0 x 10'> W/cm?, the spectral efficiency is rel-
atively high compared with that in the range of the static field
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strength mentioned above, but the harmonic cutoff and the
supercontinuum become short. As the intensity of the static
field is higher than 6.0 x 10'3 W/cm?, the harmonic spectrum
has a low conversion efficiency and narrow supercontinuum
width. All in all, the harmonic efficiency tends to decrease for
the relatively high static field strength under the present laser-
matter condition. Therefore, in practical experiments with our
scheme, a static field strength should be kept in the range from
3.0 x 1013 W/em? to 6.0 x 10" W/cm?, which will help to
obtain the broadband supercontinuum with a relatively high
efficiency and less modulated structure.
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Fig. 5. (color online) (a) Harmonic spectra with four different intensi-
ties of the static electric field. (b) Dependences of the 1st and the 2nd
cutoffs of the HHG on the intensity of the static electric field. Other
parameters are the same as those in Fig. 1.

In Fig. 6, we investigate the influences of the wavelength
(A2) and intensity (I2) of the subharmonic chirp-free pulse on
the harmonic spectrum. The other parameters are the same as
those in Fig. 1. Figure 6(a) presents the harmonic spectra with
six different wavelengths of the subharmonic chirp-free pulse.
As shown in this figure, the harmonic spectrum is sensitive to
the variation of the wavelength of the subharmonic chirp-free
pulse. As the wavelength varies from 1200 nm to 2800 nm, the
spectral cutoff increases from 1200 nm to 1760 nm, reaches
the maximum cutoff of the 728th order at A, = 1760 nm, and
then decreases to the 533rd order at A, = 2800 nm. To fur-
ther explore the detail between the harmonic cutoff and the

wavelength of the subharmonic pulse, we plot out the curve

of the spectral cutoff with respect to the wavelength of the
subharmonic pulse by the three-step model in Fig. 6(b). From
this figure, for the cases of A; < 1690 nm, the spectral cutoff
increases with increasing the wavelength. For the cases of
A2 > 1830 nm, the spectral cutoff decreases with increasing
the wavelength. However, when the wavelength varies from
1690 nm to 1830 nm, the harmonic cutoff is not much changed
(the harmonic cutoff is about the 710th order, as shown by the
magenta dotted line in Fig. 6(b)). Therefore, in our method,
the wavelength of the subharmonic pulse can be chosen in a
wide interval, which makes one facilitate the experimental im-
plement for the broadband supercontinuum generation. On a

separate note, the wavelength of the subharmonic pulse in our
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Fig. 6. (color online) (a) Harmonic spectra with six different wave-
lengths of the subharmonic chirp-free pulse. (b) The curve of the spec-
tral cutoff with respect to the wavelength of the subharmonic pulse. (c)
Harmonic spectra with five different intensities of the 1760-nm sub-
harmonic chirp-free pulse. Other parameters are the same as those in
Fig. 1.
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simulation is chosen to be 1760 nm for convenience in discus-
sion and for clarity. Next, we investigate the influence of the
intensity of the 1760-nm subharmonic pulse on the harmonic
spectrum. From our calculation, we find that increasing the
intensity of the subharmonic pulse will result in the extension
of the harmonic cutoff and the widening of the supcontinuum.
Figure 6(c) presents the harmonic spectra with five different
intensities of the 1760-nm pulse. Clearly, with the increase of
the intensity of the subharmonic pulse, the first cutoff of the
spectrum has no significant change, whereas the second one
of the spectrum is markedly enlarged; thus the frequency dif-
ference between the first and the second cutoffs is enhanced,
which also leads to the extension of the supercontinuum spec-
trum. This unique property can be used for producing a broad-
band supercontinuum, which helps to experimentally generate
an ultrashort isolated attosecond pulse. In addition, we also
find from our simulation that the efficiency of the supercon-
tinuum is improved actually by increasing the intensity of the
subharmonic pulse to some extent. From this point of view, to
increase the intensity of the subharmonic pulse is an efficient
method for enhancing the harmonic efficiency. The reason is
as follows: in our method, the continuous harmonics origi-
nate from electrons ionized in the half cycle with the second-
highest electric field peak (i.e., electrons ionized in the time
range from —1.33 o.c. to —0.66 o.c.), when the intensity of
the subharmonic pulse increases, the second-highest electric
field peak of the combined field is enhanced, the ionization
yields of the corresponding electrons are increased, as a result,
the conversion efficiency of the continuous harmonics is im-
proved. Note that the plateau harmonics exhibit a deep modu-
lation structure and only the cutoff harmonics are continuous
for the case of the laser intensity beyond 5.0 x 103 W/cm?,
which is not good for the generation of an intense isolated at-
tosecond pulse. For the cases of other wavelength values, we
find that similar results can be obtained in terms of the above
discussion.

In order to check how sensitive the harmonic spectrum is
to the intensity of the fundamental chirped pulse, Fig. 7 shows
the harmonic spectra generated in the combined field with four
different intensities of the fundamental chirped pulse. Accord-
ing to our calculations, the same is true if the intensity of the
fundamental chirped pulse is increased, as shown in Fig. 7.
Just the spectral cutoff and the bandwidth of the supercontin-
uum are greatly extended in comparison with that in Fig. 6(c).
Furthermore, with the increase of the intensity of the funda-
mental chirped pulse, the low-energy part of the harmonic
spectrum shows a more pronounced modulation structure. The
characteristic behavior can be further seen by the green curve
in Fig. 7 with I} = 6.0 x 10'* W/cm?, where the modulation

structure in the low-energy part is so obvious that it cannot
generate a single short attosecond pulse generation. However,
the high-energy one of the spectrum, i.e., the harmonics near
the cutoff, is still smooth, which can support us in generat-
ing an isolated ultrashort attosecond pulse by filtering some
properly selected harmonics. Additionally, we find that the in-
creases of the intensity of the fundamental chirped pulse will
result in the uplift of all the harmonic spectra, implying an en-
hancement of the harmonic efficiency. This reason is similar
to the one we analyzed in Fig. 6. But it might also be noted
that an extremely high driving field will lead to the ionization
saturation of the target atom and limit the harmonic yields.
However, under the present laser-matter condition, we calcu-
late the ground state population and find that the depletion of
the ground state does not appear when the time evolution of
the pulse ends. Consequently, in our method, increasing the
intensity of the fundamental chirped pulse may be a very pro-

ductive line of enhancing the harmonic efficiency.

10*2 T T T T T
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Harmonic order (w/w)
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Fig. 7. (color online) Harmonic spectra with four different intensities of
the 800-nm fundamental chirped pulse. Other parameters are the same
as those in Fig. 1.

Finally, we analyze the influence of the fluctuations of
the laser intensities on the broad bandwidth isolated sub-30-as
pulse. From our simulation, when the intensity of the fun-
damental chirped pulse changes from 3.1 x 10'* W/cm? to
5.5 x 101 W/cm?2, we can obtain a broadband isolated sub-
30-as pulse with the satellite pulse less than 50% of the main
pulse intensity by superposing properly continuous harmon-
ics, as shown in Fig. 8(a). The same is true even if the
intensity of the subharmonic chirp-free pulse changes from
1.2 x 10" W/em? to 5.0 x 10'* W/cm?, which is shown in
Fig. 8(b). For the static electric field, when its intensity
changes from 2.2 x 10'3 W/ecm? to 5.8 x 10'3 W/cm?, an iso-
lated broadband sub-30-as pulses can be obtained, and the in-
tensity ratio of the satellite pulse to the main pulse is below
50%, as shown in Fig. 8(c). The above results show that iso-

lated broadband sub-30-as pulses can be generated in a wide
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range of laser intensity, which is particularly favorable for pro-
ducing an isolated ultrashort attosecond light pulse with a sta-

ble pulse duration in an experiment.

8 — - ' ' ' '
) .
£ —238th—330th @
:f 6L - -294th—394th || 29.7 as 1
4 450th—560th ||l<——
5 —--633rd—743rd
L? .
2 4r
~
>
z
g
g 2r
3
=
0L— !
—0.2 —0.1
9 - ' ' ' '
!:, 25.5 as (b)
— 180th—280th
----187th—287th
61~ 405th—525th | og as 1

—430th—540th

Intensity /10" arb. units

2 ()
5 8r —443rd—543rd
; % 27.2 as~ ~410th—520th

Q0 1

g o <10 192nd—300th |

o i ----293rd—393rd

o i

= it 29.4 as

> 4f T — ]
i ii

2 pii

g of i, -
- v122.5 as

- SR revall

0 L A |~\| ol i

—-0.2 -0.1 0 0.1 0.2 0.3 04

Time/o.c.

Fig. 8. (color online) Temporal profiles of isolated attosecond pulses
generated from the continuous harmonics in the combined field with
different laser intensities: (a) from the 238th to the 330th order for
I; =3.1x 10" W/cm? (solid black curve); from the 294th to the 394th
order for I; = 3.5 x 10" W/cm? (dashed red curve); from the 450th to
the 560th order for I; = 5.0 x 10'* W/cm? (dotted green curve); from
the 633rd to the 743rd order for I} = 5.5 x 10'* W/cm? (dashed—dot blue
curve). (b) The same as panel (a) but for four different intensities of the
subharmonic chirp-free pulse of 1.2 x 1013, 2.0 x 103, 4.0 x 10'3, and
5.0 x 10'3 W/cm?, respectively. (c) The same as panel (a) but for four
different intensities of the static electric field of 2.2 x 10'3, 3.0 x 1013,
5.0 x 10'3, and 5.8 x 10'> W/cm?, respectively. Other parameters are
the same as those in Fig. 1.

4. Conclusions

In conclusion, we have theoretically presented an efficient

method for generating an isolated ultrashort attosecond pulse

in a multicycle two-color chirped laser in combination with a
static electric field. It is shown that the quantum path of the
HHG by the two-color chirped field can be effectively con-
trolled in the presence of the static field. As a result, not only is
the harmonic cutoff significantly extended, but also the super-
continuum width is greatly enlarged. In addition, since the su-
percontinuum spectrum covers an extremely broad bandwidth
and originates from the contribution of the single quantum
path, an ultrashort isolated 23-as pulse with a 170.6-eV band-
width is straightforwardly obtained without any phase com-
pensation. Further, we also investigated the influence of the
fluctuations of the laser intensities on the supercontinuum and
isolated attosecond pulses. The calculated results show that a
supercontinuum with a broad bandwidth and isolated attosec-
ond pulses with durations of less than 30-as can be produced
in a wide intensity range. For the 800-nm fundamental pulse,
its intensity should be kept in the range of 3.1 x 10'* W/ecm? ~
5.5 x 10'* W/cm?. For the 1760-nm subharmonic laser pulse,
its intensity should be limited in the range of 1.2 x 10'3 W/cm?
~ 5.0 x 103 W/cm? (note that the intensity range is suitable
for the subharmonic pulse with the wavelength of 1690 nm ~
1830 nm). For the static field, its intensity should be controlled
in the range of 3.0 x 10'> W/cm? ~ 5.8 x 10'3 W/cm?. These
properties are very beneficial to the experimental implement
for the generation of the isolated ultrashort attosecond pulses
with stable pulse durations. Finally, we would like to point out
the feasibility of the scheme. Currently, a 10-fs, 800-nm laser
pulse is available in a good few laboratories, and a 10-fs sub-
harmonic pulse with the wavelength of 1690 nm ~ 1830 nm
pulse can be generated by optical parametric amplifier (OPA)
from an 800-nm laser pulse. The static field strength used in
this paper is extremely high so that it is not experimentally
possible nowadays. However, it has been shown that a low-
frequency laser field (such as CO; lasers) (203340391 or 3 strong
terahertz field®®>!! can be used instead of the high static field.
Our simulation calculations also indicate that, by adding a THz
field with a wavelength range of 50 um ~ 100 pm to the two-
color chirped field, similar results are obtained. From our cal-
culations, we find that such an effective controlling scheme
can also use a combined field with the duration of 30 fs, which
makes our scheme more achievable in experiments. In a word,
the advantages of the scheme proposed here lies in generat-
ing a broadband XUV supercontinuum with a single quantum
path contribution, which is beneficial for producing an isolated
ultrashort attosecond pulse.
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