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Isolated short attosecond pulse generated using a two-color laser and a high-order pulse
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An efficient method to generate an isolated short attosecond pulse is investigated theoretically. A broadband
extreme ultraviolet supercontinuum harmonics can be generated when a model He' ion is exposed to the
combination of an intense few-cycle laser pulse and a low-frequency field. By properly adding a 27th harmonics
pulse to resonantly excite the He* ion, the intensity of the high-order harmonic generation (HHG) plateau is
enhanced by 3—4 orders of magnitude. As a result, an isolated 24-as pulse with a bandwidth of 138 eV can be
obtained directly from the supercontinuum around the cutoff of HHG.
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I. INTRODUCTION

The appearance and development of isolated attosecond
pulses provide a means for probing and measuring basic
ultrafast electronic processes, e.g., inner-shell electronic dy-
namics in atoms and molecules [1-4]. Because the HHG is
a unique way to produce attosecond pulses in experiments,
the attosecond pulse generation based on HHG has attracted
a lot of attention. HHG processes can be well understood by
the three-step model [5]. First the electron tunnels through
the barrier formed by the Coulomb potential and the laser
field, then it oscillates quasifreely driven by the laser field and
acquires additional kinetic energy, and finally it can recombine
with the parent ion. During recombination, a photon is emitted
with the maximum photon energy given by Ecyof [eV] =
I, +3.17U,, where I, is the ionization potential of the
atom and U, [eV] = 9.38 x 1071 [W/cm?] (Ao [um])? is
the ponderomotive energy of the electron in the laser field. This
equation implies the harmonics spectrum has a sharp cutoff
around the harmonics energy E.yof. After spectral filtering of
the harmonic spectra at the plateau or cutoff region, a train of
attosecond pulses could be produced. It has been demonstrated
experimentally that attosecond pulse trains (APTs) [1] with
duration of 250 as can be achieved by filtering HHG spectra.
But for practical application, an isolated attosecond pulse is
more useful, so much effort has been paid to extracting a single
attosecond pulse. Isolated attosecond pulses with durations
of 80 as [6] have been realized experimentally by filtering
HHG spectra. However, the pulse is still significantly longer
than 1 atomic unit of time (the atomic unit of time is 24 as),
which is the time scale of electron motion in atoms. It has
been suggested that the bandwidth of the attosecond pulse is
more important than the duration in attosecond science [7].
So many efforts are underway to broaden the bandwidth of
the attosecond pulse and push the duration to an even shorter
time [8—11]. Very recently, an isolated sub-30-as pulse with
the bandwidth of 170.5 eV [12] was realized theoretically.
However, it may not be easy to realize such a large chirped
laser pulse in actual experimental conditions.

In this paper, we propose a method for broadband xuv
supercontinuum harmonic generation. The combination of
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a phase-stabilized few-cycle driving laser pulse and a low-
frequency field is adopted. The harmonic spectrum is signifi-
cantly extended to /, + 7.6U, and the harmonics higher than
I, + 4.8U, are almost synchronically emitted for once. But the
harmonic intensity is extremely low. By properly adding a 27th
harmonics pulse, the intensity of HHG plateau is enhanced by
3—4 orders of magnitude. As a result, an isolated 24-as pulse
with a bandwidth of 138 eV can be obtained directly from the
supercontinuum around the cutoff of HHG.

II. THEORETICAL METHODS

The harmonics and the attosecond pulse generation can
be studied by numerically solving the one-dimensional time-
dependent Schrodinger equation. In our calculation, the soft
Coulomb potential [13] V(x) = —Z/+/a + x? is chosen with
Z =2 and a = 0.5 to match the ionization potential Ey =
—2.0 a.u. of a real He' ion. The electric field of the driving
laser can be expressed as

E(1) = Eo fo(t) cos[wo(t — T) + ¢cep]l + Eysin(wi?). (1)

Here t is the time delay between the few-cycle pulse and the
low-frequency field. E; and w; (i = 0,1) are the peak ampli-
tudes and frequencies of the fundamental and low-frequency
pulses, respectively. fo(t) = sin?(t/Ty) presents the profile
of the few-cycle laser field. ¢cgp is the carrier-envelope phase
of the few-cycle driving pulse and is set as O through the
paper.

The one-dimensional time-dependent Schrodinger equation
is solved accurately and efficiently by means of the split-
operator method [14]. Once the time evolution of the wave
function ¥ (x,f) is determined, the time-dependent induced
dipole acceleration can be given by means of Ehrenfest’s
theorem

aV(x)
ax
The harmonic spectrum can be obtained, which is pro-

portional to the modulus squared of the Fourier transform
of a(t),
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By superposing several orders of the harmonics, an ultra-
short pulse can be obtained with the temporal profile
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where a, = [ a(t)e '“'dt.

III. RESULTS AND DISCUSSION

In order to demonstrate our scheme, we first investigate the
HHG process in terms of the semiclassical three-step model,
which presents a clear physical picture. In our calculation,
Ty = 552 a.u. corresponds to a duration of 5 fs full width at
half maximum (FWHM). We choose wy = 0.057 a.u. and w; =
0.0057 a.u. corresponding to Ag = 800 nm and A; = 8 um,
respectively. t is set as Tp/2. The intensities of the driving and
the control pulses are 0.24 and 0.1 a.u., respectively.

Figure 1 illustrates the sketch of the electron dynamics.
In Fig. 1(a), the time varying of combined driving laser field
is presented. The electron is ionized from 1.67 to 2.07 and
from 2.6T to 3.0T (T =27 /wy is an optical period of the
few-cycle pulse) forming only two returns (marked as R1
and R2). In every optical cycle of the few-cycle pulse, the
low-frequency field does not change its direction. In the half
cycle of t = 2.5T, the total field is greatly enhanced and the
electron accelerated here gains much more energy, therefore
the harmonic spectrum can be significantly extended; i.e.,
the cutoff region is much higher than the well-known value
of I, +3.17U,. To substantiate such a fact, we analyze the
dependence of the kinetic energy E} on the ionization times
t; and emission times f,. The result is shown in Fig. 1(b).
There are two major emission events taking place, near the
peaks labeled A and B. The maximum kinetic energy of R1
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FIG. 1. (Color online) (a) Driving laser field of the fundamental
laser (wp = 0.057 a.u.) in combination with a low-frequency field
(w; = 0.0057 a.u.). (b) The dependence of the kinetic energy Ej
on the ionization (unfilled blue circles) and recombination times
(filled green circles). The intensities of the driving pulse and the
low-frequency field are 0.24 and 0.1 a.u., respectively.
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FIG. 2. (Color online) The HHG power spectra from the model
Het ion in the fundamental field (solid black line), and in the
fundamental laser in combination with a low-frequency field (dashed
blue line). The same parameters as in Fig. 1.

reaches 7.62U, (U, = Eé / 4wé), while that of R2 only reaches
4.82U,. In the range of peak B, there are two dominant
quantum paths with different emission times and the first
plateau is formed. However, in the range of peak A, where the
second plateau is formed, two dominant quantum paths have
almost the same emission time. So we can conclude that under
modulation of the low-frequency field, the HHG spectrum
can be extended to I, + 7.62U,, and the harmonics higher
than I, +4.82U, are almost locked in phase and emitted
once, i.e., become supercontinuous, which results in a broad
supercontinuum spectrum with the bandwidth of 338 eV.
Following, we perform the calculation to confirm the
above classical approaches by numerically solving the time-
dependent Schrodinger equation. The parameters are the same
as those in Fig. 1. The harmonic spectrum is shown in
Fig. 2. For comparison, the harmonic spectrum in the driving
pulse alone is also given (solid black line). It is seen that
the width of the HHG plateau for the case of adding a
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FIG. 3. (Color online) The electric field (solid black line) with
the 27th harmonics pulses (wTgeley = —1.097) and the dependence
of the ionization probability on time without the 27th harmonics
pulses (dash blue line) and with the 27th harmonics pulses (dotted
red line). The 27th harmonics pulse intensity is 0.0463 a.u. and the
other parameters are the same as in Fig. 1.
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FIG. 4. (Color online) The HHG power spectra from model He*
ion with the 27th harmonics pulses (solid black line) and without the

27th harmonics pulses (dotted blue line). The same parameters as in
Fig. 3.

low-frequency laser pulse is significantly extended compared
with the case of the fundamental laser alone. But the harmonic
intensity is extremely low. According to the three-step model,
the harmonic efficiency is mainly laid on the ionization
rate. In order to enhance the conversion efficiency, a 27th
harmonics pulse (wTgelay = —1.097) is superposed to Eq. (1).
The harmonics pulse intensity is set as 0.0463 a.u. For our
model He™ ion, the 27th harmonics pulse promotes a resonant
transition from the ground state to the second exited states [12]
and enhances the ionization probability of He™. The time
variance of the combined driving laser field is presented in
Fig. 3. The ionization probability is also shown in Fig. 3. In our
scheme, the continuous harmonics mainly originate from the
electrons ionized in the time range from 1.67 to 2.07". Since
the ionization probability of adding a 27th harmonics pulse
(dotted red curve) is larger than that (dash blue curve) without
adding it in the time range, the efficiency of the continuous
harmonics will be enhanced by adding a 27th harmonics pulse.

Figure 4 shows the harmonic spectrum for the case. The
harmonic spectrum in the synthesized two-color pulse alone is
also presented for comparison (dotted blue curve). As shown
in this figure, the intensity of the broadband supercontinuum
is greatly enhanced by 3 or 4 orders and is comparable with
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FIG. 5. (Color online) Wavelet time-frequency profile of HHG
power spectra from 50 to 700 corresponding to the solid line in Fig. 4.
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FIG. 6. The temporal profile of the isolated attosecond pulse by
superposing the harmonics from 528 to 616. The same parameters as
in Fig. 3.

that of the lower irregular harmonics. One can also see that
the interference structure of the harmonic spectrum changes
when the harmonic pulse is existent. It is different with those
reported in Refs. [15,16]. In their scheme, the controlling
attosecond pulse train can put an electron into continuum with
v > 0, which leads to the different spectrum structure. In this
paper, the motivation of using the 27th harmonics pulse is a
resonant transition from the ground state to the second exited
states, not to the continuum states. Then the two-color pulse
can easily ionize the ion from the second exited states. In our
situation, the change of the interference structure is due to
quantum path selection. Because the ionization potential of the
He™ ion is large, and the effective ionization takes place where
the electric field is close to zero, the quantum paths A and B
are very weak. When the harmonic pulse is added, the effective
ionization is enhanced, which leads to the quantum paths A
and B dominating. The time-frequency distribution [17] is
presented to further understand the harmonic spectrum, which
is shown in Fig. 5. As shown in this figure, there are two main
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FIG. 7. The temporal profile of the isolated attosecond pulse by
superposing the harmonics from 538 to 622. The same parameters as
in Fig. 3.
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FIG. 8. The temporal profile of the isolated attosecond pulse by
superposing the harmonics from 460 to 540. The same parameters as
in Fig. 3.

peaks contributing to the harmonics (marked A and B). Each
burst emission time agrees remarkably well with the classical
recollision time shown in Fig. 1(b). The contribution of those
two quantum paths in the range of peak A is nearly the same.
Around the range of peak B, the two quantum paths join
each other.

When only a single quantum path contributes to the HHG,
a very short attosecond pulse can be obtained directly by
superposing several harmonics which have almost the same
emission time. Figure 6 shows the time profile of the generated
isolated attosecond pulse. When we select 89 harmonics (from
528 to 616), as shown in Fig. 6, the duration of this isolated
attosecond pulse is about 24 as (FWHM) with a bandwidth
of 138 eV, which is first equal to 1 atomic unit of time
(24 as) by straightforward filtering of the HHG spectrum. Such
a short isolated attosecond pulse will enable the detection
and control of the electronic dynamics inside atoms and
molecules.
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The different ultrashort isolated attosecond pulses can be
obtained by superposing different harmonics. Figure 7 shows
the time profile of the generated isolated attosecond pulse
via superposing 85 order harmonics (from 538 to 622). A
30-as clean isolated short attosecond pulse with a bandwidth
of 131.8 eV is produced. Figure 8 shows the time profile of the
generated isolated attosecond pulse via superposing 81 order
harmonics (from 460 to 540). It can be seen that a 44-as clean
isolated pulse with a bandwidth of 125.6 eV is generated.

IV. CONCLUSION

In conclusion, we present an efficient method to generate
broadband extreme ultraviolet supercontinuum harmonics via
a model He' ion exposed in a combined field of an intense
few-cycle laser and a low-frequency field. It is achieved by
significantly modulating the quantum paths of HHG. The
harmonic spectrum can be extended to I, + 7.62U, and the
harmonics higher than I, + 4.82U,, are almost synchronically
emitted for once, which results in an xuv supercontinuum
with the bandwidth of 2.8U,. By adding a 27th harmonics
pulse to resonantly excite the He™ ion, the intensity of the
HHG plateau is enhanced by 3—4 orders of magnitude when
adopting the proper time delay between the harmonic pulse
and the fundamental laser. In this case, the generation of the
isolated attosecond pulses is also investigated. An isolated
attosecond pulse with a duration of 24 as can be obtained
directly which is first equal to 1 atomic unit of time (24 as)
by straightforwardly filtering the HHG spectrum. Such a short
isolated attosecond pulse will enable the probing and monitor-
ing electron dynamics deep inside atoms and molecules.
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