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Abstract: We present a bi-directionally 793-nm diode-pumped Tm3+, Ho3+-codoped silica
polarization maintaining double-clad all-fiber laser based on a single-oscillator architecture
emitting 195 W at 2.09 µm in continuous wave mode of operation, with a beam quality near the
diffraction limit (M2 = 1.08). The power scaling of the laser is only pump-power-limited in the
range of the total available pump power (540 W).

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The atmospheric transmission window around 2 µm is attracting much interest to fiber laser
sources emitting at 2 µm for applications such as eye-safe surgery, material processing, or optical
countermeasures [1–4]. The two most popular fiber laser architectures allowing power scalability
at 2 µm are master oscillator power-amplifier (MOPA) fiber systems and single-oscillator fiber
lasers. Monolithic fiber laser architectures delivering high powers around 2 µm have been
largely demonstrated with MOPA systems [5–7]. Nevertheless, the high number of amplification
stages needed to get a high average output power, and limitations due to MOPA laser physics
(amplification stages isolation, ASE filtering, nonlinear effects) lead to relatively high complexity
and volume for such laser sources [8]. Thanks to their high robustness, simpler structure and
compactness, single-oscillator fiber lasers constitute one of the most promising architectures
[9–11]. To date, 2 µm fiber lasers have been based predominantly on thulium-doped (Tm3+)
active media pumped at 793 nm, for efficient laser emission at 1.95µm wavelength [11–13].
Indeed, the energy transfer between the pumping at 793 nm and the 1.95 µm emission benefits a
high efficiency via the 3H4, 3H6 →

3F4, 3F4 cross-relaxation mechanism [14]. In 2016, Walbaum
et al. demonstrated a monolithic single oscillator thulium-doped fiber laser delivering 567 W
of output power at 1.97 µm with a slope efficiency of 49.4% with a M2 factor of 2.7 [15]. To
generate efficient radiations beyond 2 µm, a holmium-doped (Ho3+) fiber can be pumped at
1.95 µm by a thulium-doped fiber laser. In 2013, Hemming et al. reported the highest output
power from a holmium-doped fiber laser. A maximum output power of 407 W at 2.12 µm were
obtained by using an array of six thulium-doped fiber pumping lasers operating at 1.95 µm [9].
In a way to reduce the laser system complexity while maintaining a good efficiency above 2 µm,
a thulium-holmium-codoped fiber can be used as active medium in a laser source [16]. In 2020,
Forster et al. demonstrated a thulium-holmium-codoped fiber laser source based on a free-space
pumping scheme. A maximum output power of 181 W at 2.05 µm and a slope efficiency of 34.1%
were achieved [17]. Nevertheless, free-space pumping systems suffer from difficult thermal
management and optical alignments whereas a monolithic fiber laser, where all fiber-components
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are fusion-spliced together, allows to have an alignment-free laser system offering a very stable
and compact laser source.

In this paper, we present a monolithic single-oscillator laser source based on a Tm3+, Ho3+-
codoped silica fiber emitting at 2.09 µm. This compact and all-fiber laser achieved a maximum
output power of 195 W with a slope efficiency of 44.8% and an excellent beam quality near the
diffraction limit (M2 < 1.1).

2. Experimental setup

The experimental setup of the laser is shown in Fig. 1(a). The silica double-clad polarization
maintaining (PM) fiber (iXblue Photonics) was 10 m long with a Tm3+, Ho3+-codoped core
(diameter: 20 µm, numerical aperture NA= 0.11, Tm3+ ion concentration: 4 wt.%, Ho3+ ion
concentration: 0.4 wt.%), surrounded by a Ge-doped pedestal, and a round-shaped cladding
(diameter: 300 µm, numerical aperture: 0.46). The active fiber was symmetrically pumped by
four high-power 793-nm fiber-coupled laser diodes, fusion-spliced to two 2+ 1×1 fiber pump
combiners (FPCs) which directly inject the total pump power of 540 W into the active fiber.
The high reflectivity (HR) mirror of the laser cavity was formed by a fiber Bragg grating (FBG)
reflecting intracavity light at 2.09µm with a full-width-half-maximum (FWHM) bandwidth
of 0.7 nm. The output coupler (OC) consisted of the FPC passive fiber cleaved at 0° (4-%
Fresnel reflection). All the fibered components were fusion-spliced by a CO2 splicer (LZM-100,
Fujikura). The active fiber was coiled to a diameter of 17 cm and placed with the FBG into a
thermal box where both were cooled by deionized water and kept at a constant temperature of
18 °C. A dichroic mirror was used at the output of the laser to filter the unabsorbed residual pump
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Fig. 1. (a) Experimental setup for the monolithic single-oscillator fiber laser source. Passive
and active fibers are represented in blue and green lines, respectively. Fiber fusion splices
are represented by red crosses. Measurement setups for (b) spatial output profiles, (c) output
spectrum, and (d) optical output power are depicted in the dashed-line boxes.
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power and thus perform optical analyses on the 2.09 µm output signal. A complete analysis of the
output signal, measuring the spatial profiles (Fig. 1(b)), the spectrum (Fig. 1(c)) and the optical
power (Fig. 1(d)) was carried out.

3. Optimization of the laser intracavity splices

The intracavity splice quality does have a major impact on the laser performances (efficiency,
beam quality, power handling, etc.). Therefore, all steps of the splicing process (stripping,
cleaving and fusion-splicing) between fibers must be carefully optimized.

Firstly, we removed the coating fittingly in order to reduce the pump leakages at the interface
between the coated and uncoated parts. Special attention has to be paid to properly remove all
residuals of the coating, especially in order to avoid the formation of critical hot spots, which
might cause the melting of the coating. Smaller hot spots can be supported at the power levels
in our experiments. In a second step, the relative cleave angles have been maintained below
0.5° using a CT-106 Fujikura cleaver, in addition to a meticulous cleaning of both cleaved and
stripped parts of the fiber tips. To quantify and measure the impact of the fusion parameters
on the laser performances, investigations with an active splicing method have been carried out.
This active splicing method consisted of visualizing in real time on the transmitted beam both
the induced optical losses and beam profile degradations during the fusion-splicing process.
The optimization of a splice was done by testing and adjusting different splicing parameters
(fiber alignment method, arc duration, arc power, arc position, etc.) until we found the adapted
parameters providing low optical losses and limiting beam profile degradations.

To optimize the active fiber splices 1 and 2 of the laser setup presented in Fig. 1, an external
fiber laser source was developed (Fig. 2). This source was built with the same active fiber used
in our setup (Fig. 1) pumped from one side by a single fiber-coupled laser diode at 793 nm. A
single-clad passive fiber has been spliced to the active fiber in order to avoid multimode light
propagation in the cladding and thus to keep only the light propagating in the fiber core. The
amplified spontaneous emission (ASE) generated in the active fiber core of the external source
was used as a reference beam for all the analyses. As this single-clad passive fiber has exactly the
same core/cladding properties of the double-clad passive fiber used in the FPC (only the coating
differs), this fiber can be used to optimize the splicing parameters between the active fiber and the
DC passive fiber in approach to the splices at the FPCs as shown in Fig. 1. As the development
of a dedicated splicing program can be fiber consuming, splicing tests were realized between
fiber samples for both the active and the passive fibers. Once the optimized splicing program was
developed, the fiber samples were replaced by the active fiber and the FPCs as depicted in Fig. 1.

Three analyses were performed simultaneously: (i) the pump leakage at the splice interface
was visualized thanks to the LZM-100 splicer’s internal cameras; (ii) the power losses generated
by the splice process were estimated by measuring the power at the output of the passive fiber;
(iii) the beam profile was observed in order to detect any degradation during splicing.

With this active splicing analysis, we highlighted that the pump losses at the splice interface
can be greatly reduced by heating again the splice during a few seconds with a CO2 laser power
approximately 2 times lower than the power used for splicing. Figure 3 shows photographs of the
longitudinal view in x and y direction of a splice before (Fig. 3(a)) and after (Fig. 3(b)) second
heating. As represented on Fig. 3(a), the splicer’s cameras were saturated after the splice by the
leaking pump power, whereas the new heating made the leakage almost disappear (Fig. 3(b)).

The active splicing process is also used to qualitatively assess the degradation on the transmitted
beam at a wavelength of 2.09 µm and to measure the power losses caused by the fusion-splice
between the two fibers. The LZM-100 splicer starts the splicing procedure by automatically
aligning the two fibers together. This aligned-fiber configuration is used as a reference both for
the transmitted beam profile and the output power at a wavelength of 2.09 µm. The two fibers are
then aligned, in face-to-face, as shown in the longitudinal view in x and y direction in Fig. 4.
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Fig. 4. Longitudinal view in x and y direction of the fibers in a face-to-face configuration
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Figure 5 presents the transversal beam profile obtained during two active splicing processes
using an inadequate (Fig. 5(a)) and an adapted (Fig. 5(b)) splicing set of parameters. In each
case, the beam profile after splicing is compared to the reference beam (i.e. the beam emitted by
the external source), both by qualitative analysis of visual degradation of the profile and by splice
loss measurements. In the case of inadequate parameters, we can clearly observe an important
distortion on the beam profile associated with high-power losses (47%). The improvement of the
splice by choosing adapted parameters gives a better light transmission through the splice with
only 1.5% of power losses and no more profile degradation.

(a)

Losses: 1.5%

Losses: 47%

Reference After splicing

Inadequate splicing

parameters

Adapted splicing

parameters
(b)

Fig. 5. Examples of two active splicing processes using an inadequate (a) and an adapted
(b) splicing set of parameters. The reference beams (on the left) and the transmitted beams
after-splicing (on the right) are shown for each splice with the power losses measured at a
wavelength of 2 µm.

Once the active fiber splices have been performed, an active splicing method has also been
applied for the splice between the FBG and the FPC (splice 3 in Fig. 1). In that case, the
ASE beam emitted in both directions by the active fiber core (when pumped by the 793-nm
fiber-coupled diodes) has been used as a reference to fusion-splice the FBG on the FPC. The
optimization procedure was the same as the one described here above.

4. Results and discussion

The output power of the fiber laser as a function of the total injected pump power is shown in
Fig. 6. A maximum continuous wave (CW) output power of 195 W has been achieved at 2.09µm,
with 44.8% slope efficiency and 39 W power threshold for 472 W of maximum injected pump
power (12% pump insertion losses in combiners). To the best of our knowledge, this is the
highest output power demonstrated from a monolithic single-oscillator fiber laser source based
on a Tm3+, Ho3+-codoped silica fiber. The power increase was only limited by the available
pump power.

One can notice that the demonstrated 45% slope efficiency is above the Stokes efficiency limit
of ∼38% imposed by the quantum defect of this fiber laser [13]. This result indicates that the
thulium ion concentration of 4 wt.% of the fiber core is high enough to generate a two-for-one cross
relaxation process with the 793-nm pumping, and that maintaining a Tm/Ho concentration ratio
of 10 leads to a good energy transfer from Tm3+ to Ho3+ ions [18]. Ramírez-Martínez et al. have
demonstrated in [18] a slope efficiency of 56% for a Tm3+, Ho3+-codoped single-oscillator fiber
laser. This record efficiency was obtained for a fiber laser architecture based on a free-running
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Fig. 6. 2.09-µm continuous wave output power versus 793-nm incident pump power.

cavity, with 4-% Fresnel reflections on both 0°-cleaved-angle active fiber tips (no spectral filtering
component in the cavity), and a 793-nm free-space symmetrical pumping scheme.

Figure 7 depicts two typical beam quality factor measurements, one at low output power of
15 W (Fig. 7(a)) and the other at the maximum output power of 195 W (Fig. 7(b)). The beam
radius was measured with a Pyrocam III HR camera (Spiricon, Ophir) according to the D4σ
formalism. A fitting of the beam propagation equations allows us to determine the beam quality
factors. At 15 W of output power, the M2 factors were estimated to be 1.06 and 1.07 in the x
and y directions, respectively. At the maximum output power, the M2 is 1.07 in x direction and
1.09 in y direction. Note that due to our setup, we could not measure enough points outside the
Rayleigh range conforming to the ISO 11146-1 which limits the accuracy of the result. These
results indicate that the fiber laser operates near the diffraction limit over the entire power scaling.
The insets in Fig. 7 show the transverse beam profiles for two relative propagation distances. The
signal light was not stripped from the cladding since it seems to us to be very low compared to
the power of the fundamental mode according to the beam profile measurements.

Fig. 7. Measured caustic of the focused laser output beam and derived M2 beam quality
factors at 15 W of output power (a) and at the maximum output power (195 W) (b). The
insets show the transverse beam profiles measured with a Pyrocam III HR camera for two
relative propagation distances.
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Figure 8(a) shows the main laser peak spectrum of the output beam measured by an Optical
Spectrum Analyzer (OSA, Yokogawa) with a wavelength resolution of 0.01 nm at two different
output power levels, one at 15 W (black curve) and the other at 195 W (red curve). At 15 W, the
spectral full width at half maximum (FWHM) was 0.6 nm at a central wavelength of 2090.0 nm,
whereas at the maximum output power, the spectral bandwidth was 1.2 nm and centered at
2092.4 nm. One can thus notice a spectral shift of 2.4 nm and a spectral broadening of 0.6 nm
when increasing the power. The spectral shift is due to the FBG heating, despite its position
in a thermal box cooled at 18 °C [19]. The spectral broadening arises from nonlinear effects
occurring with high light intensity [20]. Even if the spectral linewidth doubles when rising the
power it remains a relatively narrow spectrum (∼1 nm) which should not be a problem for the
applications mentioned in the introduction. The spectral shift of 2.4 nm at maximum output
power to the higher wavelengths would also not be an issue for most of the targeted applications.
Moreover, the shift could be taken into account by using a fiber Bragg grating with a lower
reflectivity wavelength in order to emit at the desired central wavelength for a specific power.
Additionally, it would be possible to limit these effects of spectral shifting and broadening by
using an active cooling system only dedicated to the FBG thermalization. Figure 8(b) shows
that the output power spectrum measured at maximum power (red line) is presenting several
peaks: one main lasing peak of δλ1 = 0.5 nm linewidth, and several side peaks periodically
separated by δλ2 = 0.3 nm. We assume that this specific shape of the output power spectrum
could be the result of spectral filtering mechanisms arising from the FBG. Indeed, the high power
broadband intracavity power spectrum, measured to be 1.2 nm large at the output of the fiber
laser, is spectrally overlapping the 0.7 nm reflection bandwidth when propagating back to the
FBG. Consequently, since the reflectivity spectrum of a FBG presents periodically-separated
side lobes [21], the intracavity power spectrum reflected by the FBG should present side peaks
which are power-amplified when propagating again through the active fiber of this laser source.

(b)(a)

2084 2087 2090 2093 2096
0.0

0.2

0.4

0.6

0.8

1.0

1.2

R
el

at
iv

e 
o
u
tp

u
t 

p
o
w

er
 (

a.
u
.)

Wavelength (nm)

 Max. output power (195 W)

 Low output power (15 W)

FWHM = 0.6 nm FWHM = 1.2 nm

∆λ = 2.4 nm

2090 2091 2092 2093 2094 2095
0.0

0.2

0.4

0.6

0.8

1.0

1.2

R
el

at
iv

e 
o
u
tp

u
t 

p
o
w

er
 (

a.
u
.)

Wavelength (nm)

 Max. output power (195 W)

𝜹𝝀𝟐

𝛿𝜆1 = 0.5 𝑛𝑚

𝛿𝜆2 = 0.3 𝑛𝑚

𝜹𝝀𝟏

𝜹𝝀𝟐 𝜹𝝀𝟐

Fig. 8. (a) Laser emission spectra measured at 15 W (black curve) and 195 W (red curve)
output power. (b) Zoom in the laser emission spectrum measured at 195 W output power.

Figure 9(a) shows the whole signal spectrum of the output beam measured by the OSA at an
output power of 195 W. A large wavelength range is now used in order to observe the multitude
of secondary peaks located around 2115 nm, which had a relative maximum power level of
−15 dB with respect to the main peak. To understand the physical origin of these secondary
peaks, Fig. 9(b) shows the signal spectrum of the output beam for different 793-nm pump power
after removing the FBG from the laser. In this configuration, the laser architecture was based
on a free-running cavity (4-% Fresnel reflections on both sides). Below a threshold comprised
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between 30 W and 33 W of pump power, we can see the broadband ASE spectrum emitted by
the fiber laser. However, above this power threshold, we can clearly observe a laser emission
peak at 2115 nm, i.e. at the same wavelength range of the secondary peaks observed in Fig. 9(a).
Thus, when the emission wavelength is not imposed by a FBG, the natural emission of our fiber
laser, corresponding to the maximum absorption gain, is around 2115 nm when using a 10-m
piece of Tm3+, Ho3+-codoped fiber. Therefore, the secondary peaks observed around 2115 nm at
the output of the fiber laser in the configuration depicted in Fig. 1 are due to the presence of a
maximum gain at this wavelength. This conclusion suggests that the amplifier efficiency may
be improved by using a FBG at 2115 nm instead of 2090 nm, or by using a more adapted fiber
length in order to have the maximum absorption gain at the same wavelength as the reflectivity
of the FBG. This would also allow for further pump power increase without limitation caused by
the secondary peaks of emission.
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Fig. 9. (a) Large span laser emission spectrum measured at 195-W output power to see the
secondary peaks. (b) Output spectrum of the free-running-cavity fiber laser (without FBG)
around its laser emission power threshold.

5. Conclusions

In conclusion, we demonstrated a single-oscillator Tm3+, Ho3+-codoped silica PM double-clad
all-fiber laser. With this fiber laser, 195 W of output power at 2.09 µm wavelength in CW mode
of operation with a spectral linewidth of 1.2 nm and a beam quality factor of 1.08 was obtained.
The slope efficiency was 44.8% for a power threshold of 39 W. The maximum output power was
currently limited in the range of the total available pump power. To the best of our knowledge, this
is the most powerful monolithic single-oscillator laser source based on a Tm3+, Ho3+-codoped
silica fiber demonstrated in the literature.
Disclosures. The authors declare no conflicts of interest.
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