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Abstract: Fiber laser sources operating near 2300 nm in the atmospheric transparency window are
interesting for different applications, such as remote sensing, lidars, and others. The use of Tm-doped
fiber lasers based on tellurite fibers is highly promising. We propose and theoretically study a
highly efficient diode-pumped Tm-doped zinc-tellurite fiber laser operating at two cascade radiative
transitions at 1960 nm and 2300 nm, with additional energy transfer between these laser waves due
to the Raman interaction. We demonstrate numerically that a dramatic increase in the slope efficiency
up to 57% for the laser wave at 2300 nm, exceeding the Stokes limit by 22% relative to the pump at
793 nm, can be obtained with optimized parameters thanks to Raman energy transfer from the laser
wave at 1960 nm to the wave at 2300 nm.
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1. Introduction

Laser sources around 2300 nm are needed for many applications, including the sensing
of dangerous gases such as CO, HF, and CHy. This wavelength belongs to the atmospheric
transparency window, which is very attractive for many purposes. Therefore, the develop-
ment of compact fiber laser sources of watt and ten-watt power levels is an important task
today [1].

There are several ways to obtain coherent light at wavelengths near 2300 nm with
compact optical fiber systems based on nonlinear light conversion [2-8], as well as on laser
generation at a radiative transition of active ions [1,9-15]. One of them is supercontinuum
generation in different nonlinear fibers [2-5]. Another solution is continuous-wave (CW)
Raman lasers [6,7]. For example, a high-power CW Raman laser at 2350 nm based on
undoped zinc-tellurite fibers with a 300 W pump at 2 pm was theoretically discussed
in [8]. At the same time, fiber lasers with a standard diode pump at 793 nm, operating
at the >Hy — 3Hjs transition of the Tm3* ions, seem to be a rather promising and simpler
solution. However, fibers based on silica glasses are not suitable for such lasers, due to their
high phonon energy, so Tm:fluoride fibers [10-12] or Tm:tellurite fibers [13-16] are used.
Nonetheless, it should be noted that Raman solitons at a wavelength of 2300 nm can also
be obtained in Tm:silica fibers due to the soliton self-frequency shift [17-19], but not due to
laser generation at the 3H,; — 3H; transition (Tm:silica fiber lasers can be used to generate
ultrashort pulses near 1900 nm [20], which can be further frequency-shifted due to the
Raman effect). Obtaining high average powers (watt level) for Raman soliton sources seems
to be a challenge. CW and quasi-CW lasers are a straightforward solution. Watt-level quasi-
CW lasing with a high slope efficiency of 37% was obtained in a Tm:fluoride fiber laser
pumped at 1.05 um [11] (for the estimated Stokes limit of approximately 46%). To date, for
Tm-doped zinc-tellurite fiber lasers operating near 2300 nm, the maximum experimentally
achieved powers are a few hundred mW [15]. However, as we will show below, this is far
from the limit. Moreover, due to an additional channel of energy transfer, the conversion
efficiency of a 793 nm diode pump into a 2300 nm laser wave can, in principle, exceed
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the Stokes limit of (793 nm /2300 nm) x 100% ~35%. Although we are not aware of any
work where the slope efficiency around 2300 nm in Tm-doped lasers has exceeded the
Stokes limit, such results are known for other lasers. For example, the exceedance of the
Stokes limit was demonstrated in a Tm3*-doped silica fiber laser operating at ~2 pm thanks
to the cross-relaxation process [21]. Another example demonstrated experimentally is
an Er:ZBLAN fiber laser at 2800 nm pumped at 976 nm with efficiency of ~50%, which
significantly exceeds the Stokes limit due to the effective use of the energy up-conversion
process at dual-wavelength generation [22].

In this work, we propose and study numerically a highly efficient diode-pumped
Tm-doped zinc-tellurite fiber laser operating at two cascade radiative transitions at 1960 nm
and 2300 nm, with additional energy transfer between these laser waves due to the Raman
interaction. We demonstrate numerically that a dramatic increase in the slope efficiency
for the laser wave at 2300 nm, exceeding the Stokes limit relative to the pump at 793 nm,
can be obtained using optimized parameters thanks to the Raman energy transfer from the
laser wave at 1960 nm to the wave at 2300 nm. We note that the proposed idea is realizable
mainly for the tellurite class of glasses, which have a huge width of the Raman gain band
and a large value of the gain. For zinc-tellurite glasses, the maximum of the Raman gain is
at ~22.5 THz, and its absolute value is almost 60 times higher than the maximum value for
silica glass [23]. Note that the cascade laser amplification at 1960 nm and 2300 nm is chosen
to maximize the Raman interaction between these wavelengths. For fluoride glasses, the
conditions are worse: the gain maximum is at 17 THz, and its value is comparable to that
for silica glass. For this reason, zinc-tellurite glass fibers are a promising active medium for
lasers at 2300 pm with efficiency exceeding the Stokes limit due to additional Raman energy
transfer between the laser waves generated in a cascade scheme at Tm>* ion transitions.

2. Materials and Methods

A simplified scheme of energy levels of Tm®" ions in a zinc-tellurite glass matrix
providing dual-wavelength lasing at A; = 1960 nm and A; = 2300 nm, with a pump at
Ap =793 nm, is presented in Figure la [14,24]. The scheme of the stimulated Raman
process is shown in Figure 1b. Raman amplification at 2300 nm from the 1960 nm wave is
most efficient, since the frequency difference between these wavelengths corresponds to a
frequency of 22.5 THz of maximum Raman gain. Emission and absorption cross-sections
of radiative transitions (based on the data from [14]) are plotted in Figure 1c. The model
Raman gain function of zinc-tellurite glass in comparison with the Raman gain function of
5i0; glass is plotted in Figure 1d (based on the data from [23]). The parameters describing
the spectroscopic properties of Tm ions in the zinc-tellurite glass matrix are listed in Table 1.
They are taken from our work [14] and from [24].

As a gain medium for highly efficient lasers, we considered a zinc-tellurite double-
clad fiber having the following design. The diameter d of the Tm-doped core and the
numerical aperture (NA) were chosen to provide single-mode propagation for both laser
wavelengths. We set d =7 pm and NA = 0.2, providing a V parameter of 2.244 at 1960 nm
and 1.912 at 2300 nm. The diameter of the first cladding where the pump propagated was
D =70 pm. The diameter of the second cladding was not important in our simulations. We
assumed that the background optical losses could be 0.3 dB/m at 1960 and 2300 nm and
0.4 dB/m, which are attainable with modern technologies [25,26]. We considered the
scheme of dual-wavelength laser generation presented in Figure 2. The reflection coeffi-
cients at the input (z = 0) and output (z = L) ends of the active fiber are Ro1,02 and Ryp 11,12,
respectively. The subscript “p” corresponds to the pump wave and subscripts 1,2 to laser
waves at 1960 nm and 2300 nm, respectively. The required selective reflection can be
obtained using fiber Bragg gratings or selective mirrors. We assumed the reflection at the
input end to be 99% for the laser waves and that at the output end to be 99% for the residual
pump wave and the wave at 1.96 pm. We also assumed that the reflection could be changed
for the target wave at 2300 nm. The losses at the input and output reflectors are 1% for all
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waves. The radiation at 1960 nm is trapped in the resonator for efficient Raman interaction
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Figure 1. (a) Schematic representation of the energy levels of Tm>* ions. (b) Schematic representation
of stimulated Raman scattering. (c) Absorption and emission cross-sections of 3H, — %Hs and

3F4 — 3Hg radiative transitions. (d) Model Raman gain spectra of zinc-tellurite glass (red) and silica
glass (multiplied by 10; black curve).

Table 1. Values for Tm-doped zinc-tellurite glass used in simulation describing pump and laser

wavelengths, lifetimes of energy levels, branching ratios, absorption and emission cross-sections and
cross-relaxation rates.

Parameter Symbol Value
Pump wavelength at 1 — 4 (®Hg — 3H,) transition Ap 793 nm
Laser wavelength at2 — 1 (3F4 — 3Hg) transition Aq 1960 nm
Laser wavelength at 4 — 3 (®H, — 3Hs) transition Ay 2300 nm
Total lifetime of level 2 (°Fy) T 3 ms
Total (non-radiative) lifetime of level 3 (*Hs) T3 0.13 us
Non-radiative lifetime of level 4 (*Hg) 7, NR 1.2 ms
Radiative lifetime of level 4 (*Hg) R 0.4 ms
Total lifetime of level 4 (Hg) Ty 0.3 ms
B3 0.03
Branching ratio from level 4 to levels 3, 2, 1 Bar 0.07
Ba1 0.09
Absorption cross-section at 1 — 4 transition 014 1 x 1020 ¢m?
Emission cross-section at 4 — 1 transition 041 1 x 10720 ¢m?
Absorption cross-section at 1 — 2 transition 012 0.012 x 10720 cm?
Emission cross-section at 2 — 1 transition 01 0.26 x 1020 cm?2
Absorption cross-section at 3 — 4 transition 034 0.26 x 10720 cm?
Emission cross-section at 4 — 3 transition 043 0.26 x 10720 cm?2
Cross-relaxation rate (for Ny, = 2 x 1020 cm™) Kcr 5678 571
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Figure 2. Schematic diagram of the laser setup based on Tm3*-doped zinc-tellurite glass fiber. Ryy,
Ry are the reflection coefficients at the input fiber end for waves at 1960 nm and 2300 nm, respectively.
Rp1, Rpp and Ry, are the reflection coefficients at the output fiber end for waves at 1960 nm, 2300 nm
and 793 nm, respectively.

To simulate a dual-wavelength CW laser based on a double-clad Tm-doped zinc-
tellurite fiber with high Raman gain, we generalized the previously developed numerical
model for a dual-band Tms*—doped tellurite fiber laser [14] with allowance for the Raman
gain. In our previous work [14], we neglected the Raman effect, since it was irrelevant to
the parameters of the experimental scheme. Here, we took into account rate equations for
levels *Hg, 3Fy, *Hs and 3Hy; Raman-modified equations for the evolution of the pump and
signal waves along the z-axis; and boundary conditions. The rate equations with allowance
for the cross-relaxation process (*Hy + 3Hg — 3F, + 3Fy) are written for the population
densities 111, 1, n3 and n4 (with normalization to the concentration of Tm3* ions in the core
Ny =2 x 102 cm™) in the following form [14,24,27]:

on 1
aftl = —(Wi2 +Wig)m + (WZl + >n2 + <W41 + ﬁ%) ny — Kegnyny =0 (1)
T T4
ony 1 ny | Pa
5 Wionq (Wz] + Tz)nz + = + Tf nyg + 2Kcgngng =0 2)
8113 1 ,343 1
M (Wt — Wi+ 28 4 =y =0 3
o5 ( 34+T3>113—|-< 43+T5+T§R Ny ®3)
ny+nptng+ng =1, 4)

where t is time; T, and T3 are the total lifetimes of level 2 (°F4) and level 3 (°Hs), respectively;
4R and 4R are the radiative and non-radiative lifetimes of level 4 (*Hy) (the total lifetime
of level 4is T4 = (1/T4R + 1/7,NRy 1), Wi; are the stimulated absorption (if i < j) or emission
(if i > j) rates from level i to level j; B4z, Pap and B4; are the branching ratios from level 4 to
level 3, 2 and 1, respectively; and Kcy is the coefficient describing the cross-relaxation rate.
The stimulated rates for the pump wave are

rp)\p0'14r41 (P;_ + Pp_)
Wiga1 = oA , ®)
C

where c is the speed of light in vacuum, the constant / is Planck’s constant, c4; and 04 are
the emission and absorption cross-sections at the pump wavelength A, P,* and P, are
the powers in the forward and backward waves at A, A is the area of the Tm-doped core
and T’y is the overlap integral of the pump distribution with the doped core evaluated as
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I, =Ac/ (nD?/4). The stimulated emission rates (07 and o43) and absorption rates (01
and o34) for laser waves at wavelengths A1 = 1960 nm and A, = 2300 nm are

1—‘1)\10’21,12 (PlJr + P{)
hcA.

(6)

Woi 10 =

F2A2(743,34 (P2+ + P{)
hecA, !

where I'; and I'; are the overlap integrals of the laser waves with the doped core, and P;»*
and P, are the powers in the forward- and backward-propagating waves at A 5.

The Raman-modified equations for the power evolution of the forward- and backward-
propagating linearly polarized waves are constructed as [14,24,27-29]

@)

Wiz 34 =

Py " n
ZEE = _rpNTm (0’147‘[1 — 0'411’14)Pp — (prp (8)
dPli + A2 + —\ pt +
ZEE =T1Nry(onny — 0’121’11)Pl — gRlz)Tl(Pz + P )Pl — o Pp 9)
dPZi 4 + —\ pt +
:IZE = erTm(U43n4 —0’347’13)132 +gR12(P1 +Pl )PZ B 0‘2P2 (10)

where o, 15 are the optical losses at Ap 15, and gry? is the coefficient describing the Raman
gain from the wave at 1960 nm to the wave at 2300 nm in the zinc-tellurite fiber.

The Raman gain coefficient grio = 5 x 107 (W cm)™! for the zinc-tellurite glass fiber
with the considered design was estimated as

§r(TZ@1 pym) x (1 um/Ay)

(Aeffl +Aeff2) /2 ()

8RrR12 =

Here, gr(TZ@1 pm) = 59 x 10713 m/W is the maximum Raman gain for bulk zinc-
tellurite glass at 1 um [23,28], and Agp and Agp are the effective mode field areas at
1960 nm and 2300 nm, respectively.

The boundary conditions for Equations (8)-(10) are written as

P, (0) = Ry1 Py (0) (12)
Py (L) = Ria Py (L) (13)
P;(0) = RoaP; (0) (14)
P, (L) = RioP; (L) (15)
P, (L) = RipPyf (L), (16)

and Py, = Py(0) is the pump power. We assumed that the losses for laser waves were 1% at
each reflector at z = 0 and z = L. The output power at 2300 nm is P,*(L) x (1 — 0.01 — Ryy).
All fiber parameters used in the simulations are listed in Table 2.
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Table 2. Parameters used in simulations.

Parameter Symbol Value
Intracavity fiber length L 30... 300 cm
Tm-doped core diameter d 7 um
Tm ion concentration in the core N1y 2 x 1020 cm™3
Numerical aperture (core/cladding) NA 0.2
Cladding diameter D 70 pm
Effective mode field area at A1 = 1960 nm Al 51 pm?2
Effective mode field area at A, = 2300 nm Aefp2 67 pm?2
Overlap integral (pump with doped area) I, 0.01
Overlap integral
(1960 nm wave with doped core) T 0.75
Overlap integral I 06

(2300 nm wave with doped core) 2 ’

Fiber background loss at 793 nm o 0.4 dB/m
Fiber background loss at 1960 um o 0.3dB/m
Fiber background loss at 2300 um o) 0.3dB/m

Raman gain coefficient 4 1
(for 2300 nm wave amplified by 1960 nm wave) 8R12 5x 107 (W cm)
Reflection coefficient at 1960 nm at z = 0 Ro1 0.99
Reflection coefficient at 1960 nm atz = L Ri1 0.99
Reflection coefficient at 2300 nm at z =0 Rpo 0.99
Reflection coefficient at 2300 nm atz = L Ri» 0.05... 09
Reflection coefficient at 793 nm atz = L Rrp 0.99

We numerically solved the system of Equations (8)—(10) with allowance for the
boundary Conditions (12)—(16) using the iterative procedure based on the Runge-Kutta
method [29]. Note that we did not consider additional effects that may limit the output
power, except for those described in the numerical model.

3. Results

We performed a series of numerical simulations and optimizations using the developed
model to demonstrate the main idea of this work. It may be formulated as the possibility
of achieving efficient generation at the demanded wavelength of 2300 nm with efficiency
significantly exceeding the Stokes limit with a 793 nm diode pump—specifically, in Tm-
doped zinc-tellurite glass fibers. A quite unique combination of laser gain bands and
the Raman band of the selected glass allows the implementation of dual-wavelength
generation at 1960 nm and 2300 nm, with additional Raman energy transfer between laser
waves dramatically increasing the efficiency for the 2300 nm wave. The Raman terms
were included and omitted from Equations (8)—(10), aimed at revealing their influence on
the total efficiency. The spectroscopic characteristics were taken from Table 1. The other
parameters of the active zinc-tellurite fiber were taken from Table 2.

Figure 3a—c demonstrate examples of power distributions in waves at A, in the forward
and backward directions P,*, P, as well as the distributions of laser waves P1*, P1~, P>,
P, along the active zinc-tellurite fiber with L = 100 cm at a pump power of 10 W and
Rpp2 = 0.5, with and without allowance for the Raman interaction in Equations (8)—(10).
The solid lines correspond to the complete model and the dashed lines to the model with
the omission of terms responsible for the Raman effects. The pump wave evolution in
Figure 3a demonstrates the independence of the pump distribution along the fiber on the
presence and absence of Raman effects. The laser wave distribution strongly depends on
the stimulated Raman scattering. Waves trapped in the cavity at 1960 nm in both directions
in the absence of Raman effects would have average intracavity powers of more than 20 W,
while Raman scattering into waves at 2300 nm leads to an order of magnitude decrease
in the intracavity powers at 1960 nm (Figure 3b). At the same time, the allowance for
the Raman amplification of the wave at 2300 nm due to the wave at 1960 nm leads to an
increase in power by approximately a factor of two (Figure 3c).
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Figure 3. (a) Intracavity power evolution calculated for P, = 10 W, L = 100 cm in the framework
of the complete model with (solid lines) and without (dotted lines) Raman scattering for waves at
793 nm (a), 1960 nm (b) and 2300 nm (c). (d) Output power of the wave at 2300 nm as a function of
pump power calculated with and without Raman gain for L = 100 cm. (e) Output power of the wave
at 2300 nm as a function of fiber cavity length calculated with and without Raman gain for P, = 10 W.
Ry, = 0.5 for all subplots.

Next, we simulated the dependence of the output power at 2300 nm on the pump
power, also with and without Raman scattering, for L = 100 cm and Ry, = 0.5 (Figure 3d).
It can be seen that the dependences are almost linear, and the slope efficiency with Raman
scattering taken into account is ~50%, while that without Raman scattering is half this value.
It is important to emphasize that the efficient transfer of power from the wave at 1960 nm
to the wave at 2300 nm due to Raman scattering results in the pronounced exceedance of
the total conversion efficiency of the diode pump to the 2300 nm wave over the Stokes limit,
which is approximately 35%.

Then, we fixed the pump power P, = 10 W and performed simulations for lasers with
different lengths of the intracavity active fiber (Figure 3e). The result was quite expected:
there is an optimal length for which the highest power is achieved, and the maximum is
rather smooth. Note that this tendency is characteristic of fiber lasers operating on radiative
transitions of different rare-earth ions [30]. In this case, the power, with Raman interaction
taken into account, is almost twice as high as without Raman scattering for any L.

Next, we investigated the effects of the reflection coefficient R, on the efficiency
of pump conversion to the laser wave at 2300 nm. The output laser power as a func-
tion of the pump power is plotted in Figure 4a,b. Figure 4a represents the trends at
high powers, and Figure 4b shows the same curves but at low powers to mark the laser
thresholds. At high powers, the dependences are almost linear, with slope efficiency of
over 50% being achieved at Rip < 0.5. The highest efficiencies of approximately 57%
are obtained at Ryp = 0.05-0.1. The larger Ry,, the lower the lasing thresholds, as can be
clearly seen in Figure 4b and as follows from the general theory of lasers [27]. Thus, at
Ri2 =09, 05, 0.1 and 0.05, the threshold pump powers are approximately equal to
80 mW, 200 mW, 600 mW and 700 mW, respectively. Thus, Figure 4 demonstrates that if
the goal is to build a laser with a power of approximately 10 W, then it is better to use
reflective structures at the output end with a low coefficient Ry, < 0.3, and an optimum
of approximately Ry, ~ 0.1 can be achieved even due to the Fresnel reflection from the
end of the Tm-doped zinc-tellurite fiber. Further, in our problem for target laser powers at
2300 nm of tens of mW, it is better to use high reflection coefficients R, > 0.5. For target
laser powers of hundreds of mW, intermediate reflection coefficients should be chosen in
the range from ~0.3 to ~0.7. Moreover, Ry, ~ 0.5 is a fairly universal value that makes it
possible to obtain sufficiently high efficiencies even at pump powers of hundreds of mW
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and, at the same time, provides high (albeit not maximum) efficiencies with a pump power

of tens of W.
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Figure 4. Output power of the wave at 2300 nm vs. pump power calculated for L = 100 cm and
different Ry,. Graphs in (a,b) correspond to the same data but on a magnified scale for (b). The
legends for (a,b) are the same.

We also examined the system variability in terms of choosing the active fiber length. In
the real experiments, some differences from the simulation predictions could be observed—
for example, due to inaccurately known parameters or unaccounted for minor effects.
However, general dependences tend to persist. The numerically simulated laser output
powers at 2300 nm as a function of L are plotted in Figure 5 for different Ry, at a fixed
pump power of 10 W. It is seen that the maxima are not sharp; for a small Ry, ~0.05-0.1,
providing the highest efficiency, the curves are the smoothest. Thus, when choosing an
optimal fiber length, one may make a mistake by more than two times (take L in the range
from <1 m to >2 m), while the conversion efficiency will not change significantly. However,
with an increase in Rj,, the maxima in Figure 5 become sharper, which means that for
Ry, > 0.5, the choice of length should be made more carefully.

P,=10W
T T T | T
51 \
RL2

> 4r 71— 005
5 0.1
g 3k B 0.3
= 0.5
gl | 0.7
o)

]_ -

0 1

1 | l 1
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Figure 5. Output power of the wave at 2300 nm vs. fiber cavity length calculated for P, = 10 W and
different Ry ,.
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Finally, we investigated the effect of the fiber background loss on the quantitative
characteristics of lasing at 2300 nm. For all the simulations presented above, we assumed
a background optical loss of 0.4 dB/m at the pump wavelength and 0.3 dB/m at laser
wavelengths. We considered cases when these values are various multiples of times
(x2, x3, x4 and x5). For example, “x3” means that the losses are 1.2 dB/m at 793 nm
and 0.9 dB/m at 1960 and 2300 nm. The calculated output powers at 2300 nm vs. the
length of the active fiber L at a fixed pump power of 10 W and the reflection coefficient
Ry, = 0.1 are plotted in Figure 6. It is seen that although the losses affect both the maximum
output powers and the optimal lengths, this effect is not critical. Thus, with an increase in
background losses by a factor of 5, the maximum power is halved. At the same time, with
increasing losses, the optimal lengths decrease, and the maxima become sharper, which
is quite expected. The main conclusion from this series of simulations is that low optical
losses are not a critical condition for the implementation of 2300 nm lasers with a watt
power level, and this technology can be made available for many scientific labs.

P,=10W,R,=0.1

T T

Fiber loss
5+ i
x1
x2
= 4r } —F— x3
§ — x4
2 3r x5
=
=
Sl N
| Fiberloss x1:
1+ -4 0.4 dB/m @793 nm
0.3 dB/m @1960 nm
J 1 1 1 1 0.3 dB/m @2300 nm

0
0 50 100 150 200 250 300
Fiber length, cm

Figure 6. Output power of the wave at 2300 nm as a function of fiber cavity length calculated for
P, =10 W, Ry» = 0.1 and different values of background fiber losses.

4. Discussion and Conclusions

We have proposed and theoretically studied a highly efficient Tm-doped zinc-tellurite
fiber laser operating at two cascade *Hy — 3Hs and 3F4 — 3Hg radiative transitions at
2300 nm and 1960 nm, respectively, with additional Raman interaction between the gen-
erated waves. A commercially available multimode laser diode at 793 nm was taken as
a pump source. The numerical simulations showed that a dramatic increase in the slope
efficiency for the laser wave at 2300 nm can be achieved thanks to the Raman energy
transfer from the wave at 1960 nm to the wave at 2300 nm. The choice of zinc-tellurite glass
was explained by the high Raman gain at a frequency of ~22.5 THz equal to the frequency
difference between the laser waves. For the optimized parameters (L ~ 100 cm and output
reflection coefficient of approximately 0.05-0.1), 10 W class fiber lasers with slope efficiency
of up to 57%, exceeding the Stokes limit by 22%, were demonstrated. We also studied the
impact of increased background losses on the output laser power at 2300 nm. It was shown
that low optical losses are not a critical condition for the implementation of 2300 nm lasers
with a multi-watt power level.
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