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Abstract: Over the last decade, the number of demonstrations of Tm-doped fiber lasers
has increased rapidly thanks to the applications of 2 um fiber laser in sensing, surgery,
and polymer processing. In the literature, there is plenty of evidence that increasing the
output power and the efficiency of this class of fiber lasers is of interest to the scientific
and industrial communities. This article presents a theoretical and experimental study
on three possible pumping methods for a Tm-doped fiber laser: out-of-band pumping,
using a semiconductor-based module emitting at 793 nm; in-band pumping, using an ad
hoc homemade fiber laser emitting at 1600 nm; an intracavity configuration, in which in
the pump light is generated within the laser cavity itself. This work demonstrates how
applying alternative pumping methods does not lead to significant improvements in laser
performance without first taking into account the losses introduced in the system when
switching from a cladding-pumped to a core-pumped configuration.

Keywords: thulium fiber laser; in-band pumping; core pumping

1. Introduction

Fiber lasers (FLs) have revolutionized numerous fields of application, offering sig-
nificant advantages, such as higher reliability, enhanced mechanical robustness, superior
thermal management, simplified cavity alignment, and the ability to achieve nearly ideal
beam quality [1-3]. Additionally, their intrinsic fiber-based design enables simplified and
flexible beam delivery. Owing to these benefits, FLs—particularly ytterbium-doped fiber
lasers—have become the dominant choice for industrial applications, being capable of deliv-
ering multi-kilowatt-output power in continuous-wave (CW) operation while maintaining
a single-mode output beam, thus with the highest possible beam quality [4—6].

Recently, thulium fiber lasers (TFLs) have gained significant interest within the sci-
entific community due to their efficient emission in the 1.8-to-2.1 ym wavelength range,
which is particularly important for applications in environmental sensing [7,8], surgical
procedures, and industrial processes. For instance, TFLs have been clinically studied for
kidney stone treatment via lithotripsy [9-11], demonstrating superior reliability and effi-
ciency compared with traditional Ho:YAG laser-based procedures [12,13]. Additionally,
their emission around 2 pm enables the additive-free laser welding of polymers, a crucial
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advantage for biomedical applications where toxic additives would otherwise prohibit
laser welding [14,15]. Beyond the medical field, TFLs are widely used in wind shear
detection radars, remote sensing, atmospheric pollution monitoring, and range-finding
technologies [16,17].

TFLs are typically pumped near the 793 nm absorption peak, thanks to the availability
of reliable high-power semiconductor lasers emitting at this wavelength and despite the
large energy gap between the pump and emission wavelengths and therefore large quantum
defect g = 1 — A5/ Ap. Energy transfer processes such as cross-relaxation can significantly
enhance the overall efficiency of this system up to 82% by exciting two Tm3* ions with a
single pump photon at 793 nm [18]. However, since high-power laser diodes are inherently
multi-mode, a double-clad fiber geometry is necessary to efficiently couple the multi-mode
pump while obtaining an output with high beam quality typical of a single-mode laser [19].
The use of this fiber geometry implies quite long active fiber lengths due to the weak
overlap between the pump and dopant distributions. Consequently, this not only affects
the compactness of the system but also imposes significant limitations in pulsed operation
regimes, such as Q-switching, because longer fiber lengths increase cavity round-trip time,
which can negatively impact pulse shaping and energy efficiency [20]. Beyond these
structural constraints, pumping at 793 nm introduces more critical drawbacks. The high
inversion levels generated at this wavelength can lead to parasitic up-conversion via
Excited-State Absorption (ESA), which competes with the lasing process and reduces output
efficiency [21]. Additionally, quenching effects contribute to excessive heat generation in
the fiber core, further degrading performance. Finally, while cross-relaxation is beneficial
for long-wavelength emission around 2 um, it negatively impacts shorter-wavelength
lasing in the 1.8-to-1.9 pm range, limiting the laser’s efficiency in this spectral region.

An alternative approach that further enhances the efficiency of Tm-doped fiber lasers
(TFLs) is pumping closer to the 1600 nm absorption peak of Tm>", also described in
the literature as in-band pumping [22,23]. A smaller difference between the pump and
signal wavelengths significantly reduces heat generation, leading to improved thermal
management and higher overall laser efficiency. While pumping at 793 nm relies on
cross-relaxation for increasing efficiency, a 1600 nm pump directly excites the upper laser
energy level 3H,, eliminating lossy conversions and achieving a quantum efficiency of
almost 90%. The main limitation of 1600 nm pumping is the lack of commercially available
high-power semiconductor laser diodes emitting at this wavelength. We address this
issue by generating the 1600 nm pump directly from an erbium-ytterbium (Er/Yb) co-
doped fiber laser, with the additional advantage of using single-mode (or near-single-
mode) emission, which is also guided by the core of the Tm*-doped fiber, enabling a
core-pumped configuration. The combination of in-band and core pumping allows for a
substantial reduction in the length of Tm3* active fiber necessary, improving compactness
and efficiency. These novelties address the main issues that are currently limiting pulsed
operation regimes such as Q-switching, which is ultimately the main motivation and future
application of this work.

This pumping scheme can be implemented in two ways, namely, tandem pumping
and intracavity pumping [24]. The former uses an Er/Yb fiber laser as the pump source,
while the latter involves designing a laser cavity with two different fibers, an Er/Yb-doped
fiber of length Lf,y, and a Tm-doped fiber of length Lt,,. Although some examples of these
configurations can be found in the literature, there is a notable lack of data on alternative
pumping methods and their advantages and disadvantages compared with the traditional
pump diodes emitting at the 793 nm wavelength. This work aims to complement this miss-
ing knowledge by providing a comprehensive theoretical and experimental comparison of
three different pumping schemes.
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2. Numerical Model

In essence, fiber lasers consist of a cavity formed by enclosing rare-earth-doped fiber,
known as the active fiber, between two mirrors, typically implemented by using Fiber Bragg
Gratings (FBGs) [25]. One of these mirrors has extremely high reflectivity, typically >99%,
while the output coupler (OC) mirror has significantly lower reflectivity, typically between
4 and 10%. The pump, which is commonly generated with semiconductor laser diodes,
is coupled to the active fiber by using special pump combiners [26]. The modeling of
fiber lasers requires the simultaneous solving of a set of rate equations, which describe the
evolution of populations at the various energy levels, and of propagation equations for the
pump and laser waves. The energy-level scheme for Tm>®* ions in a silica host is reported
in Figure 1.

NS A 3F4
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N, 3H,
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N, °H,
! ! T3
W0, (1600 Wo10 W4 We1o
nm pump)
Ny SHq

Figure 1. Energy diagram of thulium ions in a silica host. The meaning of the various symbols is
described in the text.

The out-of-band pumping scheme uses photons at a wavelength of 793 nm, generated
by a GaAs-based laser diode, to promote ions from the ground state >Hg to the excited
energy level 3F;. From this upper level, the excited ions rapidly decay, without emitting
radiation, to the 3Hy level, characterized by a longer lifetime, before ultimately returning to
the ground state through photon- and phonon-assisted transitions. The efficiency of this
process can be enhanced by a cross-relaxation mechanism (denoted by “C” in Figure 1) in
which the decay of an ion from 3Fy to level *Hy transfers energy to another thulium ion,
exciting it from ground state >Hy to the 3Hy level. As a result, two ions were excited to
level 3Hy with one 793 nm photon, from which they eventually jump back to the ground
state, generating two laser photons via stimulated emission [27].

For out-of-band pumping, the three key energy levels involved in the laser transition
correspond to the populations labeled Ny, N1, and N3 in Figure 1. It is, therefore, possible
to write the following set of time-dependent rate equations:

dN3(Zr t) _ N3(Z/ t)
ar = Wpos o C 1)
dNi(z, ¢t Ni(z, ¢t N3(z,t
1d(t ) = —Ws 10 + Ws,01 — 1571 ) + Par ;( ) +2C 2
No(z,t) = —N7 — Ny(z,t) — N3(z,t), (3)

where wj; is the transition rate from level i to j and represents the probability of stimulated
emission (or absorption) between energy levels i and j; Nt is the total density of Tm ions; 7y
and T3 refer to the spontaneous lifetime of levels 3H, and 3F,, respectively; and B3, is the
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branching ratio of the spontaneous transition from level 3 to 1. Cross-relaxation processes
are taken into account in the term C, which can be expressed as

C = kai01 No(z, 1) N3(z, 1) — k1310 N2 (2, 1), (4)

where k3191 and kq301 are the cross-relaxation constants between the three energy levels
involved. The transition rates wj; are related to the optical intensity I and photon energy hv
through the transition cross-section ¢ as

I
wij = 0y 7. (5)

This way, the transition rate wp g3 is proportional to the pump intensity I, at frequency
vp through the pump absorption cross-section ¢f. Similarly, the transition rates w19 and
w01 are proportional to the signal intensity Is at frequency vs through the signal emission
cross-section og and the signal absorption cross-section 0Z, respectively.

In contrast, in the in-band pumping scheme, the Tm3" ions are excited from the
ground state to an excited energy level via the absorption of pump photons in the L-band.
From this excited energy level, the Tm3* ions rapidly decay via non-radiative processes to
the 3Hy energy level. The rate equations describing the population densities are

dN3(Z, t) . 7N3(Z,f) B
dt - 73

C (6)

dN. t N t N3(z,t
1(zt) _ 0410 + W1 — 1(z, )Jr B31Ns(z, t)

2C — 7
ar - o + Wp,10 + Wp,01, 7)

plus Equation (3), which describes the conservation of Tm3* ions in the fiber and is therefore
the same for both pumping schemes.

By using pump photons with longer wavelength and lower energy, the population
density Nj relative to energy level 3F; is expected to be very low, since it is no more involved
in the energy exchange processes. Since we cannot say that this value is zero rather than
very small, the cross-relaxation term C is nonetheless included in the rate equations, as it
can still influence the overall dynamics of the system.

Given the dependency of the transition rates on the pump and signal intensities,
the rate equations must be coupled with pump and signal propagation equations. For out-
of-band and in-band tandem pumping, assuming a single-pass pump, only three propa-
gation equations must be considered: pump intensity P at either 793 nm or at 1600 nm,
and forward- and backward-propagating signals S* at the lasing wavelength:

dp
T2 = |Tpop Ns = Tpog Ni — ap(Ap)| P
. , (8)
ds
4 = 0N = Tsog No — as ()] §°

where I', = 0.0064 and I's = 0.77 are the pump and signal confinement factors, respectively,
and ap(Ap) and as(As) are the pump and signal propagation losses, at the respective
wavelengths. As for the boundary conditions,

S*(0) = Rur(As) S7(0) ©)
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where P¢ is the coupled pump power, Ry is the reflectivity of the high-reflectivity mirror,
Roc is the reflectivity of the output coupler, and L is the active fiber length.

The intracavity pumping scheme is somewhat more complex. In this approach, a pump
generated by semiconductor lasers at any wavelength within the 915-to-976 nm range is
absorbed by the Er/Yb-doped fiber while passing through the Tm-doped fiber with minimal
attenuation. Meanwhile, the emitted signal by the Er/Yb-doped fiber close to 1600 nm is
absorbed by the Tm-doped fiber, where it excites the ions, ultimately leading to emission in
the 1900-to-2000 nm range. A schematic representation of this configuration is shown in
Figure 2. This approach has already demonstrated its effectiveness in enhancing efficiency
in solid-state lasers based on crystal hosts [28-30], though its application in fiber lasers has
been less extensively documented [31].

I I

1 1
Figure 2. Scheme of an intracavity pumped Tm-doped fiber laser. In the scheme, P refers to the pump
power coming from the multiemitter module, S1 refers to the laser signal centered at 1550 nm, and S2
refers to the laser signal centered at 1900 nm.

In this case, the two mirrors confining the cavity must have a special spectral profile.
Indeed, they need to be transparent at the wavelength used to pump the Er/Yb-doped fiber
(assuming, again, a single-pass pump) while exhibiting high reflectivity around 1600 nm.
Additionally, one mirror must have high reflectivity at the Tm emission wavelength, while
the other must have partial reflectivity at this wavelength. These complex spectral responses
can be precisely engineered through the direct inscription of the FBGs using a femtosecond
laser, employing either Point-by-Point or Line-by-Line fabrication methods [32-34].

In the experimental setup analyzed in this work, a 915 nm semiconductor laser was
selected as the pump source (K915FG1RN-110.0W) for the Er/Yb-doped fiber laser. This
choice enhances the system’s robustness, as relying on the alternative higher-absorption
cross-section of Yb at 976 nm would make the overall efficiency much more sensitive to
small fluctuations in the laser module’s emission wavelength. Furthermore, the Tm-doped
portion of the laser was pumped at 1550 nm instead of the more optimal 1600 nm. This
decision helps mitigate the risk of Catastrophic Optical Damage (COD) in the Er/Yb fiber
caused by Amplified Spontaneous Emission (ASE) phenomena, thereby improving the
overall stability and robustness of the system. In fact, in Er/Yb fiber lasers, achieving a
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signal output centered at 1600 nm is not straightforward due to the potential occurrence of
ASE phenomena, which in Er/Yb active fibers are typically centered at 1550 nm. To prevent
ASE, which is one of the physical phenomena leading to COD, it is crucial to minimize
losses within the Er/Yb cavity. However, in an intracavity laser like the one described in
this article, the Tm active fiber itself introduces internal losses within the Er/Yb cavity.
The risk of ASE phenomena increases as the signal emission wavelength moves farther from
1550 nm, so using this wavelength guarantees a system that is more robust to optical losses.
As will be explained later in this article, non-negligible splice losses also contribute to the
susceptibility to ASE-related phenomena in the laser cavity. The propagation equations
are five equations, similar to those in Equations (8), one for the pump provided by the
semiconductor laser and two (forward and backward propagating) for each of the signals,
51 at 1500 nm and Sp at 1900 nm. Particular attention must be paid to the boundary
conditions. With reference to Figure 2, we have

57 (0) = Rer(As1) Sy (0)

S; (L1 4 Ly) = Roc(As1) S (L1 + L2) (10)

55 (0) = Rur(As2) S5 (0)

Sy (L1 + Lp) = Roc(As2) Sy (Ly + L2)

where Ag; = 1550 nm and Ay = 1900 nm, Ryr(As1) ~ Rpr(As2) =~ Roc(As1) >~ 99%,
and Roc(As2) =~ 4 — 10%. Additionally, continuity conditions must be enforced at the
junction between the two active fibers.

The mathematical framework briefly described here was simulated by using a custom-
developed algorithm in Matlab® R2024a [35], while the separate in-band and out-of-band
systems were modeled by using RP Fiber Power® [36]. Notably, RP Fiber Power includes
a mode-solver feature for analyzing mode distribution within the fiber and offers a wide
range of configurable parameters for both input signals and pump beams. These parameters
include input power, wavelength, radial intensity profile, losses, and propagation direction.
This flexibility makes RP Fiber Power particularly well -suited for our theoretical analysis,
providing both ease of use and robust simulation capabilities.

3. Results
3.1. Theoretical Comparison

To theoretically compare the efficiency of the three different pumping schemes, the pa-
rameters of the active fiber were derived from literature data [37]. A summary of these
values is provided in Table 1.

Intrinsic losses at signal and pump wavelengths were assumed to be negligible. Simi-
larly, the splices were assumed to be ideal and therefore lossless. The Tm-doped active fiber
was assumed to be a double-clad fiber (DCF) with a 10 um core diameter and a 130 um
cladding diameter, with unidirectional pumping by a 793 nm laser diode coupled to the
inner cladding of the TFL. Since high-power laser diodes are highly multi-mode, the pump
distribution is considered to be a circular flat-top beam with radius equal to that of the
inner cladding of the fiber. The signal is instead single-mode, so it is assumed to have a
Gaussian distribution with beam diameter equal to the Mode Field Diameter (MFD).
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Table 1. Parameters of the active fiber for the analysis of the two Tm-doped fiber laser configura-

tions [37].

Parameter Value
T 540 us
T3 14.2 us

03 (793 nm) 5 x 1072 m?
e 5 x 1072 m?
o2 1 x 10726 m?
C 3 x 1072 m3s1
B31 0.72
N 1.46 x 102 m—3

Different lengths of the active fiber were considered, ranging from 10 m to 18 m; the
results are reported in Figure 3. As can be observed, the influence of active fiber length on
the efficiency of TFL is poor in the pump power range of interest. This is due to the fact that
in the first approximation, for the amount of pump power here analyzed, the absorption
exhibits an exponential trend with respect to the fiber length; therefore, the difference in
terms of power absorption is minimal. At the same time, the simulations considered a
small, nearly negligible signal re-absorption coefficient; therefore, the impact of the fiber
length on the efficiency of the FL is poor.

6 T T T

Signal power (W)
w BN

N
T

O / 1 1 L

0 5 10 15 20
Pump power (W)

Figure 3. Output power of the indirect pumped TFL for different active fiber lengths, considering a
maximum pump power of 20 W and Ry = 99% and Roc = 10%.

In the second case of this comparison, i.e., using the Er/Yb fiber laser emission at
1600 nm, it is possible to have a nearly single-mode pump that can thus be coupled to the
core of the Tm-doped fiber. Therefore, in this case, the pump can also be modeled as a
Gaussian beam whose diameter is the MFD. As before, different fiber lengths were studied
and the effects of the different fiber length on the fiber efficiency are reported in Figure 4.
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o]
T

~
T

»
T

L o
T T

Output power (W)
w

0 L L L L
0 2 4 6 8 10

Input pump power per side (W)
Figure 4. Output power of the in-band-pumped TFL for different active fiber lengths and assuming a
maximum pump power of 10 W, Rgr = 99%, and Roc = 10%.

As can be observed in Figure 4, the lengths of active fiber considered for this alterna-
tive L-band pumping scheme are much shorter than those considered for the out-of-band
pumping scheme, approximately two orders of magnitude shorter. This aspect, in com-
bination with the much higher slope efficiency observed with the L-band pump source
(80%, versus the 30% predicted for the out-of-band pumping scheme) makes the in-band
pumping scheme interesting in terms of cost reduction, higher quantum efficiency, and
consequently, lower thermal power to be handled. The increase in efficiency is also evident
in the very low value of threshold pump power, as seen in Figure 4. Furthermore, from the
experimental point of view, since the threshold pump power has a much lower value than
the minimum output power generated by the developed Er/YDb laser source, this aspect
was not further investigated since there was no possibility of validating the simulation
results with experiments.

Different values of the output coupler (OC) reflectivity were simulated, keeping the
fiber length constant at 15 cm. The comparison for these three cases is reported in Figure 5.

In the simulation of the intracavity pumping scheme, many different combinations
in terms of fiber length (both of the Er/Yb and of the Tm portions) and OC Fiber Bragg
Grating (FBG) reflectivity values were considered; the most interesting ones are reported
in Figure 6.

7
6L ——0C=4%
——0C=10%

sl 0C=20% ]
S
g4 7
o
o
53¢ :
g
]
S, |

N ]

0 ‘ ‘ ‘ ‘

0 2 4 6 8 10

Input pump power per side (W)

Figure 5. Output power of the in-band-pumped TFL for different OC reflectivity values and assuming
maximum pump power 10 W, Rygr = 99%, and fiber length 15 cm.
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Input power @920 nm (W) Input power @920 nm (W)

(@) (b)

Figure 6. Comparison of the efficiency for different OC reflectivity values considering two different
Tm active fiber lengths. In particular, (a) L1, =50 cm and (b) LT, =1 m

It appears evident from the simulations that there is no significant improvement when
using an intracavity configuration, even in the best-case scenario (in particular, of negligible
loss due to splices); in fact, the efficiency values resulting from the simulation analysis are
comparable to those obtained from the results of the out-of-band and in-band pumping
schemes. However, since the purpose of this discussion is also to analyze the impact of
experimental non-idealities on the three different configurations, an experimental analysis
was carried out.

3.2. Experimental Analysis

The simulation results described in the previous section were experimentally demon-
strated by assembling a high-efficiency, in-band-pumped fiber laser using an ad hoc de-
veloped 1600 nm fiber laser as the pump source. The scheme of the fiber laser is shown

in Figure 7.
Coldplate —I
Er/Yb active fiber
HR FBG OC FBG
920 nm @1600 nm @1600 nm
111 111

pump T T
module

Pump module @1600 nm

Power Meter

l

Tm active fiber

OC FBG HR FBG
@1900 nm @1900 nm

Opticalfilter +
collimating optics

Figure 7. Experimental setup for the in-band-pumped Tm-doped fiber laser emitting at 1900 nm.

The output power was measured with apower meter from Thorlabs Inc. (Newton,
NJ, USA), and signal power was separated from any residual pump signal by using a
wide-band band-pass filter, FB1900-200 from Thorlabs Inc. (Newton, NJ, USA). During the
experimental work, particular care was taken to minimize the impact of experimental non-
idealities, for example, maintaining a constant beam size on the power meter throughout
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the measurements, eliminating potential uncertainties arising from beam dimension irregu-
larities. Prior to the experiments, the power meter was calibrated, and all environmental
conditions—particularly ambient temperature and sensor temperature—were carefully
monitored and controlled. Despite thorough efforts to minimize uncertainty sources, some
factors could not be entirely mitigated, such as the angular dependence of the power meter
and the fiber cleave angle. Taking into account all identified sources of uncertainty, the over-
all RMS noise of the power measurement is approximately 7%. The output spectrum
was acquired by sampling the back-reflections coming from the power meter by using a
NIRQuest+2.2 spectrometer by OceanOptics (Orlando, FL, USA), featuring a wavelength
range spanning from 900 to 2120 nm and an optical resolution of 4.8 nm.

In order to find the configuration with the highest associated efficiency, different fiber
lengths and different OC reflectivity values were experimentally investigated. As a result,
the optical-optical efficiency was found to be about 50%, lower than the approximately
75% observed in other experimentally validated in-band-pumped laser cavities reported in
the literature [38,39]. An explanation for this discrepancy can be found in the non-ideal
behavior of the components. For example, in the simulations presented in the previous
section, the splices were assumed to be ideal, while in the experiments, splice losses had an
average value of 10% due to the splicers used in these experimental activities. The effect
of the non-negligible splice losses on the overall efficiency of the laser can be observed
in Figure 8.

8
2L |7—no splice losses i
10% splice losses
6r ® experimental data 1
z
o7 ]
o
3
a4r il
3
=3
@)
2
1
0
1 1.5 2 25 3 35 4

Input pump power (W)

Figure 8. Comparison among experimental data, simulation data considering negligible splice losses,
and simulation data considering 10% splice losses.

Moreover, while all simulations considered a negligible contribution of ASE, with the
experimental analysis, this assumption was proved incorrect. In fact, for fibers longer than
50 cm, the OC should be higher than the Fresnel reflection (i.e., broadband OC reflectivity of
4%) to avoid the detrimental contribution of ASE by generating a stronger laser signal which
is not competing with the unwanted spontaneous emission at other wavelengths. Therefore,
to achieve stable signal emission without the risk of COD, some form of mitigation for ASE
needs to be implemented. This can be performed by either suppressing losses, as previously
described for the intracavity configuration, or increasing the signal power maintained inside
the cavity (in other words, increasing the OC reflectivity). However, there is no possibility
of addressing these cavity losses since their main contribution is represented by splice-
related losses, which are inevitable with the equipment available to us. Consequently, with
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the experimental analysis, it was shown that higher OC reflectivities lead to more robust
laser operation while also leading to a lower overall efficiency.

It should also be highlighted that the 1600 nm pump implemented with the Er/Yb
fiber laser allows for the use of a core-pumped configuration, which is very interesting, as
it enables to have an extremely high overlap between the pump power and the doped area.
In numbers, in a core-pumped configuration, this overlap is greater than 85%, while this
value drops to less than 1% for a cladding-pumped system.

In the set of graphs in Figures 9-11, it is possible to observe the best experimental
results for different fiber lengths. It is impressive to note that significant values of output
power compatible with biomedical applications can be reached with only 10 cm of active
fiber [40]. Optical-optical efficiency is also high, reaching 55.5%.

3
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— Residual pump power
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Figure 9. Laser signal power and residual pump power at 1600 nm of a TFL emitting at 1900 in
core-pumped configuration with L =20 cm and OC = 3 dB.
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Figure 10. Laser signal power and residual pump power at 1600 nm of a TFL emitting at 1900 in
core-pumped configuration with L = 10 cm and OC=Fresnel reflection.

In the intracavity configuration, the pump source was a multiemitter source, centered
at 915 nm with a maximum output power of 110 W from BWT (Beijing, China) (K915FG1RN-
110.0W). The Tm-doped active fiber employed was SM-TDF-10P/130-M by Coherent
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(Saxonburg, PA, USA), while the Er/Yb active fiber was MM-EYDF-10/125-XP, also by
Coherent. These are the same fibers employed in both the L-band laser source and the
in-band-pumped Tm fiber laser previously described. The intracavity configuration uses
two high-reflectivity (HR) FBGs centered at 1550 nm. Using this wavelength, instead of
1600 nm, makes the system more robust to ASE effects, at the expense of the efficiency in
pumping the Tm-doped fiber. The output spectrum was acquired by using a spectrometer
by OceanOptics (NIRQuest+2.2), while the output power and its different contributions
were measured with a power meter by Thorlabs, selecting the different wavelengths
by using two band-pass filters (FB1900-200 and FELH-0950 by Thorlabs Inc. (Newton,
NJ, USA)).

25
— Signal power @1900 nm
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z
5157 .
3
o
o
g 1y i
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1 1.5 2 2.5 3 3.5
Input power @1600 nm [W]

Figure 11. Laser signal power and residual pump power at 1600 nm of a TFL emitting at 1900 in
core-pumped configuration with L =15 cm and OC = 1.5 dB.

The Er/Yb active fiber length was kept fixed at 5.2 m in all the experiments. This
length was chosen in order to ensure that the amount of input pump power absorbed by
the cavity is higher than 95%. The parameters that were varied are the Tm-doped active
fiber length and the OC mirror reflectivity. The results are reported in Figure 12.

As can be observed in Figure 12, the laser efficiency is poorly affected by the active
fiber length or the OC reflectivity, at least with the power levels analyzed in this work.
This is in partial accordance with the simulation results. The significant drop in optical—-
optical conversion efficiency may be partially attributed to splice losses, as their average
contribution was measured to be in the order of 10%. It is evident that the average splice loss
in our experimental analysis is far higher than the state of the art, which is approximately
0.23%. However, the splices considered in the experimental analysis were performed
with a small, non-programmable FSM-40S splicer from Fujikura (Tokyo, Japan), whose
lack of programmability prevented improving the splice losses and scaling up the power.
Nevertheless, the purpose of the work described in this article was to compare different
pumping methods; therefore, in the experimental activities, the significant splice losses
were simply taken into account. In fact, a statistical analysis was performed on splice losses
by repeating the splicing procedures 30 times. The result was an average loss of 10% + 3%.
For the intracavity scheme in particular, since all splices are inside the laser cavity, their
impact on the output power is enhanced. Also, the difference between the simulation
results and the experimental results can be partially attributed to the mismatch between
the core of the two active fibers. This aspect was not considered in the simulations. This
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deviation from the simulations can be observed from the comparison of the set of curves in
Figure 12 and the set of curves in Figure 6.
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Figure 12. Laser signal power optimized for three different active fiber lengths, in particular
(@) LTy, = 1 mand OC = 31%, (b) L7y, = 0.5 m and OC = 64.5%, and (c) LTy, = 1.2 m and OC = 4%.
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The experimental analysis highlighted the susceptibility of the structure to variations
in the Tm active fiber length. In fact, with shorter portions of fiber, the experimental result
was a fiber fuse due to an excess of power density in the fiber. On the other hand, increasing
the length of the Tm active fiber implies the onset of ASE phenomena, which deteriorates
the laser signal.

4. Discussion

At first glance, the in-band tandem pumped configuration may seem like the ideal
solution for a high-power Tm-doped fiber laser at 1900 nm wavelength. In fact, the effi-
ciency of the in-band scheme resulted to be much higher (theoretically 75%, experimentally
demonstrated 50%) than the traditional out-of-band scheme. Moreover, the length of Tm-
doped active fiber needed is nearly two orders of magnitude smaller. However, there are
other considerations to be taken into account:

¢  The improvement in the efficiency of the TFL was achieved at the expense of the
addition of the Er/Yb laser. When working with a tandem configuration, the overall
efficiency of the system needs to consider the efficiency of both stages. Experimentally,
it was observed that the overall efficiency of the FL is lower than 40% and therefore
comparable with the results reported for the traditional out-of-band pumping scheme.

¢ The addition of two extra splices in the system may affect its long-term reliability.

e  Even if the strong reduction in the length of the Tm active fiber may reduce the cost of
the device, the small length of active fiber needed for surgical application makes the
system prone to unwanted effects; in fact, small changes in active fiber length strongly
affect the efficiency of the laser.

Taking these aspects into account, a configuration of this sort would not be of interest
for surgical applications. The significant decrease in active fiber length may have a positive
impact for high-power fiber lasers employed for material processing. However, to conduct
a study of this kind, it is necessary to develop a 1600 nm source of adequate power.

For what concerns the intracavity configuration, it is also subject to experimental
unwanted phenomena such as splice losses, which strongly affect the overall laser perfor-
mance. Moreover, the onset of parasitic lasing is facilitated by the insertion of a high-loss
element in the cavity, represented by the Tm-doped fiber. Therefore, for the experimental
maturity and setup available at the moment, the intracavity laser has been ruled out for its
use in surgical applications.

5. Conclusions

The article presented here provides a theoretical and experimental analysis of three
different pumping methods for a Tm-doped fiber laser, with a particular focus on lasers for
surgical applications. The theoretical comparison has already highlighted that intracavity
pumping does not offer significant practical advantages over out-of-band and in-band
pumping. The experimental investigation has further demonstrated the practical limitations
of configurations other than out-of-band pumping in terms of reliability and repeatability,
ruling out the use of alternative pumping methods, at least for CW thulium fiber lasers for
surgical applications.

The research study presented here highlights the potential of the use of a tandem
in-band pumping scheme for industrial applications and Q-switched pulsed lasers. The au-
thors are currently conducting further studies to explore this aspect in greater depth.
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The following abbreviations are used in this manuscript:

FL fiber laser

TFL  thulium fiber laser
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