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Abstract: We present the optimization of a 2.1-um continuous wave monolithic single-oscillator
laser by adapting the Fiber Bragg Grating (FBG) reflected wavelength to the maximum gain
wavelength of the Tm3*, Ho**-codoped fiber. Our study examines the power and spectral
evolution of the all-fiber laser and demonstrates that matching these two parameters improves the
overall performance of the source.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The development of all-fiber single oscillator monolithic laser sources at 2 um has been a
significant challenge in recent years. These sources offer the compactness and robustness
necessary for many 2-um applications, such as surgery, LIDAR, and directed countermeasures
[1—4]. 2-um fiber lasers have traditionally used thulium-doped (Tm>*) active media pumped
at 793 nm to generate efficient laser emission at a wavelength of 1.95 um [5,6]. To produce
efficient radiation at around 2.1 um, a holmium-doped (Ho>") fiber can be pumped at 1.95 um
using a thulium-doped fiber laser. In 2013, Hemming et al. reported the highest output power
ever achieved from a Ho** doped fiber laser, generating a maximum output power of 407 W
at 2.12 um. The laser employed an array of six thulium-doped fiber cladding pumping lasers
operating at 1.95 um. However, the conversion efficiency from Tm to Ho emission was relatively
low, estimated to be around 40% [7]. In 2022, Beaumont et al. achieved the highest slope
efficiency reported to date for a Ho’* doped triple-clad fiber pumped by a Tm>* doped fiber
laser at a wavelength exceeding 2.1 um. Their results showed a slope efficiency of 73% for
converting pump light at 1.94 um to laser light at 2.12 um, with a maximum output power of 62
W [8]. To simplify the laser system and maintain high efficiency above 2 um laser wavelength,
a Tm**, Ho** co-doped fiber can be used as an active medium in the laser source. The study
conducted by Ramirez-Martinez et al. on the concentration ratio of Tm>** and Ho** dopants in
co-doped fibers resulted in exceptional conversion efficiencies from 790 nm to 2.10 pym. The
study reported a record-breaking 56% conversion efficiency for a Tm**, Ho** co-doped single
oscillator fiber laser, with a maximum output power of 37 W [9]. In the literature, studies of
Tm**, Ho?* codoped fiber lasers at higher output powers (between 100 W and 300 W) reported
lower slope efficiencies, around 45-50% [10,11]. The highest power generated from such fiber
laser source was 262 W, reported by Forster et al. in 2022 [10]. The active fiber was pumped in
free space and the use of bulk components leads to several limitations in thermal management
and robustness of the source that can be reduced in all-fiber architectures. However, using fiber
components as in Ref. [11] also introduces new issues, such as power losses and degradation
of the output beam profile caused by splices between active and passive fibers with different
geometries, as reported by Simakov et al. in 2015 [12]. Moreover, the FBG used in a fiber laser
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cavity can be sensitive to power levels, resulting in spectral degradation due to heating which is
characterized by broadening and shifting of the laser output spectrum. This effect was observed
in 2016 by Walbaum et al. with a monolithic single-oscillator thulium-doped fiber laser source
in which the FBG reflected wavelength was shifted from 1966nm at low power to 1970nm at 567
W of output power [13]. Furthermore, the heating of FBGs can result in a phenomenon known as
spectral splitting, in which the spectrum is divided into multiple peaks [14,15]. The combination
of these three effects (splitting, shifting, broadening) has been recently observed on a 2.09-um
continuous-wave monolithic single-oscillator Tm3*, Ho3* codoped fiber laser source [11]. In
this paper, the output spectrum was shifted by 2.4 nm and its spectral bandwidth had doubled
between 15 W and 195 W of output power. Nonetheless, the sensitivity of FBGs to temperature
changes and mechanical stress is an advantage in some cases. It makes them widely used in stress
sensing applications [14—19] and it can be particularly relevant for tunable laser sources [20-22].
However, in high-power laser development activities, these effects act as a performance limitation
since they can be responsible for a mismatch between the two FBGs that compose the cavity. For
these activities, fortunately recent advancements in FBG fabrication have resulted in a significant
reduction of the FBG thermal slope, simplifying the thermal management of the components and
reducing both shifting and broadening effects. Additionally, the absorption/emission phenomena
occurring in the gain medium can also impact the laser operation. The free-running (without
FBG or any wavelength selective element) emission wavelength of a laser depends on the
maximum gain of the active fiber, and the length of the fiber is a key parameter that influences
on the laser operation. Traditionally, the fiber length is chosen to maximize the pump power
conversion efficiency and typically, the cladding-pumped fiber length providing about 13-dB
pump absorption is chosen. However, a longer fiber implies a longer wavelength of the maximum
gain wavelength and can lead to the presence of a parasitic cavity that can coexist with the main
cavity (made with a high-reflectivity FBG) and which depends on this maximum gain wavelength,
as mentioned in Ref. [11]. An easy solution to prevent this parasitic oscillation is to cleave the
FBG fiber with an angle to avoid Fresnel back reflection at this fiber end facet [23]. In this case,
no secondary cavity exists in the cavity and the light transmitted by the HR FBG (around 1%
of the power at 2090nm and eventually the light at another wavelength) is lost. An interesting
consideration is the potential to optimize the laser performance by aligning the maximum gain
wavelength of the fiber with the wavelength imposed by the FBG. Additionally, in certain cases
where the maximum gain would allow improving the emission, the use of a 0°-cleaved angle to
generate a Fresnel reflection at the end of the FBG fiber may prove being beneficial in reducing
losses.

In this study, we investigate the power and spectral evolution of a monolithic all-fiber laser
source based on a Tm**, Ho**-codoped fiber emitting at 2.1 um in continuous wave regime.
Specifically, we evaluate the impact of matching and mismatching between the maximum fiber
gain and the FBG reflected wavelengths on the laser performance and stability. Finally, the 0°- or
8°-cleaved angles of the FBG fiber is analyzed with respect to the matched conditions.

2. Experimental setup

The experimental setup is depicted in Fig. 1. The gain medium is a silica double clad (DC)
polarization-maintaining (PM) Thulium-Holmium Doped Fiber (THDF) from exail (formerly
iXblue Photonics) exhibiting a codoped (Tm>* ion concentration: 4 wt.%, Ho3* ion concentration:
0.4 wt.%) core of 20 um diameter (numerical aperture: NA =0.11) and a 300-um circular pump
cladding (NA = 0.46). The THDF, cooled by deionized water at 18 °C, is symmetrically pumped
by four high-power 793-nm fiber-coupled laser diodes (LD) fusion-spliced to two (2+ 1) x 1
fiber pump combiners (FPC), resulting in a maximum total injected pump power of 472 W
(taking into account the 12-% losses induced by the FPCs). The high reflectivity (HR) mirror
of the laser cavity is a FBG written in the core of a passive fiber (DC-PM-20-300) reflecting
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intracavity light. The output coupler (OC) consists of the FPC passive fiber cleaved at 0° in order
to benefit from the 4-% Fresnel reflection at the air/silica interface. All FBGs utilized in this
study were produced by exail. They were fabricated in a way to ensure a low thermal coefficient
of around 1°C/W, making them less susceptible to temperature increases and thus less likely to
cause spectral degradation in fiber laser systems. To actively cool the metal housing of the FBG,
we put it in contact with a copper plate cooled by an internal circuit of water maintained at 18°C.
All optical fiber components were spliced together using a CO, splicer (LZM-100, Fujikura).
The spectral measurement was performed using a Yokogawa Optical Spectrum Analyzer with a
wavelength resolution of 0.01 nm. We studied three configurations with different combinations
of FBG reflected wavelengths and active fiber lengths, as detailed in Table 1.

LD 793 nm THDF 20/300 LD 793 nm

FBG oC

=)
0°-cleaved angle FPC 0°-cleaved angle

FPC
LD 793 nm V\ Optical splice LD 793 nm

Fig. 1. Experimental setup for the monolithic single-oscillator fiber laser source. Passive
and active fibers are represented in black and green lines, respectively. Fiber fusion splices
are represented by red marks.

Table 1. Description of the three laser
configurations

Configuration | THDF length | FBG wavelength
#1 10m 2.09 ym
#2 10m 2.12um
#3 Sm 2.09 ym

The reflected optical spectra of the two FBGs used in this study are presented in Fig. 2.
The FBG used in configurations #1 and #3 has a reflectivity higher than 98% at 2090.3 nm
with a FWHM spectral width of 1.27 nm, as shown in Fig. 2(a). Meanwhile, the FBG used in
configuration #2 has a reflectivity higher than 99% at 2120.0 nm and a FWHM spectral width of
1.24 nm, as depicted in Fig. 2(b).
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Fig. 2. Optical spectra reflected from 2.09 um FBG (a) and 2.12 um FBG (b) in linear scale.
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3. Non-optimized cavity: configuration #1

The 2-pm power measured at the OC and at the FBG outputs (part of light transmitted by the
FBGQ) as a function of the 793-nm pump power injected into the active fiber is shown in Fig. 3(a).
At the OC, a maximum power of 146 W was obtained (efficiency: 31%; threshold: 21.2 W). At
the FBG side, a maximum 2.1-um power of 43.4 W was measured. These results demonstrate
that a significant portion of the 2.1-um power generated by the laser is transmitted by the FBG
(23%) rather than being reflected to the main output of the source. Additionally, the 2.09-um
power exhibits a slightly non-linear evolution on both sides, which is visible when comparing the
measured data to the linear fits as depicted in Fig. 3(a).

(a) 200 (b)1.
® OC output _ Low output power (24 W) ‘
g 1751 m FBG output E 1.04 Max. output power (146 W)
2 150 o A__=2090.3 nm A__=2090.4 nm
g 155 Max power: J4B W g 081 FWHM = 0.26 nm FWHM = 0.36
3 Slope: 31.0 % g : =4Q.50 nm
+ 1004 o 2 0.6+
g 3
3 757 Max. power: 43’ W § 0.4
g_ 501 Slope: 10.0% Té
N ] £ 0.24
2 () 2
04 : : : : 0.0 . ; ! : ;
0 100 200 300 400 500 2087 2088 2089 2090 2091 2092 2093
793-nm injected pump power (W) Wavelength (nm)

Fig. 3. (a) 2.1-um power measured at the OC (blue dots) and FBG (red squares) sides versus
793-nm injected pump power; (b) Normalized emission spectrum at the OC at different
power levels at 2 pm over a 7 nm spectral band (black: 24 W; red: 146 W).

Spectral measurements (made around 2.09 um) at the OC at two output power levels are shown
in Fig. 3(b), at low power (24 W) and at the maximum output power (146 W). At 24 W, the
measured spectrum (FWHM = 0.26 nm) is centered at 2090.3 nm. At 146 W, the spectrum has a
center wavelength of 2090.4 nm and a FWHM width of 0.36 nm. The use of a FBG with a low
thermal slope greatly reduces the spectral shift and broadening, as evidenced by a 0.1 nm shift
and broadening during a power increase from 24 W to 146 W at 2.1 um. Indeed, in a previous
experiment with a similar laser source, but using a standard FBG design with a tenfold higher
thermal slope, we observed a significant spectral shift and broadening, with values of 2.4 nm and
0.6 nm, respectively [11]. Moreover, using the low thermal FBG resulted in less splitting into
multipeaks around the central line at high power. These results confirm that heating of the FBG
when increasing the power is a major contributor to these phenomena, as previously established
in Refs. [14-19]. Figure 4 illustrates the emission spectrum on the OC side (Fig. 4(a)) and
on the FBG side (Fig. 4(b)) at the maximum output power across a broad measurement range,
shown in logarithmic scales. The measurement at the OC reveals the presence of secondary
peaks at around 2.12 um, with a peak power level of -9.0 dB relative to the primary peak (as seen
in Fig. 4(b)). Based on analysis of these spectra, it is estimated that at the maximum output
power, 34.3% of the signal power at the OC originates from the secondary peaks. The spectral
analysis of the FBG transmitted radiation reveals that the dominant proportion of the signal light
is emitted at a wavelength around 2.12 um. Indeed, at maximum output power, the secondary
peaks around 2.12 ym have a peak power level of +8.9 dB relative to the spectral component at
2090nm (as seen in Fig. 4(b)).

Figure 5 depicts the proportion of signal power at 2.12 um (secondary peaks) at the output
of the OC and at the output of the FBG as a function of the 793-nm injected pump power. The
data shows that the proportion of power at 2.12 um increases with increasing power. The OC
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Fig. 4. Emission spectrum of the 2.1-um fiber laser on the OC side (a) and on the FBG side
(b), at the maximum output power, measured with a broad spectral band of 40 nm illustrating
secondary peaks around 2120 nm.

output shows a chaotic evolution, plateauing at around 40% at 400 W of pump power and above,

while the proportion of power at the FBG output increases sharply to more than 90% for pump

powers exceeding 150 W. The higher proportion of power at 2.12 um in FBG transmission is not

surprising, as its reflectivity band is centered at 2.09 um, which acts as a filter by reflecting most

of the light at 2.09 pm and transmitting the signal at 2.12 ym.
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Fig. 5. Proportion of power from secondary peaks around 2.12 pm at the output of the OC
(blue dots) and at the output of the FBG (red dots) as a function of the pump power injected
at 793 nm.

As demonstrated in Ref. [11], by the use of a Fresnel cavity configuration (free-running cavity
without FBG to impose the emitted wavelength), these secondary peaks observed around 2.12 um
are the result of the natural emission of the laser source, corresponding to the highest absorption
gain of the 10-m long piece of active fiber. As the maximum gain wavelength depends on the
fiber length, it suggests that a different length of active fiber can result in the formation of a
parasitic cavity at a different wavelength. This secondary cavity may be suppressed with an
8°-cleaved angle of the FBG fiber to avoid Fresnel back-reflection [23]. However, in the following
study, we investigate potential laser efficiency enhancement generated by utilizing a FBG at 2.12
um instead of 2.09 pm in conjunction with a 10-m long piece of active fiber (configuration #2).
Additionally, we explore the use of an optimal fiber length to achieve the highest absorption gain
at 2.09 um with the corresponding FBG (configuration #3). The presence of the Fresnel back
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reflections by maintaining a 0°-cleaved angle will be evaluated in these two configurations in
which the maximum gain wavelength matches the FBG parameters.

4. Study on the adaptation of FBG reflectivity to fiber gain
4.1. Adaptation of the FBG reflection to the gain of the 10-m fiber: configuration #2

In this configuration, the 2.12-um FBG presented in Fig. 2(b), has been integrated into the laser
source to match the FBG reflection wavelength to the maximum gain wavelength of the 10-m
active fiber. Figure 6(a) illustrates the power measurements at 2.1 um at the output of the OC
and at the output of the FBG at 2.12 pm, as a function of the injected 793-nm pump power. The
maximum power of 153.6 W at 2.1 um was obtained at the output of the OC, yielding a slope
efficiency of 33.7% and a lasing threshold of 29.9 W. At the FBG fiber output, a maximum power
of 12.2 W at 2.1 um was recorded. This matched configuration resulted in a 6.6 W increase
in output power and a + 2.7 percentage points increase in slope efficiency, as well as an almost
linear power evolution. Moreover, it is worth noting that the proportion of power transmitted by
the FBG (7.3%) is lower than the 23% measured in the mismatched configuration #1.

(a)ZOO ® OCoutput (E)
outpu [ 107

<1751 ® FBG output i>"
2150 g 08 Aax = 2119.7 nm
% 1251 Max. power: 154 W g FWHM = 0.82 nm
a Slope: 33.7 % = 06
*5100* s~
o > - -
5 75 0.4
£ 501 Max..power:12.2 W E
(\?‘- 25 Slope: 2.47 % gO.Z

0 2

0.0

0 100 200 300 400 500

793-nm injected pump power (W) 2116 2118 2120 2122 2124

Wavelength (nm)

Fig. 6. (a) 2.1-um laser power measured at the OC output (blue dots), FBG output (red
squares) versus 793-nm injected pump power in configuration #2; (b) Emission spectrum at
the OC using a 2.12 um FBG with a cleaved fiber end angle of 0°.

The spectral measurement at the OC output is shown in Fig. 6(b). The spectrum has a FWHM
width of 0.82 nm and a center wavelength of 2119.8 nm at maximum output power. These results
indicate that there is no disturbance from a parasitic cavity when the reflectivity of the FBG
is matched to the gain of the active fiber. According the wavelength reflectivity of the FBG
with the maximum gain of the 10-m fiber slightly improved the OC output power and efficiency.
The limited improvement observed in this laser configuration can be mostly attributed to the
quality of splicing. Unlike configurations #1 and #3, the intra-cavity splicing between the active
fiber and the passive fibers of the combiners has not been optimized in this configuration due to
equipment failure. In contrast, configurations #1 and #3 utilized optimized splicing parameters
determined through an active splicing method outlined in Ref. [11], including heating time and
heating power. Splices with optimized parameters exhibit minimal losses, near to 1% at 2.1 pm.
In configuration #2, the random nature of the splices makes it challenging to predict the losses
accurately. However, since measurements in Fresnel cavity configuration (cavity made by two
0°-cleaved angle fiber providing 4-% Fresnel reflection) demonstrated a maximal output power
of 198 W, we might suppose that almost 15% of power is lost.

In order to measure the impact of the presence of the secondary cavity formed by the 0°-cleaved
angle of the FBG fiber on the laser performances, the same measurements were conducted
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with now a cleave of the fiber at 8°. The fiber length was still 10 m and the cavity was still
closed by the 2.12-um FBG. As seen in Fig. 7(a), the maximum output power was 154.7 W,
corresponding to an optical efficiency of 34.7%. So, both the efficiency and the output power
are slightly increased and, moreover, the power evolution is perfectly linear when not perturbed
by the parasitic oscillation, even if it happens at the same wavelength. As shown in Fig. 7(b),
the spectrum obtained at maximum power with an 8° cleave angle is comparable to the results
obtained with a 0° cleave angle, with a central wavelength of 2119.8 nm and a FWHM width of
0.72 nm. Moreover, the comparison of the results with a 0°- and an 8°-cleaved angle, respectively,
shows that the system is globally more stable when the secondary cavity is suppressed.
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Fig. 7. (a) 2.1-um laser power measured at the OC output (blue dots), FBG output (red
squares) versus 793-nm injected pump power in configuration #2; (b) Emission spectrum at
the OC using a 2.12 um FBG with a cleaved fiber end angle of §°.

4.2. Adaptation of the active fiber length to the 2.09 um FBG: configuration #3

In the third experiment, the wavelength with the highest gain in the fiber was matched to the
reflectivity wavelength of the FBG at 2.09 um (Fig. 2(a)). This was done by shortening the
length of the fiber to 5 m, a value which was derived from previous experimental works [24],
which also used the same active fiber. The goal was to match the maximum gain at 2.09 pum.
In contrast to configuration #2 using a 2.12 um FBG, the 2.09 um FBG was integrated with a
source that featured optimized splices. Figure 8(a) shows the measurements of laser power at
2.1 pum at the output of the OC and at the output of the FBG, as a function of the pump power
at 793 nm injected into the 5-m long active fiber. A maximum laser power of 179 W at 2.1 pm
was achieved at the OC output, resulting in a slope efficiency of 40.2% and a lasing threshold of
39.2 W (Fig. 8(a)). The output of the FBG fiber reached a maximum power of 12.9 W at 2.1
um. The proportion of the total output power transmitted by the FBG is significantly lower in
comparison to the unmatched configuration #1 (6.7% versus 23%). Moreover, we can note an
important increase in OC output power and efficiency, with +33.1 W and +9.2 percentage points,
respectively, compared to the configuration #1.

The spectral measurements of the OC output in the given configuration, displayed in Fig. 8(b),
revealed a spectrum with a center wavelength of 2090.0 nm and a FWHM of 0.80 nm at the
maximum output power. In comparison, in configuration #1, using the same 2.09 um FBG with
a 10-m active fiber length (Fig. 3(b)), the laser exhibited a spectral width of 0.4 nm, which is half
the width of the current configuration. It suggests that the difference in spectral width is likely
due to the broadness of the natural emission of the laser rather than to the FBGs.

With a fiber length of 5 m and an absorption of 3.5 dB/m, a significant portion of the pump
power is still absorbed, resulting in 16 W of residual pump at the output (8 W when using a 10-m
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Fig. 8. (a) 2.1-um power measured at the OC output (blue dots) and the FBG output (red
dots) versus 793-nm injected pump power in configuration #3; (b) Emission spectrum at the
OC using a 2.09 pm FBG with a cleaved fiber end angle of 0°.

length of fiber). Although slightly less pump power was absorbed with a 5-m fiber compared
to a 10-m fiber, the 2.09-um matching (configuration #3) was found to be more efficient than
the 2.12-um matching (configuration #2) likely due to a combination of factors including higher
silica absorption and Stokes efficiency at the 2.12-um wavelength and less optimized splices in
this version of laser.

In line with configuration #2, an experiment was performed with an 8° angle cleave at the
end of the 2.09 pm FBG fiber. The results of power and spectrum measurements are depicted in
Fig. 9. A maximum output power of 181.0 W at 2.1 um was achieved at the OC, with a slope
efficiency of 41.0% (Fig. 9(a)). At the FBG output, the maximum obtained power was 13.3 W.
The results of power and slope efficiency showed a slight improvement with an 8° cleave angle
compared to a 0° cleave angle, as observed in the study on the FBG at 2.12 um in configuration
#2. The spectrum at maximum power, shown in Fig. 9(b), had a central wavelength of 2089.7 nm
and an FWHM width of 0.86 nm, similar to the findings in Fig. 8(b). The results indicate that the
8° cleave angle at the FBG fiber end had no significant impact on the spectral behavior of the
laser in a configuration where the FBG reflectivity and fiber gain are in agreement.
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Fig. 9. (a) 2.1-um power measured at the OC output (blue dots) and the FBG output (red
dots) versus 793-nm injected pump power in configuration #3; (b) Emission spectrum at the
OC using a 2.09 um FBG with a cleaved fiber end angle of 8°.
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5. Conclusion

This study investigated the power and spectral properties of an all-fiber laser source based on
a Tm>*, Ho**-codoped fiber emitting at 2.1 um in continuous wave mode of operation. In
monolithic fiber lasers, a parasitic cavity can be formed between the two end facets that are
cleaved at a 0° angle (4-% reflectivity). This parasitic cavity coexists with the main cavity created
by the high-reflectivity mirror and the output coupler. The parasitic cavity can lead to a secondary
emission at a wavelength imposed by the maximum gain wavelength, which depends on the length
of the active fiber. When the maximum gain wavelength does not match the emission wavelength
imposed by the FBG, the parasitic emission causes a loss of efficiency at the desired wavelength,
resulting in a mismatched cavity. In this study, we presented a first mismatched configuration
where a large proportion, more than 34%, of the OC output power was generated at a parasitic
wavelength of 2.12 um and 23% of the total power was transmitted through the 2.09-pm FBG.
We analyzed the effect of matching the maximum fiber gain with the FBG reflected wavelength
on the laser performance. In order to match the two parameters using the same 10-meter piece
of active fiber as for the first configuration, we replaced the 2.09-um FBG with one centered
at 2.12 pym. This new configuration resulted in a reduction of power loss on the FBG side to
8% while ensuring that all the power was emitted at the desired 2.12-um wavelength. In a final
configuration, we reduced the active fiber length to 5 m to match the peak fiber gain with the
2.09-um FBG. This resulted in a significant improvement in performance, specifically a 33 W
increase in output power at 2.09 um, as well as an improvement of +9.2 percentage points in
slope efficiency, reaching a maximum output power of 179 W at the OC and a slope efficiency of
as high as 40.2%. The overlapping wavelengths between the main and the secondary cavities
prevent the formation of secondary spectral peaks. However, when matching the two emissions,
the spectral width of the main peak seems to be broadened (0.80 nm of FWHM) as compared to
the mismatched cavity (0.36 nm). Moreover, our experiments involving an 8° cleave of the FBG
fiber end in order to eliminate the parasitic cavity revealed a modest improvement in laser output
power, slope efficiency, and linearity of power evolution for both matched configurations. These
results indicate that even when the reflectivity of the FBG and the maximum gain of the fiber are
matched, the parasitic cavity still exerts a minor influence on the laser performance.
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