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Abstract: We present a thulium-doped single-oscillator monolithic fiber laser emitting successively
at three wavelengths, especially at unusual long wavelengths as 2.09 pm and even at 2.12 um. The
793 nm core absorption of 8.42 dB/m allows for achieving a slope efficiency higher than 43% both at
1.94 pm and 2.09 pm. The operation of the laser at 1.94 pm, 2.09 nm, and 2.12 pm is compared by
using different fiber Bragg gratings to push the limit of thulium ions emission above 2.05 pm. This is
the first demonstration of emission exceeding wavelengths of 2.1 pm of an only thulium-doped fiber
laser, to the best of our knowledge.

Keywords: high-power fiber lasers; infrared lasers; optical fibers; thulium

1. Introduction

Both civil and military applications benefit from high-power laser sources based on
rare earth ions (or lanthanides) and their physical properties. Lanthanides generally lose
three electrons to become trivalent ions. Energy transfers around the incomplete electronic
layer are metastable with long lifetimes (milliseconds) at the excited level. This property
makes rare earth ions inserted in amorphous host matrices (such as silica glass) very favor-
able to population inversion and, thus, to amplification processes. Moreover, the insertion
of rare earth ions in a silica matrix extends the fluorescence spectrum of these ions, thus
featuring broad absorption and emission spectral bands, which is a favorable property for
amplification thanks to a larger acceptance of pump light. Furthermore, the laser source
spectral output can be tuned which can be an important asset for various applications. For
several decades, doped fibers have become very popular in laser development. Ytterbium
and neodymium ions can emit around 1 pum when pumped at 976 nm or 808 nm, respec-
tively [1-3]. The 1.5 ym region can be achieved using erbium ions pumped at 980 nm [4],
whereas terbium pumped in the ultraviolet band (265 nm) tends to emit efficiently in
the visible region at 540 nm [5]. In the near-infrared, thulium-doped fibers are generally
pumped at 793 nm to emit high powers between 1940 nm and 2050 nm [6], and these
wavelengths are perfectly adapted to further pump holmium ions that allow for emitting
up to 2200 nm [7].

One can notice that two different lanthanides can emit around 2 pm: thulium and
holmium. However, the commercial availability of pump diodes at 793 nm makes thulium-
doped fibers easier to pump to achieve the 2 uym band, despite the existence of several
possible pumping schemes (pumping at 1210 nm or 1630 nm, for example). The absorp-
tion/emission cross sections displayed in Ref. [6] show the large emission between 1800 nm
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and 2100 nm. This is due to the 3F; <+ 3H transition, represented on the energy diagram
(Figure 1a,b) among all the energy transitions of the thulium ion.
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Figure 1. (a) Radiative transitions relevant for 2 ym thulium-doped fiber lasers with common pump
bands highlighted in blue; (b) ion—ion energy transfer processes.

Since 2007, thulium-doped fibers have been used in different architectures with the aim
of steadily increasing the output power. Figure 2 displays the comparison of the maximum
output power of 2 pym fiber lasers in continuous wave regime, demonstrated in the literature,
as a function of their emission wavelength. First, single-oscillator lasers in which the thulium-
doped fiber was placed in a mirror cavity were developed (red dots in Figure 2) [8-14]. A
maximum output power of 885 W at 2.05 um was achieved in 2009 in a free-space pumping
system with multimode fibers that allow for transporting more power [10].

Among the different architectures, single-oscillator monolithic systems are very in-
teresting, as they are ideal in terms of compactness and robustness. In these systems, the
maximum output power reported in the literature was 567 W at 1.97 ym, achieved by
Walbaum et al. in 2016 [13]. Master-Oscillator Power Amplifier (MOPA) systems that are
composed of a first low-power signal source (single-oscillator laser source or 2 pm diode)
and one or more amplification stages were also studied in the literature (black dots in
Figure 2) [15-29]. The highest output power generated in a monolithic MOPA source so far
is 1100 W at 1.95 pm reported in 2021 [26]. The kilowatt-level had already been achieved in
2010 by Ehrenreich et al. at the output of a monolithic MOPA system [15]. More recently,
Romano et al. reached 937 W at 2.036 pm at the output of an all-fibered MOPA source [27].
Another solution consists of combining several high-power sources, as seen in Ref. [22]
with an output power of 790 W at 1.94 um. However, incoherent beam combining tends to
alter the spatial beam profile. Indeed, the authors measured a beam quality factor M? = 2.6
which is far from typical values of sources emitting out of a single fiber (M? < 1.5 typically).
In general, no matter the architecture, one can notice that thulium ions are very propitious
for high-power laser emission in the spectral range from 1.94 pm to 2.05 pm.

Usually, we consider that the emission cross section of the thulium ion is not suitable
at higher wavelengths and holmium ions are required to emit above 2.05 um. Nevertheless,
the use of holmium doped fibers is more difficult due to the less mature technology of
fiber development and the lack of high-power pump diodes at the desired wavelength
(holmium pumping is particularly suitable around 2 pm). Therefore, holmium-doped
fibers typically require a primary thulium-doped laser as pumping source. However, this
implies bulkier and less efficient systems. Nonetheless, some realizations are reported in
the literature, both in MOPA (violet dot in Figure 2) [30] and in single-oscillator (orange
dots in Figure 2) [31-34] architectures. The highest output power achieved by a thulium-
pumped holmium-doped fiber system was 407 W by Hemming et al. in 2013 [31]. Ten
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years later, Beaumont et al. improved the slope efficiency of such systems, and preliminary
results exhibited a slope efficiency of 60% [34], whereas the numerical study they proposed
announces a reachable 70% slope efficiency [33]. The use of commercial 793 nm diodes
to pump holmium-doped fibers is possible, although by co-doping holmium fibers with
thulium ions. A 1:10 concentration ratio between holmium and thulium ions has been
identified as favoring the thulium-to-holmium energy transfer in a fiber laser source that
can then be directly pumped by 793 nm pump diodes, analogously to only thulium-doped
fiber laser sources [35]. Thulium-holmium co-doped fiber lasers are currently in full
expansion, essentially in single-oscillator architectures (green dots in Figure 2) [35-40]. The
two highest output powers reported in the literature were 262 W from a free-space pumping
system [40] and 195 W from the only monolithic all-fiber system ever developed [39].
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Figure 2. Comparison of the maximum output power of 2 ym fiber lasers in continuous wave regime
demonstrated in the literature, as a function of their emission wavelength. On blue background: Tm3*
doping. On green background: Tm**, Ho** co-doping or Ho** doping. Both the slope efficiency and
the corresponding bibliographic reference are labeled for each point.

On the one hand, the holmium ion is known to be more adapted to laser emissions
above 2.05 pm due to its typical emission cross section that extends up to 2.2 pm; the
literature demonstrates that both holmium-doped fibers and thulium-holmium co-doped
fibers show some technological limitations. Indeed, an output power exceeding 400 W has
never been obtained so far in the spectral range from 2.05 pm to 2.12 um. On the other hand,
the thulium ion allows for achieving a kilowatt-level of around 2.05 pm. According to the
emission cross section of thulium [6], this wavelength is not the most suitable, and exploits
only half of the maximum absorption of thulium (around 1900 nm). Regarding the impact
of ions on the efficiency of the source, the state-of-the-art indicates that for a wavelength
lower than 2 pm, thulium remains the most interesting ion, with demonstrated efficiencies
reaching almost 60% in MOPAs. Between 2 um and 2.05 pm, the use of Tm3* doping
or Tm3*, Ho®* co-doping gives comparable results, with a slight advantage for thulium
(44% demonstrated at 2.04 pm in MOPA). Beyond 2.05 um, only Ho%**-doped or Tm3*, Ho3*-
codoped fiber laser sources have been demonstrated, for efficiencies remaining around 30%.
This distribution of accessible wavelengths demonstrated in the literature according to the
type of dopant used is in good agreement with experimental measurements we made of the
emission spectra on a Tm3+ doped (green curves) and a Tm?3+, Ho3+—codoped (blue curves)
fiber laser (Figure 3) pumped in free-space. The entire experimental setup is described in
Ref. [37]. It consisted of an oscillating cavity made with a piece of the active fiber under
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test. The emission wavelength was selected by changing the angle of a diffraction grating
positioned at one end of the cavity (maximum reflectivity). The other end of the cavity
(output coupler) consisted of the active fiber cleaved at 0° (4% of Fresnel reflection). Both
the doped and the codoped fibers are double clad with a similar geometry (25 pm core,
300 um octagonal cladding) and an absorption around 4 dB/m.
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Figure 3. Measurement of the laser power at the output of an oscillating cavity made with a Tm3*
doped fiber (green) or a Tm3*, Ho**-codoped fiber (blue), depending on the emission wavelength
and the length of doped fiber. The emission wavelength was selected by changing the angle of a
diffraction grating positioned at one end of the cavity (maximum reflectivity). The other end of the
cavity (output coupler) consisted of the active fiber cleaved at 0° (4% of Fresnel reflection).

Figure 3 shows that for a Tm3*-doped fiber pumped at 793 nm, the maximum power
is obtained around 1.98 pm. The spectral position of the emission maximum barely changes
for the active fiber lengths studied here (310 cm to 488 cm). The efficiency range, defined
at 80% of the emission maximum, is observed between 1.93 ym and 2.05 um, which
corresponds approximately to what has been demonstrated in the literature. In the case of a
Tm3*, Ho?*-codoped fiber (blue curves in Figure 3), the experimental measurements show
an emission maximum around 2.08 pm for pumping at 793 nm and a fiber of 355 cm in
length. The emission maximum shifts towards higher wavelengths when the active fiber is
elongated (here up to 590 cm). An efficiency range (defined at 80% of the maximum) gives a
spectral coverage extending from 2.02 pm to 2.12 pm, which is also in agreement with what
has been demonstrated in the literature. Finally, we observe that the power level obtained
with just Tm3* doping and a Tm3*, Ho®** codoping is comparable for longer wavelengths,
especially around 2.1 um. So, an exclusively thulium-doped fiber laser, whose emission
is imposed by the means of a bulk mirror or a Fiber Bragg Grating (FBG), should be able
to emit at a wavelength higher than 2.05 pm. From Figure 2, we can infer that there is a
balance between the advantage of using holmium ions despite their limitations and the
contribution of thulium ions at these more uncommon wavelengths.

In this paper, we study a single-oscillator thulium-doped fiber laser operating at
several wavelengths. First, the maximum gain of the fiber is experimentally investigated for
different fiber lengths. Then, we compare the source characteristics when the wavelength
is imposed by a FBG in the common thulium emission band (1.94 nm) and in the common
holmium emission band (2.09 um). Finally, we use a third FBG at 2.12 yum to determine
the wavelength emission limit of the thulium-doped fiber and its dependence on the
fiber length. Hereby, we achieve a slope efficiency as high as 45.6% at 2.09 ym emission
wavelength and we demonstrate for the first time, to the best of our knowledge, 100-W
laser emission from an only thulium-doped fiber laser at wavelengths beyond 2.1 pm. This
work paves the way to new applications for only thulium-doped single-oscillator fiber
lasers such as optical parametric oscillator (OPO)-pumping, which requires wavelengths
around 2.1 um. Needs for OPO and other applications will be discussed in the Section 4.
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2. Experimental Setup and Cavity Configurations

The experimental setup of the laser is shown in Figure 4. A 5 m long piece of a silica
double-clad thulium-doped fiber (TDF) from exail (Paris, France, formerly iXblue Photonics)
is symmetrically pumped by two 2 + 1 x 1 fiber pump combiners (PCs) that inject 580 W
from four high-power 793 nm fiber-coupled pump diodes. The TDF is radially composed
of a thulium-doped core (diameter: 20 pm, numerical aperture NA = 0.09), a germanium-
doped pedestal (diameter: 60 um), and an octagonal-shaped silica cladding (diameter:
250 pm, NA = 0.46). A picture of the transverse section of the TDF is displayed in Figure 5.
The core of the fiber is highly doped in order to provide an estimated 789 nm cladding
absorption of 8.42 dB/m. This value is calculated from the 1180 nm absorption measured
by the manufacturer.

TDF 20/250

Figure 4. Schematic representation of the experimental setup for the monolithic single-oscillator
thulium-doped fiber laser source. Fiber fusion splices are represented by red dots. FBG: fiber Bragg
grating; HR: high reflectivity; OC: output coupler; PC: pump combiner; TDF: thulium-doped fiber.

Figure 5. Microscope image of the thulium-doped fiber developed by exail/iXblue Photonics.

Three high reflectivity (HR) FBGs were used successively to form the cavity with the
output coupler (OC), which was a 0° cleave of the PC2 passive (PAS) fiber (4-% Fresnel
reflection). The FBG was first removed for the free-running configuration (configuration 1),
in which the cavity is simply formed by two cleaves at 0°, leading to two outputs of the
laser, which was preliminary used in order to characterize some fiber properties. The
four configurations studied in this paper are listed in Table 1. For configurations 2 to 4, the
end of the FBG fiber is cleaved at 8° in order to avoid back reflections into the oscillator
that could decrease the laser performance. The reflectivity spectra of the three FBGs are
displayed in Figure 6. The FBG #1940 (configuration 2) is 3 nm large and inscribed on a
20/250 no polarization maintaining (PM) PAS fiber, whereas the two others (FBG #2090
and FBG #2120), originally made to work with another active fiber, are 1.3 nm large and
inscribed on a 20/300 PM PAS fiber. Due to the geometry mismatch, some extra splice
losses can appear in configurations 3 and 4.
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Table 1. Description of the cavity configurations of the source in the four studied configurations.

Config. 1 2 3 4
FBG None #1940 #2090 #2120
Reflectivity (%) 4 99 99 99
Central 1939.38 2090.60 2120.0
wavelength (nm)
FWHM
bandwidth (nm) 2.92 1.26 1.27
Fiber type PAS 20/250 PAS 20/250 PASPM 20/300 PASPM 20/300
Fiber NA 0.11 0.11 0.08 0.08
End cleave 0° 8° 8° 8°

All the fibered components were fusion-spliced by an arc splicer (FSM-100P+, Fujikura,
Tokyo, Japan). Each splice was performed using optimized parameters in order to limit
power losses and after a quality check of the cleave (angle measurements and end-face
observation with a microscope). The active fiber was coiled to a diameter of 17 cm and
placed into a thermal box cooled by deionized water and maintained at a constant tem-
perature of 17 °C. Concerning the measurement setup for the laser characterization, a
dichroic mirror was used at the output of the laser to filter the unabsorbed residual pump
power (lower than 2 W), and thus to perform optical analyses on the 2 pm output signal.
Power measurements are made with a L250 Ophir power meter. Spectral and beam profile
measurements are performed using an AQ6376 optical spectrum analyzer (Yokogawa,
Tokyo, Japan) and a Pyrocam III camera (Spiricon, Ophir, Jerusalem, Israel), respectively.

100
FBG #1940 FBG #2090 FBG #2120
:\a 801
2 60
=
et
% 40
o
e
201 j

0 T T T T T T T y T
1935 1938 1941 1944 2088 2091 2094 2118 2121 2124
wavelength (nm)

Figure 6. Reflectivity spectra of the FBG #1940, the FBG #2090 and the FBG #2120.

3. Results
3.1. Thulium-Doped Fiber Characterization

In configuration 1, no FBG is implemented to impose the emitted wavelength (Figure 7).
The sum of the two output powers at OC-1 and OC-2 is presented in Figure 8a. At the
maximum pump power, an output power of 260 W is obtained, corresponding to 138 W
measured at the left output and 122 W measured at the right output. Even if the cavity
is totally symmetric here, the power imbalance is due to the slight difference in the intra-
cavity splices and the difference of losses generated by each combiner (14.3% for PC1 and
19.7% for PC2). The right output is also more impacted by the second active-passive splice,
that creates more losses due to the numerical aperture mismatch (active NA = 0.09 and
passive NA = 0.11). Nevertheless, a very high total slope efficiency of 59.1% is obtained.
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TDF 20/250

Figure 7. Schematic representation of the experimental setup in free-running configuration (Fresnel
cavity), without FBG.

All the power is emitted at different wavelengths between 2.01 ym and 2.03 um,
according to the normalized output spectrum (Figure 8b). In these free-running cavities,
we first measured a large ASE spectrum before a first peak appears when increasing the
pump power [39]. After this first emission threshold, several peaks are generated on
the entire ASE band. They are not stable, and both their number and their wavelengths
change during the power ramping. The wavelength of the highest peak gives information
about the maximum gain wavelength of the piece of fiber, depending on the fiber length
(approximately 2.02 pm for L = 5 m).

Free-running cavity: 2.02 uym

22504 slope efficiency: 59.1 % .'. 5107
<
£ 225 {threshold power: 13.8 W 14 =
<4 | € 0.8
g 200 o Ehe
21751 9 5
K/ 1]
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(b)

Figure 8. Measured power (a) and low-power spectrum (b) at the output of the setup described in
Figure 7. L = 490 cm. Resolution: 0.01 nm. The dashed line is the numerical fit used to calculate both
the slope efficiency and the threshold power.

In order to characterize the free-running emission of the fiber over a larger spectral
band, a specific experimental setup was developed (Figure 9, inset). It consists of a single-
oscillator source in which the TDF is pumped by only one 793 nm pump diode through a
2 +1 x 1 combiner. The combiner is used to minimize the losses between the diode and
the TDF thanks to its adapted fiber dimensions both to the diode and to the TDF. The
signal input fiber of the combiner and the output of the TDF are both cleaved at 0° to create
a free-running cavity with two outputs. The output OC-1 was sent to the OSA and the
output OC-2 was sent to a beam dump. When increasing the diode current (and so the
pump power), we began to measure the ASE signal as a large band emission. Then, a first
laser peak appears (at the laser threshold) before the apparition of a multitude of peaks, as
seen in Figure 8b. To measure the maximum gain wavelength of the fiber piece under test,
we recorded the wavelength at the laser threshold. The measurement was performed for
pieces of fiber from 9 m to 0.5 m long (Figure 9).

The laser emission is shifted to longer wavelengths when increasing the fiber length.
Despite a lot of variance in the measurements attributed to the dependence of the free-
running laser emission to environmental conditions as the spooling of the fiber after each
cut-back, we can presume an asymptotic behavior in which the central wavelength is
limited to 2.05 pm for a piece of fiber longer than 7 m. For very short fiber lengths, the
laser emits between 1.97 nm and 2.04 um. However, with such shorter lengths, the injected
pump is not entirely absorbed by the fiber core at the pump level of our experiment (450 W).
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The pump is mostly absorbed for lengths exceeding 3 m (less than 2 W of residual output
pump power measured at the output of the TDF), according to the 8.42 dB/m absorption
of the fiber at 793 nm.

2.05
= 2,044
Z2.031
e
=,2.024
c

© 2,011
[0}

§ 2.004
= 1994 +
=1.981 +

c

® 1971 + TDF 20/250

1.96+——""—"—"————o
0 1 2 3 4 5 6 7 8 9 10
thulium-doped fiber length (m)
Figure 9. Emitted wavelength at the laser threshold at OC-1 versus the TDF length (pump power

lower than 8 W). Resolution: 0.02 nm. Inset: schematic representation of the ASE-measurement setup.

The configuration in which the fiber length is adapted to match its maximum gain
wavelength with the FBG reflectivity spectrum allows for benefiting from the secondary
cavity formed by the two 0°-cleaved angle to enhance the laser performance. An increase in
the laser efficiency of 9 percentage points was reported by matching the two parameters in
Ref. [41]. However, these results demonstrate the impossibility to adapt the fiber length in
order to make the maximum gain corresponding to the wavelength imposed neither by the
FBG #1940 (too short fiber needed to absorb the pump) nor by the FBGs #2090 and #2120
(asymptotic behavior in Figure 9). The mismatch between the FBG and the maximum gain
wavelengths will slightly impact the laser efficiency and implies the need to cleave the end
of the FBG fiber (main setup, Figure 4) at 8° to avoid a parasitic cavity that might disturb
the laser power scaling. In the following part, the fiber length of 5 m is maintained to
compare the three FBG-OC configurations. Note that the combiner PC2 was burnt during
the experimentation and was replaced for the rest of the study by a combiner made on
a PM 20/250 passive fiber. It generated equivalent losses (19%), and thus had no impact on
the power evolution of the laser. However, the presence of boron stress rods on this part of
the cavity may influence the polarization behavior of the laser.

3.2. Output Power Evolution for Different FBG-Imposed Wavelengths

In the second experiment, we implemented the three aforementioned HR FBGs on
the setup described in Figure 4: at a wavelength perfectly adapted to a thulium-doped
laser (FBG #1940—configuration 2), and at two wavelengths commonly achieved by holmium
ions (FBG #2090 at 2.09 nm-~configuration 3 and FBG #2120 at 2.12 nm-configuration 4). The
power evolution of these three configurations versus the injected 793 nm pump power is
shown in Figure 10. The main output characteristics are condensed in Table 2.

Table 2. Main output characteristics measured at the output of the source based on the use of a 490 cm
long piece of TDF, working in configurations 2, 3, and 4, as defined in Table 1.

Config. 2 3 4
FBG #1940 #2090 #2120
Maximum output power (W) 185 193 132
Slope efficiency (%) 42.0 45.6 22.8

Power threshold (W) 19.9 22.8 34.6
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Figure 10. Output power evolution in configuration 2 (1.94 pm), in configuration 3 (2.09 pm) and in
configuration 4 (2.12 ym) with a 490 cm long piece of TDFE. The dashed lines are the linear fits used to
calculate both the slope efficiency and the threshold power.

At 1.94 ym, a maximum output power of 185 W and a slope efficiency of 42% were
obtained. The FBG #2090 achieved a higher power and a higher slope efficiency, with
193 W and 45.6%, respectively. We can notice that the efficiency at 2.09 pm is particularly
high, greater than the efficiency at 1.94 pm. The laser even operates at a slope efficiency
exceeding the Stokes efficiency, defined as the Apump /Asignal ratio (37.9% at 2.09 um). This
demonstrates a very efficient two-for-one cross relaxation process in the fiber. On the other
side of the setup, we measured a maximum power transmitted by the FBG of 16 W in
configuration 2 and 25 W in configuration 3. It indicates that around 8% of the total power is
not reflected by the FBG #1940 and 11% by the FBG #2090. The two FBGs were designed
to present a maximum reflectivity of 99%. The higher transmitted part of power was
introduced by the part of power that was not propagating in the core of the FBG fiber
but in its cladding. Indeed, there is a coupling between the pedestal of the active fiber
and the cladding of the passive fiber, and the splice quality is one of the origins of this
coupling [12,39]. A better splice quality of the FBG #1940 explains the lower coupling
and thus the reduced transmitted power. This hypothesis is in agreement with the fiber
geometries: the FBG #1940 fiber was adapted to the TDF whereas the mismatch of geometry
between the TDF and the FBG #2090 fiber causes more coupling into the cladding. Finally,
the perfectly linear evolution measured at 1.94 ym and 2.09 um is not repeated in the
fourth configuration (2.12 pm imposed by the FBG #2120). In this configuration, a more
chaotic evolution of the output power was observed and limited the maximum output
power to 130 W. The thulium ions of the 5-meter-long highly doped TDF seem not to allow
achieving an efficient 2.12 pm emission.

3.3. Output Spectra in the Three Imposed-Wavelength Configurations

For each configuration with L = 490 cm, the spectrum is shown on a 12-nanometer
band around the FBG wavelength (Figure 11a—c). In configuration 2 with the FBG #1940
(Figure 11a ), the main peak of the output spectrum is centered at 1940.28 nm (full-width at
half-maximum, FWHM = 0.24 nm). A second peak, 58% lowetr, is also visible on Figure 11a.
It is centered at 1939.58 nm and 0.28 nm large. The shift between these two peaks is constant
all over the power increase. The normalized output spectrum measured in configuration 3,
shown on Figure 11b, exhibits a main peak at 2090.32 nm (FWHM = 0.18 nm). A second
peak, 46% lower, is also noticeable at the left of the main peak, centered at 2089.88 nm
(FWHM = 0.22 nm). We assume that this spectral shape of a double-peak at two very close
wavelengths is due to the birefringence of a part of the fibers that composed the setup.
Typically, even if the TDF and the associated passive fiber are no PM, boron stress rods exist
on the PC2 fiber (panda type) as on the FBG #2090 and FBG #2120 fibers. The two neutral
axes of this part of the cavity can explain the presence of these two peaks on the spectra.
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Figure 11. Measured output spectrum at maximum output power in the three different configurations
of imposed wavelengths on a 12 nm band: (a) 1.94 pm FBG. Resolution: 0.02 nm; (b) 2.09 pm FBG.
Resolution: 0.02 nm; (c) 2.12 pm FBG. Resolution: 0.2 nm. TDF fiber length L = 490 cm; (d) Spectrum
measured on a large span with the 2.12 ym FBG at 238 W of pump power (resolution: 0.2 nm).

The spectrum measured in the fourth configuration with the 2.12 pm FBG seems broader
because the two peaks are relatively overlapped (Figure 11c). A main peak was measured
at 2119.6 nm and a second peak was measured at 2120.0 nm at a comparable level. Further-
more, as shown in Figure 11d at 238 W of pump power, secondary peaks were measured
all along the power scaling around 1.98 pm despite the 8°-cleaved angle that was used
to avoid a parasitic cavity that can exist between the output coupler and the fiber cleave
of the FBG. However, as the angle cleave does not eliminate Fresnel reflections at the
interface (the angle makes the light being reflected out of the core), we suppose that in
the case of an imposed wavelength that is too high for the piece of thulium-doped fiber
under test, small reflections that still exist at this interface are sufficient to create a parasitic
cavity implying clad propagation despite the angle cleave. Additionally, because of the
simultaneous emissions at 1.98 ym and 2.12 pm that were not separated when measuring
the output power, we can presume that the real part of the light emitted at 2.12 pym was
lower than 130 W. By calculating the ratio of spectral power density between the main peak
and the secondary emission on the different spectra measured in this configuration, we
can assume that almost 80% of the light is emitted at 2.12 pm and a part of 20% is emitted
at 1.98 pm. That represents 100 W of power converted to 2120 nm and a 793-t0-2120 nm
efficiency lower than 24% at this wavelength. According to the Stokes efficiency of 37.4% at
2.12 pm, it confirms that the laser source is not efficient at this wavelength in this configu-
ration. The 2.12 ym wavelength is above the limit that can be supported by the 5-meter
thulium-doped fiber. In other words, the laser finds another wavelength to emit at, despite
the high reflectivity at 2.12 um of the FBG. However, the results show that emission at
such long wavelengths is possible and they are very encouraging that the efficiency can be
optimized by defining a specifically highly doped fiber and the appropriate fiber length.
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3.4. Shortening of the Thulium-Doped Fiber Length

The same power measurement was performed after reducing the TDF length to 3.6 m.
This new fiber length corresponds to a maximum gain wavelength of around 2.00 pm.
The resulting curves are depicted in Figure 12 and the main output characteristics are
condensed in Table 3. In configuration 2 (with the FBG #1940), a maximum output power of
191 W and a slope efficiency of 43.2% were obtained when L = 360 cm. Even if the 1.94 ym
emission is still linear, the 2.09 pm emission in configuration 3’ (with the FBG #2090) also
became perturbed. The maximum attainable output power at 2.09 pm decreased to 131 W
(slope efficiency: 29.6%).

22041 o config. 2' (1.94 um)

—1801 ™ config.3'(2.09 um) o

20{ gem-"
0 S S S —
0 50 100 150 200 250 300 350 400 450
793 nm injected pump power (W)

Figure 12. Output power evolution measured at the output of the thulium doped fiber in configura-
tion 2’ (1.94 pm) and in configuration 3’ (2.09 pm) with a 360 cm long piece of thulium-doped fiber. The
dashed lines are the numerical fits used to calculate both the slope efficiency and the threshold power.

Table 3. Main output characteristics measured at the output of the source based on the use of a 360 cm
long piece of TDF, working in configurations 2" and 3’.

Config. 2/ 3

FBG #1940 #2090
Maximum output power (W) 191 131
Slope efficiency (%) 43.2 29.6
Power threshold (W) 19.7 12.8

We recognize the same evolution as already observed in Figure 10 for the configuration 4
(FBG #2120 and L = 490 cm). This behavior is comparable to the nonlinear evolution of
power observed when a parasitic second cavity is present in the experimental setup [39].
This new result confirms that the laser is unstable at higher wavelengths when the active
fiber length is too short (3.6 m for 2.09 pm, 4.9 m for 2.12 pm). It implies that the ability to
achieve a good efficiency at higher wavelengths depends both on the dopant concentration
and on the fiber length.

4. Discussion

The results presented above, obtained with different cavity configurations, clearly
demonstrate the possibility of laser operation at wavelengths exceeding 2.1 pm for an
only-thulium-doped single-oscillator monolithic fiber laser. This is indeed a remarkable
result, as typically these wavelengths can only be reached by thulium /holmium co-doped
fiber lasers or by holmium-doped fiber lasers that need pumping by a thulium-doped laser,
as demonstrated in Figure 2, in contrast to lasers around 1 pm [42], 1.5 um [43] or even
2 um [7], which can be directly pumped by commercially available diode lasers.

In the following, we discuss the importance of this contribution as a step forward
to new possibilities for the generation of mid-infrared radiation in the range of 3 pm to
5 pum. This spectral region can be reached by quantum cascade lasers [44]. However, their
output is limited to some watts. High-power mid-infrared sources are typically based
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on non-linear conversion using an OPO [45], Raman conversion in gas-filled hollow-core
fibers [46], or by supercontinuum generation in fluoride fibers covering a big part of the
spectral band of interest [47]. All these techniques require high-power pump sources
around 2 pm. The OPO approach is particularly interesting using ZGP crystals as nonlinear
conversion medium [48]. Pumping this crystal at 2.1 pm is more conveniant for high power,
since its residual absorption is lower at 2.1 pm than at 2.0 pm, resulting in less heating
and, therefore, a better laser efficiency. Furthermore, high-power lasers with a simple
architecture are the best solution for OPO-pumping. Therefore, this contribution paves the
way for a new generation of OPO-pumping sources based on a monolithic single-oscillator
fiber-laser emitting at the desired wavelength. Moreover, our laser source uses an only
thulium-doped fiber, which reduces the complexity relying on a much more mature fiber
technology, and allows for direct diode pumping with commercially available laser diodes
at 793 nm. In order to efficiently apply such laser sources for OPO-pumping, pulsed
emission is mandatory, and the next step will be the development of an adapted pulsed
laser source based on our approach, but this is, of course, outside of the scope of this work.

Besides mid-infrared conversion, 2 um radiation is also directly relevant for many
civil and military applications, including surgery [49-51], material processing [52,53], gas
detection [54], and LIDAR [55,56]. For applications such as laser weapons, any wavelength
around 2 pm could be used. However, in this case, the main requirements are high laser
efficiency and good atmospheric transmission at the chosen wavelength. From Figure 13,
which displays an example of an atmospheric transmission curve in specific geographic
conditions, one can easily see that the spectral band between 1920 nm and 2050 nm is subject
to many absorption peaks, leaving only few and very narrow transmission windows. But
this spectral domain corresponds exactly to the emission band of traditional thulium-
doped fiber lasers leaving wavelengths around 2040 nm, the only applicable possibility
(highlighted by a red box in Figure 13). However, local geographic or climate conditions
may induce spectral shift or broadening, thus limiting the potential use of such sources.
The second part of the transmission curve, corresponding to wavelengths from 2074 nm to
2220 nm (limit of silica transmission) features clearly more and much broader transmission
windows (blue box in Figure 13). Traditionally, this spectral domain is only achieved
by holmium-doped laser sources. Therefore, the ability of thulium-doped fiber laser
sources to emit at these wavelengths, as reported in this work, is very advantageous for air
propagation over long distances.

1.00 4
0.95 4
0.90 4
0.85 4
0.80 4
0.75 4
0.70 4
0.65 4
0.60 4
0.55 4
0.50 4
0.45 4
0.40 4
0.35 4
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wavelength (nm)
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Figure 13. Example of atmospheric transmission curve at 1 km, in winter conditions with no humidity.
Two atmospheric transmission windows are highlighted, 2034 nm-2050 nm (in red) and 2074 nm-
2220 nm (in blue).
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5. Conclusions

In this paper, we studied the efficiencies that can be achieved using a thulium-doped
fiber that exhibits a high 793 nm absorption of 8.42 dB/m at different wavelengths. A
monolithic single-oscillator thulium-doped fiber laser source in which the cavity is formed
by a 0°-cleaved angle output coupler and an FBG was developed. Three wavelengths
imposed by three different FBGs were successively generated. At 1.94 pm, in the standard
efficient emission band of thulium, the source exhibited 185 W of output power and a
slope efficiency of 42.0% for an active fiber length of 5 m. At 2.09 pm, the emission was
particularly efficient (45.6%) and achieved 193 W. However, when the fiber length was
shortened to 3.6 m, the laser operation was impaired by a nonhomogeneous evolution of
the output power as a function of the pump power. This behavior was identified as the
signature of the presence of a parasitic emission that disturbs the main emission imposed
by the FBG. Finally, a 2.12 um FBG was implemented on the experimental setup, which
allowed for demonstrating for the first time, to the best of our knowledge, high-power
emission at longer wavelengths beyond 2.1 pm. However, some difficulties for the 5-
meter piece of fiber to achieve this wavelength are present. We showed that longer fiber
lengths are fostering emission at longer wavelengths and that efficient emission at higher
wavelengths depends both on the dopant concentration and the active fiber length. Even
more efficient and stable laser emission at wavelengths exceeding 2.1 pm might be possible
with only thulium-doped fiber lasers choosing an appropriate fiber. This opens the door
for new application such as direct pumping of an OPO which requires longer wavelengths
than the typical output of thulium-doped fiber lasers.
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