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Abstract: We report the first measurement of resolved molecular absorption lines with dual-
comb spectroscopy using a Kerr-lens mode-locked bidirectional Ti:sapphire ring laser cavity. A 3
nm broad spectrum has been recorded in 5.3 ms with a spectral resolution of ≈ 1 GHz (0.05 cm-1)
corresponding to a relative spectral resolution of 2.5 × 10−6. The measurement of spectrally
resolved molecular absorption lines have been demonstrated on the oxygen A-band at 394 THz
(760 nm, 13 000 cm−1) and was obtained with two free-running 100 fs Ti:sapphire trains of pulses
without the need for active phase stabilization protocol nor real-time or post-processing correction.
This work demonstrates that the bidirectional laser configuration enables a sufficient level of
absolute and mutual coherence for dual-comb spectroscopy of resolved molecular absorption
lines. Considering the high versatility of Ti:sapphire emission spectral range (from 600 to 1100
nm) with high-peak powers, the here reported results pave the way for Dual-Comb spectroscopy
in the UV range at mW average output power using a standalone set-up, in the aim to extend its
applicability for atmospheric remote-sensing.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Dual comb spectroscopy (DCS) is an emerging spectroscopy technique with demonstrated
applications from molecular metrology studies in laboratory [1,2] to open-path monitoring
of atmospheric trace gases, as recently reviewed [3]. DCS differs from other well-known
spectroscopy techniques as Fourier transform infrared spectroscopy (FTIR), grating spectrometer
or scanning continuous wave (cw) laser spectroscopy, by combining a very fast acquisition duty
cycle (down to tens of microsecond duty cycle) with state-of-the-art frequency resolution and
accuracy that can be obtained within a wide spectral coverage. Compared to other laser comb-
based techniques, DCS has been implemented in open-path measurements for high-resolution
and broadband measurements. Indeed, DCS reveals its full potential when fast events have to be
monitored or in turbulent environment such as atmospheric open-path applications. Open-path
DCS can be implemented in a Long path absorption LIDAR (light detection and ranging) type
experiment (LP-LIDAR). Very few research groups [3] have pushed the DCS technique from
laboratory studies to in-situ atmospheric monitoring. This is due to the need of two laser sources
with a high level of mutual coherence that must go hand-in-hand with sufficiently high radiation
power, considering the power uptake of the atmospheric scattering and absorption in the chosen
spectral range. Open-path DCS has so far be reported in the near-infrared range, at the maximum
of emission of Erbium lasers [4–7] and in the mid-infrared using a QCL laser [8].

Performing open-path DCS in the UV region would be of particular interest for the observation
of the physico-chemical processes involved in the atmosphere. The most reactive molecules of
the atmosphere absorb in this spectral region, such as atmospheric radicals (OH, BrO, ClO· · · ).
We recently showed in a simulation study [9], that a UV-DCS spectrometer based on Ti:sapphire
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(TiSa) frequency comb lasers can achieve sufficient performance in terms of sensitivity to detect
atmospheric UV absorbing molecules thanks to the sufficiently low phase noise and high power
level of TiSa laser sources. Moreover, the TiSa technology presents a high versatile spectral
coverage, from 600 to 1100 nm with efficient second or third harmonic generation, making it
a very promising technology for multi-species monitoring. The deployment of UV-DCS as a
remote sensing instrument depends on strict specifications: robustness (reliability), compactness
and cost-efficient. When addressing the most reactive species of the atmosphere (atmospheric
radicals) using optical spectroscopy, a high-resolution (≤1 GHz) is also required for the evaluation
of the interfering species. Different implementations have been reported to decrease the level of
technological complexity and financial costs [10]. It is the case of dual-comb systems based on
free-running laser sources generated from a single laser cavity. This particular implementation
has the advantage of offering the highest output powers. A high level of mutual coherence has
been reported using this laser configuration as phase and amplitude noise induced by the laser
cavity length, pump laser and refractive index fluctuations are shared by the two trains of pulses.

Different architectures were demonstrated for free-running single cavity DCS: in mode-locked
fiber lasers (via dual-wavelength multiplexing [11,12] or bidirectional emission [13,14]), in
MIXSEL semiconductor lasers (via polarisation multiplexing [15,16]), in thin-disk lasers (via
spatial multiplexing [17] and polarisation multiplexing [18]) and in a solid-state lasers via
polarisation multiplexing [19,20]. The unique demonstration of free-running and single cavity
DCS using a Ti:sapphire solid-state laser has been reported by Idegushi et al [21], and via
bidirectional emission in a ring-cavity. They report Dual-comb absorption spectroscopy of a
Nd:YVO4 crystal with a resolution of 93 GHz.

We here report DCS measurements at the GHz resolution level by using a Ti:Sa bi-directional
Kerr-lens mode-locked (KLM) ring laser which corresponds to two orders of magnitude resolution
enhancement compared to the previous quoted work. We first describe the development of our
home-made bidirectional DC spectrometer (BD-DCS), and the laser system inspired from the
work of Garduno-Mejia [22] which differs from the work of Idegushi et al in cavity (arrangement
and length), crystal length and intra-cavity dispersion management. We then present measurement
results using DCS on a Fabry Perot etalon and on the O2-A absorption band of oxygen in an open-
path configuration. Despite the raw nature of the presented DCS measurements (no averaging
nor phase correction), the achieved resolution allows for the observation of the line-resolved
molecular absorption spectrum in a broad spectral range. We finally discuss on the achieved
quality factor of the presented DCS measurements.

2. DC spectrometer implementation

2.1. Principle of DCS

Dual-comb spectroscopy is based on a multi-heterodyne beating of two mutually coherent
frequency combs, allowing to down-convert the optical frequencies into the radio-frequency
(RF) domain. Frequency combs have been extensively described in the literature [23]. Their
spectrum is composed of equidistant "comb lines" of frequency fo + n × frep , where n is an
integer, frep the repetition rate of the laser pulses, and the offset frequency fo which accounts
for the velocity difference between the carrier and the envelope of the pulses. For dual-comb
spectroscopy, each laser source must present a comb structure with slightly different repetition
rate ∆frep = frep2 − frep1, that creates a time dependant optical path difference between the two
trains of pulses. When both beams are superimposed, their interference is detected on a single
photodiode, producing a temporal interferogram (IGM). The application of Fourier transform
on the IGM reveals a RF comb structure imprinted by eventual molecular absorption features.
The frequencies of the RF "comb lines" are worth ∆fo + k × ∆frep where k is an integer and
∆fo = fo2 − fo1 is the differential carrier-envelop offset frequency. Considering a DCS description
in the frequency domain, the slight repetition rate difference ∆frep is the source of the RF beat



Research Article Vol. 30, No. 12 / 6 Jun 2022 / Optics Express 21150

notes: the comb lines of laser 1 beating with the comb lines of laser 2. The use of a low pass
filter, after photodetection, selects the beat note that occurs between the closest comb lines from
each laser corresponding to the lowest order of the RF beat-notes. From the RF spectrum, the
optical spectrum can be retrieved using the up-scaling mapping factor a = frep

∆frep
, ∆fo and fo1 or

fo2. Exhaustive presentations of the DCS principle can be found in recent reviews [24,25].
The here presented dual-comb system makes use of two coherent light beams generated from

an unique ring laser cavity in which the two beams propagate in opposite directions (see Fig. 1).
The beam transmitted through the output coupler (OC) and right after the P4 prism is called
dir1 whereas the beam reflected by the M3 mirror before the OC is called dir2. Those two
laser beams are combined using a 50/50 beamsplitter, and focused onto a Si-photodetector
after free-space propagation. The generated photo-current is amplified using a transimpedance
amplifer (DHPCA-100 - BW 80 MHz from Femto) and the signal is filtered using a low pass
filter with a cut-frequency of 50 MHz (PLP-50+ from Minicircuit). The signal is digitized by
an A/D fast acquisition card (M4i.4450-x8, 14 bit transient recorder from Spectrum) with an
acquisition rate of 125 MHz. The low pass filter prevents aliasing and selects the lowest order of
RF beat-note frequencies as discussed before. We first present below the specifications of the
two generated laser beams before presenting broadband and high-resolution measurements with
our set up in section 3.

Fig. 1. Dual-comb spectrometer set-up using a home-made bidirectional Ti:sapphire ring
laser. The polarisation of the diode-pumped solid-state (DPSS) green pump laser is adjusted
by the use of half (λ/2) and quarter (λ/4) wave-plates. The pump laser beam (green line) is
focused into the TiSa crystal via a 100 mm radius of curvature convex lens (L) . The laser
cavity is composed of two curved mirrors of 50 mm focal distance (M1 and M2), three plane
mirrors (M3, M4, M5), four SF10 prisms (P1-4) and a wedged 90% reflective output coupler
(OC). The two laser beam directions of emission are overlapped using a beam-splitter (BS).
The beam is directed into a photodiode (PD), the photocurrent is amplified and low-pass
filtered before digitization using an A/D acquisition card.

2.2. Bidirectional ring laser cavity

The geometry of the Ti:Sa cavity is illustrated in Fig. 1. The optical resonator consists in a
six-mirrors bow-tie ring cavity configuration with two concave mirrors (M1, M2) with 100 mm
radius of curvature (R=99.8 %), three plan mirrors (R = 99.9 %) and a wedged output coupler (R
= 90%). The 10 mm long Ti:Sa crystal is pumped by a diode-pumped solid-state laser at 532
nm with an average power of approximately 5.5 W. A set of four SF10 prisms (P1-4) is used for
dispersion management (similar arrangement can be found in [22]). The laser emits up to 1 W
total average power in continuous-wave (cw) mode. The soft-aperture Kerr-lens modelocking
(KLM) operation is triggered by a manual perturbation on the common translation stage shared
by P2 and P3 prisms. The laser can emit either unidirectionally, or bidirectionally with KLM
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in only one direction and cw in the other direction or KLM in both directions. The different
regimes of operation are triggered using different M1-M2 distances, and different alignments of
the cavity mirrors.

Stable bidirectional KLM operation has been obtained at the center of the cavity stability zone
for the cw operation. It is then maintained without any interruption by translating the M2 mirror
over a range of 1 mm. Typical output powers are ≈300 mW in both directions resulting in ≈600
mW in total with repetition rates of both combs in the range of 118 MHz.

The repetition rate of one comb compared to the other can be tuned by adjusting the prisms
insertion, the position of the pump lens or the tilt of one of the plane mirrors. A similar
dependence of ∆frep values with the cavity element positioning has been reported in [21]. With
our set-up, ∆frep values from 0 to 450 Hz have been achieved. Examples of output spectra,
measured using a commercial grating spectrometer (AvaSpec-ULS3648 - 1 nm resolution -
AVANTES), are presented in Fig. 2. For low ∆frep values (≤ 100 Hz), the output spectra of
both emissions nicely superimpose but a subsequent difference in shape and central position is
observed the higher the ∆frep value.

Fig. 2. Normalized spectra of the two laser beams (dir1 and dir2), measured with a
grating-based spectrometer for different ∆frep values: 1.2 Hz (a), 10.4 Hz (b) 107 Hz (c) and
425 Hz (d).

We measured the duration of the laser pulses using a commercial interferometric autocorrelator
and obtained typical values from 70 to 100 femtoseconds depending on the prisms insertion.
These specifications allow for efficient harmonic generation in bulk crystals (second or third
harmonic generation) and therefore for the possibility of carrying out dual-comb spectroscopy in
the UV range.

3. Broadband and high-resolution DCS measurements

3.1. Spectral envelop retrieval

In this section, we present a DCS measurement of the overlap between the two output spectra
and compare it with the grating-based spectrometer measure of their individual spectrum. This
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requires the knowledge of the mapping factor a = frep/∆frep . We present here the methodology
used to determine ∆frep and frep.

Figure 3(a) shows the temporal trace of nine successive recorded IGMs. The nine short and
intense signal bursts are created when the pulses of both lasers overlap in time at the detector,
such events are called "centerbursts". Because the value of fo1 and fo2 are not both worth zero, we
observe a variation in time of the centerbursts amplitude. We also observe a small prompt lost of
power followed by an exponential-like recovery pattern, that occurs between two centerbursts.
We attribute this perturbation to a laser gain depletion effect when both laser pulses overlap
inside the Ti:Sa crystal. This assumption is corroborated by the fact that the time delay between
the start of this perturbation and the following centerburst matches the one between the moment
when the pulses meet inside the Ti:Sa crystal and when they meet (and are superimposed) at the
beam-splitter. Further investigations are needed to precisely quantify this observation.

Fig. 3. (a) Typical DCS temporal trace with ∆frep ≈ 107 Hz and frep ≈ 118 MHz. (b) Zoom
on a centerburst (blue), fitted with an oscillating function (red) multiplied by a Gaussian
envelop (grey dotted). The dot-dash vertical line indicates the center of the Gaussian envelop.
The IGMs are over-sampled at a rate of 125 MHz. (c) The normalized DCS spectrum
obtained from the FFT of the temporal trace of (b) (green) and normalized spectra of both
laser outputs measured using a grating spectrometer (blue and orange). The DCS spectrum
overlaps with the product of the spectral power density of both emissions (red dashed). The
central position of the DCS spectrum has been adjusted using the free parameter ∆fo.

The time delay between two centerbursts is 1/∆frep. We estimate∆frep by fitting each centerburst
with an oscillating function with a fixed carrier frequency and a Gaussian envelop (see Fig. 3(b)).
The center position of the Gaussian envelop gives the time position of the centerburst. A linear
fit to the centerburst number as function of its time position is then applied. From the slope,
we extract the ∆frep value. A ten mHz uncertainty is deduced from the standard deviation of
the residuals. frep2 is extracted from numerical Fast Fourier Transform (FFT) using a sampling
frequency of 250 MHz on the temporal signal of dir 2. This allows a minimum Fourier-bandwidth
limited precision of ≈ 10 Hz- limited by the A/D card memory.

A RF spectrum is then obtained via FFT of a single centerbust. The determination of the
mapping factor a gives access to the optical frequencies grid (the spectral elements spacing). The
absolute position of the optical frequencies requires the knowledge of the offset frequency value
of one of the FC and the differential offset frequency ∆fo. Fully referenced FCs are therefore
required [1,2]. In this work, the laser sources are free-running and two different strategies are
used to retrieve the absolute optical frequencies: 1) a coarse determination is done using a
conventional grating-based spectrometer calibrated on known atomic lines to retrieve ∆fo, 2) by a
direct comparison with known molecular absorption lines tabulated in spectroscopic data bases.
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From the data of Fig. 3(a), we extract a ∆frep value of 107.11(3) Hz. The a factor is then
11043(3)×102 . Considering the relative uncertainty on ∆frep and frep, the precision of the a factor
is limited by the ∆frep uncertainty only. After the up-scaling with the mapping factor, we adjust
∆fo to make coincide the DCS spectrum with the spectrum corresponding to the multiplication
of the two laser spectra measured with a grating-based spectrometer. With a 1.0 nm resolution
grating spectrometer (500 GHz at 800 nm), ∆fo can be retrieved with 0.5 MHz uncertaincy. As
illustrated in Fig. 3(c), the width of the DCS spectrum agrees well with the one expected from
the measured laser output spectra. This validates the determination of the mapping factor value
within the resolution of this measurement. It is worth noting that the retrieval of the envelop
spectrum does not need a high resolution DCS measurement. The temporal window used to
calculate the DCS spectra is ≈ 2 µs which translates into an instrumental spectral resolution of ≈
550 GHz (a /2 µs).

3.2. Fabry-Perot spectroscopy

To further investigate the validity of the mapping factor value, we perform DCS using a Fabry-
Perot (FP) etalon. The measurement was done in a symmetric geometry (both trains of pulses are
transmitted through the etalon) to optimize the signal-to-noise ratio (SNR). Figure 4(a) shows a
100 µs boxcar truncation of the temporal trace and its corresponding FFT. The smaller echos from
either part of the centerburst come from the attenuated internal reflections of the FP etalon as
revealed by the FP transmission function in the RF domain (see Fig. 4(b)). The repetition rate frep2
and the differential repetition rate ∆frep are necessary and sufficient to extract the experimental
free spectral range (FSR) of the FP etalon. The ∆frep value of 107.691(6) Hz is extracted from
the analysis of nine subsequent IGMs and frep2 is worth 118.2857(25) MHz with no need to
improve its precision. The mapping a factor is then 1, 093, 677(66). The FSR evaluation requires
a relative frequency knowledge only and not an absolute mapping between the RF and optical
frequencies. However, the RF frequencies are translated into optical frequencies according to the
previous presented method for convenience. Figure 4(c) shows the optical spectrum normalized
by its envelop. The result of a fit using the FP etalon transmission function, with the FSR as a
free parameter, is also shown superimposed to the data. From this, we determine a FSR value of
73.740 GHz. This commercial etalon is specified to have a finesse of ≈ 3 and a FSR of 75(1)
GHz. The difference with the constructor value is consistent with its nominal uncertainty and the
slight tilt of the etalon we introduced to avoid optical feedback.

The statistical uncertainty on the FSR value depends on both the SNR and the a factor
uncertainty. The uncertainty due to the SNR is extracted from the Jacobian matrix of the
least-square fitting algorithm and is worth ≈ 5 MHz. The a factor relative uncertainty is 6 × 10−5

and translates into 4 MHz for the FSR value. Their combination gives a global uncertainty
between 6 and 9 MHz depending on the degree of correlation. However, by applying the same
treatment over the 9 subsequent interferograms, we observe a dispersion of the FSR values
with a standard deviation of 100 MHz. The source of this dispersion is not yet understood
but a beam pointing instability may explain a part of it and will be investigated via a thorough
characterization of the laser beam and the light collection system. Finally, this measurement
validates, via the achieved statistical precision on individual FSR value, the a factor statistical
uncertainty determined a posteriori by the previous presented methodology.

3.3. High-resolution measurement using O2 absorption spectrum

We evaluate the potential of our system to be applied for open-path atmospheric spectroscopy
using the A-band of ambient oxygen. The DCS system is set in a symmetric geometry where both
pulse trains propagate collinearly over an absorption path of 7 meters. The path length together
with the two times signal enhancement due to the symmetric geometry, allow to identify these
doubly forbidden b1Σ+g − X3Σ−g electronic transitions of oxygen. Figure 5(a) shows an example
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Fig. 4. DCS results on a FP transmission function.(a) Temporal interferometric trace (b)
spectrum obtained from the FFT of the interferogram trace showing the expected convolution
between the spectral laser envelop and the transmission of a Fabry-Perot etalon. (c) Zoom of
the spectrum (blue) rescaled in the optical domain fitted with the simulated transmission
expression (red) of a FP etalon.

of a retrieved spectrum from one interferogram. The temporal window on which the FFT was
performed has been chosen as a compromise between both the resolution and the SNR. Using a
boxcar temporal window of 5.3 ms, the theoretical experimental line-width is 700 MHz (full
width half-max of the sinc function). On the left side of the spectrum, the R band of the O2 − A
absorption band is visible.

The up-conversion to the optical domain is done first by determining the mapping factor a
using ∆frep = 19.97(4) Hz and frep2 ≈ 118 MHz. A coarse estimation of the baseline using a
Tchebychev polynomial over the full envelop spectrum enables to normalize the RF spectrum
from which the absorption lines centers are deduced using a peak and level-crossing algorithm
based on a sweeping Gaussian protocol written for Igor Pro (WaveMetricsTM). The absolute
frequencies are then determined by identification of the more intense R8Q7 molecular line
position with the corresponding HITRAN line position which includes the atmospheric pressure
shift [26]. Figure 5(b) shows the unambiguous identification of the transitions.

To evaluate the spectral resolution of the measured spectrum, Fig. 5(c) shows an overlap of the
measured R12Q11 and R13R13 O2 absorption lines with a simulated HITRAN spectrum using
the natural abundance of oxygen at a pressure of 1 atmosphere and a temperature of 296◦K. The
simulated line profiles are computed with a Voigt line-shape function convoluted with the sinc
instrumental line shape function. The half width at half maximum of the pressure-broadened
absorption line at those conditions is 1.5 GHz and the effect of the convolution is negligible
considering the instrumental line-width. The agreement between the measured and simulated
spectra demonstrates an achieved resolution of 1.5 GHz. This result indicates a sufficient stability
of ∆frep and ∆fo over the 5.3 ms time windows, and therefore a sufficient absolute and mutual
coherence of the two generated trains of pulse, for spectrally resolved measurements at the GHz
resolution level. This result is 2 orders of magnitude better than the previous reported system
using a co-propagating free-running TiSa lasers [19].

The agreement of the overlap shown in Fig. 5(c) can also be used to evaluate the SNR of the
molecular spectrum. This is done by subtracting the HITRAN spectrum from the measured one
and by calculating the standard deviation of the result. A standard deviation of 0.055 is obtained
which gives an SNR for the R12Q11 and R13R13 lines of around 5, using an absorption depth of



Research Article Vol. 30, No. 12 / 6 Jun 2022 / Optics Express 21155

Fig. 5. (a) DCS normalized power spectral density (PSD) measured after 7 meters of light
propagation through air. The peaks at 0.25 MHz are due to electronic noise. (b) A zoom
of the observed O2 absorption line (baseline removed) with frequency scale converted to
optical frequency. The expected line position (HITRAN database) are shown for visual
identification [26]. (c) Overlap between the R12D11 and R13R13 O2 absorption lines with
a simulated HITRAN spectrum using the natural abundance of oxygen at a pressure of 1
atmosphere and a temperature of 296◦K.

0.3. Because of the limited SNR on the absorption lines, we decided to focus the discussion on
the spectral resolution of the experiment. However this treatment demonstrates an agreement
between the expected O2 concentration within the estimated 20% uncertainty.

4. Discussion

This work shows that the bidirectional cavity geometry guarantees a sufficient absolute and
mutual coherence for GHz resolution level in the near-IR domain. In order to compare the
sensitivity of our measurement with the literature values, we evaluate the quality factor Q, defined
as SNR(ν) ×M/

√
T where M is the number of spectral element and T the acquisition time [27].

The spectral SNR(ν) is determined as follows: the spectrum is normalized with the base-line
function leading to the definition of the SNR as 1/σ(ν) where σ(ν) is the standard deviation of
the baseline-flattened spectrum over regions with no detectable absorption. Using the data of
Fig. 5(a), the spectral SNR is 77 at the top of the envelop and 50 in average. The data spans
6 THz and the spectral point spacing is 1.16 GHz (a/5.3ms) resulting in M = 5172 spectral
elements. The quality factor is therefore 3.5 × 106 Hz1/2 (5.5 × 106 Hz1/2 at maximum SNR).
This value is of the same order of magnitude than the state-of-the-art value using single-cavity
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dual-comb spectroscopy in the near-infrared [28]. However, this extrapolation at the time scale to
the second, relies on the purely white nature of the noise and on the implementation of efficient
averaging protocols. As a first step, we implemented the Forman-Vanasse phase correction on
the FP and O2 spectra to correct for ∆fo fluctuations, as described previously on DCS IGMs [17].
By averaging seven consecutive corrected interferograms, the SNR of the resulting averaged
spectrum is increased by a factor ≈2.2, consistent with the 2.6 expected value, taking into account
the statistical uncertainty due to the low number of averaged spectra. To reach longer averaging
time, real-time adaptive sampling [29], real-time computational correction [30] or feed-forward
control [31] can be implemented by the use of auxiliary cw narrow line-width lasers. The mutual
coherence of the combs can also be reconstructed using self-referencing correction algorithms,
without any extra measurements or optical elements [28,32–35]. This will also improve the SNR
nominal value.

5. Conclusion

We have presented a dual comb architecture based on a bidirectional ring-laser cavity generating
two kerr-lens mode-locked trains of pulses. The differential repetition rate of these two free-
running frequency combs has been tuned from ∆frep = 0 Hz to 450 Hz. Thanks to this setup,
DCS has been performed at different time windows, from 2 µs to few milliseconds and a FP
etalon was used to validate the radio-frequency to optical frequency mapping. Dual-comb spectra
of resolved molecular lines have been presented indicating a sufficient absolute and mutual
coherence of the two generated trains of pulses for 1.5 GHz resolution measurements. This
intrinsic relative coherence is reported without any active phase stabilisation protocols nor phase
correction protocols. Up to our knowledge, this paper reports the best spectral resolution achieved
for a Dual Comb spectroscopy with free running TiSa lasers, with a resolution improvement of
two orders of magnitude compared to the literature [21,36].

The generated high total output power (600 mW) with 100 fs pulse duration and 6 THz spectral
span, suggest promising applications in the UV range. Milliwatt level power in the UV is indeed a
prerequisite for long-path LIDAR on UV absorbing trace gases detection [9]. For the applicability
of DCS for remote-sensing in the UV range, the implementation of efficient averaging protocols
are a perquisite. Phase correction protocols will be deployed in this aim.
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