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Abstract

Mid-infrared supercontinuum (SC) sources in the 2 to 20 pm molecular fingerprint region are in
high demand for a wide range of applications including optical coherence tomography, remote sensing,
molecular spectroscopy, and hyperspectral imaging. In this work, we investigate mid-IR SC generation
in a cascaded silica-ZBLAN-chalcogenide fiber system directly pumped with a commercially-available
460-ps pulsed fiber laser operating in the telecommunications window at 1.55 um. This fiber-based
system is shown to generate a flat broadband mid-IR SC covering the entire range from 2 to 10 um
with several tens of mW of output power. This technique paves the way for low cost, practical, and
robust broadband SC sources in the mid-IR without the requirement of mid-infrared pump sources or
Thulium-doped fiber amplifiers. We also describe a fully-realistic numerical model used to simulate the
nonlinear pulse propagation through the cascaded fiber system and use our numerical results to discuss
the physical processes underlying the spectral broadening in the cascaded system. We conclude with
recommendations to optimize the current cascaded systems based on the simulation results.

*corresponding author: thibaut.sylvestreQuniv-fcomte.fr



1 Introduction

Fiber-based supercontinuum (SC) sources have become enormously useful in the last decade for a wide
range of industrial and scientific applications [1,2]. New uses are also constantly emerging due to their
unique properties that combine high brightness, multi-octave frequency bandwidth, fiber delivery and
single-mode output. Applications include optical coherence tomography (OCT), material processing,
chemical sensing, gas monitoring, broadband imaging, and absorption spectroscopy. Currently, there
is a significant research effort focused on extending the wavelength coverage towards the mid-Infrared
(Mid-IR) in the 2 to 20 pm molecular fingerprint region [3-18]. Various soft glasses based on chalcogenide
(AsgSs, AsaSes, GeAsSe) [3, 8], tellurite (TeO2) [19], telluride (GeTe, GeAsTeSe) [20,21], heavy-metal
oxide (PbO-Bip03-Gag03-Si02-CdO) [10] and ZBLAN (ZrF, —BaFy —LaF3 —AlF3 —NaF) [23-26], have
been used for drawing highly nonlinear infrared fibers, and experiments have shown efficient mid-IR SC
generation up to 14 pum in chalcogenide optical fibers [3] and up to 16 pm in telluride fibers [21]. However,
most of these mid-IR SC sources have been demonstrated using bulky mid-IR pump sources such as optical
parametric oscillators (OPO) and amplifiers (OPA). Mid-IR fiber lasers and cascaded fiber systems have
recently emerged as attractive and promising solutions for practical and commercial applications [25-35].
These fiber lasers-based systems indeed open routes to practical, table-top and robust mid-IR supercon-
tinuum sources with high spectral power density. Of particular interest are cascaded fiber systems as they
are pumped by standard pulsed fiber lasers at telecommunication wavelength. In cascaded SC generation,
an initial pulsed fiber laser at a wavelength of 1550 nm is progressively red-shifted in a cascade of silica
and soft-glass fibers, enabling a stepwise extension towards the Mid-IR. From a fundamental point of view,
the overall objective is to strongly enhance the soliton self-frequency shift (SSF'S) using dispersion-tailored
highly nonlinear fiber segments to push forward the SC generation far in the mid-IR [29-31].

Among the most advanced fiber-based systems, Martinez et al. recently demonstrated a mid-IR SC
from 2 to 11 pum with 139 mW average power by concatenating solid-core ZBLAN, arsenic sulfide, and
arsenic selenide fibers, pumped by a master oscillator power amplifier and three thulium-doped fiber
amplifier stages [29,30]. Hudson et al. combined a 2.9 pm ultrafast fiber laser based on holmium with an
environmentally stable, polymer-protected chalcogenide fiber taper. By launching femtosecond, 4.2 kW
peak power pulses into the AsoSes/AsoS3 tapered fiber, they demonstrated a SC spectrum spanning from
1.8 to 9.5 um with an average power of more than 30 mW [27]. C.R. Petersen et al. also demonstrated
in 2016 Mid-IR SC generation beyond 7 pm using a silica-fluoride-chalcogenide fiber cascade pumped by
a 1.55 pum seed laser and a thulium-doped fiber amplifier. By pumping a commercial GejgAssoSegg-glass
photonic crystal fiber with 135 mW of the pump continuum from 3.5- 4.4 pym, they obtained a continuum
up to 7.2 pum with a total output power of 54.5 mW, and 3.7 mW above 4.5 pm [33]. Commercially
available mid-IR SC source with an extended bandwidth up to 10 pum and with 50 mW output power is
now on sale at Norblis [36].

In this paper, we demonstrate mid-IR SC generation from to 2 to 10 pum in a cascaded silica-ZBLAN-
AsoSes fiber system directly pumped with a commercially-available 500-ps pulsed fiber laser at 1.55 pym
without any fiber amplifier stage. We provide details of the experimental cascaded fiber system and discuss
the choice of the parameters such as chromatic dispersion and nonlinear coefficients used for optimal
spectral broadening. We further report a fully-realistic numerical model based on cascaded generalized
nonlinear Schrodinger equations with an adaptive step size method. The model includes all the linear and
nonlinear responses of the fibers, the infrared filtering function, and the effective mode area variation across
the full SC spectrum. We then use our numerical results to discuss the physical processes underlying the
spectral broadening in the cascaded system, such as modulation instability (MI), soliton fission, dispersive
wave generation, and intrapulse Raman scattering (IRS) [37,38]. We conclude with recommendations to
optimize the current cascaded systems based on the simulation results.



2 Experimental Setup and Results

A diagram of the experimental setup for cascaded mid-IR SC generation is shown in Figure 1(a). It
consists of a concatenation of three commercially-available optical fibers including a 20 cm-long single-
mode silica fiber (SMF-28), a 25 m-long ZBLAN fiber, and a 9 m-long chalcogenide-glass photonic crystal
fiber. Detailed specifications for each fiber segment are given in the next section including all parameters
used in numerical simulations. This cascaded fiber arrangement was directly pumped by a compact (90
x 70 x 15 mm? only) pulsed fiber laser providing 460 ps-width pulse train at 100 kHz repetition rate and
at a center wavelength of 1550.6 nm, a high peak power per pulse (18 kW), an average output power
of 750 mW, and a near diffraction limited randomly polarized beam (M?<1.1). These compact lasers
are mainly commercialized for range-finding and LIDAR applications. Light coupling between each fiber
was achieved using high-numerical aperture aspheric lenses matching the fiber numerical apertures and
their effective mode areas. A key element in the cascaded fiber system is a mid-IR long pass filter (LPF)
placed in between the ZBLAN and the chalcogenide fibers. This filter rejects wavelengths below 1.9 pm.
This prevents from two-photon absorption (TPA) and optical damage in the chalcogenide fiber, enabling
a better long-term stability of the mid-IR SC source. The long-pass filter is a Germanium (Ge) Ar-
coated broadband window inserted in between two aspheric lenses. The generated SC spectra have been
recorded using a mid-IR optical spectrometer including a monochromator (ORIEL 7240) and a highly
sensitive Hg-Cd-Te detector. The chalcogenide fiber output face was terminated with an end cap fiber
and connectorized using an FC/PC connector for practical applications.

Figure 1: (a) Experimental setup for mid-infrared SC generation in a cascaded silica-ZBLAN-chalcogenide
optical fiber system. (b) Experimental SC spectra at the ZBLAN fiber output (light blue) and after the
long-pass filter (dark blue). (c) Experimental SC spectrum at the chalcogenide fiber output (yellow). The
insets show the optical mode profiles out of both the ZBLAN (c) and chalcogenide (c) optical fibers.

We provide experimental data for the spectra measured at three key points in the cascaded fiber setup
(A,B,C). The first spectrum, shown in Figure 1(b) (light blue), was measured at the output of the ZBLAN
fiber at point A, before the long-pass infrared filter. The supercontinuum spans from 0.7 gm up to 4.1 pum.
The inset in Fig. 1(b) shows the ZBLAN fiber’s mode profile measured with an IR camera. The second



spectrum, also shown in figure 1(b) (dark blue), was measured after the filter at point B. This is the
filtered IR spectrum injected into the chalcogenide fiber. The final SC spectrum at the output of the
chalcogenide fiber is shown in figure 1(c) in yellow. As can be seen, the full SC spans from 2 pm up to
9.8 um with a relatively smooth and flat bandwidth. The measured spectrum however shows a decrease
in spectral intensity for shorter wavelengths and significant modulations in intensity (especially from 2 to
4 pm). Our simulations will show that those are not entirely a result of SC dynamics, but presumably
artefacts from the wavelength sensitivity of the spectrometers used for measurement. The measured
average power at the output is 16 mW, which corresponds to roughly 2% of the pump’s average power
(750 mW). Significant losses occur in the cascaded system, mainly from the free-space optics between the
ZBLAN fiber and the chalcogenide fiber, including Fresnel reflections and coupling losses due to mode field
diameter mismatch, aspheric lenses, cleaving imperfections, and optical misalignment. All these losses and
the output power of every stage of the cascade fiber system are mentioned in red in figure 1(a). Despite this
low conversion efficiency, the brightness of this source of a few microwatt per nanometer is sufficient for
practical applications. It is worth mentioning that the experimental spectra are provided only at maximum
pump power (750 mW) at the output of every fiber-stage, which look very flat and therefore hard to tell
what actual broadening mechanism is dominant. However, we have observed that when decreasing the
input pump laser current (from 4600 mA to 3600 mA), the SC in the ZBLAN fiber considerably reduces
its lateral extension at long wavelength from 4.2 m to 3.5 m, thus limiting the additional extension in
stages in the chalcogenide fiber. In such a cascade system, it is indeed crucial to obtain the most efficient
SC extension in the ZBLAN fiber, as we will see thereafter using numerical simulations.

3 Numerical Method

To simulate nonlinear pulse propagation in the cascaded fiber system, we used the generalized nonlinear
Schrodinger equation (GNLSE) and solved the propagation equation numerically with the split-step Fourier
method (SSFM) |37, 38| combined with an adaptive step size [39]. The GNLSE can be written in the
following form:

A(2,T) o, .=ifB o . .0 2

This equation models the evolution of the complex pulse envelope A(z,T') as it propagates inside an optical
fiber in a frame of reference moving with the group velocity of the pulse: T'=t — 1z. The first term on
the right models optical losses with the linear loss coefficient . The second term models dispersion with

k
a Taylor expansion of the propagation constant f(w), where f; = %(,:J). The third term models Kerr

nonlinearity, including the Raman response of the material and a first-order correction for the frequency
dependence of the nonlinear parameter v, v(w) = ff;lif((t )). The first-order correction is referred to as the
shock term and is characterized by a time-scale 7y, which can include the frequency-dependence of A.g,

ng, and neg (see [40] for more details).

1 1  dneg 1  dAeg 1 dne
= — — - + —_— (2)
wo nei(w) dw |, Aei(w) dw | na(w) dw |,
The nonlinear response of the fiber is modeled with a convolution (denoted by ®) of the nonlinear response
function R(T) and the pulse power profile |A(z,T)|?>. R(T) is commonly divided into an instantaneous
electronic response (Kerr) and a delayed molecular response (Raman), and reads as R(T') = (1— fr)d(T)+

frhr(T), where fr is the fractional contribution of the delayed Raman response, 6(T") is the Dirac delta
function that models the instantaneous Kerr response, and hr(7) is the delayed Raman response function.




R(T) is normalized such that [*° R(T)dT = 1. The Raman response function hr(T') is modeled using
two characteristic times related to phonon dynamics in the material, 71 and 7 (see Ref [38] for more
details):

hr(T) = (152 + 75 2)11 exp(=T /7o) sin(T/11) (3)

We will use Eq. (3) for both the silica and chalcogenide fibers (See Table 1 for parameters). However,
as the ZBLAN fiber has a dual-peak Raman gain spectrum, we will use another model based on Eq.
(5). A crucial step in modeling nonlinear pulse propagation in a cascaded fiber system is defining the

longitudinal step size h. To accurately model the effects of nonlinearity and dispersion, A must be much
smaller than both the dispersion length and the nonlinear length, defined as, Ly, = 7%0 and Lp = %,
respectively, where Py is the peak power, and Tj is the 1/e pulse width. These two conditions must hold
throughout the propagation length. Pumping with a quasi-continuous-wave laser (i.e. 460 ps pulses) leads
to the break-up of the initial pulse via modulation instability (MI) into a vaste collection of ultrashort
soliton-like pulses with variable peak powers Py and durations Typ. The choice of h is therefore not as
straightforward in this case. Our simulations show that the nonlinear length Lyt, is a much more limiting
factor than the dispersion length Lp for the step size h because of the high peak power reached within
the soliton train. When the soliton train starts propagating, the maximal peak power varies significantly
along the propagation distance z because of randomly occurring soliton collisions. This means that the
condition h << Lnr, can change drastically along z. To account for this, we used an adaptive step size
method for the SSFM algorithms: the nonlinear phase-rotation method (see [39] for more details). This
method consists of limiting the nonlinear phase-shift ¢n;, = vFPph to a sufficiently small value at each
iteration, i.e. the step size h is adapted at each iteration to optimize computing time and accuracy. For a

train of soliton pulses, the maximal phase-shift is calculated from the maximal soliton peak power Fj"**.

Every iteration i, the step size h(7) is determined by h(i) = %ﬁgi%z(i). For our simulations, we found that
0
a maximal nonlinear phase-shift of ¢gf"* = 1/50 rad is enough for convergence and allows for reasonable

computing times.

3.1 Cascaded fiber system

This section provides all linear and nonlinear parameters of the cascaded fiber system used in numerical
simulations. The first fiber segment consists of a length of 20 cm of standard single-mode silica fiber
(SMF-28). Although this fiber plays little role in SC broadening, it serves as a nonlinear modulation
instability stage that triggers the soliton dynamics in both the ZBLAN and chalcogenide fibers. The
nonlinear parameters for fused silica fiber are taken from [38| and are shown in Table 1.

Table 1: Nonlinear parameters for the cascaded fiber system

Fiber L (cm) | ng (cm?/W) | Aeg (um?) | v (W lkm™Y) | fr | 71 (fs) | 7 (fs)
SMF-28 20 2410716 85 1.3 018 | 122 32
ZBLAN 2500 2.1-1071¢ 43 2 0.2 | Eq. (5) | Eq. (5)

Chalcogenide | 900 1.1.10713 62 720 0.1 23.2 195

The wavelength dependence of A.g and ns is negligible over the spectral bandwidth along this first
fiber segment. The dispersion characteristics of SMF-28 are modeled using a Taylor series expansion. The
following values are used: 8y = —21.4-10727 s2/m, 83 = 0.12-1073% 3 /m (from [38]). The 1550 nm pump
is in the anomalous dispersion regime. Optical losses were neglected for this fiber segment given the short
length (20 cm) and low absorption of silica fibers at 1550 nm (0.2 dB/km).



The second fiber consists of a length of 25 m of a commercially available step-index fluoride (ZBLAN)
fiber from Le Verre Fluoré [41]. The core and cladding diameters are 8.5 pm and 125 pm, respectively.
The refractive index of core and cladding are plotted in Figure 2(a) and the dispersion curve is shown in
Fig. 2(b) in blue. Experimental data of dispersion from 1.2 to 2.2 ym are provided in red dots. To obtain
the dispersion of the fiber over the full bandwidth, we solved the characteristic equation for a step-index
fiber with the wavelength-dependent core and cladding indices shown in figure 2(a). Results show that
the zero dispersion wavelength (ZDW) is 1525 nm. Therefore the 1550 nm pump wave is in the slightly
anomalous dispersion regime.

Figure 2: ZBLAN step-index optical fiber specifications: (a) Core (blue) and cladding (Red) refractive
indices versus wavelength. (b) Computed dispersion (blue curve) and experimental data (Red dots). (c)
Simulated (red) and experimental (blue) effective mode area. (d) Loss spectrum: blue: Measured data,
red: data from [42].

The strong effective mode area variation from 0.5 to 5 um was also considered. We calculated Aqg
over the same bandwidth by solving the characteristic equation for a step-index fiber with the wavelength-
dependent core and cladding indices. The results are compared with the experimental data in Fig. 2(c).
Our simulated results were used instead of the measured data because it provided a better fit with the
experimental SC when the wavelength dependence of A.g was included.

Figure 2(d) shows the optical losses of the ZBLAN fiber. The measurements are shown in blue, and
the data used in the simulations (taken from [42]) is shown in orange. The data from [42] was used in
our simulations to better model the limit of the transmission window in the infrared, which ends between
4 and 4.5 pm. As we will show in our results, the transmission window limit of the ZBLAN fiber is the
only feature of the loss curve that has a significant impact on spectral nonlinear dynamics. The small
discrepancies with the measured loss curve should not affect the overall SC mechanisms.

The nonlinear parameters for the ZBLAN fiber are listed in Table 1. The wavelength dependence of
the nonlinear index is neglected. The Raman response function hr was obtained with the model developed
in Ref. [24], where the measured Raman gain spectrum gr(€2) is approximated by a sum of two Gaussian



functions, and the response function is extracted from the imaginary part of the Fourier transform as
oo
hr(T >0)=C- / gr(9Q)sin(Q7)dQ (4)
0

where C' is a normalization constant chosen such that f_oooo hr(T)dT = 1. The following equation was
used in our simulations to model gr(2):

(©/(27) —11)? (©/(27) — 12)*
gR(Q) = Ql eXp <2a}% + 0/2 eXp T (5)
with a; = 0.54 - 10~ em /W, ag = 0.25 - 10~ em /W, vy = 17.4 THz, vy = 12.4 THz, w; = 0.68 THz,

wy = 3.5 THz [24].

The third fiber sample is a chalcogenide-glass solid-core microstructured optical fiber. It was fabricated
from AsggSego glass using the casting method [45]. It has a core diameter of 11.2 pym, a pitch of 7.11 pum,
and an air-hole diameter of 3.23 pm. Figure 3 shows a cross section of the microstructure with dimensions
for the air hole structure (a) as well as the refractive index of AssgSega glass (b). The following Sellmeier
model was used, n? = Ao+ A 10 R A2 vz, with Ag = 3.7464, Ay = 3.9057, Ay = 0.9466, a1 = 0.4073 i,
and ag = 40.082 pm. These Values were chosen to obtain the best fit with the refractive index measured
data shown in Fig.3(a).

Figure 3: (a) Refractive index of AssgSego glass calculated with the Sellmeier model. Inset shows the
cross-section image of the microstructured chalcogenide fiber. (b) Computed dispersion curve for the
microstructured chalcogenide fiber with a zero dispersion wavelength near 5 pum. (c) Absorption loss
of the chalcogenide-based microstructured fiber. (d) Computed effective mode area. Inset shows the
fundamental optical HE;1 mode.



The dispersion curve for the fundamental mode was calculated by the finite-element method using
the COMSOL software. The result is shown in Fig. 3(a). The zero-dispersion wavelength is 4.84 pum.
The calculated effective mode area is shown in figure 3(d). Optical losses for the chalcogenide fiber are
shown in figure 3(c). The transmission window ends near 10 um, and there is an absorption peak around
4.56 pm due to the presence of Se-H chemical bounds in the glass. The nonlinear parameters considered
for this AssgSego glass fiber are summarized in table 1. The nonlinear index ns is very large and is taken
from [45,46]. The Raman response is modelled with equation (3) and the Raman parameters are taken
from [27|. This gives Raman gain peak centered around 6.9 THz with a linewidth of about 3.2 THz.

3.2 Infrared Optical Filter

The short-wavelength filtering of the ZBLAN fiber output is achieved experimentally with a combination
of a germanium window and lenses with IR anti-reflective (AR) coatings for infrared. This filtering window
aims to cut all the energy < 1.9 um in the ZBLAN fiber output spectrum to prevent two-photon absorption
and optical damage in the chalcogenide optical fiber. The global transmission function of this filtering
system was modelled with a supergaussian function of the following form,

T:exp< (A;AA(’)’”) (6)

The parameters Ag, m, and AX where adjusted to obtain the best fit with the experimental spectrum
measured after the filtering system. The following values where used: Ay = 11.87 pym, m = 80, and
AX =10 pm.

4 Simulation Results

In this section, we present simulation results for three different pump pulse durations: 50 ps, 200 ps, and
460 ps (the measured experimental duration). All the spectral and temporal evolutions shown thereafter
are plotted with colormaps of relative intensity with a 80 dB range from blue to red (See figure 4). For
the simulations, a Gaussian pulse was used. Quantum noise was added to the initial pulse following the
one photon per mode model (see |44] for more details). The numerical models used for each fiber are also
presented, including dispersion, nonlinear parameters and losses. A peak power of 6 kW was chosen for
the three pump pulses to get the best match with experimental results. For this type of simulation, we
typically use a lower peak power than the experimental peak power, which is around 18 kW in this case.
This is due to the fact that the simulation model considers perfectly polarized and single-mode propaga-
tion. In experimental conditions, random polarization and multi-mode behavior is generally detrimental
to spectral broadening mechanisms, hence the need for more peak power than in simulations. Simula-
tions were carried out for the three pump pulse durations in the SMF-28 fiber and the ZBLAN fiber. As
expected from the theory of SC generation with quasi-CW pulses, we show that the same mechanisms
occur for the three different pump pulse durations, and that the experimental SC bandwidths at the
output of the ZBLAN and chalcogenide fibers can be achieved with pump pulses as short as 50 ps. The
SSFM algorithm requires high longitudinal precision in the chalcogenide fiber because of high nonlinearity
(0 = 720 km~'W~1). As a result, simulations for 200 ps and 460 ps pump pulses, which require at
least Nt = 22! sample points, would require unrealistic computing times. Therefore, simulations in the
chalcogenide fiber were only carried out with the intermediate ZBLAN results from the 50 ps pump pulse.



4.1 Silica fiber

The simulation results for 20 cm of propagation in the single-mode silica fiber (SMF-28) are shown in figure
4 in colormap and for a 460 ps pulse. The pulse shape remains virtually unchanged throughout this fiber
segment. The only notable feature is the apparition of weak MI Stokes and anti-Stokes sidebands in the
spectrum around 1.51 and 1.59 pm, respectively. They can be seen appearing on either side of the pump
in the spectral evolution, as shown in top of figure 4(b). Their specific frequencies relative to the pump
(Qm1 = wp —wg) are given by the scalar phase-matching relation that reads as B2Q3; + %Qﬁﬂ +2vPy =0,
Where P, is the peak power, v is the nonlinear parameter, 32 is the GVD parameter, and 54 is the fourth-
order dispersion [38]. A more detailed view is shown in Figure 6. It is worth noting, however, that our
simulations show this first fiber segment has little to no effect on the overall SC evolution in the ZBLAN
and chalcogenide fibers.

Figure 4: (a) Temporal and (b) spectral evolution in the silica fiber (SMF-28) for a 460 ps pulse and a 6
kW peak power.

4.2 ZBLAN Fiber

The simulated spectral and temporal evolutions in both the silica and the ZBLAN fibers are shown in figure
5. In the bottom, the final spectrum after 25 m of propagation is compared to the experimental spectrum.
The agreement is particularly excellent. This is due to the fact that the total bandwidth and soliton self-
frequency shift (SSFS) are only limited by the transmission window of the fiber in the mid-infrared which
ends between 4 and 4.5 pm (see figure 2(d)). The break-up of the pulse into a train of solitons can be
seen from 2 m in Fig. 5(b). Beyond this point, the continuous Raman-induced self-frequency shift of the
solitons is clearly seen in both the spectral and temporal evolutions as they gradually separate from the
main pulse due to their dispersion increasing with the SSF'S. Events of soliton collision can also be observed
in the spectral evolution. They manifest themselves as sharp increases in the spectrum bandwidth on the
long-wavelength side (e.g. around 16 m in the 50 ps spectral evolution). Dispersive waves can be seen
rapidly drifting away from the main pulse in the time evolution beyond 1000 ps. In terms of bandwidth,
the simulation provide a nearly perfect match with the experimental spectrum (within 0.05 pum at the
-20 dB level of the maximum intensity).



Figure 5: (a) Spectral and (b) time-domain evolution for the 460 ps pump pulse with the output experi-
mental and numerical spectra shown in (c).

From Fig.5(b), we see that the SC in ZBLAN reached a maximum extension at 4.2 ym around 13 m.
At longer distance, the SC becomes slightly narrower due to the absorption edge around 4-4.2 pym in
ZBLAN, and since there is not much spectral evolution between 15 m and 25 m in the ZBLAN fiber,
this might indicate that the peak power of the solitons are not very high, nonlinear effects are not very
important and the dispersion continue to increase the pulse duration of these solitons. Therefore, it might
be more efficient to cut the ZBLAN fiber at 13 m to 15 m to inject its output SC (which is broader and
maybe more intense soliton train) in the following chalcogenide fiber.

To gain insight on the processes initiating SC generation in the ZBLAN fiber, we show in figure 6 the
details of the first 50 cm of spectral evolution. The strongest sidebands correspond to the MI-enabled Stokes
and anti-Stokes Raman sidebands around 1.42 and 1.70 gm. Around 1.51 and 1.59 pum are the residual
MI sidebands from the silica fiber. Weak MI ZBLAN sidebands are visible around 1.39 and 1.755 pm.
Each of the wavelength pairs given here and identified on the plot were calculated theoretically. The MI
wavelengths can be derived from the same equation as for the silica fiber, and the Raman wavelengths
correspond to the peak of the ZBLAN Raman gain at 17.4 THz.
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Figure 6: Initial spectral evolution in the ZBLAN fiber. The wavelengths marked with the dotted lines
correspond to the theoretical MI and Raman wavelengths calculated with phase-matching equation in the
text and the Raman gain peak at 17.4 THz, respectively.

From theory and simulation, we confirm that the time and spectral domain evolutions of the 460 ps
pulse is well approximated by the 50 ps pulse. Longer pulses simply provide a longer collection of solitons
but that will not change the statistical distribution of peak powers and pulse widths. Therefore, from now
on, simulations are carried out only with the 50 ps pump pulse to save computing time. Figure 7 shows
the filtered simulated spectrum compared with the experimental filtered spectrum using 50-ps input pulse.
This is the spectrum injected in the chalcogenide fiber.

Figure 7: Filtered spectrum injected in the chalcogenide fiber.

4.3 Chalcogenide Fiber

The simulation results for the first 2 cm of propagation in the chalcogenide fiber are shown in Fig. 8.
The injected spectrum from the filtered ZBLAN output lies entirely in the normal dispersion regime of
the chalcogenide fiber which has its ZDW at 4.838 pm (marked by the dotted line). The initial spectral
evolution shows that, from the train of thousands of pulses injected in the chalcogenide fiber, a fraction of
them have a small enough width Ty to drift through the zero-dispersion via intrapulse Raman scattering
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(IRS). The pulses crossing the ZDW evolve into solitons and create an initial low-intensity continuum on
the long-wavelength side through SSF'S.

Figure 8: Initial spectral evolution in the chalcogenide fiber.

The spectral evolution over the full length of chalcogenide fiber is shown in figure 9. The top of the
figure shows the final output spectrum compared to the experimental spectrum. In terms of spectral
bandwidth, our numerical result matches nearly perfectly the experimental measurement. If we compare
the numerical and experimental SC bandwidth at -20 dB of maximum intensity, we get a deviation of only
0.04 pm over the full 8 pm width. As for the ZBLAN fiber, spectral broadening in the chalcogenide fiber
is only limited by its transmission window and the confinement losses.

The spectral evolution of figure 9 shows interesting SC dynamics. From 0 to 5 m, most of the en-
ergy remains in the normal dispersion regime (82 > 0). Energy rapidly accumulates at the limit of the
transmission window (around 9.5 pum) from the pulses that initially crossed the ZDW. These solitons tend
to accumulate around this wavelength as their SSFS is stopped by the upper limit of the transmission
window. The effect of the absorption peak at around 4.6 pum (see figure 3) can be clearly seen on the low-
energy continuum. From the beginning, the main train of pulses can be seen drifting through intrapulse
Raman scattering towards the ZDW. After 5 m most of the pulses remain trapped by the ZDW barrier and
stop their frequency drift. From 5 m onwards, a fraction of the pulses cross the ZDW barrier and start
evolving as solitons on the anomalous dispersion side (52 < 0). This gradually adds energy to the initial
low-energy continuum via the SSF'S of the solitons. The spectrum evolves towards thermalization, where
energy is equally distributed throughout the transmission bandwidth. The output is therefore a relatively
flat spectrum from 2 to 9.7 pym.
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Figure 9: Full spectral evolution in the chalcogenide fiber with final output spectrum.
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5 Conclusion and Recommendations

In this work, we have developed a broadband fiber-based supercontinuum source spanning from 2 to 10 pm
with 16 mW output power. This was achieved using cascaded ZBLAN-chalcogenide optical fibers directly
pumped by a compact 1550-nm pulsed fiber laser without using thulium-doped fiber amplifiers. We
have further carried numerical simulations for broadband mid-infrared SC generation in a cascaded fiber
system. Our simulations were consistent with the theory of quasi-CW SC generation. We show that noise
amplification through MI and Raman gain leads to the break-up of the pulse envelope into a chaotic train
of solitons which broadens the spectrum through Raman-induced self-frequency shift and dispersive waves.
In terms of bandwidth, our numerical results are nearly identical to the experimentally measured spectra,
both at the output of the ZBLAN fiber (within 0.05 pm at -20 dB level) and the chalcogenide fiber (within
0.04 pm at -20 dB level). The final output spectrum is a flat broadband spectrum covering the mid-IR from
2 to 10 pm. Further broadening is only limited by the transmission window of the chalcogenide fiber. Our
main recommendation drawn from our numerical simulations would consist of using a shorter ZBLAN fiber
(around 13 m) and a chalcogenide microstructured fiber with a smaller core diameter (ideally 7 pm) [47].
This would shift its zero-dispersion wavelength towards shorter wavelengths (< 4 pm) and allow to fill the
desired window (from 2 to 10 pm) with a few centimeters of fiber only (based on numerical simulations,
See supplementary informations), while reducing the linear loss (8.3 dB). Our second recommendation
consists into exploring different options for the infrared filtering system and to avoid free-space optics.
Free-space optics and re-coupling to the chalcogenide fiber induces considerable losses in the system.
An all-fiber filtering system, for example, would provide improved robustness and reduced losses. Anti-
reflection coating or nanoimprinting of the chalcogenide fibers could also significantly reduce the Fresnel
losses and the input damage threshold [48,49]. This would allow to considerably increase both the output
power and the spectral power density. Another way to reduce free-space optics in this cascaded fiber setup
is to use a fusion splice between the silica and the ZBLAN fiber, as demonstrated in Refs. [50,51]. Finally,
we also recommend exploring telluride-glass fibers as a fourth fiber to add to the system. This would
potentially allow to further broaden the spectrum and reach wavelengths beyond 10 pum [52]. Polarization
and coherence properties of the mid-IR cascaded SC light are further key parameters for some applications
such as mid-IR, OCT and interferometric measurements. We could for instance replace the fiber laser and
the cascaded system with polarization-maintaining fibers [53,54]. About coherence, it is evident that tis
cascaded fiber system does not maintain the initial temporal coherence of the input laser but we could
consider all-normal dispersion (ANDi) chalcogenide fibers directly pumped with mid-IR femtosecond fiber
lasers to improve this feature [44]|. Nevertheless, we believe that, despite the mentioned weaknesses, current
mid-infrared supercontinuum all-fiber sources will find several applications and represent a landmark to
foster the improvement of such broadband sources in other fiber or chip-based photonic platforms.
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8 Supplementary informations

In this section, we present simulation results for the same cascaded fiber system, but with a different
chalcogenide fiber to study the effect of the zero-dispersion wavelength. The chosen fiber was presented
by Saghaei et al. [47] in 2015 as part of an experimental study on mid-infrared SC generation. It is
microstructured with the same air-hole pattern as the one used experimentally. Figure 10 shows a diagram
of its cross-section. It is made of AsySes glass, which has similar nonlinear properties to AsggSege glass.
The main difference is its lower ZDW, which is at 3.81 um. This is due to the different dimensions of its
air-hole structure: it has a core diameter of 7 ym, a pitch of 5 pm, and an air-hole diameter of 3 pum.

(a) (b)

Figure 10: (a) Cross-section of the alternative chalcogenide fiber (adapted from [47]). (b) Dispersion curve.

Figure 11 shows the spectral evolution over 1 c¢m of this alternative chalcogenide fiber. This short
propagation distance allowed to carry out the simulation with the filtered ZBLAN spectrum from a 460 ps
pump pulse. With the ZDW at 3.81 um, a fraction of the filtered ZBLAN output spectrum is injected
directly in the anomalous dispersion regime of this fiber (on the right of the dotted line in figure 11). This
allows a great number of solitons to form directly without having to cross the ZDW barrier. Through
SSFE'S, the solitons rapidly fill the transmission window with a relatively high-energy continuum. There-
fore, by shifting the ZDW to 3.81 um with this alternative chalcogenide fiber, our simulations show that
an almost flat SC spanning the 2-10 pm window can be generated with only 1 cm of fiber.

The study of broadening dynamics in this fiber shows that, over the first centimeters of propagation,
energy injected in the normal dispersion regime tends to stay concentrated on that side of the ZDW, and
energy injected in the anomalous dispersion regime rapidly spreads to fill the transmission window. There-
fore, we can postulate that shifting the ZDW further towards short wavelengths (with an even smaller core
diameter) would help achieve an even flatter SC with only a few centimeters of fiber. This would reduce
cost and the overall losses in the cascaded system. For practical applications however, a minimum length
of 1 m is usually required at the source output.
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Figure 11: Spectral evolution in the 7 pm-core chalcogenide fiber.
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