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Abstract. We theoretically study high-order harmonic and isolated attosecond pulse
generation from a model helion ion in the combination of the mid-infrared (mid-IR)
laser and an extreme ultraviolet (xuv) pulse. It is shown that, for the low laser inten-
sity, the harmonic cutoff is at about 657th order, and the supercontinuum with a 287-
eV bandwidth is formed. For the high laser intensity, the spectral cutoff is enlarged
to 1795th order, and the supercontinuum is broadened to 834 eV. In the two cases,
both the long quantum path selection and the enhancement of the supercontinuum
are achieved. Especially for the relatively high laser intensity, pure isolated sub-50 as
pulses can be directly obtained by superposing an arbitrary 87-eV harmonics in the
supercontinuum from 450th to 1590th order.

PACS: 42.65.Ky, 32.80.Rm, 42.65.Re
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1 Introduction

Attosecond (as) extreme ultraviolet pulses open the way to a new field of studying and
operating basic ultrafast electronic processes in atoms and molecules with an unprece-
dented precision [1-3]. Thus the generation of attosecond pulse has attracted a great deal
of attention in recent years. Since HHG covers a large spectral range from the infrared
to soft x-ray region, it has become a candidate for breaking through the femtosecond (fs)
limit and a preferred light source for realizing the attosecond pulse generation. Addi-
tionally, the HHG is currently the most promising way to produce isolated attosecond

*Corresponding author. Email addresses: gtzhang790163. com (G. -T. Zhang), btt11200163. com (T. -T. Bai)

http:/ /www.global-sci.org/jams 251 (©2013 Global-Science Press



252 G. -T. Zhang, T. -T. Bai, and M. -G. Zhang / J. At. Mol. Sci. 4 (2013 ) 251-260

pulses in experiments [4,5]. The physical mechanism of the HHG can be well under-
stood by semiclassical three-step model [6]. In detail, the electron first tunnels through
the barrier formed by the Coulomb potential and the laser field, then it oscillates almost
freely in the laser field, and finally it may recombine with the parent ion and emit a har-
monic photon with energy up to I,+3.17U,, where I, is the atomic ionization potential
and U, =9.38 x 10*I[W/cm?](A[um])? is the ponderomotive energy. Since the maximal
photon energy scales as the intensity of the driving field or the square of the driving field
wavelength, the harmonic cutoff can be extended by enhancing the intensity of the driv-
ing field or adopting longer-wavelength driving field. However, on the one hand, too
high driving field will result in the ionization saturation of the target atom and limit the
harmonic yields; on the other hand, high ionization rate also leads to plasma defocusing
of the driving pulse and dephasing of the atomic dipole oscillators, then further decreases
the conversion efficiency [7]. Therefore, an efficient method for significantly extending
the harmonic cutoff is to adopt a longer-wavelength driving field. With the rapid de-
velopment of ultrafast laser technology, mid-IR laser pulses with high intensity level can
be produced by high-power femtosecond optical parametric amplifiers (OPAs) [8-10]. It
has been shown that, by using the mid-IR pulses at wavelengths of 1.51 and 2 um, the
harmonic cutoff energies can be extended to 160 eV [9] and 220 eV [10], respectively. Tate
et al. [11] has theoretically shown that a mid-IR driving pulse not only produces much
more energetic harmonic photons but also reduces harmonic chirps, which is helpful to
the attosecond pulse generation.

As is well known, during the recombination in the HHG, a photon is emitted. Usu-
ally, this process periodically occurs every half optical cycle, leading to the generation of
an attosecond pulse train (APT). For practical application, the straightforward attosecond
metrology prefers an isolated attosecond pulse, so much effort has been paid out to obtain
an isolated attosecond pulse. It has been shown that an isolated attosecond pulse can be
generated by using a few-cycle laser pulse [12,13] or polarization gating technique [14].
In a recent breakthrough work, an isolated attosecond light pulse lasting approximately
80 as were produced with a 3.3 fs, 720 nm laser pulse [15]. However, the duration of iso-
lated attosecond pulse is still significantly longer than the time scale of electron motion in
atoms, i.e., 24 as. To broaden the bandwidth of supercontinuum and compress the pulse
duration, some other methods have been put forward to reach the desired objectives. It
has been proposed that the two-color field can broaden the bandwidth of the supercon-
tinuum spectrum and obtain an isolated attosecond pulse with much shorter duration.
Zeng et al. [16] theoretically proved that a synthesized two-color field can broaden the
bandwidth of the supercontinuum to 148 eV, and then an isolated 65 as pulse was created
directly. Lan et al. [17] proposed a method for coherently controlling electron dynamics
using a few-cycle laser pulse in combination with a controlling field, and also showed
that this method not only can broaden the attosecond pulse bandwidth and reduce the
harmonic chirp, but also can produce a close-to-Fourier-limit 80-as pulse. An alterna-
tive method for generating a broadband attosecond pulse is controlling quantum paths.
Macroscopically, the short path can be selected by carefully adjusting the phase-matching
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condition [18,19] or spatial filtering [20]. For the single-atom response, the quantum path
control can be realized by using the ultrashort pulse [21], two-color field [22-24], three-
color field [25,26], an APT [27], or a static electric field [28,29].

In our previous works [30,31], by adding a xuv pulse or a static field to the two-color
field, we obtained an isolated 39 or 26 as pulse. Based on these works, in this paper,
we investigate the HHG of a model hellion ion in the mid-IR laser in combination with
a xuv pulse. It is shown that by selecting a proper time delay, not only the conversion
efficiency of the harmonics is enhanced, but also the ultrabroad supercontinuum with
single quantum path contribution is generated. When the intensity of the mid-IR laser
pulse is relatively high, both the harmonic cutoff and the supercontinuum are remarkably
extended. By superposing an arbitrary 87-eV harmonics in the supercontinuum from
450th to 1590th order, isolated sub-50 as pulses are obtained directly. These results can be
explained in terms of the time-frequency analysis method and the three-step model.

2 Theoretical model and methods

In order to verify our scheme, we investigate the HHG spectrum and the attosecond pulse
generation by numerically solving the one-dimensional time-dependent Schrédinger equa-
tion with the splitting operator method [32]. The harmonic spectrum is obtained by
Fourier transforming the time-dependent dipole acceleration of a model atom. The tem-
poral profiles of attosecond pulses can be derived by simply performing inverse Fourier
transformation of the XUV supercontinuum in different spectral regions. In our simula-
tion, we choose a soft-core Coulomb potential model V(x)=—z/+v/x?>+a and set z= 2 and
a=0.5 corresponding to the binding energy of 54.4 eV for the ground state of a helium ion
(He™). The driving pulse is consisted of a 12.5 fs /2000 nm mid-IR laser and a 0.9 fs/29.6
nm xuv pulse, and the corresponding electric field is expressed as

E(t)=Eq fo(t)cos(wot)+ Exuv fruv (f — Taeray ) COS[Wxuy (t — Tae1ay )], (1)

where E; and w; (i= 0, xuv) are the electric field amplitudes and the frequencies of the
mid-IR laser and the xuv pulse, respectively. f;(t) =exp[—4In2(t/7;)?](i= 0, xuv) are
the envelopes of the two laser pulses, and 7; (i =0, xuv) are the corresponding pulse
durations (full width at half maximum). Tge1ay is the time delay of the xuv pulse with
respect to the mid-IR laser pulse.

3 Results and discussion

Fig. 1(a) shows the HHG spectra of He™ ion in one-color field and in the combined field
of the mid-IR laser pulse and a xuv pulse, respectively. Here the intensities of the mid-IR
laser and xuv pulses are 3x 10 W/cm? and 2x10'® W/cm?, respectively. For the case
of single mid-IR laser pulse, the HHG spectrum presents a three-plateau structure, and
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Figure 1: (a) HHG spectra in one-color field (solid curve) and in the combined field of the mid-IR laser and a
xuv pulse at a proper time delay of Tge1ay = —0.6 o.c. (dotted curve). (b) Time-frequency distribution of the
HHG spectrum corresponding to the dotted curve in (a). The intensities of the mid-IR laser and xuv pulses are
3.0x 1014W/cm2 and 2.0><1013W/cm2, respectively. o.c. represents the optical cycle of the mid-IR laser pulse.

the spectral cutoff is at approximately the 657th-order harmonic, and the harmonics only
in the third plateau is smooth. In addition, the conversion efficiency of supercontinuum
is very low, and the supercontinuum shows a strongly modulated structure resulting
from the interference of the long and short quantum paths, which is not beneficial for
the generation of an isolated attosecond pulse. By adding a 0.9 fs/29.6 nm xuv pulse to
the mid-IR pulse at Tge1ay = —0.6 0.c., the situation is completely different, and the result
is shown by the dotted curve in Fig. 1(a). As shown in the figure, the overall harmonic
spectrum is heightened, only does a two-plateau exist. The spectrum cutoff is still at
the 657th-order harmonic and has no distinct change. This is because the contribution
of the xuv pulse to the ponderomotive energy is very small, so its contribution can be
ignored. It is worth while noting that for the combined field case the harmonic spectrum
is more regular and smoother, thus a broad supercontinuum covering a 287 eV bandwith
is formed in the second plateau. Moreover, compared with the case of the mid-IR pulse
alone, the bandwidth of the supercontinuum is much broadened and the harmonic inten-
sity is effectively enhanced by 2-5 orders of magnitude. We also note that the modulation
of the supercontinuum is weakened, which implies that a single quantum path is selected
by use of the xuv pulse.

In order to well understand the spectrum structure, we investigate the emission times
of the harmonics for the case in terms of the time-frequency analysis method [33], the re-
sult is shown in Fig. 1(b). Clearly, there are three main peaks contributing to the HHG
(marked as Py, P, and P3), and the maximal harmonic orders for Py, P, and P5 are 450,
657, and 500, respectively. The intensity of P; is quite strong, whereas the high frequency
components of P; and P3 are much weaker than P; in the harmonic intensity, so their
contribution to the HHG can be ignored. Taking these results into consideration, the
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Figure 2: (a) Temporal profile of the attosecond pulse by superposing the harmonics from 530th to 605th order
in one-color field. (b) Temporal profile of the attosecond pulse by superposing the harmonics from 400th to
485th order in the combined field. Other parameters are the same as in Fig. 1.

harmonics higher than 210th order are mainly contributed by P, resulting in a supercon-
tinuum with a bandwidth of 287 eV. Note that the bandwidth of the supercontinuum is
much broader than that in classical calculation, this is due to the fact that the effect of the
ionization probability on the harmonic efficiency is considered in quantum calculation.
Furthermore, for the peak P, the intensity of the long quantum path is much higher than
that of the short one, i.e., the long quantum path is selected to effectively contribute to
the HHG emission.

Through the above analysis, by the use of the xuv pulse, the enhancement of the HHG
and the broadband supercontinuum with sing quantum path contribution are achieved,
which can support the generation of an intense isolated attosecond pulse. In order to
check this viewpoint, we investigate the attosecond pulse generation in the combined
field. For comparison, we also present the temporal profile of the attosecond pulse in
one-color field. As shown in Fig. 2(a), two attosecond bursts are produced by superpos-
ing the harmonics from 530th to 605th order, and the duration of the main attosecond
pulse is 83 as. Further, before the main pulse, there is a satellite pulse originating from
the short quantum path, which indicates that for the one-color field case the harmonics
are not locked in phase. For the case of the combined field, by selecting the harmonics
from 400th to 485th order, an isolated 77 as pulse with a clean temporal profile is directly
obtained, indicating the harmonics in the second plateau are well phase-locked. In ad-
dition, the intensity of the generated isolated attosecond pulse is 4 orders of magnitude
higher than that in one-color field case, which is attributed to the enhancement of the
supercontinuum.

In our simulation, we find that by increasing the intensity of the mid-IR laser pulse,
not only the harmonic cutoff and the supercontinuum spectral width can be significantly
extended, but also an isolated attosecond pulse with much shorter duration can be ob-
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Figure 3: (a) HHG spectrum. (b) Time-frequency distribution of the HHG spectrum corresponding to (a).
(c) Temporal profile of the attosecond pulse by superposing the harmonics from 450th to 1795th order. (d)
and (e) are the temporal profiles of the attosecond pulses by superposing an arbitrary 87 eV harmonics in the
supercontinuum from 450th to 1590th order, respectively. The intensity of the mid-IR laser pulse is 9.0x10M
W/cm?. Other parameters are the same as in Fig. 1.
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tained. Here, the intensity of the mid-IR laser pulse is 9.0x10* W/cm?. Other param-
eters are the same as in Fig. 1. Fig. 3 presents our calculated results for the case. As
shown in Fig. 3(a), the harmonic spectrum exhibits a double-plateau structure with two
cutoffs: one is at the 433rd order harmonic, the other is at the 1795th order harmonic.
The harmonics in the second plateau are regular and smooth, implying that there is only
a dominant quantum path contributing to these harmonics. Fig. 3(b) shows the cor-
responding time-frequency distribution. From this figure, one can see clearly that the
harmonics above 450wy mainly originate from the contribution of the peak R3, which re-
sults in the supercontinuum with a bandwidth of 834 eV. For the peak R3, although there
are two dominant quantum paths with different emission times contributing to the same
harmonic, the long quantum path is much higher than the short one in the intensity, thus
the supercontinuum are mainly contributed by the long quantum path. As a result, the
harmonics beyond 450w are almost emitted once, i.e., these harmonics are well phase-
locked. Since these phase-locked harmonics cover an extremely broad bandwidth, an
ultrashort isolated attosecond pulse can be generated. Fig. 3(c) presents the temporal
profile of the attosecond pulse by superposing the harmonics from 450th to 1795th order.
As shown in this figure, a single 70 as pulse with several small subpeaks is generated,
whereas the intensity ratio of the strongest subpeak to the main pulse is approximately
60%. We also show that pure isolated sub-50 as pulses can be directly produced by super-
posing an arbitrary 87-eV harmonics in the supercontinuum region from 450th to 1590th
order [see Figs. 3(d) and 3(e)], which provides a convenient to obtain an isolated attosec-
ond light pulse with stable pulse duration and tunable central wavelength in experiment.
Moreover, it can be seen from Figs. 3(d) and 3(e) that the intensity of the isolated attosec-
ond pulse decreases with increasing the central frequency, this is due to the decrease
of the harmonic intensity. The above results also indicate that a short isolated attosec-
ond pulse can be obtained by superposing several high harmonics which agrees with the
conclusion of Ref. [4]. As has been reported in Ref. [4], since high harmonics are not syn-
chronized on an attosecond time scale, selecting entire available spectral range no longer
provides the shortest possible pulses due to the time-phase dispersion.

To further understand the physical mechanism of the HHG process and the enhance-
ment of the conversion efficiency of the harmonics, we perform the classical trajectory
simulation by the three-step model and calculate the ionization probability in the com-
bined field. Laser parameters are the same as in Fig. 3, and the results are shown in
Fig. 4. Fig. 4(a) shows the dependence of the kinetic energy on the ionization (gray
diamonds) and emission times (black circles). Fig. 4(b) presents the electric field (solid
curve) and the dependence of the ionization probability on the time (dotted curve) in the
combined field. As shown in Fig. 4(a), there are five ionization peaks contributing to
the harmonics, which are marked as Rj, Ry, R3, R4, and Rs, respectively. The maximum
kinetic energies of Rj, Ry, R3, Ry, and Rs are 260 eV, 769 eV, 1059 eV, 675 eV, and 199
eV, respectively. Since the maximum kinetic energy of the electron gained from the laser
field is expanded to 1059 eV, the spectral cutoff for the case is greatly extended to I, +
1059 eV (i.e., 1795wy ). Note that, in our simulation, the intensity of the laser pulse is



258 G. -T. Zhang, T. -T. Bai, and M. -G. Zhang / J. At. Mol. Sci. 4 (2013 ) 251-260

1200 | 1 "> Tonization time -
— @ R3' o4 Emission time
> F
2 900 R, i
>
g 1
% 600 \&\%
o ;< {
= >\§§
o 300 L8
£ <
X S
o 1
—~ 02 (b) ! {0.04
3 I £
& ! S
) : 0.03 s
2 I o
b= 1
0.02 &
= | S
] ' =
i 0.01 §
- 5
e - 0.00 ~
-2 -1 0 1 2
Time (o.c.)

Figure 4: (a) Dependence of the kinetic energy on the ionization (gray diamonds) and emission times (black
circles) in the combined field. (b) Electric field (solid curve) and dependence of the ionization probability on
the time (dotted curve) in the combined field. Laser parameters are the same as in Fig. 3.

far below the saturation intensity of the He™ ion, thus the harmonic efficiency is mainly
determined by the ionization rate according to the three-step model. Though there are
four ionization peaks occurring at -1.58 o.c., -1.0 o.c., -0.07 o.c., and 0.6 o.c., respectively,
the corresponding ionization takes place very slowly, as shown by the dotted curve in
Fig. 4(b). Thus the contribution of the four peaks to the HHG can be ignored. For the
peak R3, there are two classical electron paths corresponding to the same kinetic energy.
A path with earlier ionization time but later emission time is called the long path, and
a path with later ionization time but earlier emission time is called the short path. In
our scheme, the supercontinuum is mainly attributed to the ionized electrons in the time
range from -0.52 to -0.26 o.c.. Electrons with the long paths are mainly ionized from -0.52
to -0.46 o.c., and electrons with the short paths are mainly ionized from -0.46 to -0.26 o.c.,
however, the ionization probability of electrons in the time range from -0.6 to -0.46 o.c.
increases rapidly. Thus the long path dominates over the short path for the supercontin-
uum generation. In addition, the ionization takes place rapidly at -0.6 o.c., which means
that the ionization rate of the electrons contributing to the supercontinuum is greatly in-
creased, resulting in the efficient enhancement of the supercontinuum. Indeed, the 29.6
nm xuv pulse holds a 41.86 eV photon energy, which is close to the 1s—2p the transition
energy (40.8 eV) for He™ as reported in Ref. [34]. But for our model He™ ion, the 29.6 nm
xuv pulse can promote a resonance transition from the ground state to the second excited
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state. The electron populated in the state is easily ionized by the driving field because
of the low binding energy. Thus the ionization yields are significantly increased. As a
result, the conversion efficiency of the HHG is remarkably enhanced.

4 Conclusions

In conclusion, we theoretically present an efficient method to generate an intense isolated
attosecond pulse in the combination of the mid-IR laser and a xuv pulse. It is shown that
this method can not only enhance the conversion efficiency of the HHG, but also generate
a broad supercontinuum. Due to the use of the xuv pulse, the quantum paths of HHG
in the single mid-IR laser pulse can be significantly modulated, as a result, a single long
quantum path is selected. We also show that, by increasing the intensity of the mid-IR
laser pulse, both the extension of the harmonic cutoff and the broadening of the super-
continuum can be achieved. In addition, since the supercontinuum covers an extremely
broad bandwidth, isolated sub-50 as pulses can be directly produced by superposing
an arbitrary 87-eV harmonics in the supercontinuum region from 450th to 1590th order,
which is better for generating isolated attosecond light pulses with stable pulse dura-
tions and tunable central wavelengths in experiment. In our scheme, the enhancement
of the supercontinuum is much more efficient. This is because the production time and
property of the electron wave packet (EWP) can be controlled by the xuv pulse. As a
result, the ionization yields of the electrons with a single quantum path can be increased,
leading to the supercontinuum with high conversion efficiency. Experimentally, a 12.5
fs, 2000 nm can be generated from the Ti: sapphire laser system via an optical paramet-
ric amplifier (OPA), and a 0.9 fs, 29.6 nm xuv pulse can be produced by synthesizing
the high-order harmonics such as Refs. [12-15], besides, the time delay between the two
pulses can be adjusted by a piezoelectric transducer delay stage [35]. Consequently, the
scheme presented here appears feasible for an experimental demonstration in the near
future. In short, the advantages of our scheme lie in generating an ultrabroad xuv super-
continuum with single quantum path contribution and maintaining a high conversion
efficiency, which are favorable for the production of isolated attosecond pulses.
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