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We experimentally demonstrate 140-THz bandwidth (at —20 dB) supercontinuum generation in a 10 cm-long
all-normal dispersion step-index tellurite fiber pumped by a turn-key femtosecond fiber laser emitting at 2.11 pm
at a repetition rate of 19 MHz. The soliton self-frequency shifted thulium-doped fiber mode-locked laser emits
initial transform-limited pulses, with 85-fs pulse duration, that are subsequently quasi-linearly chirped (over

more than 50 THz) during the above nJ-level nonlinear propagation. Moreover, we numerically demonstrate
the possible pulse compression down to 12 fs by means of additional linear propagation in a standard step-index
fluoride fiber with anomalous dispersion.

1. Introduction

The development of compact fiber-based supercontinuum (SC) light
sources has undergone a dramatic increase, in particular spanning
the mid-infrared (mid-IR) molecular fingerprint region (2-12 pum) for
spectroscopy and microscopy [1-5]. Such fiber SC sources based on
fluoride, tellurite, or chalcogenide optical fibers result from extreme
spectral broadening of high intensity pump laser pulses through a
combination of instantaneous (Kerr) and delayed (Raman) nonlinear
processes [6-10]. Such demonstrations were initially performed using
large high-power femtosecond lasers with low repetition rate and aver-
age power. However, in the past few years, there has been a surge of
interest in novel compact mid-IR optical materials and lasers [11,12],
so that very compact commercial mid-IR femtosecond fiber lasers are
now available and can be used as pump lasers between 2 and 4 pm
for developing a robust all-fiber SC module [13-16]. In general, the
exploitation of compact and robust fiber SC schemes with improved
coherence and flatness could be advantageous for applications like ab-
sorption spectroscopy or pulse recompression [17,18], but still requires
considerable efforts beyond 2 pm to reach the remarkable efficiency
already demonstrated in the near-IR. To this regard, several experi-
mental attempts have been already reported in the important spectral
transition between near-IR and mid-IR (1.5-3.5 pm) [13,19-24] by
using normal dispersion fibers made of chalcogenide or tellurite glasses.
Note that only Refs. [13,19] are based on pumping with a compact fiber
laser, then coupled into chalcogenide fibers. We previously demon-
strated that step-index tellurite fibers are suitable candidates in this
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spectral region, in particular through their dispersion characteristics
and their ability to control frequency conversion and supercontinuum
generation with 2 pm pump lasers [25,26]. However, their combina-
tion with compact femtosecond lasers beyond 2 pm for coherent SC
generation has not been reported so far.

In this manuscript, we demonstrate the generation of quasi-linearly
chirped supercontinuum pulses using a short segment of all-normal
dispersion (ANDi) tellurite fiber. Pumped with a 2.11 pm fiber laser, we
achieve through self-phase modulation and optical wave-breaking a -
20 dB bandwidth from 1.3 to 3.4 pm and a - 3 dB bandwidth from 1.5 to
3 pm (100 THz) at 20 kW coupled peak power (33 mW average power).
Such spectral bandwidths and average power clearly exceed the capa-
bilities reported in Ref. [19] with the same fiber laser and a chalco-
genide fiber. Our experimental results are confirmed by numerical
simulations based on the generalized nonlinear Schrodinger equation
(GNLSE) for distinct pumping powers. Next, we numerically investigate
the subsequent stage of temporal compression of the above positively
chirped pulses in a standard fluoride fiber through dispersion-induced
recombination of frequency components. Optimization procedure of
both fiber lengths (nonlinear and linear stages of propagation) is an-
alyzed to achieve the maximum compression factor according to the
minimum of the time-bandwidth product and pulse deformation. Based
on the coupled peak power in the nonlinear stage, we find that opti-
mized fiber lengths allow to reach the few-optical-cycle regime of the
underlying electric field.
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2. Experiments
2.1. Fiber properties and experimental setup

Our step-index tellurite fibers for mid-IR SC generation are devel-
oped through the build-in-casting and the rod-in tube techniques which
are well described in our previous works [26,27]. In particular, core
and cladding glasses were chosen based on their optical, thermal and
mechanical compatibility for the build-in-casting process, and suitable
refractive index difference (about 0.1 at 2 pm) for light guidance
through a simple step-index design. The corresponding compositions
are respectively 80TeO,-5Zn0-10Na,0-5ZnF, (TZNF, molar fraction)
and 60Te0,-5Zn0-20Na,0-15GeO, (TZNG). The synthesis and quench-
ing of the glass preform are performed in a glove box under dry
atmosphere to avoid any water contaminations from the environment.
To further reduce the presence of hydroxyl compounds and limit the
mid-IR absorption of the fiber, zinc fluoride is added to the core
composition [28]. TZNF and TZNG glasses are synthesized from high
purity precursors. Both melted glasses are quenched in a pre-heated
cylindrical brass mold and then annealed. We obtain a 45 mm long and
16 mm large cylindrical preform inside which it is easy to differentiate
the two different compositions as shown in the inset of Fig. 1a. The re-
sulting step-index glass preform is drawn into capillaries with an outer
diameter of 800 pm for the next rod-in-tube stage. A second cladding
glass preform used as a tube is made by following the protocol above
described and drilled mechanically. The step-index rod is then inserted
into the hole of the second cladding tube and another drawing stage
is performed to obtain small-core step-index fibers varying between
3 and 6 pm. Typically, our fibers exhibit background losses below 1
dB/m between 1 and 2.8 pm, and the water-related absorption band
around 3 pm remains below 2 dB/m (see Fig. 1a). Fiber losses then
increase and reach the multiphonon absorption edge beyond 4 pm. Such
losses were measured over the entire wavelength range by means of
the cutback method on 8-m-long samples of large-core step-index fiber
(50 pm core diameter) and using a blackbody source. Similar loss values
were only confirmed at particular wavelengths (1.55 and 2 pm) in
small-core fibers since requiring narrow linewidth lasers with a higher
power due to low-coupling issues. However, we verify that losses still
remain moderate up to 4 pm when considering cm-long segments of
small-core fibers as demonstrated in Ref. [7].

As studied in our previous works [25,27], based on this simple step-
index profile, our fibers do not exhibit a strictly single-mode behavior
in the mid-IR spectral range, but high numerical apertures and a
rather strong confinement of the fundamental guided mode. Calculated
dispersion curves and effective mode area variations as a function of
wavelength of the fundamental guided mode are shown in Fig. 1b-1c
(obtained by solving the eigenvalue equation for cylindrical step-index
waveguides). Our fiber design provides distinct dispersive regimes by
simply varying the core diameter from 3 to 3.5 pm, namely all-normal
dispersion profile and multi-zero dispersion wavelength profile. In par-
ticular, we find that anomalous dispersion only exists for core diameters
larger than 3.25 pm. The flexibility of dispersive properties beyond 2
pm combined with strong optical confinement allowed us to investigate
an overview of some relevant nonlinear dynamics of SC generation,
in both picosecond and femtosecond pumping regimes at moderate
peak powers [7,25,26]. Here we focus our study on the femtosecond
pumping regime and the all-normal dispersion regime for generating
quasi-linearly chirped supercontinuum pulses with significant powers
and their application for pulse recompression.

We made use of a simple configuration of SC generation experi-
mental setup described as follows: (i) The pump source is a commer-
cial, turn-key soliton self-frequency shifted thulium-doped fiber mode-
locked laser (NOVAE Brevity A+). The delivered transform-limited
pulses, centered at 2.11 pum with repetition rate of 19 MHz and average
power of about 200 mW, exhibit a duration at full width half maximum
(FWHM) of 85 fs (i.e., 4 THz spectral bandwidth). Here our study was
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performed with the free-space output option (i.e., collimated Gaussian
beam) of the fiber laser to avoid any damage of output fiber facet
during optimization procedures. However, note that for more robust SC
schemes, suitable splicing methods could be used to directly connect
the tellurite fiber with the fiber output of the femtosecond laser. (ii)
Before coupling into the tellurite fiber, both linear polarization and
input power of pump pulses are controlled via the combination of a
half-wave plate and a variable optical attenuator (90% total transmis-
sion). (iii) Our small-core tellurite fibers were cleaved by means of
a scalpel blade and quality of the interfaces was carefully checked
under microscope (see Ref. [26]) before mounting a few-cm long fiber
sample onto a 3-axis holder. Pump pulses are then coupled into the
fundamental mode of the tellurite fiber under study by using a standard
aspheric lens (4 mm focal length and 90% transmission). Our coupling
efficiency is about 20% for our small-core fibers, so that SC generation
can be investigated with a maximum input peak power of roughly 20
kW (33 mW average power). (iv) At the output of such tellurite fibers
(featured by high numerical apertures [27]), the SC light is directly
collected by a 0.5-m long multimode fluoride (InF3) fiber with the butt-
coupling technique. This multimode fiber (100 um core) facilitates the
collection stage of the SC light and exhibits an excellent transmission
over the 0.35-5.5 pm spectral range. Finally, the SC light is collimated
by means of an off-axis parabolic gold mirror and directly sent to the
FTIR spectrometer spanning the 1-5 pm range.

2.2. Results of supercontinuum generation

In this subsection, we present the experimental results of SC gener-
ation in two step-index tellurite fibers, namely with all-normal disper-
sion (3.15 pm core diameter) and with two zero-dispersion wavelengths
(3.45 pm core diameter). We provide this comparison to highlight the
impact of dispersive properties on the resulting output SC spectrum
and its -20 dB bandwidth. Fig. 2 shows the recorded output spectra
for both types of fiber as a function of input peak power. We here
fixed the fiber lengths to 10 cm. Based on our previous study of SC
generation with similar fs pulse pumps [26], it was demonstrated that
the maximum spectral broadening is usually reached for such fiber
segments. Numerical simulations will confirm this hypothesis in the
next section.

Pumping in the normal dispersion regime (see Fig. 2a) implies that
SC generation is mainly driven by self-phase modulation (SPM) and op-
tical wave-breaking [29], thus the spectrum remains nearly symmetric
around the pump wavelength and narrower than in other dispersion
regimes. The typical features of SC generation in ANDI fibers are (i)
the spectral flatness, (ii) the single-pulse preservation and its quasi-
linear chirping, and (iii) the stability to input noise, which guarantees
a full SC coherence [30-32]. Optical wave-breaking is an important
phenomenon affecting short pulse dynamics in the normal dispersion,
which creates new frequencies through four-wave mixing and enhances
the flatness of the central part of the spectrum. The spectrum is also
associated with a nearly linear distribution of the instantaneous fre-
quency across the pulse. In general, the frequency chirp is maximal
before wave-breaking has occurred (dominant SPM) and, after that, ac-
celerated pulse broadening takes place. To achieve the largest spectrum
with high spectral flatness, it is convenient to propagate the input pulse
until wave-breaking occurs. Then, one can use the empirical L,/N
scaling of wave-breaking distance Ly, to ensure the saturation of the
pulse spectral broadening. Moreover, a rough estimate of the maximum
spectral broadening for secant-hyperbolic pulses can be found as 1.7
N [29]. Note that such simple rules were derived assuming a dispersion
flattened fiber (i.e., neglecting higher-order dispersions) and without
higher-order nonlinear effects such as the self-steepening effect. Here,
N is defined as N = /Lp/Ly,; with the dispersion length L, =
T3/ |p,| and the nonlinear length Ly, = 1/y Py, where P, is the input
peak power, T; is the half-width (at 1/e-intensity point) of the input
pulse, B, and y are respectively the fiber group-velocity dispersion
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Fig. 1. (a) Fiber loss measured by means of the cutback method in a large-core step-index fiber (inset: Cross-section of the step-index preform). (b—c) Wavelength-dependent curves
of dispersion D and effective mode area of the fundamental guided mode of step-index tellurite fibers with distinct core diameters from 3 to 3.5 pm by step of 50 nm. The black
curve in panel (b) shows the dispersion of the 14 pm-core ZBLAN fiber used for pulse compression.
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Fig. 2. Evolution of SC spectrum recorded experimentally as a function of input peak power for 10-cm-long tellurite fiber segments with (a) all-normal dispersion and (b) two
zero-dispersion wavelengths. The dotted lines indicate the positions of calculated zero dispersion wavelengths.

and the fiber nonlinear coefficient at the pump wavelength A,. In our
experimental configuration, f, = —DA?/2zc = 18 ps 2 km™! (c is the
speed of light) and y = 153 W~! km~!. We find that all our SC spectra
recorded after 10 cm of propagation (whatever the input peak power)
are obtained well-beyond the optical wave-breaking has occurred (see
Fig. 2a). This implies that the maximal spectral broadening is also
reached. For example, in the case of P, = 8.6 kW, N ~ 13 and
L, ~ 13 cm, so that Ly, ~ 1 cm and the spectral broadening
factor is about 22 times the initial 4 THz spectral width (i.e., 88 THz).
Experimentally, the corresponding SC spectrum spans from 1.65 to
2.9 pm, which corresponds to 78 THz. For the highest input peak power
(33 mW average power), we achieve a —20 dB bandwidth from 1.3
to 3.4 um (i.e., 140 THz). Such spectral bandwidths and associated
average powers clearly exceed the capabilities reported experimentally
in Ref. [19] with the same fiber laser and a chalcogenide fiber, as well
as numerical predictions of ANDi SC generation in step-index fluoride
fibers around 2 pm [33].

For comparison, in Fig. 2b, we show the pumping in the anomalous
dispersion regime between two close zero-dispersion wavelengths (at
2.05 and 3.1 pm), which leads to broader SC spectra. In that case,
the spectral broadening results from well-known soliton dynamics and
Raman soliton-self-frequency shift [26,30]. We can note that both edges
of the SC spectrum for high pump powers are formed by dispersive
waves in both regions of normal dispersion, namely in the near-IR be-
low 2 pm and in the mid-IR beyond 3.1 pm. This pumping regime with
low anomalous dispersion and two close zero-dispersion wavelengths
implies typical features such as, the broadest SC spectrum, its multi-
pulse nature, its lower spectral flatness, higher sensitivity to input noise
for N values beyond 10 (most of the spectra reported in Fig. 2b), and
thus the degradation of SC coherence [26].

In the following we focus on the detailed analysis of our ANDi
SC spectra by means of numerical simulations in terms of spectral
bandwidth and chirp, and their possible use for subsequent pulse
compression towards the few-optical cycle regime.

3. Numerical simulations
3.1. Linearly chirped supercontinuum pulses

We first performed numerical simulations of the nonlinear pulse
propagation in our tellurite fiber with all-normal dispersion to confirm
the experimental SC bandwidths measured above, accordingly to the
pumping parameters. Our modeling is based on the generalized non-
linear Schrédinger equation that includes the full dispersion curve of
the fundamental mode, both instantaneous Kerr and delayed Raman
nonlinear responses, and the dispersion of nonlinearity [30]. This equa-
tion governs the evolution of the complex envelope of the electrical
field. For the Raman response function, we used an intermediate-
broadening model using convolutions of Lorentzians and Gaussians
adapted from spontaneous Raman scattering spectra and estimated
Raman gain coefficient given in Ref. [34]. The contribution of the
delayed Raman response was found to be fi = 0.25. Our simulations
also include the fiber losses measured in Fig. 1. The dependence of SC
stability on the input pulse characteristics and the fiber parameters has
been extensively studied during the last decade [30,32]. The use of
ANDi fibers allows highly coherent SC to be designed for pump pulses
equivalent to N ~ 600 and pulse duration up to 1.5 ps.

The sensitivity of SC fluctuations to input noise will be studied in
the following, as described in Ref. [30], namely by performing 100
simulations with different random input noise imposed on the input
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Fig. 3. (a) Evolution of SC spectrum obtained from simulations as a function of input peak power for the 10-cm-long ANDi tellurite fiber (Spectral dynamics is shown over 35 dB
only for an easier comparison with experiments). (b) Comparison of —20 dB SC bandwidth obtained experimentally (crosses) and numerically (solid line). Dotted line indicates the

numerical —3 dB SC bandwidth.

pulse for each fiber. The ensemble of output SC fields allows the
calculation of the complex degree of first-order coherence over the
SC spectrum g?lz), thus characterizing the shot-to-shot stability of SC
sources [30].

In addition to spectral features, in the following, we also analyze
the associated frequency-chirp profile in the temporal domain as a
function of fiber length and pump power. Fig. 3a shows the output
SC spectra simulated for the same pumping parameters as in Fig. 2a.
We clearly see a good agreement about the spectral broadening with
increasing input powers, which is confirmed by the comparison of the
-20 dB bandwidth depicted in Fig. 3b. A maximum of 140 THz can
be reached with a 20 kW input peak power. However, we can note
that the simulated SC spectra are flatter than experimental ones, in
particular close to the pumping wavelength. In experiments, residual
pump energy outside the fundamental mode still propagates in the
fiber, thus making here difficult the direct comparison of the -3 dB
bandwidths. From numerical simulations, we can expect that the SC
pulse at full width half maximum is quasi-linearly chirped over 100
THz. To illustrate and confirm our expectation, Fig. 4 presents the
corresponding nonlinear pulse propagation when the input peak power
is moderate and fixed to 8.6 kW. We easily observe the SPM-induced
spectral broadening in the first steps of propagation (i.e., about 1 cm
of propagation) associated with strong (non-monotonic) chirping of the
pulse, and a shock front first emerges on the trailing edge due to the
self-steepening effect on ultrashort pulses [35] and the dispersion of
the nonlinearity. This clearly introduces a strong asymmetry in the
pulse dynamics. A typical signature in the spectral domain is the larger
spectral broadening on the high-frequency edge as shown in Fig. 4d.
Next, one can note that the typical optical wave-breaking takes place.
After 3 cm of propagation (see Fig. 4e), the latter helped to flatten the
SC spectrum and to linearize the frequency chirp through dispersion.
After that, we observe a significant temporal broadening of the pulse
to the picosecond range (see Fig. 4f). It appears that only a few-cm-
long fiber segments are required at high peak powers to generate
positively chirped pulses over 50 THz (-3 dB bandwidth) that can be
quasi-linearly compressed to the single-cycle regime (nearly 7 fs pulse
duration), while further propagation enhances spectral broadening and
flattening. But, it is worth to mention here that the self-steepening
effect as well as higher-order dispersions of the tellurite fiber introduce
significant asymmetries in the pulse shape and the chirp profile. Both
edges of the pulse do not undergo the same dynamics, a pure linear
chirp cannot be expected across its entire width. Such a detrimental
asymmetry implies that a simple fiber compressor could not provide a
full chirp compensation, for approaching the transform-limited pulse.
Finally, one can clearly notice that a high degree of coherence is pre-
served over the full SC spectrum generated in our ANDi tellurite fiber.

Similar behaviors were also obtained for the higher input powers under
study. This confirms the octave-spanning coherent supercontinuum
generation in our step-index tellurite fiber.

3.2. Temporal pulse compression and its optimization

We now investigate the linear compression of our chirped SC pulses
by passing them through a dispersive propagation stage. More specifi-
cally, we consider the coupling of the pulses into another optical fiber
with negative group-velocity dispersion (f,) in the 2 pm waveband to
recombine the frequency components. This simple configuration will
have some limitations in terms of compression ratio and pulse quality
(i.e., remaining temporal pedestals), however, it provides an all-fibered
solution of the complete setup. Advances in fiber splicing technology
will allow direct splicing between the different fibers, which would
decrease detrimental losses induced by free-space couplings. Step-index
fluoride fibers appear as suitable candidates for the linear compression
stage in the spectral range under study, since they exhibit excellent
transparency, anomalous dispersion, and lower nonlinearity than other
infrared-glass optical fibers [36]. Note that few-cycle pulse generation
from mid-IR fiber lasers has been recently demonstrated by using a
typical grating-fiber compressor [37,38], namely the nonlinear spectral
broadening in a short length of step-index chalcogenide fiber and a
double-pass diffraction grating pair [15]. For instance, mid-IR pulses
as short as 70 fs (7.3 optical cycles) at 2.86 pm were demonstrated.
Other techniques based on multi-stage fiber systems rely on nonlinear
soliton self-frequency shift or soliton compression [14,39], thus requir-
ing higher initial pulse energies. Here we restrain our study to the
simplest configuration based on linear compression with a suitable fiber
segment.

In the following, we consider a step-index ZBLAN fiber with a 14 pm
core diameter and numerical aperture close to 0.15 (similar features
are commercially-available). The corresponding dispersion profile of
the fundamental mode is shown in Fig. 1b. It exhibits anomalous
dispersion for wavelengths beyond 1.57 pm (i.e., over a wide spectral
range of the above SC obtained with the tellurite fiber), its group
velocity dispersion at 2.11 um is #, = =35 ps 2 km~!. The large mode
area implies a very low nonlinear coefficient below 1 W~! km™1, so
that we confirm that nonlinear effects do not occur during the pulse
compression stage (i.e., the compression factor does not depend on
the power coupled into the fluoride fiber). Typical losses of ZBLAN
fibers are known to be about 0.1 dB m~! in the spectral range under
study (negligible for fiber segments studied in the following). We
performed corresponding numerical simulations on the generalized
nonlinear Schrodinger equation that includes the full dispersion curve,
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Fig. 4. Simulated nonlinear pulse propagation in our 10-cm-long ANDi tellurite fiber for 8.6 kW input peak power. (a—b) Full evolution of temporal power and power spectrum
as a function of propagation distance. (c—f) Power and frequency-chirp profiles in the temporal domain are shown in top panels while the power spectrum and the modulus of the
complex degree of first-order coherence in the frequency domain are depicted in bottom panels, for specific propagation distances: (¢) 0 cm, (d) 1.5 cm, (e) 3 cm, and (f) 10 cm.

fiber losses, both instantaneous Kerr and delayed Raman nonlinear
responses [33]. The action of the fluoride fiber mainly corresponds to
a delay line with a frequency-dependent delay [37], thus recombining
the frequency components in the opposite direction of that imposed
by tellurite dispersion (i.e., leading to the pulse compression). As an
example, Fig. 5 shows the evolution of pulse propagation after both
tellurite and fluoride fibers when the input peak power at the fiber-
system input is fixed to 8.6 kW, as in Fig. 4. The performance of the
present all-fiber compressor was solved numerically by optimizing both
fiber lengths to obtain the highest peak power at the output [38].

The resulting fiber lengths are respectively: L;,ny = 0.8 cm and
Lypran = 1.5 cm. Our all-fiber system is far from being the ideal
compressor due to the initial self-steepening effect (see Fig. 5d) and
higher-order dispersions in both fibers, it may not necessarily give the
best pulse and some uncompressed sidelobes emerge (see Fig. 5e). Nev-
ertheless, we clearly demonstrate that a maximum compressed pulse
with 15 fs duration and up to 40 kW peak power can be easily obtained.
The central pulse structure is well fitted by a secant hyperbolic shape,
and 15% of the total energy here remains in the pedestals.

For our optimization scheme, it appears that the length of nonlinear
tellurite fiber has to be shorter than the wave-breaking distance calcu-
lated previously (L, 5 ~ lcm). In contrast to ideal compressors [38],
the linearization of the chirp is not required here to reach the maximal
compression or to improve the pulse quality, in particular due to the
initial asymmetry induced by the self-steepening effect after only 8 mm.
When using the simple design rules that govern ideal compressors for
initial high N values [37,38], one would obtain a compression factor
F. ~ N/1.6 ~ 8, associated to the following fiber lengths of both

nonlinear and linear stages: L,,_n1 ~ \/0LprznLnrrzy) ® 2.4 cm
and L ~ 3T02/(FC ﬂZ(ZBLAN)‘) ~ 2.5 cm. Such values are not far

opt—Lin

from those being obtained numerically with the full modeling, and it
could give a rough estimate of maximum length required.

Finally, we investigated the optimization of our proposed compres-
sor for the highest peak power that could be injected experimentally
in the nonlinear tellurite fiber, namely 20 kW (see Fig. 6). In this
configuration, the wave-breaking distance is found to be 0.6 cm and
N value is 20. Fig. 6 shows the corresponding pulse propagation,
optimized fiber lengths are respectively: L;,y =04 cmand L, p; sy =
1.1 cm. The maximum compressed pulse exhibits a 12-fs duration and
up to 110 kW peak power (~20% of the total energy remains in the
pedestals and the compression factor is 7). We are able to reach again
the few-optical-cycle regime of the underlying electric field at 2.11 pm
(here, less than 2 optical cycles). One can expect to further compress
such pulses down to the single-cycle regime by means of more complex
COmpressors.

4. Conclusion

In summary, we studied experimentally and numerically SC gen-
eration in ANDi step-index tellurite fibers. We first demonstrated a
140 THz bandwidth (at —20 dB) SC spectrum in a 10 cm-long tellurite
fiber pumped by a turn-key fiber laser emitting 85-fs sech? pulses at
2.11 pm at a repetition rate of 19 MHz. Corresponding SC pulses are
expected to be quasi-linearly chirped over more than 50 THz. Our
numerical study then revealed possibilities of linear compression of
such positively chirped pulses in the negative-dispersion region of a
large-core step-index fluoride fiber. The main limitation is found to be
related to the pulse asymmetry induced by the self-steepening effect
during the nonlinear stage. However, we showed that this simple all-
fiber compressor scheme, with optimized fiber lengths, allows to reach
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Fig. 5. Simulated nonlinear pulse propagation in our all-fiber compressor for 8.6 kW input peak power. (a-b) Full evolution of temporal power and power spectrum as a function
of propagation distance. (c-d) Power and frequency-chirp profiles in the temporal domain are shown in top panels while the power spectrum in the frequency domain is depicted

in bottom panels at distinct propagation distances (c) 0 cm, (d) 0.8 cm, and (e) 2.3 cm.
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Fig. 6. Simulated nonlinear pulse propagation in our all-fiber compressor for 20 kW input peak power. Power and frequency-chirp profiles in the temporal domain are shown in
top panels while the power spectrum in the frequency domain is depicted in bottom panels at distinct propagation distances (a) 0 cm, (b) 0.4 cm, and (c) 1.5 cm.

the few-optical-cycle regime (i.e., down to 12 fs) of the underlying
electric field at this wavelength. Our results also confirm that tellurite
fibers are suitable candidates for nonlinear frequency conversions in the
2 pm waveband. The development of all-fiber systems is an important
step towards the widespread availability of robust mid-IR ultrashort
pulse sources.
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