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Abstract

The quest for a compact and efficient broadband laser source able to probe the numerous fundamental molecular absorption lines in the mid-
infrared (3–8 µm) for various applications has been going on for more than a decade. While robust commercial fiber-based supercontinuum (SC) 
systems have started to appear on the market, they still exhibit poor energy conversion into the mid‑infrared (typically under 30%) and are generally 

not producing wavelengths exceeding 4.7 µm. Here, we present an overview of the results obtained from a novel approach to SC generation based 
on spectral broadening inside of an erbium-doped fluoride fiber amplifier seeded directly at 2.8 µm, allowing mid-infrared conversion efficiencies 
reaching up to 95% and spectral coverage approaching the transparency limit of  ZrF4 (4.2 µm) and  InF3 (5.5 µm) fibers. The general concept of the 
approach and the physical mechanisms involved are presented alongside the various configurations of the system to adjust the output characteristics 
in terms of spectral coverage and output power for different applications.

1 Introduction

An impressive amount of knowledge and new applications emerged from the widespread use of lasers in various fields of fundamental and 
applied research, including chemistry, biology and medicine, to name a few. This success led to a growing need for new types of laser sources 

as researchers and industrials are now trying to use light to solve an increasing number of problems. Due to its strong application potential in 

spectroscopy, the 3–8 µm spectral region known as mid‑wave infrared (MWIR) has become a fertile ground for laser research over the past decade. 

Home to many fundamental ro‑vibrational absorption lines of atmospheric pollutants such as carbon oxides (CO,  CO2), nitrogen oxides  (NOx) and 

hydrocarbons like methane  (CH4), which can be one to two orders of magnitude stronger than their short‑wave infrared (1.4–3 µm) counterparts [1], 

the MWIR also happens to overlap with an atmospheric transparency window between 3 and 5 µm. while optical parametric oscillators/amplifiers 
(OPO/OPA) and interband cascade lasers (ICL) can provide a tunable wavelength output, namely over the whole 3–5 µm region [2, 3], applications 

involving hyperspectral measurements [4], multi-gas simultaneous detection [5] or identification of complex spectral signatures (i.e., standoff 
detection of explosives [6], early detection of cancer [7], etc.) would benefit from a broadband emission spectrum.

As opposed to thermal sources (i.e., blackbody, solar), supercontinuum (SC) sources offer both a superior brightness and a good beam quality 
while producing a large and relatively flat spectrum over several microns in the mid-infrared [8–10]. Originating from the spectral broadening of a 
seed pulse due to a wide range of nonlinear effects such as self-phase modulation (SPM) or Raman effects, SC can be generated from different pulse 
durations and nonlinear materials resulting in different output characteristics [11]. At present, the method for producing the broadest SC spectra is 
based on high energy femtosecond pulses produced by solid-state lasers (e.g., Ti: Sapphire) launched in a nonlinear medium such as crystals [12] or 
centimeter-long optical fibers [10, 13]. Despite the impressive spectral coverage generated, these approaches remain complex and costly, preventing 
them from addressing several practical applications outside of research laboratories. In contrast, fiber-based systems are much cheaper and robust, 
making them ideal candidates for compact application systems. While silica-based step-index [14, 15] and photonic crystal fibers (PCFs) [11] have 
been extensively used for SC generation, their transparency in the infrared is limited to wavelengths below 2.5 µm (~ 1 dB/m @ 2.3 µm) due to 
multiphonon absorption. To solve this issue, many researchers have turned themselves towards commercially available low‑phonon energy materials 

such as fluoride glass (FG) fibers which are providing extended transparency in the mid-infrared [~ 1 dB/m @ 4.2 µm  (ZrF4) and 5.2 µm  (InF3)]. A 

typical approach for fiber-based SC generation consists of the multi-stage amplification of 1.55 or 2 µm nanosecond/picosecond seed pulses in doped 
silica fibers to reach sufficiently high peak powers to enable spectral broadening in a mechanically or fusion-spliced undoped fluoride fiber [16–18]. 
This master oscillator power amplifier (MOPA) technique has produced spectra up to 4.75 µm [19] as well as average output powers exceeding 
21.8 W using MHz repetition rates [20] and a pulse energy of 25 µJ at 50 kHz from an all-fiber system [21]. One drawback of this technique is that a 
significant portion of the total SC energy (between 40 and 90%) is not converted to wavelengths beyond 3 µm mostly, because the seed wavelength 
remains relatively far from the targeted spectral region [22].
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Recently, an approach based on the 2.8 µm amplification of picosecond seed pulses in an erbium-doped fluoride fiber amplifier was proposed 
as a way to obtain most of the SC energy beyond 3 µm [23]. Relying on the simultaneous interaction of optical amplification and nonlinear spectral 
broadening, this in-amplifier technique also provides interesting physical insights on SC generation inside of a gain media, which is still not 
completely understood. In this article, we will present the general concept of the in-amplifier SC generation technique and review the results obtained 
so far through different configurations of the system including recent efforts on power scaling and extended spectral coverage.

2  Theory and experimental setup

The in-amplifier approach (Fig. 1) is based on launching a seed pulse (Fig. 2) of desired duration and wavelength inside a doped fiber which will 
act both as an amplifier and as a nonlinear medium for frequency generation. To have a better control over the generated output spectrum, a segment 
of passive fiber can be added after the amplifier to increase the nonlinear interaction length and thus to further tailor or extend the output spectrum.

Using a doped fiber as both the amplifying and non-linear media for SC generation is not a new idea. Several studies using thulium-doped 
silica fibers as nonlinear media in SC experiments have shown to produce spectrally flatter and broader SC than with passive fibers, thanks to the 
contribution of the 3H4‑

3H5 transition of thulium ions between 2.2 ~ 2.5 µm during the broadening process [24]. However, using the thulium gain 
around 2 µm is not efficient to generate power within the 3–5 µm region. A logical alternative was to use the 2.8 µm gain from erbium (see Fig. 3) in 
fluoride fibers [25]. Consequently, we designed our system to work at this wavelength, using an erbium-doped fluoride fiber seeded by 2.8 µm pulses. 

The seed laser we chose to generate SC is illustrated in Fig. 2. Provided by Light Matter Interaction Inc., the seed laser system used a 1064 nm 

passively Q‑switched micro‑chip laser launched in a PPLN nonlinear crystal to generate an idler around 2.8 µm through the optical parametric 

generation (OPG) process. A first iteration of the system provided 2 mW of average output power at a 2 kHz repetition rate, followed by a second 
version at 20 kHz producing 30 mW of average output power. In both cases, the system delivered ~ 400 ps pulses in a package the size of a shoe-
box. Then, the pulses were launched into the fiber amplifier through a ZnSe lens (f = 12.7 mm) with an efficiency of about 15% at 2 kHz and 33% 
at 20 kHz. The  ZrF4-based glass fiber, provided by Le Verre Fluoré, was doped with 7 mol% of erbium. A high concentration of erbium was chosen 

to benefit from the maximum gain and to maximize the effect of the cooperative energy transfer ETU1. Figure 4a shows the loss spectrum of the 
fiber, having an impressive minimum of 2 dB/km at 2.6 µm and around 30 dB/km in the 2.8 µm gain band of erbium. The dispersion curve and mode 
field diameter are presented in Fig. 4b. The zero dispersion wavelength (ZDW) of the fiber (~ 1.65 µm) was calculated based on the fiber material 
composition and guiding properties [26]. For wavelengths beyond 4 µm, the core guiding losses are becoming increasingly important due to both the 

material and mode confinement losses. The 16 µm core of the fiber was surrounded by a 240–260 µm cladding with the circular symmetry broken 
by two parallel flats to enhance pump absorption. A fluoroacrylate polymer of lower refractive index covers the cladding to enable the multimode 
propagation of the pump beam at 975 nm (NA > 0.46). The fiber amplifier can be pumped either in co-propagation or counter-propagation, resulting 
in slightly different SC char-acteristics. When using the 2 kHz seed laser, the continuous wave (CW) fiber-coupled pump laser diode was delivering 
a maximum average power of 6 W at 976 nm from a 105/125 µm, 0.15 NA multimode silica fiber. This value was increased to 20 W when using 
the 20 kHz seed. A dichroic mirror (R @ 980 ≥ 99%, T @ 2.8 µm ≥ 90%) and an aspheric ZnSe lens (f = 12.7 mm) were used to free-space couple 
the 975 nm pump in the gain fiber with a launching efficiency of about 55%. After the amplifier, a section of passive fiber can be added either by 
stripping the pump of the doped fiber by recoating a section of the fiber with a high-index polymer (cladding mode stripper, CMS) or by adding 
a new fiber via fusion splicing or butt coupling. If no passive fiber was added, an endcap made of a small segment (~ 700 µm) of 220/250 µm 
multimode fluoride glass fiber was necessary to prevent fiber tip damage at the amplifier output due to the high peak powers. Photodegradation of 
the fluoride glass endcaps was not observed during our experiments after several days of operation [27]. To measure the output spectra, a scanning 
monochromator (Digikrom DK480) coupled to a liquid nitrogen-cooled InSb (detection up to 5.5 µm) or HgCdTe (up to 12 µm) detector was used. A 
broadband AR-coated germanium window (not shown) was placed at the output of the amplifier to filter out the residual signal below 1.8 µm. Finally, 
the average power was monitored with a low power thermopile detector (Gentec EO, XLP12-3S-H2).

3  Results

To get a better understanding of the in-amplifier technique using the erbium gain at 2.8 µm, we tested the experimental setup under different 
conditions, namely by changing the pumping scheme (counter-propagation vs co-propagation), the amplifier length or the seed’s repetition rate and 
pulse energy. In the first section, we will present the evolution of the SC at different amplifier lengths for a seed repetition rate of 2 kHz in both 
pumping configurations. The following section will present the results obtained with an increased seed repetition rate of 20 kHz. Finally, different 
ways to extend the spectral coverage above the  ZrF4 transparency limit using  InF3 fibers will be discussed.

3.1  In-amplifier SC generation

3.1.1  Seed repetition rate of 2 kHz

For the first set of experiments, the seed’s repetition rate was set to 2 kHz. Since the launching efficiency was of 15%, 0.3 mW (0.15 µJ) of 
the 2 mW (1 µJ) available was launched into the amplifier. The setup in co-propagation pumping is shown in Fig. 5. The setup was first tested 
with 3 amplifier lengths, namely 1, 2.4 and 5.5 m. The results are shown in Fig. 6, where we compare the SC spectra obtained with the different 
amplifier lengths under the same experimental conditions and illustrate the spectral evolution with respect to the increasing pump powers. The output 
spectrum of the OPG seed laser is appearing as the gray curve. The seed pulse spectrum, which is rather broad for a ~ 400 ps pulse, is clearly not 
Fourier‑transform limited. This is due to the fact that parametric gain is not limited to the central idler wavelength during the OPG process. Nearby 
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wavelengths also experience parametric gain through non‑colinear phase matching with the pump, thus leading to a broader spectrum and a beam 

quality and divergence degradation [28]. When the pump is turned on, amplification around 2.8 µm is first observed. Then, as the pump power is 
increased, the peak power of the amplified pulse becomes sufficient to enable nonlinear effects, which eventually results in the formation of a SC. 
Since the fiber dispersion is located well in the anomalous regime at these wavelengths, modulation instability is expected to break the pulse into 
many solitonic sub-components which can individually redshift through Raman soliton self-frequency shift (SSFS) [11]. This explains the strong 
asymmetry of the spectral broadening towards longer wavelengths.

As can be seen, a longer amplifier length improves the spectral broadening since the nonlinear interaction length is increased. Therefore, less 
than a watt (830 mW) of pump power was necessary with the 5.5 m amplifier to achieve a 30 mW SC spanning from 2.7 to 4.2 µm (− 20 dB), which 
is broader than what was possible at 2.13 W of pump power with the 1 m amplifier length. The SC obtained with 5 m of fiber is also spectrally 
flatter. This can be understood considering that the great number of sub-components created from the original pulse breakup do not have the same 
energy, since the modulation instability pulse breakup is a noise driven process. In long fiber lengths, most of the solitonic sub-components will have 
enough time to redshift to different wavelengths proportionally to their energy, while in short fibers the propagation distance can be insufficient to 
observe this disparity, since all components can only redshift to a similar extent before reaching the end of the fiber. Finally, considering that the 
measured spectrum consists in an average over a very large number of slightly different individual spectra varying randomly, the resulting SC ends 
up looking very flat, exhibiting a spectral flatness within 3 dB over the range of 3.3–4.1 µm. The spectral broadening was limited to ~ 4.2 µm due to a 
combination of increasing material losses, dispersion and mode field diameter at longer wave-lengths (see Fig. 4a, b).

As mentioned earlier, our goal was to generate most of the SC energy beyond 3 µm. As can be seen in Fig. 7, an impressive total of 95% of the 
energy was transferred to wavelengths longer than 3 µm with the 5.5 m amplifier (green curve of Fig. 6). This is, to the best of our knowledge, the 
highest reported value for a fluoride fiber-based SC system (previous record of 90.6% using a Ho-doped ZBLAN fiber [29]). Even for shorter fiber 
lengths, the conversion ratio remains very high. This is a good illustration of the advantage of this source over systems seeding around 2 or 1.55 µm, 

which need significant peak powers to get enough spectral broadening to reach the MWIR region. In comparison, our system starts to generate 
spectral components beyond 3 µm with as little pump power as 140 mW in this case.

In the 5.5 m case, the conversion percentage starts to decrease as the pump is increased over 550 mW (yellow curve of Fig. 6, L = 5.5 m). This 
is due to an increase of the signal around 2.8 µm associated to a buildup of amplified stimulated emission (ASE), which eventually leads to parasitic 
lasing at the peak of the erbium gain around 2.79 µm. We believe this is due to the fact that the low power, low repetition rate seed pulses are unable 

to efficiently deplete the available gain at high pump powers. Hence, a growing number of excited erbium ions can decay spontaneously by emitting 
2.8 µm photons that can trigger stimulated emission of other remaining excited ions, thus creating a competing signal in the amplifier. Therefore, 
only a very small feedback becomes necessary to enable parasitic lasing operation that eventually completely overtakes the amplification of the seed 
pulses. Even if the experiment was carried with 5° angle cleaves of the amplifier input and output multimode end-caps, which helped in delaying 
the onset of parasitic lasing, this issue prevented us from further increasing the pump power to get more output power and spectral broadening from 

the 5.5 and 2 m amplifiers. However, parasitic lasing was never observed at 1 m. Instead, it is the damage threshold of the endcap splice with the 
fluoride fiber that limited the amount of output power we could obtain with such short fiber lengths. Without an endcap, fiber tip damage caused by 
the very high peak powers was observed at output powers as low as 15 mW (7.5 µJ/pulse). With an endcap, this damage threshold limit value for 

short fiber lengths was pushed up to 50 mW (25 µJ/pulse, black curve of Fig. 6, L = 1 m). Figure 8 shows the corresponding amplification efficiency 
as a function of launched (Fig. 8a) and absorbed pump power (Fig. 8b) for the three amplifier lengths. An efficiency below 5% was measured, which 
is significantly lower than the 30% maximum efficiency of  Er3+:  ZrF4 CW lasers [30]. This indi‑cates that the seed is unable to use the available gain 

effec‑tively at this repetition rate.

The setup was then pumped in counter-propagation (Fig. 9) to compare the amplification efficiency and spectral broadening with co-propagation 
results. Amplifier lengths of 1, 2 and 5.6 m were used for the experiments. The best SC obtained for each amplifier length is shown in Fig. 10, 
together with the spectrum evolution of the 2 m amplifier in Fig. 11. As opposed to the co-propagating pump scheme, the broadest SC was not 
achieved using the longest amplifier. While the 5.6 m amplifier was able to generate new spectral components even at very low pump powers, it was 
also subject to parasitic lasing earlier. In this configuration, the achieved amplification efficiencies are higher than in co-propagation for every fiber 
length. This difference can be interpreted by looking at the gain distribution in the fiber. In counter-propagation, the highest distribution of excited 
erbium atoms is at the end of the fiber, where the greatest amount of pump is absorbed (3 dB/m). This means that the power of the signal is increasing 
together with the available gain, resulting in a better amplification efficiency. We realized through our experiments that the parasitic lasing threshold 
of the amplifier was very sensitive to experimental conditions, including endcap splice interface, length, and cleave angle. This, added to the fact that 
the pump powers were tested in discrete increments, brings some uncertainties on the parasitic lasing threshold values of the system (Fig. 12).

3.1.2  Output stability at 2 kHz

To characterize the stability of the SC signal, we measured both the average output power variation and the pulse-to-pulse variation over time. 
The SC source was set in the co-propagation configuration with a 5.5 m amplifier length and pumped with 0.75 W of 976 nm light, corresponding to 
an output power of 27.5 mW. We measured the spectrally and temporally averaged output power during 20 min, with each data point corresponding 

to an average over 2000 pulses (1 s) using a thermopile detector (Gentec EO, XLP12-3S-H2) linked to a data acquisition system. The result is 
shown in Fig. 13a. We then repeated the same measurement using this time a 10 nm bandpass filter centered around 3500 nm to get rid of the 2.8 µm 
residual seed source signal and focus only on newly generated spectral components (Fig. 13b). The choice of 3500 nm was based on the high spectral 

flatness around those wavelengths at the chosen pump power. With the 10 nm bandpass filter, the standard deviation of the measured average power 
increased from 0.12 to 1.35 mW. This suggests that the pulse‑to‑pulse variation of the spectrum is more important at longer wavelengths, which is 

normal for a SC generated from modulation instability.

Then, measurements were performed with an InSb and HgCdTe fast detectors coupled to an oscilloscope to measure the pulse-to-pulse power 
variation (Fig. 14). The pulse duration was measured at ~ 420 ps after 2 m of amplifier length [23]. Note that these two detectors had rise times 
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of 100 and 1 ns, respectively, so that they could not temporally resolve the ~ 400 ps pulses at 2.8 µm. Both measurements were taken using the 
10 nm bandpass filter centered at 3500 nm, where one pulse was measured every 30 s for a total duration of 5 min. As expected from an incoherent 
SC generated from noise-induced processes such as modulation instability, the output stability is far from what is typically observed with lasers. 
However, most applications where SC could be used do not require high pulse-to-pulse stability, since they tend to make an average over a large 
number of pulses.

3.1.3  Seed repetition rate of 20 kHz

To increase the output power, we replaced the 2 kHz OPG seed with a new version at a repetition rate of 20 kHz. The co‑propagation setup 

was chosen for convenience considering that the SC output can be freely manipulated in this configuration. First, to facilitate the comparison with 
the 2 kHz experiments, we adjusted the seed injected power to 3 mW, which corresponds to the same pulse energy but with a 10 fold increase of 
the number of pulses for a given time interval. Due to availability, we did not use the exact same fiber lengths than for the 2 kHz experiments, 
replacing lengths of 1, 2.4 and 5.5 m with 1, 2.7 and 5.8 m, respectively. The SC spectra were measured following the same procedure than in the 
2 kHz experiments. Figure 15 shows the SC spectra for the three fiber amplifier lengths oper-ated under identical pumping and seeding conditions. 
As expected, a longer fiber resulted in a broader spectrum and a higher average output power due to the increased nonlinear interaction length and 
available gain, respectively.

When compared to the 2 kHz experiment, the results at 20 kHz show a much higher amplification efficiency, moving from ~ 5% up to 23.1% 
with respect to absorbed pump power (Fig. 16a). This confirms that a repetition rate of 2 kHz was too slow to efficiently extract the available gain, 
leaving the erbium population inversion remains undepleted for hundreds of microseconds between pulses. When increased to 20 kHz, seed pulses 

were able to depopulate the 4I11/2 level more frequently, thus resulting in higher amplification efficiencies. In Fig. 16b, the trend surprisingly suggests 
that the parasitic lasing threshold occurs at lower pump powers when the amplifier is seeded at 20 kHz. However, it is worth mentioning that the step 
between 1.1 and 0.83 W of pump power only represents a single increment of pump diode current in our experimental protocol. Since the parasitic 
lasing threshold of the amplifier is very sensitive to experimental conditions, we believe that the parasitic lasing threshold was mostly unaffected by 
the increased repetition rate. This would mean that even at 20 kHz, the population inversion is able to stay undepleted for long enough to create an 

ASE buildup leading to parasitic lasing inside of the amplifier.

To achieve the best performances from our 20  kHz setup, we increased the launched OPG seed power to 10 mW, which corresponds to the 

maximum we could get from our system (30 mW output with 33% launching efficiency). The best SCs measured for amplifier lengths of 2.7, 4 
and 5.8 m are shown in Fig. 17. Since 1 m long amplifiers do not produce very broad spectra, we decided to test a 4 m amplifier, which gave us the 
highest output power (485 mW) and a spectral coverage up to 4 µm (− 20 dB level). However, the 5.8 m amplifier produced the broadest (up to 
4.2 µm) and most flat (1 dB between 3.1 and 3.85 µm) SC with 344 mW of average output power. The fraction of SC energy beyond 3 µm for the 
three fiber lengths were of 32% (2.7 m), 82% (4 m) and 72% (5.8 m). Compared to the 3 mW seed results, it is interesting to note that the output 
power efficiencies (with respect to launched pump power) are almost 5% higher with the 10 mW seed, as shown in Fig. 18a. However, trying to 
further increase the seed power would not translate into a linear amelioration of the efficiency, since we are already getting relatively close to the 
theoretical Stokes efficiency limit of ~ 30% [25].

From Fig. 18b, it appears that changing the seed power from 3 to 10 mW also improved (raised) the parasitic laser threshold of the amplifier by 
a factor of 1.6–1.9 depending on the fiber length. However, since the experimental parasitic thresholds can be very sensitive to external factors, the 
comparison between the same fiber lengths (with identical experimental conditions) should be considered as the most important information.

3.2  Extending the spectral coverage using fluoroindate fibers

For a wide range of applications, especially in spectroscopy and remote sensing, broadband laser radiation covering the whole 3–5 µm spectral 

range could be of great interest. Notably, many atmospheric pollutants possess strong absorption bands at wavelengths longer than 4 µm, such as 

CO (4.5–4.9 µm),  CO2 (4.2 µm),  SO2 (4 µm) and  N2O (~ 4.0 µm and 4.5 µm). To extend the SC spectral coverage to 5 µm inside an optical fiber, 
different options are presented in Fig. 19. We selected fluoroindate glass fibers  (InF3) considering the extra 1 µm transparency extent between 4 and 
5 µm as compared to fluoro-zirconate (e.g., ZBLAN) glass fibers and its chemical compatibility with  ZrF4-based fibers which greatly facilitates the 
splicing process.

3.2.1  Cascaded SC generation in an  InF3 fiber at 2 kHz

Our initial experiments were performed with the 2 kHz OPG seed. The experimental setup is depicted in Fig. 20. The InF3 fiber (shown in 
Fig. 21) was provided by Le Verre Fluoré and had a 100 µm diameter cladding and an average core diameter size of 13.5 µm (increasing from 12.5 

to 14.5 µm along the 31 m fiber length). With a NA of 0.3, it was slightly multimode (average cut-off wavelength of ~ 5.3 µm) and had impressively 
low minimal losses of 12 dB/km at 3.8 µm. The  InF3 fiber was fusion spliced to a short length (1.25 m) of the previously introduced Erdoped 
fluoride glass fiber so that most of the spectral broadening would occur inside of the  InF3 fiber. Fluoroindate fiber lengths of 1, 15 and 31 m were 
tested, with the results shown in Fig. 22. The SC obtained with 31 m is not presented to avoid redundancy with the very similar 15 m experiment. In 
fact, the additional 16 m of fiber slightly reduced the output power due to the extra losses and did not produce significant extra spectral broadening.

Even at low pump powers (a few 100 mW), a significant spectral broadening is generated, with the resulting SC reaching almost 5 µm after 
only 1 m of  InF3 fiber. With 15 m of fiber, the SC extends over more than one octave from 2.4 to 5.4 µm (− 20 dB level), with 82% of its energy 
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beyond 3 µm. More details about the experimental procedure and results can be found in [31]. At first glance, one can also see that the spectra 
are much less flat compared to previous experiments without InF3, with the apparition of a curious peak at 4.2 µm that particularly stands out. A 

possible explanation for this comes from the multimode nature of the  InF3 fiber. Given that we are using long picosecond pulses for our experiment, 
the higher-order modes are expected to be efficiently excited and contain part of the SC energy [32]. In our case, both the LP01 and LP11 modes 
exist at wavelengths higher than 3.5 µm. It is believed that the peak at 4.2 µm could be caused by a second zero dispersion wavelength seen by the 

solitons propagating in the LP11 mode, resulting in a “spectral recoil”, or a halt of their self‑frequency shift around this wavelength. If this is the 

case, it would lead to a significant part of the SC energy accumulating near the second ZDW, creating the aforementioned peak, and to an increased 
energy transfer to phase‑matched dispersive waves as proposed in [33, 34]. To experimentally gain more insight about this behavior, we repeated the 

experiment with another  InF3 fiber having the same glass composition but a smaller core diameter of 11–12 µm along the fiber length, which should 
result in a displacement of the second ZDW of the LP11 mode and therefore of the 4.2 µm peak.

3.2.2  Cascaded  InF3 at 20 kHz with a 10 µm core

For this second experiment we used the same setup configuration, except that the 2 kHz seed was replaced with the one operating at 20 kHz. The 
fusion splice made between the amplifier and the 14 m InF3 fiber segment also had about 20% losses. A 2.8 µm seed power of 7 mW was launched 
into the amplifier. The SC spectrum is shown in Fig. 23 and compared to the previous result at 2 kHz.

Apart from the peak now located around ~ 3.6 µm, the 145 mW SC looks similar in shape as what was obtained  using the first InF3 fiber. In 
both cases, the parasitic lasing threshold limited the maximum achievable output power. It is believed that the fusion splice between the amplifier 
and the InF3 fiber may cause some feedback at the interface, explaining why the threshold is reached at relatively low pump powers for a 1.25 m 
amplifier. Unfortunately, we do not have access to an experimental dispersion curve for the InF3 fibers to verify our explanation of the two strong 
peaks. On the other hand, we had access to the chemical composition (same for both fibers), allowing us to model a dispersion curve for the LP01 and 
LP11 modes from the Sellmeier coefficients [26]. Since our fibers did not have a constant core size, the curves presented in Fig. 24 were computed 
for several scenarios including the boundary values of each core size range.

For the 2 kHz experiment (12.5–14.5 µm core diameter fiber) the peak was located near 4.2 µm and the 2nd ZDW calculated value for cores of 
12.5 and 13 µm is between 4.0 and 4.3 µm. For the 11–12 µm core diameter fiber, the experimental peak was centered at 3.6 µm while we obtained 
a 2nd ZDW calculated value between 3.3 and 3.8 µm for 11 and 12 µm core. Hence, our simulation seems to confirm our hypothesis since the 
computed 2nd ZDWs of the LP11 mode fit well with the observed wavelengths of the two observed strong peaks in the output spectra (Fig. 23).

4  Final discussion on practical considerations

An overview of previously reported fiber-based MWIR SC sources using fluoride glass is presented in Table 1. While MOPA systems based on 
1.55 or 2 µm amplification have proven to be robust systems able to generate high average powers and a broad spectrum, the production of high SC 
pulse energy beyond 3 µm, which is important to many remote sensing applications, remains a challenge. To the best of our knowledge, the highest 

SC energy fraction beyond 3 µm for a 1.55 µm MOPA system using a passive ZBLAN fiber is of 61% [35]. However, the system produced pulse 
energies of only 3.2 µJ. A pulse energy of 25 µJ was obtained by Yang et al. at 50 kHz, but the SC had only 27.4% of its energy beyond 2.5 µm. 
Interestingly, a SC energy fraction beyond 3 µm of 90.6% was demonstrated recently with a 1.55 µm MOPA seed source launched into an holmium-
doped ZBLAN fiber amplifier [29]. While several preliminary spectral broadening steps were necessary to reach the holmium gain band at 2.9 µm, 
the spectral broadening inside the amplifier was very asymmetrical towards the longer wavelengths and generated a very flat spectrum (3 dB from 2.9 
to 3.7 µm), thus showing another example of the advantage of using in-amplifier techniques far in the anomalous dispersion regime. Nonetheless, the 
output of the source was of only 8.2 µJ (411 mW at 50 kHz). With our approach, we managed to obtain 24 µJ with 82% of this energy beyond 3 µm 

(4 m amplifier, 20 kHz, 485 mW) and almost 40 µJ (82% beyond 3 µm) when using the setup in counter-propagation at 2 kHz [23].

Also, using a single fiber amplifier is beneficial to the global energy efficiency of the system. Since each amplification stage have its respective 
amplification efficiency and sometimes need a dedicated pump source, the total power efficiency of the system tends to decrease with complexity. In 
our case, the electrical consumption of the whole laser system was measured to be 100 W when the OPG seed was operated at its maximum power. 

This value increased to 120 W when the 976 nm pump was turned on and set to 2.35 W of optical power, which was the maximal value used in our 

experiments. The total energy consumption of the source thus represents roughly the same electrical power needed for two standard incandescent 

light bulbs. Moreover, we demonstrated that only 1 W or lower of pump power from a standard 976 nm diode was sufficient to produce a broad 
output spectrum, extending over the whole 3–5 µm region.

Options to improve the system include moving to an all-fiber design, which would improve the overall ruggedness and reliability of the source. 
We believe this could also lead to better performances by eliminating possible free-space reflections contributing to the parasitic lasing threshold, 
which is the main limiting factor for power scaling. Efforts are currently under way to address this problem. Finally, we are confident that we 
could get a similar spectral flatness over the 3–5.5 µm range than with the 5.8 m amplifier at 20 kHz (1 dB between 3.1 and 3.85 µm) given the 
availability of an erbium‑doped  InF3 fiber single-mode over the entire SC spectral region. This would also lead to a significant decrease in the system 
complexity.
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5  Conclusion

In this paper, we reviewed our recent progress on in-amplifier SC generation in the mid-infrared based on erbium-doped fluoride fibers. 
We investigated the effect of fiber length, pumping configuration, seed repetition rate and power on the SC output emphasizing the different 
challenges and limiting factors of the technique. Spectrally flat SCs were demonstrated with up to 95% of their energy beyond 3 µm and spectral 
coverage reaching 4.2 µm in erbium-doped fluoride fibers and 5.5 µm in  InF3. At 2 kHz, a SC with 48 mW (co-propagation) and 77 mW (counter-
propagation) of average output power were achieved, corresponding to a pulse energy of 24 and 38.5 µJ. Using the 20 kHz seed repetition rate, the 

average power increased to 485 mW (co‑propagation) and moved from 8 to 145 mW in InF3 fibers. By further increasing the repetition rate of the 
seed or by delaying the onset of parasitic lasing, a watt-level output power should be within reach. Recently, a SC extending up to 8 µm was reported 
with a similar approach using a cascaded  As2Se3 step-index chalcogenide fiber [40]. It is worth mentioning that this technique is not limited to 
erbium-doped fluoride fibers but could be adapted to different types of dopants and/or glass hosts with the right pumping scheme. In another study, 
we also showed that this concept is not even limited to SC generation, as it can be applied to create high-power tunable solitons when seeded with 
femtosecond pulses coming from a mode-locked 2.8 µm fiber laser [41]. In light of these numerous possibilities, we hope this approach to in-
amplifier SC generation in the mid-infrared helps opens new application opportunities and research ideas.
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