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Full list of author information is multi-species molecules. However, in its conventional form, highly stable laser combs
avallable at the end of the article with sophisticated control systems are required to perform dual-comb spectroscopy.
Here, a passive mutually coherent dual-comb spectroscopy system via an optical-
optical modulation method is addressed, where all fast phase-locking electronics are
retired. Without post computer-based phase-correction, a high degree of mutual
coherence between the two combs with a relative comb-tooth linewidth of 10 mHz
is achieved, corresponding to a coherent time of 100 s. To demonstrate the
performance and versatility of the system, the dual comb spectrometer is applied to
record the mode-resolved single molecular spectra as well as parallel detected
spectra of mixed gases including CO,, CO and C,H, that well agree with the
established spectral parameters. Our technique exhibits flexible wavelength tuning
capability in the near-infrared region and can be potentially extended to the mid-
infrared region for more applications.
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Introduction

Laser frequency comb spectroscopy with enhanced measurement speed, sensitivity,
and precision has been used in various applications [1, 2], including distance metrology
[3], molecular precision spectroscopy [4], chemical catalysis [5], biological analysis [6],
environmental monitoring [7], and clinical pathology [8]. Among different laser comb
technologies, dual-comb spectroscopy offers the prospect of surpassing the widely used
Fourier transform spectroscopy (FTS) techniques. Dual-comb spectroscopy (DCS),
which measures the time-domain interference between two combs with slightly differ-
ent line spacing, is capable of very fast spectral measurements with high precision and
sensitivity [9, 10]. In the frequency domain, the technique can be understood as a
multi-heterodyne detection of pairs of neighboring comb lines, by which the optical
frequency combs are down-converted to a single radio-frequency comb [11]. However,
the technique of dual-comb spectroscopy has not yet realized its full potential, mostly
because of the difficulty of synchronizing the pulse trains of two comb lasers to achieve
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a narrow relative linewidth between the pairs of teeth of the two combs. In other
words, the timing and phase between the two pulses must be accurate to within a frac-
tion of an optical cycle [12, 13].

Most commonly used sources for optical dual-comb are based on two mutual coherent
mode-locked lasers. The coherence of these dual-comb sources is typically ensured by
phase-locking both combs together to the same pair of cavity-stabilized continuous-wave
lasers with several forward or backward fast feedback loop system, which make the instru-
mentation design of dual-comb systems complex and expensive [14—16]. Furthermore, it
makes operating the dual-comb system outside a well-maintained metrology laboratory
practically impossible. The other approach corrects the phase fluctuation and timing jitter
via real-time compensation electronics [17, 18], or in a posterior process [19], by deriving
adaptive phase correction signals from two continuous-wave (CW) lasers, even with free
running lasers. The mutual coherence time of approximately 1s is a strong limitation of
the techniques due to electronic instrument noise introduced in the phase detection or
locking process [20, 21]. To reduce the cumbersome control electronics design systems
with a built-in passive mutual coherence is a promising current trend [22, 23]. Another
emerging comb source, the electro-optic modulator (EOM) comb, operates by combining
the intensity modulations of a single CW laser with two EOMs to generate mutually
coherent dual combs [24, 25]. To transmit dual-comb spectroscopy out of the lab and into
practical use, the stabilization of system should be simplified but the quality and speed of
the combs should be still stained. To achieve the potential of dual-comb spectroscopy
with high stability and coherence, new concepts and approaches must be devised.

Here, we demonstrated an optical method to develop an inherent passive mutually coher-
ent DCS source, where mode-resolved spectra can be obtained without any fast electronics.
The technique, called optical-optical modulated frequency combs (OMFCs), only requires
free running femtosecond oscillators with repetition rates referenced to a radio-frequency
(RF) clock. Significant improvements in robustness and stability than conventional dual-
comb sources are obtained. In the experiment, a high degree of mutual coherence between
the two OMEFCs with a relative comb-tooth linewidth down to 10 mHz (the corresponding
mutual coherence time is 100 s) is demonstrated. First, we describe the principle of OMFC
dual-comb spectroscopy. Then we show its experimental performance with broad high-
resolution molecular absorption features. We finally summarize this paper and discuss the
new opportunities opened up by OFMC dual-comb spectroscopy.

Methods and experimental

Frequency combs must be actively stabilized or monitored to remove noise in both the
carrier frequency and repetition rate [26]. In contrast with combs usually actively stabi-
lized against continuous-wave lasers, we generate combs by directly pulsing the CW
laser using an ultrafast optical modulation technique. The OMFCs are realized via a
CW-seeded optical parametric amplification (OPA) process. The seeded signal laser, a
narrow linewidth CW laser, is pulsed and amplified by a free-running femtosecond
pump laser, which here serves as a broad bandwidth optical modulator. The superior
gain and noise dynamics of CW injection seeded OPA with remarkable pulse-to-pulse
and long-term power stability are already demonstrated [27, 28]. The pulsed signal
maintains excellent coherence with the input CW signal laser in the pure optical
second nonlinear parametric process [29]. In the time domain, the carrier frequency of
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the signal is exact at the frequency of the injection CW seed. It is to say that one tooth
of the signal comb is inherited from the frequency line of the CW laser in the fre-
quency domain. Therefore, the pulse signal is passively locked to the CW laser without
any active beat detection or locking process. Additionally, the generated frequency
combs have also been amplified to a considerable power simultaneously and maintain a
fine pulse quality in the time domain. The fine pulse quality will be preferred in some
nonlinear DCS applications [6, 30]. In another dimension, the repetition rates of
OFMCs are equal to the repetition rates of the femtosecond pump lasers which are
coarsely referenced to a Rubidium frequency standard via the cavity mirror mounted
on a piezoelectric transducer with a relatively low bandwidth of 30 Hz.

The experimental setup is presented in Fig. 1. Two mode-locked ytterbium-doped
fiber laser amplifiers are emitting pulses at slightly different repetition frequencies (f.p1,
»~108 MHz) and A = 1040 nm. The output of a CW laser diode, with an optical fre-
quency fcy, is divided into two arms. Each CW laser is pulsed and amplified by an OPA
process pumped with the ytterbium-doped femtosecond fiber laser in a temperature-
controlled 10-mm-long MgO-doped periodically poled lithium niobate (PPLN) crystal.
The average power of each comb exceeds 500 mW when the power of the pump is 3 W
and that of the CW seed ~5mW. The quantum conversion efficiency is approximately
25%, which can be expected to increase when a longer nonlinear crystal or double pass
configuration is used. After the PPLN crystals, optical long-wavelength pass filters filter
out the light of the pump and of the idler. Two mutually coherent dual combs are gen-
erated with a carrier frequency of f,, and line spacing of frep1 and fiepz = frep1 + A, where
A is the difference of the repetition rate of the pump sources. The mutual coherence
between the two combs is established by sharing the same seeded CW frequency and
from the inherent mechanism of the OPA process.

The loose reference with low feedback bandwidth can suppress the long-term drifts
of repetition rates of OFMCs, and the residual short-term instability limit the coher-
ence of OFMCs within a relative narrow bandwidth due to the cumulative effect. For
bandwidth within ~ 3 nm (0.4 THz), well tooth resolved DCS with tooth bandwidth ~
2 Hz is obtained (0.5 s coherent time) (see Additional file 1 for detailed). For broadband
DCS where short-term stability of repetition rate is required, adaptive sampling method
is adopted to cancel the distortion as illustrated in Fig. 2. It is worth mentioning that
dual-comb spectroscopy based on OMFCs with highly mutual coherence has a great
advantage over free running lasers as comb sources when adopting the adaptive
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Fig. 1 Block diagram of the OFMCs. DM, dichroic mirror; BS, beam splitter; M, mirror; L, lens; PPLN,

periodically poled LiNbOs; HWP, half wave plate; PBS, polarizing beam splitter; BPD, balanced photodetector
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Fig. 2 Diagram of comb modes for the OMFCs. The dual combs generated by the OPA processes share a
same tooth inherited from the common narrow line width CW laser but with different frequency intervals.
The heterodyne comb teeth with zero-offset carrier frequency are all evenly spaced with repetition rate
offset A in rf domain. The adaptive sampling signal can be expressed as fear = NA and used to sample the
heterodyne signal for strictly eliminating the repetition rate deviations

sampling method. The OFMCs inherit the common CW frequency and only the fluctu-
ations of one dimension, the repetition rates, need to be removed. Compared to the
free-running lasers, the adaptive sampling technique used here only need another CW
laser as the frequency intermediate. The loose reference of repetition rate in our experi-
ment is mainly used to maintain the electrical signals not beyond the half of repetition
rate and achieve long time running, where the relative frequency shift between CW
lasers occupies the dominate impact. In free-running lasers, the phase variations of the
carrier—envelope offset drive the comb tooth drift in a wide range in the RF spectrum;
and, so is the beat signal. At the time when the beat signal is too close, even aliases
with the repetition rate, or drifts out of the bandwidth of the filter, the filter will fail to
filter out the beat signal. These cause the stability time of DCS with free-running laser
to reach its limit at ten of seconds and our system can be continuously operation for
weeks without any adjustment [17].

Results and discussion

The performance of our passive mutual coherent DCS is characterized. The beams
from the two OMFCs with average power ~5mW in each beam are spatially combined
and then pass through a multipass gas cell. The high mutual coherent pulse trains peri-
odically and repeatedly move through each other, resulting in stable interferograms at
an offset of repetition frequencies Af=300Hz. No post processing (except for fast
Fourier transform (FFT)) of the raw data was performed in our experiments. A typical
detector signal is shown in Fig. 3a, and the enlarged interferograms at 1s, 50 s and 100
s show the stability of the phase of the signal that is beneficial for coherent averaging.
The resulting retrieved DCS spectra are shown in Fig. 3b, and we did not apply apodi-
zation when performing FFT. The tooth-resolved spectra, covering ~ 55 nm (~ 48,000
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Fig. 3 Mode-resolved dual comb spectra. a) The continuous record multi-heterodyne signal over 100,
enlarged to show 15, 505, and 100 s. b) The zero-offset adaptive spectra (log scale) after FFT analysis from
two 100 s recordings corresponding to different optical domains. The top scale shows the optical frequency
retrieved from the bottom RF scale. ¢) Expanded view showing some attenuation modes for the C;H,
absorptions (linear scale, top panel). The standard C,H, transmittance spectra from HITRAN database [31]
are shown in the bottom panel. d,e) Enlarged plots (linear scale) revealing resolved comb-tooth structure.

The insert shows a comb tooth with 10 mHz linewidth in two recordings

teeth), are obtained by two independent measurements with filters centered at different
wavelengths each from a single 100 s long recording time. The full width at half max-
imum (FWHM) RF linewidth of the individual comb lines is 10 mHz (limited by the
Fourier transform time) in the radiofrequency spectrum (3.3 kHz in the optical domain)
as shown in Fig. 3e. The limitation of the coherent time in our experiment is mainly
due to the noise introduced by the electronic circuit for adaptive signal detection. This
noise causes residual fluctuation of the difference of the repetition frequencies resulting
in sidebands of the tooth as shown in Fig. 3e. Figure 3c shows the typical comb-tooth-
resolved optical absorption spectrum of acetylene (C,H,), which shows good consistency
with the theoretical transmission spectrum from the HITRAN database.

We illustrate the potential of our system for molecular spectroscopy with the absorp-
tion lines in the region of the P branch of C,;H,. We first adjust the center wavelength
of the combs to cover the absorption spectrum domain of C,H, by adjusting the grat-
ing period of the PPLN. A multi-pass gas cell of length L = 8 cm is filled with 29 mbar
C,H, of natural abundance (~2% H' C'CH and ~ 98% H'?’C'>CH). The wavelength
calibration is derived from the measurement of the CW laser wavelengths and the
comb line spacing, which equals to the repetition rate of the pump laser. The absorp-
tion lines of C,H, are shown in Fig. 4a, obtained by coherently averaging 150,000 inter-
ferograms in the time domain, corresponding to 500 s recording time. Phase correction
is performed every 100 s recording our mutual coherent time. Portions of the absorp-
tion lines are shown in Fig. 4b, and the fine modulation structure on the spectrum is
clearly visible. The experimental profiles of ro-vibrational lines (Fig. 4c) are compared
to the computed spectra from the HITRAN database. We enlarge some rotational-
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Fig. 4 Measured spectrum of C,H,. a) The spectrum obtained from a continuous 500 s recording, phase
corrected every 100's and averaged. Absorption lines originate from the 8-cm-long gas cell filled with 29
mbar C;H, of natural abundance. b) Portions of the absorption lines in (a), which show fine modulation
structure clearly in the bottom panel. ¢) Comparison between the extracted absorption lines (blue line) and
the theoretical absorbance spectra (red line) of C;H, computed using the HITRAN line parameters. d)
Portions of absorption lines in (c), showed good agreement between the measured absorption lines (blue
scatter) and the curve profiles from HITRAN

vibrational lines at different wavelengths and compare them with the lines of the stand-
ard database, as shown in Fig. 4d. The widths of these Doppler-broadened absorption
lines are approximately 600 MHz, which is ~200 MHz broader than Doppler lines. A
week absorption line down to 2% is clearly visible. The residuals between the experi-
mental and calculated spectra have a standard deviation of approximately 0.2% at the
noise level.

The spectrum of the comb signal is broadened to 1500-1620 nm in highly nonlinear
fiber (HNLF) to demonstrate parallel spectroscopic detection of multiple gases. The gas
cell is a 4.8 m optical path and filled with about 450 mbar CO, 200 mbar CO, and 1.8
mbar C,H,. Two independent measurements, each with wavelength covering from
1500 nm to 1550 nm and 1550 nm to 1620 nm, are applied to avoid arising in the RF
frequency domain. We coherently average 15,000 interferograms with 50s recording
time. For the DCS with supercontinuum from HNLF, the presence of a noise seed on
the input laser pulse can lead to significant excess noise on the generated output super-
continuum electric field [21]. This noise degrades the mutual coherence of the super-
continuum combs, and the limitation of the mode tooth in the RF domain is 0.2 Hz
corresponding to 5 s coherent time. The mutual coherence could be improved by using
a single nonlinear fiber, in which the two pulse trains counterpropagate for efficient
common-noise rejection and to maintain the mutual coherence between the two combs
[25]. The retrieved DCS spectra in Fig. 5a shows the characteristic absorption features
of the different molecules. We compare the absorption lines with a spectrum computed
from the HITRAN database as an illustration of the excellent quality of our experimen-
tal spectra (Fig. 5b). The signal-to-noise ratio is at best 378 at approximately 192 THz
and the average signal-to-noise ratio is 183 over 185-200 THz, which leads to a figure
of merit of 3.9x 106 Hz'/%. Some rotational-vibrational lines from different molecules
together with lines from a standard database are enlarged as shown in Fig. 5c.
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Fig. 5 Dual comb spectra of the gas mixture. a) The spectra obtained from two independent
measurements, recording 50 s and averaged. The gas cell is 4.8-m-long and filled with approximately 450
mbar CO, 200 mbar CO, and 1.8 mbar C,H,. b) Comparison between the extracted absorption lines (blue
line) and the theoretical result (red line) computed based on HITRAN database. ¢) Portions of the
absorption lines for different gases. The measurement absorption intensity agrees well with the theoretical

(red lines)

Conclusions

We first proposed an optical modulated comb and demonstrated its use in dual comb
spectroscopy. High mutual coherence of the dual comb generated by the OPA process
makes it possible to resolve comb lines of a Fourier-limited width of approximately 10
mHz without active carrier envelop phase stabilization at high signal-to-noise ratio
(SNR). Note that the method can be easily adopted in the mid-infrared region with a
CW mid-infrared laser and can be extended into the far-infrared region with the devel-
opment of nonlinear crystal technology, and we already have some initial experiment
results at 3~4 um with the similar experimental configure [32]. With further system
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development, a wider spectrum and better SNR can be achieved, and with the aid of
nonlinear crystal waveguide, the power required for the pump laser would dramatically
decrease. The fine pulse quality of the generated pulse makes it possible for use in
nonlinear optics applications. Our technique offers a simple and robust approach to
generate optical dual-comb sources and is of great significance for the popularization
of the applications of dual-comb spectroscopy.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.1186/543074-020-0005-2.

Additional file 1: Figure S1. Narrow bandwidth dual OFMCs. a) The mode-resolved spectra from a 0.5 s
recording time. b) Expanded view showing the individual teeth in different positions of (a), respectively. Figure S2.
Dual comb absorption spectroscopy of C,H,. a) The averaged spectra before and after the gas cell. b) Comparison
between the extracted absorption lines and the theoretical computed result. Figure S3. Serial spectra of the OFMC
obtained by scanning the CW wavelength. Figure S4. The measured electrical signal of adaptive signal, the beats
between the OFMCs and intermediate CW laser. The insert shows the zoomed result of f; with a 3-dB bandwidth
of 20 kHz (RBW: 10 kHz).
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