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This study examines the high-order harmonic radiation behavior of MgO crystals driven by combined pulses

based on the numerical solution of the semiconductor Bloch equation.

We found that compared with the

monochromatic pulse, the MgO crystal can radiate a continuous harmonic spectrum with two platforms driven
by the three-color combined pulse. The reason is that under the three-color combined pulse, the electron ion-

ization and recombination can be effectively controlled within a half-optical cycle of the laser pulse. Using this
continuous spectrum, we synthesized an isolated attosecond pulse with a duration of approximately 370 as. This

study provides a new perspective on all-solid-state compact optical devices.
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The study of light-matter interactions is a crucial
method for exploring material properties and understand-
ing fundamental physical laws. When intense laser pulses
interact with matter, high-order nonlinear optical effects
generate high-order harmonic radiation. (1-10] These high-
order harmonics are significant sources of coherent light
in the extreme ultraviolet and soft X-ray regions.[!''%
The high-order harmonic spectrum encodes structural in-
formation about the material during the emission process,
making it valuable for probing the material structure and
ultrafast electron dynamics.** ' Furthermore, owing to
the broad bandwidth of its emission spectrum, high-order
harmonic generation is a key technique for producing at-
tosecond (107'%s) duration optical pulses. """} Such ul-
trashort pulses enable high-resolution studies of electron
dynamics on the attosecond timescale, providing an im-
portant tool for ultrafast measurements.

Following over a decade of intensive development, sig-
nificant progress has been made in experimental research
on attosecond pulses. In 2012, Zhao et al. achieved an
isolated attosecond pulse (IAP) with a duration of 67 as
using a double optical gating technique that combined po-
larization gating with a two-color driving field.?? In 2017,
Gaumnitz et al. reported the shortest IAP ever recorded,
with a duration of 43as.!?* In addition, numerous theo-
retical approaches have been proposed for generating ul-
trashort attosecond pulses using high-order harmonics. In
2010, Zou et al. produced attosecond pulses with dura-
tions of less than 100 as using a two-color field scheme. [24]
In 2019, Han et al. obtained high-intensity IAPs employ-
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ing spatially inhomogeneous fields. [?°]

Traditionally, attosecond pulses have been primarily
synthesized using gaseous media. However, since Ghimire
et al. first experimentally observed the harmonic spectrum
of ZnO crystals in 2011, [26] research has expanded to study
and observe harmonic radiation in a variety of solid materi-
als, ranging from wide band-gap dielectric materials to new
zero band gap two-dimensional materials. 273 The dis-
covery of solid harmonics has introduced a novel approach
for generating and manipulating attosecond pulses within
condensed matter systems, thereby advancing the fields
of strong-field physics and attosecond science. B7 In 2019,
Nourbakhsh et al. investigated the effects of incident laser
pulse intensity, ellipticity, and crystal anisotropy on the
emitted harmonics and corresponding IAPs. P8 In addi-
tion, Zhong et al. proposed a method for generating strong
circularly polarized attosecond pulses using a relativistic
two-color linearly polarized laser and solid target. [39]

From the above research, it can be observed that the
characteristics of the laser pulse can affect the synthesis of
the solid attosecond pulse. In this study, three-band semi-
conductor Bloch equations!***! are numerically solved to
systematically study the harmonic radiation process af-
ter the interaction between the three-color combined pulse
and MgO crystal in the I'-X direction. The band structure
and transition dipole moment of the MgO crystal used are
consistent with those reported in Ref. [46]. In our numer-
ical simulation, the dephasing time was 1.42fs, and the
three-color field was composed of linearly polarized fem-
tosecond laser pulses with the same polarization direction.
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The specific form is as follows (atomic units are used in
this study unless otherwise stated):

E(t) = Ex(t) + E2(t) + Es(t)
= E1f1(t) cos(wit + é1)
+ E2f2 (t) COS(OJzt + ¢2)

+ Esf3(t) cos(wst + ¢3), (1)

where Ej, wj, f;, and ¢; (j =1, 2, 3) are the peak inten-
sity, center frequency, pulse envelope, and carrier-envelope
phase of the electric field of three linearly polarized laser
pulses, respectively. The function of the Gaussian envelope
is

fi(t) = exp[—2In2(¢*/7])], ()
where 7; (7 =1, 2, 3) is the full width at half maximum of
three linearly polarized laser pulses. The three-color laser
field is composed of 16 fs/2400 nm pulse laser with a peak
amplitude of 0.01a.u., 12.7£s/1900 nm pulse laser with a
peak amplitude of 0.006 a.u., and 8 fs/1200 nm pulse laser
with a peak amplitude of 0.007 a.u.

Figure 1(a) presents the temporal profile of the elec-
tric field of the three-color pulse laser synthesis with an
initial carrier-envelope phase ¢; = 0 (black solid line) and
the monochromatic field (red dotted line). The monochro-
matic field is the 16fs/2400nm pulse laser with a peak
amplitude of 0.01 a.u., which is consistent with those of
the first mid-infrared femtosecond pulse laser in the three-
color field. It can be seen that the synthesized electric field
exhibits characteristics of a high-power, few-cycle mid-
infrared femtosecond laser, and the maximum peak inten-
sity of the three-color field is greatly improved compared to
the monochromatic field. The black solid line in Fig. 1(b)
depicts the high-order harmonic emission spectrum along
the I'-X direction of a MgO crystal irradiated by the three-
color field. This spectrum shows a two-platform structure
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Fig. 1.

As a
comparison, the red dotted line in Fig. 1(b) indicates the

with supercontinuum features on both platforms.

high-order harmonic emission spectrum of MgO crystal ir-
radiated by a monochromatic field. It can be clearly seen
from Fig. 1(b) that the harmonic spectrum of MgO crystal
driven by a monochromatic field is discontinuous, the spec-
tral peaks are relatively discrete, and there is no second
platform. In addition, due to the increase of the electric
field amplitude of the superimposed synthetic field, the ef-
ficiency of the whole harmonic platform in the monochro-
matic field is several orders of magnitude lower than that
in the three-color synthetic field.

To gain a deeper understanding of the harmonic spec-
trum characteristics for both the three-color combined
pulse and the monochromatic pulse, we employ time-
frequency analysis to examine harmonic emission times.
Figures 1(c) and 1(d) present the time-frequency distribu-
tions of the total harmonic spectra under the three-color
combined field and the monochromatic field, respectively.
The color indicates the harmonic intensity. Under the
three-color combined pulse, the emission time for the sec-
ond plateau (in the range of 40-60 orders) occurs later
than that for the first plateau (in the range of 1040 or-
ders), and the intensity of the second plateau is approx-
imately one order of magnitude lower than that of the
first plateau. Notably, harmonics in both plateaus are
predominantly generated via a single quantum path, re-
sulting in a continuous and smooth harmonic spectrum
under the three-color combined pulse. In contrast, under
the monochromatic pulse, the first plateau of the harmonic
spectrum displays multiple emission trajectories, while no
trajectories are observed for the second plateau. Conse-
quently, the MgO crystal fails to produce a continuous
spectrum under the monochromatic field.
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(a) Variation of three-color combined pulse and monochromatic pulse with time; (b) Harmonic spectra

of MgO crystal driven by three-color combined and monochromatic pulses; (c¢) Time-frequency distribution of
total harmonic spectrum under the three-color combined pulse; (d) Time-frequency distribution of total harmonic

spectrum under the monochromatic pulse.
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Fig. 2. Electron population in the first conduction band
and the second conduction band under (a) three-color
combined pulse; (b) monochromatic pulse.
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Fig. 3. Isolated attosecond pulses obtained by superpos-
ing the harmonics from (a) the 8th order to the 25th order
and (b) the 8th order to the 50th order.

To elucidate the origin of the continuous spectrum
emitted by MgO crystals under a three-color combined
pulse, we analyze the time-dependent electron popula-
tion shown in Fig.2(a). For comparison, we also present
the time-dependent electron population changes in a
monochromatic field in Fig.2(b). In the monochromatic
field, electrons in the valence band undergo multiple tran-
sitions to the first conduction band, resulting in a har-
monic spectrum produced through the interference of mul-
tiple emission trajectories. Additionally, the electron pop-
ulation in the second conduction band is minimal in the

monochromatic field, indicating a low likelihood of elec-
tron transition to this band, which accounts for the weak
harmonic radiation in the second plateau. Driven by the
three-color combination pulse, the electrons on the valence
band mainly transition to the first conduction band near
the laser center, and the electrons on the second conduc-
tion band are mainly generated near the laser center, but
the electrons on the second conduction band are generated
slightly later than the first conduction band, so the emis-
sion time of the second platform harmonic will be later
than the emission time of the first platform harmonic, so
the continuous harmonic spectrum of the single quantum
trajectory emission of the two platforms can be obtained
under the three-color combination pulse.

The above analysis shows that the continuous har-
monic spectrum obtained by using three-color combined
pulses is expected to synthesize isolated attosecond pulses.
In the case of the three-color field scheme, an isolated at-
tosecond pulse with a full width at half maximum of about
450 as is obtained by superimposing 8th—25th order har-
monics on the harmonic spectrum platform, as shown in
Fig. 3(a). By superimposing the 8th-50th order harmonics
on the harmonic spectrum platform, an isolated attosec-
ond pulse with a weak pulse is obtained, in which the full
width at half maximum of the main pulse is about 370 as,
as shown in Fig. 3(b). It can be seen that efficient isolated
attosecond pulse generation can be achieved by using a
suitable three-pulse laser combination scheme.
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Fig. 4. (a) Variation of three-color combined pulse with
time under different laser phases; (b) Isolated attosecond
pulses obtained by superposing the harmonics from the
8th order to the 25th order under different laser phases.

Furthermore, we investigate the influence of the initial
carrier-envelope phase of the three-color combined pulse
on the attosecond pulse synthesis. Figure 4(a) shows the
laser field when ¢1 = 0.27, ¢2 = ¢35 = 0 and ¢ = 0.2,
¢1 = ¢3 = 0. It can be seen that the three-color combined
pulse still exhibits few-period characteristics after chang-
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The black solid line and the red dotted
line in Fig.4(b) show the isolated attosecond pulse ob-

ing the phase.

tained by superimposing the 8th-25th harmonics on the
harmonic spectrum platform driven by the laser field when
¢1 = 0.271'7 (Z)Q = ¢3 = 0 and ¢2 = 0.27‘(’7 ¢1 = ¢3 = 0,
respectively. It can be seen that the isolated attosecond
pulse can still be obtained by changing the initial carrier-
envelope phase of the laser field in a small range.
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Fig. 5. (a) Comparison of harmonic spectra from H

atom and MgO driven by three-color combined pulses.
(b) Time-frequency emission spectra of H atom driven by
three-color combined pulses.

At the end of this paper, we calculate the harmonic ra-
diation spectrum of H atom and the corresponding time-
frequency analysis spectrum under the three-color com-
bined pulse by numerically solving the time-dependent
Schrédinger equation, M7 as shown in Fig.5. The laser
parameters are consistent with those used in Fig.1. It
can be seen from Fig.5(a) that under the same field pa-
rameters, the harmonic radiation spectrum intensity of H
atom is much lower than that of MgO crystal, and the har-
monic spectrum of MgO crystal is more continuous, which
is more conducive to the generation of high-intensity iso-
lated attosecond pulses. In addition, by comparing the
time-frequency emission spectra of the H atom in Fig. 5(b)
and the MgO crystal in Fig. 1(c), it can be found that the
time-frequency emission spectrum of MgO crystal only has
a single emission trajectory, which is positive chirp in the
first platform and no chirp in the second platform. The
time-frequency emission spectrum of the H atom has mul-
tiple emission trajectories and both positive and negative
chirps.

In summary, by utilizing the interaction between a
three-color combined pulse and an MgO crystal, the elec-

tron ionization is controlled to occur at a half cycle near
the center of the laser pulse, we have achieved a super-
continuum spectrum with two distinct plateaus. Fourier
transform is performed on the continuous harmonic spec-
trum to obtain an isolated attosecond pulse. The min-
imum pulse duration is 370as. Since the harmonic in-
tensity in the three-color field is higher than that in the
monochromatic field, the obtained attosecond pulse inten-
sity is relatively higher. The advantage of the three-color
combined pulse lies in its ability to generate a single quan-
tum trajectory and the isolated attosecond pulse’s mini-
mal sensitivity to the initial carrier-envelope phase. Our
results highlight the potential of solids in the field of at-
tosecond pulse synthesis and provide significant insights
for the development of solid-state light sources.
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