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Mid-infrared (MIR) ultra-short pulses with multiple spectral-band coverage and good freedom in spectral and 
temporal shaping are desired by broad applications such as steering strong-field ionization, investigating 
bound-electron dynamics, and minimally invasive tissue ablation. However, the existing methods of light 
transient generation lack freedom in spectral tuning and require sophisticated apparatus for complicated 
phase and noise control. Here, with both numerical analysis and experimental demonstration, we report the 
first attempt, to the best our knowledge, at generating MIR pulses with dual-wavelength spectral shaping 
and exceptional freedom of tunability in both the lasing wavelength and relative spectral amplitudes, 
based on a relatively simple and compact apparatus compared to traditional pulse synthesizers. The 
proof-of-concept demonstration in steering the high-harmonic generation in a polycrystalline ZnSe plate 
is facilitated by dual-wavelength MIR pulses shaped in both spectral and temporal domains, spanning 
from 5.6 to 11.4 μm, with multi-microjoule pulse energy and hundred- milliwatt average power. Multisets 
of harmonics corresponding to different fundamental wavelengths are simultaneously generated in the 
deep ultraviolet region, and both the relative strength of individual harmonics sets and the spectral 
shapes of harmonics are harnessed with remarkable freedom and flexibility. This work would open new 
possibilities in exploring femtosecond control of electron dynamics and light–matter interaction in 
composite molecular systems.

Introduction

Ultrafast lasers whose electric field are shaped by tuning mul-
tiple spectral bands are thought as an ingenious instrument to 
harness the electron dynamics and strong field phenomena. 
Ultrashort pulses synthesized by multibands of spectral com-
ponents find special applications in manipulation of electronic 
nanotunneling [1–4], attosecond metrology of bound-electron 
dynamics [5,6], enhancement of high-harmonic generation 
(HHG) [7–9], novel method of terahertz-wave generation [10] 
and controlling electron localization in molecular dissociation 
[11]. For the aforementioned applications in strong-field physics, 
mid-infrared (MIR) laser attracts substantial research efforts, 
as the pondermotive force scaling quadratically with the driv-
ing wavelength. In addition, in the MIR regime, the individual 
molecule resonates at unique wavelengths, namely, molecular 
fingerprints. For example, the wavelength of 6.1, 6.4, 8, 8.7, and 
9.1 μm has a sharp resonant response with molecules of amide 
I, amide II, collagen, glycogen and phosphate, respectively [12]. 
Thus, multiwavelength tunable MIR femtosecond lasers are 

beneficial for research in light–matter interaction of biomedical 
materials, such as minimally invasive tissue ablation [13]. Toward 
the light transient with multiple spectra bands and ultrashort 
pulse width, a straightforward method is pulse synthesis. Coherent 
combination of fundamental wavelength and its commensurate 
or incommensurate second- or third-order harmonics has been 
firstly attempted [14,15]. Moreover, in the last decade, pulse 
synthesizers with good performance in phase control and elec-
tric field shaping, but moderate freedom in spectral tuning have 
been intensively studied by employing sophisticated noise and 
phase control apparatus and complicated optical systems [16–19]. 
A number of new physics territories such as isolated attosecond 
pulse generation via amplitude gating [20], field-controlled 
attosecond phenomena [21], high-harmonic spectroscopy of 
solids [22], and petahertz electronics [23] have been explored, 
enabled by the developed pulse synthesizers. In a further step, 
tremendous research effort has been made toward the simpler 
and more compact pulse synthesizers in recent years. In 2016, 
MIR dual-wavelength optical parametric amplifier (OPA) has 
been realized by introducing a dispersive material with dominant 
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third-order dispersion, which makes a parabolic temporal dis-
tribution of the seed pulse; thus, 2 discrete spectral components 
can be amplified at the same time [24]. However, tuning and 
shaping relative spectral amplitudes of dual wavelengths have 
not been realized. In addition, this method requires a perfect 
match between the group delay and phase-matching (PM) pro-
files of wavelength pairs, which usually is not possible to achieve. 
Therefore, only a thin (1-mm-thick) nonlinear crystal could be 
used to generate a flat PM condition, which limits the conver-
sion efficiency to <0.1%. Subsequently, in 2017, we constructed 
MIR light transient with dual-wavelength coverage of 2.5 and 
6.0 μm, via synthesizing the passively carrier-envelope phase-
stable signal and idler pulses from one OPA [25]. Furthermore, 
in 2020, dual-wavelength few-cycle pulses based on cascaded 
amplification in 2 BBO crystals with type-I and type-II PM 
respectively have been demonstrated [26]. However, despite 
that apparatuses of developed pulse synthesizers become more 
compact, the freedom of wavelength tuning and spectral shap-
ing has not been realized, which is highly desired by the appli-
cations of steering electron ionization and optimizing tissue 
microprocessing.

In this work, we report a MIR femtosecond source with 
dual-wavelength spectral shaping and exceptional freedom of 
tunability in both the laser wavelength and the relative spectral 
amplitudes, based on a simple and compact OPA apparatus. The 
temporal evolution of the dual-wavelength signal pulse is numer-
ically analyzed, and subsequently, Martinez compressors are 
designed to carefully compensate the spectral chirp and selec-
tively adjust the temporal overlap of spectral components of the 
broadband seed pulse. Wavelength pairs tunable in the range 
of 5.6 to 11.4 μm are generated with an average power up to 
280 mW and a power efficiency of 2.8% at the repetition rate 
of 50 kHz. The combination of Martinez compressor and the 
unique parabolic PM curve not only allows to adjust the spec-
tral position of dual wavelengths but also enables the fine tun-
ing of their relative amplitudes. Different temporal profiles of 
MIR pulses shaped by tuning dual-wavelength spectra are 
measured by an interferometric autocorrelator (IAC). Driven 
by the MIR tunable dual-wavelength pulses, HHG is harnessed 
in a polycrystalline ZnSe plate: multisets of HHG spectra cor-
responding to different fundamental wavelengths are generated 
at the same time; both the relative strength of harmonics sets 
and the spectral shapes of harmonics are steered by simply 
controlling the temporal delay of the pump pulse. This work is 
the first attempt in shaping the HHG spectrum with good tun-
ing freedom, to the best of our knowledge, and it provides a lot 
more flexibility compared to the methods of spectral interfer-
ence [27] and chirp control [28]. The generated MIR femtosec-
ond pulses with the feature of dual-wavelength spectral shaping 
provide a simple and compact platform for applications in strong 
field and petahertz electronics such as efficiency enhancement 
of HHG and steering ultrafast electron ionization, as well as the 
cold ablation of tissues with multiple biotic constituents.

Materials and Methods

Design principle and numerical simulation
As illustrated in Fig. 1A, the type-I PM curve of LiGaS2 (LGS) 
crystal has a parabolic shape; thus, in principle, 2 spectral bands 
could be amplified simultaneously at a particular PM angle. As 
the PM angle tuning is from 49.3° to 51.2°, MIR pulses with 
dual-wavelength pairs at 5.6, 10.2 μm; 6.0, 9.8 μm; 6.4, 9.2 μm; 

and 7.0, 8.6 μm are generated, which correspond to the signal 
pairs of 1145, 1262 nm; 1151, 1243 nm; 1160, 1227 nm; and 1170, 
1207 nm, respectively. In a conventional MIR OPA, the signal 
pulses are routinely generated through self-phase modulation 
(SPM) in bulk dielectrics, for example, a yttrium aluminum 
garnet (YAG) crystal. While the signal spectrum is broadened, 
the spectral components are separated in time domain by the 
chirp inherited in SPM, which has been experimentally observed 
in our previous work [29]. Notably, once the 2 wavelength com-
ponents from a signal pair are separated by a certain delay, the 
simultaneous amplification of the dual wavelengths in a MIR 
OPA is prohibited. To understand the dual-wavelength MIR 
OPA with the signal generated through SPM, the parametric 
process is subsequently modeled by solving the 3-dimensional 
coupled wave equations using by the split-step Fourier method 
and the 4th-order Runge-Kutta algorithm. A 250-fs pulse and 
the supercontinuum obtained through WLG in a 10-mm YAG 
crystal are used as the pump and seed pulses, respectively for 
the MIR OPA simulation. With or without compensating the 
chirp and dispersion of the seed pulse, the amplification of sin-
gle wavelength or dual wavelengths at 1224 and 1163 nm corre-
sponding to MIR idler wavelengths of 6.5 and 9 μm, respectively, 
are simulated with a specific PM angle. As the MIR OPA is 
directly fed by the signal pulse generated through the white-
light generation, the evolution of MIR idler when the pump 
pulse coincides with each individual signal wavelength in the 
temporal domain at a specific PM angle is shown in Fig. 1B and 
C. It is found that only a single wavelength could be amplified 
in this case, if dual signal components are separated by 200 fs, 
and the 250-fs pump pulse is overlapped with one of the signal 
wavelengths in the temporal domain to ensure an efficient con-
version. On the other hand, as the spectral chirp from SPM is 
carefully compensated, the idler pulse with dual wavelengths 
centered at 6.5 and 9 μm is generated as simulated in Fig. 1D. 
The simulation thus indicates that it is crucial to have a method 
that could compensate for the chirp inherited from SPM and 
control the temporal separation of the signal spectral compo-
nents, for the dual-wavelength amplification and spectral tun-
ing. Therefore, more simulations of the dual-wavelength MIR 
OPA are conducted to reveal and discuss the process of spectral 
tuning in 2 different ways. Figure 1E shows the simulated idler 
spectra of the dual-wavelength OPA when the chirp among dif-
ferent spectral components is compensated. Dual wavelengths 
in the range of 5.6 to 10.2 μm are simulated by adjusting the PM 
angle. On the other hand, when there is residual spectral chirp, 
the intensity ratio of the generated dual wavelengths can be 
adjusted with a full freedom by tuning the pump delay. As an 
example, dual-wavelength spectra centered at 6.5 and 9 μm with 
various relative strengths are simulated as shown in Fig. 1F.

In addition, to quantify the temporal separations of the near-
infrared signal pairs, induced by the chirp from SPM, numer-
ical simulations of the SPM process in a 10-mm YAG crystal 
pumped by a 250-fs, 1030-nm pulse, and the propagation in the 
dispersive LGS crystal (264 fs2/mm at 1200 nm) with a length 
of 8 mm are carefully conducted, as shown in Fig. 2. In the 
calculation of SPM process, we utilize the time transformation 
approach [30], and the estimated intensity on the front surface 
of YAG crystal is 2.5 TW/cm2. The phase modulation induced 
by the Kerr nonlinear process results in the broadening of the 
spectrum shown in Fig. 2A. The time-frequency analysis is then 
implemented for the modulated pulse, from which the time 
evolution of wave amplitude for a given wavelength can be 
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extracted. From Fig. 2B to F, the temporal separations of signal 
pairs of 1132, 1262 nm; 1139, 1243 nm; 1144, 1227 nm; 1155, 
1204 nm; and 1161, 1196 nm are found to be 378 fs, 276 fs, 233 fs, 
153 fs and 106 fs, respectively. It is worth mentioning that in our 
experiment, we found that a temporal separation of 106 fs is 
large enough to hinder the dual-wavelength amplification for a 
250-fs pump pulse.

Experimental setup and optical apparatus
To achieve the dual-wavelength amplification and spectral shap-
ing, a Martinez-type compressor [31] is designed for each OPA 
stage to compensate and adjust the spectral chirp generated in 
both the SPM process and the propagation in the OPA crystal 
and other dielectric media. Figure 3A illustrates the schematic 
of the dual-wavelength spectrum-shaped OPA system. It starts 
with a 1030-nm Yb:KGW laser (Pharos) with 400-μJ pulse energy 

and 250-fs pulse width at 50-kHz repetition rate, serving as the 
pump source. A 10-μJ pulse energy is split and focused to a 
10-mm YAG crystal to generate a stable supercontinuum via 
single filamentation. After passing through a 1100-nm long-pass 
filter, signal pulses with 20-nJ pulse energy, extending up to 
1800-nm wavelength are obtained as the broadband seed of 
MIR OPA. The Martinez compressor is subsequently employed 
to compress the near-infrared signal pulse and control the tem-
poral overlap of multiple spectral components. The compres-
sor consists of 2 reflective gratings (Edmund #37-130) with 
300 lines/mm and a confocal system (f = 100 mm) between 
them. A double-pass configuration is used by placing a retro-
reflecting mirror after the second grating to eliminate the spatial 
chirp. The transmission efficiency of the Martinez compressor 
is measured to be 70%. The compressed signal pulse is then 
amplified in the first OPA stage with an 8-mm-thick LGS 
crystal. Owing to the dispersion control through the designed 

Fig. 1. The design and simulation of the dual-wavelength MIR OPA. (A) The parabolic type-I PM curve of LGS crystal pumped at 1030 nm. Different MIR wavelength pairs in the 
idler pulse and corresponding near-infrared signal spectral components are marked by color dotted lines at different PM angles. (B to D) The comparison of MIR parametric 
amplification by directly feeding the signal pulse after the white-light generation process (B and C) and carefully compensating the inherited spectral chirp (D). The pump 
delay is tuned to overlap with the signal spectral component of 1224 nm (B) and 1163 nm (C). (E) Simulated spectra of amplified dual-wavelength tunable idler pulses through 
adjusting the PM angles of LGS crystal, when the spectral chirp is compensated and the signal components at 1224 and 1163 nm are overlapped in time domain. Different 
dual-wavelength pairs at 5.6, 10 μm; 6.0, 9.6 μm; 6.6, 9.0 μm; 7.1, 8.4 μm; and 8.2 μm are obtained through simulation. (F) Simulated spectra of amplified dual-wavelength 
tunable idler pulses by tuning the temporal overlap between different spectral components of the signal and pump pulses, when there is certain residual chirp and group delay, 
at a specific PM angle. The amplitudes ratio between 2 spectral components of the obtained dual-wavelength idler can be tunable arbitrarily.
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Martinez compressor, 2 near-infrared spectral components of 
the signal pulse are amplified simultaneously. The wavelengths 
of the signal pairs are selected by twisting the PM angles of 
LGS crystal as shown in Fig. 3B to D. Subsequently, another 

Martinez compressor is employed to compensate the normal 
dispersion and group delay introduced by the LGS crystal. The 
dual-wavelength MIR idler pulse is then generated in the sec-
ond OPA stage with another 8-mm-thick LGS crystal. A 

Fig. 2. Numerical simulations of the near-infrared signal pairs induced by the chirp from SPM process and propagation in the dispersive LGS crystal with a length of 8 mm. A 
time-transformation approach is used for the time-frequency analysis. (A) Spectra of input (blue) and output (red) signal waves. The phase modulation induced by the Kerr 
nonlinear process results in the broadening of the spectrum. (B to F) Time evolutions of 5 pairs of signal waves: (B) 1132, 1262 nm; (C) 1139,1243 nm; (D) 1144, 1227 nm; (E) 1155, 1204 
nm; and (F) 1161, 1196 nm. Temporal separations of the 5 pairs of signal waves are calculated as 378, 276, 233, 153, and 106 fs, respectively. a.u., arbitrary units.

Fig. 3. The experimental implementation of the dual-wavelength tunable MIR pulse generation. (A) Schematic of the dual-wavelength tunable MIR OPA system. It is pumped 
by a 1030- nm Yb:KGW laser with 400-μJ pulse energy and 250-fs pulse width at 50-kHz repetition rate. A 10-μJ pulse energy is split and focused to a 10-mm YAG crystal to 
generate the signal pulse via a stable supercontinuum through single filamentation. Two Martinez compressors are employed to compensate the spectral chirp in the processes 
of white-light generation and parametric amplification. Two stage OPAs with 8-mm-long LGS crystals generate and amplify the spectrum-shaped dual-wavelength MIR pulses. 
HWP, half-wave plate; TFP, thin-film polarizer; YAG, yttrium aluminum garnet; LPF, long-pass filter (1100 nm); DM1, dichroic mirror (HT@1135–1600 nm, HR@1030 nm); LGS, 
LiGaS2 crystal; DM2, dichroic mirror (HT@5–11 μm, HR@1030 nm); Ge, germanium window (3 to 12 μm, antireflection coated); BD, beam dump. (B to D) The measured spectra 
of the amplified dual-wavelength tunable signal pulse from the first OPA stage. The dual-wavelength pairs of (B) 1158 nm, 1196 nm; (C) 1142 nm, 1212 nm; and (D) 1131 nm, 
1242 nm are presented.
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dichroic mirror is used to separate the MIR idler pulse from 
the near-infrared signal and pump pulses. The MIR spectrum 
is then measured by using a scanning-grating monochromator 
with a liquid-nitrogen-cooled MCT detector. A 19-mm-thick 
germanium crystal which provides about 9200-fs2 group delay 
at a central wavelength of 8 μm is employed to compensate the 
anomalous dispersion induced in the LGS crystal and compress 
the MIR idler pulse.

Results and Discussion

Generation and characterization of dual-wavelength 
spectrum-shaped MIR pulses
The amplified idler spectra with tunable dual wavelengths are 
presented in Fig. 4. As the signal spectral components span-
ning from 1100 to 1300 nm are well compressed and controlled, 
simultaneous amplification of idler dual wavelengths is real-
ized. By adjusting the PM angle of the LGS crystal, typical dual-
wavelength spectra at 5.6, 11.4 μm; 6.0, 10.7 μm; 6.4, 10.3 μm; 
7.1, 9.5 μm; 7.4, 9.1 μm; and 8.2 μm are measured, as shown in 
Fig. 4A. The wavelength tuning range is limited by the phase mis-
match of the LGS crystal, which lowers the parametric efficiency. 
On the other hand, when the spectral chirp and group delay are 
partially compensated by controlling the distance of the sec-
ond grating in the Martinez compressor, the amplitude ratio 
between the 2 spectral bands in the amplified dual-wavelength 
MIR spectrum can be arbitrarily adjusted by varying the time 
delay between the pump and seed pulses. As measured in Fig. 4B, 
the full tunability of both the spectral position and the relative 
intensity of dual wavelengths is demonstrated by tuning the 
Martinez compressor and the time delay of the pump pulse.

The amplification and output power are characterized as 
another important specification of the dual-wavelength tunable 
MIR light source. The average power of the generated MIR pulses 
with multiple pairs of dual wavelengths are plotted in Fig. 5 as 
a function of pump power at the second LGS crystal. Higher 
MIR output power is obtained at dual wavelengths of 7.4 and 

9.1 μm and a single central wavelength of 8.2 μm when the PM 
is close to the optimal condition. MIR power (280 mW) is 
obtained at 10-W pump power for a dual-wavelength pulse at 
7.4 and 9.1 μm with 2.8% power efficiency and ~23% quantum 
efficiency. The saturation of amplification is not observed, and 
the output power can be further scaled up with a larger pump 
power. It is worth mentioning that the dual-wavelength output 
at 7.4 and 9.1 μm is higher than that of single central wavelength 
of 8.2 μm where the optimal PM condition is achieved. This is 
attributed to a broader amplification bandwidth for the case of 
dual-wavelength amplification, when the dispersion in the sig-
nal pulse is fully compensated. As the PM condition moves to 
the sides of the parabolic PM curve, the output power of the 
generated dual-wavelength MIR pulse decreases. The inset shows 
a good Gaussian profile of the dual-wavelength MIR pulse 
measured by a micro bolometer camera (WinCam D-IR-BB).

The temporal profiles of spectrum-shaped dual-wavelength 
MIR pulses are measured and retrieved using a home-built IAC. 
Interferometric idler pulses excite the second harmonic (SH) 
signals in a 1-mm-thick GaSe crystal, which is chosen for its 
broadband PM bandwidth in the long-wavelength MIR region. 
Interferometric SH signal is sent through a BaF2 polarizer and 
a 10-mm-thick sapphire, which removes the long-wavelength 
MIR fundamental pulses via polarization extinction and absorp-
tion. An InAsSb amplified photodiode (Thorlabs PDA07P2), 
which is sensitive in the wavelength range of 2.7 to 5.3 μm, is 
used to detect the SH signal and further extinguish the funda-
mental intensity.

The temporal measurements of 3 representative dual-
wavelength MIR pulses are presented in Fig. 6. Figure 6A to 
C is the measured spectra with the spectral bands centered at 
8.2 μm; 7.4, 9.1 μm; and 7.1, 9.5 μm, respectively. The measured 
IAC traces (black solids) are shown in Fig. 6D to F with a ratio 
of 1:8 between the background and the peak of the IAC signal, 
which proves the good alignment of the IAC apparatus and the 
reliability of the measurement results. The electric field is recon-
structed through a genetic algorithm based on “evolutionary 

Fig. 4. Spectral shaping of dual-wavelength MIR pulses. (A) Measured spectra of amplified dual-wavelength tunable idler pulses through adjusting the PM angles of LGS crystal, 
when the group delay between 2 spectral components is fully compensated. Different dual-wavelength pairs at 5.6, 11.4 μm; 6.0, 10.7 μm; 6.4, 10.3 μm; 7.1, 9.5 μm; 7.4, 9.1 μm; 
and 8.2 μm are obtained. (B) Measured spectra of amplified dual-wavelength tunable idler pulses by tuning the temporal overlap between different spectral components of 
the signal and pump pulses, when there is certain residual chirp and group delay, at a specific PM angle. MIR dual wavelengths with arbitrary relative amplitudes are generated. 
The labels besides (A) and on top of (B) indicate the central wavelengths of the spectral bands in the dual-wavelength MIR spectra.
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phase retrieval from interferometric autocorrelation (EPRIAC)” 
algorithm [32,33]. In the Taylor expansion of the reconstructed 
spectral phase, dispersion terms up to seventh order are con-
sidered. The calculated IAC signal (color dotted) has a good 
match with the measured ones, which indicates that the dual 
spectral components are well synthesized. The retrieved tempo-
ral profiles of the spectrum-shaped dual-wavelength MIR pulses 
are shown in Fig. 6G to I. The retrieved pulse widths vary in a 
range of 128 to 257 fs, corresponding to 5 to 10 optical cycles, 
assuming a central wavelength at 8.2 μm. It is observed that the 
larger spectral separation of the dual-wavelength bands is, the 
longer pulse width is measured. This is because the difference 
of group delay caused by the propagation in the 8-mm-long LGS 
crystal is ~190 fs between wavelengths of 7.1 and 9.5 μm, which 
is also responsible for the pulse splitting observed in Fig. 6I.

Steering HHG in solids
To test the usefulness of the demonstrated high-power MIR 
light source with dual-wavelength spectra shaping features, we 
systematically perform HHG in a 3-mm-thick polycrystalline 
ZnSe plate, pumped by a series of MIR dual-wavelength pulses 

Fig.  5.  The output power of the dual-wavelength MIR pulses with the wavelength 
pairs at 6.0, 10.7 μm; 6.3, 10.3 μm; 7.1, 9.5 μm; 7.4, 9.1 μm; and 8.2 μm as a function 
of pump power at the second LGS crystal. The inset shows the output MIR beam 
with a good Gaussian profile.

Fig. 6. Temporal characterization of the dual-wavelength tunable MIR pulses at 8.2 μm; 7.4, 9.1 μm; and 7.1, 9.5 μm with the spectral chirp compensated by the Martinez 
compressors. Row 1 (A to C): Measured MIR spectra at different PM conditions. Row 2 (D to F): Corresponding measured (black solid) and retrieved (color dotted) IAC traces. 
Row 3 (G to I): Corresponding retrieved temporal profiles. SHG, second harmonic generation.

D
ow

nloaded from
 https://spj.science.org on July 31, 2023

https://doi.org/10.34133/ultrafastscience.0022


He et al. 2023 | https://doi.org/10.34133/ultrafastscience.0022 7

with various spectral and temporal profiles. When there is a 
certain residual spectral chirp, the dual-wavelength components 
are temporally misaligned. Thus, as shown in Fig. 7, the dual-
wavelength MIR spectra could be fine-tuned by adjusting the 
delay of the pump pulse. In Fig. 7A and B, spectral peaks at 7.1 
and 9.3 μm dominate, respectively, while for Fig. 7C, dual-
wavelength spectra with similar shapes are exhibited. The fine 
distinction of the dual-wavelength spectra in Fig. 7C is charac-
terized and presented in Fig. 7D, with the intensity ratio between 
spectral peaks of 7.1 and 9.3 μm measured as 31:69, 28:72, and 
23:77, respectively. In the HHG experiments, MIR pulses with 
different spectra but similar average power of ~100 mW are 
focused to the ZnSe plate by using a lens with 50-mm focal 
length, generating an estimated intensity of 100 to 150 GW/cm2. 
The HHG signals are subsequently collected by 2 different spec-
trometers (Ocean Optics USB 2000+ and Yokogawa AQ6370D). 
The respective stitched transmitted HHG spectra are plotted 
in Fig. 7E to I. Driven by single central wavelength at 7.1 or 
9.3 μm, the individual harmonics with the order up to 13 and 

16 are clearly measured as plotted in Fig. 7E and F, respec-
tively. On the other hand, pumped by the dual-wavelength MIR 
pulses, harmonics of 7.1 and 9.3 μm are exhibited simultane-
ously as shown in Fig. 7G to I. Intriguingly, it is found that when 
the amplitude ratios of the dual wavelengths are 31:69 and 
23:77, harmonics of 7.1 or 9.3 μm dominate, respectively, as 
plotted in Fig. 7G and I. Moreover, the harmonics of 7.1 and 
9.3 μm become comparable at a fundamental amplitude ratio 
of 28:72, as presented in Fig. 7H. In other words, 2 sets of HHG 
spectra corresponding to different fundamental wavelengths 
can be generated at the same time, and their relative strengths 
can be tuned. In addition, effective shaping of HHG spectra is 
found to be very sensitive to the fundamental spectral compo-
nents and could be realized by simply adjusting the pump delay 
position.

To further explore the feasibility of steering HHG through 
spectral shaping based on the developed dual-wavelength MIR 
source, the residual spectral chirp is fully compensated, and 
broadband MIR pulses are adopted as the driving source of 

Fig. 7. The fundamental and corresponding HHG spectra driven by dual-wavelength MIR tunable pulses when there is certain residual chirp, and the dual-wavelength spectral 
components are temporally misaligned. The dual-wavelength MIR spectra could be fine-tuned by adjusting the delay of the pump pulse. In (A) and (B), the spectrum is dominated 
by the spectral component of 7.1 and 9.3 μm, respectively. (E) and (F) plot the corresponding harmonics with the order up to 13 and 16 of the fundamental wavelengths of 7.1 
and 9.3 μm, respectively. By fine-tuning the delay of the pump pulse, dual-wavelength spectra with similar shapes are obtained in (C). The fine distinction among the dual-
wavelength spectra is characterized and presented in (D). (G to I) Corresponding HHG spectra driven by dual-wavelength MIR pulses in (C). Two sets of harmonics of 7.1 and 
9.3 μm are both exhibited. It is found that the harmonics sets of 7.1 or 9.3 μm dominates in (G) and (I), respectively, while the harmonics of 7.1 and 9.3 μm are comparable in 
(H). The labels in red and blue indicate the harmonic orders of 7.1 and 9.3 μm, respectively.
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HHG. As presented in Fig. 8A to C, the generated MIR spectra 
could be shaped to various profiles in the forms of the dual 
peaks centered at 7.3 and 9 μm, flat-top shape, and a single-peak 
spectrum centered at 8.2 μm, via tuning the pump delay while 
keeping the PM angle unchanged. The corresponding HHG 
spectra are shown in Fig. 8D to F. When the 2 spectral bands 
in the dual-peak spectrum have similar amplitude, as shown 
in Fig. 8D, a single HHG set of 7.45 μm is measured. We suggest 
that this is because the HHG efficiency drops abruptly as the 
driving wavelength increases, such that the measured HHG sig-
nal of 9 μm is suppressed when the driving wavelengths of 7.3- 
and 9-μm bands have similar intensity. By adjusting the pump 
delay, the MIR fundamental spectrum getting into a flat-top 
shape, as plotted in Fig. 8B, which is merged by dual-wavelength 
components of 7.8 and 8.3 μm. As measured in Fig. 8E, the HHG 
spectral peaks become broader, and eventually, double peaks 
are exhibited, corresponding to the fundamental wavelengths of 
7.8 and 8.3 μm. The blue shift of the fundamental wavelengths in 
the harmonics sets pumped by the broadband dual-wavelength 
pulse is attributed to the higher HHG efficiency driven at shorter 
wavelengths. Further tuning the pump delay, the MIR spectrum 
centered at 8.0 μm and its corresponding HHG are exhibited 
as shown in Fig. 8F. In addition, the HHG spectra in the deep 
ultraviolet (DUV) region with harmonics up to the 31st order 
corresponding to a wavelength of 240 nm are measured, pumped 
by dual-wavelength MIR pulses, as shown in the insets of Fig. 
8D to F. Further extension to shorter wavelengths is prohibited 
by our spectral measurement apparatus. However, it is worth 
mentioning that extreme ultraviolet HHG in solids has been 

demonstrated pumped by the MIR light with similar wave-
length, pulse width, and intensity [34].

Conclusion

In conclusion, we have demonstrated a highly desirable dual-
wavelength MIR femtosecond light source and spectral shaping 
technique with a relatively simple and compact apparatus com-
pared to traditional pulse synthesizers. MIR spectral pairs tun-
able over a wavelength range of 5.6 to 11.4 μm are generated, 
and the full freedom in adjusting the relative amplitudes of the 
dual wavelengths is demonstrated. As a direct application, driven 
by dual-wavelength MIR femtosecond pulses, spectra of HHG 
in solids are shaped with substantial flexibility. The demonstrated 
spectral and temporal shaping technique generates passively 
stable carrier-envelope phase. Unlike existing dispersion control 
techniques used in parametric amplifiers such as the acousto-
optic programmable dispersive filter, the demonstrated spectral 
and temporal shaping technique could be fed with pulses with 
high-power and large energy, which is a special merit bene-
ficial for large-scale laser facilities. MIR ultrashort pulses with 
outstanding freedom in multiwavelength spectral shaping can 
trigger more advanced applications such as field-steered ioni-
zation and ultrafast electron tunneling in the field of strong-
field physics. Moreover, experiments of lasers and nonlinear 
optics such as intrapulse difference-frequency generation, 
broadband terahertz-wave supercontinuum generation [35–37], 
controlling electron localization in molecular dissociation, and 
microprocessing of biomedical materials could be pursued with 

Fig. 8. The spectra of dual-wavelength MIR tunable pulses and its corresponding HHG spectra when the residual spectral chirp is fully compensated, and dual-wavelength bands 
of 7.3 and 9 μm are temporally overlapped. (A to C) The MIR spectra are shaped varying in the forms of dual-peak profile centered at (A) 7.3 and 9 μm, (B) flat-top shape, and 
(C) single peak centered at 8.2 μm, via tuning the pump delay. (D to F) The corresponding HHG spectra. As the MIR fundamental spectrum changes from a dual-wavelength 
to a flat-top, and to a single-peak shape, the corresponding HHG spectra exhibit single-set HHG in (D) with the fundamental wavelength of 7.45 μm, 2 sets of HHG in (E) with 
the fundamental wavelength of 7.8 and 8.3 μm, and another single set HHG in (F) with the fundamental wavelength of 8.0 μm. The insets in (D) to (F) respectively show the 
zoomed-in HHG spectra in the DUV regime.
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bright prospects. Finally, steering HHG in solids driven by dual-
wavelength MIR pulses could find special applications. For 
example, making use of the ultra-broadband spectrum in the 
DUV region with tunable spectral shapes, applications such 
as quasi-supercontinuum generation from MIR to DUV (even 
extreme ultraviolet) [38], optical coherence tomography in the 
DUV region [39], and DUV multispectral imaging [40] could 
be pursued. Moreover, in the time domain, the delay between 
MIR dual wavelengths could be precisely controlled; thus, by 
scanning the dual-wavelength MIR pulses or making use of the 
pump-and-probe HHG spectroscopy, the HHG pumped by 
dual-wavelength MIR OPA is useful for high-resolution 
diffraction-limited images for multispectral components [41] 
and HHG spectroscopic experiments for controlling phases 
of matter by coherently manipulating specific vibrational 
modes [42,43].
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