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ABSTRACT
Delay-controlled two-color, few-cycle pulses are powerful tools for ultrafast nonlinear optics. In this Letter, 35-fs, 800 nm pulses were injected
into a noble-gas-ﬁlled hollow-core ﬁber to obtain over-octave spectra (450–1000 nm) and were divided into two parts for dispersion management by a Mach–Zehnder–type interferometer. Two few-cycle pulses with pulse widths of 9.3 and 4.5 fs were generated in the longwavelength side and the short-wavelength side, respectively. The temporal proﬁles were measured as the function of the different delay
between the two pulses. The shortest 3.6 fs, 0.75 mJ near-single-cycle pulses were synthesized at an optimal delay. The delay-controlled highharmonic generation in MgO was experimentally demonstrated leading to twofold enhancement of high-order harmonic (HH) yields at
10.3 eV and the extension of HH frequency under time-delay modulation. This method provides an extensive way for manipulating delaycontrolled multi-color pulses, which can be used for controlling ionization dynamics in extreme nonlinear optics. We believe that it will be a
powerful tool for ultrafast science.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085472

Thanks to the development of the post-compression technique,
attosecond science has made tremendous progress in the past two decades.1 Nowadays, isolated attosecond pulses (IAPs) can be routinely
generated based on high harmonic generation in gases. Since the most
intriguing strong-ﬁeld pump-probe experiments require intense IAPs,
the driving sources have been experimentally improved for boosting
the yields of high-order harmonic (HH). For example, nano-joule
IAPs were produced by utilizing near single-cycle driving pulses2 and
micro-joule IAPs were reported by using two-color, multi-cycle pulses
gating technology.3 The latest theoretical study showed that HH yields
in gases were greatly enhanced by time-delay modulation between
two-color, few-cycle pulses.4
During the last decade, solid-state high-harmonic generation
(HHG) has been experimentally observed and became a hot topic in
ultrafast science.5 Although the physical mechanisms of solid-state
HHG were disputably explained by interband and intraband excitations, the HH emission from solids readily shows great application
prospects, e.g., petahertz electronics, compact extreme ultraviolet (EUV)
sources, IAPs, and reconstruction of electronic band structures.6–9
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Recently, several theoretical studies showed that the signiﬁcant
enhancement of the HH yields and the extension of HH cutoff photon
energy in solids can be obtained by varying the relative delay10 or
phase11 of two-color, few-cycle ﬁelds. Therefore, generation of intense
two or multi-color, few-cycle optical ﬁelds is crucial for studying these
ultrafast phenomena. Using parametric waveform synthesizer, two12,13
or three channels14 few-cycle pulses have been obtained. Single-cycle
or even sub-cycle light ﬁelds can be synthesized. However, these systems are relatively complex due to the required multi-stage parametric
ampliﬁers. An alternative is using a static gas-ﬁlled hollow-core ﬁber
(HCF) to produce the white-light supercontinuum, which is then split
into multiple channels with the dispersion in each channel being compensated by chirped mirrors. This technique also makes it possible to
obtain multi-channel few-cycle pulses, even synthesized sub-cycle
pulses.15,16 However, the ionization effects in the front end of a static
gas-ﬁlled HCF limit the energy of the white-light supercontinuum less
than 1 mJ.
Here, we experimentally generated two-color, few-cycle pulses,
which can be optimized and shaped to millijoule-level 1.5 cycle pulses
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using two channels to manage dispersion based on a pressure gradient
neon-gas-ﬁlled HCF. This method provides an option of time-delay
modulation of the pulse proﬁles. When the pulses have only a few
oscillations, a time delay between two pulses and the carrier-envelope
phase (CEP) both have a great impact on the overall pulse envelope.
The HH yields are equivalently sensitive to the CEP17 and time
delays10 in multi-color, few-cycle laser ﬁelds. Using the two-color, fewcycle pulses, the quantitative studies of the time-delay-dependent HH
radiation in solids were further experimentally performed.
The experimental post-compression setup is shown in Fig. 1. The
front-end source was a Ti:sapphire regenerative ampliﬁer with the
pulse width of 35 fs and beam diameter of 13 mm (1/e2 of the intensity
proﬁle) at 1 kHz. The laser beam was loosely focused into the HCF
with a 400-lm inner diameter and 0.9-m length using an f ¼ 2.5 m
concave focusing mirror. To reduce ionization, the front end and back
end of the ﬁber were separated to create the effect of pressure gradient.
The 1/e2 radius of the input beam waist of Gaussian shape was
260 lm to ensure maximum energy coupled into the EH11 mode of
the HCF. The coupling efﬁciency is over 98% according to the theoretical calculations.18 The HCF was placed on a metal groove to keep
straight, and the whole devices were enclosed in a stainless-steel tube
ﬁlled with noble gas. The front and back of the stainless-steel tube was
sealed by optical window made of fused quartz. The anti-reﬂection
coated windows from 450 to 1000 nm were glued on stainless steel
tube at Brewster’s angle to ensure linear p-polarization. The thicknesses of the windows were 0.5 mm of the front window and 1 mm of
the end window respectively. The divergent beam exiting the HCF was
re-collimated by a spherical silver-coated mirror (f ¼ 2 m). The supercontinuum was guided into a Mach–Zehnder–type interferometer
including a beam splitter and a beam combiner. The spectrum through
the beam splitter was the long-wavelength part from 700 to 1000 nm,
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and the reﬂection spectrum was the short-wavelength part from 450 to
700 nm, this is because that the pulses at the short side were more susceptible to suffer from distortion by dispersion. Two set of customdesigned chirped mirrors were used to compensate for dispersion, and
the dispersion in each channel was ﬁnely tuned with a pair of wedges.
For the establishment of Mach–Zehnder interferometer and the
adjustment of the time delay, the short-wavelength channel contained
a delay stage. After the beam combiner, a ﬂip mirror guided the synthesized pulses to a D-scan (d-scan B, Sphere Ultrafast Photonics Inc.)
setup, which has the advantages of retrieving the full pulse information
rapidly and giving optimized solution for dispersion compensation as
shown in previous work.19 The distance from the ﬂip mirror to the Dscan was equal to the distance from the ﬂip mirror to the vacuum cavity of HHG. When measuring pulse width, a 0.5 mm thick window
coating anti-reﬂection ﬁlms from 450 to 1000 nm, which was the same
as the window of the HHG-cavity, was placed before the D-scan. This
was to ensure that the measured pulses were the same as those used in
the HHG experiments.
The HHG setup was inside a vacuum chamber, which is shown
in Fig. 2. An aperture was placed before the vacuum chamber window
to control the laser intensity for optimized HH results. We used a
spherical mirror (f ¼ 1300 mm) to directly focus the two-color, fewcycle pulses to a 001-cut 200 lm-thick MgO crystal, which was
mounted on a translation platform. The HH spectra were characterized by a ﬂat-ﬁeld XUV spectrometer. The slit was imaged by a concave gold grating with 600 grooves/mm in the vertical (spectral)
dimension on a dual micro-channel plate (MCP) detector equipped
with a phosphor screen and observed with a CCD camera.
The 35-fs input pulses with 1.7-mJ pulse energy were focused
into the hollow-core capillary, and the output was 1.25 mJ corresponding to a transmittance of 75%, which was close to loss of theoretical

FIG. 1. Schematic of experimental setup. CM1-2, curved mirror; W1-2, wedges; CM3-4, chirped mirrors; BS, beam splitter; BC, beam combiner; DS, delay stage; and FM, ﬂipper mirror; the inset at the top left corner shows three-dimensional image of the interferometer.
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FIG. 2. Experimental setup for HHG. SM, silver mirror; CM, curved mirror; and
MCP, micro-channel plate.

ARTICLE

scitation.org/journal/apl

calculations.20 This means that the system minimizes ionization loss
and bending loss of the capillary. After the beam splitter, the energy of
the long side was 0.91 mJ and the energy of the short side was 0.21 mJ.
After the interferometer, the total energy was 0.75 mJ. The energy of
the long-wavelength side was 0.67 mJ corresponding to an efﬁciency
of 74%. The energy of the short-wavelength side was 0.08 mJ corresponding to an efﬁciency of 38%. The loss of the Mach–Zehnder-type
interferometer was mainly due to the transmission loss of chirped

FIG. 3. Measured (a) and retrieved (b) SHG d-scan trace of the long-wavelength side. (c) Measured experimental spectrum (red line) and retrieved spectral phase (blue line).
(d) The retrieved temporal pulse shape of 9.3 fs (red line) and the transform-limited shape of 8.3 fs (blue line).

FIG. 4. Measured (a) and retrieved (b) SHG d-scan trace of the short-wavelength side. (c) Measured experimental spectrum (red line) and retrieved spectral phase (blue line).
(d) The retrieved temporal pulse shape of 4.5 fs (red line) and the transform-limited shape of 3.6 fs (blue line).
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FIG. 5. Measured the evolution of the intensity proﬁle of the two-color few-cycle
pulses. The short-wavelength side pulse moved from the back edge of the longwavelength side pulse to the front via step by step of 7.33 fs.

mirrors, the reﬂection loss of wedge pairs and apertures in the optical
path. In our experiment, we found that the neon of 2.6 bar in absolute
pressure ﬁlled at the end of the HCF was the most optimal for obtain
high-quality pulse compression. Above than 2.6 bar, broader spectrum
could be obtained with a strong characteristic of blue shift due to the
increased ionization. However, higher-order dispersion due to the ionization made it difﬁcult to achieve high-quality pulse compression
using the custom-designed chirped mirrors. At the same time, the
beam quality deteriorated, the intensity of the spectrum became unstable and the transmission of the HCF was reduced rapidly. At 2.6 bar,
the stable spectrum spanned from 450 to 1000 nm, supporting
transform-limited pulse duration of 3.2 fs. Figures 3–6 show the
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measured pulse widths of the post compression after the neon-ﬁlled
HCF. The spectrum spanning from 700 to 1000 nm of the longwavelength side supported transform-limited pulse of 8.3 fs. The temporal proﬁle of the long-wavelength side pulse is represented in Fig.
3(d) (red curve), and the pulse duration was 9.3 fs (1.4% reconstruction error) corresponding to 3.4 optical cycles at the center wavelength
of 816 nm. The spectrum spanning from 450 to 700 nm of the shortwavelength side supported transform-limited pulse of 3.6 fs. The temporal proﬁle of the short-wavelength side pulse is represented in Fig.
4(d) (red curve), and the pulse duration was 4.5 fs (1.6% reconstruction error) corresponding to 2.2 optical cycles at the center wavelength
of 627 nm. The controllability of the intensity proﬁles by time delays
of the two pulses is shown in Fig. 5. The time interval for each adjustment was 7.33 fs. Optimizing the time delays between the two channels, the temporal proﬁle of the shortest synthesized pulse is
represented in Fig. 6(d). The shortest pulse width (red curve) was
3.6 fs (2.5% reconstruction error) corresponding to 1.5 optical cycles at
the center wavelength of 712 nm and close to the transform-limited
pulse of 3.2 fs.
To demonstrate the effect of time-delay modulation of the twocolor few-cycle pulses in ultrafast nonlinear optics, we investigated the
solid-state HHG in MgO (bandgap of 7.8 eV), which has been proved
an excellent crystal for HHG.21 The evolution of the HH spectra via different delays between the two arms is shown in Fig. 7(a). The pulses
with total energy of 300 lJ (220 lJ of long-wavelength side and 80 lJ of
short-wavelength side) were focused into the crystal, and higher energy
was more likely to destroy the crystal. We estimated the peak intensities
inside the crystal to be 16 and 10 TW/cm2 for the long and shortwavelength side pulses, respectively. The HH spectra generated using
one of the channels are shown in Fig. 7(b). The HH spectra mainly presented two characteristics by the time-delay modulation. First, when the
time interval between the peaks of two pulses was within 6 fs measured
by the extra-cavity D-scan, the spectra at 13.4–14.6 eV was expanded.

FIG. 6. Measured (a) and retrieved (b) SHG d-scan trace of the optimal synthesized pulse. (c) Measured experimental spectrum (red line) and retrieved spectral phase (blue
line). (d) The retrieved temporal pulse shape of 3.6 fs (red line) and the transform-limited shape of 3.2 fs (blue line).
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In conclusion, we report a compact Mach–Zehnder–type interferometer for dispersion management of an over-octave spanning
spectrum. Using this setup, we obtained intense two-color few-cycle
laser pulses, which can be synthesized to 0.75-mJ 3.6-fs pulses, corresponding to 1.5 optical cycles at the center wavelength of 712 nm. The
effect of time-delay modulation of the two-color few-cycle pulses was
demonstrated. Furthermore, we experimentally demonstrated that the
delay-controlled, two-color, few-cycle pulses can be used as a sensitive
means to control and enhance the solid-state HH emission in MgO.
This approach shows the great potential for the development of attosecond sources by efﬁciency solid-state HHG. We foresee that the stable enhanced HH spectra will help to understand the mechanism of
HHG in solids and the delay-controlled few-cycle laser source will be a
versatile tool for manipulating trajectories of an electron in HHG,
IAP-generation, strong-ﬁeld physics, and ultrafast spectroscopy.
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FIG. 7. (a) Measured the evolution of the XUV spectra via step by step of 1.22 fs.
(b) XUV spectra at t ¼ 0 (red solid curve), t ¼ 7.3 fs (blue solid curve),
t ¼ þ7.3 fs (purple solid curve), full separation in time of the two pulses (black
dashed curve), long wavelength only (pink dashed curve), and short wavelength
only (gray dashed curve).
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We assumed that the maximal cutoff photon energy appeared at the
zero point (t ¼ 0) and there was twofold enhancement of the HH yields
at 10.3 eV compared to that the two pulses were fully separated in time
and had no mutual inﬂuence, which is shown in Fig. 7(b). Second, the
HH spectra were asymmetric about both sides of the zero point. When
the pulses of the short-wavelength side ﬁrst interacted with the crystal
(t < 0), the spectral intensity was enhanced especially at 11 eV compared
to that the pulses of the long-wavelength side ﬁrst interacted with the
crystal (t > 0). For example, in Fig. 7(b), the spectra at 11 eV were
shown at t ¼67:3 fs. The physical process can be depicted by the threestep model in momentum space for solids.22 When the electron–hole
pairs (interband transition) were ﬁrst induced by the short-wavelength
side pulses, and the following long-wavelength side pulses controlled the
intraband motion and electron-hole collisions,23 this led to enhanced
yields at speciﬁc frequency. When two pulses drove the process almost
simultaneously, the enhancement was observed at around 10.3 eV and
the cutoff photon energy extended. With decreasing time intervals of
the two-channel pulses, they interfered into a shorter pulse and the peak
power increased. Since the cutoff photon energy scales linearly with
driven laser ﬁeld,5 the cutoff photon energy increases when the intensity
of the synthesized laser ﬁeld increases. We have experimentally demonstrated that it is possible to use the delay-controlled two-color ﬁelds to
control the electron motions in the solids and achieve favorable HH
emission.
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