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Hyperspectral spectroscopy requires light sources with wide
spectral ranges from the visible to the mid-infrared. Here, we
demonstrate the first fiber-based mid-infrared supercontin-
uum covering three octaves of frequency by leveraging 1-pm
laser technology. The process consists in spectral broadening
of a 1064-nm pump toward 0.48-2.5 pm in a graded-index
multimode fiber, followed by a fluoro-indate fiber used to
reach deeper into the near infrared (4.3 pm). Finally, an
arsenic selenide chalcogenide fiber allows us to reach the
6-um wavelength region, providing a 0.75-6-pm supercon-
tinuum. We illustrate the potential of this light source by
recording mid-infrared absorption spectra of organic com-
pounds. © 2023 Optica Publishing Group

https://doi.org/10.1364/0OL.497678

Light-matter interactions are routinely used to characterize
materials and biological samples across a large range of spec-
tral windows [1-3]. Visible and near-infrared (NIR) light (from
400nm to 2.5um) probes electronic transitions in materials,
providing information regarding bandgap, defects, and energy
transfer, which is crucial for the semiconductor and optoelec-
tronic industries, and for understanding complex processes
such as photosynthesis [4-6]. At lower photon energies, the
middle-wave infrared (mid-IR) light (from 2.5 to 28 um) excites
molecular vibrational modes and provides rich chemical and
structural information useful for material identification. Fur-
thermore, the Earth’s atmosphere exhibits several windows of
relatively high transparency, around 1.55 pm, from 3 to 5 um, and
from 8 to 12 um, making these spectral ranges ideal for remote
sensing applications such as high-resolution molecular spec-
troscopy, monitoring of atmospheric pollutants, highly sensitive
biological and chemical molecular identification in industrial
processes, and defense fields, to name a few [7,8]. The recent
images of the early universe taken by the James Webb space tele-
scope confirmed the broad interest for the mid-IR spectral range
[9]. With the aim of achieving similar breakthroughs, researchers
design high-resolution mid-IR spectrometers, which neeh to be
precisely calibrated by means of artificial sources mimicking

star light [10]. The rising popularity of these high-precision
applications has sparked intense research in the generation of
supercontinuum (SC) sources that can produce intense and
broadband light, spanning several octaves of frequency from
the visible to the mid-IR, with excellent beam quality.

In our previous work, we have developed a Watt-level mid-IR
SC by pumping a single-mode fluoride glass fiber by means
of an amplified ultrafast thulium-doped fiber oscillator and
demonstrated its suitability for high spatial resolution spectro-
microscopy. The spectral coverage spanning only one octave
from 2 to 4.3 um was well suited to spectroscopic studies of
the vibrational resonances of the -CH- group but precluded the
studies across the fingerprint region [11]. Indeed, the pump
wavelength of 2 um lying in the large anomalous dispersion
regime of the nonlinear fiber mode hinders the extension of
the spectrum toward shorter wavelengths, while the phonon
energy of the fluoride glass forbids nonlinear frequency con-
version toward wavelengths longer than approximately 4.3 pm.
One of the strategies to obtain spectra spanning from the visi-
ble/NIR to the mid-IR consists in pumping nonlinear materials
with lower phonon energies, to reach further in the infrared,
by means of shorter wavelength sources. This strategy is imple-
mented by means of a cascaded fiber system. For example, Venck
et al. generated first a 0.7-4.1-um SC in fluoride fiber pumped
by a telecom-grade picosecond erbium-doped fiber laser [12].
Solitons generated and frequency shifted by the intra-pulse stim-
ulated Raman scattering in the fluoride fiber were then launched
into an arsenic selenide chalcogenide glass fiber to further extend
the SC up to 10 pum. In this implementation of the concept
of a cascaded fiber laser system, the visible and near-infrared
portions of the generated spectra were filtered out to avoid
deterioration of the chalcogenide fiber through the multipho-
ton absorption processes, resulting in a still impressive 2—10-pm
fiber SC. Similarly, we recently proposed an alternative approach
using a shorter wavelength pump based on ytterbium technology
to cover the visible/NIR part of the spectrum in a silica fiber,
followed by a fluoro-indate (InF;) fiber to extend the spectrum
up to approximately 3.4 um [13]. We initiated the SC genera-
tion in a telecom-grade graded index multimode fiber (GIMF)
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Fig. 1. Scheme of the experimental setup for SC generation. The
fibers are butt-coupled.

by exploiting the rich nonlinear spatiotemporal dynamics in
GIMF originated from the periodic longitudinal beating of the
different propagating modes. We have shown that among these
novel effects, nonlinear beam cleaning and geometric paramet-
ric instabilities (GPIs) play a key role in enhancing the nonlinear
frequency conversion involved in SC generation [ 14-20]. Beam
cleaning allows, from a multimode pump wave, for obtaining a
quasi-single mode propagation in the GIMF either on the pump
wave itself, with the Kerr beam self-cleaning [17.18], or on the
Raman frequencies, through the Raman beam cleanup [21.22].
The Kerr beam cleaning effect, by increasing the power spa-
tial density at the pump wavelength, decreases the threshold for
the appearance of subsequent nonlinear effects such as GPI. a
process based on intermodal four-wave mixing, which generates
new frequency components far detuned from the pump by hun-
dreds of THz [15.,23]. Previous research has shown that GPI can
provide pump conversion over a wide spectral range. from vis-
ible to infrared wavelengths depending on the pump frequency
and the opto-geometrical parameters of the GIMF. We have
shown in Ref. [13] that the 1.9-um GPI Stokes sideband gener-
ated by pumping a GIMF with 1064-nm nanosecond pulses can
be amplified in a thulium-doped fiber amplifier and subsequently
broadened in an InF; fiber. Using this approach, we generated
an SC spanning one octave from 1.7 to 3.4 um. In another
implementation, Raman-induced effects, such as Raman beam
cleanup and soliton self-frequency shift (SSES) using a pump
wave at | um, allow for generating spectra of high power spectral
density and high brightness from the visible to approximately
2.5 um, the transparency limit of silica glass fibers [14.16].
Here, we demonstrate the first fiber-based mid-IR SC cover-
ing three octaves of frequency by leveraging the 1-um laser
technology.

Figure | shows schematically our experimental setup based
on the free-space injection of a laser beam into a cascade of
butt-coupled fibers. The various fibers were butt-jointed via
three-dimension translation stages. We use a modified Spark
SIRIUS laser system that delivers pulses with 65-ps duration,
1064-nm wavelength, and 70-kHz repetition rate as a pump. Its
input peak power is adjustable, up to 190kW (12 ul per pulse)
by means of a polarizing beam splitter and two half-wave plates,
which also determine the orientation of linear polarization. A
6.5-um radius (@ 1/e?) Gaussian laser beam is launched into a
7-m-long GIMF with 50-um core diameter and 0.2 numerical
aperture. The calculated zero dispersion wavelength (ZDW) for
this fiber is 1.27 um. We tried to match the size of the input beam
to that of the fundamental LPy; mode of the fiber (wy*! = 6 um
@1/e*) to excite a low number of modes while maximizing the
coupling efficiency (~85%). Then. the GIMF was butt-coupled
to a 9-m-long piece of InF; fiber, with a core diameter of 9.5
um, a numerical aperture of 0.3, and a ZDW calculated at 1.8
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Fig. 2. Spectral evolution of the beam at the GIMF output as
a function of average pump power for launching conditions lead-
ing to (a) inhibited or (b) maximized GPI. Insets show the spatial
distribution of energy for various wavelengths.

um. Finally, the fluoride fiber was butt-coupled to a 5-m-long
piece of As—S chalcogenide fiber with a core diameter of 9.5 pm,
a numerical aperture of 0.3, and a ZDW calculated at 4.9 um.
The lengths of InF; and As-S fibers have not been optimized.
suggesting that potential adjustments might enhance the final
supercontinuum extension. Due to nonlinear propagation and
multiphoton absorption, only 50% of the energy is transmitted
through the GIMF, at maximum input power. The transmis-
sion coeflicients are 25% between GIMF and InF; fiber. and
30% between InF; fiber and As-S fiber. Improvements might
be achieved using mode field adaptors or by splicing the fibers.
The spectrum was recorded for each fiber output along with
the pump wave. We used two spectrum analyzers covering the
spectral bands of 0.35-1.7 pm and 1.5-3.5 um, respectively.
as well as a monochromator that can measure light up to 20
um. In addition, we used a spatial/spectral measurement device
developed in-house to obtain the evolution of the beam profile
at the output of the GIMF as a function of wavelength, since the
knowledge of the spatial distribution of energy is instrumental in
understanding the mechanisms of nonlinear spectral conversion
in a multimode fiber [13].

The first series of experiments consisted in determining which
nonlinear dynamical process. either Raman or GPI. leads to a
maximized SC extension. It is worth noting that the GPI's effi-
ciency is highly dependent on the dynamics of the self-imaging,
and thus on the number of modes initially excited. Thus, it is
possible to control the magnitude of the GPI sidebands by vary-
ing the input conditions (namely polarization orientation and
power). To analyze Raman and GPI contributions separately,
we have studied two cases: one with GPI sidebands inhibited
and a second case where GPI sidebands are maximized. In the
scenario with suppressed GPI. an extinction of approximately
50dB was estimated. For both cases, we have measured the
spectrum as a function of the average power. The results are pre-
sented in Fig. 2(a) when GPI are inhibited and in Fig. 2(b) when
GPI is maximized. To avoid any spatial filtering by the collec-
tion optics. the spectrum was measured directly at the output of
the GIMF, with a resolution of 0.1 nm. It is worth noting that
the launching conditions that maximize GPI also decrease the
laser induced damage threshold of the fiber, thereby limiting the
pump power for this measurement to 90 kW. However. we were
able to increase the pump power up to 190kW when Raman-
induced effects have a dominant role. The insets correspond to
the near-field images of the fiber output beam at various relevant
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Fig. 3. NIR spectrum at the output of the InF; in both
configurations at 90-kW pump power.

wavelengths. From Fig. 2(a), we observe how, as the power of
the pump wave increases, the energy is transferred to the stimu-
lated Raman scattering (SRS) Stokes sidebands at 1116 nm and
1174 nm, characteristic of silica glass (Raman shift Af =13.2
THz). When the power increases, the spectral generation reaches
the solitonic regime of the fiber, which triggers SC generation up
to 2200 nm. The near-field image of the pump wave at 1064 nm
shows a concentrated, but clearly not Gaussian, spatial energy
distribution. which is the signature of some multimodal con-
tent. In contrast, the Raman wavelengths strongly approach the
fundamental mode due to Raman beam cleanup.

However, the results plotted in Fig. 2(b), obtained when the
pump beam is nearly Gaussian, are in striking contrast with those
of Fig. 2(a). We observe the appearance of two intense spectral
lines at 730 nm and 2100 nm, both carrying a peak power near
20 kW. which are the signatures of the GPI. The pump wave still
generates a Raman cascade up to 1700 nm. The insets in Fig. 2(b)
show the spatial distribution of light at the output of the GIMF at
three different wavelengths. The pump wave preserves its Gaus-
sian profile even though it is not strictly single mode. As show in
Ref. [13]. the GPI Stokes sideband is carried mainly by an LP,
mode, which will finally lead to a poor injection efficiency in
the following InF; single-mode fiber. To determine the process
that maximizes the extension of the final SC. we analyze the
impact of launching the GPI or SSES signals into the InF; fiber
constituting the second stage. By evaluating their effects, we aim
to identify the most effective process for achieving optimal SC
extension. Figure 3 shows the power spectral density recorded at
the output of the InF; fiber for both cases. We observe that using
GPI as a precursor, the SC reaches 3.2 um, while the SSFS-
seeded continuum exceeds 3.4 um, the limit of the window of
the spectrum analyzer used. Therefore, favoring solitonic and
Raman effects in the graded-index multimode fiber is the most
efficient way to extend the supercontinuum toward the mid-IR
in the fluoro-indate fiber. It is worth noting that Fig. 3 was plot-
ted for 90 kW of peak power launched into the GIMF. However,
when favoring the Raman effects, we were able to launch the
maximal pump power available from the laser used (190 kW),
without degradation of the fiber facet. In this configuration, the
power spectral density (PSD) was measured at full power at the
output of the GIMF and plotted in Fig. 4 (green curve). The
spectrum at the output of the GIMF stops at 2.5 um, the limit of
transparency of silica. The spectrum was then recorded at full
power at the output of the InF; fiber by means of the monochro-
mator and plotted in Fig. 4 (blue curve). The proper combination
of the GIMF and the InF; fiber allowed us to extend the spectrum
from 470 nm to 4.3 ym with 1.4 pJ of energy corresponding to
approximately 100 mW of average power. The sudden stop of
the spectral broadening was attributed to the increase of the
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Fig. 4. Spectra measured at the output of the laser (black), the
GIMEF (green). the InF; fiber (blue). and the As=S fiber (red). Inset
shows the near-field image of the beam at the InF3 output.

effective area of the fundamental mode of the InF; fiber with
wavelength, and the consequent decrease of the power spatial
density. To increase the spectral coverage of the light source,
we added a third stage using a highly nonlinear As—S chalco-
genide glass fiber. The spectrum plotted in red extends from
750nm to 6.3 um with 400 nJ of energy. corresponding to
approximately 30 mW of average power. It is worth noting that
the mid-IR fibers display a few-mode behavior at wavelengths
shorter than 3.7 um, which might degrade the beam quality.
However, proper launching conditions ensure quasi-single-mode
operation, as shown in the inset to Fig. 4. We also observe that
in our all-fibered architecture, light from 470 nm to 750 nm is
absorbed by the As-S fiber. The development of broadband
wavelength splitters made of fluoride fibers could potentially
help to preserve the visible part of the spectrum, thereby extend-
ing the spectral coverage through more than one decade of
frequency.

High-power mid-IR SC has great potential application in the
identification and quantification of molecular compounds by
molecular infrared absorption spectroscopy (IRS), which bene-
fits from the broadband SC source. IRS is used to determine the
different chemical functional groups present in a sample by ana-
lyzing characteristic absorbed frequencies in the mid-infrared.
As a test for our SC source, we measured the absorption spectra
of ethanol and paraffin sandwiched in between two microscope
slides. The thickness of the sample was in the range of 500 um.
The samples were placed in the collimated beam of the InF;
fiber. The transmitted spectra were recorded with and without
the sample. Then, we deduced the absorption spectrum by sub-
tracting the two spectra. We repeated this procedure for the
two materials and the results are reported in Fig. 5. These
spectra allow to clearly identify the wavelengths correspond-
ing to the molecular vibrations of the chemical groups of the
molecules studied. It is possible to see for ethanol [C,HsOH
(Fig. 5(a)), the response of the alkyl group -CHs;. methylene
group -CH,-. and hydroxyl group —OH]. For paraftin Cj,Has
[Fig. 5(b)]. the spectrum shows absorption lines for the alkyl
group -CHj; and the methylene group -CH,-. Reference spectra
from NIST [24] are also plotted for comparison, demonstrating
that our measurements align with the standards. The absorption
peaks match in position, with magnitude variations attributable
to differences in concentration (for ethanol) and phase (for
paraffin).
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Fig.5. Absorption spectra of (a) ethanol (C;HsOH) and (b) paraf-

fin (Cj2Hae) thin films. Dashed lines represent the NIST reference

spectra extracted from Ref. [24] for (a) ethanol in solution and (b)

paraffin in gas phase.

In conclusion. nonlinear spatiotemporal dynamics in graded-
index multimode fibers open the possibility to generate visible to
mid-infrared supercontinuum via dedicated fiber cascades. We
have developed an easy-to-implement supercontinuum source
that can be pumped by commercial lasers. With this technique,
we have created the first three-octave spanning supercontin-
uum source, covering the spectral range from 0.75 to 6 um.
We have illustrated the potential of this source in the detection
of organic compounds by molecular absorption spectroscopy.
We believe that the use of chalcogenide glass fibers based on
heavier atoms (such as Se) will increase the spectral coverage
to cover the entire molecular fingerprint region, up to 12 pm.
Such improvements in supercontinuum sources are expected (o
benefit applications requiring both spatial coherence and aver-
age power, such as infrared spectromicroscopy [11] and optical
coherence tomography [25].
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