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1. Introduction

Laser absorption spectroscopy is a powerful tool for precise
quantification of the composition of solids'"), liquids'?, and
gases ], Proper sensor design allows for non-invasive measure-
ments with high selectivity and sensitivity, which is required in
numerous out-of-lab applications'®. Mid-infrared (mid-IR)
laser sources are commonly used in laser absorption spectros-
copy to take advantage of high molecular absorption coefficients
in this spectral region. Conventional gas detection techniques
rely on using continuous wave (CW) mid-IR lasers targeting
selected molecular transitions'®. Due to the narrow tuning
range of distributed feedback-type (DFB) semiconductor lasers,
multi-gas analysis requires incorporating several individual
sources in the sensor platform!”®). The other approach to simul-
taneous detection of several molecular species is based on broad-
band coherent sources. Optical frequency combs, which offer
broad spectral coverage, high spectral coherence, and a direct
link to RF standards!®), are particularly suited for multispecies
trace gas detection.

The most common method of obtaining a mid-IR comb relies
on frequency conversion of a near-IR mode-locked laser source
by means of nonlinear techniques: optical parametric oscillator
(OPO) and difference frequency generation (DFG). The OPOs
can provide a multi-watt output combined with broad tunabil-
ity[m], but, on the other hand, they require a phase lock of the
cavity to the pumping laser. The DFGs are promising alterna-
tives to OPOs due to their simplified design (a single-pass
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A 125 MHz fiber-based frequency comb source in the mid-infrared wavelength region is presented. The source is based on
difference frequency generation from a polarization-maintaining Er-doped fiber pump laser and covers a spectrum between
2900 cm " and 3400 cm ™" with a simultaneous bandwidth of 170 cm~" and an average output power up to 70 mW. The source
is equipped with actuators and active feedback loops, ensuring long-term stability of the repetition rate, output power, and
spectral envelope. An absorption spectrum of ethane and methane was measured using a Fourier transform spectrometer
to verify the applicability of the mid-infrared comb to multispecies detection. The robustness and good long- and short-term
stability of the source make it suitable for optical frequency comb spectroscopy of hydrocarbons.

Keywords: fiber laser; femtosecond laser; difference frequency generation; nonlinear frequency conversion.

configuration instead of a cavity). Moreover, if both beams inter-
acting in the DFG process originate from one pump laser, the
generated mid-IR idler is free of the carrier-envelope offset
frequency (f ogo)> which simplifies the absolute frequency stabi-
lization of the comb. The 3 pm mid-IR spectral region, particu-
larly interesting for spectroscopy due to the presence of strong
absorption lines of numerous molecules, including hydrocar-
bons, can be accessed using DFG sources based on widely avail-
able periodically poled lithium niobate (PPLN) crystals. Mixing
of 1.55 pm and 1.06 pm femtosecond pulses, generated from
rare-earth-doped fiber lasers, enables us to obtain a broadband
idler in the 3.3 pm region. For a fully passive cancellation of the
fcro» @ 3.3 pm DFG system must be seeded by a single near-IR
frequency comb (either Yb- or Er-doped fiber-based). In the first
case, an Yb-doped femtosecond laser is used to pump a highly
nonlinear fiber (HNLF), which generates a signal red-shifted
towards 1.5 pm via the Raman-induced soliton self-frequency
shift (SSES)!'*~'*. This approach benefits from the broad tuning
range of the solitons and, thus, a wide tunability of the idler.
However, since mode-locked Yb-doped fiber lasers (YDFLs)
require bulk grating compressors to deliver high-peak-power
femtosecond pulses, the DFG setups presented so far required
free-space coupling of the pump radiation to the nonlinear fiber.
This necessitates the use of precise optomechanics, increases the
overall complexity, and makes the system vulnerable to external
disturbances. In order to avoid the free-space coupling of light to
a very small core of the nonlinear fiber, one can use an Er-doped
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fiber laser (EDFL) as seed for the DFG!'®'). An EDFL can be
designed as an entirely fiberized source of high-power femtosec-
ond pulses at 1.56 pm without using bulk compressors. In this
case, the HNLF is used for down-conversion of the 1.56 pm sig-
nal to the 1 pm band via dispersive wave (DW) generation[zo].
Using this method, Zhu et al."®! generated a frequency comb
spanning from 2.9 to 3.6 pm with 120 mW of average power.
Later, Meek et al!'” presented a similar source generating
150 mW power centered at 3.1 pm. In Ref. [18], Cruz et al.
presented an EDFL-based DFG covering the spectral range of
2.8-3.5 pm with 500 mW of average power. Very recently, an
octave-spanning comb in the mid-IR with an average power
of 29 mW was presented, with the use of an aperiodically poled
Mg LiNbO; crystal!’®). However, none of these EDFL-based
DFGs were fully stabilized in terms of output power and spectral
envelope, by, e.g., using an active lock of the DFG pulse overlap.
An alternative solution to avoid the active pulse overlap control
in DFG is to use the intra-pulse DFG (IDFG) approach.
In IDFG, a spectrally broad, few-cycle pulse is focused on a non-
linear crystal to form a broadband mid-IR idler'*'~**!, Recently,
a six-octave optical frequency comb was generated from an
EDFL?*, Nevertheless, IDFG sources suffer from relatively
low output power (e.g., 3.5 mW in Ref. [24]).

Here, we present a robust, mid-IR comb source based on the
DFG effect in a PPLN crystal, operating in the 3 pm range suit-
able for spectroscopy of hydrocarbons. The simple configuration
requires a single EDFL as a seed source for both pump and signal
generation. The seed laser and amplifiers are built all-in-fiber, so
the setup is practically alignment-free. Moreover, active stabili-
zation of crucial emission parameters [repetition frequency
(frf) and average output power] is implemented to ensure
the long-term stability of the emitted radiation. An absorption
measurement of methane (CH,) and ethane (C,Hg) is presented
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to confirm the applicability of the mid-IR comb to multispecies
detection.

2. Experimental Results

The experimental setup is depicted in Fig. 1. The heart of the
source is a graphene mode-locked EDFL operating at a center
wavelength of 1565 nm, generating 320 fs pulses at a repetition
rate of ~125 MHz. To ensure stable operation of the EDFL, the
laser cavity is temperature stabilized at 35°C, and a fiber piezo-
ceramic stretcher (PZT) is used to control the f,. The f,, is
stabilized to an external RF reference. In Ref. [25], we showed
that in a closed loop, the standard deviation (SD) of f ., was less
than 3 Hz for a 5 h measurement period and was limited by the
stability of the RF source used as a reference. More details on the
seed source and the f, stabilization method can be found in

Ref. [25]. The EDFL seed pulses are divided in a fiber coupler
and delivered to two separate branches. In the first branch
(lower part of Fig. 1), the pulses are temporally stretched in a
dispersion-compensating fiber, amplified to 77 mW in a cus-
tom-built Er-doped fiber amplifier (EDFA) and subsequently
recompressed to 99 fs in a piece of polarization-maintaining sin-
gle-mode fiber (PMF). In this part, a motorized fiber optical
delay line and a PZT are added to allow precise adjustment of
the optical length of this section. The spectrum of the com-
pressed pulses along with the autocorrelation measurement is
depicted in Fig. 2.

In the second branch of the source (upper part of Fig. 1), the
1565 nm pulses are boosted to 280 mW of average power and a
55 fs duration before reaching an HNLF, in which a DW gen-
eration process occurs. Note that the HNLF is spliced to the
amplifier output and therefore does not require any alignment.
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Fig.1. Schematic of the fiber-based mid-IR comb source. PD, piezo driver; PID, proportional integral derivative controller; LO, local oscillator; Mix, RF mixer; FC, fiber
coupler; EDFA/YDFA, Er- or Yb-doped fiber amplifier: HNLF, highly nonlinear fiber; DCF, dispersion compensating fiber; ODL, fiberized optical delay line; PZT, pie-
zoceramic fiber stretcher; PMF, polarization-maintaining single-mode fiber; COLL, collimator; GC, grating compressor; FL, focusing lens; PPLN, 3-mm-long peri-
odically poled lithium niobite crystal; G, germanium filter; BS, beam splitter; DET, MCT detector; AMP, RF amplifier; LA, logarithmic amplifier. Fibers are indicated in

black, and electrical connections are in green.
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Fig. 2. Optical spectrum of the compressed 1565 nm pulses. The inset shows
the measured autocorrelation trace.

As a result, broadband radiation centered at 1060 nm is
achieved. Next, the DW is boosted in a custom-built Yb-doped
pre-amplifier and subsequently in a double-clad Yb-doped
amplifier. The 1060 nm pulses are then directed to a transmis-
sive grating-based compressor (GC). At the output, the pulses
have a 195 fs duration and reach 1.9 W of average power.
The optical spectrum of the compressed 1 pm pulses along with
the autocorrelation measurement is depicted in Fig. 3.

The pulses from the 1.56 pm branch and the 1 pm branch of
the source are co-aligned on a dichroic mirror and directed
through a 75 mm lens into a 3-mm-long PPLN crystal with five
quasi-phase matching (QPM) periods (29.52-31.59 pm). Both
branches of the source are designed and built so that their optical
path lengths are equal. As a result of the nonlinear DFG process
in the crystal, broadband radiation in the vicinity of 3.2 pm is
generated. The emitted central wavelength can be tuned between
2900 cm™! (3450 nm) and 3400 cm™ (2940 nm) by switching
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Fig. 3. Optical spectrum of the compressed 1 um pulses. The inset shows the
measured autocorrelation trace.
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the PPLN crystal period, tuning its temperature, and adjusting
the peak power of the pulses coupled into the HNLF, thus influ-
encing the shape of the 1 pm DW spectrum. The tuning char-
acteristics of the spectrum registered using a Fourier-transform
spectrometer (FTS) are depicted in Fig. 4 (lower panel). The
maximum 3 dB bandwidth (BW) of the generated radiation is
177 nm. The highest average output power equal to 70 mW
was registered at a center wavelength of emission of
3200 cm™!. The spectral coverage of the DFG source allows
accessing strong transitions of numerous molecules, e.g., hydro-
carbons CH,, acetylene (C,H,), ethylene (C,H,), ethane
(C,Hg), and hydrogen chloride (HCI). The absorption spectra
of those species are plotted in the upper panel of Fig. 4.

In femtosecond DFG sources, crucial parameters of the emit-
ted radiation, e.g., the average output power and the shape of the
spectral envelope, strongly depend on the temporal overlap
between the pulses interacting in the nonlinear medium.
Therefore, active stabilization of the 1 pm and 1.56 pm pulse
overlap is obligatory for long-term repeatability, required, e.g., in
broadband gas absorption spectroscopy applications. To stabi-
lize the temporal overlap, we use the method demonstrated in
Refs. [25,26], in which an error signal is obtained from the mea-
surement of the relative intensity noise (RIN) in the idler. As
shown in the lower part of Fig. 1, a part of the generated
mid-IR beam is directed to a mercury cadmium telluride
(MCT) detector, whose output voltage signal is low-pass filtered
(f .t = 20 MHz), amplified, and fed to a logarithmic amplifier
(LA), which in turn converts the noise density in the registered
signal to a DC voltage that acts as an error signal for a propor-
tional integral derivative (PID) controller. The PID controller
generates a correction signal for a PZT driver controlling the
elongation of a stretch of the PMF, thus varying the optical path
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Fig.4. Generated optical spectra for different PPLN crystal periods, with aver-
age output power indicated in each measurement. Absorption lines of several
molecules within the spectral coverage of the source are depicted in the
upper panel.
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length of the 1565 nm pulses. A local minimum of the DC volt-
age signal delivered by the LA corresponds to a perfect overlap
between the pulses taking part in the DFG process and simulta-
neously the maximum average output power.

The performance of the stabilization loop is depicted in Fig. 5.
If no stabilization of the pulse overlap is employed, the spectral
envelopes [Fig. 5(a)] and the average output power [Fig. 5(b)]
fluctuate significantly during a 120 min period due to external
perturbations (mostly temperature drift of the fibers). The active
feedback loop used in our source compensates the thermal drift
and ensures tight overlap of the pulses during long-term oper-
ation. After stabilizing the pulse overlap, the average output
power fluctuation did not exceed a 1o SD of 0.2 mW in 4.5 h,
which is four times better compared to the non-stabilized case.
The impact of the active feedback loop can also be seen in the
stability of the generated spectrum, which did not vary signifi-
cantly during the 4.5 h measurement period.

To verify the usability of the mid-IR comb source in gas spec-
troscopy applications, a proof-of-concept experiment was con-
ducted, in which the broadband laser was used to detect
absorption lines of CH, and C,Hg located near 3250 nm. The
DEFG source was tuned to this wavelength, and the beam was sent
through two 10-cm-long cells filled with 615 ppm (parts per mil-
lion) C,Hg in N, at 200 Torr (1 Torr = 133.322 Pa) and 0.245%
CH, at 760 Torr, respectively. The transmitted light was sent
into a home-built FTS with a balanced detector based on
MCT photodiodes. The design of the FTS is similar to the
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Fig.5. (a) Heatmaps showing the time evolution of the spectrum for non-sta-

bilized and stabilized cases. (b) Average output power stability as a function of
time.
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Fig. 6. Absorption spectrum of CH, and C,Hg measured using the DFG comb
and a Fourier transform spectrometer (black) compared to the spectra of the
two molecules (blue and red). The residuum of the fit is shown in the lower
panel.

one in Ref. [27]. The optical path difference was calibrated using
a 1.55 pm laser diode, whose beam was co-propagating with the
comb beam in the FT'S. The spectral resolution of the FT'S was set
to 125 MHz. A set of 100 interferograms was acquired with and
without the absorption cells in the beam path. The fast Fourier
transforms (FFT's) of the interferograms were averaged, and the
absorption spectrum was normalized to the background spec-
trum in order to produce the transmission spectrum. Figure 6
shows in black the absorption coefficient calculated from the
transmission spectrum using the Lambert-Beer law. The blue
and red curves show the fitted models of the absorption
coefficients of CH, and C,Hg calculated under the pertinent
experimental conditions using the Voigt profile and the line
parameters from the HITRAN 2016 database'*®). The gas con-
centrations were the only fitting parameters, and the baseline
remaining after the normalization process was removed using
the cepstral method®”). The residuum of the fit is shown in
the lower panel of Fig. 6, demonstrating excellent agreement
between the experimental data and the model.

3. Conclusions

In this paper, a fully stabilized, tunable mid-IR DFG comb
source is presented. The source is built using commercially avail-
able components in an all-PMF configuration and uses a single
mode-locked EDFL as a seed. Tuning of the source parameters
(temperature and QPM period of the crystal and the spectral
position of the DW) enables covering the spectrum between
2900 cm™! and 3400 cm™! with a 3 dB BW up to 177 nm and
average output power of 70 mW. The f ., average output power,
and the spectral envelope were actively stabilized. The output
power instability did not exceed 16 SD of 0.2 mW during a
4.5-h-long measurement period. A proof-of-concept experi-
ment confirmed that the constructed PMF-based mid-IR source
can be used in broadband gas absorption spectroscopy
applications.
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