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In this study, we revealed the impact of pumping scheme, fibre length, pumping power,
and the reflectivity of the output fibre Bragg grating on the performance of a Tm3+—doped
fibre laser (TDFL) operating at a wavelength of 1.72 um. Numerical simulations enabled
the optimization of output power and the reduction of losses due to reabsorption, as well as
amplified spontaneous emission (ASE) around 1820 nm. The Tm3+-doped fibre (TDF) was
bi-directionally pumped at 1570 nm to enhance pump absorption. The simulations suggest
that a maximum power of 5.96 W at 1.72 um and a slope efficiency of 64% are achievable
using a Tm3*-doped silica fibre with a bi-directional pump of 4 W forward and 6 W backward.

1. Introduction

Fibre laser sources emitting at wavelengths around
1700 nm, characterised by their high power, have attracted
increasing interest due to their potential applications, no-
tably in optical coherence tomography [1-3], laser surgery
[4], remote sensing [5, 6], as well as for methane detection
and in the processing of polymeric materials [7-9].

Many laser sources operating at a 1.72 pm wavelength
have been developed recently, utilizing nonlinear optical
frequency conversion methods, including optical paramet-
ric oscillators, and stimulated Raman scattering [10—13].
However, significant advances have been made through the
use of rare-earth-doped fibres, offering a simpler and more
robust solution for generating lasers at this wavelength.
For example, Tm**-doped fibre lasers (TDFL) operating
at 1.72 pm, which utilize energy level transitions within
doped fibers, offer a wide emission range from 1650 nm
to 2100 nm. These lasers can be efficiently pumped by er-
bium (Er)-doped fibre lasers at 1570 nm or Er/Yb co-doped
hybrid fibres [14]. Although the first TDFL at 1.72 pm
was introduced back in 2004 [15], these high-performance
sources represent a recent innovation. This progress has
paved the way for the direct use of these high-power fibre
lasers, operating at 1.72 um, as pumping sources for dyspro-
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sium (Dy)-doped fibers, enabling the generation of lasers in
the mid-infrared range from 3 to 5 um [16—18].

In recent years, much laser research has focused on im-
proving the output power and efficiency of TDFL at 1.7 pm.
These improvements include the use of fundamental trans-
verse mode fibre laser pump sources from 1.55to 1.6 um, as
well as careful design of the cavity layout [19,20]. An inter-
esting approach was proposed by Zhang et al., who devel-
oped an intra-cavity pumping scheme by placing a 1.7 pm
Tm3*-doped fibre (TDF) cavity inside a 1560 nm Er/Yb-
doped fibre cavity. This configuration aims to improve
pump absorption and minimize reabsorption loss [14]. In
addition, Zhang et al. used a 1720 nm Tm3*-doped silica
fibre cavity, pumped from both ends by two Er/Yb-doped
cavity fibre lasers [21].

In this article, we conduct a comprehensive study of the
output characteristics of a continuous-wave (CW) TDFL
emitting at 1720 nm, which is powered by bidirectional
pumping using two 1570 nm sources. The experimental
setup, as demonstrated by Zhang et al. [21], is described,
and a theoretical model based on the rate equations for the
TDF is developed. The study then focuses on the impact of
the distribution of pump power between the two ends of the
fibre and the influence of the reflectivity of the output fibre
Bragg grating (FBG) on the output power, the laser thresh-
old, and the optimal length of the active fibre. The analysis
of the results is carried out through numerical simulations.
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2. Theoretical model
2.1. Fibre laser schematic

A schematic diagram of the 1720 nm TDFL is shown in
Fig. 1. The device consists of two 1570 nm Er/Yb-doped
fibre lasers, designated as pump sources [pump(+) forward
and pump(-) backward], to enhance the injected pumping
power. Additionally, a segment of commercial fibre (Nufern
SM-TSF-9/125) was used as active fibre (TDF) with a low
doping concentration Ny, 3+ = 1.37-10% m ™ is surrounded
by two FBGs, the first FBGy, located at the entrance to the
laser cavity, has a reflectivity Ry; > 99.5% at 1720nm
and a 3 dB bandwidth of 0.8 nm, the second FBG;, posi-
tioned at the cavity exit with a reflectivity Ry, = 45% at
1720nm and a 3dB bandwidth of 0.2nm. The pump(-)
source directs a 1570 nm laser into the cavity using an iso-
lator and a 1570/1720 nm wavelength multiplexer (WDM),
which serves to separate the residual 1570 nm pump from
the 1720 nm emitted laser. An optical circulator, function-
ing as an isolator, was installed between pump(+) and FBG;
to prevent the return of the residual pump laser. In addition,
the free port (port 3) of the circulator is initially designed
for managing the reverse amplified spontaneous emission
(ASE).

1720 nm
) Output

1570 nm
Pump(+) Circulator FBG FBG

" 2
1 2

Isolator

3 TDFA WDM

1570 nm
Pump(-)

Back light
monitor

Fig. 1. The schematic of the 1720 nm TDFL.

2.2. Rate equations

To find the numerical solutions of a Tm**-doped silica
fibre amplifier subjected to pumping in a broadband tran-
sition 3Hg —> F4 that we have used here (see for exam-
ple [22-24]), a model and method are verified in different
fibre laser regimes (TDF [21] and Yb-doped fibre [25,26])
and are based on the traditional rate equations that have been
described in detail in Refs. [27] and [28] and solved in the
steady state considering the CW laser (i.e. time derivatives
‘fi—]y = 0). The pump power, signal, and ASE propaga-
tion equations along the active fibre can be formulated as
follows [21,29]:
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C,{Z(z) _ iP;(z){)/p [0e(1,)N2(2)
 Ca (N3] - ap}, M)
de—Z(Z) - iP?(Z){Vs [0 (A)Na (2)

= 0a(As)N1 (Z)] - as}a ()

dP*
AZ%'(Z) = +P5qp. (z){ys [oe (1) N2 (2)
2
— 74 (A4)N1(2)] - as} + 20—e(/li)N2(Z)};L3A/L 3

13

where P}, ¢ asg, and P, s asg, represent the pump power,
that of the signal laser and ASE signal at wavelength A;
propagating along the z-axis forward and backward, respec-
tively. In this model, the broadband ASE spectrum (1650—
2100nm) has been divided into N. ~ 400 channels with
a wavelength interval A4 of 1.12nm. 4; is the wavelength
of the i"" channel, and ASE; is the ASE power at wave-
length A;. vy, is the pump overlap factor estimated as the
ratio of the core area to the cladding area, while vy, is the
laser signal overlap factor in the TDF. The propagation loss
coefficients at the pump and signal wavelengths, denoted
ap and ay, account for background and scattering losses in
the TDF. The Tm>* emission and absorption cross-sections,
Oei = 0¢(4;) and oy; = 0,(A;) are taken from Refs. [27]
and [30], in particular 04 (1), 0 (1), Tu(As), and o (As)
correspond to the pump and signal absorption and emission
cross-sections. Nj(z) and N,(z) describe the population
densities of ions in the ground state > Hg and the upper state
3Fy in the longitudinal position z of the fibre, respectively.
Ni(z) and N;(z) are linked by the following two relation-
ships [26,31]:

Na(z)
Ny

m3+
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Vpdp T, s <
Phcp Cal’ P (Z) + —hZ/‘ - i_zl P(z, /li)/liO'm-

N,
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hcAc
“)

NTm3+ =N (Z) + NQ(Z), (5)

where P(z,4;) = Pigg (2) + P5(2) and Py (2) = P} (2) +
P, (z), Nqp3, is the total population density of Tm>* ions,
7 is the spontaneous emission lifetime and A, = 7 - r2
is the effective doping cross-section area with r. which is
the radius of the dope core. The numerical solution of (1)—
(5) using the fourth-order Runge-Kutta method, introducing
the boundary conditions specified in (6) and (7) for the
pump and the laser signal, allows us to simulate the effect
of the pumping configuration and the reflectivity on the
performance of the TDFLs, such as the slope efficiency and
the output power defined in (8).

P (0) = P;O ;. PL(L)=P, (6)
P3(0)=RaP;(0) 5 PJ(L)=RoPi(L) (7)
Pout = T52P:(L).6, (8)

where P7 and P, are the pump powers launched into the
front enc{7 (z = 0) by pump(+) source and the rear end (z = L)
by pump(-) source , respectively; L is the length of TDF;
Rg1 and R, denote the reflectivity coeflicient of the FBG;
and FBGy, respectively. P,y denotes the output power, Ty,
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Table 1
Values of numerical parameters [29].

Quantity, Symbol Value
Pump wavelength, 1, 1570 nm
Signal wavelength, A 1720 nm
Absorption cross-section at Ap, oap | 2.50- 1025 m?
Absorption cross-section at As, 0y 3.13- 1072 m?
Emission cross-section at A, Tep 0.20 - 10725 m?
Emission cross-section at Ag, ey 3.47 - 10725 m?
Propagation loss at 4, ap 2.50-1072m™!
Propagation loss at A, ag 2.00-1072m™!
Pump overlap factor, yp, 0.70
Signal overlap factor, yg 0.70
Thulium concentration, N3+ 1.37-10¥ m™3
Core diameter, d. 9 um
Clad diameter 125 ym
Lifetime of the 3 F4 level, T 0.25 ms

The insertion loss, & 0.92

is the FBG, transmission coefficient such that Ty, = 1 —R;»;
¢ indicates the insertion loss of the WDM at 1720 nm and
the output optical isolator. The paraments of the TDF are

summarized in Table 1.
3. Results and discussion

3.1. The effect of pumping scheme

We first study the influence of pumping scheme on ampli-
fier output power, setting the total input pump power at 10 W.
Figure 2 shows the evolution of output power as a function of
fibre length for various pumping schemes (forward, back-
ward, bidirectional). It can be seen that the bidirectional
pumping scheme produces significantly higher output power
at the optimum fibre length of 2.5 m.

When the active fibre length exceeded the optimum value,
the output power at 1720 nm began to drop rapidly with
increasing active fibre length in all three pumping con-
figurations, due to greater cavity loss induced by signal

reabsorption.
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Fig. 2. Variation of output power calculated with the TDF length
under different pumping configurations (forward, back-
ward, and bidirectional).
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Fig. 3. Variation of output power calculated with the TDF length
under different percentages of pump power launched in the
case of the bidirectional pumping configuration. a) with
10 W of total pump power, b) with 20 W of total pump
power, ¢) with 50 W of total pump power.

Next, we used the bidirectional pumping scheme, vary-
ing the percentage of total pumping power in both ends
of the fibre to search for optimal values of pump(+)
source pumping power P}, (0) and pump(—) source pumping
power P, (L) while keeping the total power value constant
(P,,(0) + P, (L) = 10 W) as shown in Fig. 3(a).

This analysis shows that when switching from the bidi-
rectional pumping scheme (8 W-2W), i.e., P;,(0) = 8W
from pump(+) source and P, (L) = 2W from pump(-)
source to another scheme (4 W—6 W), the maximum output
power at length of 2.5 m shows a minor increase of ~ 27 mW
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(+0.46%). This increase becomes more significant close to
~ 55 mW when the total pump power is equal to 20 W and
~ 150 mW (+0.48%) when the total pump power is equal
to S0 W, as shown by Fig. 3(b) and Fig. 3(c) where pump
powers of 20 W and 50 W are used, respectively.

Figure 4 illustrates the relationship between the 1720 nm
output power and the 1570nm pump power for a 2.5m
TDF. A variation in the threshold pump power is observed,
shifting from 0.7 W in an (8 W=2 W) bidirectional pump-
ing configuration with an efficiency of 63.1%, to 0.6 W in
a (4 W-6 W) bidirectional pumping configuration, which
shows a slightly higher efficiency of 63.7%. This means
that the (4 W—6 W) bidirectional pumping scheme compares
favorably with other bidirectional pumping configurations,
delivering considerably higher output power at the optimum
fiber length.
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Fig. 4. Output power calculated at 1720 nm as a function of the
lunched pump power at 1570 nm (with zoom in the inset).

As the total pump power increases, the optimal length
of the active fibre is not constant at 2.5m and changes
in a monotone fashion, as indicated by figures Fig.3(a),
Fig.3(b), and Fig. 3(c), and more specifically Fig. 5(a). The
increase in optimal length is caused by the low pump re-
absorption and the rise in ASE around 1820nm. When
the fibre length exceeds this optimal point, both the out-
put power and efficiency significantly decrease due to the
inability to suppress the ASE around 1820 nm. Further-
more, the improvement of the signal-to-noise ratio (SNR)
is modest when transitioning from a signal at 1720 nm with
a pump power of 10W (= 53 dB) to a signal with a pump
power of 50 W (=~ 56 dB), as indicated in Fig. 5(b). Conse-
quently, selecting a pump power of 10 W is deemed suitable
to circumvent temperature-related effects.

3.2. The effect of reflectivity

This section focuses on studying the influence of the re-
flectivity of the output Bragg grating (FBG,) on the out-
put performance under different pump schemes, with the
launched pump power set at 10 W. According to the results
illustrated in Fig. 6(a), it is noted that the output power at
a wavelength of 1720 nm decreases with an increase in the
reflectivity of the FBG. This trend is explained by a limita-
tion in the power extraction rate within the laser cavity. In
a bidirectional pumping configuration (4 W-6 W), the effect
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Fig. 5. (a) Optimal length of TDF as a function of applied pump
power and (b) calculated laser spectrum at various pump
powers, utilizing the most suitable TDF length for each
selected lanched pump power.

of reflectivity on output power is more pronounced, likely
due to the increased intensity of the light reflected back
towards the source.

On the other hand, using an output FBG with low re-
flectivity reduces the intra-cavity signal power, which limits
the ability to efficiently extract the gain from the TDF. In
this case, the spectral width of the ASE broadens, and its
intensity at 1850 nm strengthens, directly influencing the
performance of the laser at 1720 nm in terms of the SNR
as demonstrated in Fig. 6(b). Consequently, to optimize the
output power of the laser at 1720 nm, it would be prefer-
able to choose an output FBG with a moderate reflectivity
like Ry» = 45%, which has already been used in previous
simulations.

4. Conclusions

To conclude, this detailed numerical study examines the
output characteristics of a thulium-doped silica fibre laser
emitting at a wavelength of 1720 nm, based on a bidirec-
tional pumping configuration. The analysis focused on
the impact of several parameters, including pump power
at 1570 nm, the length of the TDF, and the reflectivity of the
output FBGs. The results reveal a maximum output power
of 5.96 W, a slope efficiency of 64%, and a reduced laser
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output FBG, for a 2.5 m TDF under different pumping con-
figurations. b) Calculated laser spectrum at various reflec-
tivities of the output FBGo, using the optimal bidirectional
pumping configuration (4 W—6 W).

threshold to 0.6 W, achieved with a 2.5 m TDF in a bidirec-
tional pumping setup (4 W forward and 6 W backward). We
anticipate that these findings will contribute significantly to
enhancing the performance of TDFL, particularly around
the 1720 nm wavelength.
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