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ABSTRACT
The development of compact fiber-based light sources emitting over a wide wavelength range in the mid-infrared and their application
to the detection of greenhouse gases and volatile organic compounds still remain of critical interest. In the present work, we make use of
several dedicated infrared fibers for implementing a mid-infrared optical device pumped by a thulium doped-fiber laser around 1.965 μm
that simultaneously enables a first nonlinear stage of frequency conversion and supercontinuum generation and a second linear stage of gas
absorption spectroscopy. As a proof-of-principle, we carry out mid-infrared supercontinuum absorption spectroscopy of methane around
7.7 μm by means of a hollow-core fiber-based gas cell combined to a commercial Fourier-transform infrared spectrometer. Our all-fiber
configuration operating in the femtosecond regime at megahertz repetition rate allows the detection of methane concentrations as low as 20
ppm.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0230383

I. INTRODUCTION

As the concentration of greenhouse gases in the atmosphere
has increased since the industrial revolution, contributing signif-
icantly to global warming,1 the monitoring and measurement of
atmospheric pollutants is essential. Among the technological solu-
tions for the detection of greenhouse gases, optical detection by
means of spectroscopic measurements is attracting growing interest.
For this reason, the mid-infrared (mid-IR) range is very attractive,
as it corresponds to the molecular fingerprint region extending from
2 to 20 μm, which is the fundamental absorption range for chem-
ical species.2 Optical gas sensors based on thermal emitters suffer
from low sensitivity due to their limited brightness in the infrared,
making detection of low concentrations difficult.3 Solutions based
on the latest generation of low-noise sub-mW light-emitting diodes
in the mid-IR have proved effective in detecting greenhouse gases
with detection limits below the ppm level.3 However, the narrow
spectral bandwidth of this type of source means that multiple species

cannot be detected simultaneously. The development of broad-
band infrared sources based on supercontinuum (SC) generation
in optical fibers has therefore become a key area of research. SC
sources can cover the visible to mid-IR range with high brightness,
even outperforming synchrotron sources, and high coherence,4–11

thus impacting many applications, including spectroscopy10 and gas
detection.4,12–15 While fluoride and tellurite fibers enable SC gen-
eration up to 5 μm,4,10,13,16,17 suitable glasses with broader mid-IR
transparency are needed to cover the entire molecular fingerprint
region of interest for spectroscopic detection.5,8 The transparency
window of chalcogenide glasses covers such a spectral range, in
particular Se- and Te-based glasses. Thanks to their strong nonlin-
ear optical properties, these glasses are also particularly suitable for
generating SC far in the mid-IR.2,18,19

Here, we demonstrate the effectiveness of infrared fiber cascad-
ing (made of fluoride and chalcogenide glasses) as a frequency shifter
and SC source for greenhouse gas supercontinuum absorption spec-
troscopy (SAS) in the mid-IR range by means of a gas cell made of
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hollow-core fiber. As a proof-of-principle experiment, we detect the
strong absorption band of methane (CH4) located at the early begin-
ning of the band III atmospheric window (at 7.7 μm) by means of
our all-fiber device, far from the initial pumping laser in the 2-μm
waveband.

II. EXPERIMENTAL SETUP
A. Chalcogenide glass and fiber fabrication

In the following, we briefly present the fabrication of chalco-
genide glasses and the drawing of the step index optical fiber used
for generating the mid-IR SC source. It is worth noting that the
elements composing our As-free glasses match with the environ-
mental requirements of the European REACH regulation.20 The
core and clad glass compositions are part of the Ge–Se–Te ternary
system and are located in the Se-rich part of the pseudo-binary
GeSe4–GeTe4 system that allows for stable glass preparation com-
patible with fiber drawing.21 Cladding and core compositions are,
respectively, Ge20Se70Te10 and Ge20Se60Te20. Glass rods are syn-
thetized by the melt quenching method. Stoichiometric quantity of
5 N raw starting products as well as oxygen and hydrogen getters
Al (5 N; 50 ppm wt.) and TeCl4 (4.5 N; 1000 ppm wt.), respec-
tively, are introduced in a silica ampoule, which is then evacuated
down to secondary vacuum (10−5 mbar) during several hours before
being sealed. After a first synthesis of 10 h at 850 ○C in a rocking
furnace that ends by a quenching in water followed by an anneal-
ing step around glass transition temperature (Tg), the obtained
glass rod is inserted in a new silica ampoule to be further puri-
fied by means of two successive distillations. The first one occurs
under dynamic vacuum (plugged to the vacuum pump). Volatile

impurities are collected in the liquid nitrogen cooled trap of the
vacuum pumping set up, while refractory particles stay in the start-
ing batch. The glass condensates in the receiving batch. Next, the
ampoule is sealed and a static distillation by means of a two-zone fur-
nace is used to remove the last traces of refractory particles such as
C, Al2O3, or SiO2. Finally, the ampoule is sealed again and placed in
a rocking furnace for 10 h at 850 ○C before being quenched in water
and annealed around Tg. The rod-in-tube method is then employed
to prepare step-index preforms, which are then drawn to fiber with
a controllable outer diameter between 100 and 400 μm providing a
core size ranging between 5 and 20 μm.

B. All-fiber mid-IR SC generation
Recently, mid-IR femtosecond fiber laser sources based on

soliton self-frequency shift have been reported to be efficient for pro-
ducing high-peak power solitons between 3 and 4.5 μm.22–25 Our
fiber-based SC source consists of a cascade of optical fibers excited
by means of a custom-designed laser emitting sub-ps μJ-pulses at
1.965 μm at the repetition rate of 1 MHz (see the experimental setup
depicted in Fig. 1). Two custom-designed large mode area fibers first
provide continuous Raman soliton self-frequency shift up to 3.1 μm.
A third, commercially available, fluoroindate fiber shifts the radia-
tion further up to 4.1 μm. Finally, the chalcogenide fiber, with a core
diameter of 14 μm, described above is used for SC generation in the
3–8 μm spectral band. Soliton self-frequency shift stages result from
a judicious selection in terms of dispersive and nonlinear features
of silica and fluoride optical fibers and mode matching for fiber-
to-fiber couplings as well (see the table of Fig. 1). More details can
be found in Refs. 22–26. Briefly, we first exploit multi-soliton fis-
sion and soliton self-frequency shift in large mode-area silica and

FIG. 1. Top: All-fiber scheme of the experimental setup for mid-IR SC generation and SAS experiments (cascading of five fibers). Bottom left: Principle of operation of
our four cascaded nonlinear stages of frequency conversion and SC generation in the mid-IR range, and the corresponding absorption bands of some greenhouse gases
addressed by our fiber SC light source. Bottom right: Table listing the physical parameters of optical fibers used.
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ZBLAN fibers. A 500-nm bandpass filter (BPF) centered at 3 μm is
then used to select the first ejected and redshifted 90-fs (500-kW)
soliton, before the very last frequency-shifting stage occurring in the
rather small-core InF3 fiber. We then obtain a fiber-based source of
highly energetic femtosecond pulses (8.5 nJ, 180 fs) at 4.1 μm. It is
worth noting that the BPF is also used to filter out short wavelengths
that might damage the Ge–Se–Te fiber. In addition, it isolates the
soliton of interest to measure the power delivered at 4.1 μm by this
cascaded pump source. Next, an additional nonlinear propagation
stage is added by means of butt-coupling into a short segment (5-cm
long) of the chalcogenide fiber above-described for SC generation
over the 3–8 μm spectral band. The present all-fiber SC source is
similar to Ref. 26, with one fluoride fiber stage less, which simpli-
fies the whole fiber SC source. All fiber parameters listed in the table
of Fig. 1 are given close to the input pulse wavelength coupled into
each fiber segment. A similar, all fibered, mid-IR SC source has been
demonstrated in Ref. 27. It is based on SC cascading, which requires
cascading two chalcogenide fibers: one sulfide (which has disper-
sion and bandpass properties closer to fluoride) and one selenide
to reach 10 μm. In contrast, the mid-IR source we developed utilizes
only one chalcogenide fiber (a selenide) and delivers a signal up to
9 μm. The mid-IR SC source developed in this study is based on first
generating a soliton redshift, which then pumps a nonlinear chalco-
genide fiber, whereas the source in Ref. 27 relies on the redshift of
an initial SC generated in a silica fiber pumped in the long-pulse
regime (pulse width around 500 ps). This configuration is well-
known to prevent any preservation of initial pulse coherence, unlike
our present approach, as demonstrated in Sec. III. It is also worth
noting that we did not fully optimize the setup for a broad spec-
trum; instead, we focused on optimizing the power in the 7–8 μm
range to enable CH4 spectroscopic measurements, as detailed
in Sec. III.

C. Fiber-based gas cell
The generated SC is then coupled into the final stage of SAS

by means of a ZnSe lens, namely the gas cell made of a commercially
available multimode hollow-core fiber.28 The latter consists of a plas-
tic capillary whose inner surface is coated with a layer of stainless
steel, onto which a layer of AgI is deposited, forming an IR reflec-
tive inner coating. Each extremity of the fiber is connected to a block
equipped with a ZnSe optical window, a SMA connector, and a gas
connection port. The fiber parameters are as follows: 2-m-long con-
nectorized patchcord, 3–14 μm transmission window with 1 dB/m
loss, 1.5-mm internal diameter, and 1 atm for maximum pressure.
The output signal of the gas cell is sent to spectral characterization
provided by a commercial Fourier-transform infrared (FTIR) spec-
trometer by means of a gold-coated parabolic mirror. The choice
of a hollow-core fiber is driven by the easy input and output light
couplings together with a sufficient light–gas interaction length for
sensing applications when compared to multi-pass cells.3,15,29–32 For
gas control, two gas cylinders are required: the analyte gas cylinder
(CH4, 2250 ppm) and a dry air one (80%N2, 20%O2) for carry-
ing out dilutions. Two flowmeters allow the adjustment of the gas
concentration in the hollow-core fiber. We emphasize that a fairly
long time (a few minutes) is respected to ensure the homogeneity of
the mixture into the gas cell. Figure 1 (bottom left) also shows the
principle of operation of our all-fiber supercontinuum absorption

spectroscopy for mid-IR gas sensing, thus highlighting the interest
of the cascaded fiber approach as an alternative to other bulky laser
chains. A compact architecture for spectral shifting and subsequent
broadening of fiber laser pulses into the mid-IR allows us to cover
the molecular fingerprint region of greenhouse gases, in particular
here for methane spectroscopy.

It is worth noting that although some free-space optical com-
ponents or free-space couplings remain, there already exist some
solutions for their integration into fiber devices. Regarding the
bandpass filter (BPF), it can indeed be integrated into the fiber by
inscribing a Bragg grating, which has already been demonstrated in
fluoride fibers.33 The coupling between silica and fluoride fibers can
be achieved through mechanical butt-coupling or splicing.34,35 As
this work is a proof of principle, we did not prioritize the removal of
free-space optical components.

III. RESULTS
Figure 2(a) shows both cladding and core glass losses mea-

sured on single-index fibers drawn from the corresponding glass
rods together with a cross section view of the obtained step-index
fiber fabricated by employing the rod-in-tube method. Despite sim-
ilar purification processes, the attenuation background level (about
3–5 dB/m) is higher than in our previous work,23 in particular for the
cladding glass. We attribute these wavelength-independent losses
to remaining extrinsic scattering centers that were not eliminated
during the distillation steps. Indeed, the conditions (heating rate,
vacuum level, and temperature gradient) under which distillations
are performed can be responsible for impurities such as Al2O3, SiO2,
or C to being entrained into the distilled glass.36,37 However, since
a very short fiber segment (5 cm long) is required for mid-IR SC
generation in the femtosecond pumping regime,19,21 the present loss
level is negligible. A 14-μm core step-index Ge–Se–Te fiber was
chosen as the best compromise between nonlinear and dispersive
features, and efficient light coupling as well. The selected fiber did
not lead to the broadest SC but rather to the highest power spectral
density at the target wavelength of 7.7 μm. The spectral dependence
of the core and cladding refractive indices was approximated by
Sellmeier’s law described in Ref. 21. Then, the parameters of the
fundamental mode (effective area and group velocity dispersion)
were calculated by solving the dispersion equation (also called the
eigenvalue equation) for cylindrical step-index fibers for the core
diameter of 14 μm. The calculated dispersion curve of the funda-
mental guided mode is shown in Fig. 2(b), whereas the nonlinear
coefficient at 4.1 μm was found to be 0.14 W−1 m−1. Our fiber
exhibits a zero-dispersion wavelength (ZDW) around 5.9 μm so that
it provides a normal dispersion at the input soliton pulse wave-
length. Such dispersive features might produce SC with a reduced
spectral bandwidth but better coherence properties23,38 even if soli-
ton dynamics will take place during spectral broadening beyond the
ZDW. The experimental spectra of input soliton pulse and gen-
erated mid-IR SC are depicted in Fig. 2(c). The residual signal at
3 μm comes from the second stage of soliton shift in the ZBLAN
fiber. The SC bandwidth measured at −20 dB extends from 2.8 to
8.2 μm (70 THz bandwidth). We clearly observed a symmetric spec-
tral broadening around the pumping wavelength due to self-phase
modulation, which then extends beyond the ZDW with a solitonic
shape centered around 7.65 μm. A longer propagation distance into
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FIG. 2. (a) Attenuation curves of single-index fibers made of clad and core glasses. (b) Calculated chromatic dispersion of our step-index Ge–Se–Te fiber together with the
material bulk dispersion. (c) Experimental SC spectrum (black solid line) generated in the 5-cm-long step-index Ge–Se–Te fiber pumped at 4.1 μm with soliton pulse (black
dashed line). SAS measurement for a CH4 content of 2250 ppm (magenta line). Arrows indicate the two mid-IR absorption bands of methane around 3.3 and 7.7 μm. (d)
Corresponding numerical simulation of SC generation (bottom: averaged SC and pump spectra; top: SC coherence and RIN profiles).

the fiber shows a soliton self-frequency shift up to 8.5–9.0 μm (see
the illustration in Fig. 1); however, we here keep this shorter segment
for SAS as delivering a higher signal-to-noise ratio around 7–8 μm
(i.e., our spectral range of interest). This behavior is corroborated
by our numerical simulations based on the generalized nonlinear
Schrödinger equation taking into account fiber parameters and the
measured pump pulse features [see Fig. 2(d)]. Additional numerical
characterization of the SC stability is provided through the calcu-
lation of modulus of the complex degree of first-order coherence
g(1)12 and relative intensity noise (RIN) with an ensemble average of
50 simulations,38,39 by taking into account the quantum noise only
(in the form of one-photon-per-mode noise). We then reveal that
the spectral coherence almost appears insensitive to quantum noise
mainly due to the dispersion regime, but the RIN profile clearly
depends on the dispersion sign: it is very low in the normal dis-
persion regime, but then increases and exceeds the % level in the
anomalous dispersion regime with soliton dynamics. This level of
RIN is still compatible with SAS at the sub-ppm level. Note that
including an additional technical noise contribution, related to the
stability of the pump pulses (i.e. amplitude noise), would affect both
frequency-dependent profiles of coherence and RIN.39

Our all-fiber SC configuration at 1-MHz repetition rate enables
a satisfactory average output power reaching 3 mW, which allows
us to use a 2-m-long hollow-core fiber as a gas cell. The subse-
quent SC light collected at the output of the hollow-core fiber covers
the 3–8 μm range within a dynamic range of 20 dB; the remain-
ing total average power is above 1 mW. Our SC bandwidth and
good enough signal-to-noise ratio are usable for methane spec-
troscopy at its fundamental absorption band that lies between 7.3

and 7.88 μm. The magenta curve in Fig. 2(c) shows the SC in the
presence of CH4 flow only. Methane absorption lines are clearly vis-
ible around 3.3 and 7.7 μm (see arrows). One can also note CO2
absorption around 4.26 μm already present in the free-space optical
path to the FTIR spectrometer. Regarding the two absorption peaks
observed in the 6–6.5 μm, according to the HITRAN database, there
are no CH4 absorption bands with intensities comparable to those
at 3.3 μm or 7.7 μm. However, strong water absorption bands are
present, which explains why the signal intensity and the signal-to-
noise ratio are lower in this region. Thus, those absorptions peaks
are likely measurement artifacts caused by variations in humidity
in the room atmosphere between the reference scan (pure dry air)
and the sample scan (2500 ppm of CH4). Our setup is sensitive to
these humidity variations due to the free space between the hollow
fiber output and the FTIR. In the following, we vary the CH4 con-
centration to determine the sensitivity of the device. First, typical
SC stability was characterized through the measurement of succes-
sive SC spectra with a dry air-filled gas cell; an example of calculated
zero-absorbance line between two spectra is shown in Fig. 3(a). The
uncertainty for absorbance and transmittance is, respectively, ±3%
across the examined spectral range, which can be directly related
to the RIN sensitivity to technical noise above described. Next, to
control the variation in methane gas concentration, the flow rate
was adjusted in relation to that of synthetic air. Variable flows were
prescribed, representing concentrations of 173, 135, 90, 45, and
22 ppm. Figure 3(b) shows the different absorption/transmission
curves for various CH4 concentrations and the corresponding the-
oretical curves from the HITRAN database.40 We notice a fairly
good agreement between experimental measurements and theoret-
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FIG. 3. (a) Zero absorbance spectrum calculated from two successive measure-
ments of SC spectrum. (b) Theoretical and experimental methane absorptions,
in the 7.6–7.8 μm range, obtained with our gas cell for various concentra-
tions. (c) Corresponding absorbance values at 7.68 μm for increasing methane
concentration and corresponding linear fit.

ical calculations of absorbance. A linear operation regime of the
sensing device is also confirmed in Fig. 3(c). SAS for CH4 sensing
at 1.68 μm has been previously demonstrated with SC generated in
silica fiber and by means of 2.4 m hollow core photonic bandgap
fiber.41 Although the absorption band of CH4 at 1.68 μm is much
weaker than that at 7.68 μm, the authors of Ref. 41 achieved a
detection limit as low as 4 ppm for CH4 sensing at 1.68 μm. This
remarkable result was made possible through extensive optimization
of both the SC source and the detection process, including SC noise
reduction and integration time. In the present case, CH4 sensing is
performed at 7.68 μm, where the CH4 absorption is significantly
stronger, but the detection efficiency is lower due to the reduced
sensitivity of mid-IR detectors. Furthermore, the stability of the SC
source we have developed, based on cascaded fibers, is not compara-
ble to that of Ref. 41, which employs a single silica fiber. In addition,
we are operating with 1 mW average power for gas sensing, while the
SC source described in Ref. 41 delivers ∼9 mW measured after the
gas cell. However, the minimum concentration that can be detected
with our device is 22 ppm, i.e., a much better sensitivity than that
previously presented with a similar device but using the absorption
line around 3.3 μm32 with a lower detection limit of 3 × 104 ppm.
As the atmospheric concentration of methane is of the order of 1.9
ppm, the detection of variations of anthropogenic origin will require

significant improvements to the system. We believe that reducing
the technical noise of pumping sources and increasing the mid-IR
SC average power will significantly enhance sensitivity and reduce
the lower concentration threshold detection limit.

IV. CONCLUSION
In this study, we demonstrate the development of an all-fiber

mid-infrared supercontinuum source covering the 3–8 μm spec-
tral range in the femtosecond regime by means of cascading fiber
architecture pumped by a thulium doped-fiber laser. Our compact
SC source operating at 1-MHz repetition rate is then combined
to a 2-m-long fiber-based gas cell to assess possible spectroscopic
application, in particular by detecting methane at a wavelength of
7.68 μm, at low concentrations down to 22 ppm. The present results
of our all-fibered supercontinuum absorption spectroscopy config-
uration are encouraging for the detection of gas mixtures, but also
highlight some of the limitations of such supercontinuum sources
related to pulse-to-pulse fluctuations. Future studies will have to
address simultaneously both power scaling and noise issues of fiber
supercontinuum sources to reach higher sensitivities.
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