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Abstract: Mid-infrared fiber sources, emitting between 2.5 µm and 5.0 µm, are interesting for
their great potential in several application fields such as material processing, biomedicine, remote
sensing and infrared countermeasures due to their high-power, their diffraction-limited beam
quality as well as their robust monolithic architecture. In this review, we will focus on the recent
progress in continuous wave and pulsed mid-infrared fiber lasers and the components that bring
these laser sources closer to a field deployment as well as in industrial systems. Accordingly,
we will briefly illustrate the potential of such mid-infrared fiber lasers through a few selected
applications.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

A great deal of work has been devoted lately to the development of coherent sources operating
in the so-called mid-infrared (mid-IR) region of the electromagnetic spectrum. Now, although
several definitions have been suggested for the mid-IR [1], namely the 3 µm-50 µm ISO norm [2],
we will restrict the present review to the narrower spectral region starting around 2.5 µm, which
corresponds to the generally accepted transmission limit of silica fibers [3] and ending around
5 µm, roughly corresponding to the long wavelength transmission edge of fluoride fibers [4].
The main motivation for developing rugged and powerful fluoride fiber-based sources naturally
comes from the large number of applications enabled by light sources in the so-called 3 µm-5 µm
spectral region.

Sources emitting around 2.8 µm to 2.9 µm have been particularly studied for their potential
in biomedical applications in areas such as ophthalmology [5], dermatology [6], dentistry [7],
biopsy [8] and angioplasty [9]. Such applications are enabled by the strong absorption of liquid
water, a major component of any biological tissue, which peaks at 2.94 µm [10]. Studies of soft
biological tissues have shown laser processing without the presence of charring [11]. Depending
on the target tissue type and desired application, several mechanisms such as photo-chemical,
thermal, photo-ablation or plasma-induced ablation will be optimal, requiring lasers operating in
a variety of regimes, continuous or pulsed [12].

Other than the water vapor absorption, the mid-IR region of the electromagnetic spectra is also
home to the so-called molecular fingerprint region, consisting of absorption bands of a number
of basic molecular species of interest. Among these are several hydrocarbons such as methane
(CH4) around 3.2 µm-3.4 µm, ammonia (NH3) around 3.1 µm, carbon dioxide (CO2) around
4.3 µm and carbon monoxide (CO) around 4.6 µm [13,14]. These absorption lines also tend to be
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much more intense than their near-IR counterparts by up to two orders of magnitude, originating
from fundamental ro-vibrational resonances [15]. Laser sources having emission overlapping
with these absorption bands or having a tunable emission could be used for remote sensing of
such compounds [14,16].

Fiber lasers operating in the 3.3 µm to 3.5 µm spectral range can also be used for polymer
processing. As a matter of fact, most polymers exhibit strong C-H stretch resonances in this
wavelength band, which are often more intense than those observed around 10 µm, where current
CO2 laser processing systems operate. The effect of laser wavelength on ablation performances
has been studied as early as 1982 [17] although efficient and powerful mid-IR sources lacked at
the time. Recent studies have also shown that a laser resonant with a polymer absorption peak at
3.44 µm possesses a significantly lower ablation threshold and an enhanced material processing
efficiency [18].

While the applications introduced so far took advantage of absorption bands, some benefit of
the gaps left between them, especially that of water vapor. Other than the transparency window
located in the visible spectrum, Earth’s atmosphere exhibits two other ones located respectively
between 3 µm to 5 µm and 8 µm to 12 µm. These allow for long-distance propagation of light and
therefore enable applications in the field of infrared countermeasures [19] and free-space optical
communications (FSOC) [20]. Defense and security applications are particularly interesting due
to the overlap of the blackbody radiation emitted by aircraft turbines with these atmospheric
transmission windows [19], therefore lasers emitting in this spectral region are of great interest
for infrared countermeasures [21]. In the field of FSOC, the 3 µm to 5 µm band exhibits
significantly less atmospheric turbulence and is therefore particularly interesting compared to the
other transmission windows [22].

Although several laser sources, including quantum cascade lasers (QCLs) [23,24], optical
parametric oscillators (OPOs) [25,26] and solid-state lasers based on crystalline media such
as the Er3+:YAG [27] or Cr- and Fe-doped chalcogenides [28], have been studied to develop
light sources with adequate performances for the previously discussed applications, fiber-based
sources offer significant advantages. First of all, as it is shown in Fig. 1, lanthanide ion emission
cross-sections span the 2.6 µm to 4 µm range almost entirely, allowing for the generation of
intense laser light at wavelengths appropriate for a number of applications. Emission beyond
4 µm has been observed in the form of fluorescence [29], but a true laser system remains to be
demonstrated.

The potential of monolithic fiber lasers, which allows for extremely robust systems, is of great
interest for field applications. Accordingly, although fluoride fiber components are still lagging
their silica counterparts, significant progress has been made in recent years. Fiber Bragg gratings
(FBGs) were among the first components developed in fluoride fibers [37,38], increasing the
robustness of fiber lasers, preventing intracavity atmospheric beam propagation and reducing the
onset of thermal or OH diffusion induced photo-degradation of fiber tips [39,40]. More recently,
fiber combiners [41,42] and fiber-based saturable absorbers [43] were developed, leading the way
to robust monolithic fluoride fiber laser systems. Strategies to mitigate some specific challenges
related to the use of fluoride fibers have also been studied [44]. Altogether, these recent advances
allow fluoride fiber laser systems to offer compact footprint, robust and rugged design, suitable
for field applications in a variety of environments with an excellent power scalability. Finally,
mid-IR fiber-based sources offer excellent beam quality, approaching M2 ≈ 1 when operated in a
single transverse-mode regime [45].

The prior development of high quality fluoride glasses was a crucial step in the development
of fiber lasers covering the 3 µm-5 µm spectral region [46]. The erbium-doped fluoride fiber
laser relying on the 4I11/2→

4I13/2 transition at 2.8 µm was actually the first to be demonstrated in
1988 [47], followed by a holmium laser using the 5I6→

5I7 transition at 2.9 µm in 1990 [48], the
4F9/2→

4I11/2 transition at 3.5 µm of erbium in 1991 with a cryogenic cooled laser [49] and with
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Fig. 1. Emission cross-sections of the main trivalent rare-earth ions used for mid-infrared
emission. Data from: [30–36]. Holmium cross-section taken from [32], which was calculated
from [33]. Measurements in fluorozirconate based glass except for the Ho3+: 5I5→ 5I6
transition which is in fluoroindate glass.

a room temperature laser in 1992 [50], the 5I5→
5I6 transition at 3.9 µm of holmium in 1997 [51]

and the 6H13/2→
6H15/2 transition at 3 µm of dysprosium in 2003 [52]. Since then, new pumping

schemes, the development of fiber components and the increase in technological maturity of
infrared suitable glasses have allowed mid-IR lasers to reach application ready performances.
Nowadays, watt-level fluoride fiber lasers are available at several mid-IR wavelengths [53–56].

In this review, we will discuss recent progress and notable demonstrations of mid-IR fluoride
fiber lasers operating in the continuous wave (CW) and pulsed regimes. We will highlight new
progress related to the laser transitions spanning the 2.8 µm to 4 µm range illustrated in Fig. 1,
with some emphasis on our research group’s contributions. A particular consideration will be
given to the components and designs which made these systems possible. Some applications
enabled by these laser sources will also be discussed, notably in the fields of remote methane
sensing and polymer processing.

2. Continuous wave emission in the mid-infrared

High-power fiber lasers are arguably the best option for a number of applications in industrial
manufacturing such as laser welding, drilling and cleaning and the biomedical area such as tissue
vaporization and ablation [57]. Among these, there has been a growing interest lately for CW
mid-IR fiber lasers, which can be quite simple when no wavelength tunability is necessary so
that they can adopt a monolithic design which makes them both robust and powerful. Significant
breakthroughs have been made in the development of fluoride-based CW mid-IR fiber lasers
through the development of suitable fiber components [41–43], novel laser schemes [58,59] and
cavity design engineering [45,53], which have allowed to significantly increase the performances
and robustness of CW fiber lasers. An overview of the most notable achievements reported to
date as a function of wavelength is presented in Fig. 2. One clearly notes a significant decreasing
trend of the power from 2.8 µm to 3.9 µm, irrelevant to the trivalent ion considered.

2.1. Erbium emission near 2.8 µm

Erbium-doped fluoride fiber lasers operating around 2.8 µm have been the most extensively
studied over the last three decades [69]. Different designs have been suggested so far including
wavelength-tunable lasers, pulsed lasers operating in a variety of regimes and high-power lasers.
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Fig. 2. Selection of reported continuous-wave notable fluoride fiber laser output power as a
function of emission wavelength [33,45,51,53–56,60–68].

The simplest laser cavity design for this wavelength is made of an Er3+-doped fluoride fiber
bounded by two FBGs as shown in Fig. 3. Interestingly, from the manufacturing viewpoint, FBGs
can now be directly written through the protective coating and into the core of a doped fluoride
fiber [70–72].

Fig. 3. Typical monolithic Er3+-doped fluoride fiber laser for 2.8 µm emission. HR-FBG,
highly reflective fiber Bragg grating; LR-FBG, low reflectivity fiber Bragg grating; CMS,
cladding mode stripper.

Since 3 µm fiber lasers are most conveniently pumped by commercially available high-power
diodes near 1 µm, the resulting Stokes efficiency of roughly 33% is a serious bottleneck to their
power scaling. Scenarios for exceeding Stokes efficiency were therefore investigated in recent
years, namely by using cascade lasing of the 2.8 µm and the 1.6 µm optical transitions in an
erbium-doped laser cavity which resulted in a lasing efficiency of nearly 50% at 2.8 µm for
a diode pumping at 976 nm [59]. Unfortunately, this promising approach was plagued with
instability issues at high pumping level, preventing actual improvements in terms of high output
power. The highest output power reported to date from a CW laser system around 2.8 µm is of
42 W, based on a dual-end pumped geometry [53]. Such pumping revealed crucial in distributing
more evenly the significant heat load along the heavily erbium-doped fiber. A spliceless cavity
design was also preferred in order to prevent unnecessary losses of the 2.8 µm radiation, which
is strongly absorbed by the fiber polymer coating. For those reasons, the long-time expected
demonstration of a 100 W class fluoride fiber laser has yet to come and will most likely have to
rely on a new fiber design.
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Another challenge related to the power scaling of 2.8 µm class fiber lasers is the photo-
degradation problem resulting from OH diffusion [39]. This seriously hinders the long-term
operation of mid-IR fluoride glass fiber lasers near 3 µm due to catastrophic failure of their fiber
tips. The long-term endurance of various endcaps made of fluoride and oxide materials, namely
of ZrF4, AlF3, GeO2, SiO2 and Al2O3 fibers have thus been investigated [44]. The degradation
of these endcaps was monitored over a 100 h period at 20 W continuous-wave laser emission at
2.8 µm. It was found that a 25 nm thick diffusion barrier film made of silicon nitride (Si3N4)
sputtered on the output face of the endcaps completely suppresses the OH diffusion into the
fiber tip, thus improving drastically the resilience of high-power mid-IR fiber laser systems over
long-term operation. Al2O3, ZrF4 and AlF3 endcaps with the Si3N4 barrier film showed no sign
of degradation after being used over 100 h at 7 W as presented in Fig. 4, which is a considerable
achievement since the fluoride based endcaps without this barrier film failed after less than
10 h of operation at 20 W. These results are extremely promising for the future of 2.8 µm fiber
lasers, demonstrating that the crippling OH photodegradation issue can be overcome, allowing
long-term operation at high powers, something essential for many applications.

Fig. 4. (left) Evolution of the measured temperature over time for different endcaps’ output
face at a constant output power of 20 W and (right) the evolution of these endcaps coated
with silicon nitride (Si3N4) at a constant output power of 7 W. Data from [44].

2.2. Dysprosium emission from 2.9 µm to 3.4 µm

Although mid-infrared emission from dysprosium-doped fibers was demonstrated in the early
2000s [52], most of the progress related to this ion was achieved in the past five years as can be
seen in Table 1. These advances were driven by the development of a class of high-power fiber
lasers operating around 2.8 µm based on the erbium ion as discussed previously. Such systems
enable highly efficient in-band pumping of the dysprosium ion, allowing Stokes efficiencies
reaching 91% [73]. Although several wavelengths have been studied to pump the dysprosium ion,
the 2.8 µm band has given the most promising results. The 1.1 µm was the first pumping band to
be studied, due to the extensive availability of ytterbium-doped fiber lasers. More recently, much
interest has been given to the development of near-infrared diode-pumping, through co-doping
with a sensitizing ion such as erbium or thulium. While these studies are interesting, performances
achieved with such schemes have been limited up to now, with efficiencies under 6% and 260 mW
for Er3+/Dy3+ fibers [74] and of 0.3% and 12 mW for Tm3+/Dy3+ fibers [73]. The 2.8 µm band
thus remains the best candidate for high-power emission from the dysprosium ion. As a matter of
fact, both the highest efficiency of 91% [73] and maximum power of 10.1 W [55] were achieved
with this pumping scheme.



Review Vol. 30, No. 6 / 14 Mar 2022 / Optics Express 8620

Table 1. Recent and most notable CW rare-earth doped fiber laser demonstrations in the
mid-infrared

λp [µm] Pump λs [µm] Host Pout [W] η [%] Year Ref.

0.976 Diode (clad) 2.938 Er3+:ZrF4 30 16 2015 [45]

0.976 Diode (clad) 2.825 Er3+:ZrF4 13 50 2017 [59]

0.976 Diode (clad) 2.824 Er3+:ZrF4 41.6 22.9 2018 [53]

0.976 Diode (clad) 2.8 Er3+:ZrF4 33 14 2019 [82]

0.8 Ti3+:Al2O3 (core) 3.02 Dy3+:ZrF4 0.105 18.5 2020 [83]

0.8 Diode (clad) 3.23 Dy3+/Tm3+:ZrF4 0.012 0.3 2019 [73]

0.9 Ti3+:Al2O3 (core) 3.02 Dy3+:ZrF4 0.150 23.7 2020 [83]

0.976 Diode (clad) 3.27 Dy3+/Er3+:ZrF4 0.26 5.73 2021 [74]

1.1 Yb3+:SiO2 2.98 Dy3+:ZrF4 0.554 18 2018 [61]

1.7 Raman FL 2.81-3.38 Dy3+:ZrF4 0.170 21 2018 [76]

2.8 Er3+:ZrF4 3.15 Dy3+:ZrF4 1.06 73 2018 [62]

2.8 Er3+:ZrF4 3.24 Dy3+:ZrF4 10.1 58 2019 [55]

2.8 Er3+:ZrF4 3.388 Dy3+:ZrF4 0.134 38 2021 [64]

2.8 Er3+:ZrF4 3.423 Dy3+:ZrF4 3 33 2021 [63]

0.98 + 1.9 Diode + Tm3+:SiO2 3.5 Er3+:ZrF4 0.26 25.4 2014 [77]

0.98 + 1.9 Diode + Tm3+:SiO2 3.44 Er3+:ZrF4 1.5 19 2016 [78]

0.98 + 1.9 Diode + Tm3+:SiO2 3.55 Er3+:ZrF4 5.6 26.4 2017 [40]

0.98 + 1.9 Diode + Tm3+:SiO2 3.55 Er3+:ZrF4 15 17.2 2021 [56]

0.888 Diode (clad) 3.92 Ho3+:InF3 0.200 10 2018 [68]

Another factor allowing to unleash the potential of dysprosium-doped fiber lasers was the
use of FBGs. Notably, FBGs permit operation far from the emission peak at wavelengths as far
as 3.42 µm in dysprosium fibers [63], and they enable high-power operation and much more
robust designs by containing intracavity power within the fiber, limiting face damage due to
OH degradation and thermal load [39,40]. Since dysprosium fiber lasers are almost exclusively
core-pumped, the challenge resides in inscribing low-loss FBGs, which can be achieved by the
phase-mask technique [38,70–72]. The use of FBGs, however, limits the tuning which can be
achieved to a few nanometers [75] where free-space diffraction gratings can allow wavelength
tunability spanning more than 500 nm [76].

Based on a monolithic architecture, a laser cavity was designed using a 5.5 m-long cavity
bound by two FBGs inscribed directly in the active fiber (12.5/125 µm, NA=0.16, 2000 ppm),
pumped by a 20 W erbium-doped fiber laser emitting at 2.8 µm as is shown in Fig. 5. The
HR-FBG had a reflectivity greater than 78% and exhibited transmission losses of 8% at the
pump wavelength while the LR-FBG had a reflectivity of around 20%. Their transmission
spectra are shown in Fig. 6. This laser system achieved the record power of 10.1 W for a
dysprosium-based laser at a wavelength of 3.24 µm as can be seen in Fig. 6 [55]. The efficiency
of 58% is significantly lower than the theoretical Stokes efficiency of 87%. This difference can
be explained by the low reflectivity of the HR-FBG and the somewhat too long cavity length.
As a matter of fact, a numerical simulation, as shown in Fig. 6, has allowed to reproduce the
experimental results achieved, considering a reflectivity of 83% for the HR-FBG and of 18% for
the LR-FBG. Continuous operation over one hour at 9.3 W showed RMS fluctuations of less than
1.1%, confirming the excellent stability of this monolithic laser system.

Due to the very broad emission cross-section of dysprosium (Fig. 1) extending up to 3.4 µm,
this ion has been considered as an alternative source for efficient polymer processing applications.
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Fig. 5. Typical monolithic Dy3+ laser cavity experimental setup. HR-FBG, highly reflective
fiber Bragg grating; LR-FBG, low reflectivity fiber Bragg grating; CMS, cladding mode
stripper; x, splice.

Fig. 6. (left) Laser output power at 3.24 µm as a function of the launched pump power at
2.8 µm and (right) transmission spectra of the FBGs bounding the 3.24 µm laser cavity and
output spectrum of the Dy3+ fiber laser.

As a matter of fact, recent developments in dysprosium-doped fiber lasers have allowed achieving
output powers in the range of a few watts at a wavelength of 3.42 µm, which is comparable to
power levels achieved from dual-pumped erbium-doped fiber lasers [63,65] (Fig. 2). Once again
a monolithic cavity design as the one shown in Fig. 5 was used. This time the cavity had a length
of 5.6 m of dysprosium-doped fiber (16/250 µm, NA=0.12, 2000 ppm) bound by two FBGs with
reflectivities of 95% and 39% at 3.423 µm. A power of 3 W with a slope efficiency of 33% and
pump threshold power of 2.22 W were achieved as can be seen in Fig. 7 [63]. The laser output
power was limited by thermal damage to the fiber caused by the scattered 3.423 µm radiation
from the FBGs and the splice point which is heavily absorbed by the fiber’s polymer coating.

2.3. Erbium emission near 3.5 µm

Emission from the 3.5 µm band of trivalent erbium-doped fibers was demonstrated as early as
1992. However the pumping wavelength of 655 nm showed severe bottlenecking of the ions
on the lower energy levels, causing a poor slope efficiency of 2.8% [50]. It took over twenty
years before this laser transition became the subject of further significant research enabled by
the brilliant proposition of a dual-wavelength pumping scheme which allowed circumventing
the bottlenecking effect and resulting in 260 mW output power with an overall optical efficiency
of 16% [77]. With this technique using a 980 nm pump to create a virtual ground state and a
1.9 µm laser to pump the 4F9/2 level, performances increased as the systems became more and
more all-fiber and eventually monolithic [40,56,78] with the development of silica to fluoride
single-mode splices [79]. These demonstrations used 1 mol.% Er3+-doped fiber which causes a
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Fig. 7. Laser curve of the 3.42 µm Dy3+ fiber laser as a function of 2.83 µm launched
power. Data from [63].

quenching of 3.5 µm laser emission if insufficient 980 nm pump is applied to the system due to the
excited-state absorption at 1.9 µm [80]. Heavily doped fibers do not suffer from this phenomenon
and have proven to be a candidate for 3.5 µm emission, although thermal issues may arise [65].

Recently, using a fully monolithic setup for the first time, as illustrated in Fig. 8, up to 15 W
of output power at 3.55 µm was achieved with an overall optical efficiency of 17.2% and a
slope efficiency of 51.3% [56]. A 2.1 m-long segment of fiber (11/240×260 µm, NA=0.125,
10 000 ppm) bounded by two FBGs with reflectivities of 92% and 26.9% was used. The fiber
length was chosen in accordance to numerical simulations [56]. Since core pumping is used for
the 1976 nm signal, FBGs with low losses are crucial and a careful inscription allowed to limit
them to 2.9%. The overall optical efficiency is lower than previously reported [40], likely due to
the important residual pump power. The laser curve, illustrated in Fig. 9, exhibits the typical
quenching phenomenon described previously [80]. The high residual pump power was a result of
the short fiber length and high 980 nm pumping required by numerical simulations to maximize
the slope efficiency and output power. This once again shows the potential of fully monolithic
systems, allowing increasing the previous output power record by a factor of nearly three.

Fig. 8. Typical monolithic 3.5 µm-band Er3+ laser cavity experimental setup. HR-FBG,
highly reflective fiber Bragg grating; LR-FBG, low reflectivity fiber Bragg grating; CMS,
cladding mode stripper; PC, pump combiner; X, splice.

2.4. Holmium emission near 3.9 µm

The first fiber laser producing 11 mW of output power at 3.9 µm form a zirconium fluoride
based fiber was reported by Schneider et al. in 1997 [51], but it required liquid nitrogen cooling
and core pumping by Ti:Sapphire laser to reach the lasing threshold. Significant progress has
since been made in the development of low phonon energy soft glass and in the spectroscopic
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Fig. 9. Experimental (dots) and simulated (lines) 3.55 µm output power as a function of the
1976 nm launched pump power for varying levels of the 976 nm pump. Data from [56].

investigations of the holmium ion [36,81]. In 2018, Maes et al. demonstrated the highest output
power emitted at 3.92 µm with an average output power of 200 mW at room temperature using a
double-clad Ho3+:InF3 fiber and a lasing efficiency of 10% with respect to the launched pump
power [68].

3. Pulsed emission in the mid-infrared

As for high-power CW mid-IR fiber lasers, pulsed mid-IR lasers are also of great interest for
several fields including biomedical applications [57,84], material processing [57,85,86], remote
sensing [14,15,87–89] and non-linear optics [57]. Since the optimal pulse characteristics are
application specific, the development of a wide variety of laser sources producing varied repetition
rates, pulse energies, pulse durations and peak powers is of great importance. Several techniques
have been studied over the past decade for the generation of such mid-IR emission, namely
Q-switching, gain-switching and mode-locking. With the growing interest for pulsed mid-IR
laser sources, novel fiber and bulk components have been developed over the years although
fiberized components are still lacking in commercial availability. Almost all of the reported
demonstrations of pulsed mid-IR fiber lasers in the literature use an architecture combining free
space optics with optical fiber components making these lasers unsuitable for field deployment
because of their inherently unreliable optical alignment. In recent years, our group has focused
on the development of fiberized components for the mid-IR, aiming to improve the robustness
of the design of pulsed fiber sources. A notable example is the fuseless side-pump combiner
to launch pump power into the cladding of a double-clad fluoride fiber [42,90] that is arguably
simpler to manufacture than an angle-fused side-pump combiner [41,91,92]. This new and highly
efficient pump-combiner can also sustain the thermal load inherent to high-power mid-IR fiber
lasers and amplifiers.

3.1. “Long” pulse generation in the mid-infrared

We define here “long” pulses as those for which the duration is in the nanosecond to microsecond
range. Such pulses are of great interest for a number applications in the fields of remote sensing
[14,15,93,94] and material processing [86,95,96]. Two main techniques allow the generation
of such pulses, Q-switching and gain-switching, both relying on the ratio of gain to losses in a
laser cavity. Gain-switching can make use of the same monolithic architecture as CW devices,
since pulses are generated by electronically modulating a laser diode [97]. Another advantage
of this approach is the potential for high-power operation, since such lasers are not limited
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by the damage threshold of 2D material saturable absorbers. Q-switching, however, generally
requires an intracavity loss mechanism, such as an acousto-optic modulator (AOM) in the case
of active switching or a passive saturable absorber in the case of passive switching as shown
in Table 2. Until very recently, there were no real all-fiber loss mechanisms optimized for the
mid-IR which makes these Q-switched fiber lasers unreliable in the harsh environments of most
field applications.

Table 2. Recent and notable pulsed rare-earth-doped mid-infrared fiber system demonstrations
(QS: Q-switching, GS: Gain-switching, LP: Linearly Polarized, AOM: Acousto-optic modulator, BP:

Black phosphorus, MOPA: Master Oscillator Power Amplifier)

Mechanism Ion λs [µm] Ppk [W] Ep [µJ] Duration [ns] Rep. rate[kHz] Ref.

QS (AOM) Er3+ 2.8 900 100 90 120 [103]

QS (AOM) Er3+ 2.79 10.6 × 103 560 53 1 [104]

QS (AOM) Er3+ 2.78 12.7 × 103 330 26 0.1 [105]

QS (Dy3+:SiO2) Er3+ 2.791 – 3.3 250 250 [43]

QS (BP) Er3+ 2.7715 — 0.82 3320 22.2 [106]

QS (Sb-SAM) Er3+ 2.7997 — 1.03 1700 58.8 [107]

QS (MoS2) Er3+ 2.754 — 2 806 70 [108]

QS (SESAM) Er3+ 2.7949 21.9 6.9 315 146.3 [109]

QS (Fe2+ZnSe) Er3+ 2.78 5.34 2 370 161 [110]

QS (EOM) Er3+ 2.7 15.7 × 103 205.7 13.1 0.1-50 [111]

QS (SESAM, LP) Er3+ 2.7-2.83 — 4.77 1170 97.61 [112]

QS (AOM) Dy3+ 2.97 - 3.23 — 12 270 0.1–20 [113]

QS (BP) Dy3+ 3.04 — 1 740 86 [113]

QS (PbS) Dy3+ 2.71 - 3.08 — 1.88 795 166.8 [114]

QS (AOM) Er3+ 3.47 — 7.8 500-1100 5-100 [115]

QS (self) Er3+ 3.45 — <1 — 19-29 [116]

QS (SESAM) Er3+ 3.46 — 1.4 2470 26.83-58.71 [117]

QS (Fe2+:ZnSe) Er3+ 3.4-3.7 — 7.54 1180 71.43 [118]

QS (BP) Er3+ 3.46 — 1.8 2050 55-66 [119]

GS Er3+ 2.8 68 20 300 100 [120]

GS Er3+ 2.826 345 80 170 140 [97]

GS (LP) Er3+ 2.7-2.82 — 4 1040 20 [112]

GS Dy3+ 2.8 - 3.1 — 4.36 530 40/80 [121]

GS Dy3+ 2.94 4 0.72 183 25-100 [122]

GS Dy3+ 3.24 18 19.3 300-800 20-120 [123]

GS Er3+ 3.55 200 6.5 30-50 12-20 [124]

GS Er3+ 3.46 6 10.1 1600-3200 100 [125]

GS Er3+ 3.4-3.7 — 5.29 1020 50 [126]

MOPA Er3+ 2.79 106 1000 0.986 5 [127]

MOPA Er3+ 2.72 60.3 × 103 670 11.5 0.01 [128]

The development of all-fiber saturable absorbers is likely to enable a new generation of robust
mid-IR Q-switched lasers. Accordingly, it was shown recently that a Dy3+-doped silica fiber can
be used as saturable absorbers in a Q-switched mid-IR truly all-fiber laser [43], in the same way
as it was first demonstrated for the near-infrared fiber lasers [98–102]. This kind of saturable
absorber based on a rare-earth-doped silica fiber has an increased damage threshold due to the
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volumetric absorption compared to the surface absorption of 2D materials. Moreover, it can be
fusion spliced to the rest of the laser system, further improving the robustness and reliability of the
laser design. A schematic of the experimental setup is presented in Fig. 10. As can be observed in
Fig. 11, the performances of this mid-IR Q-switched fiber laser emitting at a wavelength around
2.8 µm with pulses as short as 240 ns at a repetition rate of 120 kHz are comparable to other
passively Q-switched fiber lasers as observed in Table 2 presenting a literature overview of those
sources. The average power was not very high at about 400 mW because the demonstration was
focused mostly on the proof of concept and assessing the limitations of this design. From the
general behavior of this prototype, it appears that the Q-switched pulse train is stable, although it
is not yet based on an all-fiber design. It also appears that the average power could be significantly
increased since there is no sign of saturation in the laser output power, thus keeping the laser
cavity stable and robust. Moreover, this preliminary test showed that it is now possible to design
a mid-IR Q-switched truly all-fiber laser cavity using previously developed fiber components for
the mid-IR. The latest developments from this project i.e., the experimental demonstration of a
Q-switched truly all-fiber laser design has been recently submitted for publication.

Fig. 10. Experimental setup of mid-IR Q-switched fiber laser using a Dy3+-doped silica
fiber as a saturable absorber. (CMS: cladding mode stripper; DM: dichroic mirror; FBG:
fiber Bragg grating; M: gold mirror; SZ-SMS: silica-fluoride glass single-mode splice)

Fig. 11. (left) Pulse train example of the mid-IR Q-switched fiber laser using a Dy3+-doped
silica fiber as a saturable absorber and (right) its output power, pulse duration and repetition
rate curves.

The development of pulsed fluoride fiber lasers operating beyond 3 µm is fairly recent
and followed that of CW lasers at those longer wavelengths as well as that of pulsed lasers
around 2.8 µm. The first band to be investigated was the erbium’s 3.5 µm one for which
gain-switching [124] and active Q-switching [115] were demonstrated quasi-simultaneously,
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producing respectively 6.5 µJ and 7.8 µJ at 15 kHz. In the following years, several saturable
absorbers were tested, generating pulses of less than 10 µJ (Table 2). Gain-switching has
allowed achieving watt-level average power at 3.46 µm with pulse energies of up to 10.1 µJ [125].
Although emission quenching was observed in the first demonstration of 3.5 µm gain-switching
[124], this time it was not observed, most likely due to the longer pulse duration and lower peak
power [125]. In both Q-switching and gain-switching, tunable emission ranging from 3.4 µm to
3.7 µm was also achieved [118,126] using a plane ruled grating.

Dysprosium was the next candidate to be studied for pulsed emission beyond 3 µm. Although
its emission peak is at 2.9 µm, this ion is of particular interest to bridge the “erbium gap” between
3 µm and 3.4 µm due to its very broad emission cross-section (Fig. 1). As stated previously, CW
emission has proven that high-power emission from dysprosium is possible far from the emission
cross-section’s peak [55,63]. Nonetheless, most pulsed dysprosium-doped lasers operate at or
below 3.1 µm (Table 2). The longest emission wavelength for a long-pulse dysprosium laser was
of 3.23 µm, from an actively Q-switched tunable laser that produced up to 12 µJ of energy at
3.1 µm [113]. Gain-switched dysprosium based systems were also demonstrated, using a 1.1 µm
pulsed laser as a pump [121,122]. Tunable operation was thus achieved from 2.8 µm to 3.1 µm
with a maximum pulse energy of 4.36 µJ [121].

An in-band pumped monolithic dysprosium fiber laser was reported recently, featuring the
record average output power and pulse energy for a fiber laser operating beyond 3 µm. The system
presented in Fig. 12, produced up to 1.4 W of average power and 19 µJ pulses at 3.24 µm [123].
This system consisted of a 1.75 m-long segment of dysprosium-doped fluoride fiber(16/250 µm,
NA=0.12, 2000 ppm) bounded by two FBGs inscribed directly in the active fiber. The FBGs’
reflectivities were greater than 99.5% for the HR and approximately 65% for the LR. The laser
was pumped by a 2.8 µm pulsed source consisting of an oscillator similar to the one described by
Paradis et al. [97] and of a fiber amplifier. Pulse energy as a function of the repetition rate and
the pump pulse energy is shown in Fig. 13 for stable pulsed operation. It was achieved between
20 kHz and 120 kHz and the operation limits were due to the 2.8 µm pumping system. The
modest 22% efficiency is likely due to a combination of splice and HR-FBG losses combined to a
strongly reflective output coupler. Its value was chosen with the help of numerical simulations to
maximize the operation range in terms of repetition rates. Although some free space components
were required for this system, the 3.24 µm cavity itself was monolithic and one can hope that a
fully optimized pumping source will allow an entirely monolithic system in a near future. The
design and optimization of pumping sources and the study of various pumping schemes will be
critical for the future progress of pulsed dysprosium-doped fiber lasers.

An alternative approach was considered lately for generating high energy pulses in the mid-IR
based on MOPA systems seeded either by OPG or OPA modules. A system was first reported to
generate 24-ps-long pulses with an energy of 84 µJ [129]. Aydin et al. demonstrated a MOPA
system able to produce nanosecond-level pulses around 2.8 µm with an average power of 2.45 W
and a pulse energy of 122 µJ at 20 kHz [53], but free space propagation and geometry mismatch
between the different fibers of the amplifier led to fiber tip failure and power instabilities. Then,
Du et al. demonstrated an amplifier system seeded by an OPA that generated 11.5 ps-long pulses
with a pulse energy of 670 µJ at 2.72 µm, but the average power of the signal was limited to
7 mW. Very recently, Aydin et al. reported on a dual-stage amplifier system outputting 1 ns
pulses at 2.8 µm with a pulse energy of 1 mJ and an average power of 5 W at 5 kHz [127]. The
first stage is made of an erbium-doped fluoride fiber with a core diameter of 85 µm while the
second stage is also composed of an erbium-doped fluoride fiber, but with a core diameter of
115 µm. This system made use of the fuseless side-pump combiner previously introduced [42] to
pump the fibers bidirectionally and thus more efficiently. This scheme, involving cladding mode
strippers at all ends, also contributed to preventing pump coupling and thus heat load issues at
the fiber tips, as shown in Fig. 14. Moreover, these side-pump combiners made this laser system
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Fig. 12. Experimental setup of the gain-switched Dy3+-doped fiber laser at 3.24 µm. L,
ZnSe lens; MAU, gold mirror; λ/2, half-wave plate; Iso, optical isolator; EC, endcap; PC,
pump combiner; CMS, cladding mode stripper; HR-FBG, highly reflective FBG, LR-FBG,
low-reflectivity FBG; X, splice. Reprinted with permission from [123] © The Optical
Society.

Fig. 13. 3.24 µm pulse energy as a function of the 2.8 µm pump pulse energy for repetition
rates ranging from 20 kHz to 120 kHz. Data from [123].

more resilient to high power and eased the alignment requirement. The average output power
showed an RMS fluctuation of about 1.5% over a 2h-long stability test at 5 W. Due to their short
duration and yet large pulse energy, such 3 µm-class pulses were shown to be perfectly designed
for biomaterial processing, leading to essentially no collateral damage of the surrounding area of
the laser focus point [130].

3.2. Ultrafast pulse generation in the mid-infrared

Just like pulses in the microsecond and nanosecond ranges, pulses in the picosecond to femtosecond
range are also interesting for remote sensing and material processing but also for more exotic
applications such as high-harmonic generation [131]. Because of the great potential of these
laser sources, a great deal of effort is made towards shortening the pulses, increasing the peak
power, extending to longer wavelengths and improving the robustness and simplicity of the laser
designs, as can be seen in Table 3. The first mode-locked fiber lasers emitting femtosecond
pulses in the mid-IR near 2.8 µm were developed by two different research groups at about the
same time [132,133]. Using the non-linear polarization evolution (NPE) mode-locking scheme,
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Fig. 14. Dual stage fiber amplifier outputting millijoule-level sub-nanosecond pulses with
an average power of 5 W near 3 µm. Reprinted with permission [127] © The Optical Society.

these ring-cavity lasers generate soliton pulses that are very close to the Fourier transform limit.
Shortly after, the peak power from these lasers were increased to a few tens of kilowatts [134,135].
It has been demonstrated that these soliton pulses can also be shifted to much longer wavelengths
by soliton self-frequency shift (SSFS) when amplified and propagated through a fiber segment of
appropriate length [136]. This SSFS phenomenon also has the advantage of cleaning up the main
soliton from the Kelly side bands resulting in a very clean main soliton when proper caution is
taken for the design of the laser amplifier system. Dispersion and chirp management in amplifiers,
have recently allowed ultrafast sources to achieve sub-two-cycle pulses [137] and peak powers up
to 2 MW [138].

More recently, this SSFS technique was pushed further based on the same soliton mode-locked
seed but with a 20 m-long 7.5 µm diameter core InF3 fiber spliced to the Er3+-doped fluoride
fiber amplifier. The smaller core of the InF3 fiber increased the non-linear effects on the soliton
by reducing the effective mode area by a factor of 4 and thus increasing the peak intensity of the
pulses accordingly. The smaller core also contributed to shifting the dispersion parameter of
the fiber as recently determined precisely by Boilard et al. [156]. Lastly, since the InF3 fiber
transparency extends to 5.2 µm, as opposed to 4.2 µm for the ZrF4 fiber, the solitons were allowed
to shift up to 4.62 µm without being affected by propagation losses (cf. Fig. 15 [155]).

In the perspective of somehow coping with the current lack of robust and ideally fiberized
mid-IR components, efforts were made to simplify the design of mid-IR mode-locked fiber lasers,
namely by adopting linear cavities that are taking advantage of the strength and simplicity of
CW laser’s architecture. Some promising results were obtained with a linear laser cavity making
use of an FBG as output coupler to stabilize the laser emission wavelength in 2015 [157]. This
demonstration was followed by another take on a linear architecture that could generate much
shorter pulses with a duration of 25 ps [139]. A few years later, we developed a linear laser
cavity bounded by an FBG and a SESAM that could generate 15 ps pulses [140] centered around
2791 nm. However, as studied by Majewski et al. [158], the pulse duration seemed to be limited
by the spectral bandwidth limitations cause by the water vapor absorption features around 2.8 µm.
The free-space propagation of the laser beam with a spectrum centered around 2.8 µm is thus
one of the limiting factors to improve the performances of these lasers. Very recently, using a
home-made MXene saturable absorber mirror, Bharathan et al. could demonstrate an almost
all-fiber design as seen in Fig. 16, very similar to other “all-fiber” mode-locked lasers in the near
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Table 3. Recent and notable ultrafast fiber laser demonstrations in the mid-infrared. NPE:
Non-linear polarization evolution, BP: Black phosphorus, FSF: Frequency-shifted feedback, GNW:

gold nanowires LP: linearly polarized, CEFA: Chirped engineered fiber amplifier, DMFA:
Dispersion-managed fiber amplifier, SSFS: Soliton self-frequency shift.

Host Mechanism λs [µm] Bandwidth
[nm]

Ppk [kW] Ep [nJ] Duration
[ps]

Rep. rate
[MHz]

Ref.

Er3+ SESAM 2.8 4.8 1.86 44.3 25 22.56 [139]

Er3+ SESAM 2.791 0.65 — 2.7 15 55 [140]

Er3+ Mxene 2.796 0.721 — 16 — 37 [141]

Er3+ Fe2+:ZnSe 2.8 0.6 0.049 0.93 — 50 [142]

Er3+ BP 2.8 2.8 0.608 25.5 42 24 [143]

Er3+ BP 2.7711 4.9 — 0.23 — 27.4 [106]

Er3+ Graphene 2.8 0.21 0.017 0.7 42 25.4 [144]

Er3+ SESAM 2.8 (LP) — — — 44 22.03 [145]

Er3+ NPE 2.875-2.81 — 10.9 2.6 0.199-0.27 52.3 [146]

Er3+ NPE+CEFA 2.8 — 500 11 0.016 42.1 [137]

Er3+ NPE+DMFA 2.8 200 2000 101 0.049 37.7 [138]

Ho3+ SESAM 2.87 4.2 0.2 4.9 24 27.1 [147]

Ho3+ SESAM 2.86 5 0.465 2.79 6 24.8 [148]

Ho3+ Bi2Te3 2.83 10 1.43 8.6 6 10.4 [149]

Ho3+/Pr3+ GNW 2.865 8.1 0.311 3.7 12 26.08 [150]

Er3+ NPE 2.8 — 3.5 0.8 0.207 55.2 [132]

Er3+ NPE 2.793 20.1 6 3.6 0.497 56.7 [133]

Er3+ NPE 2.8 — 23 7 0.27 96.6 [134]

Ho3+ NPE 2.876 60 37 7.6 0.18 43.1 [135]

Dy3+ FSF 2.97 - 3.3 0.33 — 2.7 33 44.5 [151]

Dy3+ NPE 3.1 13.7 4.2 4.8 0.828 60 [152]

Er3+ BP 3.49 4.7 — 1.38 — 28.91 [119]

Er3+ FSF 3.47 0.58 — 1.38 0.053 36.23 [153]

Er3+ NPE 3.54 23 5.5 3.2 0.58 68 [154]

Er3+ NPE + SSFS 2.8→3.6 — 9.5→109 4.7→30 440→250 57.9 [136]

Er3+ NPE + SSFS 2.8→4.62 — 9.5→? 4.7→? 440→? 57.9 [155]

infrared with a spectral bandwidth of 721 pm, corresponding to a Fourier limited pulse duration
of 11.4 ps [141]. In general, though, the mode-locked pulses generated by this kind of linear
cavity are longer than similar pulses generated by ring cavity using NPE and even those using
material saturable absorber such as SESAM and other 2D materials as can be seen in Table 3.

The development of ultrafast laser sources beyond 3 µm has also been a topic of interest. Due
to its extremely broad emission cross-section extending beyond 3 µm, the dysprosium ion is a
promising candidate for such ultrafast laser emission. Frequency-shifted feedback (FSF) [159]
was first used to generate picosecond pulses. Using an acousto-optic tunable filter, 33 ps pulses
with energies up to 2.7 nJ were generated in a laser tunable from 2.97 µm to 3.3 µm [151]. The
first sub-picosecond pulses were generated in a ring cavity using non-linear polarization evolution
[152]. The experimental setup of this laser can be seen in Fig. 17. A dysprosium-doped fluoride
fiber (12.5/125 µm, NA=0.16, 2000 ppm) was core-pumped by a 2.8 µm laser in a co-propagating
configuration. Two fiber lengths were tested, 3 m and 4.5 m, and the output coupler reflectivities
were approximately of 22.5% and 55% at 3.1 µm. Self-starting mode-locked pulses as short as
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Fig. 15. Soliton self-frequency shift from 2.8 µm up to 4.6 µm [155]

Fig. 16. Mid-IR mode-locked all-fiber laser based on a home-made MXene saturable
absorber. CFBG: chirped fiber Bragg grating. Adapted with permission from [141] © The
Optical Society.

Fig. 17. Experimental setup of the ultrafast Dy3+ laser at 3.1 µm. MAU, protected gold
mirror; DM, dichroic mirror, CMS, cladding mode stripper; OC, output coupler; λ/4,
quarter-wave plate; λ/2, half-wave plate; Iso, optical isolator.

828 fs were generated at 3.05 µm for the 3 m fiber and of 1.01 ps at 3.083 µm for the 4.5 µm fiber.
A maximum pulse energy of 4.8 nJ corresponding to a peak power of 4.2 kW was achieved at a
repetition rate of 60 kHz with the larger output coupler. The important anomalous dispersion
of the fiber is a significant issue to produce shorter pulses at those longer wavelengths, which
could be observed from the numerous Kelly sidebands present in the laser spectrum as can be
seen in Fig. 18. The area theorem [160], gives an approximate pulse duration of 1 ps, which is
in agreement with experimental results [152]. Time-bandwith products of 0.39 and 0.43 were
calculated for the 3 m and 4.5 m fiber, close to the limit of 0.315 for a hyperbolic secant pulse.
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Fig. 18. (top) Optical spectrum of the mode-locking pulse train measured with the OSA at
0.2 nm resolution and (bottom) temporal trace of the mode-locked pulse train for a 4.5 m
fiber. Data from [152].

Ultrafast sources in the 3.5 µm band of erbium were achieved thanks to the dual-wavelength
pumping scheme. Initially, mode-locking was observed using a black phosphorous saturable
absorber, although no full characterization was available since no autocorrelation trace could
be measured [119]. Later on, the FSF mechanism was used to generate 53 ps pulses ranging
from 3.4 µm to 3.7 µm [153]. This system operated in a single pulse regime at 36.23 MHz with
pulse energies of 1.38 nJ while multi-pulse operation was observed if the pumping power was
increased. Recently, using non-linear polarization evolution in a ring cavity, 580 fs pulses were
generated at a repetition rate of 68 MHz, corresponding to a pulse energy of 3.2 nJ and peak
power of 5.5 kW [154].

4. Selected applications of mid-infrared fiber lasers

4.1. Methane sensing

Although its average concentration in the atmosphere is more than 200 times less than that of
carbon dioxide, methane has, on a weight basis, a 21 times larger global warming potential and
is thus considered as an alarming greenhouse gas [161]. Up to now, multiple detecting and
measuring scheme for greenhouse gases’ fluxes and concentrations have been demonstrated
using eddy current analysis, flux boxes and optical devices operating in the near or mid infrared
[15,93,162,163]. A particularly interesting approach is using a hyperspectral camera to provide
an image of methane concentration [164]. Methane, like most atmospheric greenhouse gases,
presents strong absorption bands in the mid-infrared. Sources emitting such wavelengths have
been used for the remote detection of methane [93,165,166] and the development of robust,
powerful and compact fiber laser sources spanning such wavelength bands, notably using the
dysprosium and erbium ions has created new alternatives.

Tunable laser absorption spectroscopy (TLAS) is one of the techniques allowing the detection
of methane or other chemical compounds using a narrow laser band [167]. For the case of
methane, its absorption band near 3.24 µm illustrated in Fig. 19, is of particular interest, being
accessible through laser emission from dysprosium fiber lasers [55,75,123] and being sufficiently
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separated from surrounding water vapor absorption lines. In a monolithic dysprosium doped
fiber laser emitting at 3.24 µm similar to the one shown in Fig. 5, the FBGs can force emission
between these two bands and then be tuned to scan the methane absorption band and, if desired
as illustrated in Fig. 19, the water band to determine both concentrations. In this case, the
FBG was tuned thermally using a commercial module from the company Teraxion. A similar
approach has also been applied for the 3.427 µm band of methane, using a dual-wavelength
pumped erbium doped fiber laser which was mechanically tuned using a piezoelectric bending
beam [168]. Although the tuning range achieved with this technique is only of a few nanometers,
compared to the hundreds of nanometers achievable with a free-space diffraction grating [169]
or an acousto-optic tunable filter [170], this allows a fully monolithic and therefore robust and
stable design, two essential features for real-world field applications.

Fig. 19. Tunable laser absorption spectroscopy of methane at 3.24 µm

Detecting multiple gas at once while keeping a simple detection system is another challenge
where mid-infrared light sources can prove useful, due to the strong absorption of molecules in
this spectral region. By using the photoacoustic effect, which results from the time-modulated
absorption of light by a target gas causing it to create sound waves, the gas concentration can
be measured using a simple microphone instead of a bulky spectral measurement device (e.g.,
monochromator, spectrograph). This is especially appealing when working in the mid-infrared
region, since sensitive detectors and optical components can be much more expensive than
their near-infrared counterparts. In a proof-of-concept experiment, a broad spectrum light
source (a mid-IR supercontinuum in this case [155]) was used to detect set concentrations of
methane (CH4). A schematic of the experimental setup is shown in Fig. 20. The laser beam first
propagates through a hermetic cell containing a known concentration of the target gas, which
mimics atmospheric propagation. As a result, the light at the wavelengths corresponding to the
CH4 absorption lines is partially absorbed proportionally to the gas concentration. A mechanical
chopper then modulates the light intensity before the beam gets focused in a small 225 mm long
x 2.5 mm diameter non-resonant hermetic photoacoustic cell filled with a fixed concentration of
the target gas. The acoustic signal generated in this cell is measured with a commercial electret
microphone linked to a lock-in amplifier synchronized to the chopper’s frequency.

By testing several concentrations of the target gas in the atmospheric cell and recording the
corresponding acoustic signal intensity, a calibration curve can be made. A fitting algorithm
based on Beer-Lambert’s law approximating a strong saturation of several absorption lines allow
producing a reference curve which can then be used to deduce unknown gas concentrations in
the atmospheric cell based on the photoacoustic signal, as shown in Fig. 21. To avoid pressure
line broadening effect, all measurements are taken at 1 atm. Neutral N2 gas is used to reach the
desired pressure for concentrations of CH4 below 100%. The small discrepancy between the
experimental measurements and the fitted curve that can be seen in Fig. 21 is mostly caused
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Fig. 20. Experimental setup for photoacoustic methane sensing

by the uncertainty in the CH4 concentration placed in the atmospheric cell (accuracy error).
Aside from reducing the cost of the detection system, this technique has the advantage of a
very large dynamic range, and is able to detect even very large concentrations of gas due to the
weaker absorption lines of the gas that do not saturate combined with the broad light spectrum.
Moreover, simultaneous multi-gas remote sensing can be envisioned with a similar approach
where a photoacoustic cell containing a second target gas is added to the system.

Fig. 21. Preliminary experimental results for photoacoustic methane sensing.

4.2. Polymer processing

The study of polymer processing in the mid-IR has been mostly limited until now by the
availability of laser sources. Previous studies of mid-IR resonant processing were conducted
by complex sources such as free-electron lasers [171] or OPOs [172]. New alternatives have
arisen with the development of fiber sources operating in the 3.3 µm to 3.5 µm band based on the
erbium and dysprosium ions. A 3.44 µm fiber laser based on a dual-wavelength pumping scheme
has previously been used to study resonant polymer ablation, proving a worthy alternative to
current CO2 laser processing technologies [18]. More recently, the increase in performance
of dysprosium-doped fiber lasers has shown such systems to be a promising alternative, their
emission reaching wavelengths comparable to the 4F9/2→

4I11/2 that of erbium with a power
level up to 3 W [63]. Using an output power of only 134 mW at 3388 nm, preliminary polymer
processing results were reported for PMMA [64]. With a power level of a few watts at 3.42 µm
coming from a dysprosium-doped fiber laser [63], early studies on the processing of HDPE
(high-density polyethylene) and UHMWPE (ultra-high-molecular-weight polyethylene) were
conducted, two polymers which lack absorption bands at the wavelengths of the industry-standard
CO2 lasers. These studies were conducted using a setup and methods similar to the ones
described by Frayssinous et al. [18]. Figure 22 presents the sublimation rates thus obtained with
a dysprosium fiber laser at 3.42 µm as a function of fluence, with a CW power of 1.14 W. Given
the similar properties of both of these polymers, they exhibit a similar ablation threshold and
efficiency. While more studies are required before such laser systems can be used in an industrial
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setting, including comparisons with current systems, these preliminary results show the great
potential of resonant polymer ablation with mid-IR fiber lasers.

Fig. 22. Ablation rate as a function of fluence for UHMWPE and HDPE with 1.14 W of
laser power at 3.42 µm

5. Conclusion

The past few years have seen great progress in the field of mid-IR fiber lasers. With the
development and availability of novel fluoride fiber components, laser systems have increased in
performance, robustness and diversity, now beginning to see use in a number of applications in the
biomedical, environmental, industrial and defense areas. In this paper, we have reviewed notable
recent demonstrations of such fiber lasers in both the CW and pulsed regimes and discussed
selected applications pertaining to methane sensing and polymer processing.

In CW operation, fiber lasers have seen great improvements, their wavelength coverage [63,64]
and output power [53,55,56,68] having drastically increased. Pulsed lasers at 2.8 µm can now
achieve hundred microjoules of pulse energy [104,105] while those beyond 3 µm have reached
the watt level with energies between 10 µJ-20 µJ [123,125] and new components have enabled
erbium-doped lasers near 3 µm to achieve more robust architectures [43]. Such improved
architectures have also increased the achievable output power of picosecond pulsed systems
near 2.8 µm to the millijoule level [127]. Ultrafast lasers beyond 3 µm have seen their first
demonstrations, both for dysprosium [151,152] and erbium at 3.5 µm [153,154]. Ultrafast based
sources, for their part, have allowed shifting solitons to wavelengths approaching 5 µm [155].

Although these developments show the great potential of mid-IR fiber lasers, much remains
to be achieved. As a matter of fact, the long promised 100 W class 3 µm fiber laser still has
to be demonstrated as well as future power scaling towards tens of watts for lasers emitting in
the 3.2-3.5 µm spectral region. Pulsed fiber lasers still have significant potential, as sources
emitting pulses with energies greater than a hundred microjoules remain to be achieved beyond
the 2.8 µm band. Further progress of such sources will also come from an increasingly monolithic
architecture, which will become feasible with further developments of fiberized components
such as optical isolators suitable for mid-IR operation. Ultrafast fiber lasers will also greatly
benefit from the existence of such components, and allow increased wavelength coverage and
performances, especially for the dysprosium and erbium laser transitions beyond 3 µm.

The interest in mid-IR fiber lasers is mainly driven by their great potential in a variety of
applications. As robust and powerful sources emitting light with varied characteristics become
more and more widely available, their use increases in several fields, including in material
processing and gas sensing. Although the discussed demonstrations remain preliminary, their
promising results are the sign that fiber lasers are only beginning to reach their true potential and
that we can hope for great progress in the years to come.
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