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The high harmonic generation (HHG) by few-cycle laser pulses is essential for research in strong-field solid-state
physics. Through comparison of high harmonic spectra of solids generated by laser pulses with varying durations, we
discovered that lasers with good dispersion compensation are capable of producing a broad spectrum of high harmonics. As
the pulse duration is further compressed, several interference peaks appear in the broad spectrum. Moreover, we conducted
simulations using the semiconductor Bloch equation, considering the effect of Berry curvature, to better understand this
process. Our work provides a valuable approach for studying HHG by few-cycle laser pulses in solid materials, expanding

the application of HHG in attosecond physics.

Keywords: solid state hhg, few-cycle laser pulses, broad spectrum, interference peak
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1. Introduction

High-order harmonics generated in a gas medium, as
a coherent laser source with high photon energy, has been
developed for over 20 years and was widely used in high-
harmonic spectroscopy, attosecond generation, and ultrafast
dynamic.!!'=7) In recent years, with the femtosecond laser pro-
ducing high harmonics in crystal ZnO for the first time,! the
exploration of high harmonics in solids has gradually become
a research focus. Despite successful observations of HHG in

9-171 the physical picture of HHG

a variety of solid media,’
in solids is still under discussion. As a common approach,
HHG in solids can be described with two dynamical behav-
jors, called interband and intraband radiation. 8231 Interband
radiation arises from the recombination of electrons and holes
between the conduction and valence bands, while intraband
radiation arises from Bloch oscillations of electrons and holes
within the band. The first step is to excite electrons from the
valence band to the conduction band, which requires that the
photon energy of driven laser is less than the minimum band
gap of the material.

Mid-infrared lasers with low photon energy are typically
used to drive HHG in narrow band gap materials such as
Zn0,[3201 GaSe, 12271 MoS,,!! and graphene.!'*?8] For the
material SiO, with a bandgap of 9 eV, it can be driven by
mid-infrared laser!!”) or near-infrared laser.!**! Previous ex-
periments using long-pulse near-infrared lasers to drive crystal
SiO; produced high harmonics of both odd and even order.?")
The appearance of even harmonics in the vertical direction was
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caused by the reversal symmetry breakdown in crystal SiO;.
Experiments with amorphous and crystal SiO; were conducted
using fewcycle mid-infrared lasers to explore the role of long-
range order in HHG,!"”! and it was found that HHG in crystal
Si0; produced a broad spectrum. Therefore, we ask whether a
similar phenomenon can occur when a near-infrared fewcycle
laser is used to drive crystal Si0,?

Based on this, we conducted an experiment on HHG
driven by a near-infrared few-cycle laser, comparing the in-
formation obtained from HHG driven by lasers with different
pulse durations. Multiple interference peaks were observed at
the shortest pulse duration, and the frequencies corresponding
to these interference peaks were studied at different laser field
intensities.

2. Experimental details

The experimental setup is illustrated in Fig. 1. A
Ti:sapphire laser was used as the front-end source, with a pulse
duration of 35 fs, pulse energy of 7 mJ, and beam diameter of
13 mm at a repetition rate of 1 kHz. To couple the laser beam
into a 0.9-m long, 400-pm diameter optical fiber, a concave
focusing mirror (CM1) with a focal length of 2.5 m was em-
ployed. The hollow fiber was placed in a U-shaped groove, in-
tegrated into a 40 mm diameter vacuum pipe with optical win-
dows made of fused quartz at both ends. The windows were
oriented at a Brewster’s angle to minimize reflection losses,
and coated with an anti-reflection layer (450 nm—1000 nm) to
further reduce reflections. The wide spectrum laser emerging
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from the rear window was astigmatic, and was collimated by a
silver-plated mirror with a focal length of 2 m. The collimated
laser was then passed through a pair of chirped mirrors, with a
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pair of parallel wedges introduced to ensure accurate second-
order dispersion control. This allowed us to obtain the shortest
possible pulse output.
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Fig. 1. Schematic diagram of experimental set up. CM1-2: curved mirror with focal length f; = 2.5 m and f, =2 m; CM3: chirped mirrors; CM4:

curved mirror with focal length f4 = 1.3 m.

In the experiment, the drive laser energy was adjusted by
electric diaphragm with the adjustable accuracy of 0.1 mm.
The laser beam was then focused onto a z-cut crystal SiO;
through a concave mirror with a focal length of 1.3 m. To
facilitate precise measurements, the crystal SiO, could be ro-
tated with a precision of 0.05°. The high harmonic generation
from the solid target was then propagated to a self-developed
spectrometer for measurement. This spectrometer consisted
of a slit, a flat-field grating, and a microchannel plate (MCP).
The resolution of the spectrometer can be improved by adjust-
ing the slit width. The spatial frequency distribution of HHG
can be displayed on MCP and recorded by CCD. Since solids
typically generate low-order harmonics, an XUV grating with
600/mm was used for this experiment, and the flat-field spec-
trum covered a range of 22 nm—124 nm.

3. Results and discussion

The transmittance of the laser pulse is nearly 74% when
the energy of the input pulse is 1.7 mJ and the output pulse
energy is 1.25 mJ. After chirped mirror and wedge compres-
sion, the remaining pulse energy is 1 mJ. D-scan measurement
is used to determine the shortest pulse duration of 5.59 fs and
the central wavelength of 750 nm when the input pressure is
1.6 bar (1 bar = 10° Pa), as shown in Fig. 2(a). When the input
pressure is 0.5 bar, the pulse duration is 10.36 fs and the cen-
tral wavelength is 795.3 nm, as shown in Fig. 2(b). The figure
shows that when the air pressure is 0.5 bar, the phase of the
spectrum is flat, and the compression system can compensate
for the phase to obtain a pulse duration close to the Fourier
transform limit. However, when the pressure is increased to
1.6 bar, the pulse spectrum covers a wider range of 500 nm-
1000 nm, and the third-order dispersion of the wide spectrum

cannot be compensated. As a result, a small pulse appears next
to the main pulse, and the peak intensity of the small pulse is
1/3 of the peak intensity of the main pulse.

The high-order harmonics obtained are presented in
Figs. 2(c) and 2(d).
the spatial frequency distribution of the high-order harmonics,

The upper part of each figure shows

while the lower part shows the spectra obtained by integrating
the spatial axis. The energy range of the HHG obtained using
the two different few-cycle pulses is consistent and extends up
to 20 eV. However, when the laser pulse duration is 10.36 fs,
two flat spectra are produced, one with a wide spectrum range
of 14 eV-20 eV and the other with a spectrum range of 10 eV—
12 eV. The two segments of the spectrum are separated by
one photon energy (1.65 eV). This is due to the presence of
both odd and even harmonics in the crystal SiO,, which pro-
duces a more continuous pattern when driven by few-cycle
pulses with a wide spectrum. When the laser pulse duration
is 5.59 fs, five interference peaks appear in the previous spec-
trum of 14 eV-18 eV, and the corresponding harmonic photon
energies of these five peaks are 13.98 eV, 14.73 eV, 15.54 eV,
16.17 eV, and 16.95 eV, respectively. They are approximately
9, 9.5, 10, 10.5, and 11 times the photon energy of the laser
with a central wavelength of 800 nm (1.55 eV), and there is
no integer or half-integer multiple relationship between them
and the photon energy of the laser with a central wavelength
of 750 nm (1.65 eV).

To further analyze this result, the laser pulse duration
was held at 5.59 fs, and the change in photon energy corre-
sponding to the five peaks with laser field intensity was mea-
sured, as shown in Fig. 3. When the laser power density is
1.92 x 10'2 W/cm?, the first interference peak does not ap-
pear, but the remaining four interference peaks do. As the
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laser power density increases further until the crystal is dam-
aged, the five interference peaks always exist, and the pho-
ton frequency corresponding to the interference peaks remains
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mostly unchanged. This may be the result of the interference
between the HHG produced by the small pulse and the HHG
produced by the main pulse.
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Fig. 2. (a) The upper figure shows the laser spectrum (blue solid line) and the corresponding phase of the spectrum (yellow solid line). The lower figure
shows the temporal pulse shape of 10.36 fs (red line) together with the transform-limited shape (blue line). (b) The upper figure shows the laser spectrum
(blue solid line) and the corresponding phase of the spectrum (yellow solid line). The lower figure shows the temporal pulse shape of 5.59 fs (blue line)
together with the transform-limited shape (red line). (c) Measured high harmonics in crystal SiO, (100 pm) with the input laser energy of 220 mW and
laser pulse duration of 10.36 fs. (d) Measured high harmonics in crystal SiO, (100 nm) with the input laser energy of 230 mW and laser pulse duration of

5.59 fs.
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Fig. 3. Measured photon energy corresponding to the five peaks with the
different laser field intensities.

In order to investigate the physical mechanism of the

HHG using the main pulse and the small pulse, the semicon-
ductor Bloch equations (SBE) are used for simulating the high
harmonic generation in SiO;. The two-band model reads

on(K,t)  mw(K.z1) . ~iS(K.1)
TR —i& (K1) [ny—nc|e . (@D
IR _ i (kw59 @
ony (K,t)+n.(K,t)
-+ =0, (3)

where n,, (m = c, v) is the populatioln of the conduc-
tion band and valence band, S (K,7) = f,; (eo(K+A(7)))dt
is the classical action and & = E. — E, is the bandgap.
E*(K,t)=F (t)d(K+A(r)) is the Rabi frequency, and d (k) =
if d3xu:7k (x)Viue k(x) is the transition dipole moment, with
um i (x) the periodic part of the Bloch function. We neglect the
k dependence of the dipole moment. Moreover, d is set to be
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3.46, which is the numerical value of the dipole moment at the
I' point. K =k — A(r) is the shifted crystal momentum with the
vector potential A(r) = — [ F(¢)dr, and the first Brillouin zone
is also shifted to BZ = BZ —A(t). T» = Tp/2 is the dephasing-
time term describing the coherence between the valence and
conduction bands.

The harmonic generation process is dominated by the in-
traband radiation in crystal SiO;. Thus, the population and the
velocity of electron—hole pair affect the HHG according to

Ja= Y. /7vm [K+A ()] n, (K,1)d°K. 4)
m=c,v* BZ
To involve the even harmonics in the simulation, the effect of
the Berry curvature in the velocity of electron—hole pair can be
added independently. The velocity is calculated as

_ 0&,[K+A(1)]
=

For a more quantitative analysis, based on broken inversion

Vin (K +A (1)) +F X Qu[K+A()]. (5)

symmetry features in momentum space, berry curvature and
band dispersion can be represented by a series of spatial har-

monics along the I'-M direction!>’]

Nmax

Qy (k) =Y Qpnsin(nka), (6)
n=0

en(k) = 3 €y cos (nka). 7
n=0

Here, a is the lattice constant, £,,, and &, , are the n-th
Fourier coefficient of the berry curvature and the band m, re-
spectively. To simplify the simulation, we use the maximum
amplitude of the Fourier coefficients of band dispersion and
curvature: |&, ,|na = Fy|Qy .

Since the electric field is linearly polarized along the
X||C-M direction of the Brillouin zone, the laser field of two
pulses is defined by

F(t) = )?[Fl e ~2In2(/71)? cos (ot)
YR 20/ cos (ot — 1)) | (8)

Here, @ is the frequency of the 750-nm laser, and T = 9.84 fs
is the time delay between the two pulses. T, = 5.6 fs is the
pulse width of the main pulse, 7,, = 4.2 fs is the pulse width
of the small pulse. F| and F, represent the amplitudes of the
main and small pulses, and the peak power of the main pulse
is required to be three times the peak power of the small pulse,
which is F12 /F22 = 3. Total laser power density satisfies the
condition, which is I = FO2 = F12 + F22. All parameters are set
to be the same as experiment for comparison.

In the simulation, the total power density ranges from 5 x
10'2 W/cm?-14 x 10'> W /cm?. Figure 4 shows the interfer-
ence peaks in the spectral range of 14 eV-17 eV, which do not

disappear as the laser intensity increases. Photon energies cor-
responding to the interference peaks are 14.35 eV, 14.72 eV,
15.08 eV, 15.64 eV, 16.03 eV, 16.39 eV, and 16.74 eV, respec-
tively. Compared to the five different peaks obtained exper-
imentally, seven different peaks were obtained theoretically.
Theoretical simulations showed seven interference peaks in
the spectral range of 14 eV-17 eV, while only five peaks were
experimentally observed. The photon energies corresponding
to the theoretically obtained interference peaks did not match
the experimental results. This discrepancy is because the sim-
ulations only accounted for the spectral influence of the cen-
tral wavelength when the two pulses interact with the mate-
rial, ignoring the effect of other spectral components. The
photon energies corresponding to different interference peaks
are basically unchanged with the increase of laser power den-
sity, which is consistent with the experimental conclusion. It
is shown that a coherent superposition of HHG by the small
pulse and the main pulse leads to the interference peak on
the broad spectrum. With the increase of laser power den-
sity, the corresponding frequency of the interference peak re-
mains unchanged, indicating that the phase difference between
the HHG by the two pulses is independent of the laser power
density. As the laser power density increases, the distance be-
tween the interference peaks remains constant. Importantly,
by analyzing the distance between the interference peaks, one
can determine the time delay between the main pulse and the
small pulses, which is crucial for reconstructing the temporal
shape of the driving laser.

18.0 : . . :
—+—14.35 eV —4—14.72 eV 15.08 eV ——15.64 eV
17.5F —©—16.03 eV 16.39 eV ——16.74 eV
~ 17.0}
% 0—6—o6—6—6—6—6—6—6—=9©
L
.. 16.5F
0
g
g 16.0f ©— )
(]
=1 —_—
S 15.5¢
e}
=
A 15.0F
14.5}
14.0 : : : . .
4 6 8 10 12 14

Laser power density (10'> W/cm?)

Fig. 4. Simulated photon energy corresponding to the seven peaks with
the different laser field intensities.

4. Conclusion and perspectives

In conclusion, we have successfully generated high har-
monics in a z-cut SiO; crystal with a thickness of 100 pm
using few-cycle laser pulses in both experiment and theory. A
single main pulse with a pulse duration of 10.36 fs was used to
generate a broad spectrum of high harmonics. When the laser
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duration was further compressed to 5.59 fs, a small pulse ap-
peared next to the main pulse in the time domain, which led to
the interference peak on the broad spectrum of high harmon-
ics. We simulated the interference peaks of a broad spectrum
caused by the coherent superposition of HHG by two pulses
using the SBE, considering the effect of the Berry curvature.
It was found that the photon energies corresponding to the in-
terference peaks did not change with the laser power density.
Our work also shows that the broad spectrum of high harmon-
ics can be obtained only by using few-cycle laser pulses with
good dispersion compensation. These results demonstrate the
potential for using few-cycle laser pulses to efficiently gener-
ate high harmonics in solids, paving the way for the develop-
ment of attosecond sources.
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