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Dual-comb spectroscopy (DCS) has revolutionized numerous spectroscopic applications due to its high spectral
resolution and fast measurement speed. Substantial efforts have been made to obtain a coherent dual-comb source
at various spectral regions through nonlinear frequency conversion, where the preservation of coherence has be-
come a problem of great importance. In this study, we report the generation of coherent dual-comb sources
covering from the ultraviolet to mid-infrared region based on high-order harmonic generation. Driven by
high-repetition-rate femtosecond mid-infrared dual-comb pump pulses, up to ninth-order harmonic was gener-
ated from the ultraviolet to mid-infrared region using an aperiodically poled lithium niobate waveguide. To
investigate the coherence property of the high-order harmonic generation, DCS was performed at every generated
spectral region from 450 to 3600 nm. The measured dual-comb spectra with distinctive tooth-resolved structures
show the well-preserved coherence without apparent degradation after the cascaded quadratic nonlinear proc-
esses. The subsequent methane absorption spectroscopy at multiple spectral regions of different harmonics was
carried out to characterize the spectroscopic capability of the system. These results demonstrate the potential of
our scheme to generate compact and coherent broadband optical frequency combs for simultaneous multi-target
detections. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.486864

1. INTRODUCTION

Optical frequency combs (OFCs) have contributed to a great
number of spectroscopic applications with their frequency
accuracy and long-term stability. Dual-comb spectroscopy
(DCS), as an emerging tool, has been demonstrated as a
powerful spectral measurement technique for material charac-
terization and precision metrology with high frequency resolu-
tion, fast measurement speed, and extensive spectral coverage
[1,2]. Utilizing a broadband coherent dual-comb source can
enable high-resolution and high-sensitivity measurement of si-
multaneous detection of multiple absorption bands, intermedi-
ate monitoring in complex chemical dynamic systems, and
many other regions of interest. For their extensive detection
capability, OFCs with wide spectral coverage from the ultravio-
let (UV) to the mid-infrared (MIR) region are quite desirable
for DCS applications. In particular, in the MIR of molecular
fingerprinting, most molecules exhibit strong fundamental vi-
brational transitions with a quantity of intense absorption lines.
Broadband DCS can detect trace molecules in parallel with ul-
trahigh sensitivity up to parts-per-billion (ppb) concentration

[3–5]. In the near-infrared region, with the commercially ad-
vanced high-power erbium-doped (ytterbium-doped) fiber
laser and Ti:sapphire laser, DCS has contributed to various
nonlinear spectroscopies with advanced optical componentry
and mature photonics technology. It has been adopted to re-
solve the hyperfine structure of rubidium (Rb) atoms with
tri-comb spectroscopy (TCS) [6,7], laser-induced breakdown
spectroscopy (LIBS) [8], and Doppler-free two-photon spec-
troscopy [9,10]. Combined with pump-probe spectroscopy,
DCS could provide a new dimensional conception of high tem-
poral resolution on the femtosecond time scale and high spec-
tral resolution on the megahertz frequency scale. In the visible
region, as a complement to the infrared region, DCS could also
be a powerful tool for interpreting the atomic and molecular
transitions with their overtone bands. Using a frequency-
doubled fiber laser in the green region, it can be used to depict
the dense rovibronic spectrum of iodine (I2) [11] and the time-
resolved plasma evolution of iron (Fe) [12]. By monitoring the
probing atomic, ionic and biomolecular intermediates, it can
help to decipher the reaction mechanism of the complex cata-
lytic processes to improve the chemical design for energy
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efficiency [13,14]. In the ultraviolet region, DCS may not be as
dominant as it is in the infrared region, but it still holds its reign
with its high-resolution benchmark [15]. For example, atmos-
pheric trace gas detection has been reported in the ultraviolet
region with DCS, where there are the large absorption cross
sections of air pollutants like nitrous oxide and many other
highly active astrophysical molecules [16–18]. In addition,
OFCs’ advanced capabilities in the ultraviolet region help per-
form high-resolution spectroscopy, precise measurements, and
direct frequency comb spectroscopy [19–21]. As a result,
obtaining a broadband coherent comb source with a simple
and robust architecture is critical.

Substantial effort has been devoted to the generation of
broadband coherent optical frequency combs. With the com-
mercially advanced fiber laser in the near-infrared region, non-
linear frequency conversion serves as the common way to shift
the near-infrared spectra to other spectral regions to achieve
broader spectral coverage. Mid-infrared wavelengths are typi-
cally attained by frequency downconversion processes of differ-
ence frequency generation (DFG) and optical parametric
oscillators (OPOs) [22–24]. Ultraviolet and visible regions
are reached through multi-step frequency upconversion proc-
esses such as sum frequency generation (SFG) and second-
harmonic generation (SHG) [25,26]. At present, OFCs in each
spectral region develop independently. It is a challenging task
to fulfill frequency conversion at both mid-infrared and UV
regions simultaneously, especially for simultaneously preserving
the coherence. Generally speaking, it is necessary to introduce
supercontinuum generation to fill the gaps in the broadband
spectrum. The complicated supercontinuum generation ex-
tends the spectral coverage at the great additional cost of con-
straining the deterioration of the coherence property [27,28].
Recently, leveraged by the advancement of the periodically
poled lithium niobate waveguide (WG-PPLN), the excellent
spatial confinement enhances many high-order nonlinear proc-
esses and significantly improves the frequency conversion effi-
ciency. Diddams et al. observed up to the 13th (9th) harmonic
under 10 nJ (12 nJ) mid-infrared pump pulses at 1 MHz
(100 MHz) repetition rate [29,30]. Since these frequency con-
version processes usually require complex nonlinear processes,
the inheritance of their coherence becomes a problem of great
importance. The coherence of the generated OFCs would per-
sistently affect the sensitivity and reliability of the spectroscopic
results. So far, the phase stability of OFCs’ coherence property
has only been studied in second-order or lower-order harmonic
generation [31,32]. There is still a lack of relevant reports
on coherence preservation of OFCs in higher-order harmonic
generation.

In this paper, we report a coherent dual-comb spectroscopy
over the UV to MIR region with a simple and robust configu-
ration. Driven by the mid-infrared pump pulses, up to the
ninth-order harmonic (395 nm) was directly generated in an
aperiodically poled lithium niobate (APPLN) waveguide
through high-order harmonic generation (HHG). Combined
with the pumping wavelength tuning, the output spectra
can cover a great range in the infrared region and can be tuned
almost continuously in the visible region. In order to investigate
the coherence at each generated spectral region, DCS was

performed from the fundamental to the eighth-order harmonic.
The measured dual-comb spectra with the distinctive tooth-
resolved structure demonstrated that quadratic nonlinearity
in HHG would not significantly deteriorate the phase noise.
In all the generated spectral regions from the UV to the MIR,
coherence is well preserved in complex cascaded quadratic non-
linear processes, which is beneficial for long-term averaging to
achieve a higher signal-to-noise ratio and measurement sensi-
tivity. Absorption spectroscopy of methane at multiple spectral
regions of different harmonics was performed to characterize
the spectroscopic capability of our system, exploring multiple
fundamental vibrational bands and its overtone of methane
molecules.

2. EXPERIMENTAL SETUP AND RESULTS

The experimental setup is illustrated in Fig. 1(a). The mid-
infrared OFCs based on the optical-optical modulation tech-
nique served as the pump sources for the HHG process, which
has been introduced in our previous works [4,5]. The two mid-
infrared sources, seeded by a tunable CW quantum cascaded
laser (Daylight, operated at 3.73 μm, tunable from 3.71 to
3.9 μm) in optical-optical modulated optical parametric ampli-
fication (OPA), delivered 3 nJ mid-infrared pulse trains at a
repetition rate of ∼108.4 MHz. The pump pulse duration is
∼130 fs [33,34]. The difference between these two combs
was set to 150 Hz. As depicted in Fig. 1(b), the 25-mm-long
waveguides (CTL Photonics) were made of aperiodically poled
lithium niobate on a lithium tantalate substrate, with a facet
cross section of 15 μm × 15 μm (coated with AR <5% across
1.2–5.5 μm). The poling periods were designed and set to be
linearly decreasing from 32 to 23 μm with guidance from the
simulation analysis. For the two branches, the mid-infrared
light was coupled into the waveguide using AR-coated molded
aspheric lenses (f � 5.95 mm, Thorlabs C028TME-E) as

Fig. 1. (a) Experimental setup of the coherent dual-comb system.
The MIR comb delivered a 3-nJ mid-infrared pulse train at a repeti-
tion rate of 108.4 MHz. Then the mid-infrared pulses were focused
into the APPLN waveguide, generating multiple OFCs output cover-
ing from the mid-infrared to ultraviolet region. Ge, AR-coated germa-
nium wedges. λ∕2, half-wave plate; L1, AR-coated molded aspheric
lens; L2, aluminum-coated off-axis parabolic mirror; BS, beam splitter;
PD, photodetector. (b) Cross-section geometry of the lithium niobate
waveguide. (c) Overview of the waveguide, pumped by the mid-
infrared pump pulses. (d) Generated harmonics in the visible and near-
infrared regions, after being dispersed with a prism and observed on
white paper and infrared detector cards.
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illustrated in Fig. 1(c). The polarization direction of the MIR
pump pulse is adjusted by using a half-wave plate. We added
two AR-coated germanium wedges before the waveguide to op-
timize the dispersion of the pump pulses. The output light
from the waveguide was collimated using an aluminum-coated
off-axis parabolic mirror. The two outputs were combined by a
beam splitter (BS) and interfered on a photodetector, generat-
ing a radio frequency (RF) comb composed of distinguishable
heterodyne beats between pairs of comb teeth. Therefore, the
optical coherence property between two OFCs can be revealed
in the generated RF comb through heterodyne detection.
Then, the combined lights passed through a gas cell to verify
the capability of spectral measurement of our system. For dif-
ferent spectral measurement ranges, gas cells with different path
lengths were used. After dispersed by a prism, a partial har-
monic spectrum over the UV to near-infrared region is shown
in Fig. 1(d). In the following paragraphs, the harmonics of dif-
ferent orders are abbreviated as H1–H9. The gas cell is filled
with methane at a pressure of 50 mbar. In the MIR with a larger
absorption cross section, an 8-cm-long gas cell was used to rec-
ord the strong absorption lines of the fundamental methane
vibrational frequencies. In the visible and near-infrared regions,
due to the comparatively lower absorption cross section, a
multi-pass gas cell (Aerodyne, AMAC-76LW) was used to ob-
tain longer effective path.

Up to ninth-order harmonics were observed with 230 mW
incident MIR pump power. The highest ninth-order harmonic
at 395 nm is near the transparency limit wavelength of lithium
niobate crystal. The pump pulse centered at 3550 nm, and its
full width at half-maximum (FWHM) is 155 nm. The measured
output power and conversion efficiency are shown in Table 1,
and the corresponding spectra are plotted in Fig. 2(a). For each
harmonic, the output power was measured after certain bandpass
filters with the subtraction of the respective noise floor. The cou-
pling efficiency into the waveguide was estimated to be 60%.
The total conversion efficiency is calculated to be 26.1%.
Benefiting from the waveguide structure, the APPLN waveguide
enhanced various quasi-phase-matching (QPM) processes with
high conversion efficiency. And the conversion efficiency can be
further improved with delicately designed QPM periods.

Numerical simulation was conducted based on the nonlin-
ear envelope equation (NEE) to investigate the evolution pro-
cess of the generated harmonics in the APPLN waveguide
[35,36]. The simulation parameters were set to be consistent
with the experimental setup. The dispersion parameters of
the waveguides considering the cross-sectional geometry were

calculated using finite-element simulations. The evolution
processes in the frequency domain and the temporal domain
were plotted in Figs. 2(b) and 2(c), respectively. In the time
domain, each harmonic was normalized individually to analyze
the generation dynamics in the cascaded HHG process. The
group velocity of the fundamental harmonic (H1) was set to
zero to center the temporal profile. The abundant poling peri-
ods fulfilled multiple QPM conditions for various three-wave
mixing processes. Analyzing the generation location of every
generated harmonic in Fig. 2(c), it helps to understand which
three-wave mixing processes should be responsible for the gen-
eration of each harmonic. It can be seen that HHG mainly
results from the second-harmonic generation (SHG) and
sum frequency generation (SFG) of low-order harmonics.
Downconversion from high-order harmonics to lower-order
harmonics rarely exists in our QPMwaveguide. The interaction
dynamics of harmonics with the quadratic nonlinearity could
be understood as a three-dimensional problem. For one thing,
at the perfect QPM period, quasi-phase-matching processes can
be fulfilled efficiently with high conversion efficiency. It can
be seen that H2 is mainly generated at 6.08 mm from the
front facet, which corresponds to the perfect QPM period
of 29.81 μm. Besides the fundamental QPM periods, SHG
and SFG processes can also be fulfilled with higher-order poling
periods m�2π∕Λ�, where Λ represents the poling period and m
is an odd integer [30]. For example, H6 is generated at the
third-order QPM period of 28.57 μm, located at 9.52 mm
from the front facet. For another thing, the frequency conver-
sion processes require enough power for all the interacting har-
monics. Under decreasing period of waveguide direction, the
SHG period for H4 (24.56 μm) appears at 20.67 mm from the
front facet, which is later than the H2 period (29.81 μm) at
6.08 mm from the front facet. The QPM period appearing se-
quence would evidently affect the conversion efficiency. In the
experiment, the conversion efficiency for H4 is 3.30% for the
period decreasing condition and 0.11% for the period increas-
ing condition, confirming the importance of the period appear-
ing sequence for high-efficiency conversion processes. The
SHG poling period of H2 should take precedence over that of
other frequency conversion processes to build up the higher-
order harmonics through frequency upconversion. For the last
thing, SFG processes would only occur when both participating
fields temporally overlapped. Due to the absence of the perfect
QPM period for H5, H7, and H9 when the interacting pulses
temporally overlapped, they were merely generated with lower
conversion efficiency at the point of intersection. As to the

Table 1. Output Power of Each Generated Harmonic from the APPLN Waveguide

Harmonic Wavelength Output Power Conversion Efficiency Power Meter Spectrometer

H1 3570 nm 22.18 mW Thorlabs S405C Bristol 771B

H2 1780 nm 19.21 mW 13.9%
Thorlabs S122C Yokogawa AQ6370H3 1190 nm 11.23 mW 8.14%

H4 890 nm 4.55 mW 3.30%
H5 720 nm 0.22 mW 0.16%

Thorlabs S120VC Ocean Optics HR4000
H6 600 nm 0.84 mW 0.61%
H7 510 nm 20.84 μW 0.015%
H8 450 nm 3.77 μW 0.0027%
H9 395 nm 1.68 μW 0.0012%
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ninth-order harmonic, the generated pulses around 5 mm from
the front facet are owing to the SFG of H2 and H7, and the
generated pulses around 17 mm should be attributed to direct
third-harmonic generation (THG) of H3 at higher-order QPM
periods. The simulation results determine which quadratic
nonlinear process dominates the certain frequency conversion
process and provide helpful guidance towards experimental
configuration.

To investigate the coherence characteristic of each generated
harmonic, DCS was performed for H1 to H8. The output
power of the ninth-order harmonic (H9) was too low to obtain
an agreeable interferogram signal. Multiple bandpass filters
were used to filter the certain order harmonic. Three photode-
tectors, including a mid-infrared photodetector (VIGO,
MIP-10-250M-V91), an InGaAs photodetector (Thorlabs,
PDA10CF-EC), and a Si avalanche photodetector (Thorlabs,
APD430A2/M), were used to acquire the heterodyne signals
of H1, H2–H4, and H5–H8, respectively. The signals were
recorded digitally by a data acquisition card (Alazar Tech,
ATS9350). We used the adaptive sampling method as the ex-
ternal clock to resample the signal to remove the fluctuation of
the repetition rate offset [4,37].

The recorded DCS spectra from H1 to H8 are plotted indi-
vidually in Fig. 3. The first column, as shown in Fig. 3(a), de-
picts the dual-comb spectra retrieved from the measured
interferogram, which is coherently averaged for 150,000 times.
The second column, as shown in Fig. 3(b), represents the
Fourier transformation result of a continuous data stream
with a time length of 1 s and a 1000-times coherent averaging.
The third and fourth columns, as shown in Figs. 3(c) and 3(d),

are the zoom-in magnification of the averaged 1 s Fourier
transforming spectra. The mode resolved structures in Fig. 3(c)
clearly reveal the spectral resolution to be 108.4 MHz as the
spacing interval for every harmonic, which equals the repetition
rate of the pump pulse. As shown in the fourth column of
Fig. 3(d), the linewidth of individual comb tooth is 0.72 MHz
in the optical-frequency domain. In the radio-frequency do-
main, the linewidth of individual comb tooth is 1 Hz, which
equals the Fourier transformation limit of 1-s-long recording
time (see Appendix A for longer-time results). In the HHG
process, the accumulation of phase noise is a common phe-
nomenon [38], which would widen and deteriorate the comb
structure at high-order harmonics. Owing to the low intrinsic
phase noise, the phase noise accumulation effect has not been
observed in our experiment. The coherence is well preserved
from the pump source to every generated harmonic, which
is beneficial for further spectroscopic applications. To evaluate
our system performance at different spectral regions, Table 2
lists the average signal-to-noise ratio (SNR), the figure of merit,
and the quantity of resolved mode for every spectral region over
a measurement time of 200 s. The figure of merit is defined as
SNR ×M∕T 1∕2, whereM is quantity of resolved comb modes
and T is the measurement time. The average SNR is calculated
from the respective dual-comb spectra in a measurement time
of 200 s. In the mid-infrared and near-infrared regions, the fig-
ure of merit is approximately 1.0 × 106 Hz1∕2 and the average
SNR is around 200. The system performance in this region is
mainly limited by the noise from the laser itself. SNR can be
improved to a great extent with the adoption of a balanced
detector, canceling the common mode noise [5,39]. In the

Fig. 2. (a) Output spectra of the generated harmonics from H1 to H9. (b) Simulated evolution process in the frequency domain. (c) Simulated
evolution in the time domain, revealing the harmonic generation location and the corresponding poling periods. Each harmonic is normalized, and
the group velocity of the pump pulse is set to zero to center the temporal profile.
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visible region of higher-order harmonics, the figure of merit is
approximately 6.0 × 104 Hz1∕2 and the average SNR is around
20. The decrease in figure of merit and SNR mainly results
from the drop in output power. For example, the output power
of H5 has a 20-fold decrease with only 0.22 mW compared to

H4, which leads to a sudden decrease in SNR. The system
performance in this region can be further enhanced through
higher pump power or a delicate waveguide design to increase
the generated harmonic power. But even with comparatively
lower output power, the mutual coherence of the generated

Fig. 3. Dual comb spectra from H1 to H8. (a) The first column shows the dual-comb spectra retrieved from the measured interferogram, which is
coherently averaged 150,000 times. (b) The second column represents the Fourier transformation result of continuous data stream of time length 1 s
with 1000 times of coherent averaging. (c), (d) The third and fourth columns are the zoomed-in plots of (b).
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coherence still remains undeteriorated. For H8, the tooth
linewidth stands to be 1 Hz for 1-s-long recording time.
Our experiment results demonstrated the mutual coherence
and structural convenience of our dual-comb source. The un-
degraded coherence property provides the possibility for long-
term averaging and sensitive detection with a simple and robust
configuration.

Molecular absorption spectroscopy of methane (CH4) was
performed to verify the spectral measurement capability of our
system. Methane has four independent vibrational frequencies,
two of which have been identified as strong bands at 3.3 μm (ν3
band) and 7.7 μm (ν4 band) [40,41]. The optically active vibra-
tional bands would induce absorption at the fundamental,
overtone, and combination bands. For our dual-comb system,

Table 2. Dual-Comb System Performance in a Measurement Time of 200 s

Harmonic Wavelength Quantity of Resolved Modes Average SNR Figure of Merit Detector

H1 3570 nm 40,330 226 6.44 × 105 VIGO, MIP-10-250M-V91

H2 1780 nm 59,780 259 1.09 × 106
Thorlabs, PDA10CF-ECH3 1190 nm 67,810 176 8.44 × 105

H4 890 nm 69,450 173 8.49 × 105
H5 720 nm 69,510 50 2.46 × 105

Thorlabs, APD430A2/MH6 600 nm 71,720 19 9.64 × 104
H7 510 nm 77,850 13 7.16 × 104
H8 450 nm 82,100 10 5.81 × 104

Fig. 4. Dual-comb spectroscopy of methane absorption. The gas pressure of methane is 50 mbar. The effective light path length is 8 cm, 1 m,
8 m, and 8 m for H1–H4, respectively. (a), (b), (g), (h) Dual comb absorption spectra at 3550, 1750, 1185, and 900 nm region. The spectra were
coherently averaged 75,000 times. (c), (d), (i), (j) Extracted absorption lines (gray) from the dual-comb spectra and the theoretical absorption profiles
(red) from the HITRAN database. (e), (f ), (k), (l) Magnified view of part of the methane absorption lines. Gray lines stand for experimental extracted
lines, red lines for theoretical profiles from HITRAN, and purple lines for residual between theoretical result and experimental observation.
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methane absorption phenomena were observed at 3550, 1750,
1185, and 900 nm individually, most of which should be attrib-
uted to the P-branch of the ν3 band and its overtone (2ν3, 3ν3,
4ν3). For the MIR with a large absorption cross section, an
8-cm-long gas cell was used for H1. For the near-infrared
and visible regions, using a multi-pass gas cell, the effective ab-
sorption light path length was adjusted to be 1, 8, and 8 m for
H2, H3, and H4, respectively. Figures 4(a), 4(b), 4(g), and 4(h)
show the absorption spectra retrieved from the measured inter-
ferograms coherently averaged 75,000 times. Multiple absorp-
tion lines can be clearly identified at four harmonic spectral
regions. The absorption lines extracted from the background
spectra are plotted in Figs. 4(c), 4(d), 4(i), and 4(j) as gray solid
lines. The theoretical results calculated from the HITRAN da-
tabase are plotted in Figs. 4(c), 4(d), 4(i), and 4(j) as red solid
lines for comparison, which agree well with the experimental
observations. Other than a few absorption lines around
1800 nm originating from water in the atmosphere, the major-
ity should be attributed to the P-branch of the methane ν3 band
and its overtone. Figures 4(e), 4(f ), 4(k), and 4(l) depict the
magnified view of part of the absorption spectra. It is one of
the attractive features of our light sources to detect multiple
ro-vibrational bands at separate spectral locations. In the
MIR of 3550 nm, the linewidth of measured absorption lines
is approximately 680 MHz, which is much larger than the
Doppler-limited linewidth of 260 MHz due to the collision
broadening contribution. In the visible region of 900 nm,
the measured linewidth is approximately 1060 MHz, which
is close to the Doppler-limited linewidth of 1040 MHz.
These results demonstrate the potential of our scheme to
achieve the parallel measurement of complex mixtures covering
multiple spectral regions.

In addition, the wavelength tuning characteristics of our sys-
tem were also demonstrated by changing the wavelength of the
MIR pump pulse. The pump wavelength was altered through

the wavelength of the MIR continuous-wave laser or the poling
period of the fan-out PPLN crystal in optical parametric am-
plification. During the tuning process, the coherence property
of the mid-infrared pump comb is well-maintained, which has
been demonstrated in our previous work [33]. As shown in
Fig. 5, with the wavelength tuning of the pump pulse from
3.3 to 4.3 μm, the corresponding harmonics were also shifted
accordingly. Figures 5(a)–5(c) represent the measurement re-
sults of the three spectrometers, respectively. The near-infrared
spectra vary in the range of 1100–1400 nm and 850–1000 nm
for H3 and H4. As to the visible region, because there are
multiple overlapping spectral regions of higher-order harmon-
ics, the resulting spectrum can be tuned nearly continuously
between 375 and 800 nm. The flexible spectra, which cover a
wide range of spectral regions from the UV to MIR, provide a
compact and dependable dual-comb source for multi-target de-
tection. It is believed that the optical coherence of the generated
OFCs can be maintained over the whole tuning range. This
scheme could pave the way for future broadband OFC gener-
ation, benefiting a wide range of spectroscopic applications.

3. CONCLUSION

In conclusion, we report the generation of coherent dual-comb
sources at multiple spectral regions from UV to MIR through
high-order harmonic generation driven by a mid-infrared
pump pulse. With the adoption of APPLN waveguide, up
to ninth-order harmonic was generated, which is limited by
the transparency range of the nonlinear material. Our experi-
mental configuration greatly restrains the phase noise degrada-
tion and helps to preserve the pump coherence for every
generated harmonic. We investigated the coherence of every
harmonic through DCS at every generated spectral region from
450 to 3600 nm. The measured mode-resolved dual-comb
spectra demonstrated the well-preserved coherence during

Fig. 5. Wavelength tuning characteristics of the dual-comb system, with the MIR pumping wavelength tuning from 3.3 to 4.3 μm. (a) Tunable
spectra for H1 and H2, measured with a fast Fourier transform analyzer (Bristol 771B). (b) Tunable spectra for H3 and H4, measured with an
optical spectrum analyzer (Yokogawa AQ6370). (c) Tunable spectra for H5–H9, measured with a fiber spectrometer (Ocean Optics HR4000).
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the cascaded quadratic nonlinear processes from the fundamen-
tal to eighth-order harmonic. The methane absorption spec-
troscopy was performed at 3550, 1750, 1185, and 900 nm,
verifying the application capability of detecting multiple
ro-vibrational bands simultaneously, which could provide a
much more insightful perspective on the molecular structure.
Besides, the flexible tunability of the generated spectra shows
the spectral extension capability of our dual-comb source,
which is beneficial for future spectroscopic applications. The
system performance can be further improved through delicate
waveguide design to achieve higher conversion efficiency or a
high-power broadband pump source to realize continuous spec-
tral coverage. Thus, the mode-resolved spectra with a distinc-
tive teeth structure proved the well-preserved coherence of our
dual-comb sources, and our results could be helpful for future
exploitation of broadband coherent optical frequency combs.

APPENDIX A: FOURIER-LIMITED RELATIVE
COMB TOOTH LINEWIDTH

To further evaluate the coherence property of every generated
harmonic in the HHG process, longer interferogram signal was
recorded and analyzed. Figure 6 shows the Fourier transforma-
tion results of a 10-s-long continuous data stream for H1 to
H8. With a sampling rate of 160 MS/s and a repetition rate
difference of 150 Hz, 1.6 billion data points of 1500 temporal
interferogram signals are converted to the frequency domain in
its entirety. The linewidth of individual comb tooth is 0.1 Hz in
RF domain for every harmonic from H1 to H8, which equals
the Fourier transformation limit of 10-s-long recording time. In
the optical frequency domain, the Fourier-limited comb tooth
linewidth is 72 kHz. We have not observed any obvious comb
tooth widening and coherence degradation in the 10-s-long
results. The results prove that the coherence between the

two combs is maintained over the time of the measurement. It
can be seen that the coherence property of the pump comb is
inherited to every generated harmonic comb. Our dual-comb
source is highly coherent, and the coherence time can reach
∼100 s level based on our previous study [4]. Overall, these
results demonstrate the well-preserved coherence in the
HHG process.
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